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 Section 1: Drilling Fluid Management
 Introduction
 The provision of drilling fluids is an important process and requires a high degree of technical skill.Therefore, we depend greatly on our contractors’ competence to ensure this service is carried outproficiently. Nevertheless, it is not advisable to simply hand over the control of the contract to thecontractor. To maximise the contractors’ contribution and to manage the learning process, it isimportant that the drilling staff has an understanding of the fluid contract, are comfortable with thetechnology, are in control of costs and can manage the interface with the contractor.
 Drilling fluids are not significantly different to other third party contracts, but there is enough techni-cal content to require additional guidance and the following section has been prepared to aid thoseoperational staffs that do not have access to a full time fluid specialist.
 This Section of the manual will provide information on the following phases of Drilling Fluid Man-agement:
 Phase 1. Contract preparation and appraisal
 Contractor staff selection, including competency assessment process
 Phase 2. Contract implementation, including
 Basis of Design (BOD) process
 Drilling Fluid selection and engineering program design
 Setting objectives and performance evaluation
 Phase 3. Monitoring
 Mud Report reading and assessment
 Phase 4. Post well evaluations
 Performance and contractor assessments
 The process of ‘Drilling Fluid Management’ starts with the managing of the contract. Themost important phase of the listed processes, is the preparation and comprehension of thecontract. An intimate understanding of the contract’s Scope of Service will be critical if all themeasures, required at each phase of the operation, are to be fulfilled.
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 Preparation
 Contract Appraisal
 The initial step in planning, is the reading of the contract scope of service. This formal processmust be carried out to ensure there is a clear understanding of what can be legally expected fromyour contractor.
 The provision of drilling fluids services can be divided into separate contracts, with a contract forengineering and another for the supply of chemicals, and in some cases an additional contract forthe supply of barite and bentonite. When this is not the case, and the contracts policies call for theintegration these and other associated services into a single contract. each aspect of the contractshould still be prepared and assessed separately, as the provision of services and materials sup-ply require very different assessment techniques.
 The engineering aspects of the contract should state the cost of each person employed at the wellsite and the degree of support being provided. The level of service should be defined including astandard of competency of each person providing and supporting the service.
 The following example lists many of the points, which the contract may include:
 Engineering & Support Staff Selection
 The inclusion of key statements concerning the level of engineering input and support will set the stan-dard required for the duration of the contract. The following examples of text have been used in con-tracts:
 Well Site Engineers
 • Provide drilling fluid engineering services, as required, on the drilling rig.
 • Fluid engineering service on the rig is required at the Company’s discretion
 • The number of personnel will be dictated by operational need as advised by the BU.
 • All engineers must have been trained in all relevant health and safety regulation. No engineers will be allowed towork on BU operations unless this has been completed.
 • Attending as necessary any off rig site planning or wash up meetings for a well. It will also be expected that theengineer will visit the BU operating office either prior to a trip or on return to discuss ongoing operations, providefeed back to the Business Unit and gain greater understanding of the operations.
 • All mud engineers must have competency assessment performed on them by the contractor in a timely and pro-fessional manner and agreed with the BU prior to going to the work site. Where an engineer does not have therequired skills, the contractor is to agree with the BU a plan to rectify this and an agreed time frame. Actualrequirements for the specific post must be agreed with the technical representative in the business unit (BU) andthe BU’s representative (Technical) prior to performing the competency assessment. 5 years field engineeringexperience. Two years of which should have been in the local operating area.
 • Rated within the top quartile of the contractor’s engineers
 • Educated to University standard in science or engineering or have sufficient industry experience to compensate
 • Capable of performing all Environmental Management reporting in a highly proficient manner
 Support Engineers
 • A Senior Engineer is required to support this service.
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 • The engineer to be located in the contractor’s office. Office space and access to a computer with the BU’sreporting system may be provided by the business unit at their discretion if this is deemed to be necessary.
 • Minimum requirements for this position:
 • 3 years office based engineering experience. Two years of which should have been in the local operating area.
 • 4 years field experience of which 2 years must have been in the contract area of operations
 • Educated to University standard in science or engineering or have sufficient industry experience to compensate
 • Capable of performing all Environmental Management reporting in a highly proficient manner
 • “STOP” trained
 • Capable of performing advanced safety audits
 • The engineer must meet the requirements of a “Competency Assessment”. The assessment will be performedby the contractor and agreed with the business unit representative. When a engineer fails to meet all the require-ments, a strategy for either training agreed upon, or an alternative engineer must be assessed.
 Competency Assessments
 As mentioned in the text, the appropriate engineering and technical support staff must be selected andapproved. The contract must therefore contain a process, which stipulates the method and criteria forselection. The following example could be included in the contract and when applied, will provide boththe contractor and the BU with a clear understanding of the skills required at each level to meet the BUrequirements.
 Competency Evaluation Process
 Aims of the process:
 • The selection of able and competent people to fill engineering support positions for thecontract. The support positions will have a major role and have a large effect on capitalspend and the control of non-productive costs.
 • To highlight the skills and competencies that are seen as important to contract for thedelivery of business results. The skills identified and called for in this process may not bethe same as the contractors because of different business priorities. It is therefore, impor-tant that the two criteria’s for competency be integrated and seen as complementary.
 Outcome from The Assessment.
 The assessment is to highlight the candidate’s strengths and the areas that need development.However, the process may indicate when a candidate is either not suitable or that a candidate issuitable, but only after additional training.
 Process.
 The following pages should be completed within the context of the Scope of Work provided by thebusiness unit.
 When completing the “assessed box”, the competence level should first be determined numeri-cally where;
 1.Is has no experience in this area
 2. Is basic only in the assessed area
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 3. Is competent in the assessed area
 4. Is highly competent in the assessed area
 Narrative should then be used to indicate the reasons for the indicated level.
 The “forward” action box should be used to indicate what training is suggested to develop andgrow the candidate in post.
 Example:
 The assessed competence for computer literacy may be 1. The FORWARD ACTION could be:
 “To attend MS Excel training, to be followed by re - assessment in 3 months”
 Examples of the Assessment Forms and Guidelines can be found in the Appendices
 Roles and Responsibilities
 Having included in the contract a process for staff selection, next is their role and responsibilities.This will provide both guidance and a reference point for all parties prior to commencing opera-tions and throughout the life of the contract. The following paragraphs are examples taken fromcontracts:
 Well Site Engineers
 • To perform a minimum of 3 (every 8 hours) complete chemical and physical tests of circulating and static fluidsystems maintained on site. The BU representatives may call for additional tests.
 • Preparation of a daily drilling fluid report, as per the BU’s specification in a timely and professional manner. Thiswill be prepared using the BU’s reporting system or as specified. The engineers must be familiar with the BU’scomputer reporting system and the hole cleaning/surge and swab engineering software applications. The Con-tractor’s reporting system will be considered to be secondary and will only be completed if time allows.
 • The reporting of all the materials being utilised by the contractors staff on site. The report must be issued at leastonce per 24-hour period and report must include an inventory of all materials being used or kept in stock for pos-sible future use by the contractor, to including materials not supplied by the contractor. The report must includematerials in stock, used, received and returned during the previous 24 hours. The report must include the valueof each and all products used, moved on or off site. The report must also include the value of all breakages.
 • The engineer must prepare and submit to the BU’s on site representative, as part of the reporting process, dailywritten recommendations for continuous performance improvement.
 • Providing engineering and safety related toolbox talks to the rig crew. All engineers must be STOP trained andbe capable of performing a safety audit on the mud processing and chemical storage areas.
 • Providing information and guidance to the drilling contractor as to the hazardous nature of chemicals that arerecommended for use.
 • To monitor and ensure recommendations as to the optimization of the solids control equipment and their per-formances are made to the BU’s on site representative. If another contractor is given this task, it shall be thecontractor’s responsibility to work in co-operation with this contractor.
 • Issue a report at the end of every trip, which reflects the lessons learned, good and bad, with respect to the con-tents of the well programme, the implementation of the programme, rig equipment and logistics. This is to besent in an email to the contractor’s senior engineer with a copy being sent to the BU’s representative (Technical).This must be done before leaving the rig and is seen as critical to the BU’s learning process.
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 Operations Support Engineers (office based)
 The selection process will have ensured the highly experienced skill staff will be supporting thecontract and all that is now needed is a list of instructions, which will ensure the BU’s expectationsare fulfilled:
 • Duties will include but will not be limited to:
 • Setting up an engineering design process for the BU that is compatible with the system within the BU. Thisshould include, documents to be produced for the project and individual wells, information required to preparethe documentation and a Roles, Responsibility, Accountability and Consult (RACI) chart for the process
 • Supply and maintain a complete range of fluid testing equipment at the work site to allow testing of drilling fluidsand completion fluids to API specifications as a minimum, modified as required by the BU. A record of calibrationto be kept available for inspection by the BU at all times. All rheometers (Fann 35A etc.) are to be kept within tol-erance (API standard) at all times.
 • Provide off site engineering support to supervise the operation and provide a full and comprehensive technicalback up to the operation.
 • Contractor may provide drilling fluids and associated engineering services. In addition, the Contractor may berequired to sub-contract and manage non-core services such as brine filtration, solids control and waste man-agement.
 • Supply technical assistance at the work site in the form of laboratory testing and oral / written advice.
 • Ensuring that all produced documentation pertaining to the BU comes under a document control system wheresignatory authorities will be described through the RACI. Electronic copies of all documentation will be required,copies of which must be lodged within the business unit system and also with the BU’s representative (Techni-cal).
 • For a project where there are more than one well to be drilled, a Basis of Design (BOD) document will berequired for the project, this shall cover all background engineering as required to put in place the generic fieldfluids program. This document will include:
 • previous area experience
 • an understanding of potential and actual formation damage
 • well bore stability
 • corrosion management
 • displacements procedures for one fluid to another
 • logistics
 • rig constraints
 • commercial balance
 • cementing interface considerations
 • environmental controls
 • hole cleaning procedures, including suggested gpm/max ROP and trip procedures
 • lost circulation procedures. This should include a loss rate decision LCM tree and detailed spotting proce-dures
 • Differentially stuck pipe-freeing procedures (spotting fluids and procedures). This is considered to be theminimum acceptable.
 • The BOD document will be required to be signed off by a BU representative and the BU’s representative (Tech-nical).
 • Individual well programmes will be written with reference to the Basis of Design Document.
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 • Designing cementing spacers for all casing cementation except where the open hole interval contains moveablehydrocarbons. The same will apply for abandonment plugs. Simple rules of thumb will be agreed for spacerdesign (rheology and density), these should be optimised through the use of DEAP (or the BU’s accepted equiv-alent) when outside any previously agreed design envelopes.
 • It is the responsibility of the engineer to agree the details for the spacer design with the Cementing Companyduring the planning phase and include these in the Basis of design. The final spacer design for a well, taking intoaccount any changes in mud properties during drilling, should be provided in writing to the cement contractor aminimum of 24 hours prior to running casing. The BU reserves the right to provide a surfactant from a singlesource if this is commercially effective and technically acceptable. The designs must be agreed with he businessunit and with the BU’s representative (Technical).
 • The use of risk based engineering in preparing the BOD, individual well programme and all associated engineer-ing. The results of such risk-based engineering must be documented.
 • Producing for all wells a drilling fluid AFE. The AFE will provide a P10, P50 and a P90 cost estimate. Back upengineering must be available to demonstrate the validity of the proposal particularly with respect to the volumeof fluid consumed during each interval. This must consider that lost with cuttings, left behind casing and potentiallosses to the formation. All such AFE’s must include all associated costs for the project, not just expected chem-ical requirements. This will include, mud lost in transit, likely reconditioning costs of fluid returned to shore, solidscontrol rental and shaker screen costs. It is appreciated that the contractor does not provide some of these serv-ices. However, they are part of the overall cost of the services and as such the contractor will be accountable fortracking the costs.
 • Being part of the BU’s well planning team contributing on all wellbore engineering issues such as formation dam-age, wellbore stability, mud weight programmes, casing setting depths, hole cleaning, mud loss and environ-mental concerns. This will involve attending well planning meetings. Close working will be expected with otherengineering service providers such as cementing and directional drilling. The engineer is to be capable of per-forming down hole simulations of pressure form the mud column using the contractor’s in house software andrunning the DEAP or alternative system to perform hole cleaning and surge/swab calculations.
 • On critical wells, holding a peer review of the planning and the final programme with his own people of suitabletechnical standing.
 • Producing daily and cumulative cost tracking mud property and product concentration reports.
 • Making recommendations for continuous performance improvement.
 • Producing end of well reports with recommendations for continuous performance improvement, problemdescription/analysis and cost analysis. The format of the end of well report will be standardised across the BU’sand must be approved by the Drilling Fluids contract manger. The end of well report will contain a complete rec-onciled cost close out on the well. In addition to those chemicals used on the well, the reconciliation will alsodetail as a minimum, shipping transit losses, chemicals written off, solids control costs such as equipment rentaland shaker screen consumption. Transit losses are those taken to be the difference between manifested loadsto and from the rig compared to those received on the rig and returned back to the supply base.
 • The end of well report must contain the BU’s Global Fluid Performance measures for the well plus the GlobalWell Services data.
 • The end of well report must contain all required SCOPEC data for the well. A separate copy of the SCOPECdata must be lodged with the UTG Technical Assistant responsible for the maintenance of BU’s records in thisarea.
 • Two hard copies of the report are required plus one electronic copy.
 • The end of well report must be received and accepted within 1 month of the completion of activities involving thecontractor.
 • Provision of chemical use and discharge data for chemical discharge report submission. In completing this, theengineer must use the BU guidelines. A system must be in place during the operations on the well to monitor
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 use and discharge against the stated quantities in the chemical discharge report and advise the business unitahead of time of any likely breech of the chemical discharge regulations.
 • Monitoring projected and chemical use on the project against the Harmonised Chemical Notification Scheme(HOCNS) trigger figures. This should be performed in conjunction with other service providers using chemicalson the well. The engineer must advise the business unit in advance of any likely breach of the usage trigger fig-ures.
 • Implementing a system for tracking variations from expected service levels and producing recommendations forfuture avoidance.
 • Undertaking rig visits on an ad-hoc basis but as a minimum once per well for single well programmes and a min-imum of 2 times per year for multi well projects. The purpose of the visit is to ensure that the contractor’s peopleare working in a safe and efficient manner. An inspection system is to be developed which will cover as a mini-mum chemical stacking and handling, record keeping, mud lab’ procedures, quality of service provided to the BUand interface skills with the rig contractor. The findings of these inspections will be shared with the business unitand the BU’s representative (Technical).
 • Keeping records of man-hours worked per week on the companies business. Records of this will be providedonce per month to the BU’s representative (Technical).
 Contract Manager
 • The contractor shall appoint a contract manager who will act as a focal point for all contractual matters.
 Laboratory and Support Facilities
 • Contractor shall provide a full and comprehensive fluid test kit and the appropriate fluid testing chemicals foreach work site. This must include Garret gas Train, pressurised mud balance and bacterial test slides whenwater based mud is in use.
 • Necessary computer and software must be available at the work site to run all contractors’ field engineering pro-grams.
 • Contractor will provide the companies access to its well-qualified personnel, and to its best technology, proc-esses, and equipment on a global basis.
 • Contractor will provide a full laboratory service in Aberdeen capable of performing all field testing of drilling fluidsand brines. It should also be capable of running FANN 70, FANN 90, particle size determination and barite saganalysis.
 • Contractor will provide new technology or processes, whether developed internally or externally by a third party,if both the BU and contractor agree that the technology or processes are best in class and will add value to thebusiness.
 • In the event that special problems arise, contractor shall immediately utilise its full expertise to restore the situa-tion. The contractor is expected to utilise its full global support when such problems are encountered.
 • Contractor is to have a system in place for prioritising technical service work, internal costing of that work andresource allocation. When a piece of work is required by the BU, the Technical Service Request document is tobe used to define these areas.
 The Provision of Drilling Fluid Chemicals and Materials
 As the requirements are very different, the contract for the supply of drilling fluid materials shouldbe separate to that prepared for the provision of engineering services. This will allow for changingeither contract without compromising either part.
 The contractual requirements must be for the supply of materials needed to formulate the drillingfluid and ancillary materials needed for drilling operations. The contract must ensure the imple-
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 mentation and maintenance of a quality assurance/quality control (QA/QC) system, to ensure thestandard set for the materials at the commencement are maintained throughout the life of the con-tract.
 There are several aspects to the supply contract:
 • quality of the material and its use
 • cost
 • accounting procedures
 • discount schedules
 Note: To assess the technical standards and quality of each product calls for a high degree of exper-tise and will not be included in this document.
 This document will advise on the wording of the contract to ensure the contract requests the mostappropriate materials and that there are contractual devices to enforce the highest standards ofsupply.
 Drilling Fluid Provision
 • Contractor shall provide adequate products to ensure not only the building of fluid to the BU’s specification, butalso to ensure that such products are able to maintain the fluid to full specification. Only approved materials canbe supplied for use. A master list of all materials included within the contract must be issued to the well site. Thislist will provide the product name, a generic description, unit size, bulk density, specific density and unit cost. Ifadditional materials or different unit size are needed, this must be approved for inclusion to the contract by theBU prior to use.
 • The BU reserves the right to specify any supplementary third party products in addition to the products suppliedby the contractor. These products will be that for which the BU deems the contractor does not have a suitablealternative. Contractor shall check for compatibility prior to their use. These materials shall then be part of the riginventory and will be reported as per the contractor’s materials
 • All chemicals supplied under this contract must have a Harmonised Chemical Notification Scheme categorisa-tion.
 • A minimum storage facility of 2,500 bbl per awarded rig will be required for each type of invert system utilised.(Synthetic based, mineral oil based and ester based system). On top of this, there should be sufficient capacityto blend and mix when the 2,500 bbl storage is utilised. Should the contractor be unable to take back used invertemulsion mud into his plant, the contractor will at his sole cost, make alternative arrangements for storage of thisvolume. All costs associated with this storage will be to the contractor’s account.
 • There is to be separate storage, mixing and transfer systems for the three types of invert emulsion muddescribed above.
 • For clarity, supply from storage facility will be synthetic oil based only.
 • The invert emulsion mud plants are to be capable of mixing new mud by utilising sub-contract high pressureshear systems if the plant does not have that capability as built and de-weighting mud by centrifugation.
 • The contractor is to have a water based mud plant at the specified supply bases to be utilised to service the con-tract. This is to be capable of mixing brine-based premixes containing polymers and glycol.
 • The contractor is to have a process in place to ensure that the muds supplied from the supply base meet therequired specifications. This should involve QA checks and procedures. For invert emulsion muds, these proce-dures should include checks for contamination for non specified hydrocarbons.
 • The contractor is to have in place a system for QA of chemicals supplied to BU. All supplied chemicals are tohave a QA performance test for the chemical.
 • All supplied chemicals will be batch coded.
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 Management Systems And Other Requirements
 • The contractor must comply with all applicable laws and legislation. Contractor must have in place and demon-strate compliance with all of the systems noted below:
 • HSE Management System
 • Preventive Maintenance Systems
 • Staff Development and Deployment System for the BU
 • The contractor will during the course of contract, perform an annual internal HSE audit of their supply basesfrom which chemicals are provided to the BU. This should be carried out by the contractor’s HSE professional.The findings of this audit and recommended actions are to be made known to the BU’s contract representative inUTG.
 • The contractor will, during the first 12 months of the contract, perform an audit for delivery on the services pro-vided to BU to ensure that they are provided in line with the contract requirements, in line with the contractor’sown policies and operating procedures and in a manner to provide a highly competent and cost effective service.The BU representative (Technical) may require to be part of the audit and will as a minimum require to see thereport and findings of the audit.
 • The contractor will provide Material Safety Data Sheets (MSDS) for all Chemicals shipped to the rig. Copies ofall MSDS must be supplied in CD format (Windows 95). The contractor must have a demonstrable controlledissue system in place for ensuring that the BU’s copies are updated.
 • Prior to the introduction of a new chemical into the BU’s business, MSDS sheets must be submitted to the BUrepresentative (Technical) who will ensure that BU’s experts in this area assess the potential human health risk.The chemical must not be used or shipped to the rig until these processes are completed satisfactorily.
 • The contractor is to provide a laminated wall chart for the mud mixing area on each rig detailing the hazardsassociated with the chemicals to be used on the project, recommended action for people who come into contractwith the chemicals and recommended protective clothing whilst handling the chemicals.
 • The BU requires the contractor to maintain up-to-date training records for their employees and make the recordsavailable for review at the BU’s request. All contractor personnel should be trained to the standards required bylaw as a minimum.
 Third Party Services
 • The contractor may be required to sub-contract and manage non-core services such as brine filtration, solidscontrol and waste management (including disposal). This will be at the discretion of BU and will occur when theBU assesses that the contractor is able to effectively manage such services in the best interests of BU. Wherethe contractor manages such services, the contractor must demonstrate to the BU’s satisfaction that the contrac-tor has procured a cost-effective service. That the sub-contractor employs competent people, HSE managementplans are in place and used, training of the people is managed and the service is cost controlled. Demonstrationof audit and control of the service will be required.
 • The BU may elect to contract these services and then assign these sub-contracts to the contractor provided thecontractor is able to demonstrate the competencies described in 6.1 above.
 • The contractor must use an effective management system, based on key measures, to improve its sub-contrac-tor’s performance in the areas of HSE, technical delivery and cost.
 Summary
 The important issues when designing the contract is to ensure all parties understand the task to befulfilled. That the contract has sufficient detail stated within the scope of service to ensure the con-tract will work to meet all expectations.
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 Contract Implementation
 Planning
 Having prepared and placed the contract, the next phase will be the well specific planning. Thisplan will contain all the information needed for optimal well site fluid engineering. However, themud program must also stipulate the objectives for the well and contain performance criteria,thereby allowing the drilling fluid, the personnel involved and the plan, to be judged against criteriaagreed at the outset.
 Basis of Design (BOD)
 To ensure the drilling fluid program contains all the available information, close co-operationbetween the contractor and the operations engineer will be required. To ensure all the salientpoints are discussed and addressed in the program, a well specific Basis of Design (BOD) docu-ment should be prepared by the operations department, with the involvement of the fluids contrac-tor. This document will advise the planning staff on the well design and the drilling fluid, solidscontrol and waste management requirements. The BOD process has been used to ensure that thefluids planning process for all wells are carried out in a consistent manner across business unitsand service companies. This process will also highlight the timing involved in planning the fluidsoperations of a project and to demonstrate the milestones involved in the planning phase i.e. com-pletion of BOD, completion of chemical discharge information.
 Note: Guidelines on how to prepare a BOD and an example of a completed BOD are included inAppendix I
 Drilling Fluid Programming
 Once the BOD has been completed the next step is for the contractor to complete an engineeringdesign, better known as the “Mud Program”, which will provide the engineering instructions for thepreparation and maintenance of the drilling fluid.
 The document, in conjunction with the contractors own technical manuals, must contain all the informa-tion need at the well site to adapt the fluid design for the operation detailed in the BOD. It must alsocontain detailed estimates of material consumption and drilling fluid performance targets.
 The sections will provide an outline for the completion of the Mud Program.
 Section 1 Well Objectives and Description
 The opening remarks in the program must explain the key focus of the well design and shouldinclude:
 • Prime and secondary objective for the well
 • General description of the fluids selected for the well
 • Special requirements such as productivity, coring and logging
 • Key issues which could effect fluid performance
 Section 2 Fluid Properties
 This section must contain the framework of values which have been chosen to provide what hasbeen developed or has in the past provided a fluid best suited for the well design.
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 Important data to be included are as follows:
 Table 1: Hole Size Data
 Table 2: Table 2 Properties (For each hole size, Fluid Type and/or specific formation to be drilled:
 Section 3 Product Concentrations
 To achieve the properties listed in section 2 there will be a corresponding mix of chemicals andminerals, it is therefore, important that the mud engineer and those monitoring the fluid perform-ance have the product mix and concentrations details.
 Bit Sizes for each section Casing size(s) for each section Fluid density range for each sec-tion
 Density lb/gal / s.g anticipated minimum and maximum values
 Plastic Viscositya
 a. All viscosity data must include the temperature at which tested and all test must be performed at the same temperature
 cP anticipated minimum and maximum allowable values (never use the term “as low as practical or as low as possible)
 Yield Point1 lb/100ft2 allowable minimum and anticipated maximum values
 Low Shear Yield Point1
 ((2 x 3 rpm) - 6 rpm) lb/100ft2 allowable minimum and anticipated maximum values
 Gel Strengths1
 10 sec, 10 & 30 min
 lb/100ft2 allowable minimum and anticipated maximum values for each gel strength
 API Fluid Loss cc/30 min anticipated minimum and maximum values
 HTHP Fluid Loss cc/30 min value reported must include the temperature and pressure dif-ferential used
 METb
 b. WBM only
 lb/bbl anticipated minimum and maximum values
 pH1 H+ ion allowable minimum and allowable maximum values
 LGS (Total low gravity sol-ids concentration)
 % vol. anticipated minimum and maximum values
 LGS (D) (Drilled solids concentration)
 % vol. anticipated minimum and maximum values
 HGS (High gravity solids concentration)
 % Vol. anticipated minimum and maximum values
 Oil: Water ratioc
 c. OBM only
 recommended range
 Electrical stability volts minimum value for the section
 Water phase salinity mg/L allowable minimum and maximum values
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 Table 3: Product Concentrations for each hole size and/or geological sequence
 Section 4 General Guidelines
 This section must contain operational guidance on issues not specific to a single hole section orgeological sequence, but applicable to the well in general. Items that may be included are:
 Table 4: Guidelines
 Section 5 Primary Engineering Guidelines
 This section will contain engineering recommendations for each specific interval or geologicalsequence. To include the follow type of information:
 Product Name Concentration Function Anticipated minimum & maximum concentrations
 Topic Guidance
 SAFETY Statement of company policy to be included in each program with an emphasis on any topical subject may be appropriate
 SOLIDS CONTROL Statements concerning the required values and the may include guid-ance for the rig equipment being used and an explanation of the type of data to be included in the daily reports
 EVAPORATION CONTROL All mud evaporate, this section should include any process for calculat-ing typical loss and to explain how this is to be reported
 BARITE SAG Up to date guidance for the avoidance of barite sag, with instructions for additional tests and the use of viscosifiers and solids loading
 WASTE CONTROL AND MINIMIZATION
 Well specific advice and recommended procedures for action and reporting
 HOLE CLEANING This section should address the viscosities required pipe rotation (mini-mum rpm) flow rates circulating bottoms up advice on looking for the symptoms of poor hole cleaning viscous pills recommended actions if poor hole cleaning is evident and should reflect current practices
 CORROSION To include procedures for checking and preventative treatments if needed
 LUBRICITY To include a strategy if torque and drag become an issue with data of anticipated coefficients of friction for the mud types being used in the well
 LOST CIRCULATION Recommended treatments for all sections
 STUCK PIPE (DIFFERENTIAL STICKING)
 Recommended procedures for freeing stuck pipe
 BIT BALLING Methods of establishing if bit balling is the problem and advice on treat-ment additives
 REUSE OF OBM Recommendations to ensure a build up of fines as a result of recycling oil does not adversely affect fluid properties based mud and oil recov-ered from cutting cleaning
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 Table 5: Specific Guidelines
 Section 6 Material Usage
 Each interval will consume sacked, drummed, bulk liquid and powdered materials and an estimateof the consumption must be included in the program. This will allow for cost control and for con-sumption evaluation during the post drilling evaluation. These estimates must not only generatedassuming an ideal drilling situation. Three estimates must be made, the first P50, should reflecttypical performance of offset wells, not to include any extremes of drilling circumstances. Then aP90 estimate, which will allow for additional volumes used as a result of extraordinary events, suchas loss circulation (assuming this does not occur on every well). The P90 estimate should notassume that everything that can go wrong does, an intelligent estimate should be made. The lastvolume estimate is the P10, which will assume the best case, when everything goes according toplan. Each estimate should be used to calculate bulk liquids and other sacked and drummed mate-rials. The material consumption should also include contingency material, such as LCM, Piperelease agents, lubricants and bactericides. A cost estimate can be added if offset data is availa-ble. The more accurate the cost estimates the easier it will be to perform a worthwhile post-wellanalysis.
 Table 6: Liquid Volume Estimates
 This data should then be used to make an estimate of the Mud to Cuttings Ratio (MCR) for eachsection and for the well.
 Section 7 Mud Chemical and other Products
 In generating the cost estimate for the well all the materials needed to build and maintain the mudsystem will need to be itemized. A list of these materials will need to be included in each section ofthe program. The list must contain the following information:
 Data Type Explanation and Examples
 MUD TYPE A generic description of the fluid to be used i.e. Synthetic Oil Based Mud
 MUD ADDITIVES AND FUNCTION To provide the product name as seen on the sack or drum with an explana-tion of its function in the mud
 LIST OF POTENTIAL PROBLEMS IN THE SECTION
 Any problems identified during any risk assessment, such as hole cleaning
 PROCEDURES Sequence specific procedures these could include items such as:
 • Displacements• Treatments to prevent formation damage
 • Specific tests to be performed and reported during thesection e.g. PPT
 Description P50. P90 and P10 Volume Estimates
 Volumes of Whole Mud built for the section
 An estimate of the volume of mud either transferred to the next section shipped to shore or disposed of (de-watered)
 Volumes of Whole Mud lost during the section
 This should include all volume not available for reuse or surface disposal
 Volumes of Rock to be removed
 An estimate based on offset data (bit size to be only used if no other data available)
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 Table 7: Material Consumption Estimate
 Section 8 Performance Data
 As discussed in the contract description, each well must be constantly evaluated to determine if…
 • a successful fluid design selected
 • there is any weaknesses in the design and the engineering
 • it is being engineered proficiently
 • improvements have been made since the previous wells
 • whether or not engineering adaptations, were of value
 These and other question should be asked during operation and during the post well analysis. Tomake this process possible, the mud program must include criteria from which success or failurecan be determined. The targets written in the program should go beyond simple cost targets andinclude a true reflection of the drilling fluid’s role in meeting the well objectives.
 The following tables include performance values are used in the (Table 8) global performance
 monitoring1 process adopted by BP and a pro former where specific objectives (Table 9) can beset, both can be adapted for all wells, provided the planning assumptions are sufficiently engi-neered in the program.
 Product namea
 a. This to include any bulk mud
 Unit size Unit Cost Quantities for the section
 (P50, P90 & P10)
 Total cost for each prod-uct
 Section cost of all prod-ucts
 Estimate of the volume and value of bulk mud to be returned for credit (P50 P90 & P10)
 1. Global Performance definitions can be found in Appendix II
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 Table 8: Performance Measures
 Table 9: Objective Setting for Mud Programme / QPR / GWSI
 Item Criteria Units Explanation (see Appendix II for more details)
 1 Total Mud Cost US$/£ From the material estimates, but to include all associ-ated equipment such as shaker screens, solids con-trol rental
 2 Mud Cost US$/£ From mud program
 3 Total Volume of Mud Used bbls From mud program
 4 Mud NPT - Total Well % Percentage of the total time spent on the well, allo-cated to mud related lost time
 5 Mud NPT - Total NPT % Percentage of the total well NPT spent allocated to mud related lost time
 6 Mud NPC - Total Well Cost % The value given to the mud NPT as a percentage of the total well cost
 7 Mud NPC - Total NPC % The value given to the mud NPT as a percentage of the total Non productive time cost
 8 Number of Mud Related LTI Inci-dents
 # The number of lost time incidents caused by mud related activity
 9 Number of Mud Related Spills # Drilling fluid spills
 10 Mud Spill Volume bbl Volume spilt
 11 Number of Mud Related Non-Compliant Discharges
 # This refers to any discharge of liquid which has not been approved
 12 Volume of Non-Compliant Mud Discharges
 bbl Volume of said discharges
 13 Mud Cost / Hole Volume ($/bbl of rock drilled)
 US$/£/bbl rock drilled
 The mud cost divided by estimated of rock removed to give a cost per bbl of rock
 14 Mud Cost / Well Cost % Total mud cost (1) / Hole volume
 15 Mud to Cuttings Ratio MCR Total volume of mud used + Hole volume / Theoretical hole volume.
 16 Mud Cost in £($)/foot drilled US$/£ See Appendix II
 17 Cost Differentials % See Appendix II
 18 MCR Differentials % See Appendix II
 19 Reporting days late A number of working days should be allowed for the completion of the end of well report, late submissions should be recorded
 20 Well Cost US$/£ Dry hole costs (see Appendix II)
 21 Well days days Dry hole days (see Appendix II)
 % Importance
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 Objective 1
 How Measured?
 Who assesses?
 Objective 2
 How Measured?
 Who assesses?
 Objective 3
 How Measured?
 Who assesses?
 Objective 4
 How Measured?
 Who assesses?
 Objective 5
 How Measured?
 Who assesses?
 Objective 6
 How Measured?
 Who assesses?
 Objective 7
 How Measured?
 Who assesses?
 Objective 8
 How Measured?
 Who assesses?
 Objective 9
 How Measured?
 Who assesses?
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 Program Summary
 If the mud program has been prepared in accordance with the aforementioned process, it shouldcontain:
 Well Objectives and Description
 An explanation of the key objectives and the reasons for the choice of fluids
 Fluid Properties
 A comprehensive description of the fluid properties to be used for each hole section and whenapplicable. Description of additional properties needed to manage with the requirement of specificgeological sequences within a hole section should be also included.
 Note: There must be a statement requiring the engineers to report whenever, the properties move out-side of the specified ranges with an explanation to ensure all are aware whether or not this is theresult of deliberate engineering decision or for any other reasons.
 Product Concentrations
 Having stated the required properties, there must be information, which states the recommendedproduct mix and concentrations.
 General Guidelines
 Operational guidance on issues not specific to a single hole section or geological sequence, butapplicable to the well in general.
 Primary Engineering Guidelines
 Each hole section should have its own set of engineering guidelines to make everyone aware ofknow potential problems and to include an specific procedures.
 Material Usage
 An estimate of liquid mud volumes based on the fluid and well design, using P50, P90 and P10expectations of drilling performance.
 Mud Chemical and other Products
 An estimate of mud materials based on the fluid and well design, using P50, P90 and P10 expec-tations of drilling performance.
 Performance Data
 Having prepared a fluid program that will manage all the anticipated drilling conditions; the onlyremaining item is the determination on completion as to whether or not this has been achieved.This can only be achieved if the expectations are defined at the outset.
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 ImplementationWith the commencement of drilling the operations staff should be:
 • Ensuring the programmed fluid properties are being maintained
 • Ensuring the properties are appropriate for the prevailing wellbore conditions
 • Monitoring performance and comparing with those set out in the program
 This is best performed at the well site; however, monitoring via the mud reporting system is effec-tive. To meet this requirement the reports must be of the highest standard. The mud report is avery detailed document and will take a degree of expertise to fully exploit during the normal officeenvironment it is therefore, worth spending time ensuring the report is prepared to meet opera-tional needs.
 The Mud Report
 Introduction
 Before recommending any techniques for the reading and interpretation of the mud report, it mustbe stated that for the report to be of value to the engineer and supervisor. The mud report must beaccepted as a record of past events and must be trusted as a true reflection of the fluid state at thetime of reporting. All too often, the report becomes more important than the fluid, with each valuebeing subjected to in-depth analysis. The report is extremely important, but before it can be usedto its full effect, the reader must understand that it will contain values that may not fit neatly withinthe range prescribed in the mud program. A drilling fluid system is a dynamic thing, being effectedconstantly by the wellbore materials, temperature, and surface additions. This is particularly appli-cable to water based fluids, and as such will not always conform to the idealized state prescribedin the program. This doesn’t mean that the engineer at the well site has a license to run amok, butthe engineer should be briefed to report the actual values seen when tested and that the remarkssection must include an interpretation of the reported properties. If strict adherence to mud proper-ties is demanded, this is exactly what the mud engineer will report and the reader could be leftwondering why the system needs maintenance chemicals because it is always in spec. Therefore,at the outset the mud engineers must be instructed on how to provided a report that addresses thecondition of the fluid, the intended engineering activity, an explanation for any deviations from theprogrammed properties and any other information needed for complete comprehension.
 Reading the Mud Report
 During the planning process, the mud engineers employed at the well site should have been madeaware and have been trained in the use of the reporting software. The engineering portion of thecontract should have stipulated that the operators’ software took precedence over the contractorsstandard mud report. Having the report generated electronically has many advantages. It willensure:
 • Uniformity
 - Standard reporting format for all BU’s
 • In-house database storage
 - for further more detailed analysis
 - facilitate trend analysis
 - analysis of the relationship between properties and product use
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 There are many parts to the report, some are not directly related to fluid performance and will notbe discussed at this time.
 This section will focus on the following parts:
 Part 1. Mud Properties
 Part 2. Rig Operations
 Part 3. Engineering Comments
 Part 4. Daily Product Usage
 Part 5. Mud Volume Accounting
 No single report or item on the report will allow a complete understanding of mud performance.However, by looking at the relationship between drilling activity, material usage and properties. It ispossible to gain a better understanding. At this point, it must be mentioned that no operational staffshould make decision based only on reading the report. The contractor’s support staffs’ function isto aid interpretation and comprehension. Nevertheless, the operations engineer should have suffi-cient understanding to enable a grasp on current and proposed activity and allow a fruitful discus-sion with the support staff.
 Part 1. Mud Properties
 The contract should call for a minimum of one complete set of test results to be reported everyeight hours and a complete report to be submitted every 24 hours. The frequency of mud testing isimportant, as some engineers may elect to do only one set of results when the rig is inactive. Thismay seem sufficient, but experience has shown that surface contamination and other detrimentalevents can go undetected for far too long.
 As already mentioned, each piece of information read in isolation will have little value. Therefore,the test results should be automatically stored on a database, to facilitate trend analysis.
 Trend analysis will be critical in preventing minor shifts in mud values developing into a problem.Minor shifts in properties can develop very slowly and only after these are seen over a series ofreports, will the true magnitude of the problem be seen.
 The test results should then be checked to determine if they are within the programmed specifica-tions, stable or in a process of change. The report’s comments section, should provides an expla-nation as to the engineers’ reaction to fluctuation in the fluid state, and if the engineer has neededto alter the properties to meet well bore conditions. This may have entailed moving properties out-side of the agreed range. It must not be assumed that the programmed properties are cast instone. Assumptions made during the planning phase may no longer prevail.
 After the initial reading the properties will either meet expectations or require additional attention.
 The following points will help either identify the cause or provide advice on other factors that maybe the cause:
 Sample Points
 If the sample tested has been taken from a different sample point, this could cause a shift in propertiesand must be stated at the head of each set of properties, if in doubt confirm with the support staff orspeak to the mud engineer.
 The following procedures are recommended:
 Circulating System Analysis
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 All drilling fluid tests, where the results are entered on the report, must be performed on samples col-lected downstream of the shakers, before the flow enters the active system. The sample should betaken after all the primary solids removal equipment has sieved the drilling fluid. Mud from the suctionwill also be checked, the information used by the drilling fluid engineer. This data will only be includedin the reporting process, if no circulation has occurred during the test period. The exception to thiscould be the "Drill-In Fluids" which may contain calcium carbonate. These samples should be taken inthe possum belly while circulating.
 Drilling Fluid samples that leave location should include depth, time of day, sample point (wheretaken), relevant drilling operation data lagged to the appropriate task being performed (such as ream-ing, drilling, circulating etc.) and a completed set of test results.
 Solids Control Analysis
 Samples for solids control equipment for under flow and overflow testing should only be taken after themachine has been in operation for >15 minutes. Accompanying paperwork should include machineinformation; Model #, Scroll type, machine company serial #. Samples taken of the drilling fluid neededprior to entering the solids control equipment should be collected from a 'T. connection' in the line, notfrom the pit from which the drilling fluid is being taken.
 If high-speed shale shaker screen samples are to be taken, care should be taken to gather a repre-sentative sample of the underflow under all screens.
 A degree of conformity is important because knowing where the sample have been taken will removessome of the guess work form trying to interpret unusual results.
 I. Drilling/Reaming
 The amount of rock removed, formations drilled and contaminants encountered while drillingbetween each set of results should always be read taking into account.
 Factors such as:
 • Slow Drilling
 - Slow ROP’s will mean lower solids removal efficiency. Anything that results in finesolids being introduced in to the mud system will have an impact on the proper-ties.
 • Reaming
 - Could have the same effect as slow ROP, poor solids removal
 • Reactive Formations
 - Hydratable and or dispersive clays drilled with WBM will quickly alter properties
 - Anhydrite will react with WBM as if drilling cement
 • Sub-Surface Contaminants
 - Cement
 - CO2 (Carbonates)
 - H2S
 • Sub-Surface Influx
 - Water or brine flow will have an impact on properties
 II. Solids Control Equipment
 • Shale Shakers
 - Tears or holes in the shale shaker screens can cause a rapid deterioration in theproperties
 - Incorrect screen size
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 - Secondary Equipment
 - Poor equipment performance will impact properties
 III. Surface Contamination
 • Water lines in the pit room
 • Intermixing with other stored fluids
 • Poor mud additive mixing
 IV. Dehydration and High Temperature
 • Bottoms up samples taken after any static aging at higher temperatures can result in rapidchanges in properties
 Part 2. Rig operations
 Sets of test results are not complete without knowing the context in which they relate. As men-tioned slow drilling or reamming can have an effect.
 Part 3. Engineering comments
 The engineers’ comments are critical and must interpret the numbers reported in to terms all read-ers will understand. Conditions at the time of testing such as wellbore condition, ongoing treat-ments and many more, will make a huge difference in how we interpret the report. Therefore, it iscritical that from the outset the engineer’s comments lead the reader to the key aspects of thereport.
 If the report has minimal or inadequate comments, the reader is then in fact left to perform theengineering function. The properties are how the engineer will judge whether the fluid is perform-ing its functions. Important functions such as hole cleaning, will in part be determined by readingthe viscosity properties, in conjunction with other facts, which may or may not be included in thereport, can’t be determined by just reading the reported values. The mud engineer must makestatements on the report concerning the capacity of the fluid to perform the key functions.
 Part 4. Daily Product Usage
 Material used each day will have been mixed for additional volume and to adjust mud properties.To allow the observation of fluid behaviour, the report should explain the distribution of the productmix. In a perfect world, if there were nothing altering the properties, all the materials mixed wouldbe for volume control. However, this is seldom the case, each mud test may provoke treatments ofthe circulating system. In reading the report it is possible to see how well the fluid and to a lesserdegree, how the mud engineers are performing, by looking at the amount of material being used.For example, if the properties are stable and the materials used to build new volume have beenaccounted for, there must be an explanation for the use of additional chemicals.
 Part 5. Mud Volume Accounting
 This is an area of reporting, which can cause the most concern and can create the most problemsfor the mud engineers. To get an accurate distribution of volume built and lost is an essential areaand requires continual attention. On face value, building new volume should be straight forward,but when for instance, water is being added in large quantities, volume measurement can be left toguess work. The report must have accurate accounting if the fluid performance is to be measured.
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 Volume Building
 There must be separation between the gross volume gain, that is when the volume of mud on siteis increased and the volume increases, which only applies to the active system.
 Fluctuations in the active system volume will need to be carefully controlled, while additional main-tenance volume for dilution and to fill new hole will be an ongoing process. These two must bereported separately.
 Dilution
 Dilution is an essential tool for managing the drilling fluid. It can be performed either as a specificact, whereby a given volume of mud is added to the active system over a specified time to meet afluid requirements, such as a reduction in density. It will also occur as part of the continual mainte-nance activity and is this process that is of concern when interpreting the mud report. The contin-ual addition of new volume to the active is the most difficult to appreciate when assessing fluidproperties.
 It can be assumed that dilution is always occurring when either base liquids or whole mud is beingadded, but this is not always the case. To interpret the mud properties correctly it must first bedetermine if the fluid has been diluted and if so, by how much. Therefore, the mud engineer shouldbe assessing each addition for its contribution to the dilution target and reporting accordingly.
 Addition of base liquids or whole mud will not always result in dilution:
 Example: Base liquids (water, brine, or oil) added that only replaces that lost via evaporationwould not contribute to dilution. Evaporation happens all the time and the volume lost must be esti-mated and subtracted from the dilution volume reported. The following note will assist with evapo-ration accounting.
 Evaporation Control
 Replacement of water to the system due to evaporation should be controlled separately from dilution.Replacement of this free water will be controlled based on the flow line temperature and the hours ofcirculation. Water and oil used to replace that evaporated should not be included in the daily calculationof dilution rates but should be reported separately as volume lost to evaporation. These rates of evap-oration can be extremely high and lead to concentration of products and solids.
 Determining evaporation rates for Water-Based mud is necessary, so that water is added to the systemto prevent dehydration of the fluid. It is recommended that this formula be used for determining evapo-ration rates at the well site to predict the rate at which "Free" water needs to be added to the system.This volume of water added is to replace the volume lost by evaporation and should not be used whendetermining product concentrations.
 Example: Mud held in storage used to replace fluid lost either down hole or on surface will nothave contributed to the dilution and the volume lost must be estimated and subtracted from thedilution volume reported.
 Continual Assessment
 While operations are in progress there should be a process of continual assessment to determineif performance targets are being met. The contractor should be required in the contract scope ofservice, to present frequent performance updates, the frequency being determined by the timerequired to drill each well.
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 Post Well Evaluation
 Introduction
 Once the engineering has been completed, a process of evaluation must take place. It must bedetermine if the operation was a success or a failure with regard to the drilling fluid. This will beachieved by scrutinizing all the engineering data, an assessment of the performance targets andreviewing the contractors contribution. Therefore, the evaluation should be assessed systemati-cally.
 The first phase will be a review of the engineering recapitulation, better known as the “MudRecap”. Then an assessment of the performance data and the final phase being an assessment ofthe contractors contribution.
 Phase 1. Mud Recap
 A report containing every detail of the drilling fluid must be presented on completion of operations.This document should contain:
 Table 10: Recap Contents
 Topic Definition
 Description of Well Outline of well type, fluids used, well objectives and outcome
 Drilling Statistics Hole & Casing sizes, Depth and lengths,Mud system per sectionFluid Densities used report: min/max/typical per sectionDays spent drilling each section
 Engineering History & Interval Discussion
 Discussion concerning the fluid design, performance and hole problems
 Note: When fluid properties are discussed values must be included. e.g. When statements such as density was increased, must include the initial density and that achieved after the increase
 Engineering Recommen-dations
 Contractor’s interpretation as to the fluid design suitability.
 List of areas where the fluid excelled or failed, with recommendations for future consideration.
 Material Usage Details of each product used / damaged / returned to include
 - Quantity
 - Size- Cost- Totaled by section and for the well
 Mud Volume Report Details of: Mud Volumes:
 • Built• Received• Returned
 • Discharged/Disposed of• Surface Losses:
 - Evaporation
 - With Cuttings- Spills
 • Sub-Surface Losses:
 - Left behind Casing- Lost circulation
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 Phase 2. Performance Results
 Table 11: Performance Results
 Phase 3. Performance Evaluation
 Performance measures are important, but none of the values already listed, measure the contrac-tor’s contribution. Having concluded operation and processed all the data in the recap, the finaltask should be to solicit the contractors opinions on how they contributed to operation. This in part,can be achieved by asking the contractor to submit a written explanation for each of the perform-ance results and to explain, if performance targets were not achieved or exceeded, how, perform-ance expectations will be surpassed in the future.
 Examples:
 • a well is completed ahead of schedule. What part did the drilling fluid pay in achieving this?
 • a well is completed ahead of schedule and mud costs are higher than programmed. Did the the additional expenditure help achieving this, if yes, how?
 • a well is completed behind schedule, but the mud costs are less than programmed, why?
 Table 12: Contractor’s Comments
 Performance Data As for those included in the Mud Program with proposed and actual data achieved for the well
 Contractors’ Comments A document containing the contractors interpretation of the drilling fluid’s performance
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 Section 2: Introduction to Drilling Fluids
 Drilling Fluid Classifications
 Drilling fluids are separated into three major classifications (Figure 1):
 • Pneumatic
 • Oil-Based
 • Water-Based
 Pneumatic Fluids
 Pneumatic (air/gas based) fluids are used for drilling depleted zones or areas where abnormallylow formation pressures may be encountered. An advantage of pneumatic fluids over liquid mudsystems can be seen in increased penetration rates. Cuttings are literally blown off the cutting sur-face ahead of the bit as a result of the considerable pressure differential. The high pressure differ-ential also allows formation fluids from permeable zones to flow into the wellbore.
 Air/gas based fluids are ineffective in areas where large volumes of formation fluids are encoun-tered. A large influx of formation fluids requires converting the pneumatic fluid to a liquid-basedsystem. As a result, the chances of losing circulation or damaging a productive zone are greatly
 Figure 1Drilling Fluids Classification
 DRILLING FLUIDS
 Gasified Mud
 Oil-BasedFluids
 Diesel
 Mineral
 Non-PetroleumHydrocarbon
 Water-BasedFluids
 Non-Inhibitive
 Inhibitive
 PneumaticFluids
 Dry Gas
 Mist
 Foam
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 increased. Another consideration when selecting pneumatic fluids is well depth. They are not rec-ommended for wells below about 10,000 ft. because the volume of air required to lift cuttings fromthe bottom of the hole can become greater than the surface equipment can deliver.
 Oil-Based Fluids
 A primary use of oil-based fluids is to drill troublesome shales and to improve hole stability. Theyare also applicable in drilling highly deviated holes because of their high degree of lubricity andability to prevent hydration of clays. They may also be selected for special applications such ashigh temperature/high pressure wells, minimizing formation damage, and native-state coring.Another reason for choosing oil-based fluids is that they are resistant to contaminants such asanhydrite, salt, and CO2 and H2S acid gases.
 Cost is a major concern when selecting oil-based muds. Initially, the cost per barrel of an oil-basedmud is very high compared to a conventional water-based mud system. However, because oilmuds can be reconditioned and reused, the costs on a multi-well program may be comparable tousing water-based fluids. Also, buy-back policies for used oil-based muds can make them anattractive alternative in situations where the use of water-based muds prohibit the successful drill-ing and/or completion of a well.
 Today, with increasing environmental concerns, the use of oil-based muds is either prohibited orseverely restricted in many areas. In some areas, drilling with oil-based fluids requires mud andcuttings to be contained and hauled to an approved disposal site. The costs of containment, haul-ing, and disposal can greatly increase the cost of using oil-based fluids.
 Figure 2Water-Based Fluids
 WATER-BASED FLUIDS
 Inhibitive
 Calcium Based
 Salt Inhibited
 Clear Water
 Native
 Bentonite/Water
 Non-Inhibitive
 Lignite/Ligno-Sulfonate
 (Deflocculated)Glycol
 Silicate
 Salt-Water Based
 “Proprietary - for the exclusive use of BP & ChevronTexaco”
 Rev. 01/2002 Section 2-2

Page 45
                        

Drilling Fluids Manual
 Water-Based Fluids
 Water based fluids are the most extensively used drilling fluids. They are generally easy to build,inexpensive to maintain, and can be formulated to overcome most drilling problems. In order tobetter understand the broad spectrum of water-based fluids, they are divided into two major sub-classifications:
 • Inhibitive
 • Non-inhibitive
 Non-Inhibitive Fluids
 Those which do not significantly suppress clay swelling, are generally comprised of native clays orcommercial bentonites with some caustic soda or lime. They may also contain deflocculantsand/or dispersants such as: lignites, lignosulfonates, or phosphates. Non-inhibitive fluids are gen-erally used as spud muds. Native solids are allowed to disperse into the system until rheologicalproperties can no longer be controlled by water dilution.
 Inhibitive Fluids
 Those which appreciably retard clay swelling and, achieve inhibition through the presence of cat-
 ions; typically, Sodium (Na+), Calcium (Ca++) and Potassium (K+). Generally, K+ or Ca++, or acombination of the two, provide inhibition to clay dispersion. The addition of a Glycol or SodiumSilicate will enhance the level of inhibition and are used to enhance systems using cations forhydration surpression. These systems are generally used for drilling hydratable clays and sandscontaining hydratable clays.
 Clay Based Fluids
 Those which rely on bentonite, to provide mud properties when used as an inhibitive fluid conven-tionally rely on Calcium cations for hydration inhibition. Bentonite is used to viscosify fluids, controlfiltration properties.
 Polymer Fluids
 Those which rely on macromolecules, either with or without clay interactions to provide mud prop-erties, and are very diversified in their application. These fluids can be inhibitive or non-inhibitivedepending upon whether an inhibitive cation is used. Polymers can be used to viscosify fluids,control filtration properties, de flocculate solids, or encapsulate solids. The thermal stability of poly-mer systems can range upwards to 400°F. In spite of their diversity, polymer fluids have limitations.Solids are a major threat to successfully running a cost-effective polymer mud system.
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 Functions of Drilling FluidsResults of extensive research and in the field show that penetration rate and its response to weighton bit and rotary speed is highly dependent on the hydraulic horsepower reaching the formation atthe bit. Since the drilling fluid flow rate sets the system pressure losses, and these pressure lossesset the hydraulic horsepower across the bit, it can be concluded that the drilling fluid is as impor-tant in determining drilling costs as all other “man-controllable” variables combined. Consideringthese factors, “an optimum drilling fluid is a fluid properly formulated so that the flow rate neces-sary to clean the hole results in the proper hydraulic horsepower to clean the bit for the weight androtary speed imposed to give the lowest cost, provided that this combination of variables results ina stable borehole which penetrates the desired target.”
 A properly designed drilling fluid will enable an operator to reach the desired geologic objective atthe lowest overall cost. A fluid should enhance penetration rates, reduce hole problems and mini-mize formation damage.
 Major Functions
 Drilling fluids are designed and formulated to perform three major functions:
 • Control Subsurface Pressure
 • Transport Cuttings
 • Support and Stabilize the Wellbore
 Control Subsurface Pressure
 A drilling fluid controls the subsurface pressure by its hydrostatic pressure. Hydrostatic pressure isthe force exerted by a fluid column and depends on the mud density and true vertical depth (TVD).
 Borehole instability is a natural function of the unequal mechanical stresses and physico-chemicalinteractions and pressures created when support in material and surfaces are exposed in the pro-cess of drilling a well. The drilling fluid must overcome both the tendency for the hole to collapsefrom mechanical failure and/or from chemical interaction of the formation with the drilling fluid. TheEarth’s pressure gradient is 0.465 psi/ft. This is equivalent to the height of a column of fluid with adensity of 8.94 ppg, which is approximately the density of seawater.
 In most drilling areas, a fresh water fluid which includes the solids incorporated into the water fromdrilling subsurface formations is sufficient to balance formation pressures. However, abnormallypressured formations may be encountered requiring higher density drilling fluids to control the for-mation pressures. Failure to control downhole pressures may result in an influx of formation fluids,resulting in a kick, or blowout.
 P.h = (k)(MW)(d)
 Ph = Hydrostatic Pressure k = Conversion Constant
 MW = Mud Density d = Depth TVD
 k =.052 when d = Feet, MW = lb/gal, Ph = Psi
 k =.0069 5 when d = Feet, MW = lb/ft.3, Ph = Psi
 k =.098 when d = Meters, MW = g/cm3, Ph = Atmosphere
 The 0.052 conversion factor is derived in the following manner:
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 Transport Cuttings
 Fluid flowing from the bit nozzles exerts a jetting action to clear cuttings from the bottom of thehole and the bit, and carries these cuttings to the surface. Several factors influence cuttings trans-port.
 If the cuttings generated at the bit face are not immediately removed and started toward the sur-face, they will be ground very fine, stick to the bit and in general retard effective penetration intouncut rock.
 Velocity
 Increasing annular velocity generally improves cuttings transport. Variables include pump output,borehole size and drill string size.
 Density
 Increasing mud density increases the carrying capacity through the buoyant effect on cuttings.
 Viscosity
 Increasing viscosity often improves cuttings removal.
 Pipe Rotation
 Rotation tends to throw cuttings into areas of high fluid velocity from low velocity areas next to theborehole wall and drill string.
 Hole Angle
 Increasing hole angle generally makes cuttings transport more difficult.
 Drilling fluids must have the capacity to suspend weight materials and drilled solids during connec-tions, bit trips, and logging runs, or they will settle to the low side or bottom of the hole. Failure tosuspend weight materials can result in a reduction in the drilling fluid density, which in turn canlead to kicks and a potential blowout.
 The drilling fluid must also be capable to transporting cuttings out of the hole at a reasonablevelocity that minimizes their disintegration and incorporation as drilled solids into the drilling fluidsystem. At the surface, the drilling fluid must release the cuttings for efficient removal. Failure toadequately clean the hole or suspend drilled solids are contributing factors in such hole problemsas fill on bottom after a trip, hole pack-off, lost returns, differentially stuck pipe, and inability toreach bottom with logging tools.
 Water Density, lbft3
 --------------------------------------------------- 1 ft2
 Area, in.2--------------------------- 1 gal
 Water Density, lb--------------------------------------------------- Conversion
 Factor=
 62.30 lbft3
 ---------------------- 1 ft2
 144 in.2---------------------- 1 gal
 8.33 lb------------------- 0.0519 gal
 ft in.2-----------------------------=
 Note:62.30 lb is the weight of 1 ft3 of water at 60°F and 8.33 lb is the weight of 1 gal ofwater at 60°F.
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 Support and Stabilize Wellbore
 Fluid hydrostatic pressure acts as a confining force on the wellbore. This confining force actingacross a filter cake will assist in physically stabilizing a formation.
 Borehole stability is also maintained or enhanced by controlling the loss of filtrate to permeable for-mations and by careful control of the chemical composition of the drilling fluid.
 Most permeable formations have pore space openings too small to allow the passage of wholemud into the formation; however, filtrate from the drilling fluid can enter the pore spaces. The rateat which the filtrate enters the formation is dependent on the pressure differential between the for-mation and the column of drilling fluid, and the quality of the filter cake deposited on the formationface.
 Large volumes of drilling fluid filtrate, and filtrates that are incompatible with the formation or for-mation fluids, may destablize the formation through hydration of shale and/or chemical interactionsbetween components of the drilling fluid and the wellbore.
 Drilling fluids which produce low quality or thick filter cakes may also cause tight hole conditionsincluding stuck pipe, difficulty in running casing and poor cement jobs.
 Filter Cake
 A layer of concentrated solids from the drilling mud which forms on the walls of the borehole oppo-site permeable formations.
 Filtrate
 The liquid portion of the mud which passes through the filter cake into the formation.
 Minor Functions
 Minor functions of a drilling fluid include:
 • Support Weight of Tubulars
 • Cool and Lubricate the Bit and Drill String
 • Transmit Hydraulic Horsepower to Bit
 • Provide Medium for Wireline Logging
 • Assist in the Gathering of Subsurface Geological Data and Formation Evaluation
 • Cool and Lubricate the Bit
 Support Weight of Tubulars
 Drilling fluid buoyancy supports part of the weight of the drill string or casing. The buoyancy factoris used to relate the density of the mud displaced to the density of the material in the tubulars;therefore, any increase in mud density results in an increase in buoyancy. The equation belowgives the buoyancy factor for steel.
 Multiply the buoyancy factor by the tubular’s air weight to obtain the buoyed weight (hook load).For example, a drillstring with an air weight of 250,000 lb will show a hook load of 218,000 lb in an8.33 lb/gal fluid and 192,700 lb in a 15.0 lb/gal fluid.
 Buoyancy Factor 65.4 MW, lb/gal( )–65.4
 -----------------------------------------------------=
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 Cool and Lubricate the Bit and Drill String
 Considerable heat and friction is generated at the bit and between the drill string and wellbore dur-ing drilling operations. Contact between the drill string and wellbore can also create considerabletorque during rotation, and drag during trips. Circulating drilling fluid transports heat away fromthese frictional sites, reducing the chance of pre-mature bit failure and pipe damage. The drillingfluid also lubricates the bit tooth penetration through the bottom hole debris into the rock andserves as a lubricant between the wellbore and drill string thus reducing torque and drag.
 Transmit Hydraulic Horsepower to Bit
 Hydraulic horsepower generated at the bit is the result of flow volume and pressure drop throughthe bit nozzles. This energy is converted into mechanical energy which removes cuttings from thebottom of the hole and improves the rate of penetration.
 Provide Medium for Wireline Logging
 Air/gas-based, water-based, and oil-based fluids have differing physical characteristics which influ-ence log suite selection. Log response may be enhanced through selection of specific fluids andconversely, use of a given fluid may eliminate a log from use. Drilling fluids must be evaluated toassure compatibility with the logging program.
 Assist in the Gathering of Subsurface Geological Data and Formation Evaluation
 The gathering and interpretation of surface geological data from drilled cuttings, cores and electri-cal logs is used to determine the commercial value of the zones penetrated. Invasion of thesezones by the fluid or its filtrate, be it oil or water, may mask or interfere with the interpretation of thedata retrieved and/or prevent full commercial recovery of hydrocarbon.
 Since the objective in drilling is to make and keep a borehole which can be evaluated for the pres-ence of commercially-producible fluids, functions four and five should be given priority in designinga drilling fluid and controlling its properties. The conditions imposed by these functions will deter-mine the type of drilling fluid system to be used in each hole section and the products needed tomaintain it. After the drilling fluid has been selected, the properties required to accomplish the firstthree functions can then be estimated by hydraulic optimization procedures.
 While drilling, a considerable amount of heat is generated at the bit and along the drillstring due tofriction. An additional source of heat is derived from the increasing thermal energy stored in forma-tions with depth. The circulating fluid not only serves as a lubricant helping to reduce the frictionbetween the drilling components in contact with the formation, but also helps conduct heat awayfrom the friction points and formation.
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 Additional Benefits
 In addition to the essential functions of a drilling fluid, there are other benefits to be gained fromproper selection and control, such as to:
 • Minimize Formation Damage
 • Reduce Corrosion
 • Minimize Lost Circulation
 • Reduce Stuck Pipe
 • Reduce Pressure Losses
 • Improve Penetration Rates
 • Reduce Environmental Impact
 • Improve Safety
 Minimize Formation Damage
 A producing formation can be damaged by a poor drilling fluid. Damage mechanisms include for-mation fines migration, solids invasion, and wettability alterations. Identification of potential dam-age mechanisms and careful selection of a drilling fluid can minimize damage.
 Reduce Corrosion
 Corrosion control can reduce drill string failure through removal or neutralization of contaminatingsubstances. Specific corrosion control products may be added to a drilling fluid; or the drilling fluiditself may be selected on the basis of its inherent corrosion protection (see Figure 3).
 Minimize Lost Circulation
 Extensive loss of whole mud to a cavernous, vugular, fissured, or coarsely permeable formation isexpensive and may lead to a blowout, stuck pipe, or formation damage. Selection of a low densitydrilling fluid and/or addition of sized bridging agents can reduce lost circulation (see Figure 4).
 Reduce Stuck Pipe
 Pipe sticking can be caused by several factors:
 • Poor Cuttings Removal
 • Hole Sloughing
 • Lost Circulation
 • Differential Pressure Sticking
 • Keyseating
 Two common types of pipe sticking are illustrated in Figures 5 and 6.
 Reduce Pressure Losses
 Surface equipment pressure demands can be reduced by designing a fluid to minimize pressurelosses. The reduction in pressure losses also permits greater hydraulic efficiency at the bit and alower equivalent circulating density (ECD) (see Figure 7).
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 Improve Penetration Rates
 Proper fluid selection and control can improve the rate of penetration (ROP). Benefits of improvedpenetration rates are reduced drilling time and fewer hole problems because of shorter open-holeexposure time. Generally, improved penetration rates result in reduced costs. Operations such ascementing, completion, and logging must be factored in to determine true cost effectiveness ofimproved penetration rates.
 Reduce Environmental Impact
 Fluid selection and engineering can reduce the potential environmental impact of a drilling fluid. Inthe event of a spill, reclamation and disposal costs, as well as pollution associated problems aregreatly reduced by proper fluid selection and control.
 Improve Safety
 A drilling fluid should be engineered for safety. It should have sufficient density to control the flowof formation fluids and when circumstances merit, be able to tolerate toxic contaminants such ashydrogen sulfide (H2S).
 “Proprietary - for the exclusive use of BP & ChevronTexaco”
 Introduction to Drilling Fluids 2-9 Rev. 01/2002

Page 52
                        

Drilling Fluids Manual
 Figure 3Electrochemical Corrosion Cell
 (Development in a Fatigue Stress Crack)
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 Figure 4Types of Lost Circulation Zones
 Found in Soft and Hard Rock Formations
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 LOW PRESSUREFORMATION
 WALL CAKE
 STICKINGFORCE
 Figure 5Differential Pressure Sticking
 Dog-Leg Resulting in the Formation of a Keyseat
 Figure 6Keyseating
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 Drilling Fluids Selection Criteria
 Drilling fluids are selected on the basis of one or more of the following criteria:
 • Cost
 • Application and Performance
 • Production Concerns
 • Logistics
 • Exploration Concerns
 • Environmental Impact and Safety
 Cost
 A traditional focus for drilling fluids selection is cost. However, there are other equally importantfactors such as total well cost and the fluid’s effect on well productivity.
 Application and Performance
 Drilling fluid systems should be selected to provide the best overall performance for each specificwell. Historical data should be reviewed and pilot testing performed to assure the greatest holestability and lowest total well cost are achievable.
 Production Concerns
 Production personnel are primarily concerned with minimizing formation damage. Drilling fluid/for-mation interactions and other processes which alter in situ formation characteristics must be con-sidered in the selection of additives and fluid systems. Production zones can be partially or totallylost depending upon fluids selected to drill and/or complete a well (see Figure 8).
 Logistics
 Logistics is a major consideration in well planning and mud program development when operatingin remote areas. Product efficiency, shelf life, packing, transportation costs, warehousing, andinventory volumes should also be considered.
 Exploration Concerns
 The geologist’s concern with drilling fluids and additives is centered on the effect of the drilling fluidon cuttings analysis and log interpretation. Extended gas chromatography and pyrolysis providegeological personnel with distinct fingerprints of hydrocarbons present and a means of isolatingand identifying source rocks and oil migration paths. Unfortunately, trace amounts of drilling fluidmay remain on the residue extracted from the cuttings and exert a masking effect that makes it dif-ficult to accurately characterize (fingerprint) the formation hydrocarbons. Therefore, characterizingand cataloging drilling fluid additives and fluid systems can greatly enhance the geologist’s inter-pretation of reservoir potential.
 “Proprietary - for the exclusive use of BP & ChevronTexaco”
 Introduction to Drilling Fluids 2-13 Rev. 01/2002

Page 56
                        

Drilling Fluids Manual
 Environmental Impact and Safety
 Minimizing the environmental impact of a drilling operation as well as safety considerations bothdirectly affect the choice of drilling fluid additives and drilling fluid systems. Products that havebeen used in the past may no longer be acceptable. As more environmental laws are enacted andnew safety rules applied, the choices of additives and fluid systems must also be reevaluated. Tomeet the challenge of a changing environment, product knowledge and product testing becomeessential tools for selecting suitable additives and drilling fluid systems.
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 Figure 7Pressure Losses in a Circulating Mud System
 Formation clays around sand grains in equilibrium with water (maximum permeability).
 Formation clays swollen and dis-lodged by low salinity filtrate. Block-ing of pore throats causes loss of
 Undamaged
 Fines Migration
 Oil flow restricted by waterblock (wet water sandstone).
 Oil flow restricted by water block (oil wet sandstone).
 WettabilityAlteration
 Figure 8Types of Formation Damage
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 Section 3: Engineering
 Basic Engineering CalculationsThis section discusses basic engineering calculations pertaining to: Specific Gravity; Volume,Capacity and Displacement; Annular Velocity; Circulation Time; Downhole Pressures; Weight-Upand Dilution; and Concentration Units. These are essential calculations that the drilling personnelwill need in routine work in the office or at the rig. An understanding of these principles will be ben-eficial throughout use of this manual.
 Specific Gravity
 The density of any material is derived by multiplying the specific gravity of that material by the den-sity of pure water. For example, the specific gravity of barite is 4.2 and its density is equal to (4.2)(8.33 lb/gal) = 35 lb/gal. Conversely, to convert from density to specific gravity, divide the density ofa material or mud by the density of pure water. As an example, a 17.5 lb/gal mud has a specificgravity of 2.1.
 To determine the weight of 1 bbl of barite, determine the density of 1 bbl of pure water and multiplythe result by the specific gravity of barite.
 (8.33 lb/gal water) (42 gal/bbl) = 349.86 lb/bbl(weight of 1 bbl of pure water)
 (349.86 lb/bbl) (4.2 SG Barite) = 1469.41 lb/bbl(weight of 1 bbl of 4.2 SG Barite)
 Volume, Capacity and Displacement
 Capacity and Volume have the same units, but are not always equal. As an example, a mud pitmay have a capacity of 300 bbl, but only contain a volume of 175 bbl of water. Displacement is thevolume of fluid displaced when tubulars are put into a wellbore full of fluid.
 17.5 lb/gal8.33 lb/gal------------------------------ 2.1 SG=
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 Volume
 1. Mud System Volume - The total mud system volume may be calculated with the drill string eitherin or out of the hole.
 Total Mud Volume = Pit Volume + Hole Volume
 2. Pump Output Volume - Pump output tables must be adjusted for estimated or measured pumpefficiencies. Triplex pumps usually have an efficiency between 90-98%. Double action duplexpumps usually have an efficiency between 85-95%.
 The following two equations calculate pump output at 100% volumetric efficiency. The constant, K,may be changed to obtain units of bbl/STK, gal/STK, or Liter/STK.
 a.
 b.
 3. Mud Pit Volume - The same capacity equations shown in Dilution of Water-Based Muds holdtrue for volume. Depth will be the actual depth of mud in the mud pits.
 Capacity (Mud Pits)
 1. Rectangular Mud Pits
 Nomenclature
 Volume Vol Open Hole OH
 Barrel(s) bbl Gallon gal
 Length L Pump Output Q
 Width W Strokes per Minute SPM
 Depth d Stroke STK
 pi (3.14159265) π Stroke Length LSTK
 Height h Pump Efficiency E
 Radius R Pump Liner Inside Diameter IDLINER
 Diameter D Pump Rod Diameter ODROD
 (inside) ID
 (outside) OD
 QDuplex 2 IDLINER( )2 ODROD( )2–[ ] LSTK( )=
 QTriplex
 IDLINER( )2 LSTK( )K
 ------------------------------------------------=
 Pump Constant, K
 Pump Type BBL/STK GAL/STK Liter/STK
 Duplex Pump 6174.00 147.00 38.82
 Triplex Pump 4117.67 98.04 25.90
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 L = Length, ft
 W = Width, ft
 h = Height, ft
 2. Sloping Sided Mud Pits
 3. Horizontal Cylindrical Mud Pit
 4. Upright Cylindrical Mud Pits
 Capacity and Displacement (Drill String and Hole)
 1. Capacity - Capacity, as related to drill pipe, drill collars and other tubulars is the volume of fluid thepipe can contain. The internal pipe diameter, ID, (inches) is used in the equation shown below.
 Capacity of a wellbore, either cased or open hole, is the volume of fluid the hole can contain. Thehole diameter, Dh, or casing ID are used in the equation above.
 Nomenclature
 Outside diameter, in. OD
 Inside diameter, in. ID
 Hole diameter, in. Dh
 Annular outer pipe diameter, in. D
 Annular inner pipe diameter, in. d
 Closed-ended pipe CE
 Open-ended pipe OE
 Mud Pitcap, bbl L( ) W( ) h( )5.6146 ft3/bbl--------------------------------------=
 Mud Pitcap, bblL( ) Wavg( ) d( )
 5.6146 ft3/bbl--------------------------------------=
 Wavg Average width=
 Mud Pitcap, bblR2 arc R h–
 R------------- cos
 57.296------------------------------------------------
 R h–( ) 2Rh h2–( )–L
 5.6146------------------ =
 Note:Calculator must be set for degrees for above equation. If you wish to use radianson the calculator, simply remove (57.296) from the above equation.
 Mud Pitcap, bblπ( ) R( )2 h( )
 5.6146 ft3/bbl--------------------------------------=
 Capacity, bbl/ftID( )2
 1029.4------------------=
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 2. Displacement
 a. Open-End Pipe - Displacement, as related to drill pipe, drill collars and tubulars is the volumeof fluid that the pipe will displace if placed into fluid open ended to allow it to fill inside. The dis-placement volume equals the volume of metal in the pipe. The pipe’s outside diameter, OD,and inside diameter, ID, are used in the equation below.
 3. Closed-End Pipe - Displacement, as related to drill pipe, drill collars and tubulars is the volume offluid that the pipe will displace if placed into fluid with the lower end closed to allow no fluid inside.The pipe’s outside diameter, OD, is used in the equation below.
 Annulus Capacity and Multiple-Pipe Annulus Capacity
 1. Annulus Capacity - Annulus capacity, (Anncap) is the volume contained between two cylinders -one inside the other, such as casing with drill pipe inside. The casing ID, drill pipe OD are used inthe calculation.
 Annulus capacity of pipe or casing in an open hole of diameter, Dh, is calculated using Dh (instead
 of ID) and OD of the pipe or casing using the equation above.
 2. Multiple-Pipe Annulus Capacity - An annulus may contain more than one pipe inside a casing oropen hole. To calculate the fluid volume in a multiple annulus use the equation below, whichassumes all pipes are the same OD (n = number of pipes in annulus.) When interior pipes are ofdifferent sizes, the individual ODs must be squared and summed and the sum subtracted from theID2 value in the numerator of equation below.
 For an open hole with multiple pipes, annulus capacity is calculated based on hole diameter, Dh inequation above, substituting Dh for ID.
 Conversion to Other Units
 Below are equations that allow annulus capacity and displacement volume calculations to bemade in other useful units. In these equations, “D” represents the larger diameter and “d” repre-sents the smaller diameter.
 Displacement/OE, bbl/ft OD( )2 ID( )2–1029.4
 -------------------------------------=
 Displacement/CE, bbl/ft OD( )2[ ]1029.4
 ----------------------=
 Annulus capacity, bbl/ft ID( )2 OD( )2–[ ]1029.4
 ------------------------------------------=
 Multiple annulus capacity, bbl/ft ID( )2 n OD( )2–[ ]1029.4
 ---------------------------------------------=
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 Note:For multiple-pipe annulus volumes substitute the value n(d2) for d2 in equations above whenpipes are all same diameter. If not all same diameter, the OD of each pipe must be squared,summed and the sum subtracted from the value of ID2 in the numerator of the appropriate equa-tion above.
 Tabulated Capacity and Displacement Data
 Tabulated values for capacity and displacements of various sizes, weights and tool-joint tubulargoods is found in most industry reference manuals.
 Annular Velocity
 Annular velocity depends on pump output, hole size and pipe OD.
 Mud Circulation Time
 Various circulating times are used to calculate treatment schedules, well control operations, drillcuttings lag, etc. The following equations give the more common circulating times.
 Nomenclature
 Annulus Capacity Anncap
 Annular Velocity AV
 Pump Output Q
 Nomenclature
 Annulus Capacity Anncap
 Drill String Capacity DScap
 Pump Output Q
 gal/ft D2 d2–( ) 0.0408( )=
 ft/gal 24.51D2 d2–( )
 ------------------------=
 bbl/ft D2 d2–( ) 0.0009714( )=
 ft/bbl 1029.4D2 d2–( )
 ------------------------=
 ft3/ft D2 d2–( ) 0.005454( )=
 ft/ft3 183.35D2 d2–( )
 ------------------------=
 m3
 m⁄ D2
 d2
 –( )1973.52------------------------=
 bbl/m D2
 d2
 0.0031871( )–=
 AV, ft/minQ, bbl/min
 Anncap, bbl/ft--------------------------------------=
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 Pressures
 The following are the commonly used pressure calculations in drilling operations.
 Hydrostatic Pressure
 Hydrostatic pressure is the pressure exerted by a column of fluid and is a function of fluid densityand true vertical depth (not measured depth).
 Pressure Gradient
 The pressure gradient is the pressure change with depth, commonly expressed in psi/ft.
 Annular Pressure Loss
 The annular pressure loss is the total pressure loss resulting from the frictional forces developedby circulation of the mud in the wellbore annulus over a given length (measured depth).
 Equivalent Circulating Density (ECD)
 The equivalent circulating density is a pressure translated into a mud density.
 Nomenclature
 Pounds per Square Inch psi
 True Vertical Depth, ft TVD
 Hydrostatic Pressure, psi Ph
 Equivalent Circulating Density, lb/gal ECD
 Mud Density, lb/gal MW
 Annular Pressure Loss, psi PAPL
 Surface to Bit, minDScap, bbl
 Q, bbl/min------------------------------=
 Bit to Surface, minAnncap, bbl
 Q, bbl/min--------------------------------=
 Total Hole Circulation, minDScap Total Anncap+
 Q, bbl/min-------------------------------------------------------------=
 Total Circulation System, min Hole Volume, bbl Pit Volume, bbl+Q, bbl/min
 ------------------------------------------------------------------------------------------------------=
 Hydrostatic Pressure, psi MW( ) TVD( ) 0.052( )=
 Pressure Gradient, psi/ft MW( ) 0.052( )=
 ECD @ Total Depth, lb/gal MWPAPL
 TVD( ) 0.052( )-------------------------------------+=
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 Weight-Up and Dilution
 Weight-Up
 Note: As barite is added to make density increases, solids free liquid should be added to pre-vent adverse viscosities. Fine particles associated with the barite additions can causeunwanted increases in the gel strengths. Therefore, as a rule of thumb add ~1 gallon (4Lt.) (oil or water/brine, depending on whether or nor it is a WBM or OBM) per 100 lb (45kg) of barite added.
 1. Volume Increase - The general mud weight increase formula is used for any weight material whereSGWM is the specific gravity of the weight material and MWI and MWF are the initial and final muddensities in pounds per gallon.
 For barite, this becomes:
 2. No Volume Increase - To determine the initial volume of mud, VI, to start with to attain a final vol-ume VF, the starting volume is defined by:
 For barite, this becomes:
 To calculate the pounds per barrel of weight material required per final barrel of mud:
 For barite, SGWM = 4.20, the equation becomes:
 Nomenclature
 Initial Mud Density, lb/gal MWI
 Final Mud Density, lb/gal MWF
 Initial Volume VI
 Final Volume VF
 Specific Gravity Weight Material SGWM
 Specific Gravity Oil SGO
 Specific Gravity Water SGW
 Volume Increase, bbltotal pounds weight material
 350( ) SGWM( )------------------------------------------------------------------------------------=
 Volume Increase, bbltotal pounds barite
 1470-------------------------------------------------------=
 VI
 VF 8.33( ) SGWM( ) MWF–[ ]8.33( ) SGWM( )[ ] MWI–
 ------------------------------------------------------------------------=
 VI
 VF 350 MWF–( )350 MWI–( )
 ------------------------------------------=
 Weight Material, lb/bbl350( ) SGWM( )[ ] MWF MWI–( )
 8.33( ) SGWM( )[ ] MWI( )–---------------------------------------------------------------------------------=
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 Density Reduction
 3. Water Addition
 4. Oil Addition
 Concentrations - Weight Percent and Volume Percent
 The concentrations of components in mixtures or solutions can be expressed as: Weight Percentor Volume Percent.
 Percentages of components in a mud can be calculated if the mud density and the specific gravityof the components are known for a two-part system. An average specific gravity of solids must beassumed for calculating percent solids in a mud. The following are general equations for volumepercent and weight percent.
 Volume Percent Solids
 Nomenclature
 Volume Percent V%
 Weight Percent W%
 Specific Gravity Solids SGS
 Specific Gravity Water SGW
 Mud Density, lb/gal MW
 1470 MWF MWI–( )35.0 MWI–
 ---------------------------------------------------
 Volume of dilution water, bbl V( )VI MWI MWF–( )
 MWF SGW 8.33×( )–[ ]-------------------------------------------------------------=
 V volume of mud to be reduced=
 Note:For pure water, SGW = 1. If the specific gravity of the dilution water is unknown,density may be measured and substituted for (SGW x 8.33) in the equation.
 Volume of dilution oil, bblVI MWI MWF–( )
 MWF SGO 8.33×( )–[ ]------------------------------------------------------------=
 Note:The specific gravity of diesel (SGO) is approximately 0.84. If the specific gravity ofthe oil is unknown, density may be measured and substituted for (SGO x 8.33) inthe equation.
 Volume % Solids12 MW( ) 8.33( ) SGW( )–[ ]
 SGS SGW–( )---------------------------------------------------------------------=
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 Weight Percent Solids
 EXAMPLE - Find the volume% and weight% of the solids given the following information:
 Given:Mud Density, lb/gal 10.4Specific Gravity Seawater 1.04Average Specific Gravity Solids 2.6
 Parts Per Million and Milligrams Per Litre
 Milligrams Per Litre is a weight per volume measurement. On the other hand, Parts Per Millionrefers to a weight per specified weight measurement or a volume-per-volume measurement. Basi-cally ppm is a ratio. It is very important to understand the difference between the two units. The fol-lowing equations will contrast the difference in the two measurements.
 ppm = or mg/L = ppm x SGW
 SGW = 1 + [(1.94 x 10-6) (CI-)0.95]
 Where CI-, (chlorides) = mg/L
 EXAMPLE - How many parts per million of sodium chloride are in 1 cm3 of filtrate that contains140,000 mg/L chlorides?
 SGW = 1 + [(1.94 x 10-6) (140,000)0.95] = 1.1502
 Chlorides, ppm =
 NaCl, ppm = (121,718) (1.65) = 200,835
 Nomenclature
 Water SGW
 Parts per Million ppm
 Milligrams per Liter mg/L
 Weight % Solids8.33( ) SGS( ) V%( )
 MW-------------------------------------------------=
 Volume %12 10.4( ) 8.33( ) 1.04( )–[ ]
 2.6 1.04–( )------------------------------------------------------------------- 13.36= =
 Weight %8.33( ) 2.6( ) 13.36( )
 10.4-------------------------------------------------- 27.82= =
 mg/LSGW--------------
 140 000, 121 718,=
 1.1502
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 Material BalanceMaterial balance concepts are useful to the mud engineer for solving many field problems that canbe represented as simple mathematical relationships. Applications for the material balancemethod are:
 • Weight-Up
 • Dilution
 • Mixing Two Fluids
 • System Building
 • Solids Analysis
 Many of the formulas commonly used in the oil field were derived from material balance equations.Maintaining consistent units is the key to setting up and solving material balance equations. Thegeneral material balance equation is written as follows:
 V1 D1 + V2 D2 + V3 D3 + etc. = VFDF
 The following examples show how the material balance method is used for solving different typesof problems.
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 Weight-Up of Water-Based Muds
 No Volume Increase
 Given:
 The material balance approach means that to increase the density of 500 bbl of a 9.5 lb/gal fluid to10.0 lb/gal, without increasing the total volume of fluid, the problem can be represented as follows:
 Or
 Each of these materials will be represented in terms of the product density and volume. Since it isnot known how much barite (weight material) is needed, the volume of barite is represented by (x).The volume of 9.5 lb/gal fluid is represented by (500 - x). The new fluid is 10.0 lb/gal, and the final
 Nomenclature
 Mud Density, lb/gal MW
 Initial MWI
 Final MWF
 Density of Weight Material, lb/gal DWM
 Density of Water, lb/gal DW
 Specific Gravity of Weight Material SGWM
 Average Specific Gravity Solids SGAVG
 Sack SX
 Volume V
 Oil VO
 Water VW
 Solids VS
 Weight Material VWM
 Low Gravity Solids VLGS
 Drill Solids VDS
 High Gravity Solids VHGS
 Mud System, bbl VMS
 Initial Volume, bbl VI
 Final Volume, bbl VF
 (VIMWI)Old Fluid
 (VWMDWM)Weight Mat’l
 (VFMWF)New Fluid
 System Volume, bbl 500 X 500
 System Density, lb/gal 9.5 35.0 10.0
 Old Fluid + Weight Material = New Fluid
 VIMWI + VWMDWM = VFMWF
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 volume is 500 bbls. The starting fluid volume is the 500 bbl initial fluid volume minus the volume ofbarite which will be added.
 Solving the equation for x:
 Then
 Thus, 9.8 bbl of old mud must be jetted and 9.8 bbl of barite added. One barrel of barite equals1470 pounds. Therefore, 9.8 bbl of barite equals 1470 (9.8) equals 14,406 lb. Add 14,406 lb ofbarite after jetting 9.8 bbl of mud. The amount of barite required can further be simplified as sacksof barite required to add to the mud system as follows:
 Volume Increase
 Given:
 Again, using the material balance equation:
 Or
 Substitute the product density and volume for each term in the equation. Since it is not known howmuch barite will be needed, the volume of barite is represented by (x). The volume of the10.0 lb/gal fluid is equal to the Old Fluid volume plus the volume of barite added. Thus the NewFluid volume equals: 500 + x.
 Old Fluid + Barite = New Fluid
 (500 bbl-x) (9.5 lb/gal) + (x) (35.0 lb/gal) = (500 bbl) (10.0 lb/gal)
 (VIMWI)Old Fluid
 (VWMDWM)Weight Mat’l
 (VFMWF)New Fluid
 System Volume, bbl 500 X --
 System Density, lb/gal 9.5 35.0 10.0
 Old Fluid + Weight Material = New Fluid
 VIMWI + VWMDWM = VFMWF
 Old Fluid + Barite = New Fluid
 VI( ) MWI( ) VWM( ) DWM( )+ VF( ) MWF( )=
 500 x–( ) 9.5( ) x( ) 35.0( )+ 500( ) 10.0( )=
 4750 9.5x– 35.0x+ 5000=
 25.5x 250=
 x 9.8 bbl of barite=
 500 x– 500 9.8– 490.2 bbl of mud= =
 14 406 lb barite,100 lb/sx( )
 --------------------------------------------- 144.065 sx barite 144 sacks( )=
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 Solving the equation for x:
 Then
 It is significant to note that by not jetting mud prior to weighting up, 10(1470) or 14,700 lb of bariteare needed. This increases the system volume by 10 bbl. When you compare the No VolumeIncrease versus the Volume Increase weight up, the differences are:
 • Weight-Up / No Volume Increase Requires 14,406 lb barite
 • Weight-Up / Volume Increase Requires 14,700 lb barite
 This is a difference of 294 lb of barite.
 Three extra sacks of barite are required to weight up the Old Fluid allowing the total volume offluid to increase by 10 bbl. The decision to weight up either without a volume increase or with avolume increase is based on economics, the type of available surface equipment, and environ-mental disposal considerations. Another factor to consider is the total amount of drill solids in theOld Fluid versus the total amount of drill solids in the New Fluid. In some cases, especially inheavily weighted fluids, solids can have a detrimental effect on fluid properties. It is generally bet-ter to discard fluid and then weight up the system.
 Dilution of Water-Based Muds
 Density Reduction/No Volume Increase
 Once the material balance equations are mastered, density reduction becomes a simple problem.To reduce density, a lighter fluid must be added to the existing fluid. In these examples, fresh waterwill be used.
 Given:
 Again, using the material balance equation:
 (500 bbl) (9.5 lb/gal) + (x) (35.0 lb/gal) = (500 bbl + x) (10.0 lb/gal)
 (VI,MWI)Old Fluid
 (VWM,DWM)Weight Mat’l
 (VF,MWF)New Fluid
 System Volume, bbl 500 X 500
 System Density, lb/gal 9.5 8.33 9.0
 Old Fluid + Dilution Water = New Fluid
 VI( ) MWI( ) VWM( ) DWM( )+ VF( ) MWF( )=
 500( ) 9.5( ) 35.0( ) x( )+ 500 x+( ) 10.0( )=
 4750 35x+ 5000 10x+=
 25.5x 250=
 x 10 bbl of barite=
 500 x+ 500 10+ 510 bbl of new fluid= =
 294 lb100 lb/sx-------------------------- 3 extra sacks of barite=
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 Or
 Substitute the product density and volume for each term in the equation. Since it is not known howmuch water will be needed, the volume of water is represented by (x).
 Solving the equation for x:
 Thus, 214 bbl of the Old Fluid must be jetted and 214 bbl of Fresh Water must be added to have500 bbl of 9.0 lb/gal fluid.
 Density Reduction - Volume Increase
 Given:
 Using the same material balance approach, write an equation to represent the problem and substi-tute representative values for the terms.
 Or
 Substitute the product density and volume for each term in the equation. Since it is not known howmuch water will be needed, the volume of water is represented by (x). The volume of the 9 lb/galfluid is equal to the Old Fluid volume plus the volume of water added. Thus, the New Fluid volumeequals 500 + x.
 Solving the equation for x:
 (VI) (MWI) + (VW) (DW) = (VF) (MWF)
 Old Fluid + Fresh Water = New Fluid
 (500 bbl - x) (9.5 lb/gal) + (x) (8.33 lb/gal) = (500 bbl) (9.0 lb/gal)
 (VI,MWI)Old Fluid
 (VWM,DWM)Weight Mat’l
 (VF,MWF)New Fluid
 Volume, bbl 500 X --
 Density, lb/gal 9.5 8.33 9.0
 Old Fluid + Dilution Water = New Fluid
 (VI) (MWI) + (VW) (DW) = (VF) (MWF)
 Old Fluid + Barite = New Fluid
 (500 bbl) (9.5 lb/gal) + (x) (8.33 lb/gal) = (500 bbl + x) (9.0 lb/gal)
 VI( ) MWI( ) VW( ) DW( )+ VF( ) MWF( )=
 500 x–( ) 9.5( ) x( ) 8.33( )+ 500( ) 9.0( )=
 4750 9.5x– 8.33x+ 4500=
 1.17x– 250–=
 x 214 bbl of Fresh Water=
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 The 500 bbl of Old Fluid, with a 9.5 lb/gal density will have a volume of 873 bbl when its density isreduced to 9.0 lb/gal with fresh water. This is a volume increase of 373 bbl. For comparison pur-poses, diluting a system without allowing a volume increase (see Density Reduction/No VolumeIncrease) versus diluting a system and allowing the volume to increase results in a net volume dif-ference of 159 bbl. Once again, availability of water, surface equipment, economics, and environ-mental considerations (disposal costs) play a major role in deciding to decrease density with orwithout a volume increase.
 373 bbl - 214 bbl = 159 bbl
 Mixing Two Fluids
 Mixing two fluids to achieve specific results is another application for material balance concepts.Simple equations can be utilized for calculating desired parameters. The following examplesshould help to clarify and demonstrate the use of the material balance approach.
 Example Calculations
 EXAMPLE #1 - A circulating system of 1000 bbl has a density of 12.0 lb/gal. There are 300 bbl of10.0 lb/gal mud in storage on the rig site. How many barrels of 10.0 lb/gal mud are needed toreduce the fluid density to 11.6 lb/gal?
 Given:
 Where:
 (VI) (MWI) + (VS) (MWS) = (VF) (MWF)
 MWF = Final Mud DensityMWI = Initial Mud DensityMWS = Stored Mud DensityVS = Volume Stored Mud to AddVF = Final VolumeVI = Initial Volume
 This problem can be solved by representing everything in terms of material balance. In otherwords, the total desired weight is equal to that of the combined systems. The equation is set up asfollows:
 (VI,MWI)Old Fluid
 (VS,MWS)Weight Mat’l
 (VF,MWF)New Fluid
 Volume, bbl 1000 X --
 Density, lb/gal 12.0 10.0 11.6
 Old Fluid + Stored Fluid = New Fluid
 VI( ) MWI( ) VW( ) DW( )+ VF( ) MWF( )=
 500( ) 9.5( ) x( ) 8.33( )+ 500 x+( ) 9.0( )=
 4750 8.33x+ 4500 9.0x+=
 0.67x– 250–=
 x 373 bbl of water=
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 Or
 Solving the equation for x (where x is volume of 10.0 lb/gal mud to be added):
 EXAMPLE #2 - How much volume of 16.0 lb/gal mud with 0 volume % drill solids (VADA) must beadded to the old 16.0 lb/gal lb fluid with 8 volume % drill solids to reduce the drill solids in theresulting new 16 lb/gal fluid to 5 volume %?
 Given:
 Where:
 VI (%SOLI) + VA (%SOLA) = VF (%SOLF)
 Or
 Solving the equation for x (where x is volume of 16 lb/gal mud to be added):
 Checking the result:
 8% = 0.08 fraction drill solids
 (VI) (MWI) + (VS) (MWS) = (VF) (MWF)
 (VI,%SOLI)Old Fluid
 (VA,%SOLA)Weight Mat’l
 (VF,%SOLF)New Fluid
 Volume, bbl 1200 X --
 Density, lb/gal 16.0 16.0 16.0
 Drill Solids,% 8 0 5
 Old Fluid + Mud to Add = New Fluid
 VI (%SOLI) + VA (%SOLA) = VF (%SOLF)
 VI( ) MWI( ) VS( ) MWS( )+ VF( ) MWF( )=
 1000( ) 12.0( ) x( ) 10.0( )+ 1000 x+( ) 11.6( )=
 12 000, 10.0x+ 11 600, 11.6x+=
 1.6x– 400–=
 x 250 bbl of10.0 lb/gal mud =
 VA Volume of mud to add=
 %SOLA Percent solids in fluid being added=
 VI( ) %SOLI( ) VA( ) %SOLA( )+ VF( ) %SOLF( )=
 1200( ) 0.08( ) x( ) 0( )+ 1200 x+( ) 0.05( )=
 96 0x+ 60 0.05x+=
 0.05x 36=
 x 720 bbl new16.0 lb/gal mud =
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 Therefore, 8% of 1200 bbl = (.08) (1200)= 96 bbl of drill solidsThe total resulting barrels of mud is 1200 + 720 = 1920 bbl
 Therefore:
 EXAMPLE #3 - Using the same criteria as Example #2, but keeping the final volume at 1200 bbl,how much 16.0 lb/gal mud must be added and how much 16.0 lb/gal Old Fluid with 8% drill solidsmust be discarded?
 Given:
 Or
 Solving the equation for x (where x is bbl of 16 lb/gal mud to be added):
 System Building
 Building a drilling fluid system from scratch is nothing more than applying material balance con-cepts. As long as the specific gravity or density, and volumes of the materials are known, any fluidsystem can be built. All calculations should be carried to at least two decimal places. Field calcula-tions are normally rounded to whole barrels and the results may be slightly different.
 The general material balance equations are:
 V1D1 + V2D2 + V3D3 + etc. = VFDF
 V1 + V2 + V3 + etc. = VF
 (VI,%SOLI)Old Fluid
 (VA,%SOLA)Weight Mat’l
 (VF,%SOLF)New Fluid
 Volume, bbl 1200 X 1200
 Density, lb/gal 16.0 16.0 16.0
 Volume, Drill Solids,% 8 0 5
 Old Fluid + Mud to Add = New Fluid
 VI (%SOLI) + VA (%SOLA) = VF (%SOLF)
 96 bbl1920 bbl------------------------ 0.05 or5 volume % =
 VI( ) %SOLI( ) VA( ) %SOLA( )+ VF( ) %SOLF( )=
 1200 VA–( ) 0.08( ) VA( ) 0( )+ 1200( ) 0.05%( )=
 96 0.08x 0+ + 60=
 0.08x– 36–=
 x 450 bbl new16.0 lb/gal mud. =
 Before adding new mud,
 dump 450 bbl of 16.0 lb/gal
 mud with 8% drill solids.
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 Where:
 DF = Final Fluid Density
 The subscripts of V and D represent different volumes and densities of different components. Thetwo material balance equations may then be solved simultaneously for any two unknowns. Seeexample problems.
 Example Calculations
 EXAMPLE #1 - We want to build 400 bbl of 12.5 lb/gal fluid with 21 lb/bbl bentonite.
 Given:
 The final volume will be 400 bbl which contains 21 lb/bbl bentonite. Thus, 8400 lb (21 lb/bbl x 400bbl) of bentonite will be needed. Since a barrel of bentonite weighs 909.72 lb, the volume of8400 lb of bentonite is 9.23 bbl (8400 lb/909.72 lb/bbl). Therefore, the volume of barite plus watermust be 400 bbl - 9.23 of bentonite or 390.77 bbl. A material balance equation can now be used torepresent the problem.
 Density and volume have been represented for each material. If the volumes for all three materialsare combined, the total volume is 400 bbl.
 Solving the equation for x (where x is the volume of barite to be added):
 57.93 bbl barite is equivalent to 85,157 lb of barite
 Now, check the weight and volume for each material:
 AdditiveSpecificGravity
 Densitylb/gal
 Densitylb/bbl
 Barite 4.2 35 1470
 Water 1.0 8.33 349.86
 Bentonite 2.6 21.66 909.72
 MaterialTotal
 BarrelsTotal
 Pounds
 Water 332.84 116,447
 V1D1 V2D2 V3D3+ + VFDF=
 Bentonite Water Barite+ + Final Fluid=
 9.23 bbl( ) 21.66 lb/gal( ) 390.77 x–( ) 8.33 lb/gal( ) x( ) 35 lb/gal( )+ + 400 bbl( ) 12.5 ppg( )=
 9.23( ) 21.66( ) 390.77 x–( ) 8.33( ) x( ) 35( )+ + 400( ) 12.5( )=
 199.92 3255.11 8.33x– 35x+ + 5000=
 26.67x 1544.96=
 x 57.93 bbl of barite=
 390.77 57.93– 332.84 bbl of water=
 85 157 lb,100 lb/sx--------------------------- 852 sx of barite=
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 Thus, the system contains 400 bbl of fluid with a density of 12.5 lb/gal.
 EXAMPLE #2 - We want to build 650 bbl of 11.5 lb/gal fluid with 21 lb/bbl bentonite, 0.5 lb/bblcaustic soda, and 3 lb/bbl Lignite.
 Given:
 Representing final material volumes, in pounds and barrels:
 To determine the total volume of each material, calculate by the following procedure:
 Volume of Bentonite
 Volume of Caustic Soda
 Volume of Lignite
 Bentonite 9.23 8,399
 Barite 57.93 85,157
 Total 400.00 210,003
 MaterialSpecificGravity
 Densitylb/gal
 Densitylb/bbl
 Barite 4.2 35.00 1470.00
 Water 1.0 8.33 349.86
 Bentonite 2.6 21.66 909.72
 Caustic Soda 2.1 17.49 734.71
 Lignite 1.5 12.495 524.79
 Material lb/bblTotal System
 BarrelsTotal
 PoundsTotal Volume
 Barrels
 Bentonite 21.0 650 13,650 15.00
 Caustic Soda 0.5 650 325 0.44
 Lignite 3.0 650 1950 3.71
 Total 19.16
 MaterialTotal
 BarrelsTotal
 Pounds
 210 003 lb,400 bbl( ) 42 gal/bbl( )
 ------------------------------------------------------------ 12.5 lb/gal=
 13 650 lb of bentonite,909.72 lb/bbl bentonite---------------------------------------------------------------- 15.00 bbl=
 325 lb of caustic soda734.71 lb/bbl caustic soda---------------------------------------------------------------------------- 0.44 bbl=
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 The total known volume of all materials (EXCEPT barite and water) is 19.16 bbl.
 Therefore, the volume of barite and water can be calculated by subtracting 19.16 bbl of bentonite,caustic and lignite from the required volume of 650 bbl.
 Now, let: x = Volume of barite
 Therefore: 650 - 19.16 = 30.84 volume of water.
 Representing the problem in terms of a material balance equation:
 Solving the equation for x:
 Therefore
 Now, check the volumes for each material:
 Thus, the system contains 650 bbl with a density of 11.5 lb/gal.
 EXAMPLE #3 - Find the quantities of each material required to build 1200 bbl of 14.5 lb/gal mud.Each final barrel of mud should contain 2.5 lb/bbl CMC, 0.5 lb/bbl caustic, 23 lb/bbl bentonite, and4 lb/bbl Lignite.
 MaterialTotal
 BarrelsTotal
 Pounds
 Water 561.58 196,473
 Bentonite 15.00 13,650
 Caustic Soda 0.44 325
 Lignite 3.72 1,950
 Barite 69.08 101,551
 Total 649.82 313,950
 1950 lb of Lignite524.79 lb/bbl Lignite----------------------------------------------------------- 3.72 bbl=
 15.00 bbl 0.44 bbl 3.72 bbl+ + 19.16 bbl=
 V1D1 V2D2 V3D3 V4D4 V5D5+ + + + VFDF=
 Bentonite Caustic Lignite Water Barite+ + + + Final Fluid=
 15.00( ) 21.66( ) 0.44( ) 17.49( ) 3.72( ) 12.495( ) 630.66 x–( ) 8.33( ) x( ) 35( )+ + + + 650( ) 11.5( )=
 325.00 7.700 46.42 5253.40 8.33x– 35x+ + + + 11.5 650( )=
 26.67x 1842.47=
 x 69.08 bbl barite=
 69.08 bbl barite( ) 1470 lb/bbl( ) 101 551 lb of barite,=
 630.66 69.08– 561.58 bbl water=
 561.58 bbl water( ) 349.86 lb/bbl( ) 196 474 lb water,=
 313 950 lb,649.8( ) 42 gal/bbl( )
 ----------------------------------------------------- 11.5 lb/gal=
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 Given:
 Representing final material volumes, in pounds and barrels:
 To calculate the total volume of each material, calculate by the following procedure:
 Volume of CMC
 Volume of Bentonite
 Volume of Caustic Soda
 Volume of Lignite
 Therefore, the volume of barite and water can be calculated by subtracting the volumes of ben-tonite, caustic and lignite from the required volume of 1200 bbl.
 1200 bbl - 45.84 bbl = 154.16 bbl (volumes of barite and water)
 The total known volume of all materials (EXCEPT barite and water) is 45.84 bbl.
 MaterialSpecificGravity
 Densitylb/gal
 Densitylb/bbl
 Barite 4.20 35.000 1470.00
 Seawater 1.03 8.580 360.36
 Bentonite 2.60 21.660 909.72
 Caustic Soda 2.10 17.490 734.71
 Lignite 1.50 12.495 524.79
 CMC 1.55 12.910 542.22
 Material lb/bblTotal System
 BarrelsTotal
 PoundsTotal Volume
 Barrels
 Bentonite 23.0 1200 27,600 30.400
 Caustic Soda 0.5 1200 600 0.817
 Lignite 4.0 1200 4800 9.150
 CMC 2.5 1200 3000 5.530
 Total 45.84
 3 000 lb of CMC,542.22 lb/bbl CMC---------------------------------------------------- 5.53 bbl=
 27 600 lb of bentonite,909.72 lb/bbl bentonite------------------------------------------------------------------ 30.34 bbl=
 600 lb of caustic soda734.71 lb/bbl caustic soda---------------------------------------------------------------------------- 0.817 bbl=
 4800 lb of lignite524.79 lb/bbl lignite--------------------------------------------------------- 9.15 bbl=
 “Proprietary - for the exclusive use of BP & ChevronTexaco”
 Engineering 3-21 Rev. 01/2002

Page 80
                        

Drilling Fluids Manual
 Now, let x = Volume of barite
 Then, (1154.16 - x) = Volume of water
 Representing the problem in terms of a material balance equation:
 Solving the equation for x:
 Therefore
 1154.16 bbl - 251.8 bbl barite = 902.40 bbl seawater
 (902.40 bbl seawater) (360.36 lb/bbl) = 325,189.94 lb
 Now, check the volumes for each material:
 Thus, the system contains 1200 bbl with a density of 14.5 lb/gal.
 Solids Analysis
 Material balance concepts can easily be applied to solids analysis problems.
 MaterialTotal
 BarrelsTotal
 Pounds
 Bentonite 30.340 27,600
 Caustic Soda 0.817 600
 Lignite 9.150 4800
 CMC 5.530 3000
 Barite 251.800 370,146
 Seawater 902.400 325,189
 Total 1200.00 731,335
 Nomenclature
 Volume
 Initial VI
 Oil VO
 V1D1 V2D2 V3D3 V4D4 V5D5 V6D6+ + + + + VFDF=
 CMC Caustic Bentonite Lignite Barite Seawater+ + + + + Final Fluid=12.91( ) 5.53( ) 0.82( ) 17.49( ) 21.66( ) 30.4( ) 12.495( ) 9.15( ) 35( ) x( ) 8.58( ) 1154.16 x–( )+ + + + + 14.5( ) 1200( )=
 71.39 14.34 658.46 114.3 35x 9902.69 8.58x–+ + + + + 17 400,=
 10 746.8 26.42x+, 17 400,=
 26.42x 6653.13=
 x 251.8 bbl barite=
 251.8 bbl barite( ) 1470 lb/bbl( ) 390 0146 lb,=
 731 335 lb,1200 bbl( ) 42 gal/bbl( )
 --------------------------------------------------------------- 14.5 lb/gal=
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 Example Calculations
 EXAMPLE #1 (Weighted Muds) - Find the volume percent of high gravity solids and the volumepercent of low gravity solids in a 16.0 lb/gal mud with 32 volume % retort solids and 6 volume %oil.
 Given:
 Mud Density, lb/gal 16.0Retort, volume%
 Solids 32Oil 6Water 62
 Assume
 Let x = VHGS
 Then, 32 - x = VLGS
 Solving the equation for x:
 Checking the results:
 Water VW
 Solids VS
 Low Gravity Solids VLGS
 High Gravity Solids VHGS
 Mud Density SX
 Initial MWI
 Final MWF
 ComponentsSpecificGravity
 Density(lb/gal)
 Oil 0.84 7.0
 High Gravity Solids 4.2 35.0
 Low Gravity Solids 2.6 21.66
 Water 1.03 8.6
 Nomenclature
 VHGSDHGS VLGSDLGS VODO VWDW+ + + VFMWF=
 x( ) 4.2( ) 8.33( ) 32 x–( ) 2.6( ) 8.33( ) 6( ) 7.0( ) 62( ) 8.6( )+ + + 100( ) 16.0( )=
 34.986x( ) 693.056 21.66x–( ) 42( ) 533.2( )+ + + 1600=
 13.326x 331.744=
 x 24.89 VHGS=
 32 24.89– 7.106 VLGS=
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 EXAMPLE #2 (Unweighted Muds) - An equation for calculating either the volume percent lowgravity solids or mud weight of an unweighted freshwater fluid is presented below:
 x = 7.5 (MW - 8.33)
 Where
 x =%LGS
 1. Using the above equation, determine the volume percent solids if the density of the mud is10.0 lb/gal and all solids are low gravity solids having a specific gravity of 2.6.
 2. If solids are reduced by one percent, what is the resulting mud density?Since the original volume percent solids is 12.5%, the reduced volume percent solids would be11.5%. From the equation:
 3. How many barrels of water must be added to a 1000 bbl system to reduce the mud density from10.0 lb/gal to 9.86 lb/gal?
 Using the weight reduction formula:
 24.89( ) 4.2( ) 8.33( ) 7.106( ) 2.6( ) 8.33( ) 6( ) 7.0( ) 62( ) 8.6( )+ + + 100( ) 16( )=
 871( ) 154( ) 42( ) 533( )+ + + 1600=
 1600 1600=
 x 7.5 MW 8.33–( )=
 x 7.5 10.0 8.33–( )=
 x 7.5( ) 1.67( )=
 x 12.5% low gravity solids=
 11.5 7.5 MW 8.33–( )=
 11.5 7.5( ) MW( ) 62.475–=
 11.5( ) 62.475( )+ 7.5 MW( )=
 73.9757.5
 ------------------ MW=
 MW 9.86 lb/gal=
 VW
 VI MWI MWF–( )MWF 8.33–
 ------------------------------------------- 1000 10.0 9.86–( )9.86 8.33–
 ----------------------------------------------- 1401.53----------- 91.5 bbl water to add= = = =
 VW 91.5 bbl water to add to1000 bbl to reduce the mud density· . =
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 ComponentSpecificGravity Component
 SpecificGravity
 Fresh Water 1.00 Gypsum 2.3
 Sea Water 1.03 Caustic Soda, NaOH 2.1
 Saturated Saltwater 1.20 Lignosulfonate 0.83
 Diesel #2 0.84 Lignite 1.5
 API Bentonite 2.6 Soda Ash, Na2CO3 2.53
 API Barite 4.20 Salt, NaCl 2.16
 API Hematite 5.05
 Lime, Ca(OH)2 2.2
 Calcium Carbonate
 aragonite 2.71
 calcite 2.83
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 Calculating Maintenance and Treatment Requirements for an Active Mud System
 A mud system during drilling and circulation is undergoing continual change. Because of thechange, the mud must be treated to maintain its desired properties. In order to make the most eco-nomical treatments, it is important to know the current component concentrations, and based onassumed or calculated losses, be able to calculate the amounts of materials required to maintainthe system.
 Utilizing material balance techniques, it is possible to estimate the quantities of materials neededto maintain a mud system. Assumptions and known information will be utilized in developing thevalues for the material balance problems. Known information includes hole size, penetration rateand nature of the solids drilled. Assumed data includes losses to the formation through seepageand filtrate, hole washout, and losses through solids control equipment. With this information, esti-mates of the daily chemical consumption rates can be calculated.
 For the purpose of this exercise, assume the following:
 Hole size: 8.5 in.Washout: 10%Penetration rate: 35 ft/hr.Total circulating volume: 1000 bblsLosses due to solids control equipment: 15 bbl/hr. (1.5%/hr.)Losses due to filtration and seepage: 10 bbl/hr. (1%/hr.)Losses due to adsorption on cuttings: 1 bbl/hr. (0.01%/hr.)
 The last analysis of the drilling fluid yielded the following data:
 Mud weight: 12.0 ppg (1.44 SG)Solids: 18.0% by volumeWater: 82.0% by volume
 Determine the Average Specific Gravity of Solids (ASG):
 , where
 V1 = Volume fraction of water (82%)D1= Density of water (8.33)V2 = Volume Fraction of solids (18.0%)D2 = Density of solids (unknown)VF = Volume fraction of mud (100%)DF = Density of mud (12.0 ppg)
 Substituting:
 V1D1 V2D2+ VFDF=( )
 82( ) 8.33( ) 18( ) D2( )+ 100( ) 12.0( )=
 683.06 18 D2+ 1200.0=
 18 D2 516.94=
 D2 28.72 ppg=
 “Proprietary - for the exclusive use of BP & ChevronTexaco”
 Rev. 01/2002 Engineering 3-26

Page 85
                        

Drilling Fluids Manual
 Determine the concentrations of low gravity and high gravity solids in pounds per barrel. Assume aspecific gravity of 2.65 and 4.20 for low gravity solids and barite respectively.
 V1 = Volume fraction of all solids (18%)D1= Average specific gravity of all solids (3.45)V2 = Volume Fraction of high gravity solids (unknown)D2 = Specific gravity of high gravity solids (4.20)V3 = Volume fraction of low gravity solids = V1 - V2
 D3 = Specific gravity of low gravity solids (2.65)
 Substituting:
 Therefore:
 Pound/bbl barite: 4.2 (8.33) (42) (0.0929) = 136.51Pound/bbl low gravity solids: 2.65 (8.33) (42) (0.0871) = 80.75
 The composition of the mud is as follows:
 Mud weight: 12.0 ppgSolids: 18.0% by volumeLow gravity solids: 80.75 ppbBarite: 136.51 ppbAverage specific gravity of solids: 3.45
 The next step is to calculate the daily maintenance requirements. The requirements will be relatedto the additions of water required to maintain the mud properties within optimum limits. Water addi-tions will be regulated by hole size, rate of penetration, nature of solids drilled and removal of sol-ids. As solids accumulate in the fluid, mud weight, plastic viscosity and yield point may increase,and the rate of increase will be governed by the degree of hydration, swelling and dispersion of thesolids which is controlled by the chemical environment of the mud.
 It is necessary to known the amount of solids generated, therefore, calculate the amount of solidsdrilled per hour using the data supplied earlier.
 Average hole size: Bit size + WashoutAverage hole size: 8.5 in. + (8.5) (0.1) = 9.35 in.
 ASG 28.728.33--------------- 3.45= =
 V1D1 V2D2 V3D3+=
 0.18( ) 3.45( ) V2 4.20( ) 0.18 V2–( )2.65+=
 0.18 3.45 2.65–( ) 4.20 2.65–( ) 0.18 V2–( )=
 V2 0.183.45 2.65–( )4.20 2.65–
 ----------------------------------=
 V2 0.0929, or 9.29% =
 V3 18% V2= =
 V3 18% 9.29%– 8.71= =
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 Volume of hole/ft: (D)2 (0.000971)Volume of hole/ft: (9.35)2 (0.000971) = 0.0848 or 0.085 bbl/ft
 Volume of hole/hr.: (0.085) (35) = 2.975 bbl/hr.
 Therefore:
 The volume of drilled solids generated each hour is 2.975 bbl. Assuming a specific gravity of 2.65for the solids, pounds per hour of drilled solids will be:
 Low gravity solids, bbl/hr.: (350) (2.65) (2.975) = 2,759 lb
 Note: The figure 350 used above denotes the weight of 1 bbl of fresh water (42 gal/bbl x8.33 ppg = 349.86, or 350 ppb).
 We now need to calculate the rate at which water must be added to maintain a constant mudweight. If the operating efficiency of the solids control equipment is known, those efficiency valueswill be used. If the operating efficiency is not known, assumptions must be made. This exerciseassumes an operating efficiency of 50%.
 The material balance equation used to calculate the amount of water required is as follows:
 , where
 VF = Volume of mud (V1 + V2 + V3)DF = Final specific gravity (1.44)V1 = Volume of low gravity solids, VN = (0.50) (2.975) + (0.0871) = 1.5746D1= Specific gravity of low gravity solids (2.65)V2 = Volume of water to add (unknown)D2 = Specific gravity of water (1.00)V3 = Volume of barite (0.0929)D3 = Specific gravity of barite (4.20)V4 = Volume of water (0.82)D4 = 1.00 and,
 Substituting:
 Therefore, 4.08 bbl of water/hour must be added to maintain a constant mud weight of 12.0 ppg. Atthe same time, low gravity solids are being incorporated into the mud at the rate of 1,380 lb/hr.(remember the solids control equipment is operating at 50% efficiency - 2759 x 0.5 = 1380). This isequivalent to 1.49 bbl/hr. (2.975 x 0.5 = 1.4875). At these rates, the density of the mud willdecrease due to the addition of the water and the mud properties will deteriorate due to the accu-mulation of low gravity drilled solids. Additional water and barite must be added to maintain thedesired properties and a 3.45 average specific gravity of solids.
 Calculate barite requirements to maintain a 3.45 ASG of solids using:
 VFDF V1D1 V2D2 V3D3+= =
 V2
 V1 D1 DF–( ) V3 D3 DF–( ) V4 D4 DF–( )+ +
 DF D2–( )---------------------------------------------------------------------------------------------------------------=
 V21.57 2.65 1.44–( ) 0.0929 4.2 1.44–( ) 0.82 1.0 1.44–( )+ +
 1.44 1.00–( )-------------------------------------------------------------------------------------------------------------------------------------------------------=
 V2 4.08 bbl H2O=
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 , where
 VF = Final volume of solids (V1 + V2 + V3)DF = Final ASG of solids (3.45)V1 = Volume of low gravity solids (1.57)D1 = Specific gravity of low gravity solids (2.65)V2 = Volume of high gravity solids (0.0929)D2 = Specific gravity of high gravity solids (4.20)V3 = Volume of high gravity solids to add (unknown)D3 = Specific gravity of high gravity solids to add (4.20) and,
 Substituting:
 Converting to pounds of barite per hour:
 (1.58 bbl) (1,470 lb/bbl) = 2323 lb/hr.
 Next the amount of additional water must be calculated. We know that 1380 lb of low gravity solidsand 2323 lb of barite are being introduced into the system each hour.
 Determine the amount of water required to maintain a 12.0 ppg mud weight using:
 , where
 VF = Final mud volume (V1 + V2 + V3)DF = Specific gravity of final mud (1.44)V1 = Volume of solids added (3.07 bbl)D1 = ASG of solids added (3.45)V2 = Volume of water added (4.08 bbl)D2 = Specific gravity of water added (4.08 bbl)V3 = Volume of water to be added (unknown)D3 = Specific gravity of water to be added (1.0)
 Substituting:
 VFDF V1D1 V2 D2 V3D3+ + +=
 V3
 V1 D1 DF–( ) V2 D2 DF–( )+
 DF D2–( )------------------------------------------------------------------------=
 V31.57 2.65 3.45–( ) 0.0929 4.0 3.45–( )+
 3.45 4.20–------------------------------------------------------------------------------------------------------=
 V31.57 0.8– 0.0929 0.75( )+( )
 0.75–-----------------------------------------------------------------------=
 V30.1256– 0.0069675+
 0.75–---------------------------------------------------------=
 V3 1.58 bbl=
 V3
 V1 D1 DF–( ) V2 D2 DF–( )+
 DF D2–( )------------------------------------------------------------------------=
 V33.07 3.45 1.44–( ) 4.08 1.00 1.44–( )+
 1.44 1.00–( )--------------------------------------------------------------------------------------------------=
 V3 9.94 bbl=
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 Therefore, the required additions of barite and water must be made to the system to maintain aconstant mud weight of 12.0 ppg and an ASG of 3.45 are:
 This can be validated using the formula:
 , where
 V1 = Volume of initial mud (1000 bbl)D1 = Specific gravity of initial mud (1.44)V2 = Volume of water added (14.02 bbl)D2 = Specific gravity of water (1.0)V3 = Volume of barite added (1.58 bbl)D3 = Specific gravity of barite (4.2)V4 = Volume of low gravity solids added (1.49 bbl)D4 = Specific gravity of low gravity solids (2.65)VF = V1 + V2 + V3 +V4DF = Specific gravity of final mud (unknown)
 Substituting:
 DF = 1.44 specific gravity of final mud
 (This calculation ignores the volume and density affects of other materials such as bentonite andthinners required to maintain and control the muds properties.)
 Next, determine the amount of new mud which must be mixed and added to the system to com-pensate for:
 Volume of new hole drilledLosses to filtration and seepageLosses through solids control equipment
 Remembering our initial assumptions:
 New hole volume: 2.975 bbl/hr.Losses to filtration and seepage: 10 bbl/hr.Losses through solids control equipment and adsorption: 16 bbl/hr.
 The total volume lost per hour which must be replaced is 29 bbl less the 17 bbl of solids and wateradded to the system while drilling and maintaining a mud weight of 12.0 ppg and an ASG of 3.45.
 bbl/hr. lb/hr.
 Water 14.02 4905
 Barite 1.58 2323
 Low Gravity Solids 1.49 1380
 Total 17.09 8608
 VD
 V1D2 V2D2 V3D3 V4D4+ + +
 VF-----------------------------------------------------------------------------=
 DF1 000,( ) 1.44( ) 14.02( ) 1.0( ) 1.58( ) 4.2( ) 1.49( ) 2.65( )+ + +
 1 000 14.02 1.58 1.49+ + +,----------------------------------------------------------------------------------------------------------------------------------------------------------=
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 Calculating the amount of barite and water required to build 12 bbls of 12.0 ppg mud per hour:
 , where
 VF = Final volume (12 bbl)DF = Specific gravity of final volume (1.44)V1 = Volume of water (VF - V2)D1 = Specific gravity of water (1.00)V2 = Volume of barite (unknown))D2 = Specific gravity of barite (4.20)
 Volume of Barite:
 Volume of barite required: 1.65 bbl/hr.Pounds of barite required: 2426 lb/hr.
 Volume of Water:
 V1 = 12 - 1.65
 V1 = 10.35
 Volume of water required: 10.35 bbl/hr.
 The last step is the determination of the amounts of other materials required to maintain thedesired properties for the system. This exercise assumes a fresh water mud having the followingcomposition:
 The hourly additions of barite and water were calculated to be:
 Barite: 4749 lb/hr.Water: 24.4 bbl/hr.
 Chemical lb/bbl
 Lignosulfonate 8.0
 Lignite 4.0
 Bentonite 20.0
 Caustic Soda 2.5
 V2
 VF DF D1–( )D2 D1–( )
 ---------------------------------=
 V212 1.44 1.00–( )
 4.20 1.00–( )-----------------------------------------=
 V2 1.65=
 “Proprietary - for the exclusive use of BP & ChevronTexaco”
 Engineering 3-31 Rev. 01/2002

Page 90
                        

Drilling Fluids Manual
 The consumption of the other materials will be based on the addition of 29 bbl of new mud volumeper hour at the concentrations stated above.
 Converting the above to sacks:
 For the purpose of this exercise, the assumption was made that the solids contributed by bentoniteand barite which are not lost from a system due to filtration or seepage were deposited as wallcake, and therefore removed from the system.
 It must be emphasized that actual consumption rates will vary greatly depending on a number ofdifferent factors such as:
 Nature of formation being drilledEfficiency of solids control equipmentComposition of the drilling fluidPhysical and chemical properties of the drilling fluidHole size and penetration rates
 Barite Reclamation
 A decanting centrifuge will normally process 12.0 ppg mud at the rate of 18 gpm and recoverapproximately 70% of the barite in the mud processed. Using this assumption, the amount of bar-ite recoverable from the system can be estimated.
 The amount of barite contained in this 12.0 ppg mud was calculated to be 136.51 ppb. The centri-fuge will process 25.7 bbls of mud per hour.
 (18 gpm) (60 min/hr) (0.0238 bbl/gal) = 25.70 bbl/hr
 At 70% efficiency, the amount of barite recovered = (136.51 ppb) (25.70 bbl/hr) (0.70) = 2456 lb/hr.
 Converting to barrels of barite/hr:
 Determining the amount of water, low gravity solids and chemicals discarded:
 Chemical lb/hr. lb/8 hr. tour lb/12 hr. tour lb/day
 Barite 4749 37,992 56,988 113,976
 Lignosulfonate 232 1856 2,784 5568
 Lignite 116 928 1392 2.784
 Bentonite 580 4460 6,960 13,920
 Caustic Soda 72.5 580 870 1740
 Chemical sk/8 hr tour sk/12 hr tour sk/day
 Barite 380 570 1,140
 Lignosulfonate 38 56 112
 Lignite 19 28 56
 Bentonite 45 70 140
 Caustic Soda 12 18 36
 2.4561470--------------- 1.67 bbl/hr of barite recovered=
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 25.70 - 1.67 = 24.0 bbl/hr discarded
 The amount of additional water required to maintain a constant mud weight of 12.0 ppg due to thebarite being returned to the system via the centrifuge must also be calculated using:
 , where
 VF = Final volume of barite and water (V1 + V2)DF = Specific gravity of final volume (1.44)V1 = Volume of barite (1.67)D1 = Specific gravity of barite (4.2)V2 = Volume of water to add (unknown)D2 = Specific gravity of water (1.00)
 V2 = 10.48
 Volume of water to add to maintain a mud density of 12.0 ppg is 10.48 bbl/hr
 Total volume returned to system while centrifuge is running is equal to the volume of baritereturned plus the water added to the system.
 Volume returned = 10.48 + 1.67 = 12.15 bbl/hr
 The centrifuge is processing 25.70 bbl of mud per hour and 12.15 bbl is being returned to the sys-tem. New volume must be added to the system equal to the difference between the processed vol-ume and the returned volume.
 New volume = 25.70 - 12.15 = 13.55 bbl/hr
 Barite and water additions to build 13.55 bbl of new mud per hour.
 , where
 VF = Final volume of barite and water (13.55)DF = Density of final volume (1.44)V1 = Volume of water (VF - V2)D1 = Specific gravity of water (1.0)V2 = Volume of barite (unknown)D2 = Specific gravity of barite (4.2)
 V2 = 1.86V1 = 13.55 - 1.86V1 = 11.69
 V2
 V1 D1 DF–( )DF D2–( )
 --------------------------------=
 V21.67 4.2 1.44–( )
 1.44 1.00–( )------------------------------------------=
 V2
 VF DF D1–( )D2 D1–( )
 ---------------------------------=
 V213.55 1.44 1.0–( )
 4.2 1.0–( )----------------------------------------------=
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 The additions of barite and water that must be added to the system each hour.
 Other materials must again be added to maintain the desired properties. The total volume,25.70 bbl/hr, processed by the centrifuge and replaced by discharged barite and added water willneed to be treated.
 Daily Maintenance of Polymer Systems
 Daily maintenance treatments for polymers consist of the polymer required to build new volumeand replace polymer lost through filtrate invasion and solids removal.
 In addition to normal maintenance, the polymer and a 10% loss of polymer while drilling, we cancalculate the required daily maintenance.
 PL = PCVM%p, where
 PL = Pounds polymer lost while drilling per day, lb/day (unknown)PC = Concentration of polymer to maintain, ppb (0.5)VM = Volume of mud, bbl (1000)%p = Percentage of polymer lost from system each day (0.10)
 Substituting:
 PL = (0.5 ppb) (1000 bbl) (0.10)PL = 50 lb
 To replace polymer lost from system, we must add 50 lb of polymer each day.
 In our previous calculations we found it necessary to create 54.88 bbl of new volume per hour.
 PA = VNPC, where:
 PA = Polymer to be added to maintain required concentration in new volume, lb (unknown)VN = New volume added to system, bbls (54.8)PC = Required concentration of polymer, ppb (0.5)
 Substituting:
 PA = (54.8 bbl) (0.5 ppb)PA = 27.4 lb
 27.4 lb of polymer will need to be added each hour to maintain a concentration of 0.5 ppb in thenew mud volume. The total polymer to be added each hour is that required to replace lost polymer
 Barrels Pounds Sacks
 Barite 1.86 2,734 28
 Water 11.69 -0- -0-
 Chemical sk/8 hr tour sk/12 hr tour sk/day
 Barite 287 430 861
 Lignosulfonate 33 50 99
 Lignite 17 25 50
 Bentonite 41 62 124
 Caustic Soda 11 16 31
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 (2.1 lb/hr) and that required to build new volume (27.4 lb/hr). 29.5 lb/hr of polymer is required eachhour as a maintenance treatment. Converting the maintenance treatment to 50 lb sacks:
 sk/8 hr tour sk/12 hr tour sk/day
 5 7 15
 “Proprietary - for the exclusive use of BP & ChevronTexaco”
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 The Drilling Mud ReportThe following example problems introduce some of the basic engineering calculations related tothe Drilling Mud Report. The drilling mud report is a good communications tool and when filled outcompletely and accurately, can be used to anticipate potential problems and assist in future wellplanning.
 Figure 1Wellbore Configuration for
 The Drilling Mud Report Example Problem
 “Proprietary - for the exclusive use of BP & ChevronTexaco”
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 Given Data
 Given:
 a. Present ActivityDrlg @ 15,000 ft MD/TVD
 b. Drilling AssemblyBit Size ...................................8-1/2 in. Smith F-2, Jets (11-11-11)Drill Pipe.................................4-1/2 in., 16.60 lb/ft S-135 NC46(XH) TJ-6 in. OD...............................................Length = 14,290 ft...............................................Capacity = 0.01422 bbl/ft (tables)...............................................Displacement = 0.00643 bbl/ft (tables)...............................................ID = 3.826 in.Drill Collar...............................6-1/2 in. x 2-1/2 in., Length - 710 ft
 c. Casing
 d. Mud VolumePits .........................................3 pits, each 30 ft x 12 ft x 9 ft...............................................Pit level = 7 ft (pipe in hole)...............................................In storage = 0Mud ........................................16 lb/gal, KOH/Lime
 Hole, in. CSG, in. CSG WT, lb/ft Depth, ft
 26 20 94 800
 17-1/2 13-3/8 64 4500
 12-1/4 9-5/8* 40 13,000
 8-1/2 - - 15,000
 *9-5/8 in. casing capacity = 0.758 bbl/ft, ID = 8.835"
 Figure 2Given Data
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 e. Circulation DataPump ..................................... (2) National 10-P-130, 5-1/2 in. x 10 in................................................ 110 SPM @ 94%E............................................... pressure = 2000 psi circ.
 f. Annular Pressure Loss ....... 250 psi
 Mud Pit Capacity
 What is the total mud pit capacity (Mud Pitcap) for three rectangular pits, each one 30 ft x 12 ft x9 ft?
 a. ____ bbl Total
 b. ____ bbl/ft per pit
 c. ____ bbl./in per pit
 The general equation for calculating the capacity of the surface mud system or pit capacity is asfollows:
 a.
 b.
 c.
 Mud Volume in Pits
 Each mud pit contains 7 ft of mud. With bit on bottom, what is the volume of mud in the pits?
 a. ____ bbl
 [See Figure 3]
 Rec gular Mud Pits, bbl( )tanL( ) W( ) D( )5.6146
 ----------------------------=
 30 ft( ) 12 ft( ) 9 ft( )5.6146 ft3/bbl( )
 -------------------------------------------------- 577 bbl/pit=
 Mud Pitcap 577 bbl/pit( ) 3 pits( )=
 1731 bbl Total=
 577 bbl9 ft
 --------------------- 64.1 bbl/ft per pit=
 64 bbl/ft12 in./ft----------------------- 5.3 bbl/inch per pit=
 Mud Pitvol
 DS in hole( )
 30 ft( ) 12 ft( ) 7 ft( )5.6146 ft3/bbl
 ------------------------------------------------ 3 pits( ) 1346 bbl= =
 Note:Total Pit Capacity is 1731 bbl and Total Mud Volume is 1346 bbl.
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 Hole Volume
 What is the volume of mud in the wellbore with no drill string in the hole if 9-5/8 in. casing is set at13,000 ft and 8-1/2 in. hole to 15,000 ft?
 a. _____ bbl
 Drill String Displacement
 What is the displacement of the drill string (DSdisp) when the bit is on bottom at 15,000 ft?
 a. _____ bbl
 The general equation for calculating the displacement of the drill string as follows:
 Therefore:
 DSdisp = 91.9 bbl + 24.8 bbl = 116.7 bbl
 Figure 3Mud Volume in Pits
 Holevol8.835( )2
 1029.4---------------------- 13 000',( ) 8.5( )2
 1029.4------------------ 2000'( )+=
 985.8 140.4+=
 1126.2 bbl=
 DSdisp DPdisp( ) DCdisp( )+=
 DPdisp 0.00643 bbl/ft( ) 14 290 ft,( ) 91.9 bbl= =
 DCdisp6.5( )2 2.5( )2–
 1029.4-------------------------------------- 710 ft( ) 24.8 bbl= =
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 Drill String Capacity
 What is the capacity of the drill string (DScap) when the bit is on bottom at 15,000 ft?
 a. _____ bbl
 The general equation for calculating the capacity of the drill string is as follows:
 Therefore
 DScap = 203.2 bbl + 4.3 bbl = 207.5 bbl
 Mud Volume
 In Pits/Pipe Out of Hole
 What is the volume of mud in the pits when the drill string is out of the hole during a trip and thehole is full of mud?
 a. _____ bbl
 In Hole/Closed End Pipe
 What is the volume of mud in the hole when the pipe is on bottom with a closed end (float)?
 a. ____ bbl
 In Pits/Closed End Pipe
 What is the volume of mud in the pits when the pipe is on bottom with a closed end (float)?
 a. ____ bbl
 DScap Drill Pipe DPcap( ) Drill Collar Capacity DCcap( )+=
 DPcap 0.01422 bbl/ft( ) 14 290 ft,( ) 203.2 bbl= =
 DPcapID( )2 L( )1029.4
 ---------------------- 2.5( )2 710 ft( )1029.4
 ------------------------------------- 4.3 bbl= = =
 Mud PitVol
 DS out of Hole( )
 Mud PitVol
 DS in Hole( )DSdisp–=
 1346 116.7–=
 1229.3 bbl=
 HoleVol_CE HoleVol_O DSdisp– DScap–=
 1126.2 116.7– 207.5–=
 802 bbl=
 HoleVol_CE HoleVol_O DSdisp– DScap–=
 1346 207.5 116.7+ +=
 1670.2 bbl=
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 In Hole/Open Ended Pipe
 What is the volume of mud in the hole when pipe is on bottom with open end?
 a. ____ bbl
 (See Figure 4)
 Total Circulating Volume
 What is the total circulating mud volume with pipe on bottom?
 a. _____ bbl
 HoleVol_OE HoleVol_O DSdisp–=
 1126.2 116.7–=
 1009.5 bbl=
 Total Circulating Volume HoleVol_OE Mud PitVol+=
 1009.5 1346+=
 2355.5 bbl=
 Figure 4Hole Volume and Total Circulating Volume
 “Proprietary - for the exclusive use of BP & ChevronTexaco”
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 Pump Output
 Bbl/STK, Gal/STK
 What is the pump output (Q) in barrels per stroke (bbl/STK) and gallons per stroke (gal/STK at94% volumetric efficiency?)
 a. ____ bbl/STK
 b. ____ gal/STK
 A National 10-P-130 which has a 10-in. stroke (with a 5-1/2 in. liner at 100% volumetric efficiency)will deliver 3.0996 gal/STK.
 Table 1. Triplex Single Acting Mud Pump Capacities Per CycleBarrels per Stroke - 100% Volumetric Efficiency
 LinerSize
 Stroke Length
 7 7-1/2 8 8-1/2 9 9-1/4 10 11 12
 3 0.0153 0.0164 0.0175 0.0186 0.0197 0.0202 0.0219 0.024 0.0262
 3-1/4 0.01795 0.0192 0.0205 0.0218 0.0231 0.0237 0.0257 0.0283 0.0307
 3-1/2 0.0208 0.0223 0.0238 0.0252 0.0267 0.0276 0.0298 0.0326 0.0357
 3-3/4 0.0238 0.0257 0.0273 0.0290 0.0307 0.0317 0.034 0.0376 0.0408
 4 0.0271 0.029 0.0311 0.033 0.035 0.036 0.0388 0.0429 0.0467
 4-1/4 0.0307 0.0328 0.035 0.0374 0.0395 0.0404 0.0438 0.0483 0.0526
 4-1/2 0.0345 0.0369 0.0392 0.0419 0.0443 0.0455 0.0493 0.054 0.059
 4-3/4 0.0383 0.0411 0.0438 0.0466 0.0493 0.0507 0.0547 0.0602 0.0657
 5 0.0426 0.0455 0.0486 0.0517 0.0548 0.0562 0.0607 0.0669 0.0729
 5-1/4 0.0469 0.0502 0.0535 0.0569 0.0602 0.062 0.0669 0.0736 0.0807
 5-1/2 0.0514 0.044 0.0488 0.0624 0.0661 0.0678 0.0738 0.0807 0.088
 5-3/4 0.0562 0.0602 0.0643 0.0683 0.0721 0.0743 0.0802 0.0883 0.0964
 6 0.0611 0.0655 0.070 0.0743 0.0786 0.0809 0.0874 0.0961 0.105
 6-1/4 0.0664 0.0712 0.0759 0.0807 0.0855 0.0878 0.0948 0.1043 0.1138
 6-1/2 0.0719 0.0770 0.0821 0.0871 0.0924 0.0949 0.1026 0.1129 0.123
 6-3/4 0.0774 0.083 0.0886 0.094 0.0995 0.1023 0.1107 0.1217 0.1328
 7 0.0833 0.0893 0.0952 0.101 0.1071 0.11 0.119 0.131 0.143
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 Therefore, at 94% volumetric efficiency:
 a. (30.0996 gal/STK) (0.94) = 2.90037 gal/STK
 b. (0.0738 bbl/STK) (0.94) = 0.0694 bbl/STK [Figure 5]
 Table 2. Duplex Double-Acting Mud Pump Capacities Per CycleBarrels per Revolution - 90% Volume Efficiency - Rods Deducted
 DiameterLinerInches
 AreaSq. In.
 Stroke 12"Rods 2"
 Stroke 14"Rods 2"
 Stroke 15"Rods 2-1/4"
 Stroke 16"Rods 2-1/4"
 Stroke 18"Rods 2-1/2"
 Stroke 20"Rods 2-1/2"
 4 12.566 0.0495 0.0577 — — — —
 4-1/4 14.186 0.0562 0.0655 — — — —
 4-1/2 15.904 0.0637 0.0743 0.0773 0.0868 0.0896 0.0996
 4-3/4 17.720 0.0719 0.0838 0.0875 0.0934 0.1019 0.1133
 5 19.635 0.0804 0.0938 0.0982 0.1047 0.1147 0.1275
 5-1/4 21.647 0.0894 0.1042 0.1093 0.1166 0.1281 0.1424
 5-1/2 23.748 0.0988 0.1151 0.1212 0.1292 0.1423 0.1581
 5-3/4 25.967 0.1086 0.1268 0.1337 0.1423 0.1570 0.1745
 6 28.274 0.1189 0.1388 0.1461 0.1560 0.1725 0.1916
 6-1/4 30.680 0.1296 0.1513 0.1599 0.1703 0.1885 0.2095
 6-1/2 33.183 0.1408 0.1640 0.1736 0.1852 0.2052 0.2280
 6-3/4 35.785 0.1523 0.1777 0.1881 0.2006 0.2226 0.2474
 7 38.484 0.1644 0.1917 0.2031 0.2166 0.2406 0.2674
 7-1/4 41.282 0.1768 0.2062 0.2187 0.2332 0.2593 0.2882
 7-1/2 44.179 — — 0.2348 0.2504 0.2787 0.3096
 7-3/4 47.186 — — 0.2514 0.2682 0.2987 0.3319
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 Bbl/Min, Gal/Min
 What is the pump output for each pump at 110 SPM?
 a. ____ bbl/min
 b. ____ gal/min
 The pump output (Q) for each pump at 110 SPM is equal to:
 a. [Figure 5]
 b. [Figure 5]
 Annular Velocity
 What is the annular velocity at 110 SPM on one pump, opposite:
 a. Drill Collars/Open Hole (AVOH/DC) ____ ft/min
 b. Drill Pipe/Open Hole (AVOH/DP) ____ ft/min
 c. Drill Pipe/Casing (AVCSG/DP) ____ ft/min
 The annular velocity defines the average velocity at which the mud passes through a specificannular space and is normally expressed in units of ft/min.
 Figure 5Pump Output
 Q, bbl/min SPM( ) bbl/STK( )=
 110( ) 0.0694( )=
 7.634 bbl/min=
 Q, gal/min Q, bbl/min( ) 42 gal/bbl( )=
 7.5966( ) 42( )=
 320 gal/min=
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 The following annular velocities opposite specific intervals will be based on pump output at 110SPM and 94% volumetric efficiency.
 a. Drill Collars/Open Hole, AVOH/DC
 [Figure 6]
 b. Drill Pipe Open Hole, AVOH/DP
 [Figure 6]
 c. Casing/Drill Pipe, AVCSG/DP
 [Figure 6]
 Bottoms-Up Time
 What is the bottoms-up time with one pump operating at 110 SPM?
 a. ____ min
 Bottoms up time with one pump operating at 110 SPM is equal to the total annular capacity (drillstring in the hole) divided by the pump output in barrels per minute. In Problem #7, the total annu-lar capacity was calculated to be 802 bbl.
 [Figure 6]
 Annular Velocity AV( ), ft/min Pump Output, bbl/minAnnular Capacity, bbl/ft---------------------------------------------------------------------=
 QAnnular Capacity------------------------------------------------=
 AVOH/DCQ
 AnnOH/DC----------------------------=
 AnnOH/DC8.5( )2 6.5( )2–
 1029.4-------------------------------------- 0.02914 bbl/ft= =
 AVOH/DC7.634 bbl/min( )0.02914 bbl/ft( )
 --------------------------------------------- 262 ft/min= =
 AVOH/DPQ
 AnnOH/DP----------------------------=
 AnnOH/DP8.5( )2 4.5( )2–
 1029.4-------------------------------------- 0.05051 bbl/ft= =
 AVOH/DP7.634 bbl/min( )0.05051 bbl/ft( )
 --------------------------------------------- 151 ft/min= =
 AVCSG/DPQ
 AnnCSG/DP-------------------------------=
 AnnCSG/DP8.835( )2 4.5( )2–
 1029.4--------------------------------------------- 0.05616 bbl/ft= =
 AVCSG/DP7.634 bbl/min( )0.05616 bbl/ft( )
 --------------------------------------------- 136 ft/min= =
 Bottoms UpAnncap, bbl
 Q, bbl/min--------------------------------=
 802 bbl7.634 bbl/min--------------------------------------=
 105 min=
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 Total Circulation Time
 What is the total circulation time with one pump operating at 110 SPM?
 a. ____ min
 The total circulation time with one pump is equal to total active circulating volume divided by pumpoutput. In Problem #9, the total active circulating system volume was calculated to be 2355 bbl.
 [Figure 6]
 Note:Total Circulation time should be used when blending mud, increasing mud density or adding achemical treatment so any addition is made uniformly to the entire mud system. For example, if60 sacks of a product were to be added to the mud system, it would have to be added at a rateequal to 310 minutes divided by 60 sacks, or five minutes per sack.
 Surface-to-Bit Travel Time
 What is the surface-to-bit travel time with one pump operating at 110 SPM?
 a. ____ min
 The surface-to-bit travel time is equal to drill string capacity divided by the pump output. In Prob-lem #3, the DScap was calculated to be 207 bbl.
 Total Mud System Circulation Tim
 VMS, bbl
 Q, bbl/min------------------------------=
 2355 bbl7.634 bbl/min--------------------------------------=
 308 min=
 Figure 6Annular Velocity and Circulation Time
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 Hydrostatic Pressure
 What is the hydrostatic pressure, Ph, at:
 a. 9-5/8 inch casing shoe, Ph ____ psi
 b. 15,000 ft TD/TVD, Ph ____ psi
 Hydrostatic pressure is a function of mud density (MW) and true vertical depth (TVD); but mea-sured depth must be used to calculate capacities.
 Ph = (MW) (TVD) (0.052)
 1) Ph at 9-5/8 csg shoe = (16 lb/gal) (13,000 ft) (0.052) = 10,816 psi
 2) Ph at 15,000 ft = (16 lb/gal) (15,000 ft) (0.052) = 12,480 psi
 Bottom Hole Circulating Pressure
 What is the bottom hole circulating pressure at 15,000 ft if there is no imposed pressure and theannular pressure drop is 250 psi?
 a. ____ psi
 The bottom hole circulating pressure, PBHC is equal to the hydrostatic pressure, plus the sum of allthe annular pressure losses, plus imposed pressure, if any.
 Equivalent Circulating Density
 What is the equivalent circulating density (ECD) at 15,000 ft?
 a. ____ lb/gal
 ECD is equivalent to total circulating pressure expressed in pounds per gallon rather than psi atthe depth of interest.
 Surface to BitDScap, bbl
 Q, bbl/min------------------------------=
 207 bbl7.634 bbl/min--------------------------------------=
 27 minutes=
 PBHC Ph APL Pi+ +=
 Ph Hydrostatic Pressure=
 APL Annular Pressure Loss=
 Pi Imposed Pressure=
 PBHC 12 480 250 0+ +, 12 730 psi,= =
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 Note:The actual mud weight is 16.0 lb/gal, but the formation at 15,000 ft has a force exerted on it of16.32 lb/gal while circulating.
 ECDPBHC
 TVD( ) 0.052( )-------------------------------------=
 12 730 psi,15 000 ft,( ) 0.052( )
 --------------------------------------------------=
 16.32 lb/gal=
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 Section 4: Testing
 Water-Based Drilling Fluids Testing Procedures
 Mud Density
 Mud Density is used to control subsurface pressures and stabilize the wellbore.
 Mud density is commonly measured with a mud balance capable of ±0.1 lb/gal accuracy. A mudbalance calibrated with fresh water at 70°F±5° should give a reading of 8.3 lb/gal.
 Step 1. Measure and record the temperature of the sample of mud to be tested.
 Step 2. Place the mud balance base on a flat, level surface.
 Step 3. Fill the clean, dry, mud balance cup with the sample of mud to be tested. Rotate cap until it isfirmly seated. Ensure that some mud is expelled through the hole in the cap to remove anytrapped air or gas.
 Step 4. Place thumb over hole in cap and hold the cap firmly on the cup. Wash or wipe the outside ofthe cup, and dry.
 Step 5. Place balance arm on the support base and balance it by moving the rider along the gradu-ated scale until the level bubble is centered under the center line.
 Step 6. Read the density (weight) of the mud shown at the left-hand edge of the rider and report tonearest 0.1 lb/gal. Enter result on API Drilling Mud Report as Weight (lb/gal, lb/ft3) or SpecificGravity).
 Marsh Funnel Viscosity
 Marsh Funnel viscosity is used to indicate relative mud consistency or thickness.
 Marsh Funnel viscosity is the time required (seconds) for a quart of mud to flow through a 2-in.long, 3/16-in. diameter tube at the bottom of the Marsh Funnel. This viscosity measurement isused to periodically report mud consistency. One quart of water should flow through a Marsh Fun-nel in 26± 0.5 seconds.
 Step 1. Hold one finger over the orifice at the tip of the funnel. Pour the mud sample through the fun-nel screen until mud reaches the bottom of the screen (1500 cm3). Place viscosity cupbeneath funnel tip. Remove finger and start stop watch.
 Step 2. Stop the watch when the mud level reaches the 1-qt mark on the viscosity cup.
 Step 3. Record the number of seconds required to outflow 1-qt of mud. Enter on Drilling Mud Reportas Funnel Viscosity (sec/qt) API.
 Step 4. Measure and record temperature of mud sample to ±1×F.
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 Rheology
 A rotational viscometer is used to measure shear rate/shear stress of a drilling fluid - from whichthe Bingham Plastic parameters, PV and YP, are calculated directly. Other rheological models canbe applied using the same data. The instrument is also used to measure thixotropic properties, gelstrengths. The following procedure applies to a Fann Model 35, 6-speed VG Meter.
 Plastic Viscosity (PV) and Yield Point (YP)
 Step 1. Obtain a sample of the mud to be tested. Record place of sampling. Measurements shouldbe made with minimum delay.
 Step 2. Fill thermal cup approximately 2/3 full with mud sample. Place thermal cup on viscometerstand. Raise cup and stand until rotary sleeve is immersed to scribe lie on sleeve. Lock into
 place by turning locking mechanism (Figure 1).
 Step 3. Place thermometer in thermal cup containing sample. Heat or cool sample to desired testtemperature of 115× ±2×F.
 Step 4. Flip VG meter toggle switch, located on right rear side of VG meter, to high position by pullingforward.
 Step 5. Position red knob on top of VG meter to the 600-rpm speed. When the red knob is in the bot-tom position and the toggle switch is in the forward (high) position -this is the 600-rpm speed
 (Figure 2).
 Rheological properties measured with a rotational viscometer are commonly used to indicatesolids buildups flocculation or deflocculation of solids, lifting and suspension capabilities, andto calculate hydraulics of a drilling fluid.
 Figure 1Fann Model 35 6-Speed Viscometer
 “Proprietary - for the exclusive use of BP & ChevronTexaco”
 Rev. 01/2002 Testing 4-2

Page 109
                        

Drilling Fluids Manual
 Step 6. With the sleeve rotating at 600-rpm, wait for dial reading in the top window of VG meter tostabilize (minimum 10 seconds). Record 600-rpm dial reading.
 Step 7. With red knob in bottom position, flip the VG meter toggle switch to low position by pushingthe toggle switch away from you. Wait for dial reading to stabilize (minimum 10 seconds).Records 300-rpm dial reading. [See Step 8 to calculate the Plastic Viscosity and Yield Point].
 Step 8. The Plastic Viscosity and Yield Point are calculated from the 600-rpm and 300-rpm dial read-ings as follows:
 Gel Strength (10-sec/10-min)
 Step 1. With red knob in bottom position, flip toggle switch to 600-rpm position (forward position). Stirmud sample for 10 seconds.
 Step 2. Position red knob to the 3-rpm speed. When the red knob is in the middle position and thetoggle switch is in low (rear) position - this is the 3-rpm speed. Flip toggle switch to off posi-tion. Allow mud to stand undisturbed for 10 seconds.
 Step 3. After 10 seconds, flip toggle switch to low (rear) position and note the maximum dial reading.This maximum dial deflection is the 10-second (initial) gel strength in lb/100 ft2. Record onthe mud check sheet.
 Step 4. Pull toggle switch to high and position red knob to 600-rpm speed. Stir mud for 10 seconds.
 Figure 2Speed Selection Knob
 (Caution: Change gears only when motor is running.)
 PV,cP 600-rpmdial reading 300-rpm
 dial reading –=
 YP,lb/100 ft2 300-rpmdial reading Plastic
 Vis itycos –=
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 Step 5. After 10 seconds, and while mud is still stirring, position red knob to the 3-rpm speed. Fliptoggle switch to off position and allow mud to stand undisturbed for 10 minutes.
 Step 6. After 10 minutes, flip toggle switch to low (rear) position and note the maximum dial reading.This maximum dial deflection is the 10-minute gel strength in lb/100 ft2. Record on the mudcheck sheet.
 Static Filtration Tests
 Static filtration tests are used to indicate filter cake quality and filtrate volume loss for a drilling mudunder specific testing conditions. Filtration characteristics are affected by the types and quantitiesof solids and their physical and chemical interactions. Temperature and pressure further affectthese solids and their interactions.
 To operate any equipment, manufacturer’s instructions should be carefully read. The following aregeneral instructions for a possible configuration of Low-Pressure/Low-Temperature Filtration andHigh-Pressure/High-Temperature Filtration equipment. To operate any other units, manufacturer’sinstructions should be carefully read before attempting to perform testing.
 Low-Temperature/Low-Pressure Filtration
 Step 1. Open main air valve by turning handle (located on lab bench) counter clockwise. Adjust reg-ulator to read 100 psi.
 Step 2. Be sure cell components, especially the screen, are clean and dry. Check gaskets and dis-card any that are worn or distorted.
 Step 3. Assemble filtration cell (as illustrated in Figure 3). Lock cell bottom into position by turning
 cell body until peg locks into J slot.
 Step 4. Pour mud sample to within 1/2 in. of top of cell. Place cell onto filter press rack.
 Step 5. Position cell lid onto top of cell body. To seal, turn filter press handle clockwise untilhand-tight.
 Step 6. Place a clean, dry graduated cylinder under the drain tube of the filtration cell assembly.
 Step 7. Close bleeder valve. Maintain in the closed position while test is running (Figure 4).
 Step 8. Set interval timer for 30 minutes. Open valve located on filter press manifold by turning blackknob counterclockwise. Pull timer arm down and begin timing immediately.
 Step 9. At the end of 30 minutes, remove graduated cylinder. Measure and record filtrate volume col-lected. Volume is measured in cm3 per 30 minutes. Close valve by turning black knob clock-wise. Open bleeder valve and release trapped line pressure.
 Step 10. Turn filter press handle counterclockwise to remove filtration cell assembly from frame. Pourmud back into viscosity cup, then carefully disassemble mud chamber.
 Control of filtration properties of a drilling fluid can be useful in reducing tight hole conditionsand fluid loss to formations.
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 Step 11. Remove filter paper from screen, being careful not to disturb mud cake. Gently wash excessmud from cake with a stream of water.
 Step 12. Measure and report thickness of filter cake to nearest 1/32 of an inch. Describe cake; i.e.,soft, tough, rubbery, firm, etc.
 High-Temperature/High-Pressure Filtration (HTHP)
 To operate this or any other unit, manufacturer’s instructions should be carefully read beforeattempting to perform testing. Extreme caution should be used in running this test. Equipment
 should be cleaned and maintained in good working condition (Figure 5).
 Figure 3Low-Temperature/Low-Pressure Filtration Apparatus
 Figure 4Bleeder Valve
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 Step 1. Plug heating jacket cord into correct voltage for the unit.
 Step 2. Place metal thermometer in hole on outside from of heating jacket. Adjust thermostat andpreheat jacket to 10×F above desired test temperature.
 Step 3. While jacket is heating, check o-rings (3) on the following components and replace if worn ordistorted:
 • High-Pressure Regulator
 • Lid/Valve
 • Cell Body
 (See Figures 6, 7 and 8 for details.)
 Step 4. Stir mud sample 10 minutes with a high-speed mixer.
 Step 5. Close valve A by turning black knob clockwise.
 Step 6. Turn handle counterclockwise on high pressure regulator, then load CO2 cartridge into cham-
 ber (Figure 6).
 Step 7. Close valve B and pour stirred mud sample into cell, leaving 1/2 in. from the top lip to allowfor expansion. Position o-ring in groove inside cell body. Place filter paper on top of o-ring
 (Figure 7).
 Figure 5HTHP Filtration Unit
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 Step 8. Open valve C and seat lid/valve assembly. Lubricate threads of allen screws with silicone
 grease and tighten (Figure 8).
 Step 9. Close low-pressure shut-off valve.
 Figure 6Two Types of Puncture Pin Assemblies
 Figure 7Assembly of Cell Body
 “Proprietary - for the exclusive use of BP & ChevronTexaco”
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 Step 10. Invert cell. (The lid/valve assembly is now at the bottom.) Carefully, install cell assembly intoheating jacket.
 Caution: The Heating Jacket is hot!
 Transfer thermometer from the jacket to the thermometer well located on top of HTHP cell body
 (Figure 9).
 Step 11. Slip high-pressure regulator (0-1500 psi) onto top of valve B and lock into place with steelring.
 Step 12. Slip low-pressure regulator (0-200 psi) on bottom of valve C. Lock into place with steel ring.Be sure bleeder valve on low-pressure regulator is in the horizontal (closed) position.
 Step 13. With valves B and C closed, apply 100 psi to both the high-pressure regulator and thelow-pressure regulator by turning regulator handles clockwise.
 Step 14. Open valve B. This is done to maintain 100 psi back pressure in the cell body while heating
 to the desired temperature. Heating time should not exceed 1 hour (Figure 10).
 Figure 8Assembled Cell Body
 “Proprietary - for the exclusive use of BP & ChevronTexaco”
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 Step 15. When desired temperature is reached, increase pressure on high-pressure regulator to
 600 psi by turning regulator handle clockwise.
 Step 16. Open valve C. Start timer immediately at this point! Collect filtrate for 30 minutes, maintaining
 test temperature within ±5×F (Figure 11).
 Step 17. At the end of 30 minutes close valve. Carefully open valve D and collect filtrate. Leave valveopen until low-pressure gauge reads 0 psi.
 Step 18. Note the total volume of filtrate, test temperature and pressure, and cell heat-up time.
 Because most HTHP filter presses have a filter area of 3.5 in.2, the filtrate volume collected
 must be doubled to correct to API standard 7.1 in.2 Calculate and record the API HTHP fil-trate as follows:
 Figure 9Cell Body Into Heating Jacket
 Note:If pressure on low-pressure regulator rises above 100 psi during the test, cautiously reducepressure by drawing off a portion of filtrate using valve D located on bottom of filtrate collec-tion chamber.
 API HTHP Filtrate 2 cm3 filtrate collected( )=
 “Proprietary - for the exclusive use of BP & ChevronTexaco”
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 Figure 10Valve Positions During Heat-Up
 Figure 11Valve Positions During Filtration
 “Proprietary - for the exclusive use of BP & ChevronTexaco”
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 Step 19. Unplug unit and allow cell and contents to cool to room temperature before proceeding to dis-
 assembly procedure.
 Step 20. After HTHP cell assembly and contents are cooled to room temperature, proceed with disas-sembly and cleaning procedure. Valves B and C should already be in the closed positions
 (Figure 12).
 Step 21. To bleed pressure from the high-pressure (top) regulator, be sure valve B is closed. Turn reg-ulator handle clockwise and carefully open valve A. Bleed pressure until CO2 cartridge is
 expended and high-pressure gauge reads 0 psi (Figure 13). Step 22. To bleed pressure from the low-pressure (bottom) regulator, be sure that valve C is closed.
 Turn regulator handle clockwise and carefully open valve D. Bleed pressure until CO2 car-tridge is expended and low-pressure gauge reads 0 psi (Figure 14). The pressure on thehigh-pressure gauge and the low-pressure gauge should now read 0 psi. If not, carefully
 bleed pressure until both gauges read 0 psi, then remove regulators.
 Step 23. Remove cell from heating jacket and place in sink. Carefully open valve C and bleed pres-sure trapped in the cell. Now, open valve B. All pressure should now be released (Figure 14).
 Note:CAUTION - Throughout the disassembly procedure, always assume there could be trappedhigh pressure in the HTHP unit.
 Figure 12Valve Positions at End of Test
 “Proprietary - for the exclusive use of BP & ChevronTexaco”
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 Figure 13Valve Positions to Bleed Pressure
 Figure 14Removing Top and Bottom Pressure Regulators after Bleed Down
 “Proprietary - for the exclusive use of BP & ChevronTexaco”
 Rev. 01/2002 Testing 4-12

Page 119
                        

Drilling Fluids Manual
 Step 24. Remove Allen screws, being careful to point the top assembly away from your body in case
 any pressure may be trapped (Figure 15).
 Step 25. Open cell and carefully remove filter paper and cake from screen, being careful not to disturbthe filter cake. Wash excess mud from cake with a small, gentle stream of water.
 Step 26. Measure and report thickness of filter cake to nearest 1/32 of an inch. Describe condition ofthe cake.
 Step 27. Discard the mud. Clean the cell. Cleaning includes removal of valves B and C to preventmud from drying in the cell assembly, which could cause valves to plug in future tests.
 Figure 15Opening the Cell Body
 Note:If Allen Screws are tight, DO NOT attempt to remove them because the cell may containtrapped pressure! This requires special procedures to unplug valves C and B.
 “Proprietary - for the exclusive use of BP & ChevronTexaco”
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 Retort -Water, Oil and Solids
 The volume percent of liquid phase (water and oil) are measured by heating a known volume ofwhole mud in a retort unit. The liquid is evaporated from the mud, vapor is condensed and mea-sured as oil and fresh water in a graduated glass tube. Suspended solids are calculated by differ-ence of liquid collected subtracted from whole mud volume (retort cup volume).
 Retort Test Procedure
 Step 1. Clean and dry the retort assembly and condenser. Condenser passage should be cleanedusing a pipe cleaner.
 Step 2. Mix the mud sample thoroughly to ensure homogeneity, being careful not to entrain any air,and that no solids remain on the bottom of container. Air or gas entrapment will cause erro-neously high retort solids due to reduced mud sample volume.
 Step 3. Use a clean syringe to obtain a sample of the mud to be tested.
 Step 4. Fill retort cup slowly to avoid air entrapment. Lightly tap side of cup to expel air. Place lid onthe cup. Rotate lid to obtain a proper fit. Be sure a small excess of mud flows out of the holein the lid. Wipe off any excess mud without wicking any of the sample from inside the cup.Wipe the cup clean with towel.
 Step 5. Pack retort body with steel wool.
 Step 6. Apply Never-Seez to threads of retort cup. With lid in place, hand tighten retort cup onto
 retort body (Figure 16).
 Step 7. Apply Never-Seez to threads on retort stem and attach the condenser.
 Step 8. Place the retort assembly inside the heating jacket and close the lid.
 Step 9. Place the clean, dry, liquid receiver below the condenser discharge tube. The length of thereceiver may require that it be angled out from the retort and supported off the edge of thework table.
 Step 10. Plug cord into 110-volt outlet. Allow the retort to run for a minimum of 45 minutes.
 Step 11. Allow the receiver to cool. Read and record: (1) total liquid volume, (2) oil volume, and(3) water volume in the receiver.
 Step 12. Unplug retort and allow to cool. Disassemble and clean the retort assembly and condenser.
 Step 13. Calculate volume percent water (VW), volume percent oil (VO), and volume percent retort sol-ids (VS), as follows:
 Accurate measurement of water, oil and solids content provides fundamental information forcontrol of mud properties and is essential for evaluating solids control equipment.
 Note:If mud boils over into the receiver, the test must be rerun. Pack the retort with a larger amountof steel wool and repeat the test.
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 (See Retort Cup Verification Procedure)
 Retort Cup Verification Procedure
 Step 1. Allow retort cup, lid and distilled water to reach ambient temperature. Record the tempera-ture.
 Step 2. Place the clean, empty retort cup and lid on a balance (precision of 0.01 g) and tare to zero.
 Step 3. Fill retort cup with distilled water. Place lid on the cup. Rotate lid to obtain proper fit. Be surea small excess of water flows out of hole in lid. Wipe excess water from lid; avoid wicking outwater.
 Step 4. Place filled retort cup and lid on the previously tared balance. Read and record weight ofwater, to 0.01 g.
 Figure 16Retort Instrument
 VO100 volume of oil, cm3( )
 VRC--------------------------------------------------------------------=
 VW100 volume of water, cm3( )
 VRC-----------------------------------------------------------------------------=
 VS
 100 VW VO+( )–
 VRC--------------------------------------------=
 VRC Volume of the retort cup=
 “Proprietary - for the exclusive use of BP & ChevronTexaco”
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 Step 5. Calculate the retort cup volume, VRC, using density of water at measured temperature fromTable 1 as follows:
 Sand Content
 This simple test is used to determine the volume percent sand-sized particles in a mud. The infor-mation is used to make adjustments in solids control equipment. Sand causes excessive wear onmixing equipment, drill string, and on pump parts.
 The sand content in a mud system is estimated by wet screen analysis using a 200-mesh(74-micron) screen. It should be recognized that it is a size-classification of particles and otherproducts, such as lost circulation materials (LCM), lignite, coarsely-ground barite, etc. will alsoshow up as sand-sized particles. The presence of these solids, especially LCM, should be noted
 and quantified if sufficient volume is present (Figure 17).
 Step 1. Fill glass measure tube to “mud” line with mud. Add water to next scribed mark. Place thumbover mouth of tube and shake vigorously.
 Step 2. Pour mixture onto the clean screen. Add more water to tube and shake. Pour onto screen.Discard liquid that passes through the screen.
 VRCWeight of water, g
 Density of water, g/cm3---------------------------------------------------------------------=
 Figure 17Sand Content Equipment
 “Proprietary - for the exclusive use of BP & ChevronTexaco”
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 Step 3. Repeat Step 2 until wash water is clean. Then wash sand retained on screen in order to freeany adhering mud.
 Step 4. Place funnel on top of screen assembly. Slowly invert assembly and insert tip of funnel intoglass tube. Wash sand back into tube with a fine spray of water or a wash bottle.
 Step 5. Allow sand to settle. Read and record volume percent sand from graduations on the glassmeasuring tube.
 Table 1 Density of Water
 °F °C Density, g/cm2
 59 15 0.9991
 59.9 15.5 0.9991
 60.8 16 0.9990
 61.7 16.5 0.9990
 62.6 17 0.9989
 63.5 17.5 0.9987
 64.4 18 0.9986
 65.3 18.5 0.9985
 66.2 19 0.9984
 67.1 19.5 0.9983
 68 20 0.9982
 68.9 20.5 0.9981
 69.8 21 0.9980
 70.7 21.5 0.9979
 71.6 22 0.9977
 72.5 22.5 0.9976
 73.4 23 0.9975
 74.3 23.5 0.9974
 75.2 24 0.9973
 76.1 24.5 0.9971
 77 25 0.9970
 77.9 25.5 0.9969
 78.8 26 0.9968
 79.7 26.5 0.9966
 80.6 27 0.9965
 81.5 27.5 0.9964
 82.4 28 0.9962
 83.3 28.5 0.9961
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 Methylene Blue Capacity
 Methylene blue dye is added to a sample of whole mud until all reactive sites have adsorbed thedye. A faint blue/turquoise halo will form around the drop of solids when there is an excess of dye.Drilling muds frequently contain other materials that adsorb methylene blue. Treatment with hydro-gen peroxide is intended to remove the effects of organic materials such as CMC, polyacrylates,lignosulfonates, and lignites. Commercial clays such as bentonite and formation solids such asshales adsorb methylene blue and contribute to the methylene blue capacity of the mud. A varia-tion of the cation exchange capacity test can be used to determine the reactivity of shales and
 clays to allow better determination of the true bentonite concentration in the fluid (Figure 18).
 Step 1. If the mud to be tested contains air, stir slowly for 2-3 minutes to release entrapped air.
 Step 2. Use a 2.5 or 3.0-cm3 syringe to measure exactly 2.0 cm3 of drilling fluid.
 Step 3. To the Erlenmeyer flask, add 10 cm3 water and 2 cm3 of mud.
 Step 4. Next, add 15 cm3 of 3% hydrogen peroxide to the flask. Then, add 0.5 cm3 of 5N sulfuricacid.
 Step 5. Gently boil the suspension for 10 minutes on the hot plate.
 Step 6. After boiling, remove flask from hot plate and bring the total suspension volume in the Erlen-meyer flask to 50 cm3 with distilled water. Allow to cool before proceeding to the next step.
 84.2 29 0.9959
 85.1 29.5 0.9958
 86 30 0.9956
 86.9 30.5 0.9955
 87.8 31 0.9953
 88.7 31.5 0.9952
 89.6 32 0.9950
 90.5 32.5 0.9949
 91.4 33 0.9947
 92.3 33.5 0.9945
 93.2 34 0.9944
 94.1 34.5 0.9942
 95 35 0.9940
 Table 1 Density of Water
 °F °C Density, g/cm2
 The methylene blue capacity test indicates the concentration of reactive clays present in a drill-ing fluid. Reactive clays are commercial bentonite and formation solids such as shales.
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 Step 7. With a 1-cm3 pipette, add methylene blue to the flask in 0.5-cm3 increments. If the approxi-mate amount of methylene blue is known from prior testing, larger increments can be addedat the beginning of this titration.) After each addition of methylene blue solution, swirl the con-tents of flask for 30 seconds. While the solids are still suspended, remove a drop of liquid onthe end of a glass rod. Place the drop onto a Whatman #1 filter paper. Observe the liquid thatwicks out from around the solids on the paper. The solids will be blue. The liquid will becomeblue (and form a halo) when the initial endpoint of the methylene blue titration is reached.(This initial endpoint means that the active solids are almost saturated with the blue dye, butperhaps not all.)
 Step 8. To find the final endpoint, after detecting the initial endpoint, swirl the flask for 2 minutes andplace another drop on a clean area of the filter paper. If the blue ring (or halo) is again evi-dent, the final endpoint has been reached. If the blue ring is not evident, continue as beforeadding 0.5-cm3 increments of methylene blue solution - until the blue ring is present after 2minutes of swirling the flask.
 Step 9. The methylene blue test results are reported as methylene blue capacity (MBC) or as lb/bblbentonite equivalent as in equations (10) and (11) below:
 Step 10. MBC = cm3 methylene blue solution/cm3 mud sample
 Step 11. lb/bbl bentonite equivalent = 5 (MBC)
 Figure 18Methylene Blue Test Set-Up
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 pH
 The recommended method for pH measurement is with a pH meter. A portable pH meter (Figure
 19) consists of a pH probe and an electronic voltage meter. The probe contains:
 • glass electrode
 • standard reference electrode
 • temperature sensor (optional)
 Step 1. Measurement consists of: (1) calibration of meter, (2) pH measurement of sample, and(3) cleaning and storing the probe.
 Step 2. Remove end-cap and rinse probe with distilled water. Blot dry.
 Step 3. Allow sample to come to temperature of the buffers and the probe, preferably 70-80×F(20-28×C).
 Step 4. Measure temperature of pH7 buffer solution. Place probe into pH7 buffer solution and turn onmeter. Wait for reading to stabilize.
 Drilling fluid pH measurements and pH adjustments are fundamental to drilling fluid controlbecause clay interactions, solubility of additives, and contaminant removal are all pH-depen-
 Figure 19pH Meter
 “Proprietary - for the exclusive use of BP & ChevronTexaco”
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 Step 5. Set temperature knob to the temperature of the pH7 buffer solution. Adjust meter calibrationknob to display the temperature-corrected pH. Buffer bottle will list the correct pH value forvarious temperatures. Rinse electrode with distilled water and blot dry.
 Step 6. Repeat Steps 4 and 5 using either pH 4 or pH 10 buffer. Choose the buffer closest to samplepH (usually ph 10 for muds). If meter does not display correct buffer pH value, adjust calibra-tion knob to obtain correct pH reading. Rinse electrode with distilled water and blot dry. Placeprobe back into pH 7 buffer solution and recheck pH. If displayed pH value is the same aspreviously read in Step 5, use the slope adjustment screw located at rear of meter to set thecorrect pH reading. Then, repeat Step 6 until meter reads correct buffer values.
 Step 7. After meter is calibrated with the two buffers, rinse the probe and blot dry. Place probe insample and gently stir. Allow reading to stabilize.
 Step 8. Record sample temperature in ×F or ×C. Record the sample’s pH to nearest 0.1.
 Step 9. Unplug the meter. Clean probe with distilled water. Saturate the cotton in end cap with pH4buffer. Place cap on probe.
 Alkalinity and Lime Content
 Alkalinity measurements are used to determine the buffering capacity of a drilling fluid (capacity toneutralize acidic components or contaminants). From the alkalinity measurements (PM,PF,MF),
 concentration of hydroxyl (OH-), carbonate (CO3=) and bicarbonate (HCO3
 -) ions can be esti-mated. Knowledge of mud and filtrate alkalinities is important to ensure proper mud chemistry con-trol of a drilling fluid. Hydroxyl alkalinity is necessary for solubilizing some products such as thelignite-based additives. On the other hand, carbonate and bicarbonate alkalinities adversely affectperformance of clay-based muds.
 Mud Alkalinity (PM)
 Step 1. Measure 1.0 cm3 of mud into a titration vessel using a 2.5 or 3.0-cm3 syringe.
 Step 2. Add 50 cm3 of distilled water to the mud sample and stir with stirring rod.
 Step 3. Add 5 drops of phenolphthalein indicator solution. A pink color will appear if alkalinity ispresent.
 Step 4. While stirring, rapidly titrate with 0.02 normal (N/50) sulfuric acid until the pink color disap-
 pears.
 Step 5. Report the phenolphthalein alkalinity of the mud, PM, as the number of cm3 of 0.02 normal
 (N/50) acid required per cm3 of mud.
 Whole mud (liquid + solids) alkalinity is used to estimate the quantity of undissolved lime,which is used in controlling lime muds and in treating out cement.
 Note:If endpoint color change is masked, a pH meter can be used to determine when the endpointof pH8.3 is reached.
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 Filtrate Alkalinity (PF)
 Step 1. Measure 1 cm3 of LPLT (Sec. Low-Temperature/Low-Pressure Filtration) filtrate into titra-tion vessel using a 2.5- or 3.0-cm3 syringe.
 Step 2. Add 3 drops of phenolphthalein indicator solution.
 Step 3. If indicator turns pink, titrate (drop by drop) with 0.02 normal (N/50) sulfuric acid until the pinkcolor just disappears.
 Step 4. Report the phenolphthalein alkalinity of the filtrate, PF, as the number of cm3 of 0.02 normal
 acid require per cm3 of filtrate.
 Table 2. Alkalinity
 Chemical Tests
 Mud Alkalinity Filtrate Alkalinity
 PM PF (Column 1) MF (Column 2)
 Sample 1 cm3 mud 1 cm3 filtrate con’t from Column 1
 Deionized Water 25-50 cm3 None None
 Buffer None None None
 Color Indicator4-5 dropsPhenolphthalein
 2-3 dropsPhenolphthalein
 2-3 drops Methyl Orange
 Titrant0.02N (N/50)H2SO4 (Sulfuric Acid)
 0.02N (N/50)H2SO4 (Sulfuric Acid)
 0.02N (N/50)H2SO4 (Sulfuric Acid)
 Color ChangePink to Original Mud Color
 Pink to Original Mud Color
 Yellow to Pink
 Record
 Note Proceed to Column 2
 cm3 of 0.02N H2SO4
 cm3 of mud------------------------------------------------------------
 cm3 of 0.02N H2SO4
 cm3 of filtrate------------------------------------------------------------
 cm3 of 0.02N H2SO4
 cm3 of filtrate------------------------------------------------------------
 cm3 of H2SO4 for PF
 Filtrate (liquid only) PF alkalinity can indicate presence of hydroxyl and carbonate ions in mostmud systems.
 Note:If the indicator color change is masked because of a dark-colored filtrate, the endpoint can bedetermined using a pH meter. The endpoint is recorded as the cm3 of sulfuric acid requiredto reduce the filtrate sample pH to 8.3.
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 Filtrate Alkalinity (MF)
 Step 1. To the same sample which has just been titrated to the PF endpoint, add 3 drops of methylorange indicator solution.
 Step 2. Titrate with 0.02 normal (N/50) sulfuric acid (drop by drop) while stirring until the indicatorchanges from yellow to pink.
 Step 3. Report the methyl orange alkalinity (MF) as the total cm3 of 0.02 normal acid per cm3 of fil-trate required to reach the methyl orange endpoint. The MF is recorded as the total volume of
 acid require per cm3 of filtrate. (The total volume includes the cm3 of acid in the PF titration
 plus the cm3 of acid in the MF titration.)
 Estimated concentrations of hydroxyl, carbonate and bicarbonate ions can be determined usingTable Table 3 below.
 Lime Content
 Step 1. Determine the PF and PM alkalinities of the mud.
 Step 2. Determine the volume fraction of water in the mud, FW, from the retort as follows:
 Filtrate (liquid only) MF alkalinity can indicate presence of carbonate ions and can be roughlyrelated with GGT carbonates.
 Note:The endpoint can be determined using a pH meter. The endpoint is recorded as the total vol-ume of acid required to reduce the filtrate sample pH to 4.3
 Table 3. Ionic Relationships with Alkalinity TitrationsEstimated Concentrations, mg/L
 OH-
 (Hydroxyls)CO3=
 (Carbonates)HCO3
 -
 (Bicarbonates)
 PF = O 0 0 1220 (MF)
 2PF < MF 0 1200 (PF) 1220 (MF - 2PF)
 2PF = MF 0 1200 (PF) 0
 2PF > MF 340 (2PF - MF) 1200 (MF - PF) 0
 PF = MF 340 (MF) 0
 Note:These equations are valid for very simple filtrates, but become less validas the filtrates become more complex with soluble lignite, lignosul-fonates, acetates, etc.
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 Step 3. Calculate and report the lb/bbl lime content in the mud using the following equation:
 Chloride
 Chloride ion (Cl-) analysis is a titration of the filtrate sample using silver (Ag+) ion to reach anorange-red endpoint of silver chromate from the potassium chromate indicator. Being able to seethis endpoint is critical. Therefore, technique will depend on the color of the filtrate.
 FWVolume percent water
 100-----------------------------------------------------------------=
 Lime, lb/bbl 0.26 PM FW( ) PF( )–[ ]=
 The chloride ion content is a useful indicator of drilling through salt stringers, taking saltwaterflows and for checking the quality of make-up water.
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 Lightly-Colored Filtrates [Table Table 4]
 Step 1. Measure 1 cm3 filtrate into the titration vessel.
 Step 2. Add 2-3 drops phenolphthalein indicator solution.
 Step 3. If indicator turns pink, stir sample with glass stirring rod. While stirring, add 0.02N (N/50) sul-furic acid (drop by drop) until the color disappears.
 Step 4. Add 50 cm3 deionized water and 10 drops of potassium chromate solution.
 Step 5. Stir continuously while adding silver nitrate solution (Use 0.0282N for chlorides <10,000 mg/Land 0.282N for chlorides >10,000 mg/L.) from pipette until the color changes from yellow toorange-red and persists for 30 seconds.
 Step 6. Record the number of cm3 of silver nitrate solution required to reach the endpoint.
 Step 7. Calculate and report the chloride ion concentration of filtrate, mg/L, as follows:
 Table 4. Chloride Titration Chart
 Chemical Tests
 Chlorides (CI-) - Light-Colored Filtrates
 Column 1 Column 2
 Sample 1 cm3 filtrate con’t from Col. 1
 Deionized Water None 25-50 cm3
 Buffer None None
 Color Indicator 2-3 dropsPhenolphthalein
 8-10 dropsPotassium Chromate
 Titrate With:(Titrant)
 0.02 (N/50)H2SO4(sulfuric acid)
 0.028N AgNO3or 0.282N AgNO3*(silver nitrate)
 Color Change Pink to original Filtrate color
 Yellow to Orange-Red
 Record None
 Note: Proceed to Col. 2 *Chlorides: 10,000 mg/LIf < use: 0.0282N AgNO3If > use: 0.282N AgNO3
 cm3 0.0282N AgNO3( ) 1000( )
 cm3 Filtrate -OR----------------------------------------------------------------------------------
 cm3 0.282N AgNO3( ) 10 000,( )
 cm3 Filtrate------------------------------------------------------------------------------------
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 For Cl- <10,000 mg/L:
 For Cl- >10,000 mg/L:
 Chloride, mg/Lcm3 of 0.0282N AgNO3( ) 1000( )
 cm3 of filtrate-----------------------------------------------------------------------------------------=
 Chloride, mg/Lcm3 of 0.282N AgNO3( ) 10 000,( )
 cm3 of filtrate--------------------------------------------------------------------------------------------=
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 Dark-Colored Filtrates [Table 5]
 Step 1. Measure 1 cm3 filtrate into the titration vessel.
 Step 2. Add 2-3 drops phenolphthalein indicator solution. If solution is too dark to observe color, add2 cm3 of 0.02N (N/50) sulfuric acid and stir.
 Step 3. To this solution add 1 g calcium carbonate and stir. While stirring add 50 cm3 deionized waterand 10 drops of potassium chromate solution
 Step 4. Continue to stir. Add silver nitrate solution (Use 0.0282N for chlorides <10,000 mg/L, and0.282N for chlorides >10,000 mg/L.) from pipette until the color changes from yellow toorange-red and persists for 30 seconds.
 Step 5. Record the number of cm3 of silver nitrate solution required to reach the endpoint.
 Step 6. Report the chloride ion concentration of filtrate in mg/L as follows:
 For Cl- <10,000 mg/L:
 Table 5. Chloride Titration Chart
 Chemical Tests
 Chlorides (CI-) - Dark-Colored Filtrates
 Column 1 Column 2
 Sample 1 cm3 filtrate con’t from Col. 1
 Deionized Water None 25-50 cm3
 Buffer None 1 g CaCO3(calcium carbonate)
 Color Indicator 2-3 dropsPhenolphthalein
 5-10 dropsPotassium Chromate
 Titrate With:(Titrant)
 0.02 (N/50)H2SO4(sulfuric acid)
 0.028N AgNO3or 0.282N AgNO3*(silver nitrate)
 Color Change Pink to original Filtrate color
 Yellow to Orange-Red
 Record None
 Note: Proceed to Col. 2 *Chlorides: 10,000 mg/LIf < use: 0.0282N AgNO3If > use: 0.282N AgNO3
 cm3 0.0282N AgNO3( ) 1000( )
 cm3 Filtrate -OR----------------------------------------------------------------------------------
 cm3 0.282N AgNO3( ) 10 000,( )
 cm3 Filtrate------------------------------------------------------------------------------------
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 For Cl- >10,000 mg/L:
 Total Hardness [Table 6]
 Hardness analysis is a titration of divalent cations in a filtrate using EDTA reagent with an indicatorthat changes from wine-red to blue at the endpoint. The endpoint will be gray-blue in dark-coloredfiltrates.
 Step 1. Add 50 cm3 deionized water to titration vessel; then, add 2 cm3 (20 drops) of VersenateHardness Buffer Solution.
 Step 2. Add 10 drops of Versenate Hardness Indicator solution. If calcium and/or magnesium ispresent in the deionized water, a wine-red color will develop. If not, the solution will remainblue.
 Step 3. While stirring, titrate with EDTA (standard versenate) until solution color changes from
 wine-red to blue. DO NOT GO PAST ENDPOINT!
 Step 4. Add 1 cm3 of filtrate to the deionized water. If calcium and/or magnesium is present, awine-red color will develop. While stirring, titrate (drop by drop) with EDTA until color indica-tor changes from wine-red to blue.
 Note the cm3 of EDTA and calculate hardness, mg/L, as follows:
 Chloride, mg/Lcm3 of 0.0282N AgNO3( ) 1000( )
 cm3 of filtrate-----------------------------------------------------------------------------------------=
 Chloride, mg/Lcm3 of 0.282N AgNO3( ) 10 000,( )
 cm3 of filtrate--------------------------------------------------------------------------------------------=
 The hardness of water or mud filtrate is due primarily to the presence of calcium (Ca++) and
 magnesium (Mg++) ions. The harder the water, the more difficult for many chemicals to func-tion, particularly bentonite clay. Also, hardness decreases efficiency of most polymers.
 Note:Steps 1-3 have removed the hardness from the deionized water if any was present.
 Total hardness, mg/Lcm3 of EDTA( ) 400( )
 cm3 of filtrate--------------------------------------------------------=
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 Calcium and Magnesium [Table 7]
 Table 6. Total Hardness Titration Chart
 Chemical Tests
 Total Hardness
 Column 1 Column 2
 Sample None 1 cm3 filtrate
 Deionized Water 50 cm3 None
 Buffer 2 cm3 VersenateHardness Buffer
 None
 Color Indicator 10 drops VersenateHardness Indicator
 None
 Titrate With:(Titrant)
 EDTA(Standard Versenate)
 EDTA(Standard Versenate)
 Color Change Wine Red to BlueDo not go past endpoint!
 Wine Red to Blue
 Record None
 Note: Proceed to Col. 2
 cm3 of EDTA( ) 400( )cm3 Filtrate
 --------------------------------------------------------
 As mentioned under Total Hardness, divalent cations can adversely affect mud properties. Cal-cium and Magnesium can affect muds in different ways, therefore, they may need to be ana-lyzed separately.
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 Calcium analysis is a titration of a filtrate using EDTA reagent, plus a high pH buffer so that themagnesium ions are precipitated and only calcium ion is being analyzed.
 Step 1. Add 50 cm3 deionized water to titration vessel, then add 1 cm3 Calcium Hardness Buffersolution.
 Step 2. Add a pinch of Calver II indicator powder. If calcium is present, a wine-red color will develop.
 Step 3. While stirring, titrate with EDTA (drop by drop) until sample color changes from wine-red toblue. DO NOT GO PAST ENDPOINT!
 Step 4. Add 1 cm3 of filtrate to the deionized water. If calcium is present, a wine-red color willdevelop. While stirring, titrate with EDTA (drop by drop) until the color indicator changes fromwine-red to blue.
 Step 5. Note the cm3 of EDTA and calculate calcium, mg/L, as follows:
 Table 7. Calcium/Magnesium Hardness Titration Chart
 Chemical Tests
 Calcium Magnesium(Mg++)Column 1 Column 2
 Sample None 1 cm3 filtrate None
 Deionized Water 50 cm3 None None
 Buffer 1 cm3 VersenateCalcium HardnessBuffer
 None None
 Color Indicator Pinch of Calver IIIndicator Powder
 None None
 Titrate With:(Titrant)
 EDTA(Standard Versenate)
 EDTA(Standard Versenate)
 None
 Color ChangeWine Red to BlueDo not go past end-point!
 Wine Red to Blue None
 Record None Total Hardness - Calcium x 243
 Note: Proceed to Col. 2 This calculation is based on recorded results from Total Hardness and Cal-cium tests.
 cm3 of EDTA( ) 400( )cm3 Filtrate
 --------------------------------------------------------
 Calcium, mg/L cm3 of EDTA( ) 400( )cm3 of filtrate
 --------------------------------------------------------=
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 Step 6. The magnesium ion concentration is determined by difference of the total hardness less thecalcium, times a factor of (0.6).
 Magnesium, mg/L = [(Total Hardness, mg/L) – (Calcium, mg/L)] (0.6)
 Sulfide
 H2S, when it enters an alkaline mud, immediately ionizes and is neutralized forming sulfide, S=,
 and bisulfide, HS- ions. When the mud’s filtrate is put into a GGT and acidified, the original H2S
 gas is reformed, liberated and measured by a stain on the Dräger tube in the GGT.
 Step 1. Be sure the Garret Gas Train is clean, dry and on a level surface with the top removed.
 Step 2. To Chamber 1, add 20 cm3 of deionized water and 5 drops of defoamer (Figure 21).
 If hydrogen sulfide gas (H2S) or soluble sulfides exist in a mud they are very corrosive to thedrill string and may lead to catastrophic pipe failure. H2S, even in low concentrations, presentsboth health and environmental hazards. Therefore, the monitoring of soluble sulfides in a mudsystem is critical, especially when drilling in areas known to contain H2S. Soluble sulfides canbe quantitatively determined in a mud filtrate sample using a Garrett Gas Train (GGT).
 Figure 20Assembled Garret Gas Train
 (Sulfide Analysis)
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 Step 3. To select the correct Dräger tube and sample volume required for the expected sulfide range,use Table 8 below.
 Figure 21Preparing GGT for Sulfide Analysis
 Table 8. Dräger Tube Identification
 Sample Volumes and Tube Factors to beUsed for Various Sulfide Ranges
 SulfideRange(mg/L)
 SampleVolume(cm3)
 DrägerTube I.D.
 (See Tube Body)Tube
 Factor
 1.2 - 24 10.0 H2S 100/a 12
 1.5 - 48 5.0
 4.8 - 96 2.5
 60 - 1020 10.0
 120 - 2040 5.0 H2S 0.2% A 600*
 240 - 4080 2.5
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 Note:*Tube Factor 600 is based on a Batch Factor (stenciled on box) of 0.40. For another Batch Factor(as stenciled on box), a corrected Tube Factor should be calculated:
 Step 4. Select the correct Dräger tube and sample volume, then carefully break the glass tip off each
 end of the Dräger tube (Figure 22).
 Step 5. Place the Dräger tube with arrow pointing downward into the bored receptacle. Install flow-meter tube with the word “Top” in the upward position in Chamber 3. Make sure o-rings seal
 properly (Figure 23).
 Step 6. Install the top on the gas train and hand-tighten all screws evenly to seal the o-rings.
 Step 7. With the regulator backed off (turn regulator handle counterclockwise), connect the carriergas to the dispersion tube of Chamber 1 using rubber tubing. Install and puncture a new CO2
 cartridge. Connect the flexible tubing from Chamber 3 outlet to the Dräger tube (Figure 24).
 Step 8. Adjust the dispersion tube in Chamber 1 to be approximately 1/4 in. above the bottom usingthe white adjustment sleeve.
 Step 9. To purge air from the GGT, gently flow carrier gas for 30 seconds by turning handle on regu-lator clockwise. Check for leaks. Shut off carrier gas (CO2) by turning regulator handle coun-terclockwise.
 Step 10. Collect a sufficient volume of solids-free filtrate obtained from low-pressure/low-temperaturefiltration test. If a low concentration of soluble sulfides is anticipated, a larger volume of fil-trate will be needed (as shown in Table 8).
 Correct Tube Factor 600( ) Batch Factor0.40
 ------------------------------------- =
 Figure 22Breaking Dräger Tube Tip
 “Proprietary - for the exclusive use of BP & ChevronTexaco”
 Testing 4-33 Rev. 01/2002

Page 140
                        

Drilling Fluids Manual
 Step 11. Using a hypodermic syringe and needle, inject a measured volume of the solids-free filtratesample into Chamber 1 through the rubber septum. Next, with another syringe, slowly inject10 cm3 5N sulfuric acid.
 Step 12. Immediately restart the carrier gas flow by turning handle clockwise. The flow rate should bemaintained between 200-400 cm3/minute (keep ball between two lines on flowmeter). Con-
 Figure 23Dräger Tube Installed in GGT Base
 Figure 24Reassembled GGT with Sulfide Test in Progress
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 tinue flowing for a total of 15 minutes. One CO2 cartridge should provide 15-20 minutes offlow at this rate.
 Step 13. Observe changes in appearance of the Dräger tube. Note and record the maximum dark-
 ened length (in units marked on the tube) before the stain front starts to smear.
 Step 14. Using the measured sample volume, the Dräger tube’s maximum Darkened Length and theTube Factor (Table 3), calculate mg/L sulfide as follows:
 *In units marked on the tube
 Step 15. To clean the gas train, remove the flexible tubing and remove the top. Take Dräger tube andflow-meter out of the receptacles and plug the holes with stoppers to keep them dry. Washthe GGT with a soft brush, warm water and mild detergent. A pipe cleaner may be used toclean the passages between the chambers. Wash, rinse and blow out the dispersion tube
 with a dry air. Rinse the GGT apparatus with deionized water and allow to dry.
 Carbonate/Bicarbonate
 CO2, when it enters an alkaline mud, immediately ionizes and is neutralized forming carbonate
 (CO3=) and bicarbonate (HCO3
 -) ions. When the mud’s filtrate is put into a GGT and acidified, theoriginal CO2 gas is reformed, liberated and measured by the stain on the CO2 Dräger tube (afterfirst being collected in a 1-liter gas bag).
 Note:If sulfites are present in the high-range Dräger tube, an orange color (caused by SO2 mayappear ahead of the black front. This orange region should be ignored. Record only the dark-ened length.
 Note:For best Dräger tube accuracy, the “Darkened Length” should fill more than half the tube’slength.
 Sulfide, Mg/LDarkened Length*( ) Tube Factor( )
 Sample Volume, cm3---------------------------------------------------------------------------------------------------=
 A lead-acetate paper disk fitted under the o-ring of Chamber 3 can be substituted for theDräger tube in the gas train. The lead-acetate paper will qualitatively show the presence orabsence of sulfides in the sample. A dark discoloration of the paper is a positive indication ofsulfides. After a positive indication of sulfides, the test should be repeated using a Dräger tubefor a quantitative analysis.
 Carbonate/bicarbonate contamination is often difficult to detect. It can cause poor filter cakequality and excessive mud rheology which can lead to problems such as loss of circulation andthe sticking of pipe and logging tools. The Garrett Gas Train is a reliable means of measuringcarbonate/bicarbonate contamination.
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 Step 1. Be sure the Garrett Gas Train is clean, dry and on a level surface, with the top removed.
 Step 2. Add 20 cm3 of deionized water to Chamber 1, then add 5 drops of octanol* defoamer. (*Avoidinhalation or skin contact.)
 Step 3. Install the top on the gas train and hand-tighten all screws evenly to seal the o-rings.
 Step 4. Turn regulator handle counterclockwise to avoid pressurization. Connect flexible tubing tothe dispersion tube of Chamber 1. Install and puncture N2O cartridge.
 Step 5. Adjust the dispersion tube in Chamber 1 to approximately ¼ in. off bottom using white adjust-ment sleeve.
 Step 6. See Table 9 for sample volume required for the expected carbonate range and for theDräger tube identification.
 Step 7. Gently flow carrier gas for 1 minute by turning handle on regulator clockwise to purge airfrom the system. Check for leaks. Shut off carrier gas.
 Step 8. Connect the gas bag and stopcock to hand pump. Use a discarded Dräger tube as a connec-
 tion and start with an empty gas bag (Figure 25).
 Step 9. Fully depress and release hand pump. When the bag is completely empty and free of leaks,the pump will remain depressed for several minutes. If leakage is detected, first check the
 pump and all connections. (See note below.) If the bag is found to leak, discard it.
 Note:If CO2 has been used as a carrier gas in the previous test, purge GGT with N2O carrier gasfor at least 1 minute.
 Table 9. Dräger Tube Identification
 Sample Volumes and Tube Factorsto be Used for Various Carbonate Ranges
 CarbonateRange(mg/L)
 SampleVolume(cm3)
 DrägerTube I.D.
 (See Tube Body)Tube
 Factor
 25 - 700 10.0
 50 - 1500 5.0 CO‘ 0.12%/a 25,000
 250 - 7500
 Note:To check the pump, insert a sealed Dräger tube into pump opening and depress bellows. Itwill remain depressed if pump does not leak.
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 Step 10. With the bag fully collapsed, install rubber tubing from the stopcock and bag onto the outlet ofChamber 3. Close stopcock.
 Step 11. Inject a measured volume of solids-free filtrate into Chamber 1 through the rubber septum,using a hypodermic syringe and needle. Then slowly inject 10 cm3 of 5N sulfuric acid. Gentlyshake the gas train to mix acid with sample.
 Step 12. Open the stopcock on the gas bag and restart gas flow by turning regulator handle clockwise.Allow gas bag to gradually fill until the bag is firm to the touch (do not burst it). Try to fill bagover approximately a 10-minute interval. Shut off flow (turn handle counterclockwise) andclose the stopcock.
 Step 13. Carefully break the tip off each end of the Dräger tube.
 Figure 25Checking for Leaks in Gas Bag
 Figure 26GGT with Gas Bag in Place for Carbonate Test
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 Step 14. Remove the rubber tubing from Chamber 3 outlet and reinstall it onto the upstream end ofthe Dräger tube. Attach hand pump to downstream end of the Dräger tube.
 Step 15. Open the stopcock on the bag. With steady hand pressure, fully depress the hand pump.Allow pump to suction gas out of the bag and through the Dräger tube. When chain on pumpis fully extended, once again depress the hand pump. Continue this procedure until the bagis empty. Ten strokes (one liter) should empty the bag. More than ten strokes indicates leak-age has occurred and the test must be repeated.
 Step 16. A purple stain on the Dräger tube indicates the presence of CO2. Record stain length in unitsmarked on the Dräger tube including the faint blue tinge ahead of the purple stain. Using themeasured Sample Volume, the Dräger tube Stain Length and Tube Factor (25,000) Table 4,calculate total soluble carbonates in the filtrate as follows:
 Step 17. To clean the GGT apparatus, remove the flexible tubing and top. Wash the GGT with a softbrush, warm water and mild detergent. A pipe cleaner may be used to clean the passagesbetween the chambers. Wash, rinse and blow out the dispersion tube with a dry gas. Rinsethe GGT apparatus with deionized water and allow to dry. Periodically replace the gas bag toavoid leaks and contamination.
 Potassium
 This test method is used to determine the concentration of potassium ions in mud filtrates at levels
 above 3.5 lb/bbl potassium chloride. K+ ion is precipitated as the perchlorate salt. The potassiumion concentration is determined by measuring the volume of precipitate in a graduated (Kolmer)tube and reading the concentration of potassium ions from a previously prepared standardizationcurve.
 Equipment
 Centrifuge RPM Calibration
 For this test a horizontal swing rotor head centrifuge capable of producing 1800 rpm is required. Toobtain a fairly constant 1800 rpm with the manual centrifuge (Figure 27), determine the number of
 revolutions of the rotor per turn of the crank by the following procedure:
 Step 1. Move the crank very slowly and count the number of revolutions of the rotor head during oneturn of the crank.
 Carbonate, mg/L25 000 Stain Length( ),Sample Volume, cm3--------------------------------------------------------------=
 Note:For best Dräger tube accuracy, the Stain Length should fill more than half the tube length.Therefore, Sample Volume must be carefully selected.
 Potassium ions in drilling fluids are used to stabilize water sensitive shales. Maintaining properpotassium concentration is the key to successful use of potassium-based muds.
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 Step 2. As an example, to obtain 1800 rpm of the head, the crank must be turned 120 times in1 minute. At this rate, the handle must be turned 10 times in 5 seconds. By experimentation,this crank rate can be easily achieved.
 Standard Potassium Calibration Curve Procedure
 A standard calibration curve is required for each centrifuge and can be prepared using the follow-ing method. A minimum of three points (3.5, 10.5, and 17.5 lb/bbl KCl is required to obtain an
 accurate graph (Figure 28).
 Step 1. Take three Kolmer tubes and add to them: 0.5, 1.5, and 2.5 cm3 of standard potassium chlo-ride solution. Dilute each Kolmer tube to the 7.0-cm3 mark with deionized water and agitate.
 Step 2. Add 3.0 cm3 of sodium perchlorate solution to the tube. (Do Not Agitate!)
 Step 3. Counterbalance the centrifuge tube with another tube of the same weight. Centrifuge at aconstant speed of 1800 rpm for 1 minute.
 Figure 27Horizontal-Swing Rotor Head Centrifuge and Kolmer Tube
 Table 10. Filtrate Volumes
 for Various KCl Concentrations
 Concentration RangeFiltrate Volume
 (cm3)KCl (lb/bbl) K+ (mg/L)
 3.5-18 5,250-27,000 7.0
 18-35 27,000-52,500 3.5
 35-70 52,500-105,000 2.0
 over 70 over 105,000 1.0
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 Step 4. Read the precipitate volume immediately.
 Step 5. Plot the volume of precipitate volume immediately.
 Test Procedure - Potassium Ion
 Step 1. Measure 7.0 cm3 of filtrate into the centrifuge tube.
 Step 2. Add 3.0 cm3 of the sodium perchlorate solution. DO NOT AGITATE! If potassium ions arepresent, precipitation occurs immediately.
 Step 3. Centrifuge at a constant speed of 1800 rpm for 1 minute. Immediately read and note the pre-
 cipitate volume.
 Step 4. Report the potassium concentration as lb/bbl of KCl. The potassium ion concentration inmg/L can be approximated by multiplying the lb/bbl value by 1500.
 Figure 28Potassium Standard Example
 Calibration Curve
 Note:To see if all the potassium ions have been precipitated, add 2 to 3 drops of sodium perchlor-ate solution to the centrifuge tube. If a white precipitate forms, repeat the test using the nextsmallest filtrate volume selected from Table 10.
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 Oil-Based Drilling Fluids Testing Procedures
 Mud Density
 Mud density is commonly measured with a mud balance capable of ±0.1 lb/gal accuracy. A mudbalance calibrated with fresh water at 70× ±5× should give a reading of 8.3 lb/gal.
 Step 1. Measure and record the temperature of the sample of mud to be tested.
 Step 2. Place the mud balance base on a flat, level surface.
 Step 3. Fill the clean, dry, mud balance cup with the sample of mud to be tested. Rotate cap until it isfirmly seated. Ensure that some mud is expelled through the hole in the cap to remove anytrapped air or gas.
 Step 4. Place thumb over hole in cap and hold the cap firmly on the cup. Wash or wipe the outside ofthe cup, and dry.
 Step 5. Place balance arm on the support base and balance it by moving the rider along the gradu-ated scale until the level bubble is centered under the center line.
 Step 6. Read the density (weight) of the mud shown at the left-hand edge of the rider and report tonearest 0.1 lb/gal. Enter result on API Drilling Mud Report as Weight (lb/gal, lb/ft3) or SpecificGravity.
 Marsh Funnel Viscosity
 Marsh Funnel viscosity is the time required (seconds) for a quart of mud to flow through a 2-in.long, 3/16-in. diameter tube at the bottom of the Marsh Funnel. This viscosity measurement isused to periodically report mud consistency. One quart of water should flow through a Marsh Fun-nel in 26± 0.5 seconds.
 Step 1. Hold one finger over the orifice at the tip of the funnel. Pour the mud sample through the fun-nel screen until mud reaches the bottom of the screen (1500 cm3). Place viscosity cupbeneath funnel tip. Remove finger and start stop watch.
 Step 2. Stop the watch when the mud level reaches the 1 qt mark on the viscosity cup.
 Step 3. Record the number of seconds required to outflow 1 qt of mud. Enter on Drilling Mud Reportas Funnel Viscosity (sec/qt) API.
 Step 4. Measure and record temperature of mud sample to ±1×F.
 Mud Density is used to control subsurface pressures and stabilize the wellbore.
 Marsh Funnel viscosity is used to indicate relative mud consistency or thickness.
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 Rheology
 A rotational viscometer is used to measure shear rate/shear stress of a drilling fluid - from whichthe Bingham Plastic parameters, PV and YP, are calculated directly. Other rheological models canbe applied using the same data. The instrument is also used to measure thixotropic properties, gelstrengths. The following procedure applies to a Fann Model 35, 6-speed VG Meter.
 Plastic Viscosity (PV) and Yield Point (YP)
 Step 1. Obtain a sample of the mud to be tested. Record place of sampling. Measurements shouldbe made with minimum delay.
 Step 2. Fill thermal cup approximately 2/3 full with mud sample. Place thermal cup on viscometerstand. Raise cup and stand until rotary sleeve is immersed to scribe lie on sleeve. Lock intoplace by turning locking mechanism (refer to Figure 1).
 Step 3. Place thermometer in thermal cup containing sample. Heat or cool sample to desired testtemperature of 115× ±2×F.
 Step 4. Flip VG meter toggle switch, located on right rear side of VG meter, to high position by pullingforward.
 Step 5. Position red knob on top of VG meter to the 600-rpm speed. When the red knob is in the bot-tom position and the toggle switch is in the forward (high) position -this is the 600-rpm speed(refer to Figure 2).
 Step 6. With the sleeve rotating at 600-rpm, wait for dial reading in the top front window of VG meterto stabilize (minimum 10 seconds. Record 600-rpm dial reading.
 Step 7. With red knob in bottom position, flip the VG meter toggle switch to low position by pushingthe toggle switch away from you. Wait for dial reading to stabilize (minimum 10 seconds).Record 300-rpm dial reading. [See Step 8 to calculate the Plastic Viscosity and Yield Point].
 Step 8. The Plastic Viscosity and Yield Point are calculated from the 600-rpm and 300-rpm dial read-ings as follows:
 Gel Strength (10-sec/10-min)
 Step 1. With red knob in bottom position, flip toggle switch to 600-rpm position (forward position). Stirmud sample for 10 seconds.
 Step 2. Position red knob to the 3-rpm speed. When the red knob is in the middle position and thetoggle switch is in low (rear) position - this is the 3-rpm speed. Flip toggle switch to off posi-tion. Allow mud to stand undisturbed for 10 seconds.
 Rheological properties measured with a rotational viscometer are commonly used to indicatesolids buildup, flocculation or deflocculation of solids, lifting and suspension capabilities, and tocalculate hydraulics of a drilling fluid.
 PV,cP 600-rpmdial reading 300-rpm
 dial reading –=
 YP,lb/100 ft2 300-rpmdial reading Plastic
 Vis itycos –=
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 Step 3. After 10 seconds, flip toggle switch to low (rear) position and note the maximum dial reading.This maximum dial deflection is the 10-second (initial) gel strength in lb/100 ft2. Record onthe mud check sheet.
 Step 4. Pull toggle switch to high and position red knob to 600-rpm speed. Stir mud for 10 seconds.
 Step 5. After 10 seconds, and while mud is still stirring, position red knob to the 3-rpm speed. Fliptoggle switch to off position and allow mud to stand undisturbed for 10 minutes.
 Step 6. After 10 minutes, flip toggle switch to low (rear) position and note the maximum dial reading.This maximum dial deflection is the 10-minute gel strength in lb/100 ft2. Record on the mudcheck sheet.
 Static Filtration Tests
 Static filtration tests are used to indicate filter cake quality and filtrate volume loss for a drilling mudunder specific testing conditions. Filtration characteristics are affected by the types and quantitiesof solids and their physical and chemical interactions. Temperature and pressure further affectthese solids and their interactions.
 The following instructions for High-Pressure/High-Temperature Filtration will be applicable only toequipment used at DTC’s training lab. To operate any other units, manufacturer’s instructionsshould be carefully read before attempting to perform testing.
 High-Temperature/High-Pressure Filtration (HTHP)
 To operate this or any other unit, manufacturer’s instructions should be carefully read beforeattempting to perform testing. Extreme caution should be used in running this test. Equipmentshould be cleaned and maintained in good working condition (refer to Figure 5).
 Step 1. Plug heating jacket cord into correct voltage for the unit.
 Step 2. Place metal thermometer in hole on outside from of heating jacket. Adjust thermostat andpreheat jacket to 10×F above desired test temperature.
 Step 3. While jacket is heating, check o-rings (3) on the following components and replace if worn ordistorted:
 Step 4. High-Pressure Regulator
 Step 5. Lid/Valve
 Step 6. Cell Body
 Step 7. (Refer to Figures 6, 7, and 8 for details.)
 Step 8. Stir mud sample 10 minutes with a high-speed mixer.
 Step 9. Close Valve A by turning black knob clockwise.
 Control of filtration properties of a drilling fluid can be useful in reducing tight hole conditionsand fluid loss to formations.
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 Step 10. Turn handle counterclockwise on high pressure regulator, then load CO2 cartridge into cham-ber (refer to Figure 6).
 Step 11. Close valve B and pour stirred mud sample into cell, leaving 1/2 in. from the top lip to allowfor expansion. Position o-ring in groove inside cell body. Place filter paper on top of o-ring(refer to Figure 7).
 Step 12. Open valve C and seat lid/valve assembly. Lubricate threads of allen screws with siliconegrease and tighten (refer to Figure 8).
 Step 13. Close valve C low-pressure shut-off valve.
 Step 14. Invert cell. (The lid/valve assembly is now at the bottom.) Carefully, install cell assembly into
 heating jacket.
 Step 15. Transfer thermometer from the jacket to the thermometer well located on top of HTHP cellbody (refer to Figure 9).
 Step 16. Slip high-pressure regulator (0-1500 psi) onto top of valve B and lock into place with steelring.
 Step 17. Slip low-pressure regulator (0-200 psi) on bottom of valve C. Lock into place with steel ring.Be sure bleeder valve on low-pressure regulator is in the horizontal (closed) position.
 Step 18. With valves B and C closed, apply 100 psi to both the high-pressure regulator and thelow-pressure regulator by turning regulator handles clockwise.
 Step 19. Open valve B. This is done to maintain 100 psi back pressure in the cell body while heatingto the desired temperature. Heating time should not exceed 1 hour (refer to Figure 10).
 Step 20. When desired temperature is reached, increase pressure on high-pressure regulator to
 600 psi by turning regulator handle clockwise.
 Step 21. Open valve C. Start timer immediately at this point! Collect filtrate for 30 minutes, maintainingtest temperature within ±5×F (refer to Figure 11).
 Step 22. At the end of 30 minutes close valve C. Carefully open valve D and collect filtrate. Leavevalve open until low-pressure gauge reads 0 psi.
 Step 23. Note the total volume of filtrate, test temperature and pressure, and cell heat-up time.
 Because most HTHP filter presses have a filter area of 3.5 in.2, the filtrate volume collected
 must be doubled to correct to API standard 7.1 in.2 Calculate and record the API HTHP fil-trate as follows: API HTHP Filtrate = (2) (cm3 filtrate collected).
 Caution: The Heating Jacket is hot!
 Note: If pressure on low-pressure regulator rises above 100 psi during the test, cautiously reducepressure by drawing off a portion of filtrate using valve D located on bottom of filtrate collec-tion chamber.
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 Step 24. Unplug unit and allow cell and contents to cool to room temperature before proceeding to dis-
 assembly procedure.
 Step 25. After HTHP cell assembly and contents are cooled to room temperature, proceed with disas-sembly and cleaning procedure. Valves B and C should already be in the closed positions(refer to Figure 12).
 Step 26. To bleed pressure from the high-pressure (top) regulator, be sure Valve B is closed. Turn reg-ulator handle clockwise and carefully open Valve A. Bleed pressure until CO2 cartridge isexpended and high-pressure gauge reads 0 psi (refer to Figure 13).
 Step 27. To bleed pressure from the low-pressure (bottom) regulator, be sure that valve C is closed.Turn regulator handle clockwise and carefully open valve D. Bleed pressure until CO2 car-tridge is expended and low-pressure gauge reads 0 psi (refer to Figure 14). The pressure onthe high-pressure gauge and the low-pressure gauge should now read 0 psi. If not, carefullybleed pressure until both gauges read 0 psi, then remove regulators.
 Step 28. Remove cell from heating jacket and place in sink. Carefully open valve C and bleed pres-sure trapped in the cell. Now, open valve B. All pressure should now be released (refer toFigure 14).
 Step 29. Remove Allen Screws, being careful to point the top assembly away from your body in case
 any pressure may be trapped (refer to Figure 15).
 Step 30. Open cell and carefully remove filter paper and cake from screen, being careful not to disturbthe filter cake. Wash excess mud from cake with a small, gentle stream of base oil.
 Step 31. Measure and report thickness of filter cake to nearest 1/32 of an inch. Describe condition ofthe cake.
 Step 32. Discard the mud. Clean the cell. Cleaning includes removal of Valves B and C to preventmud from drying in the cell assembly, which could cause valves to plug in future tests.
 Retort - Water, Oil and Solids
 The volume percent of liquid phase (water and oil) are measured by heating a known volume ofwhole mud in a retort unit. The liquid is evaporated from the mud, vapor is condensed and mea-sured as oil and fresh water in a graduated glass tube. Suspended solids are calculated by differ-ence of liquid collected subtracted from whole mud volume (retort cup volume).
 Note:CAUTION — Throughout the disassembly procedure, Always assume there could betrapped high pressure in the HTHP unit.
 Note:If Allen Screws are tight, DO NOT attempt to remove them because the cell may containtrapped pressure! This requires special procedures to unplug valves C and B.
 Accurate measurement of water, oil and solids content provides fundamental information forcontrol of mud properties and is essential for evaluating solids control equipment.
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 Retort Test Procedure
 Step 1. Clean and dry the retort assembly and condenser. Condenser passage should be cleanedusing a pipe cleaner.
 Step 2. Mix the mud sample thoroughly to ensure homogeneity, being careful not to entrain any air,and that no solids remain on the bottom of container. Air or gas entrapment will cause erro-neously high retort solids due to reduced mud sample volume.
 Step 3. Use a clean syringe to obtain a sample of the mud to be tested.
 Step 4. Fill retort cup slowly to avoid air entrapment. Lightly tap side of cup to expel air. Place lid onthe cup. Rotate lid to obtain a proper fit. Be sure a small excess of mud flows out of the holein the lid. Wipe off any excess mud without wicking any of the sample from inside the cup.Wipe the cup clean with towel.
 Step 5. Pack retort body with steel wool.
 Step 6. Apply Never-Seez to threads of retort cup. With lid in place, hand tighten retort cup ontoretort body (refer to Figure 16).
 Step 7. Apply Never-Seez to threads on retort stem and attach the condenser.
 Step 8. Place the retort assembly inside the heating jacket and close the lid.
 Step 9. Place the clean, dry, liquid receiver below the condenser discharge tube. The length of thereceiver may require that it be angled out from the retort and supported off the edge of thework table.
 Step 10. Plug cord into 110-volt outlet. Allow the retort to run for a minimum of 45 minutes.
 Step 11. Allow the receiver to cool. Read and record: (1) total liquid volume, (2) oil volume, and(3) water volume in the receiver.
 Step 12. Unplug retort and allow to cool. Disassemble and clean the retort assembly and condenser.
 Step 13. Calculate volume percent water (VW), volume percent oil (VO), and volume percent retort sol-ids (VS), as follows:
 (See Retort Cup Verification Procedure)
 Note:If mud boils over into the receiver, the test must be rerun. Pack the retort with a larger amountof steel wool and repeat the test.
 VO100 volume of oil, cm3( )
 VRC--------------------------------------------------------------------=
 VW100 volume of water, cm3( )
 VRC-----------------------------------------------------------------------------=
 VS 100 VW VO+( )–=
 VRC Volume of the retort cup=
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 Retort Cup Verification Procedure
 Step 1. Allow retort cup, lid and distilled water to reach ambient temperature. Record the tempera-ture.
 Step 2. Place the clean, empty retort cup and lid on a balance (precision of 0.01 g) and tare to zero.
 Step 3. Fill retort cup with distilled water. Place lid on the cup. Rotate lid to obtain proper fit. Be surea small excess of water flows out of hole in lid. Wipe excess water from lid; avoid wicking outwater.
 Step 4. Place filled retort cup and lid on the previously tared balance. Read and record weight ofwater to 0.01 g.
 Step 5. Calculate the retort cup Volume, VRC, using density of water at measured temperature fromTable 1 as follows:
 Whole Mud Alkalinity (VSA) and Lime Content (LimeOM)
 To measure oil mud alkalinity, the emulsion is broken with a solvent and diluted with water andthen titrated with 0.1N H2SO4 to the phenolphthalein endpoint.
 Step 1. Add 100 cm3 of 50-50 xylene/isopropanol solvent to a 1000-cm3 Erlenmeyer flask.
 Step 2. Fill a 5-cm3 syringe past the 3-cm3 mark with mud to be tested.
 Step 3. Displace 2 cm3 mud into the flask; swirl until the mixture is homogenous.
 Step 4. Add 200 cm3 of de-ionized water to the mixture; then add 15 drops of phenolphthalein indica-tor solution.
 Step 5. While stirring rapidly with a magnetic stirrer, slowly titrate with 0.1N sulfuric acid until pink
 color disappears; continue stirring. If no pink color reappears within 1 minute, stop stirring.
 Step 6. Let sample stand 5 minutes; IF NO PINK COLOR REAPPEARS, the endpoint has beenreached. IF A PINK COLOR RETURNS, titrate a second time with sulfuric acid. If pink colorreturns again, titrate a third time. If, after the third titration a pink color returns, call this theendpoint anyway. Record the cm3 of 0.1N sulfuric acid required to reach endpoint. Save themixture for Whole Mud Chloride test.
 Step 7. Calculate Whole Mud Alkalinity (VSA); then, calculate Lime Content (LimeOM) as follows:
 VRCWeight of water, g
 Density of water, g/cm3---------------------------------------------------------------------=
 The alkalinity of an oil mud is used to calculate the pounds per barrel of excess lime. Excessalkaline materials, such as lime, help stabilize the emulsion and also neutralize acid gasessuch as hydrogen sulfide and carbon dioxide.
 Note:It may be necessary to stop the stirring to allow the phases to separate in order to see theendpoint.
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 Whole Mud Chloride (ClOM)
 Step 1. Using the same sample from the whole mud alkalinity test, ensure that the mixture is acidic(below pH 7.0) by adding 1-2 drops of 0.1N sulfuric acid.
 Step 2. Add 10-15 drops of potassium chromate indicator solution. While stirring rapidly with a mag-netic stirrer, slowly titrate with 0.282N silver nitrate until a salmon pink color remains stablefor at least 1 minute. Record cm3 of 0.282N silver nitrate per cm3 of sample (2 cm3) required
 to reach endpoint. (This is VSN on the Mud Report.)
 Step 3. Calculate Whole Mud Chlorides (ClOM) as follows:
 Whole Mud Calcium (CaOM)
 To measure oil mud calcium, the emulsion is broken with a solvent and diluted with water and thentitrated with 0.1M EDTA after adding high pH butter and color indicator.
 Step 1. Add 100 cm3 of 50-50 xylene/isopropanol solvent to 1000-cm3 Erlenmeyer flask.
 Step 2. Fill a 5-cm3 syringe past the 3-cm3 mark with mud to be tested.
 VSAcm3 0.1N Sulfuric Acid
 cm3 of mud-----------------------------------------------------------------=
 LimeOM, lb/bbl VSA( ) 1.295( )=
 The chlorides in an oil mud (ClOM) are used with other data to calculate the salinity of the aque-ous phase and from there, to calculate solids content.
 Note:Additional potassium chromate indicator solution may be required during titration processand it may be necessary to stop the stirring of the mixture and allow separation of the twophases to occur to see the color of the aqueous phase.
 VSNcm3 of 0.282N Silver Nitrate
 cm3 of mud---------------------------------------------------------------------------------=
 CIOM, mg/L VSN( ) 10 000,( )=
 Calcium in an oil mud (CaOM) is used with other data to calculate the calcium chloride andsodium chloride content aqueous phase salinity in a mixed brine or super-saturated brine
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 Step 3. Displace 2 cm3 mud into the flask. Swirl until the mixture is homogeneous.
 Step 4. Add 200 cm3 of deionized water to the mixture and then add 3.0 cm3 1.0 N sodium hydroxidebuffer solution.
 Step 5. To the same mixture add 0.1-0.25 g Calver II indicator powder.
 Step 6. Stir rapidly with a magnetic stirrer for 2 minutes.
 Step 7. Let sample stand 5 minutes. If a reddish color appears in the aqueous (lower phase), thisindicates that calcium is present.
 Step 8. Place flask on magnetic stirrer. While rapidly stirring, slowly titrate with 0.1M EDTA until a dis-tinct color change from the reddish color to a blue-green endpoint is reached. Record cm3 ofEDTA per cm3 of sample (2 cm3) to reach endpoint. This is CaOM on the mud report.
 Step 9. Calculate Whole Mud Calcium (CaOM) as follows:
 Electrical Stability (ES)
 The ES test utilizes a probe with a pair of electrodes which are placed in the oil mud. A voltage isapplied until the mud conducts a current. The ES value is indicated by a light on the instrument.This test procedure is for the Fann Model 23C. The 23C will be replaced by the automated,
 sine-wave Fann 23D model (see Figure 29).
 Step 1. Place sample which has been screened through a Marsh funnel into a thermal cup. Hand stirwith ES probe for 30 seconds.
 Step 2. Heat sample to 120 ±5×F and record the temperature on the Drilling Mud Report.
 Step 3. Set ES meter dial to zero. Immerse probe into mud sample. Ensure that the probe does nottouch the sides or bottom of the thermal cup.
 Step 4. Depress the red power button and hold it down during entire test. DO NOT MOVE probe dur-ing measurement.
 Step 5. Starting from a zero reading, gradually increase the voltage by turning the knob clockwise ata rate of 100-200 volts per second until red indicator light illuminates. Note dial reading.Return dial to zero. Wipe probe and thoroughly clean between the electrode plates with a
 paper towel. Repeat test to determine accuracy ±5% variation is satisfactory.
 VEDTAcm3 of 0.1M EDTA
 cm3 of Mud-----------------------------------------------------=
 CaOM, mg/L VEDTA( ) 4000( )=
 The relative stability of a water-in-oil emulsion mud is indicated by the breakdown voltage atwhich the emulsion becomes conductive.
 Note:DO NOT USE detergent solutions or aromatic solvents such as xylene to clean the probe orcable.
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 Step 6. Electrical stability (ES) in volts is calculated as follows:
 ES, volts = (2) (Dial Reading)
 Sulfide
 The oil mud sample to analyzed for sulfides is the whole mud, and not the filtrate. The sulfides ofinterest - that can be dangerous - are the sulfides that result from H2S reactions with lime plus anyunreacted H2S. Therefore, it is necessary to analyze both liquid and solid phases of an oil mud. Inthe GGT a weak acid, citric acid (2M) with pH1.8, is used to avoid generating spurious sulfidesfrom certain metal sulfide minerals. Sulfuric acid should not be used for this test as it is a strong
 acid and will liberate H2S from accessory minerals in barite.
 Step 1. Be sure the Garrett Gas Train is clean and dry. Position gas train on magnetic stirrer so that itis level. (Remove rubber feet off GGT base.) Remove the top of the gas train and insert ateflon-coated magnetic stir bar to Chamber 1.
 Step 2. Arrange the magnetic stirrer and gas train body so that the stir bar will rotate freely and vigor-ously agitate the contents of Chamber 1.
 Figure 29Electrical Stability Meter
 When hydrogen sulfide gas (H2S) enters an oil mud it ionizes and slowly reacts with excesslime to form calcium sulfide salts. These active sulfides are able to revert to H2S gas, if the oilmud is contaminated by acidic water flow or by a high CO2 influx. Free H2S gas, even in lowconcentration, or active sulfide salts in high concentration present both a health and safetyhazard on the rig. Therefore, monitoring active sulfides in an oil mud is critical, especially whendrilling in known high H2S areas. Active sulfides can be quantitatively determined in a wholemud sample, not a filtrate, using a modified GGT test.
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 Step 3. With the gas regulator backed off, install and puncture a CO2 cartridge. (Bottled nitrogen (N2)
 or helium (He) is preferred.)
 Step 4. Arrange the plastic injection tube through the rubber septum located on the top of Chamber 1to allow the mud sample to be slowly injected to the bottom of Chamber 1 with a hypodermicsyringe.
 Step 5. Add 20 cm3 of 2M citric acid solution containing the demulsifier. (See note below to prepare
 citric acid solution.)
 Step 6. Add 10 drops of octanol* to the contents of Chamber 1. (*Avoid inhalation or skin contact.)
 Figure 30Garret Gas Train
 Note:CAUTION — DO NOT use air or nitrous oxide (N2O) as a carrier gas.
 Note:Citric Acid Solution (2 molar) containing Dowell Fluid Services Oil-Mud Demulsifier is pre-pared by dissolving 420 g reagent-grade citric acid, (C6H8O7
 . H2O) into 1000 cm3 de-ionizedwater. To this citric acid solution, add 200 cm3 of isopropanol and 25 cm3 of Dowell Oil-mudDemulsifier W35.
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 Step 7. Select the correct Dräger tube and sample volume required for the expected sulfide range(See Table 9).
 Step 8. Break the tip off each end of the Dräger tube. Place the Dräger tube with the arrow pointingdownward into the bored receptacle. Install flowmeter tube with the word, Top, in the upward
 position in Chamber 3. Make sure o-rings seal properly (Figure 31).
 Step 9. Install the top on the gas train, and hand tighten all screws evenly to seal the o-rings.
 Step 10. With the regulator backed off (turn regulator handle counter-clockwise), connect the carriergas to the dispersion tube of Chamber 1 using latex rubber or flexible inert plastic tubing. Donot clamp tubing. Connect the flexible tubing from Chamber 3 outlet to the Dräger tube.
 Step 11. Adjust the dispersion tube in Chamber 1 to clear the stir-bar. Allow clearance of approxi-mately 1/4 in. off the bottom by loosening the white adjustment sleeve.
 Step 12. To purge air from the GGT, gently flow carrier gas for 30 seconds by turning handle on regu-lator clockwise. Check for leaks. Shut off carrier gas by turning regulator handle counter-clockwise.
 Step 13. With contents of Chamber 1 rapidly stirring, slowly inject a measured volume of oil mudthrough the injection tube using a hypodermic syringe. Keep the injection tube sealed withthe syringe during the test. A rubber band can be used to hold the syringe plunger in place.Stir at least 5 minutes or until the sample is well dispersed with no obvious oil drops.
 Table 11. Dräger Tube Identification
 Sample Volumes and Tube Factorsto be Used for Various Sulfide Ranges
 SulfideRange(mg/L)
 SampleVolume(cm3)
 DrägerTube I.D.
 (See Tube Body)Tube
 Factor
 1.2 - 24 10.0 H2S 100/a 12
 1.5 - 48 5.0
 4.8 - 96 2.5
 60 - 1020 10.0
 120 - 2040 5.0 H2S 0.2% A 600*
 240 - 4080 2.5
 *Tube Factor 600 is based on a Batch Factor (stenciled on box) of 0.40. For another Batch Factor (as stenciled on box), a corrected Tube Factor should be calculated:Correct Tube Factor 600 Batch Factor
 0.40------------------------------------- =
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 Step 14. Immediately restart the carrier gas flow by turning the regulator handle clockwise. Adjust therate between 200 to 400 ml/min (keep the flowmeter ball between the red lines on the flow-
 meter). Continue flowing for a total of 15 minutes.
 Step 15. Observe changes in the appearance of the Dräger tube. Note and record the maximum dark-ened length (in units marked on the tube) before the stain front starts to smear. Continue thegas flow for a total of at least 15 minutes. With prolonged flow, the stain front may appear asa diffuse, feathery coloration. In the high-range tube, an orange color may appear ahead ofthe black front if sulfites, SO2
 =, are present in the sample. This orange region should beignored. Record only the darkened length.
 Step 16. Using the measured Sample Volume, the Dräger tube’s maximum Darkened Length, and theTube Factor from Table 9, calculate the active sulfides as H2S in the sample as follows:
 Step 17.
 Step 18. * In units marked on the tube.
 Step 19. To clean the gas train, remove the flexible tubing and remove the top. Take the Dräger tubeand flowmeter out of the receptacles and plug the holes with stoppers to keep them dry.Clean the chambers with warm water and a mild detergent, using a soft brush. Use a pipecleaner to clean the passages between chambers. Wash the dispersion tube and the injec-tion tube with mineral oil, and then blow out the tube with air of CO2 gas. Rinse the unit withdeionized water, and allow it to drain dry. If the dispersion tube frit plugs with solids, such as
 Figure 31Flowmeter and Dräger Tube Installed in GGT Base
 Note:One CO2 cartridge should provide about 15 to 20 minutes of flow at this rate.
 H2S, mg/LDarkened Length*( ) Tube Factor( )
 Sample Volume, cm3( )---------------------------------------------------------------------------------------------------=
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 CaCO3 which forms from using CO2 carrier gas, soak the dispersion tube frit in strong acid;rinse thoroughly, and blow it dry with gas.
 Aqueous Phase Activity (AWOM)
 Introduction
 The activity test uses an electrohygrometer (relative humidity meter) to measure the amount ofwater vapor that exists in air above an oil mud when sealed in a jar at room temperature. Water’svapor pressure, at a given temperature, depends on the concentration of dissolved salts in thesolution. Activity is also related to the osmotic pressure that a solution can develop across asemi-permeable membrane - which exists when shales are coated with an oil mud. By keepingsalt at a given concentration in the water phase of an oil mud, the osmotic pressure can bematched with that of the formation so that water is not adsorbed into the shale. Salt in very highconcentration can even draw water out of a shale, hardening a wellbore and making the shalestronger to allow it to be drilled faster with less mud weight in some cases. Measuring and control-ling salinity of oil mud is a key part of oil mud technology as applied at the rig site along with othertests and analyses.
 Equipment
 The following equipment is needed to measure oil mud activity:
 1. Electrohygrometer with a moisture detector capable of measuring relative humidity (RH) from 20%to 100% (see Figure 32).
 2. Standard saturated salt solutions, which are used for calibrating the electrohygrometer RH read-ings into water activity, AWS. Salt solutions are prepared using deionized water and pure salts asshown in Table 12. These solutions must be saturated, showing undissolved crystals at room tem-perature. Approximately 40 cm3 of each of the four saturated salt solutions along with salt crystalsare poured into four of the Fleakers (described below).
 3. Fleakers (150-cm3 capacity) - A wide-mouthed calibrated container with special rubber cap madeby Dow Corning Glass Co. One of the caps must be bored and the hygrometer probe stuckthrough it so that the probe sensor is about 1.5 in. from the bottom when the cap is on tightly(Figure 1). Six Fleakers are used: one (#1) for drying agent; four (#2-#5) for salt solutions agent;and, one (#6) for oil mud sample—and for storing probe when not in use.
 4. Drying Agent (desiccant) - DrieriteR or anhydrous calcium sulfate, CaSO4, placed into a Fleaker to
 approximately 40-cm3 mark.
 5. Insulating Cover - such as a Styrofoam jacket, to fit around the Fleaker (to maintain an even tem-perature).
 An oil-based mud which is used to drill water-sensitive shale sections must contain a largeamount of salt dissolved in its water phase in order to prevent shale hydration and swelling,otherwise instability of these shales may result. Effective salinity of an oil mud’s water phasecan be measured as activity by measuring the water’s vapor pressure or relative humidity inair. The Activity Test is a simple test that can be used at the rig and is very helpful in oil mudengineering in cases when the salts in an oil mud are too complex (mixed salts) to be accu-rately measured by API titration methods.
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 6. Graph Paper - linear 10 x 10 per in. scale.
 7. Thermometer - range 32-220×F.
 Figure 32Digital Electrohygrometer and Probe in Fleaker
 Table 12. Standard Saturated Salt Solutions
 SaltName, Formula
 Amount in Waterg/100 cm3
 ActivityAWS
 Fleaker#
 Calcium chloride, CaCl2 100 0.30 2
 Calcium nitrate, CaNO3 200 0.51 3
 Sodium chloride, NaCl 200 0.75 4
 Potassium nitrate, KNO3 200 0.94 5
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 Procedure
 The procedure (as given in API RP 13B-2, Appendix C) is also outlined here.
 The electrohygrometer must be frequently calibrated at the start and every few days using thestandard salt solutions. A calibration graph must be prepared each time. The oil mud activity isfound by measuring its relative humidity and reading AWOM from the calibration graph. (Salt solu-tions can be used many times, as long as they are not contaminated or allowed to absorb water
 from the air.)
 Preparation of Calibration Graph for the Electrohygrometer:
 Step 1. Prepare the graph paper with 0 to 100% RH on the vertical axis and 0 to 1.0 AWS on the hor-izontal axis. (See sample graph, Figure 33.)
 Step 2. Dry the probe to < 24% RH by placing it in the air space above the drying agent inFleaker #1.
 Note:CAUTION: DO NOT TOUCH the sensor element on the probe. DO NOT allow salt water oroil mud to contact the sensor. IF THE SENSOR IS CONTAMINATED, IT MUST BEREPLACED.
 Figure 33Example - Calibration Graph for Electrohygrometer
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 Step 3. Place the RH probe in air above the saturated CaCl2 salt solution in Fleaker #2. Place theFleaker in the insulation jacket. Wait at least 15 minutes for RH to reach equilibrium. Plot theRH reading on meter at 0.30 on graph paper.
 Step 4. Repeat Step 2, drying the probe.
 Step 5. Place the RH probe in air above the saturated CaNO3 solution in Fleaker #3. After at least15 minutes, read RH on the meter. Plot this RH reading at 0.51 AWS on graph paper.
 Step 6. Repeat Step 2.
 Step 7. Place the RH probe in air above the saturated NaCl solution in Fleaker #4. After at least15 minutes, read RH on meter. Plot this RH reading at 0.75 AWS on graph paper.
 Step 8. Repeat Step 2.
 Step 9. Place the RH probe in air above the saturated KNO3 solution in Fleaker #5. After at least15 minutes, read RH on meter. Plot this RH reading at 0.94 AWS on graph paper.
 Step 10. Draw the best-fit straight line through the points on the graph. (The line may not fit the 0.94AWS as well as it should, but will likely pass through the other three points.)
 Step 11. Seal the standard salt solutions tightly and store at room temperature where they won’t betipped over.
 Testing Oil Mud Sample - It is CRITICAL that the oil mud sample and the testing equipment (probe)be at the same temperature before starting this procedure. This avoids water condensation on thesensor.
 Step 1. To allow the oil mud sample and equipment to reach the same temperature, place the oil mudsample, empty Fleaker #6 and stopper which holds the hygrometer probe, side-by-side onthe test bench. Measure the mud temperature and air temperature to be sure they are within5×F of each other before proceeding to Step 2.
 Step 2. Pour approximately 40 cm3 of oil mud into a clean and dry Fleaker #6. Tilt the Fleaker androtate it to make a film of oil mud on sides of the Fleaker. (This provides a larger surface areafor water vapor to escape.)
 Step 3. Immediately place cap-with-probe onto the Fleaker containing the oil mud sample. Be sure
 the insulated jacket is on the Fleaker (Figure 34).
 Step 4. Wait at least 30 minutes for water vapor in oil mud to reach equilibrium with air in the Fleaker.Read the RH on the meter.
 Step 5. Using calibration graph, find the Aw that corresponds to the RH meter reading. Record that
 as AWOM of oil mud.
 Note:Oil Mud Applications in this Manual has more information on the relationship between activ-ity and oil mud salinity.
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 Water-Wet Solids
 There are several operational indicators and trends from the mud engineer’s daily mud checks anda few special tests that can be used to identify water wetting of oil-mud solids before the problembecomes serious and irreversible.
 Causes of Water-Wet Solids
 Common causes of water wetting of solids can be anticipated or seen if the drilling supervisor andmud engineer are aware of potential problems and are communicating. Some common causesare:
 1. Influx of water or contamination by water-based mud into the oil mud.
 2. Insufficient oil-wetting chemical put into the oil mud over a period of time.
 3. Excessive downhole temperature and high drill solids consuming the oil-wetting chemicals.
 Figure 34Fleaker Containing Oil Mud Sample and
 RH Probe in Air Space Above Mud
 Water wetting of solids in an oil-based mud begins with the failure of mud to flow through fineshale shaker screens. Continued problems may result from obstruction inside the drill string bywater-wet solids buildup, causing high pump pressure and the eventual need to ream out thepipe. At latter stages, water wetting is associated with breaking of the oil mud’s emulsion -causing settling of solids and disastrous failure (flipping) of the mud system.
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 4. Drilling highly water soluble salt formations, such as carnalite and bischofite - magnesium chloridesalts.
 5. Adding freshly prepared, poorly treated oil mud into the pits and sending it down hole.
 6. Excessive additions of solid CaCl2 to the oil mud, exceeding aqueous phase saturation, thusallowing free CaCl2 crystals to exist in the mud.
 Visual Indicators of Water-Wet Solids
 Early visual indicators of water-wet solids are fairly subtle, but the intermediate and latter indica-tors are clear cut (such as gross settling and flipping of the mud). Visual indicators are:
 1. Dull, grainy appearance of the mud, rather than the normally mirror-like surface.
 2. Sticky, agglomerated solids blinding the shaker screens.
 3. Pump pressure increasing steadily from solids building up inside the drill string, usually the drillcollars.
 4. Settling of agglomerated solids despite adequate gel strengths.
 Mud Test Indicators of Water-Wet Solids
 Other indications of water-wet solids come from monitoring the mud testing that is routinely per-formed on oil-based muds. These indicators are:
 1. Rheology - Erratic flow properties resulting from solids agglomeration affecting Fann VG meterreadings.
 2. Electrical Stability - Steadily decreasing ES voltages with time resulting from water film on solidscausing a weakened emulsion.
 3. HTHP Filtration - High and increasing filtrate volumes with water in the filtrate.
 4. Mud Chemistry - Changes in salinity and decrease in lime as a result of: (1) drilling salts such ascarnalite and bischofite; (2) excess treatments with calcium chloride; or (3) a water influx.
 5. Retort Analysis - Increasing water content as a result of a water flow or rain or water-mud contam-ination.
 Special Tests and Indicators of Water-Wet Solids
 These are special tests that the mud engineer can perform at the rig and observations he canmake during testing which can indicate presence of water-wet solids.
 1. Sand Content Test - High percentage of sand-sized particles (agglomerated solids) measured bythe Sand Content Test which screens the mud through a 200-mesh screen. The test for oil mud isperformed as is the water-based mud test for Sand Content, except that oil is used to wash thesolids on the screen rather than water. To show that these solids are actually water-wet and areagglomerated small particles, wash the oil-mud solids with a mixture of 50:50 xylene:isopropanol.If they disperse into finer size and pass through the 200-mesh screen, then they were agglomer-ated.
 2. Coating Test - Water-wet, oil-mud solids will adhere to a highly water-wet surface such as cleanglass or clean metal. (That is why solids build up and plug the inside of drill collars.) The CoatingTest is performed by filling a round jar about half full of the oil mud to be examined. The mud is
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 stirred at moderate speed with a mixer for 30 minutes. Solids are slung against the glass and ifthey are water wet some will stick to the jar. The oil mud is poured out and the jar is left to drain.The jar is examined for a film. If no film exists (at the level of the stirrer blade) then there is no indi-cation of water wetting problems. If there is a film, it can be judged by its thickness - the thickerand more opaque the film or coating, the more water wet are the solids. Also, the film will be diffi-cult to wash or wipe off when solids are strongly water wet.
 3. Settling - When solids settle badly in the testing equipment (mud cup, rheometer cup and mud bal-ance), yet the mud’s gel strength seems adequate to suspend barite, that is an indication of solidsbeing water wet and agglomerated.
 Lime, Solids and Salinity Calculations
 The equations used in this procedure can be solved by using a hand calculator, but it is best to use
 a PC program. Several of these programs have been written.
 Total Lime Content (LimeOM)
 Information needed:
 VSA = cm3 0.1N sulfuric acid/cm3 oil mud sample
 LimeOM = 1.295 (VSA) = lb/bbl
 Whole Mud Salinities (ClOM, CaCl2OM, NaClOM)
 Information needed:
 VSN = cm3 0.282N silver nitrate/cm3 oil mud sample
 ClOM = 10,000 (VSN) = mg/L
 If salt is assumed to be CaCl2, then:
 CaCl2OM = 1.57 (ClOM) = mg/L
 If salt is assumed to be NaCl, then:
 This section describes the calculations for oil mud salinity and solids which only the chlorideion data and which can be used only for oil muds that contain either CaCl2 or NaCl (not bothsalts mixed together). In the event that a “mixed salt” type of oil-based mud is to be analyzed,then it is necessary to perform the analysis for the calcium ion and to perform the calculationsfound in API RP 13B-2, Section 7.
 Note:Data used in this API method are not compatible with Drilpro computer programs.
 Note:Another test that can be related to oil mud salinity is the Aqueous Phase Activity, AWOM, of oilmuds. The relative vapor pressure of water in air above an oil mud is measured by an elec-trohygrometer to find AWOM. This procedure is found in API RP 13B-2, Appendix C and alsois outlined in this manual in Section 4.
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 NaClOM = 1.65 (ClOM) = mg/L
 Aqueous Phase Salinity (Weight Percent)
 Information needed:
 Retort water %, VW
 Weight percent, if salt is assumed to be CaCl2:
 Nomenclature
 Mud density, lb/gal ................................................................................................ MW
 Volume acid for alkalinity, cm3 0.1N H2SO4/cm3 mud........................................... VSA
 Volume silver nitrate for chloride, cm3 AgNO3/cm3 mud ....................................... VSN
 Whole mud Ca(OH)2 content, lb/bbl ..................................................................... LimeOM
 Whole mud Cl- ion content, mg/L.......................................................................... ClOM
 Whole mud CaCl2 content, mg/L ..........................................................................
 Whole mud NaCl content, mg/L ............................................................................ NaClOM
 Oil from retort, vol% .............................................................................................. VO
 Water from retort, vol% ......................................................................................... VW
 Solids Corrected for salinity, vol%......................................................................... VS
 Density of brine, g/cm3 ....................................................................................................ρB
 Density, average of solids, g/cm3...................................................................................ρAVG
 Density of drill solids, g/cm3............................................................................................ρLGS
 Volume of drill solids, vol% ................................................................................... VLGS
 Concentration of drill solids, lb/bbl ........................................................................ MLGS
 Density of weight material, g/cm3 ..................................................................................ρHGS
 Volume of weight material, vol%........................................................................... VHGS
 Concentration of weight material, lb/bbl................................................................ MHGS
 Density of base oil, g/cm3 ...............................................................................................ρO
 Weight percent CaCl2 in brine, wt%...................................................................... WC
 Weight percent NaCl in brine, wt% ....................................................................... WN
 Parts per million, g/106g........................................................................................ ppm
 Milligrams per liter, g/106cm3 ................................................................................ mg/LOil-water-ratio, vol%/vol%..................................................................................... O/WOil-brine-ratio, vol%/vol%...................................................................................... O/B
 CaCl2OM
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 Weight percent, if salt is assumed to NaCl:
 Aqueous Phase Salinity - Parts per Million
 Information needed:
 Weight percent CaCl2, WC
 CaCl2 = 10,000 (WC) = ppm
 Weight percent NaCl, WN
 NaCl = 10,000 (WN) = ppm
 Aqueous Phase Salinity (Milligram per Liter)
 Information needed:
 CaCl2 brine density and NaCl brine density (calculated from polynomial for rB [See Oil/Brine Ratio(O/B).])
 CaCl2 = (CaCl2, ppm) (CaCl2 rB) = mg/L
 NaCl = (NaCl, ppm) (NaCl rB) = mg/L
 Oil/Water Ratio (O/W)
 Information needed:
 Raw Data from retort: VO, VW
 Oil/Brine Ratio (O/B)
 Information needed: Brine density for calculating VB.
 Brine density for NaCl brine only:
 rB = 0.99707 + 0.006504 (WN) + 0.00004395 (WN)2 = g/cm3
 Brine density for CaCl2 brine only:
 WC
 100 CaCl2OM( )CaCl2OM( ) 10 000 VW( ),+
 ---------------------------------------------------------------------- wt% CaCl2= =
 WN
 100 NaClOM( )NaClOM( ) 10 000 VW( ),+
 ------------------------------------------------------------------- wt% NaCl= =
 Oil % in O/W100 VO( )VO VW+( )
 ---------------------------=
 Water % in O/W100 VW( )VO VW+( )
 ---------------------------=
 O/W Oil %/Water %=
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 rB = 0.99707 + 0.007923 (WC) + 0.00004964 (WC)2 = g/cm3
 where
 O/B = Oil %/Brine %
 Solids Content
 Information needed:
 Mud density, density of high and low gravity solids, water, oil and brine phases.
 Corrected Solids Content, VS, vol%:
 VS = 100 - (VO + VB)
 Average Density Suspended Solids, rAVG, g/cm3
 Volume % and Concentration Low-Gravity Solids:
 Note:Density of CaCl2 brines are found in Table 14 and NaCl brines are found in Table 15.
 VB
 100 VW( )ρB( ) 100 WX–( )
 ----------------------------------------- vol%= =
 WX WC or WN=
 Oil % in O/B100 VO( )VO VB+( )
 --------------------------=
 Brine % in O/B100 VB( )VO VB+( )
 --------------------------=
 ρAVG
 100 Mw( )[ ] vo( ) ρO( )[ ]– VS( ) ρS( ) 8.34( )[ ]–
 8.34 VS( )------------------------------------------------------------------------------------------------------------------=
 VHGS
 ρAVG ρLGS–
 ρHGS ρLGS–---------------------------------- VS( ) vol%= =
 MHGS 3.5 ρHGS( ) VLGS( ) lb/bbl= =
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 Examples of Calculations for Oil Mud Analysis
 EXAMPLE A - Oil Mud with CaCl2 Aqueous Phase:
 Step 1. Total Lime Content (LimeOM)
 Information needed:
 Step 2. Whole Mud Salinities (ClOM, CaCl2OM)
 Information needed:
 Salt is assumed to be CaCl2, then:
 Given Data Used in Examples
 Information NeededEXAMPLE ACaCl2 Mud
 EXAMPLE BNaCl Mud
 MW, lb/gal 11.0 11.0
 VO, vol% 59.5 59.5
 VW, vol% 25.0 25.0
 VSA, cm3 acid/cm3 mud 2.6 2.0
 VSN, cm3 AgNO3/cm3 mud 5.8 4.4
 ρB, g/cm3 brine density (Calculated values)
 ρHGS, g/cm3 4.20 4.20
 ρLGS, g/cm3 2.65 2.65
 ρO, lb/gal 7.00 7.00
 ρW, lb/gal 8.34 8.34
 VSAcm3 0.1N sulfuricacid
 cm3 mud-------------------------------------------------------------=
 LimeOM 1.295 VSA( )=
 LimeOM 1.295 2.6( ) 3.4 lb/bbl Ca OH( )2= =
 VSNcm3 0.282N silver nitrate
 cm3 oil mud sample-----------------------------------------------------------------------=
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 Step 3. Aqueous Phase Salinity - weight percent
 Information needed: Retort water %, VW
 Weight %, salt is assumed to be CaCl2:
 Step 4. Aqueous Phase Salinity - parts per Million
 Information needed: Weight percent CaCl2, WC
 CaCl2 = 10,000 (26.7) = 267,000 ppm
 Step 5. Aqueous Phase Salinity - milligram per liter
 Information needed: CaCl2 brine density
 Step 6. Oil/Water Ratio - O/W
 Information needed: Raw Data from retort, VO, VW
 Step 7. Oil/Brine Ratio - O/B
 Information needed: Corrected Retort Water, VB
 CIOM 10 000,( ) VSN( )=
 CIOM 10 000 5.8( ), 58 000 mg/L Chloride,= =
 CaCl2OM1.57 CIOM( )=
 CaCl2OM1.57 58 000,( ) 91 060 mg/L CaCl2,= =
 WC100 91 000,( )
 91 000,( ) 10 000 25.0( ),+------------------------------------------------------------------- 26.7 wt% CaCl2= =
 ρB 0.99707 0.007923 26.7( ) 0.00004964 26.7( )2+ +=
 1.24 g/cm3=
 CaCl2 CaCl2, ppm( ) ρB( )=
 266 000 1.24( ) g/cm3,=
 329 840 mg/L CaCl2,=
 Oil % in O/W100 59.5( )59.5 25.0+----------------------------- 70.4= =
 Water % in O/W100 25.0( )59.5 25.0+----------------------------- 29.6= =
 O/W Oil % Water % 70/30= =
 “Proprietary - for the exclusive use of BP & ChevronTexaco”
 Testing 4-65 Rev. 01/2002

Page 172
                        

Drilling Fluids Manual
 Step 8. Solids Content
 Corrected Solids, VS, vol%:
 Information needed: Retort Oil, VO, and brine, VB
 VS = 100 - (59.5 + 27.5) = 13.0 vol%
 Average Density of Suspended Solids:
 Information needed: Mud, Oil and Water Densities and Retort Data
 Volume of High-Density (barite) Solids, vol%:
 Information needed: Density of high- and low-gravity solids and VS, vol%.
 Concentration of High-Density Solids, lb/bbl:
 MHGS = 3.5 (4.20) (8.6) = 126.4 lb/bbl
 Volume of low-density solids, vol%:
 VLGS = 13.0 - 8.6 = 4.4 vol%
 Concentration of low-density solids, lb/bbl:
 MLGS = 3.5 (2.65) (4.4) = 40.8 lb/bbl
 Example B — Oil Mud with NaCl Aqueous Phase
 Step 1. Total Lime Content - LimeOM
 Information needed:
 Step 2. Whole Mud Salinities - ClOM, NaClOM
 VB100 25.0( )
 1.24 100 26.7–( )-------------------------------------------- 27.5 vol%= =
 Oil % in O/B 100 59.5( )59.5 27.5+----------------------------- 68.4= =
 Brine % in O/B 100 27.5( )59.5 27.5+----------------------------- 31.6= =
 O/B 68/32=
 ρAVG100 11.0( )[ ] 59.5( ) 7.0( )[ ]– 27.4( ) 1.24( ) 8.34( )[ ]–
 8.34 13.0( )------------------------------------------------------------------------------------------------------------------------------------- 3.69g/cc= =
 VHGS3.69 2.65–( ) 13.0( )
 4.20 2.65–--------------------------------------------------- 8.6 vol%= =
 VSAcm3 0.1N sulfuric acid
 cm3 mud----------------------------------------------------------------=
 LimeOM 1.295 VSA( )=
 LimeOM 1.295 2.0( ) 2.6 lb Ca OH( )2/bbl mud= =
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 Information needed:
 Step 3. Aqueous Phase Salinity - Weight Percent
 Information needed:Retort Water %, VW
 Weight %, salt is assumed to NaCl:
 Step 4. Aqueous Phase Salinity - Parts per Million
 Information needed:Weight percent NaCl, WN
 NaCl = 10,000 (22.5) = 225,000 ppm
 Step 5. Aqueous Phase Salinity - Milligram per Liter
 Information needed: NaCl brine density, rB
 Step 6. Oil/Water Ratio - O/W
 Information needed: Raw Data from Retort, VO, VW
 Step 7. Oil/Brine Ratio - O/B
 Information needed: Corrected Retort Water, VB
 Step 8. Solids Content - Corrected Solids, vol%, VS:
 VSNcm3 0.282N silver nitrate
 cm3 oil mud sample------------------------------------------------------------------------=
 CIOM 10 000 VSN( ),=
 CIOM 10 000 4.4( ), 2.6 lb Ca OH( )2/bbl mud= =
 NaClOM 1.65 44 000,( ) 72 600 mg/L NaCl,= =
 WN100 72 600,( )
 72 600,( ) 10 000 25.0( ),+------------------------------------------------------------------- 22.5 wt% NaCl= =
 ρB NaCl( ) 0.99707 0.006504 22.5( ) 0.00004395 22.5( )2+ +=
 1.17 g/cm3=
 NaCl, mg/L NaCl, ppm( ) ρB( )=
 225 000 1.17( ), 263 200 mg/L NaCl,= =
 Oil % in O/W 100 59.5( )/ 59.5 25.0+( ) 70.4= =
 Water % in O/W 100 25.0( )/ 59.5 25.0+( ) 29.6= =
 O/W Oil %/Water % 70/30= =
 VB100 25.0( )
 1.17 100 22.5–( )-------------------------------------------- 27.6 vol%= =
 Oil % in O/B 100 59.5( )/ 59.5 27.6+( ) 68.3= =
 Brine % in O/B 100 27.6( )/ 59.5 27.6+( ) 31.7= =
 O/B Oil %/Brine % 68/32= =
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 Information needed: Retort Oil and Brine, vol%.
 VS = 100 - (59.5 + 27.6) = 12.9 vol%
 Average Density of Suspended Solids:
 Information needed: Mud weight, oil and water densities and retort data.
 Volume of High-Density Solids (barite), vol%:
 Information needed: Density of high- and low-gravity solids and VS.
 Concentration of high-density solids, lb/bbl:
 MHGS = 3.5 (4.20) (10.0) = 147.0 lb/bbl
 Volume of low-density solids, vol%:
 VLGS = 12.9 - 10.0 = 2.9 vol%
 Concentration of low-density solids, lb/bbl:
 MLGS = 3.5 (2.65) (2.9) = 26.9 lb/bbl
 ρAVG100 11.0( )[ ] 59.5( ) 7.0( )[ ]– 27.6( ) 1.17( ) 8.34( )[ ]–
 8.34 12.9( )-------------------------------------------------------------------------------------------------------------------------------------=
 3.85 g/cm3=
 VHGS
 ρAVG ρLGS–
 ρHGS ρLGS–---------------------------------- vol%= =
 Table 13. Commonly Used Densities
 (at 20°C)
 Mud Component Density, g/cm3 Density, lb/gal Density, kg/m3
 Fresh Water 0.998 8.33 998
 Diesel Oil #2 0.84 7.000 840
 Typical Low Viscosity Oil 0.80 6.700 800
 Low Density Solids 2.65 22.100 2650
 High Density Solids
 Barite 4.20 35.000 4200
 Hematite 5.05 42.100 5050
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 Table 14. Calcium Chloride Brine Table
 (Properties at 20°C)
 %WTC
 CaCl2mg/L
 Chloridemg/L
 FinalVolume
 WaterActivity
 Densityg/cm3
 Densitylb/gal
 0 0 0 1.000 1.000 0.998 8.330
 2 20,300 12,990 1.004 0.096 1.0166 8.484
 4 41,340 26,410 1.008 0.989 1.0334 8.624
 6 63,030 40,280 1.013 0.979 1.0505 8.766
 8 85,420 54,590 1.018 0.967 1.0678 8.911
 10 108,540 69,360 1.024 0.951 1.0854 9.058
 12 132,400 84,600 1.030 0.933 1.1033 9.207
 14 157,050 100,360 1.037 0.912 1.1218 9.361
 16 182,510 116,630 1.044 0.888 1.1407 9.519
 18 208,780 133,410 1.051 0.862 1.1599 9.679
 20 235,920 150,750 1.060 0.832 1.1796 9.844
 22 263,930 168,650 1.069 0.800 1.1997 10.011
 24 292,820 187,100 1.078 0.765 1.2201 10.182
 26 322,660 206,170 1.089 0.727 1.2410 10.356
 28 353,420 225,820 1.100 0.686 1.2622 10.533
 30 385,140 246,885 1.113 0.643 1.2838 10.713
 32 417,890 267,020 1.126 0.597 1.3059 10.898
 34 451,620 288,570 1.141 0.548 1.3283 11.047
 36 486,430 310,780 1.156 0.496 1.3512 11.276
 38 522,310 333,740 1.173 0.441 1.3745 11.470
 40 559,280 357,370 1.192 0.384 1.3982 11.668
 Note: The calcium ion concentration can be determined by subtracting the Chloride ionvalue from the Calcium Chloride value.
 (Ca++, mg/L = CaCl2, mg/L – Cl, mg/L)
 *B. R. Staples and R. L. Nuttall, J. Phys. Chem. Ref. Data. 1977, Vol. 6, No. 2,p. 385-407.
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 Permeability Plugging Test (PPT)
 Introduction
 The Permeability Plugging Test (PPT) Apparatus is a modified HTHP fluid loss cell that is used forestimating static fluid loss under downhole conditions (wellbore temperature and differential pres-sure). The filtrate of the drilling fluid can be measured and additives selected which will minimizethis filtration, leading to less chance of differential sticking.
 For economic reasons, many wells are currently drilled using fewer casing strings resulting in longopen hole intervals and high differential pressures. Thus, the potential for differential sticking issignificantly increased, especially when drilling through depleted intervals. To successfully drillthese wells, properly designed muds and accurate pore pressure predictions are essential. Thefluid must be not only inhibitive, but also must deposit a very low permeability filter cake to sealunderpressured formations. The Permeability Plugging Test, which uses disks of selected perme-
 Table 15. Sodium Chloride Brine Table
 (Properties at 20°C)
 %WTN
 NaClmg/L
 Chloridemg/L
 FinalVolume
 WaterActivity
 Densityg/cm3
 Densitylb/gal
 0 0 0 1.000 1.000 0.9980 8.330
 2 20,250 12,310 1.006 0.989 1.0143 8.464
 4 41,140 24,960 1.013 0.976 1.0286 8.584
 6 62,590 37,980 1.020 0.964 1.0431 8.705
 8 84,620 51,350 1.028 0.950 1.0578 8.827
 10 107,260 60,680 1.036 0.935 1.0726 8.951
 12 130,510 79,200 1.045 0.919 1.0876 9.076
 14 154,390 93,680 1.054 0.901 1.1028 9.203
 16 178,910 108,570 1.065 0.882 1.1182 9.331
 18 204,100 123,840 1.076 0.861 1.1339 9.462
 20 229,960 139,540 1.087 0.839 1.1498 9.595
 22 265,520 155,660 1.099 0.815 1.1660 9.730
 24 283,800 172,210 1.113 0.788 1.1825 9.868
 26 311,820 189,210 1.127 0.759 1.1993 10.008
 Note:The sodium ion concentration can be determined by subtracting the Chloride ionvalue from the Sodium Chloride value.
 (Na+, mg/L = NaCl, mg/L – Cl, mg/L)
 *E. C. W. Clarke and D. N. Grew, J. Phys. Chem. Ref. Data. 1985, Vol. 14, No. 2,p. 489-610
 “Proprietary - for the exclusive use of BP & ChevronTexaco”
 Rev. 01/2002 Testing 4-70

Page 177
                        

Drilling Fluids Manual
 ability, measures fluid loss at downhole temperature and differential pressure to predict drillingfluid performance under these conditions. Using the PPT, the effects of high differential pressureare readily apparent by measuring: spurt loss, total fluid loss, and cake thickness. In the PPT theseproperties are substantially different than those seen with HTHP fluid loss cells with filter paper.
 PPT Principles
 In running the PPT test, it is important to remember that the type of mud and the pore size of thedisk used for the test will influence the results. The disks are meant to simulate the porous forma-tions encountered in drilling. Trends are important to monitor rather than absolute values. Resultsof products run in different types of mud should not be compared.
 The important parameter to consider is the ratio of the size of the particles in the mud and the poresize in the rock. Generally speaking, when the ratio of the particle size to pore size is less than 1/6,whole mud will pass through the formation and bridging will not occur. A ratio of 1/2 or greater willform a filter cake and intermediate values will show invasion with bridging (spur) until the effectivebridged ratio is greater than 1/2 and the filter cake forms. No leakoff control can be obtained until afilter cake is formed.
 When the mud contains very fine particles relative to the pore size, i.e., the ratio is less than 1/6,SCM is added as a bridging agent to allow a filter cake to form. SCM will bridge the pores until theeffective pore size is reduced and filter cake can form. The SCM may also effect the quality of thefilter cake such that both loss of whole mud and normal fluid loss (filtrate) are reduced. A givenSCM’s performance will be related to the core pore size that it is tested against. The performanceof a SCM will also be a function of the mud type.
 The deposition of a filter cake and bridging of pores is covered in filtration theory. The equationscovering filtration have been known for several years. The basic form presented here for filtrationwith invasion comes from Barkman and Davidson:1
 where
 V = cumulative throughput volume
 S = slope of cumulative volume vs. square root of time
 t = total time of filtration
 VB = cumulative volume at bridging
 QB = linear filtration rate at time of bridging
 This is the case when both normal fluid loss and seepage occur. When total loss occurs, there isno external filter cake formed and VB does not have a finite value. This equation is illustrated in
 Figure 35 for a suspension of silica flour on Berea sandstone.
 As is seen from the figure, the slope is constant once the filter cake is formed. The values of tB, thebridging time, and VB, the bridging volume, may be solved for by iteration from the general filtrationequation. In actuality, with PPT experiments at high pressure, the initial part of the curve is quitesteep. Due to the extremely short bridging time, normally on the order of a few seconds, sufficientquality data is not available to accurately solve for tB and VB. The value reported, the spurt, is
 V S t VB+S2
 2QB-----------–=
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 obtained by projecting the linear portion of the curve to the y-axis. In the example above the spurtis approximately 290 mL.
 The slope of the linear portion of the curve, S, gives valuable information concerning the quality ofthe filter cake. When S=0, an impermeable filter cake is formed. A large value of S indicates that apoor quality filter cake is formed. The permeability of the cake is related to the slope by the follow-ing equation:
 where
 rc = bulk density of filter cake
 kc = filter cake permeability
 Ac = area of filter cake
 pt = total pressure differential across filter cake and filter medium
 m = fluid viscosity
 w = weight concentration of solids in water
 rw = density of fluid
 As can readily be seen by examination of the equation, when only small changes are made to thefluid, the slope varies as the square root of the filter cake permeability.
 Figure 35Example of Filton Curve with Invasion (from Barkman and Davidson)
 S2ρckcAc
 2∆pt
 µwρw------------------------------------=
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 Sized lost circulation materials (LCM) can also reduce cake thickness and filtration. Low perme-ability filter cakes are the result of optimizing the distribution of sized solids in a mud. Low perme-ability filter cakes not only reduce filtration, but also minimize differential pressure sticking.Commonly-used LCM’s that reduce filtration are a variety of cullulosic material and sized solidscalcium carbonate and gilsonite or similar material. Cellulosies are effective because of its abilityto swell and physically bridge a wide range of pore openings.
 Pilot tests which use the PPT cell, rather than conventional HTHP filtration equipment can be usedto optimize additives and concentrations. Both PPT and conventional fluid loss tests should beperformed to identify trends and to evaluate the effectiveness of product treatments. (Figures 35and 36 illustrate how the PPT can be used to indicate improvements in the muds.) Running a PPTwith every mud check can direct mud treatments and thus minimize differential sticking tenden-
 cies.
 Table 16 contains PPT data which compare the effectiveness of various LCMs in a specific mudsystem.
 This table includes total leakoff, spurt, the slope of the linear portion of the volume versus thesquare root of time curve and filter cake thickness for some runs. The last column consists of avalue, the PPT Value, that is reported by some sources. The value is defined as:
 PPT Value = Spurt + 2 x [Total Volume (30 minutes) -Spurt]
 The base mud is a water-based mud containing 20 ppb prehydrated bentonite, 30 ppb Rev-Dust,0.5 ppb caustic, and 0.5 ppb PAC-L.
 Figure 36Differential Pressure vs. PPT Fluid Loss
 Field Mud Example - Gulf of Mexico2 Darcy Disks Tested at 350°F
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 If the core does not exhibit a high spurt, the material will not show its benefits as a seepage controlmaterial but rather as a filter cake additive. As can be seen very little spurt was seen for AF-6 andAF-15. Control here is provided by the filter cake which readily forms.
 AF-50 did exhibit a significant spurt, but the solids in the base mud eventually bridged the poresand allow a filter cake form. Addition of 35 ppb (10%) potassium chloride (KCl) did not change thespurt appreciable but did increase the slope from 4.00 to 12.84. This is due to the flocculation ofthe bentonite in the mud which will deteriorate the filter cake. Addition of a sized calcium carbonate(BARACARB) significantly decreased the spurt and caused negligible effect on the quality of thefilter cake. Two cellulosic materials are included for illustration. This series of tests does illustratethe changes seen in the filter cake quality and fluid loss with different type additives.
 The pores in AF-80 were large enough that no filter cake was formed during the base mud test.The entire mud sample was passed through the core in a few seconds. This core was selected torun the Permeability Plugging Test Procedure
 The PPT apparatus may be used in the lab to evaluate lab formulated muds or mud systems sub-mitted by the field. The apparatus is also portable and can be used at the rig to evaluate the mudsystem and to test the bridging effectiveness at downhole temperature and pressure of variousadditives. Information from the PPT is especially useful on critical wells - drilling depleted sands orhigh angle holes. (A diagram of the PPT apparatus is shown in Figure 37.) The test procedure isas follows:
 Table 16. PPT Study of LCM Sealing on Aluoxite Disk
 Core SampleTotal
 Leakoff, mL Spurt, mLSlope,
 mL/min Cake, 32ndPPT
 Value
 AF-6 Base mud 23.56 1.91 3.95 45.2
 AF-15 Base mud 25.71 1.71 4.38 - 49.71
 AF-50 Base mud 55.45 33.55 4.00 77.34
 FAO-50 Base mud 52.36 32.80 3.57 9 71.92
 AF-50 Base mud - 35 ppb KCl 98.12 27.70 12.84 16 168.46
 AF-50 Base mud - 10 ppb Baricarb 150 + 10 ppb Baricarb 6
 35.51 14.12 3.00 9 56.90
 FAO-50 Base mud 52.30 32.80 3.57 9 71.92
 AF-50 Base mud + 10 ppb Ultra Seal XP 29.17 15.48 2.50 6 42.88
 AF-50 Base mud + 10 ppb MIX 2 40.67 27.54 2.40 - 53.80
 AF-80 Base mud Total Total No Cake No Cake -
 AF-80 Base mud + 10 ppb Ultra Seal XP 72.85 30.80 2.19 - 94.85
 AF-80 Base mud + 10 ppb MIX 2 Total Total No Cake No Cake -
 AF-80 Base mud + 10 ppb Single Seal 100.75 34.50 2.77 - 124.91
 AF-80 Base mud + 10 ppb Gran Seal 102.72 87.52 2.73 - 17.95
 AF-80 Base mud + 15 ppb Kwik Seal Fine + 10 ppb Kwik Seal Medium + 5 ppb Bore-Plate
 69.47 51.47 3.29 - 87.47
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 [Note: Several manufacturers supply the hardware for the device. These steps are not meant to bespecific but rather apply to all cells. Manufacturer instructions should be consulted before any tests
 are performed.]
 Steps
 Step 1. Apply a thin coat of stopcock grease around the o-rings of the floating piston.
 Step 2. Screw the floating piston onto the T-bar wrench and install the piston into the bottom of thecell. Work the piston up and down to ensure that it moves freely. (The bottom of the cell willhave a shorter recess than the top.) Position the piston so that it is near the bottom edge ofthe cell and unscrew it from the wrench.
 Figure 37Permeability Plugging Test Apparatus
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 Step 3. Install the hydraulic end cap onto the bottom of the cell.
 Step 4. Turn the cell upright and fill with 350 cm3 of mud.
 Step 5. Acceptable: Soak Aloxite disks for at least 5 minutes in fresh water prior to testing awater-based mud. For oil muds, the Aloxite disks should be soaked in the representativebase oil for at least 5 minutes prior to use.
 Step 6. Preferred: Place the aloxite disk in the appropriate solution. Place this in a vacuum cell and
 evacuate for 1 hour.
 Step 7. Install the top cap with valve onto the cell. Close the valve and install the cell into the heatingjacket. Lower cell slowly until it bottoms out, then rotate clockwise until it locks in place.
 Step 8. Install a thermocouple in the small hole on the top of the cell.
 Step 9. Place the filtrate reservoir onto the top of the valve. Ensure that the small o-ring is in goodcondition. Lock reservoir in place by installing a safety key (modified cotter key).
 Step 10. Install the back pressure device onto the reservoir and lock in place with safety key.
 Step 11. Open the valve directly on top of the cell (green valve). Ensure that the other valves areclosed on the reservoir and backpressure devices.
 Step 12. Apply the appropriate amount of back pressure to the cell for the desired test temperatureusing the CO2 backpressure device. (Refer to Table 17 for the recommended minimumbackpressure.) Once the backpressure is applied, close the valve on the cell (green valve) totrap the pressure.
 Note:Aloxite disks should NEVER be reused.
 Table 17. Recommended Minimum Back Pressure
 Test Temperature Vapor Pressure Minimum Back Pressure
 °F °C psi kPa psi kPa
 212 100 14.7 101 100 690
 250 121 30 207 100 690
 300 149 67 462 100 690
 LIMIT of Normal Field Testing
 *350 177 135 932 160 1104
 *400 204 247 1704 275 1898
 *450 232 422 2912 450 3105
 *DO NOT exceed equipment manufacturers’ recommendations for maximumtemperatures, pressures, and volumes.
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 Step 13. Install the quick-connect from the hydraulic pump to the hydraulic end of the cell (bottomend). Leave the black valve on the pump open.
 Step 14. Heat the cell to the desired temperature. Open the valve on the cell (green valve).
 Step 15. Close the valve on the pump (black valve) and apply desired pressure to the cell with thepump.
 Step 16. Once the desired pressure is applied, open the valve on the reservoir and collect the mudand/or filtrate in a graduated cylinder. Continue to collect the liquid until the reservoir blowsdry. This should be recorded as the spurt loss.
 Step 17. Close the valve on the reservoir and maintain the desired pressure on the cell with thehydraulic pump. (Most pumps leak slightly.) Hydraulic pressure will need to be applied to thecell to maintain pressure on the cell for 30 minutes. Monitor the flow by bleeding the cellevery 5 minutes and recording the volume.
 Step 18. After 30 minutes, record total amount of liquid recovered (exclude the spurt loss).
 Step 19. Release the pressure on the hydraulic pump and close the top valve.
 Step 20. Remove the hydraulic quick-connect from the cell to the pump.
 Step 21. Bleed off the back pressure. Remove back-pressure device and repeat the same for the res-ervoir. Remove the reservoir from the top of the cell and clean.
 Step 22. Turn heating jacket off. Allow cell to cool by removing it from the heating jacket or cooling it incold water.
 Step 23. Open the top valve slowly to remove trapped pressure. Repeat this process several times toensure that all the pressure is removed from the cell.
 Step 24. Remove the top cap of the cell and turn the cell upside down. Remove the hydraulic end cap(bottom cap) to expose the floating piston. Screw T-bar wrench into the piston and gently
 push down to force mud and disk out the opposite end of the cell.
 Step 25. Recover the Aloxite disk and filter cake. Wash cake very lightly with fresh water.
 Step 26. Measure filter cake thickness.
 Step 27. Preferred: Plot volume versus square root of time (minutes) and calculate spurt and S.
 Alternative: Total fluid loss is calculated as follows:
 The total fluid loss and filter cake thickness should be recorded daily on the mud sheet for trendanalysis. Whole mud and filtrate recovery should be differentiated in the spurt loss and 30 minuterecovery when possible.
 Step 28. Completely disassemble the cell and clean apparatus.
 Note:This may cause mud to splatter out if too much pressure is applied.
 Note:Total Fluid Loss = (Spurt Loss, cm3) + [(2) (30 minute fluid recovery)]
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 Pilot Testing
 Introduction
 Pilot testing of drilling fluids is testing performed on proportionately small-scale samples. It is anessential part of drilling fluid testing and treating. Pilot testing minimizes the risk of sending a fluiddownhole that may be incompatible with the formations to be drilled or that may be ineffectiveunder downhole conditions. Generally, pilot testing is concentrated on the physical properties suchas rheology and fluid loss; however, it is important that chemical properties also be evaluated.Most chemical reactions require heat, mixing, and time to drive the reaction. Therefore, it is neces-sary to have a means for heating and agitating pilot test samples. Problems such as carbonatesand bicarbonates are not readily detectable and require a complete mud analysis and a pilot testseries with heat aging to determine proper treatment. Without heat aging, it is easy to overtreat thecontaminant and create an even more severe problem. A portable roller oven is a critical part of apilot testing set-up at the rigsite. A pilot test sample should be representative of the fluid being
 used. Pilot testing is thus based on the fact that 1 g/350 cm3 of the sample is equivalent to 1 lb/bbl
 (42 gal) of the actual mud system. (See Figure 38 which illustrates pilot testing equivalents.)
 Figure 38Pilot Testing Equivalents
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 Designing Pilot Tests
 A pilot test or a series of pilot tests must be designed to answer the questions that you have inmind. Therefore, it is necessary to know exactly the reason for the test. Some typical reasons are:
 1. Mud response to downhole conditions, such as:
 • temperature effects
 • drilling uncured cement
 • drilling anhydrite
 • encountering salt/saltwater flows
 • acid gas (CO2, H2S) intrusions
 • water on water-based mud contamination in oil-based mud
 2. Product response as a result of:
 • purity, material variation (different lot #s)
 • concentration
 • compatibility with other components in the mud
 • comparison to other products
 • temperature/contamination
 • shelf life
 3. Adjustments to mud properties such as:
 • weight up/dilution
 • changing fluid loss properties
 • changing alkalinity/pH
 • treating carbonate/bicarbonate contamination
 • reducing hardness
 • adjusting MBT - clay content of the mud
 • changing oil/water ratio of oil muds
 • increasing electrical stability of oil muds
 4. Study of effects of breakover, converting or displacement of muds, such as:
 • displacing water-based mud with oil-based mud or vice versa
 • converting from freshwater mud to saturated salt mud
 • breakover to lime or gyp mud
 • reducing components in mud to convert to bland coring fluid
 • treatment required to convert mud to a packer fluid
 To determine how to design a pilot test or test series, look at economics and potential for problemsdown the road. For example, if you expect to encounter a pressured saltwater flow (16 lb/gal) witha 15 lb/gal freshwater mud at 350×F, the parameters for testing could be: (1) maximum volume ofsaltwater anticipated in the mud, (2) weight up to 16 lb/gal with and without contaminant,(3) effects of temperature on mud (15 and 16 lb/gal) with and without contamination, and(4) dilution and thinner treatments.
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 Pilot test design requires calculating amounts of materials to put into the test samples. In pilottests, grams are equivalent to pounds and 350 cm3 is equivalent to one 42-gal oilfield barrel. Mate-rial balance equations, as developed in “Engineering”, are used for pilot test design. For example,to weight the 15 lb/gal mud to 16 lb/gal without increasing the mud volume, one must calculatehow much 15 lb/gal mud to dump and how much barite to add to increase density. For simpler pilottests, such as adding only a few lb/bbl treatment, it is not necessary to account for material bal-
 ance.
 Rigsite pilot tests have distinct practical advantages over sending a mud into the laboratory or hav-ing a laboratory mud prepared for pilot testing. Rigsite testing allows actual material and mud to beused, which allows results to be readily available. quicker (which is usually very important), andallows rig supervisor and mud engineer to evaluate and review the pilot test results.
 Laboratory pilot tests and planning are both important in preparing to drill a troublesome well. Bothshould be done long in advance of anticipated problems. In this case, lab pilot tests are advanta-geous in that they can be performed in advance, but then pilot tested again at the rigsite with the
 actual mud and chemicals.
 Pilot Testing Equipment
 A balance that can weight from 0.1 to 300 g and an oven (preferably roller oven) that can go toapproximately 400×F are needed. Mud cells (three minimum) made of stainless steel to hold atleast 300 cm3 of mud at 1000 psi, a mixer such as a Hamilton Beach mixer are also needed. Mudtesting equipment that is accurately calibrated, along with fresh reagents for titrations are essentialfor pilot testing. Most mud companies can provide a Pilot Test Kit; they do not usually contain theoven and cells, but are available upon request.
 Interpretation of Pilot Test Results
 A single pilot test can give only limited information, but this is often sufficient for the need. Mostoften a series of pilot tests (three to five samples) are required to properly answer the questions.For every pilot test (single or series) a control sample must be run along in parallel with the testsample. A control sample is the base mud which has not been treated, but which is taken throughall the mixing, heating, rolling, etc. processes. The control is used to aid interpretation of results.Data are compared between the control and test sample to sort out the effects due to treatmentversus mechanical effects (mixing, rolling or time of exposure). For example, a mud engineer hasan oil mud with a low electrical stability (ES). He pilot tests a sample with 2 lb/bbl (2 g/350 cm3)additional emulsifier and shears it on the mixer for 10 minutes. The ES is much higher than before.He also has run a control sample on the mixer for 10 minutes, but without the additional emulsifier,and obtained almost the same higher ES. Was the emulsifier responsible for the improved ES?No, in this case the shearing was what gave the improvement.
 Note:For liquid additives, volumes (gallons, buckets, drums) must be converted into weights(pounds, grams) for pilot testing.
 Note:Protective eyewear (safety glasses or safety goggles) must be worn at all times when mixingchemicals.
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 Results of pilot testing should be thoroughly reviewed before drawing conclusions. Often, a pilotwill lead to another one or two tests before the answer is satisfactorily clear.
 Table 18. Specific Gravity of Common Drilling Fluid Components
 Material Specific Gravity lb/gal lb/bbl
 Fresh Water 1.00 8.33 350
 Seawater 1.03 8.58 361
 Diesel Oil #2 0.84 7.0 294
 Saturated Saltwater 1.20 10.0 420
 API Bentonites 2.60 21.6 910
 Calcium Carbonate, CaCO3 2.75 22.9 963
 Caustic Soda*, NaOH 2.13 17.7 525
 Lime, Ca(OH)2 2.20 18.3 746
 Lignite 1.50 12.5 525
 Gypsum CaSO4.2H2O 2.30 19.2 805
 Lignosulfonate 0.83 6.9 290
 Soda Ash, Na2CO3 2.53 21.1 886
 Salt, NaCl 2.16 18.0 756
 *Caustic Soda 50% Solution1 cm3/350 cm3 = 1/2 lb/bbl2 cm3/350 cm3 = 1 lb/bbl
 Volume Increase lblb/bbl---------------- bbl increase= =
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 Figure 39Weighing Equipment
 Figure 40Mixing Equipment
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 Testing for Tracer
 Calcium Carbonate Determination in Whole Mud
 1. Put approximately 40 cc’s of de-ionized (or distilled) water and a magnetic stirring bar into a400-ml beaker, and place the beaker on a stir plate.
 2. Precisely measure 10 cc’s of whole mud into the beaker while stirring. A large syringe may bethe easiest measuring device. (If measuring with a graduated cylinder, or similar measuringdevice, rinse all of the mud into the beaker with de-ionized or distilled water.)
 3. While stirring, carefully add 25 cc’s of 15% HCl (hydrochloric acid) to the beaker (the mud loggerwill have some). The HCl will dissolve the calcium carbonate. Be sure to add the acid veryslowly at first to prevent the resulting effervescence from becoming uncontrollable. Stir the solu-tion for at least 5 minutes.
 4. Pour the solution in to a 200-ml volumetric flask. Rinse the beaker with de-ionized or distilledwater and add this liquid to the flask. Continue until all of the material has been rinsed into theflask, and then add enough water to bring the total in the flask exactly to the 200-ml mark. Capthe flask and shake the solution to be sure it is homogeneous.
 5. Transfer exactly 2 cc’s of solution from the flask into a titrating dish. Add a stir bar. Add 2 cc’sof 1.0N NaOH and a pinch of Calver II indicator.
 6. While stirring, titrate from wine color to blue with Versenate Hardness Titrating Solution (1ml=20 epm Ca).
 7. Calculate the ppb of calcium carbonate in the mud as follows:
 (CC’s titrating solution) x (3.5) = ppb calcium carbonate
 Example: 15.7 cc’s x 3.5 = 55 ppb calcium carbonate
 Iodide Ion Analysis Procedure
 Step 1.Use the routine horizontal core plug for iodide ion analysis. Re-dry the sample if necessary.
 Step 2. Allow the sample to cool and record dry weight.
 Step 3. Disaggregate the sample to grains size with a Teflon, or rubber tipped, mortar and pestle. Transfer disaggregated material to tared flask and weigh. Rinse mortar and pestle with dis-
 tilled water into flask and weigh again. Use 3 cm3 distilled water per gram of rock.
 Step 4. Extract with continuous shaking overnight in a wrist shaker.
 Step 5. Analyze blank samples of distilled water for iodide using ion chromatography.
 Step 6. Filter supernatant liquid (at least 10 cc) through 45 micron cellulose nitrate cartridge filter.
 Step 7. Provide the following data:
 a. Dry weight for grain volume measurement including grain loss.
 b. Crushed rock weight
 c. Distilled water weight
 d. Iodide concentration measured by ion chromatography
 e. Dean Stark water volume
 Step 8. Calculate concentration of iodide in Dean Stark water.
 Cdsl
 Concentration of Iodide in Dean Stark brine, ppm=
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 Step 9. Calculate filtrate saturation in core water from Dean Stark
 Cel
 Concentration of Iodide in extracted water, ppm=
 WsWeight of salt in extracted brine, g IC analysis=
 Wgr
 Weight of grains in the core plug, g=
 Wcr
 Weight of crushed rock extracted, g=
 Wdsw
 Weight of water distilled in Dean Stark, g=
 Wew
 Weight of water used to extract rock, g=
 FCds
 l Ccwl
 –
 Cmfl Ccw
 l–
 ---------------------------=
 Sf FSwds df
 b1 fs
 f–( )
 ddsb
 1 fsds–( )
 ----------------------------------=
 C lcw Concentration of Iodine in connate water, ppm=
 Clds Concentration of Iodine in Dean Stark brine, ppm=
 Cle Concentration of extraction water, ppm=
 C lmf Concentration of Iodine in mud filtrate, ppm=
 dbds Density of Dean Stark brine, g/cc=
 dbf Density of Connate (formation) brine, g/cc=
 dw Density of distilled water, g/cc=
 F Fraction of filtrate in Dean Stark brine=
 fsds Fraction of salt in Dean Stark brine=
 ffs
 Fraction of salt in the connate (formation) brine=
 Sf Filtrate saturation, %PV=
 Sdsw Dean Stark water saturation, % PV=
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 Step 10. Calculate corrected connate water:
 Note: If F exceeds 0.5 or Sf exceeds 10% pv then do not calculate connate water using the aboveequation as it will be too low.
 Step 11. Report filtrate saturation and calculated connate water saturation in the routine core analysis.
 Scw Swds Sf–=
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 Bromonapthalene Analysis Procedure
 Scope:The purpose of this procedure is to provide accurate quantification of drilling mud and cut-ting fluid invasion in core plugs. To accomplish this, a halogenated tracer (1-bromonaphthalene) isadded to the drilling fluid at a concentration of 100 ppm. Each core sample is extracted withapproximately 125 ml of reagent grade toluene. The subsequent core extracts are analyzed bygas chromatography (GC) utilizing an electron capture detector (ECD) and a Flame IonizationDetector (FID). The degree of core invasion by the drilling mud is based on the concentration oftracer contained in the toluene extract and the pore volume of the extracted core plug. In a similarfashion, the cutting fluid (Isopar) invasion is based on the concentration of the Isopar in the tolueneextract.
 Equipment models change with time, but this procedure should supply a good starting point for thedevelopment of an acceptable analytical procedure.
 Instrumentation—Hardware
 Item 1. HP-5880A Gas Chromatograph—Level 4
 Item 2. HP Model 7364 Autosampler
 Item 3. HP Model 19312 Nickel 63 Electron Capture Detector
 Item 4. PE/Nelson 25 m x.53 mm ID—0.5 m Film #N931-2689
 Item 5. Valco Three Port Valve High Temp
 Item 6. Valco 1/16" 304 stainless steel Tee
 Item 7. HP Auto Sampler Vials and Caps
 Item 8. 1 ml Glass Disposable Pipettes or Equivalent Eppendorf Pipettes
 Reagents
 Reagent 1. Bromonaphthalene; Eastman Part #2256
 Reagent 2. Reagent Grade Toluene
 Reagent 3. 1-Iododecane; Aldrich Part #23,825 -2
 Reagent 4. 2 ppm Iododecane and 1.0% Squalane in Toluene
 Reagent 5. Standards of 1-Bromonaphthalene (0.1 ppm to 10.0 ppm) in Toluene and Crude Oil (20:1)
 Reagent 6. Field Crude Oil
 Reagent 7. Squalane; Aldrich Part #23,431 - 1
 GC—Conditions
 Oven Profile
 Initial Temp = 75° C
 Initial Time = 2.00 min.
 Program Rate = 20°/min.
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 Final Temp = 300° C
 Detector and Injector
 Detector Temp = 325° C
 Injector Temp = 300° C
 Detector Attenuation = 28
 Injection Volume = 5.0 µl
 Gas Flows
 Column Flow = 9.5 cc/min.
 Nitrogen Makeup = 100 cc/min.
 Splitter Flow = 50 cc/min.
 Septum Purge = 3.5 cc/min.
 Analytical Procedure
 1. Upon receipt each sample bottle is weighed to the nearest tenth of a gram and recorded in a sample logbook. The samples will be refrigerated at all times when not being processed.
 2a. A 0.5 ml aliquot of each sample is diluted 1:1 by volume with the internal standard solution (i.e., 2 ppm Iododecane and 1.0% Squalane in Toluene).
 2b. In the case of the concentrated drilling fluid solutions it will be necessary to pre-dilute them0.4 g of sample to 10.00 g with reagent toluene. Actual weights are recorded to the nearestmilligram along with the respective dilution factor.
 8. 5.0 µl of the sample/internal standard blend is injected into the GC splitter via the auto samplerand data acquisition is initialized.
 4. After the internal standard and tracer have eluted the three-port valve is actuated and the oventemperature allowed to proceed to its maximum setting.
 5. From the ECD, the concentration of the tracer is determined using the 1 ppm iododecane peakas an internal standard along with the response factor relating area counts to concentration.The internal standard is used to correct for variations in sample size reaching the detector.
 6. From the FID, the concentration of the cutting fluid is determined using the 0.5% Squalanepeak as an internal standard along with the response factor relating area counts to concen-tration.
 7. The measured tracer concentration is to be adjusted for any dilutions and then reported as ppmtracer.
 8. The measured cutting fluid's concentration is to be adjusted for any dilutions and then reportedas percent cutting fluid.
 9. A three-point calibration curve of tracer in toluene and crude oil will be run daily. Response fac-tors will be calculated from the calibration curve and a running log of the calculatedresponse factors versus time will be maintained daily.
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 Shipping Address for Toluene/Mud Filtrate Samples:
 CPM Laboratory1548 Valwood Parkway, Suite 106Carrolton, TX 75006(972) 241-8374
 Or the samples can be shipped to another suitable lab.
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 Section 5: Chemistry and Filtration
 Basic Chemistry
 Introduction
 Matter is a generic term for any substance which has mass and occupies space. Although theterms mass and weight are often used interchangeably, mass is independent of weight. An objectwill have the same mass on the earth as on the moon, but will weigh one-fifth as much on themoon because the force of gravity is one-fifth that of earth. Weight is the effect of acceleration dueto the force of gravity on a mass.
 An element is a substance comprised of matter in which all atoms are identical. The atom is thesmallest unit of matter which retains the basic characteristics of an element.
 The Periodic Table of the Elements is a chart which groups elements of a similar nature together.Considerable information can be obtained from the Periodic Table, such as atomic weight, atomicnumber, boiling point and melting point. Symbols are used as a method of simplifying the repre-sentation of different elements in chemical equations.
 Figure: 1Example from Periodic Table of Element Sodium, Na
 11
 892
 97.8
 0.97
 22.9898
 Na1
 [Ne] 3s1
 Sodium
 Atomic Number
 Boiling Point, °CMelting Point, °CDensity, g/cm3
 Atomic Weight
 Oxidation State
 Symbol
 ElectronConfiguration
 Name
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 Table 1:Common Chemical Symbols
 Name SymbolAtomicWeight
 Barium Ba 137.35
 Bromine Br 79.91
 Calcium Ca 40.08
 Carbon C 12.01
 Chlorine Cl 35.45
 Hydrogen H 1.00
 Magnesium Mg 24.32
 Nitrogen N 14.00
 Oxygen O 16.00
 Phosphorus P 30.98
 Potassium K 39.09
 Silicon Si 28.06
 Silver Ag 107.88
 Sodium Na 22.99
 Sulfur S 32.06
 Zinc Zn 65.38
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 Table 2:Common Compounds
 NameCommon
 Name FormulaMolecular
 Weight
 Barium Chloride BaCl2 208.27
 Barium Sulfate Barite BaSO4 233.42
 Calcium Chloride CaCl2 110.90
 Calcium Carbonate Calcite CaCO3 100.09
 Calcium Hydroxide Slaked Lime Ca(OH)2 74.10
 Calcium Sulfate Gyp CaSO4 136.14
 Hydrogen Oxide Water H2O 18.01
 Hydrogen Sulfide Sour Gas H2S 34.08
 Magnesium Chloride MgCl2 95.23
 Magnesium Carbonate MgCO3 84.31
 Magnesium Hydroxide Mg(OH)2 58.34
 Potassium Chloride KCl 74.55
 Potassium Hydroxide KOH 56.10
 Silver Chloride AgCl2 143.34
 Silver Nitrate AgNO3 169.89
 Sodium Bicarbonate Bicarb NaHCO3 84.00
 Sodium Carbonate Soda Ash Na2CO3 106.00
 Table 3:Common Chemical Symbols
 Cations Anions
 Ca++ CO3=
 H+ HCO3-
 Mg++ OH-
 Na+ SO4-
 K+ S=
 Zn++ SiO3=
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 A list of the elements, symbols and atomic weights most often used in drilling fluid chemistry arefound in Table 1.
 A compound is a substance composed of two or more elements. Table salt, for example, is a com-pound which is made up of an equal number of sodium and chlorine atoms. A molecule is thesmallest particle of a compound which retains the composition and properties of that compound. Amolecule of salt contains one atom of sodium and one atom of chlorine and is represented by thechemical formula NaCl. (Table 2 lists common compounds, chemical formulas, and molecularweights.)
 An atom or molecule which has an electrical charge associated with it is called an ion. In drillingfluid chemistry we are concerned with ions in an aqueous solution (compounds which ionize in
 water). Table salt, NaCl, in contact with water ionizes to form positive sodium ions (Na+) and nega-
 tive chloride ions (Cl–). An overall positive ionic charge means the ion has lost an electron. A neg-ative charge means the ion has gained an electron. Positively charged ions are called cations,negatively charged ions are anions (Table 3).
 Elements combine into molecules or complex ions in specific integer ratios: 1 to 1, 2 to 1, 3 to 1,etc. Using salt as an example, 23 g of sodium combines with 17 g of chlorine to form sodium chlo-ride, which is a 1 to 1 combination. While the mass of the elements differ, the numbers of atoms ofeach are equal. The number of atoms in a given amount of a compound is measured in moles. Amole is defined as being the same number of atoms as there are in exactly 12 g of carbon-12. This
 number, Avogadro’s number, is 6.02252 x 1023 atoms or molecules per mole. From the molecomes the determination of atomic weight, which is the weight in grams of one mole. Molecularweight is the sum of the atomic weights of the elements comprising a compound.
 Density is a measure of mass per unit volume where mass is a measure of the quantity of matter
 present. The common scientific unit is grams per cubic centimeter (g/cm3). Common oilfield units
 are pounds per gallon (lb/gal), pounds per cubic foot (lb/ft3), and kilograms per cubic meter
 (kg/m3).
 Density and specific gravity are often confused. They are not interchangeable. The density of amaterial may vary with changes in temperature and pressure; but, specific gravity is based on aset temperature and pressure. Specific gravity is the density of a material at 25°C and 1 atmo-
 sphere of pressure divided by the density of water (0.997 g/cm3) at 25°C and 1 atmosphere ofpressure. Since we are dividing density by density, specific gravity is unitless.
 SG of Water0.997 g/cm3
 0.997 g/cm3---------------------------------- 1.00= =
 SG of Mercury13.5 g/cm3
 0.997 g/cm3---------------------------------- 13.54= =
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 Aqueous Chemistry
 Aqueous solubility is the ability of a compound to dissolve in water. Some factors which affect sol-ubility are: temperature, pressure, salinity, pH, and ionic composition of water. Solute is the com-pound which is being dissolved, while solvent (in this case water) is the fluid in which the solute isdissolved.
 (Table 4 shows the solubility of several common compounds used. Table 5 illustrates the effect oftemperature on the solubility of several compounds.) Increasing temperature usually increasessolubility; but, in some important instances (e.g., lime and gypsum), it decreases solubility.
 The strength of a solution is measured in terms of concentration, which refers to an amount of sol-ute per unit of solvent. Several units are used to measure the strength of a solution. The mostcommon unit is milligrams per liter (mg/L) or thousandths of a gram of solute per liter of solution.Parts per million (ppm), equivalents per million (epm) and moles per liter (mol/L) are also still used.
 pH is a frequently used measure for the concentration of acids and bases. pH is the negative log ofthe hydrogen ion concentration in moles per liter. At 25°C, acidic solutions have a hydrogen ionconcentration greater than that of water. Thus, acidic solutions have pH values less than 7. At25°C, basic solutions have a hydrogen ion concentration less than that of water. Thus, basic solu-tions have pH values greater than 7. In deionized water, the concentration of hydroxyl ions equals
 the concentration of hydrogen ions both 10-7 mol/L. By definition, the pH of pure water is log
 [1/10-7] or 7. Since there is an equal number of hydrogen and hydroxyl ions, this is considered aneutral pH.
 Table 4:Solubilities of Common Compounds
 (g/100 g water)
 Compound SolubilityMeasured at
 °C
 KOH 178 100
 NaOH 347 100
 NaCl 39.2 100
 NaHCO3 16.4 60
 Na2CO3 45.5 100
 CaSO4 0.162 100
 Ca(OH)2 0.077 100
 CaCO3 0.0018 75
 CaCl2 159 100
 MgCO3 NA NA
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 Chemical Analysis - Mud Check
 The following discussions summarize the chemical analyses of mud. For detailed information,refer to Section 3 - Testing.
 pH
 An accurate method of measuring pH is with a pH meter. pH paper is another method, but is notalways accurate and is not recommended. The majority of water-based muds are alkaline and runin the pH range 9-11. Some exceptions are lime muds with a pH around 12, and low pH polymermuds with a pH of 8-9. (Table 6 and Figure 2 illustrate the pH of several oilfield and commonhousehold chemicals.
 Table 5:Solubility as a Function of Temperature
 (grams compound/100 grams water)
 Compound 0 20 40 80 100
 Ca(OH)2 0.185 0.165 0.141 0.094 0.077
 KCl 27.6 34.0 40.0 51.1 56.7
 NaCl 35.7 36.0 36.6 38.4 39.8
 CaSO4 0.176 0.202 0.210 0.182 0.162
 CaCl2 - 74.5 - - 159
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 )
 PM
 Alkalinity of the whole mud, or PM, is a measure of both the soluble and insoluble materials in amud. Soluble ions, such as hydroxyls, carbonates and bicarbonates, and insoluble compounds,such as lime and magnesium hydroxide, have an affect on the PM. The PM is expressed as the vol-
 ume in cm3 of 0.02N sulfuric acid required to lower the pH of 1 cm3 of the mud to 8.3. This is thepH at which phenolphthalein, a color indicator, changes color from pink to clear. When titratingwhole mud, the endpoint color is the original color of the mud before phenolphthalein was added.
 PF
 Alkalinity of the mud filtrate, or PF, is a measure of only soluble materials and is reported as the
 volume (cm3) of 0.02N sulfuric acid required to lower the pH of 1 cm3 of filtrate to 8.3. Commonsoluble ions are hydroxyls, carbonates and bicarbonates. PF will usually be lower than PM due toremoval of the insoluble alkaline materials in the filter cake.
 MF
 The sum of the PF plus the additional volume of 0.02N sulfuric acid required to reduce the pH ofthe filtrate to 4.3 is dubbed MF. In this pH range, bicarbonate ions are commonly titrated. Humicacids from lignites, lignosulfonates, acetate ions, as well as some other organic additives, alsohave an effect on the amount of acid required to reach the MF end point.
 Total Hardness As Calcium
 Total Hardness is a measure of the concentration of divalent cations, and is reported as mg/L Ca++
 ion. Hardness is primarily calcium and magnesium, although other cations may influence the
 Table 6:pH of 10% Solution
 (approximate)
 Soda Ash 11
 Sodium Hydroxide 14
 Potassium Hydroxide 14
 Calcium Hydroxide 12
 Barium Carbonate 10
 Gypsum 6
 Calcium Lignosulfonate 7
 Lignosulfonate 4.0
 Chrome Lignite 3.4 - 4
 Quebracho 4.0
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 results. It is possible to differentiate calcium from magnesium through a different test. The titratingsolution is standard versenate (EDTA) solution.
 Chlorides
 Chlorides is a measure of chloride ions dissolved in the filtrate from all soluble sources. The filtrateis titrated with either 0.0282 N or 0.282 N AgNO3 (silver nitrate) and reported in mg/L chlorides.Mg/L chlorides can be converted to mg/L NaCl by multiplying by 1.65, or to mg/L CaCl2 by the fac-tor 1.57. The derivation of the sodium chloride factor is shown below.
 Figure 2: pH Scale and Common Chemicals
 (H+) (OH-) pH Strength Examples
 100 10-14 0 strong acid 1M HCl
 10-1 10-13 1
 gastric juice
 10-2 10-12 2
 lemon juice
 10-3 10-11 3
 Coca Cola, vinegar
 10-4 10-10 4
 orange juice
 10-5 10-9 5 black coffee
 urine
 10-6 10-8 6 coffee with milk
 milk
 10-7 10-7 7 neutral saliva
 blood
 10-8 10-6 8
 10-9 10-5 9 baking soda
 milk of magnesia
 10-10 10-4 10
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 Molecular wt of Cl = 35.5
 Molecular wt of NaCl = 58.5
 Molecular ratio of NaCl/Cl = 58.5/35.5 = 1.65
 The assumption in using any such factor is that all chlorides titrated result from that particular saltdissolved in water and, consequently, this titration is subject to error in interpretation. The colorchange observed is from yellow to red-orange. The proper endpoint in the titration is the first per-manent orange color seen.
 Carbonates
 The Garrett Gas Train (GGT) is the most consistent test for the presence of soluble carbonates. Asample of filtrate is acidized causing all carbonates and bicarbonates to be converted to CO2 gas,which is then measured with a Dräger tube and reported as mg/L total carbonates in the filtrate.
 An alternative titration method for carbonates determination is the P1-P2 titration method. Thistitration is seldom used because it requires the use of barium chloride (BaCl2), which is extremelytoxic. Relationships between the various alkalinities (PM, PF, MF) can also indicate a carbonateproblem. A rule of thumb is: if the MF is greater than 5, and greater than 4 times the PF, then car-bonates may be present. If these conditions exist, a Garrett Gas Train should be used to verify thepresence of carbonates.
 Methylene Blue Capacity (MBT)
 The methylene blue test is a measure of the capacity of anionic clays to adsorb cationic methyleneblue dye. The quantity of adsorbed dye is a direct indication of the quantity and activity of the claysin the fluid. The MBT value, in conjunction with the solids analysis, can indicate the amounts of drill
 solids and commercial clays in the fluid. The methylene blue capacity (MBT) is reported as cm3 of
 methylene blue per cm3mud and can also be reported as equivalent lb/bbl bentonite as per the fol-lowing equation:
 A similar test can be run on shale samples such as cuttings or sidewall cores to determine theactivity of native clays. In this procedure, a solid sample is used instead of mud. The results arereported as milliequivalents per gram or equivalents per kilogram.
 Mud Chemistry
 Each individual type of mud system has its own chemical characteristics due to either the compo-nents that are in the system or the chemistry required to make the system function properly. Beloware discussed the various types of muds and some of their unique chemical characteristics.
 Saltwater Mud
 Saltwater muds are arbitrarily designated to be muds with a chloride concentration in excess of10,000 mg/L. They can range in salinity from brackish to saturated. A saturated NaCl salt mud isone which contains the maximum amount of dissolved salt, which at room temperature should beabout 315,000 mg/L salt. A major benefit of salt based muds is their ability to inhibit hydration ofclays.
 equivalent bentonite, lb/bblcm3 methylene blue( ) 5( )
 cm3 mud------------------------------------------------------------------------=
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 Seawater Mud
 Seawater muds are among the most common saltwater muds in use. They may be sub-groupedas chrome lignosulfonate, gyp, lime, or polymer muds. (Table 7 shows the composition of seawa-ter.) The principal difficulty with seawater is its high concentrations of calcium and magnesium. Ofthe two, magnesium is the most detrimental to commercial clays, but is easily removed by theaddition of caustic soda which precipitates magnesium hydroxide, Mg(OH)2.
 Saturated Salt Mud
 A saturated salt mud is one in which the maximum amount of salt (NaCl) is dissolved in the fluid.Approximately 125 lb/bbl is required if starting with freshwater. Saturated salt muds can be veryinhibitive to certain types of shales. An added benefit is the reduced volume of solids needed toachieve a high density mud. They also permit drilling a more nearly gauge hole through salt zonessince they do not tend to dissolve salt. Hole washout in salt zones can still be a problem, evenwhen using saturated salt muds, because more salt can go into solution at the higher tempera-tures downhole (Table 5). Consequently, a fluid which is saturated at the surface may not be satu-rated downhole. In addition, because a saturated salt solution is a fairly harsh environment, manychemicals and polymers do not function well.
 Salt is seen as solids when performing a retort test; therefore, it is necessary to correct the solidsanalysis figures for fluids having a salt content over about 10,000 mg/L.
 Calcium-Based Mud
 Calcium-based muds are muds in which an excess of calcium ion (Ca++) is maintained in the fluidby additions of a calcium source, usually lime or gypsum. The calcium ion will undergo a base
 Table 7:Composition of Seawater
 CompoundConcentration
 (mg/L)
 NaCl 24,540
 MgCL2 . 6H2O 11,103
 Na2SO4 4,090
 CaCl2 1,160
 KCl 690
 NaHCO3 200
 KBr 100
 SrCL2 . 6H2O 40
 H3BO3 30
 NaF 3
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 exchange with the clays in the drilling fluid and will help restrict hydration of active drill solids. Limemuds use lime, Ca(OH)2, as a calcium source. They have a high pH and high alkalinities with
 about 200-400 ppm Ca++ in the filtrate. Gyp-based muds, on the other hand, use gypsum(CaSO4
 . 2H2O) as a calcium source and have lower alkalinities and pH and show about
 1000 mg/L Ca++ in the filtrate.
 Calcium-based muds must be used with caution, however, as many additives that are commonly
 used in other muds are incompatible with Ca++.
 Potassium Mud
 Potassium-based muds are used because the potassium ion (K+) is very inhibitive to hydratableshales. The most common potassium source is potassium chloride (KCl), but potassium acetate(KC2H3O2) is used occasionally. Potassium hydroxide (KOH) can be used for alkalinity control andwill also provide some free potassium. Potassium chloride muds are usually run in the 3% to 15%KCl range. The concentration of potassium can be checked in the field by a precipitation proce-dure, a potassium ion electrode, or through the use of test strips. The precipitation and electrodeprocedures are the most accurate.
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 Clay Chemistry
 Structure of Clays
 Clays are minerals which in the presence of water and agitation will adsorb water and break upinto colloidal-sized particles. Each particle is only a few microns in thickness and consists of two ormore discrete layers. The degree to which the clays dissociate is governed by the clay type,exchangeable cations associated with the clay, and the electrolytic make-up of the water.
 Clays are hydrous aluminum silicates composed of alternating layers of alumina and silica. Silicais a tetrahedral structure with a silicon atom surrounded by four oxygen atoms at equal distancefrom each other. The silica tetrahedrons are joined in a hexagonal structure which is replicated toform a sheet (see Figure 3). The tips of all tetrahedrons point in the same directions and theirbases are all the same plane.
 Alumina has an octahedral structure consisting of an aluminum atom with six oxygen atomsarranged in an octahedron around it. These alumina octahedra are then joined in a structure whichis replicated to form a sheet or layer. The structure is the same as the mineral gibbsite [AL2(OH)6](see Figure 4). These sheets of alumina and silica alternate to form the various clays. The clayswe are most concerned with are either two-layer or three-layer clays.
 Figure 3: Structural Diagram of Silica Tetrahedron and Hexagonal Network
 Figure 4: Structural Diagram of a Single Alumina Octahedron and Gibbsite
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 Most of the clays we encounter either as drill solids or as commercial clays have a platelike shape.The particles may be several microns wide, but only a few Angströms thick. Since a micron
 (micrometer) is 1 x 10-6 m and an Angström (Å) is 1 x 10-10 m, a clay particle will be roughly10,000 times wider than it is thick. It is this form, in the case of bentonite, which makes it beneficialin reducing filtrate loss.
 The principal clays are:
 • Kaolinites
 • Illites
 • Chlorites
 • Smectites
 • Attapulgite and Sepiolite
 Kaolinites
 Kaolinites are a two-layer clay composed of a tetrahedral silica sheet and an octahedral aluminasheet (see Figure 5). The silica sheet is oriented so that the tips of the tetrahedra are in the sameplane as the oxygen or hydroxyl groups on the alumina sheet. The kaolinite particles are heldtogether by hydrogen bonding and the spacing between layers is about 2.76 Å. The hydrogenbonding is strong enough to exclude water from the clay surface; consequently, kaolinites are con-sidered non-swelling clays. The cation exchange capacity of Kaolinites is typically 3-15 milliequiv-alents (meq)/100 g.
 Illites
 Illites are hydrous micas three layer clays which structurally resemble montmorillonites. Illites haveno expanding lattice; therefore, no water can penetrate between the layers. They are composed ofan alumina octahedral layer sandwiched by two silica tetrahedral layers (see Figure 6). Some ofthe silicon atoms in the illite structure are replaced by aluminum atoms. The resulting charge dis-crepancy is balanced by the association of potassium ions between layers. In some Illites the sub-stitution of silicon by aluminum may be lower and the potassium may be replaced by divalent
 Figure 5: Lattice Structure of Kaolinite
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 cations such as calcium or magnesium. In these cases the Illites may exhibit swelling tendenciessimilar to montmorillonites. The cation exchange capacity of Illites is 10-40 meq/100 g.
 Figure 6: Structure of Illite
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 Chlorites
 Chlorites are three-layer clays separated by a layer of brucite (see Figure 7). There is a strongbonding between layers and for this reason chlorite is a non-swelling clay. The cation exchangecapacity for chlorites is 10-40 meq/100 g.
 Figure 7: Structure of Chlorite
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 Smectites (Montmorillonites)
 Smectites are a family of three-layer clays of which montmorillonites are members. They consist ofan alumina octahedral layer sandwiched between two silica tetrahedral layers (see Figure 8).
 The aluminum atoms in the central layer may be replaced by magnesium or iron atoms causing acharge imbalance. This imbalance is countered by the association of positive cations at the parti-cle surface. These cations may be monovalent, sodium for example (see Figure 9), or divalentsuch as calcium.
 Figure 8: Structure of Smectites
 Figure 9: Structure of Sodium Montmorillonite
 “Proprietary - for the exclusive use of BP & ChevronTexaco”
 Rev. 01/2002 Chemistry and Filtration 5-16

Page 211
                        

Drilling Fluids Manual
 The character of the exchangeable cation influences the extent to which the montmorillonites willswell. The divalent cations, because of the extra charge, tend to associate with adjacent particlesand consequently, restrict swelling of the clay. For this reason calcium montmorillonite is a poorerviscosifier than sodium montmorillonite. Due to their structure, the bonds between particles areweaker than other clays which adds to the ability of the montmorillonite to hydrate. This is the prin-cipal reason sodium montmorillonite is the most common commercial clay. The cation exchangecapacity for smectites is 60-150 meq/100g.
 Clay Properties
 Clay Particle Size
 Clays are too small to be seen by optical methods and require electron-beam microscopes forstudy of size and shape. In general, individual layered clays are from 7 to 21 Å thick, but 1000 to100,000 Å in their width and length. (A 44 micron-325 mesh silt particle is 440,000 Å). Having thissmall size and relatively large surface area, gives layered clays (such as bentonites) uniquebehavior when they are dispersed into water. Being highly charged as well, their behavior is morepronounced in terms of clay-clay particle interactions. Surface area that can be created by clay
 dispersion is very large, about 200 m2/g. The size and shape of clays allows them to be useful inbuilding viscosity (when highly flocculated) or in building a tightly packed filter cake (when not dis-persed or when deflocculated by a thinner).
 Polymer chains are extremely long when compared to clay particle dimensions. When high molec-ular weight (several million) polymer chains become linked with multitudes of clay particles in awater system, there is a combined effect that creates highly viscous, but shear-thinning, rheology.
 Cation Exchange
 In the active clays, magnesium ions (Mg++) may be substituted into the octahedral matrix for alu-
 minum ions (Al+++). This substitution leaves the clay particle with a net negative charge whichmust be balanced. This balancing of charge takes place in the form of cations which are adsorbedonto the surface of the clay platelets. These cations are loosely associated with the clay and maybe displaced or exchanged by other cations. The quantity of cations available for exchange isreferred to as the cation exchange capacity and is reported in milliequivalents per 100 g of shale(Table 9). The strength, or ability of cations to exchange, varies. (Table 8 illustrates the relativestrengths of various cations.) A cation will tend to displace any of those to its right at equal molarconcentra-tion.
 Table 8:Cation Exchange Capacity of
 Minerals in MEQ/100 g
 Kaolinite 3 - 15
 Illite 10 - 40
 Chlorite 10 - 40
 Montmorillonite 60 - 150
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 The presence and type of exchangeable cations will have an effect upon the hydration, or swellingability of a clay. Strongly swelling clays, such as montmorillonite, will adsorb a water layer to thesurface of the clay due to the presence of electrical charges on the surfaces and edges of theclays. This water layer will vary in thickness depending upon the type of cation associated. Sodiummontmorillonite will form a thicker layer which will tend to move the clay platelets farther apart andmake them more susceptible to dissociation. On the other hand, calcium montmorillonite, becauseit is less hydratable, will provide less viscosity than sodium montmorillonite in equal quantities(Figure 10)
 Electrolyte makeup will have a similar effect on the water associated with a clay platelet. Thiswater layer, also called the electric double layer, will be forced to shrink if the clay is immersed in afluid with a high cation concentration. While this effect is greater with divalent cations such as cal-cium or magnesium, high concentrations of sodium will have the same effect. This shrinking of theelectric double layer will allow the clay particles to approach each other more closely. They mayreach the point when the physical attraction between the clay particles exceeds the repulsive forceof the electric double layer at which time the clays will flocculate or clump together. It is difficultsometimes to understand why cations added to a bentonite water slurry will cause an increase inviscosity, while bentonite added to an electrolyte solution will provide little if any viscosity. In a
 Table 9:Cation Exchange Series
 H+>Al+++>Ca++>Mg++>K+>NH4+>Na+>Li+
 Figure 10: Hydration of Sodium and Calcium Montmorillonites
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 freshwater bentonite slurry the clay platelets are dispersed and kept apart by the electric doublelayer surrounding each platelet. This electric double layer consists of a cloud of charged ions andwater molecules loosely associated with the clay particle. Since all the particles have this similarlycharged cloud surrounding them, they cannot approach close enough for their natural attraction toovercome the repulsion of the cloud. The addition of a cation, however, causes a decrease in thethickness of the electric double layer. This allows the particles to associate first edge to face, whichwill cause an increase in viscosity, and as cation concentration continues to increase, they willassociate face to face which decreases viscosity. Clay added to an electrolyte solution on theother hand, is never allowed to form a substantial electric double layer and tends not to hydrate orviscosify. (These relationships are illustrated in Figures 11 through 13.)
 Figure 11: Viscosity of Bentonite Slurry
 vs. Salt Concentration
 Figure 12: Viscosity of Bentonite Slurry vs. Calcium
 Concentration
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 Clay Interactions
 We use several terms for describing the specific behavior of clay-water interactions. These are:aggregation, dispersion, flocculation and deflocculation (see Figure 14).
 Figure 13: Dry Bentonite Added to Electrolyte Solution
 Figure 14: Types of Clay Associations
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 The clay in its dry state has platelets stacked in face-to-face association, like a deck of cards. Thisis Aggregation. When the dry clay is placed into fresh water with no agitation, the packets adsorbwater, hydrate, and swell. Upon agitation, the swollen packets disintegrate into individual plates orsmaller packets of plates. This is Dispersion. As long as agitation continues, dispersion will beretained and further dispersion can occur. When agitation is stopped, clay platelets will be mutuallyattracted in edge-to-edge or edge-to-face association. This forces a structure similar to a house ofcards, termed Flocculation. If an anionic chemical thinner (deflocculant) is added, such as poly-phosphate, lignosulfonate or lignite, etc., it neutralizes the positive edge charges on clay plateletsand the flocculated state is now Deflocculated. When this deflocculated clay slurry encountersstrong ionic contamination (NaCl, CaSO4, Ca(OH)2, etc.), the deflocculant chemical is often over-powered - leading again to flocculation and even to a sort of aggregation where water is lostfrom the clay surfaces.
 Commercial Bentonite
 Commercial bentonites used in drilling muds are naturally occurring clays and are mined in manyareas of the world. They contain the clay mineral smectite and may contain accessory mineralssuch as quartz, mica, feldspar and calcite.
 Drilling Fluid Bentonites
 Smectites are three-layer swelling clays of which the most predominant form is calcium, but alsosodium. Because smectites have the ability to swell (hydrate) in the presence of water, these ben-tonites are used to viscosify drilling fluids. Sodium bentonite, found exclusively in the northwesternpart of the United States, is the most widely sought-after bentonite because its hydrational ability isconsiderably greater than that of calcium bentonite. Hence, the name “premium bentonite” is givento sodium bentonite. Because operational need for using bentonite varies around the globe, APIestablished specifications to cover sodium and calcium bentonites.
 Currently there are three API bentonites available (see Table 10). They are listed in order ofdegree of chemical treatment (beneficiation):
 • API Nontreated Bentonite (no treatment)
 • API Bentonite (some treatment level)
 • API OCMA Grade Bentonite (high treatment level)
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 Beneficiation is a process where chemicals are added to a low-quality clay to improve its perfor-mance. Soda ash is added for peptization (see Figure 15) and polymers are added to improve rhe-ology and filtration control. All of this is done to make the clay pass API viscosity specifications.
 Table 10:Comparison - API Bentonite Specifications
 RequirementsNontreatedBentonite Bentonite
 OCMA GradeBentonite
 Water, cm3 350 350 350
 Clay, g/350 cm3 25 22.5 22.5
 Test for Spec:
 600 rpm, minimum - 30 30
 YP/PV ratio, maximum 1.5 3 6
 Filtrate Volume/30 min., maximum - 15.0 16.0
 +200 mesh, wt%, maximum - 4 2.5
 Moisture, wt%, maximum - 10 13
 Added SHMP to Slurry*:
 PV, minimum 10
 Filtrate Volume/30 min., maximum 12.5
 • Nontreated Bentonite, in its testing, is treated with sodium hexametaphosphate thin-ner (SHMP) to assure that it has not previously been treated during manufacture.
 Figure 15: Peptizing Calcium Clay to Sodium Clay
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 Bentonites that have been treated may exhibit poor performance in five respects:
 1) intolerance to hardness ions,
 2) incompatibility with other polymers in a mud,
 3) low thermal stability,
 4) limited shelf life, and
 5) polymer structure breakdown as it passes through the bit.
 For some drilling operations, API or OCMA bentonite may be economical and not create problems.However, based on the five items above, their performance in many of the mud systems we cur-rently use can be unpredictable and increase bentonite consumption.
 API Bentonites
 API Nontreated Bentonite - API Nontreated Bentonite is a premium quality material without anychemical additives for beneficiation. Being premium clays, they bring a premium price; however,they can be cost effective in terms of predictable performance and lower usage.
 API Bentonite - API Bentonite is generally predominantly sodium bentonite; however, some degree ofbeneficiation is allowed under specifications for this material. The YP/PV ratio specification (3maximum) limits this amount of beneficiation. Hence, API bentonite, under many conditions, per-forms similarly to the nontreated bentonite.
 API OCMA Grade Bentonite - API OCMA Grade Bentonite is predominantly a calcium bentonite andas such, cannot meet specifications of either of the other two API-grade bentonites. Even with lessstringent performance requirements, OCMA Grade bentonites require high levels of chemicaltreatment (beneficiation) which is reflected by the high YP/PV ratio (6 maximum) allowable. How-ever, API OCMA Grade Bentonite is used in many areas where the drilling fluid will not encounterexcessive temperature nor contamination, and where suspension and hole cleaning are the pri-mary requirements.
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 Polymer Chemistry
 Introduction
 A polymer is a large molecule composed of a relatively small molecules called monomers (8%units) bonded together. The molecular weight of polymers range from a few thousand to severalmillion molecular weight units. Polymers can have thousands of repeating units. The lower molec-ular weight polymers serve as deflocculants; whereas, the high molecular weight molecules serveas viscosifiers and flocculants. The two major mechanisms for manufacturing polymers are con-densation, which alters the makeup of the repeating units, and addition which utilizes the presenceof a double bond in the reacting unit to form a long chain. The addition process will generally yieldhigher molecular weight polymers than will condensation. The condensation process produces apolymer in which the repeating units contain fewer atoms than the monomers from which theywere formed. Frequently, water is formed as a by-product of the process. The process requirestwo or more compounds which react chemically and does not depend upon the presence of a dou-ble bond for propagation of the chain. This mechanism is susceptible to interruption by impuritiesor any outside influence which would reduce the efficiency of the process.
 Many commercially available polymers are not readily soluble in water. This is an undesirableproperty for drilling fluid chemicals. Fortunately, many of the polymers available have been chemi-cally treated in order to make them water-soluble. The solubility of these polyelectrolytes will beaffected by the chemical makeup of the drilling fluid, pH, salts and presence of divalent cations,etc.
 Polymer Types
 Each type of polymer has its own characteristics in terms of how it functions in a particular type ofdrilling fluid. Therefore, selection of the correct type of polymer is critical to good performance.Below are listed five general types of polymers commonly used.
 Polyacrylate, Polyacrylamide, and PHPA
 Acrylonitrile is polymerized to form polyacrylonitrile which is then partially hydrolyzed to form acry-lamide and acrylic acid groups along the polymer chain (see Figure 16). These polymers arereferred to as PHPA, (partially hydrolyzed polyacrylamide), and are used as clay extenders, floccu-lants, and encapsulating colloids.
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 Cellulose Derivatives
 A number of different polymers exist which have cellulose as a base. They vary in: (1) degree ofsubstitution (DS), (2) degree of polymerization (DP), (3) type of substitution, and (4) extent of puri-fication (salt removal). Their properties and abilities can widely differ. The cellulose molecule ismodified by reacting with an acid, then an oxidizing group, and then, an anionic radical is attachedto the existing hydroxyl group.
 1. Carboxymethylcellulose (CMC) - When cellulose is reacted with sodium monochloroacetate, asodium methylacetate group is substituted on one of the three hydroxyl groups (see Figure 17).The degree of substitution (DS) refers to the number of hydroxyl groups upon which substitutiontakes place divided by the number of repeating units in the molecule (see Figure 18). The degreeof substitution will range from zero to a maximum of three. Generally, CMCs will have a DS in therange of 0.4 to 0.8 with 0.45 being required for solubility. The degree of polymerization (DP) willrange from 500 to 5000. The polymers with the greater DP will impart more viscosity to the fluid.High DS on the other hand, will permit more tolerance to salts and cation contamination. Thermaldegradation accelerates above 250°F.
 2. Polyanionic Cellulose (PAC) - Polyanionic cellulose is similar to CMC but generally has a DS ofabout 1.0. The PAC materials generally are more expensive than CMC due to higher processingcosts, but show a greater tolerance to hardness and chlorides. PAC begins to thermally degrade at250°F.
 3. Hydroxyethylcellulose (HEC) - HEC is formed by causticizing cellulose and reacting it with ethyl-ene oxide which replaces one or more of the hydroxyl groups present on the cellulose molecule(see Figure 19). Although HEC is nonionic, it is still water soluble due to the hydroxy ethyl groups.HEC imparts high viscosity to water or brines but exhibits no gel strengths. It is susceptible to deg-radation through shear or heat and has a maximum thermal stability of about 225°F.
 Figure 16: Manufacturing of PHPA from Monomer
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 Figure 17: Cellulose Structure
 Figure 18: Carboxymethylcellulose Structure
 Figure 19: Hydroxyethylcellulose Structure
 “Proprietary - for the exclusive use of BP & ChevronTexaco”
 Rev. 01/2002 Chemistry and Filtration 5-26

Page 221
                        

Drilling Fluids Manual
 Starch
 Starches used in the drilling industry are primarily derived from corn and other cereals, potatoesand tapioca. The starches are pre-gelatinized in order to permit them to readily hydrate. Starchesare peptized chemically or by exposure to heat. The peptization ruptures the microscopic sackswhich contain the amylose and amylopectin allowing them to come into contact with water andswell. Starches are used mainly for fluid loss control and are viable in a large range of fluid sys-tems, such as seawater, saturated saltwater, KCl muds and lime muds. Starches are thermally sta-ble to about 250°F. Starches are not resistant to bacteria and require a biocide to retardfermentation, except in saturated salt and high pH muds.
 Guar
 Guar is derived from the seed of the guar plant. Guar is a naturally occurring nonionic polymerused as a viscosifier in waters ranging from fresh to saturated salt (NaCl). High levels of hardnessand alkalinity will slow or even eliminate the hydration process and can cause a significantdecrease in viscosity. Guar has a maximum thermal stability of about 200°F and a biocide is nec-essary to retard fermentation. Guars have greater application to workover/completion operations.
 Xanthan Gum
 Xanthan Gum is a biopolymer and is a product of the action of a bacteria (Xanthomonas Campes-tris) on sugar. This material may be used in a variety of brines and salinity levels. Xanthan gumbegins to degrade thermally at temperatures of about 225°F. Xanthum gum is the only polymerthat provides thixotropy, i.e., formation of gel structures.
 Polymer Uses
 Some of the major uses of polymers in drilling fluids are:
 • Viscosity
 • Bentonite Extension
 • Deflocculation
 • Filtration Control
 • Shale Stabilization
 Polymer: Types: Viscosity
 These are high molecular weight polymers, usually branched, and water soluble. Viscosity is dueto interactions between: (1) polymer molecules and water, (2) polymers themselves, and(3) polymers and solids.
 Bentonite Extension
 The bentonite extenders work by cross-linking bentonite particles to increase the physical interac-tion between particles. There is a narrow band of concentrations which allow this cross-linking tooccur, but above which a viscosity decrease may occur.
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 Flocculation
 Flocculents are high molecular weight, long chain, anionic molecules which bridge between indi-vidual solids causing them to form an aggregate. The aggregates will settle or centrifuge readily forremoval. It is possible to have either total or selective flocculation. Selective flocculation removessome of the drill solids.
 Deflocculation
 Anionic polymers act as deflocculants by absorbing onto the edges of the clay particles and neu-tralizing existing charges. Polymer deflocculants are shorter molecules with a greater change den-sity. These characteristics facilitate adsorption onto the clay particle without causing cross-linking.These polymers are sensitive to divalent cations and are less effective when hardness exceedsabout 400 mg/L.
 Filtration Control
 Starches, CMCs, PACs, and hydrolyzed polyacrylates are effective filtration control agents. Filtra-tion control may be provided due to a physical plugging action by the polymer or by viscosifyingthe liquid phase of the drilling fluid. Anionic polymers control filtration by viscosifying the waterphase to restrict fluid flow through the filter cake. Nonionic materials such as the starches, someanionic materials such as PAC and CMC, work by hydrating and swelling and physically pluggingpores in the filter cake.
 Shale Stabilization
 Shale stabilization is provided through polymer attachment to the positively charged sites on theedge of clay particles in shales. This attachment minimizes water invasion into the clay particleand reduces hydration and dispersion. These polymers have been used with success in conjunc-tion with salt and potassium-based muds for added inhibition.
 “Proprietary - for the exclusive use of BP & ChevronTexaco”
 Rev. 01/2002 Chemistry and Filtration 5-28

Page 223
                        

Drilling Fluids Manual
 FiltrationFiltration refers to the process of separating the liquid phase of a drilling fluid from the solid phaseby passing the fluid through a permeable medium such as sandstone or filter paper. If the pores inthe permeable medium are small enough, it will permit the passage of the liquid, but restrict thepassage of the solids particles. These particles, which consist of formation solids as well as com-mercial clays and weighting materials, will build up and form a cake on the surface of the filteringmedium. The liquid phase which passes through the medium is called the filtrate and contains sol-uble ions such as salts, calcium, and soluble chemicals.
 Filtration Fundamentals
 Filtration is controlled by depositing a tough, low permeability filter cake on the surface of the for-mation to prevent wellbore fluid from invading permeable zones. The tendency of the drilling fluidto penetrate permeable zones occurs because the pressure created by the drilling fluid is greaterthan the formation pressure. This pressure gradient forces fluid into the formation. The extent ofthis invasion depends on several characteristics of both the drilling fluid and the formation. Theporosity and permeability of the formation, along with the solids content and particle size distribu-tion in the drilling fluid, will determine the amount of invasion. Viscosity of the liquid phase, will alsoaffect filtration rate.
 Types of Filtration
 Static Filtration
 When drilling fluid is not circulating in the wellbore and there is no pipe movement, static filtrationtakes place. With static filtration, the filter cake continues to increase in thickness while the rate offiltration decreases. Filter presses measure static filtration, giving filtrate loss and cake thicknessdata under time and pressure (30 minutes, 100 psi). This is not an accurate representation ofdownhole filtration and more complex instruments are needed to duplicate downhole conditions.
 Static filtration can be described by the following equation:
 Vf = filtrate volume
 A = filtration area
 K = cake permeability
 CC = volume fraction solids in cake
 Cm = volume fraction solid in mud
 p = filtration pressure
 t = filtration time
 µ = filtrate viscosity
 Vf A
 2KCC
 Cm-------- t ∆P
 µ------------------------------------
 1/2
 =
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 Dynamic Filtration
 When the mud is circulating, dynamic filtration takes place. With dynamic filtration, the flow of mudtends to erode the filter cake as it is deposited by the filtration process. The cake builds until therate of deposition equals the rate of erosion. At this point the rate of filtration becomes constant. Atfirst, the newly exposed formation will experience a high rate of invasion of filtrate and a rapidgrowth of filter cake. As time passes, the growth rate decreases and the filtration rate becomesconstant.
 An interesting study illustrates the cycle of static and dynamic filtration in the borehole. The filtercake and filtrate loss in each stage, dynamic and static, were measured. It was calculated that theamount of filtrate invading the formations under static conditions is small, even during prolongedperiods of inactivity (i.e., tripping). When circulation begins, the upper layers of the static filter cakeare eroded and the cake thickness decreases. Most of the static cake remains, however, and anew dynamic cake begins to deposit and attains a new equilibrium. It was shown that the cakethickness increase with each dynamic-static cycle is very small.
 Problems Caused by Poor Filtration Control
 Poor filtration control can cause a number of problems in drilling operations. Excessive filtrate lossand filter cake build-up can lead to:
 • Tight spots in the hole causing excessive drag.
 • Increased pressure surges when moving the pipe due to decreased hole diameter.
 • Differential pressure sticking of the drill string due to the increased pipe contact area inthick, high permeability cake.
 • Cementing problems due to poor removal of dehydrated, thick filter cake.
 • Formation damage from filtrate invasion.
 Most of these problems are caused by the filter cake that is left on the borehole wall, rather than bythe amount of filtrate lost to the formation. Problems caused by excessive fluid loss are:
 • Inability to make accurate formation evaluation.
 • Formation damage.
 Logging tools can give erroneous data for formation evaluation when large volumes of filtrate flushformation fluids away from the borehole. Coring tools cannot recover representative formation fluidsamples when excess filtrate invasion occurs.
 Formation damage by filtrate invasion can be caused by several different mechanisms. The filtratecan cause swelling or dispersion of clay particles in the pores of the formation, reducing the forma-tion permeability. Surfactants in the filtrate can change the wettability of the formation or form anemulsion with the formation fluids which can block permeability. Efforts to control filtration will payoff in fewer drilling or completion problems. The goal is to deposit a filter cake which is as thin andimpermeable as possible.
 Factors Affecting Filtration
 The general filtration equation given previously can be broken down into individual terms as dis-cussed below.
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 Time
 The static filtration rate is directly proportional to the square root of time, after the initial spurt loss:
 -
 Where
 V1 = measured filtrate at time t1, cm3
 V2 = calculated filtrate at time t2, cm3
 t1 = time interval for filtrate 1, minutes
 t2 = time interval for filtrate 2, minutes
 This equation was developed for the purpose of estimating filtrate loss over long periods. Theresults of the equation will be less accurate for early filtration rates because this is the time inwhich spurt loss occurs. (Figure 20 shows that as time increases, spurt loss effects diminish andfiltration rates stabilize.)
 API specifications use 30 minutes as a time period for filtrate loss with both a low temperature-lowpressure and high temperature-high pressure tests. Occasionally an API filtrate test will be run for7-1/2 minutes and the volume of filtrate is then doubled to represent the 30 minute filtrate volume.This is not an API sanctioned practice and should be discouraged. Under no circumstances shouldthe HTHP fluid loss test be run for less than the specified 30 minutes.
 V2 V1
 t2t1----=
 Figure 20: Static Filtration vs. Square Root of Time
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 Pressure
 If the filtration medium is uniform, the volume of filtrate varies as the square root of pressure. Thisdoes not apply for mud filter cake however, because the cake, which is subject to compressionand continued deposition of material, undergoes continuous changes in porosity and permeability.If the cake were incompressible and static, the effects of pressure is approximated by the equa-tion:
 Where
 V1 = measured filtrate volume
 P1 = 100 psi
 V2 = estimated filtrate volume
 P2 = pressure in question in psi
 This equation can be used to indicate the relative compressibility of an actual filter cake. Run anAPI fluid loss test at standard temperature and pressure and then run a second one at a higherpressure, for example at 200 psi. If the test results correspond closely to the results calculated bythe above equation it indicates the formation of an incompressible filter cake. The lower the actualfluid loss at the higher pressure compared to the calculated fluid loss, the greater the compressibil-ity of the cake. It is possible in extreme cases to have a fluid loss at higher pressure which is lowerin volume than the fluid loss at the lower pressure. This situation indicates an extremely compress-ible filter cake.
 Temperature
 Increased temperature usually increases filtration rates by reducing the viscosity of the liquidphase, providing all other factors remain constant.
 Figure 21 is a graph used to convert API fluid loss taken at any mud temperature to the theoreticalAPI fluid loss value at 300°F if the pressure for both tests is the same. For example, if fluid loss at140°F is 3.0 cm3, then multiplying by the constant 1.6 gives the theoretical value 4.8 cm3 at 300°F.
 The effect on fluid loss due to temperature changes can be approximated by the following equa-tion. Use Table 11 to obtain the viscosity of water at various temperatures.
 Where
 V1 = measured filtrate volume at test temperature
 V2 = calculated filtrate volume at temperature 2
 Vis1= water viscosity at test temperature
 Vis2= water viscosity at temperature 2
 V2 V1
 P2
 P1------=
 V2 V1
 Vis1
 Vis2-----------=
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 Figure 21: Correlation Factors for Fluid Loss*
 Table 11:Viscosity of Water at Various Temperatures
 TemperatureViscosity of Water (cps)
 TemperatureViscosity of Water (cps)°F °C °F °C
 68 20 1.005 300 148.9 0.184
 86 30 0.801 320 160 0.174
 104 40 0.656 338 170 0.160
 122 50 0.549 350 176.6 0.1535
 140 60 0.469 356 180 0.150
 158 70 0.406 374 190 0.142
 176 80 0.356 392 200 0.134
 194 90 0.316 410 210 0.127
 212 100 0.284 428 220 0.121
 230 110 0.256 446 230 0.116
 248 120 0.232 450 232.2 0.1136
 250 121 0.2316 500 260 0.100
 266 130 0.212 550 287.7 0.0899
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 This equation can be used to estimate a fluid loss value for a higher temperature. If the actual fluidloss at the higher temperature is much greater than the calculated value, it can indicate thermaldegradation of mud chemicals.
 High temperatures produce chemical changes in the mud. In particular, changes take place in theionic atmosphere of clay particles and the effectiveness of many fluid-loss additives and dispers-ants decreases at high temperatures because of degradation.
 Permeability
 Permeability of the filter cake is largely a function of the size, shape and distribution of mud solids.Since the most effective way to control filtration rate is to control permeability of the filter cake, itfollows that control of mud solids is of primary importance. Low filtration rates require low cake per-meability, especially under temperature and pressure.
 Small particles form a more tightly packed unit. Thus, the filter cake formed from small particles isless permeable than the filter cake formed from large particles. Generally, colloidal size particles(less than two microns) provide the maximum fluid loss control. However, optimum control is bestobtained by having a range of different size particles. Smaller particles can wedge between largeparticles to form a cake with low permeability. Thin, flat hydrated particles are more effective thanspherical or irregularly shaped particles. Under pressure, flat particles will pack more tightly, pro-ducing a compressible filter cake. Bentonite particles meet these criteria since they are hydratable,small, thin and plate-like in shape.
 Distribution of the solids in the filter cake is related to the degree of dispersion of the solids in themud. Proper solids size distribution and dispersion of colloidal particles allows a uniform, overlap-ping texture in the cake. In flocculated systems, the fluid passes easily between the non-uniformflocs or aggregates and results in high filtration rates.
 Filtration Measurement
 One objective in the measurement of filtration rate is to simulate downhole conditions. Becauseconditions change so rapidly and frequently it is impossible to duplicate actual conditions down-hole, filtration tests have been designed to produce relative measurements which are standardizedand accepted in the oil industry. The tests which are made under static conditions include: (1) thelow temperature-low pressure test, or API fluid loss test, (2) the high temperature-high pressuretest, and (3) the permeability plugging test, or PPT. The PPT allows for a larger range of tempera-ture and pressure and allows the permeability of the filter media to be selected.
 Many operating companies and drilling fluid service companies have designed instruments tomeasure filtration under dynamic conditions. These measurements simulate downhole conditionsmore closely because shear can be imposed and a core (rather than filter paper) can be usedwhile applying high temperatures and high pressures. Many studies have been made using thesetests and surprising data have been published concerning filtrate loss. While it is true that oil doestend to lower filtrate loss under static conditions, it was found that oil actually increased filtrate lossunder dynamic conditions. Work is continuing in this area and eventually, it is expected thatdynamic tests will be designed for use on the rig to provide information on how well mud treat-ments are working
 “Proprietary - for the exclusive use of BP & ChevronTexaco”
 Rev. 01/2002 Chemistry and Filtration 5-34

Page 229
                        

Drilling Fluids Manual
 .
 Filtration Control Additives
 In the oil industry, there is a wide spectrum of products used for filtration control. To lessen the con-fusion, only the broad classifications will be discussed, and the discussion will be limited to genericnames. Their application depends on the type of mud being used and on the chemical and physi-cal environments encountered.
 Bentonites
 The primary fluid-loss control agents for water-based muds are clay-type solids. Since these solidsare colloidal in nature, they provide viscosity as well as filtration control. The ability of bentonite toreduce filtration can be attributed to:
 • small particle size
 • flat plate-like shape
 • ability to hydrate and compress under pressure
 Insufficient bentonite in a mud causes increased filtrate loss, particularly at increased temperatureand pressure. Sodium montmorillonite clays are used mostly in freshwater mud systems; however,they are occasionally used in saltwater muds.
 Lignins and Tannins
 These include: sulfonated tannins, quebracho, lignosulfonates, lignites and lignite derivatives. Themechanisms by which they work is by thinning the clays (adsorbing on the positive edges of theclay platelets, which leads to repulsion among the platelets), plus plugging action of the particlesthemselves. These additives improve the distribution of solids within the drilling fluid by defloccu-lating solids such as bentonite and through the colloidal nature of the chemical, skewing the parti-cle size distribution to lower valves.
 Starches
 Most starch products are used in salt and saturated saltwater environments. Most of the starchesused in the domestic oil industry are made from corn or potatoes. The starch grains are separatedfrom the vegetable and specially processed so that they will rapidly and efficiently swell and gelati-nize to reduce filtration loss. The sponge-like pegs also fit into the tiny openings left in the filtercake and lower fluid loss by a plugging action. Biocide is recommended when bacterial degrada-tion is a concern.
 Comparison of Static Filtration Test Parameters
 Test Temperature, °F ∆Pressure, psi Time, min.
 HTHP 250-450 500 30
 LTLP Ambient (mud temp) 100 30
 PPT 250-500 100-3000 30
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 Sodium Carboxymethylcellulosics (CMC)
 CMC is an organic colloid used for filtration control. This material is available in several grades,each varying in viscosity and filtration control qualities. The three grades are commonly calledhigh-viscosity CMC, medium or regular-viscosity CMC, and low-viscosity CMC.
 The choice of CMC depends upon the properties desired for the drilling fluid. When viscosityincrease and filtration control are both desired, high or medium CMC should be used. When noviscosity increase is needed and a decrease in filtrate loss is required, low-viscosity CMC is ade-quate.
 Polyanionic Cellulosics (PAC)
 PAC materials are organic filtration control agents similar to CMC, but generally of higher purityand quality. This material can be used in both freshwater and saltwater environments. PACs aregenerally more calcium tolerant than are CMCs.
 Sodium Polyacrylates (SPA)
 SPAs are polymers that are available in various ranges of molecular weight and offer high temper-ature stability. SPAs of low molecular weight are deflocculants for clays and are used to improvefluid loss control by that mechanism. SPAs of very high molecular weight are effective for fluid losscontrol by increasing the viscosity of the filtrate and by plugging in the cake. They are sensitive tocalcium ions, especially at high molecular weight. Derivatives of SPA which are less sensitive toionic content are available as proprietary thinners and fluid loss additives. An example is theAMPS type polymers.
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 Section 6: Contamination
 Contamination of Water-Based Drilling Fluids
 Introduction
 In general, a contaminant is any material that causes undesirable changes in drilling fluid proper-ties. Solids are by far the most prevalent contaminant. Excessive solids, whether commercial orfrom the formation, lead to high rheological properties and slow the drilling rate. Most other con-taminants are chemical in nature and require chemical treatment to restore fluid properties. Whilethere are specific treatments for each contaminant, it is not always possible to remove the contam-inant from the system.
 Some contaminants can be predicted and a treatment started in advance. The predictable contam-inants are: cement, make-up water, and sometimes salt, gypsum, and acid gases such as, hydro-gen sulfide and carbon dioxide. Pretreatment can be advantageous as long as it is not excessiveand does not adversely affect mud properties.
 Other contaminants may be unexpected and unpredictable such as those whose concentrationincreases gradually. Eventually, the contaminant shows its effect by altering the fluid properties.This change in fluid properties often occurs at times when deflocculants are expended at highdownhole temperatures. It is essential to keep accurate records of drilling fluid properties toensure that any gradual buildup of a contaminant is monitored and detected.
 Some of the more common contaminants and associated treating agents are shown in Tables 1and 2. It should be noted that water chemistry is more straightforward than the chemistry of drillingfluids. Organic materials not only interfere with the accuracy of titrations, but they also interferewith the treatment. For example, the addition of calcium ion to remove carbonates may result inthe formation of calcium salts of organic acids (reaction between Ca++ and lignite) and calcium sil-icates. Both of these reactions are undesirable, but unavoidable. Treating contaminants, therefore,should be preceded by pilot testing and then, treating should be done with caution, particularlywhen high density fluids are involved.
 Table 1: Common Contaminants and Treating Agents
 Contaminant Treating Agentlb/bbl of Treating Agent to React with
 100 mg/L Contaminant
 Calcium Soda Ash 0.093
 Sodium Bicarbonate 0.074
 Magnesium Caustic Soda 0.116
 Carbonate Gypsum (if high pH) 0.118
 Lime 0.043
 Bicarbonate Lime 0.043
 Sulfide Zinc Carbonate 0.140
 Zinc Oxide 0.106
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 Salt Contamination
 Salt, NaCl, contamination may be a result of salty makeup water, drilling salt stringers, or saltwaterflows. Saltwater-based drilling fluids are used when salt is drilled in large quantities or where saltymakeup water is used. In saltwater muds, salt is not a problem; however, in freshwater muds saltbecomes a contaminant.
 Salt contamination is usually easy to detect. It will be accompanied by an increase in the chloridescontent of the filtrate. Other possible indications are: an increase in rheology, specifically the yieldpoint, an increase in fluid loss, and a possible decrease in pH and alkalinities. If the salt source isa saltwater flow, there may also be a decrease in mud density (see Figure 1).
 Table 2: Drilling Fluid Contaminants
 (a contaminant is anything that causes undesirable changes in properties)
 Contaminants Source Treatment
 Solids Drilled SolidsBariteBentonite
 Dilution, dispersion, displacement or mechanical removal
 Carbonates CO2 intrusion; thermal or bacterial degradation of mud products; entrained air (from mud hoppers, shake screen or hydrocyclones)
 Precipitate CO3 = ion with gypsum or lime
 Anhydrite, Gypsum Formations drilled; overtreatment of carbonate problem with gypsum
 Convert to gypsum or lime mud; or precipitate Ca++ ion with bicarbonate of soda and/or soda ash
 Salt, Saltwater Formations drilled; formation water Convert to salt saturated mud or treat system with water, caustic soda and thinners
 Cement, Lime Cementing operations or over treat-ment of carbonate problem with lime
 Convert to lime mud or precipitate Ca++ ion with bicarbonate of soda and/or soda ash
 Hydrogen Sulfide
 Formations drilled; thermal degrada-tion of products; bacterial degrada-tion of products
 Raise pH and/or precipitate sulfide with a zinc compound
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 Salt contamination cannot be removed from a drilling fluid by chemical treatment. Salt concentra-tion can only be decreased through dilution. The harmful effect of salt on a drilling mud is due tothe increased ionic concentration which changes the charge distribution at the clay surfaces. Theresulting flocculation causes an increase in rheological properties and fluid loss. Further exposureto high salt concentration will dehydrate the reactive solids in the mud and cause decreased vis-cosity and a continued increase in fluid loss.
 The choice of reconditioning agents for salt contamination in freshwater muds depends on theseverity of contamination. Lightly deflocculated drilling fluid systems can tolerate up to10,000 mg/L chlorides as long as the colloidal reactive solids are at a reasonable level for the muddensity being used. As the chloride content increases above 10,000 mg/L, rheological and fluidloss properties become difficult to control and an increase in deflocculant treatment is necessary.When salt is encountered, the high concentration of Na+ ions tends to replace some of the H+ ionsat the clay surfaces and may slightly reduce the pH. The alkalinity of the system should thereforebe slightly higher in salt contaminated drilling fluids to improve deflocculant performance. Calciumor magnesium are commonly associated with salt contamination and may magnify the effect of thesalt on the drilling fluid.
 Treatment - If the salt contamination is minimal (Cl- <20,000 mg/L) or can be tolerated for a briefperiod such as to TD the well or set pipe within a few days, the mud should be treated with water
 vv
 Figure 1: Effects of Contaminants on Drilling Fluid Properties
 Contaminant FunnelVis
 PV YP Gels pH FluidLoss
 Pf/Mf PM Cl- Ca++ Solids MBT
 Solids
 Cement
 Gypsum
 Salt
 HighTemperature
 Carbonates
 No Change
 May Change or
 Slight Change
 Will Increase Will Decrease
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 to dilute the chlorides to an acceptable concentration level. This level will vary depending on themud weight, active solids concentration, temperature, etc. The fluid should simultaneously betreated with causticizing agents and deflocculants to restore flow properties. Finally, control fluidloss with PAC or other additives which are salt tolerant, and pre-hydrated bentonite.
 If the existing salt contamination level cannot be tolerated or if continued contamination isexpected, such as drilling massive salt sections, the fluid should be either converted to a saturatedsalt system or displaced with an oil-based system. The mud can be converted to a salt-saturatedmud by addition of NaCl to saturate the system (±125 lb/bbl) coupled with large quantities ofdeflocculant for viscosity control, caustic soda or lime for pH and PF control, PAC materials andpre-hydrated bentonite for fluid loss control.
 Calcium Contamination
 The calcium ion is a major contaminant of water-based drilling fluids. Calcium can enter the mudas part of the makeup water or formation while drilling cement, anhydrite or gypsum. Calcium con-tamination drastically changes the nature of freshwater, clay-based systems. The calcium iontends to replace sodium ions on the clay surface through a base exchange. The bound layer ofwater on the clay platelets is reduced, resulting in diminished hydration or swelling characteristics.The effects of calcium contamination on deflocculated muds are increased fluid loss, yield pointand gel strengths.
 In the case of cement contamination, diagnosis is usually simplified by the fact that we knowahead of time when we will be drilling cement. The physical and chemical indications of lime orcement contamination are: increased yield point and fluid loss, increased pH and alkalinities, anda possible increase in calcium. The calcium increase may be masked, however, by pH. Gypsumand anhydrite contamination are also characterized by an increase in yield point and fluid loss asthese effects are the result of the divalent cation (Ca++) in the drilling fluid. Alkalinities and pHdecrease with anhydrite contamination because CaSO4 and H2O liberate H+ ions. An increase in
 detectable Ca++ is also likely since there is not a high pH to limit its solubility.
 Calcium contamination originating in makeup water or formation water is usually treated with sodaash. Approximately 100 mg/L of Ca++ should be left in the system to react with carbonate ions.
 Cement Contamination
 In most drilling operations, cement contamination occurs one or more times when casing stringsare cemented and the plugs are drilled out. The extent of contamination and its effect on mudproperties depends on several factors. These include: solids content, type and concentration ofdeflocculants, and the quantity of cement incorporated. One 94-lb sack of cement can yield 74 lbof lime. When cement is completely cured only about 10% is available; whereas, when it is soft(green) as much as 50% of the lime may be available to react. It is the calcium hydroxide (lime) incement, reacting with solids, that causes most of the difficulty associated with cement contamina-tion.
 Freshwater bentonite systems are flocculated by cement, resulting in increased rheology and fluidloss. The severity of flocculation depends upon the quantity and quality of solids present and thesolubility of the Ca++ ion. Therefore, when cement contamination reaches a level where it is nolonger practical to treat out, it may be desirable to convert the system to a calcium-based mud. Itmay be possible to isolate the contaminated fluid and dump it.
 Treatment - To maintain a low calcium drilling fluid, chemical treatment must be used to removecement contamination. The aim of treatment is to control pH while removing calcium and excess
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 lime from the system as an inert, insoluble calcium precipitate. The treatment of choice for cementor lime contamination is sodium bicarbonate (NaHCO3). In its reaction with lime, a hydrogen ion isliberated which reacts with a free hydroxyl ion to form a water molecule. This reaction serves tofurther reduce the pH and allow more lime to go into solution. The lime and sodium bicarbonatereaction is: Ca++ + 20H- + Na+ + H+ + CO3
 = › CaCO3 + Na+ + OH- + H2O.
 Excess lime can be estimated from the filtrate alkalinity (PF), mud alkalinity (PM) and volume frac-tion of water from retort analysis (FW) by the following equation:
 Excess lime, lb/bbl = 0.26[PM - (FW)(PF)]
 To chemically remove 100 mg/L of calcium originating from lime would require approximately0.074 lb/bbl of bicarbonate of soda. If lignite is present in the system, it will also react with lime toform a calcium salt of humic acid. One lb/bbl of lime will react with 7-8 lb/bbl of lignite. Calciumsalts of humic acids will create viscosity problems at higher concentrations.
 Chemical removal of calcium ions with bicarbonate ions does not normally correct the damagedone to a dispersed system. It is usually necessary to treat with deflocculants to obtain desiredrheological properties. Materials, such as prehydrated bentonite, CMC or PAC are used to restorefiltration and filter cake characteristics.
 Pretreating presents a problem, since it is difficult to predict the extent of contamination prior todrilling the cement. Overtreating with bicarbonate of soda could be as detrimental to drilling fluidproperties as the cement contamination. Therefore, it is not advisable to pretreat with more than0.5 lb/bbl of bicarbonate of soda. One approach to avoid overtreatment is to treat only soluble cal-cium and wait to treat lime when it goes into solution on subsequent circulations. Treatmentsshould be discontinued when excess lime approaches 0.3 to 0.5 lb/bbl. Materials such as lignosul-fonate and lignite are good supplementary pretreating agents because they buffer the pH and aidin deflocculating the system.
 Consideration should also be given to low-gravity solids content prior to drilling cement, becausehigh clay solids concentration is a primary cause of flocculation when cement contaminationoccurs. Reduction of solids concentration, if too high, is recommended as a defense againstsevere flocculation.
 Because pH values are high when drilling cement, the quantity of calcium ion in solution rarelyexceeds 300 to 400 mg/L. For this reason, much of the cement drilled remains as discrete parti-cles and is available to dissolve and replace the calcium ion that has been treated out of solution.Unless cement particles (excess lime) are mechanically removed from the system by efficient sol-ids removal equipment, it will take several days for the excess lime to solubilize, react and bechemically precipitated.
 Note:Lignite is not an acceptable treatment for cement contamination.
 Note:SAPP (sodium acid pyrophosphate) is sometimes used to treat out cement; however, itwill simultaneously thin the system. However, above about 180°F it can thermallydegrade to orthophosphate which is a flocculant.
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 High temperature solidification can result from cement contamination in combination with high sol-ids. Since tests at ambient temperature will not reflect this problem, tests which simulate downholeconditions should be run. The Fann Consistometer and Fann Model 50 VG Meter simulate down-hole temperature, shear, and pressure conditions and give an indication of solidification tenden-cies. To determine remedial treatments, it is recommended that pilot testing procedures includehot rolling.
 Anhydrite-Gypsum Contamination
 Anhydrite and gypsum are calcium sulfate compounds (CaSO4) which are sometimes encoun-tered while drilling. Gyp is calcium sulfate with water of crystallization (CaSO4 2H2O), while anhy-drite is the anhydrous (waterless) form of calcium sulfate (CaSO4). These may occur as thinstringers or massive beds.
 Calcium sulfate contamination is similar to cement contamination because both liberate calciumions, which in turn cause flocculation. Unlike cement, calcium sulfate does not cause a pHincrease since it supplies a sulfate ion in lieu of an hydroxyl ion. The sulfate ion contributes to floc-culation of clay solids, although its effect is small compared to calcium ions.
 In lightly-treated muds, small amounts of CaSO4 increase the rheological properties. The severityof flocculation depends to a great degree on clay content. When CaSO4 causes the calcium con-centration to increase above 200 mg/L, viscosity may fluctuate drastically and fluid loss maybecome difficult to control. As calcium ion concentrations further increase, a base exchangeoccurs in which sodium montmorillonite becomes calcium montmorillonite. Flow properties tend todecrease, and fluid loss becomes very difficult to control.
 Treatment - There are several methods for handling CaSO4 contamination. The drilling fluid can bemaintained as a low-calcium fluid by chemically precipitating calcium from solution or it can beconverted to a gyp system. For smaller amounts of CaSO4 contamination, chemical removal of thecalcium ion is best achieved by adding soda ash. Excess CaSO4 can be estimated from the filtrateversenate (VF), whole mud versenate (VT), and volume fraction of water from retort analysis (FW)by the following equation:
 Excess CaSO4, lb/bbl = 2.38 [(VT) - 0.48 (VF)(FW)]
 Approximately 0.093 lb/bbl of soda ash is required to precipitate 100 mg/L of Ca++ ion. Cautionshould be exercised to avoid overtreatment. When Ca++ concentration is reduced to100-150 mg/L, treatment should be suspended.
 The reaction between gypsum or anhydrite with soda ash is:
 Ca++ + SO +2 Na+ + CO3= › CaCO3 + 2Na+ + SO
 Soluble sodium sulfate (Na+ + SO4 ions) is formed from this reaction and could cause flocculationproblems after prolonged treatments. For this reason, it is generally necessary to convert to a cal-cium-based fluid when massive anhydrite is to be drilled with a freshwater system.
 Magnesium Contamination
 Magnesium is encountered when seawater is used as makeup water. It has also been encoun-tered as magnesium water flows. Magnesium has similar effects as calcium on mud propertiessuch as increased flow properties and fluid loss.
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 Treatment - Magnesium can be precipitated with caustic soda as insoluble magnesium hydroxideMg(OH)2. One-half pound of caustic per barrel of mud will precipitate approximately 430 mg/L ofmagnesium. Most of the magnesium ion will be precipitated when pH is increased to 10.0. Addi-tional filtrate control agents, deflocculants and causticizing materials will be required to restoredrilling fluid properties after magnesium contamination. In the case of massive magnesium con-tamination, it is impractical to treat it out; therefore, options are: (1) to attempt to maintain a low pHsystem with Mg++ ion present, or (2) switch to a magnesium tolerant mud such as oil mud.
 Carbonate/Bicarbonate Contamination
 The most common source of soluble carbonate accumulation in muds is CO2 intrusion from forma-
 tions being drilled. As CO2 enters an alkaline mud, it reacts with OH- ions and soluble carbonatesaccumulate. Another common carbonate source is thermal degradation of organic additives suchas lignite and lignosulfonate at temperatures in excess of 300°F. CO2 is liberated at temperatureby alkaline decarboxylation of organic acid groups such as found in humic acid. Lignite is a morepotent source of carbonates than lignosulfonate because of its high humic acid content. Anotherminor source of carbonates is bacterial action on organic additives.
 The mechanism by which bicarbonate (HCO3-) and carbonate (CO3
 =) ions affect the performanceof a deflocculated, clay-based drilling mud is not well understood. The fact remains, however, thathigh concentrations of total carbonates (>1000 mg/L) will have a detrimental effect on freshwa-ter-bentonite drilling fluids.
 Only an estimate of carbonate concentration in filtrate samples is obtained by API alkalinity titra-tions. There are, however, some physical and chemical indications that carbonate contamination istaking place. Elevated yield point and 10-minute gel strength, particularly on bottoms up after atrip, may indicate a carbonate problem. In addition, if the MF is greater than 5 cm3 and greater than4 times the PF, then carbonates may be present. If carbonates are suspected, a Garrett Gas Traincarbonate analysis (GGT) should be run at the rigsite prior to initiating any treatment.
 Soluble carbonates are formed when CO2 enters the mud and reacts with hydroxyl ions (OH-) to
 form carbonic acid, which further reacts to form HCO3- and CO3 = ions. A chemical equilibrium con-
 trolled by the pH of the fluid is established at any given temperature. These equilibria involve thecomponents shown in the following equations:
 CO2 + H2O › H2CO3 (conversion of CO2 to carbonic acid)
 H2CO3 + OH- › HCO3- + H2O (conversion of carbonic acid to bicarbonate)
 HCO3- + OH- › CO3 = + H2O (conversion of bicarbonate to carbonate)
 Carbonate equilibria with pH is shown in Figure 2 for the system of carbonates in freshwater at25°C. Total soluble carbonates are the sum of CO2, HCO3
 - and CO3=, and are measured by the
 GGT. The three species coexist in various proportions, depending on solution pH. For example,Figure 2 shows that at low pH, gaseous CO2 dissolved in water (carbonic acid) predominates,
 and HCO3- and CO3
 = are essentially zero. This is the basis for the GGT analysis. By acidification in
 the GGT all CO3= and HCO3
 - ions in the sample are converted to CO2 gas, which is freed fromsolution and analyzed by a Dräger CO2 detector tube. Figure 2 also shows that for the approxi-
 mate pH range of 6.3 to 10.3 the HCO3- ion predominates; above pH 10.3 the CO3
 = ion predomi-nates. The higher pH is desirable for chemical removal of soluble carbonates as insoluble CaCO3.
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 Ca++ + CO3 = › CaCO3 (Removal of CO3
 = ion by Ca++ ion)
 At mud pH above 10.3 the reaction proceeds more rapidly because CO3= ions predominate over
 HCO3- ions. If lime is selected as the treatment chemical for CO3
 = ion removal, the pH of the fluid
 need not exceed 10.3 because OH- ions from the lime are available to raise the pH and convertHCO3
 - to CO3= for subsequent removal:
 HCO3- + OH- › CO3
 = + H2O (Bicarbonate to carbonate conversion)
 Ca++ + 2OH- + CO3 = › CaCO3 + 2OH- (Removal of CO3
 = ion with lime)
 Treatment - Removing carbonates from a deflocculated, clay-based mud typically involves addinglime or gypsum to precipitate CO3
 = as CaCO3. Adding lime to a solids-laden mud, especially in ahot well, can create severe rheological and filtration control problems. A GGT analysis will indicateif soluble carbonates are strongly present. Up to 500 mg/L of carbonates is not likely to cause aproblem, but levels above 1000 mg/L (depending on mud density and solids present) may causeproblems. If appreciable carbonates are measured, a pilot test series with a range of treatmentsshould show whether lime or gypsum is the preferred treatment.
 The soluble carbonate concentration may be reduced, but the fluid properties may not improve.Experience has shown that carbonate problems often are coupled with, or even mistaken for,excessive low gravity colloidal solids. These solids may be the more significant factor contributingto poor rheological control. Solids contamination and carbonate contamination exhibit similar char-acteristics, such as: poor response to deflocculant treatment, high yield point and gel strengths,high fluid loss, and poor filter cake quality. Pilot testing is always recommended to verify that the
 Figure 2Equilibrium Distribution of Soluble Carbonates in Water
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 proposed treatment is sufficient, but not excessive. Pilot testing with gypsum and lime can bedeceiving, because the reaction is slow and may be interfered with by the presence of other ions inthe fluid. In the laboratory it was found that about 30 to 40% of the expected reduction in carbon-ates occurs. The main point is that added lime does not necessarily all react to remove only car-bonates in a complex mud. This is supported by field experiences which have shown that three tofour times more lime may be required to improve fluid characteristics than predicted by GGT anal-ysis.
 Treatment level of lime to remove CO3= ions in 0.118 lb/bbl for 100 mg/L CO3
 = ion and for gypsum,the level is 0.043 lb/bbl for 100 mg/L. As mentioned above, however, three to four times thisamount may be required to treat out most of the carbonates.
 Acid Gases
 Carbon dioxide (CO2) and hydrogen sulfide (H2S) are often constituents of natural gas. Both formweak acid solutions in water which cause the clays to flocculate and may increase the viscosifyingeffect of polymers. Formations that contain H2S as well as CO2 can be drilled safely withwater-based fluids provided the formation pressures are contained by a hydrostatic pressuregreater than the pore pressure.
 However, proper control of the mud properties is of lesser importance than the safety of personnel,and the avoidance of embrittlement and parting of the drill pipe when significant H2S contamina-tion occurs.
 Treating out the acid gases and stopping their influx into the well are also important. Even highdensity fluids contaminated with CO2 can be controlled satisfactorily provided the fluid containslow concentrations of bentonite and reactive drilled solids. Removal of CO2 can be effected bytreating with either caustic or lime.
 Treatment with lime is preferred because the contaminant is removed from solution. Accumulationof Na2CO3 resulting from treatment with caustic soda can make control of a drilling fluids proper-ties difficult. High density drilling fluids in which drill solids have accumulated through use over anextended period of time can experience extreme thickening from contamination with the acidgases. Such an occurrence may make the mud impractical for continued use as a drilling fluid.
 CO2CarbonDioxide
 +H2O
 Water ›H2CO3Carbon
 Acid
 › +2H2OWater
 Na2CO3
 CarbonateSodium
 2NaOH
 HydroxideSodium+
 H2CO3Carbonic
 Acid
 H2CO3Carbonic
 Acid+
 Ca(OH)2
 HydroxideCalcium ›
 CaCO3
 CarbonateCalcium
 (precipitate)
 ›
 +2H2OWater
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 Contamination Due to Bacteria
 Bacteria are widely distributed in nature; a typical soil sample may contain 1,000,000,000/g, whichin terms of weight may only represent about 10 mg of the total weight. Bacteria may be divided intotwo general groups: aerobic bacteria, which require oxygen, and anaerobic bacteria, which flourishin oxygen-free environments.
 The presence of bacteria in a drilling fluid does not, in itself, present a problem. However, there aretwo general situations where bacteria may become problematic.
 Aerobic bacteria can cause degradation of organic viscosifiers and filtrate loss reducers. This situ-ation is more likely to occur following long periods of noncirculation.
 Anaerobic bacteria may reduce sulfate ions to sulfide ions which combines with hydrogen to formhydrogen sulfide. H2S can cause the fluid to become corrosive. Again, this is a situation morelikely to occur following long periods of noncirculation.
 A side effect of the presence of bacteria is the formation of enzymes. Although the use of bacteri-cides can effectively kill all bacteria existing in a drilling fluid, it will not affect the growth ofenzymes produced by the bacteria. These enzymes will continue to decompose all biodegradablematerials in the drilling fluid. They can only be removed by the use of highly toxic complexingreagents.
 The best method for prevention of bacterial problems is to treat the makeup with a biocide andmaintain adequate levels of biocide in drilling fluids susceptible to biodegradation.
 “Proprietary - for the exclusive use of BP & ChevronTexaco”
 Rev. 01/2002 Contamination 6-10

Page 241
                        

Drilling Fluids Manual
 Contamination of Oil-Based Drilling Fluids
 Properly formulated oil muds are resistant to most contaminants that plague water base systems. The principal contaminants of oil muds are:
 Undesired Water
 Although water is deliberately incorporated into an invert emulsion mud, too much water cancause problems. An undesirable water influx can cause excessive viscosities, unstable emulsions,and eventually water wetting of formation and solids. Remedial steps include additional emulsifi-ers, gellant and base oil.
 True oil muds containing less than 5% water are much more susceptible to water contaminationthan are invert emulsions. If too much water is incorporated into the oil mud it will likely have to beconverted to an invert emulsion system. Extreme care must be taken to ensure the electric stabilitydoes not decrease to a point where solids in the mud become irreversibly water wet.
 Drilled Solids
 Since there is, as yet, no reliable method of removing colloidal size particles from an oil-basedmud, these solids tend to build up in the system, eventually effecting the mud properties. Highplastic viscosity values and elevated low gravity solids content are indicators that the mud is con-taminated. The longer the oil mud has been in use, the more colloidal size solids will have accu-mulated. Although removing solids with solids control equipment, particularly with the centrifuge,may help, colloidal solids cannot effectively be removed mechanically. In this case, dilution withbase oil is the only recourse. Dilution can be minimized, however, with the use of a good solidscontrol program to remove as many solids as possible before they degrade to colloidal size (seesection on solids control). Fortunately, an oil mud does not allow degradation of the solids to occuras rapidly as it would in a water base drilling fluid.
 Soluble Gas
 There is no need to treat the mud for soluble hydrocarbon gas. Mud properties will not beadversely affected with influxes of "sweet" gas from the formation. What is a concern, however, isthat a gas kick could go unnoticed due to the high solubility of gas under pressure. Soluble acidgases such as hydrogen sulfide (H2S) and carbon dioxide (CO2) can be treated with extra addi-tions of lime. If acid gas is expected, keep excess lime concentrations (as determined by the alka-linity calculation) above 6 - 8 lbs/bbl. There is no danger of hydrogen embrittlement because therewill be no ionization in the continuous non-polar phase. If additional protection is warranted, zincoxide is an effective acid gas scavenger for use in oil-based muds. Most of the insoluble gas canbe removed with an effective degasser (see section on degassers). Little or no changes in mudproperties will be noticed when a hydrocarbon gas is incorporated into the system but acid gas willcause a rapid loss in alkalinity.
 Massive Salt
 Calcium soap emulsifiers can react unfavourably with formation cations when drilling salt forma-tions (NaCl, MgCl). For this reason when drilling massive salts, amine derivative emulsifiers arerecommended rather than the sulfonates or tall oils. The alkalinity of the mud may decrease due tothe precipitation of the hydroxide ion. Maintain alkalinity at desired levels with regular additions of
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 lime [Ca(OH)2 or CaO]. Ensure that lime additions (and all material additions for that matter) aredone as evenly throughout the system as possible.
 Avoid allowing free water in the filtrate. Remove all free salts with the use of solids control equip-ment and add additional amine type emulsifiers as necessary. Keep ES trends from declining.Salinity and solids calculations may be inaccurate due to insoluble salts in the oil phase
 Solids Contamination
 Among the various contaminants discussed in this section, excess solids are by far the most prev-alent and detrimental to all types of drilling fluids. Solids problems are often magnified by the pres-ence of other contaminants because excess solids and contaminant ions can strongly interact tocreate a more serious mud problem than either one separately.
 Sources of solids in a mud are threefold: (1) cuttings or sloughings from the wellbore,(2) commercial solids added to the mud, and (3) chemically precipitated solids. Highly dispersiveclays, originating from claystones and shales as well as commercial bentonite, are difficult tomechanically remove from the mud. Chemically precipitated solids are extremely small solidsformed within the mud by chemically treating out contaminants, such as removing carbonate ionswith lime or by treating out cement, gyp or anhydrite with soda ash or bicarb. These reactions cre-ate colloidal CaCO3, which can build up fine solids if chemical treatments continue for an extendedperiod of time.
 Operational problems are often directly related to excess solids causing thick filter cakes and sol-ids crowding. Thick filter cakes lead to pipe sticking, to pressure surging and swabbing, and to lostcirculation. Also, highly permeable filter cakes allow large volumes of filtrate to invade permeablezones causing formation damage. Solids crowding causes rheological problems, lowers the drillingrate, causes wear and tear on the pumps, and limits the bit hydraulics.
 Detecting the point at which solids become excessive at the rig requires continual, accurate mon-itoring of the mud. Quantifying the volume percent solids in a mud and measuring the D/B ratio(Drill solids/Bentonite) requires complete and accurate mud test data: mud density, retort volumes,and chloride and MBT measurements. For solids calculations to be accurate, correct values for alldensities of all mud components are also required. To find the D/B ratio, MBT measurements mustbe made on cuttings samples taken from the shale shaker and should be made on the bentonitesampled at the rigsite. With these accurate measurements and correct density values, solids cal-culations will be accurate. (See Section 7 Solids Control, Solids Calculations for details onhow to analyze a solids problem.)
 Graphical methods can also be used to provide a quick estimation of the concentration of solids ina mud to see if the low-gravity solids content is within an acceptable range. These charts arebased on density values assumed for the high-gravity and low-gravity solids and the liquids in themud. The chart in Figure Section 3 Acceptable Range for Solids, for example, is based on4.20 gm/cm3 density barite and 2.60 gm/cm3 density low-gravity solids and fresh water. The topline shows the hypothetical solids content if all the solids were 2.60. The bottom line shows theminimum possible solids if low-gravity solids are zero and all solids are 4.20 barite. The acceptablerange of solids on the chart, for a given mud density, allows for a minimum concentration of low -gravity solids (should be mostly bentonite) and the remainder being barite. As mud weightincreases, notice that the acceptable concentration of low-gravity solids decreases.
 Graphs can also be used to see if plastic viscosity and yield point are in the correct range for agiven mud weight at a specified temperature. Figure 4, based on PV measurements at 115°F,shows two lines between which plastic viscosity is in an acceptable range for various mud densi-
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 ties. The upper line reflects excessive solids in the mud, while the lower line is a practical lowerlimit where most of the solids are barite.
 Figure 3Acceptable Range for Solids
 Figure 4Recommended Range of Plastic Viscosity
 in Various Weight Muds
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 Symptoms of excess solids in muds are:
 • High plastic viscosity
 • High gel strengths
 • Poor response to deflocculants
 • High retort solids volumes
 • High MBT values and high D/B ratio (Drill Solids/Bentonite)
 • Thick filter cake and high fluid loss
 • Slow rate of penetration
 • Difficulty during trips with tight hole, swab and surge.
 Treatment
 Treatment for solids contamination should always be prevention. The objective of solids control isto physically remove drill solids from the mud, yet retain sufficient quantities of bentonite andhigh-gravity solids. Solids removal can be accomplished by three methods: (1) dilution,(2) mechanical separation, and (3) chemical-mechanical separation. Although not actually amethod of solids removal, the addition of a chemical deflocculant can offset the adverse rheologi-cal and filtration effects of excessive solids for a period of time, and therefore is included here as atreatment method.
 Dilution
 The simplest method for lowering solids concentration (or any other contaminant in a mud) is bydilution of the contaminated mud. This can be done by the dump and dilute method which useseither clean mud or water for dilution. The two rules for dilution are: (1) keep total mud volume assmall as practical and (2) dump as much mud as possible before each dilution. Disposal costs alsomust be taken into account when dilution is considered. Dilution is seldom the most economicalapproach when compared to mechanical solids removal.
 Mechanical Separation
 Screening and applied g-force settling are the two most commonly-used mechanical methods forsolids removal. These and other mechanical separation methods are covered in Section 7 SolidsControl, Solids Control.
 Principles of Mechanical Solids Control
 The basic principles of mechanical solids control are:
 Processing in Sequence - Mud flow from the well and onward through solids control equip-ment must be in the proper sequence to remove the largest particles first.
 Total Flow Processing - All of the mud must pass through all solids removal equipment(except the centrifuge) at least once per circulation.
 No Bypassing - The solids removal devices (primarily the shale shaker) should not bebypassed.
 Chemical-Mechanical Separation - Chemical-mechanical methods of separation combinethe judicious use of chemicals in conjunction with screening devices and/or g-force devices to
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 remove solids that are too small to remove otherwise. These methods are chemical floccula-tion and dewatering, as discussed below.
 Flocculation - Chemicals are added to coagulate drill solids into larger groups in order to improvemechanical solids removal efficiency. High molecular weight polymers or aluminum or ferric saltsare used to aggregate colloidal solids. This technique is mostly applicable to unweighted, andclear water drilling fluids.
 Dewatering - Dewatering is a specialized chemical-mechanical means of controlling solids. Dew-atering removes damp colloidal solids for disposal and recovers usable water from a mud throughchemical flocculation of the solids followed by high-speed centrifugation. Dewatering is done foreconomical as well as environmental reasons and is often an integral part of a closed loop (zerodischarge) system used in environmentally sensitive areas. (For more information seeSection Section 5 Chemistry and Filtration, Chemistry and Filtration and Polymer Chemis-try; and Section Section 7 Solids Control,)
 Chemical Deflocculation - Chemicals can also be used to mitigate the detrimental effects of sol-ids contamination. Chemical deflocculants can lower gel strengths and yield point when they areexcessive due to high solids. This can improve mud rheology and usually improves filtration con-trol. However, there is a limit as to how far deflocculants can go in helping a solids problem.Deflocculation is not a solids removal technique, and can actually make solids removal more diffi-cult by breaking up aggregates. (For more information see Section Section 5 Chemistry and Fil-tration, Basic Chemistry, Clay Chemistry and Polymer Chemistry.)
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 Section 7: Solids Control
 IntroductionAll drilling personnel recognize the importance of mud in the successful drilling of a well. One ofthe primary uses for drilling fluid is to carry unwanted drilled solids from the borehole. These solidsare essentially a contaminant and, if left in the mud, can lead to numerous operational problems.Three options are available to maintain acceptable drilling fluid properties:
 Do nothing and let the solids build up. When the mud no longer meets specifications, throw it awayand start with fresh mud.
 1. Dilute the mud and rebuild the system to keep the properties within accept-able ranges, while dumping excess mud to the reserve pit.
 2. Lower the solids content of the mud through solids removal to minimize the addition/dilution necessary to maintain acceptable properties.
 In recent years, increased public awareness of environmental issues has provided both regulatoryand economic incentives to minimize drilling waste. In many instances, the first two choices havebecome very expensive and unacceptable. This has served to stress the importance of the thirdoption, efficient solids control. Using solids removal to minimize addition/dilution volumes is nor-mally most effective and provides the following benefits:
 • Increased penetration rates
 • Reduced mud costs
 • Lower water requirements
 • Reduced torque and drag
 • Less mixing problems
 • Reduced system pressure losses
 • Lower circulating density (ECD)
 • Better cement jobs
 • Reduced instances of lost circulation
 • Reduced formation damage
 • Less differential sticking
 • Reduced environmental impact
 • Less waste, lower disposal costs
 It is apparent from this list that the role of solids control is instrumental in the maintenance of agood drilling fluid. Solids control equipment has been standard hardware on most rotary drillingrigs since the early 1960s. In the early years, many of the solid/liquid separation devices were bor-rowed from other industries and applied directly to oilfield rotary drilling. Although the basic operat-ing principles and technology associated with mechanical solids removal have not changedsignificantly over the years, refinements in design specifically for drilling applications have yieldedconsiderable improvements in performance and reliability.
 “Proprietary - for the exclusive use of BP & ChevronTexaco”
 Solids Control 7-1 Rev. 01/2002

Page 248
                        

Drilling Fluids Manual
 This manual provides drilling personnel with the information to help optimize the selection andoperation of solids control equipment. Emphasis is placed on mechanical solids removal equip-ment and the factors that impact its performance. Practical operating guidelines are provided tohelp achieve maximum performance in the field
 The impact of good solids control can be very significant and can lead to substantial cost savings,but often there is reluctance to invest in solids control for the following reasons:
 1. Many of the benefits are indirect and the savings are hard to quantify.
 2. Methods to economically justify solids control equipment were not available.
 3. Techniques to measure performance are limited.
 4. Disappointing results from ill-chosen or incorrectly-operated equipment.
 Although the benefits from good solids control are numerous, the cost savings are not apparent innormal drilling cost accounting. For example, the savings due to reduced trouble costs andimproved penetration rate, although substantial benefits, cannot be accurately calculated. Usuallythe drilling fluid gets most of the credit (or blame) since mud material consumption is easily trackedand the mud properties are the only direct indication of solids control system performance. In arealistic sense, the mud and the solids control equipment are integral parts of one system. Onecannot plan the mud without considering the solids control system and vice versa. This does notmean that the benefits of good solids control practices cannot be measured.
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 Solids Calculations
 Introduction
 Fundamental material balance equations are used to calculate solids concentrations from datanormally obtained from drilling fluid tests. These equations are based on measured, estimated orassumed volume percents and densities of the components. The generalized material balanceequations are:
 Where
 V = Volume percents of components in a mud (as measured by retort analysis)
 ρ = Densities of components in a mud
 1, 2, 3 = Various components in a mud
 Unweighted Water-Based Mud
 To find the volume percent of solids (VLGS) in an unweighted water-based mud which contains onlylow-gravity solids and water, the material balance equation is simple. Variables are: density oflow-gravity solids (rLGS), density of water (rW), and mud density.
 Weighted Water-Based Mud
 To find the volume percent of solids (VLGS) in a weighted water-based mud another componenthas to be taken into account in the material balance equation, the density of high-gravity solids,ρHGS. It is normally assumed that high-gravity solids are barite and therefore, the ρHGS is
 4.20 g/cm3.
 Oil-Based Mud
 For oil-based muds which are composed of two liquid phases (oil and brine) and a solid phasehaving high- and low-densities, even more information is needed to calculate salinity and solidscomposition.
 Note: 50 cc retorts are recommended for accuracy over smaller models.
 V1ρ1 V2ρ2 V3ρ3 …+ + + VFρF=
 V1 V2 V3 …+ + + VF 100 Vol%= =
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 Table 1: Nomenclature
 Parameters Symbols Notes
 Methylene Blue Capacity, Mud (lb/bbl) MBTMUD m
 Methylene Blue Capacity, Drill Solids (lb/bbl) MBTDS m
 Methylene Blue Capacity, Bentonite (lb/bbl) MBTBEN m
 High Gravity Solids, lb/bbl MHGS c
 Low Gravity Solids, lb/bbl MLGS c
 Drill Solids, lb/bbl MDS c
 Bentonite Equivalent, lb/bbl MBEN c
 Volume% solids (from retort) VS m
 Volume% solids (calculated - unweighted muds) VSOL c
 Volume% water (from retort) VW m
 Volume% oil (from retort) VO m
 Volume% corrected solids VCSOL c
 Volume% corrected water VCW c
 Volume% drill solids VDS c
 Volume% low gravity solids VLGS c
 Volume% high gravity solids VHGS c
 Volume% barite VBAR c
 Volume% bentonite VBEN c
 Density, average rAVG c
 Density, solids rSOL a
 Density, water rW a
 Density, corrected water rCW c
 Density, oil rO a
 Density, high gravity solids rHGS a
 Density, low gravity solids rLGS a
 Density, barite rBAR a
 Density, bentonite rBEN a
 Density mud, lb/gal MW m
 Chloride Ion, mg/L Cl- m
 Note:m = Measured Valuec = Calculated Valuea = Assumed Value
 “Proprietary - for the exclusive use of BP & ChevronTexaco”
 Rev. 01/2002 Solids Control 7-4

Page 251
                        

Drilling Fluids Manual
 Mud Test Data for Solids Calculations
 In order for solids calculations to be reliable, all input data must be as accurate as possible. Smallerrors in input data can become magnified in the calculated concentrations. For example, the cal-culated concentration of low-gravity solids (MLGS) will be larger than they should be if retort wateris under-estimated or if the mud density used in the calculations is higher than actual.
 A major consideration in the quality of input data for solids calculations is accurate mud test results. Toobtain accurate mud test data, the testing equipment must be reliable, properly maintained and fre-quently calibrated.
 The following tests, and data from these tests, are discussed below:
 Mud Balance (MW)
 The mud balance measures the mud density (MW, lb/gal) to an accuracy of ±0.1 lb/gal. In thematerial balance equation, the mud density represents the sum of the composite liquid and solidsdensities, rF, where rF = MW/8.33 = g/cm3.
 Retort (VW,VO)
 The retort breaks the whole mud into its composite fresh water, oil and total solids as volume per-cents. The accuracy is ±1 volume %. In the material balance equation this provides direct (or indi-rect) data for the volume percent of components: water (or saline water) and solids (or correctedsolids) and oil. Use a 50 cc model for improved accuracy.
 Chlorides (CL-)
 The chloride test allows the volume percent of the water phase to be corrected for the total dis-solved chlorides, usually as NaCl. The corrected water, VCW, is then used in the equation to correctthe retort solids, VCSOL. The chloride measurement is accurate to approximately 100-200 mg/L,which is accurate enough for use in solids calculations.
 Density (ρ)
 The densities of the liquid phase (water and oil) and the solid phase (weight material, drilled solidsand commercial bentonite) must be assumed or measured. These values allow the corrected-sol-ids volume percent, VCSOL, to be further broken down into low-gravity solids, VLGS, and high-grav-ity solids, VHGS.
 Methylene Blue Capacity (MBT)
 The Methylene Blue Test in combination with assumed or measured drilled-solids MBT, is used tofurther divide the low-gravity solids into inert (drill solids) and active low-gravity solids (bentonite).Soil scientists measure clay activity as cation exchange capacity (CEC); but, in drilling fluid testing,the clay activity is measured as MBT. For practical purposes, MBT (methylene blue, cm3/cm3
 whole mud) is the same number as CEC (meq/100 g solids). Splitting low-gravity solids into drillsolids and bentonite is an imprecise classification because the calculated bentonite is based onactivity (CEC) and may not actually be commercial API-grade bentonite.
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 Densities Required to Perform Solids Calculations
 Below are the specific gravity values commonly used in solids calculations.
 Salinity Corrections
 Unless the mud contains fresh water, the retort water volume and the density of the waterMUST BE CORRECTED for the amount of salt acting as a solid.
 Correction of Retort Water
 Based on the chloride ion analysis of the mud’s filtrate, the water-phase salinity of the mud can becalculated, depending on the assumptions that are made. The most common assumption (andusually correct) is that the chlorides come from only NaCl. The equation, based on chloride ionconcentration, mg/L, that is used to calculate corrected retort water volume is:
 Correction of the density of the Water
 Based on chloride ion analysis of mud filtrate and assuming that the salt is only NaCl, the densityof the mud’s water phase can be calculated. The equation for calculating NaCl brine density (rcw)is:
 Symbol Value
 ρW = 1.00
 ρCW = calculated from chloride data
 ρO = 0.84
 ρHGS = ρBAR = 4.20
 ρHGS = ρHEM = 5.10
 ρLGS = 2.60
 ρBEN = 2.60
 Note:See Section 4 - Testing for additional information.
 Note:See Nomenclature for symbol identification.
 VCW VW 1 5.88 10 8– CI-( )1.2×+[ ] Vol %= =
 ρCW 1 1.94 10 6–×( ) CI-( )0.95[ ]+ g/cm3= =
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 T
 Table 2: Volume of Salt (NaCl) in the Water Phase of the Mud
 (Calculated from Chloride Analysis)
 Chloride Ionmg/L
 VCW*cm3/cm3
 ρCW**g/cm3
 5000 1.003 1.004
 10,000 1.006 1.010
 20,000 1.012 1.021
 30,000 1.018 1.032
 40,000 1.023 1.043
 60,000 1.034 1.065
 80,000 1.045 1.082
 100,000 1.057 1.098
 120,000 1.070 1.129
 140,000 1.082 1.149
 160,000 1.095 1.170
 180,000 1.108 1.194
 188,000 1.114 1.197
 * VCW is volume expansion due to dissolved sodium chloride.
 ** ρCW is density increase due to dissolved sodium chloride.
 Table 3: Volume of Salt (KCl) in the Water Phase of the Mud(Calculated from Chloride Analysis)
 Chloride Ion mg/L VCW* m3/cm3 ρCW**g/cm3
 5000 1.004 1.005
 10,000 1.008 1.011
 20,000 1.016 1.024
 30,000 1.023 1.037
 40,000 1.032 1.050
 51,000 1.041 1.063
 61,000 1.050 1.077
 73,000 1.060 1.091
 84,000 1.071 1.104
 96,000 1.081 1.119
 108,000 1.093 1.133
 120,000 1.103 1.147
 133,000 1.113 1.162
 * VCW is volume expansion due to dissolved sodium chloride.
 ** ρCW is density increase due to dissolved sodium chloride.
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 Solids Calculations - Water-Based Muds
 Based on the generalized material balance equations, the following equations are used for calcu-lating solids in water-based muds.
 Unweighted Freshwater Muds (No Retort Data Needed)
 For water-based muds which are unweighted (containing only low-density solids), the material bal-ance equation is:
 A simplified form of the equation which assumes 2.6 density for all solids and 8.33 lb/gal for freshwater, is:
 Table 4: Volume of Salt (CaCl2) in the Water Phase of the Mud(Calculated from Chloride Analysis)
 Chloride Ion mg/L VCW* m3/cm3 ρCW**g/cm3
 5,500 1.004 1.007
 16,000 1.007 1.025
 33,000 1.013 1.044
 41,000 1.019 1.055
 62,000 1.021 1.079
 70,000 1.028 1.088
 78,000 1.031 1.103
 102,000 1.042 1.127
 118,000 1.050 1.151
 143,000 1.063 1.175
 152,000 1.067 1.185
 160,000 1.073 1.199
 170,500 1.082 1.223
 200,000 1.091 1.240
 222,000 1.108 1.271
 240,000 1.122 1.294
 302,000 1.160 1.350
 330,000 1.185 1.390
 360,000 1.200 1.410
 * VCW is volume expansion due to dissolved sodium chloride.
 ** ρCW is density increase due to dissolved sodium chloride.
 VWρW VLGSρLGS+ VFρF=
 VLGS VSOL 7.5 MW 8.33–( ) Vol %= = =
 MLGS 3.5( ) VLGS( ) ρLGS( ) lb/bbl= =
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 Weighted and Unweighted Muds (Retort Data Required)
 Calculate the corrected solids volume percent, VCSOL, from the corrected retort water volume per-cent, VCW, and retort oil volume percent, VO, using the equation below:
 Calculate the average density of all solids, rAVG, with the equation below, using VCSOL and VCW andVO, plus the calculated rCW and the assumed (or measured) rO.
 The volume percent of low-gravity and high-gravity solids can be found from the rAVG, but we mustassign values for the rLGS and rHGS. Usually we assume 2.6 for rLGS (drill solids) and 4.20 for rHGS
 (barite).
 The volume percent of high-gravity solids is found from the equation below:
 The following equations are used to find the corresponding concentrations, in pounds per barrelfrom the volume percents.
 Differentiating Drill Solids from Bentonite by CEC Ratio
 At this point, the low-gravity and high-gravity solids have been calculated as volume percents andalso as pounds per barrel. Often this is sufficient information for the type of solids control required.But, for high-density muds it may be desirable to mathematically split the low-gravity solids intoinert drill solids and active bentonite solids. The reason to know the bentonite in and drill solidsseparately for high-density muds is to have sufficient bentonite in the mud for good filtration con-trol, but not excessive amounts to cause undesirable flow properties.
 Assumed 9:1 CEC Ratio
 The MBT of the mud is used to split the low-gravity solids into drill solids and bentonite. Anassumption is usually made that bentonite is 9 times more active (CEC) than kaolinite, which rep-
 Note:The calculated values for VSOL for fresh water muds should agree with the measuredretort solids, VS, within experimental error.
 VCSOL 100 VCW– VO– Vol %= =
 ρAVG
 100 MW( )8.33
 -------------------------- VCW( ) ρCW( )[ ]– VO( )[ ]–
 VCSOL----------------------------------------------------------------------------------------------------- g cm
 3( )⁄= =
 VLGS
 VCSOL ρAVG ρHGS–( )ρLGS ρHGS–( )
 ---------------------------------------------------------- Vol %= =
 VHGS VCSOL VLGS– Vol %= =
 MLGS 3.5( ) VLGS( ) ρLGS( ) lb/bbl= =
 MHGS 3.5( ) VHGS( ) ρHGS( ) lb/bbl= =
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 resents drill solids. The lb/bbl of bentonite equivalent is then calculated by the following equation,assuming an R value of 9-to-1 CEC ratio (R = 1/9 = 0.11).
 Measured CEC Ratio
 When the MBT value of the drill cuttings, MBTDS, is determined by testing, (see note below) thenthe R value (MBTDS/100) can be used in the equation below to calculate MBEN. This equationassumes a CEC value for commercial bentonite as 100 meq/100 g. Bentonite CEC, however, mayactually be less than 100, perhaps as low as 60 meq/100 g.
 To obtain more precise information for differentiating actual drill solids from the rig bentonite, amethylene blue test should be run on the cuttings and also on the rig bentonite. The measuredMBTBEN, along with the MBTDS and MBTMUD can then be used to calculate a more accurate Rusing the equation below. Then, this new R value can be used to calculate MBEN in the equationabove.
 Drill Solids/Bentonite Ratio
 From the split of bentonite (B) and drill solids (D) the following ratio is calculated:
 MBEN 0.11( ) MBTMUD( ) VLGS( )– lb/bbl bentonite equivalent= =
 RMBTDS
 100--------------------=
 MBEN1
 1 R–------------- MBTMUD 9.1( ) R( ) VLGS( )[ ]–=
 RMBTDS
 MBTBEN------------------------=
 VBEN
 MBEN
 3.5( ) ρLGS( )--------------------------------=
 VDS VLGS VBEN–=
 MDS 3.5( ) VDS( ) ρLGS( )=
 Note:To find MBTDS, and MBTBEN, the testing procedures in API RP 13I, Section 10 areused, in which a sample is dried, weighed and tested with methylene blue.
 D/BMDS
 MBEN---------------=
 Note:As an operational guideline for freshwater or seawater muds, the D/B ratio should notexceed 3.
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 Example - Solids Calculations for Water-Based MudsUsing the equations in this section, calculate the solids concentrations and the ratio D/B from thedata below.
 Solution
 Mud and Drill Solids Analysis Data
 Mud Retort Drill Solids
 MBTMUD = 28 lb/bbl VO = 7.5% MBTDS = 11 meq/100 g*
 CI- = 73,000 mg/L VS = 35.5% MBTBEN = 100 meq/100 g*
 MW = 16 lb/gal VW = 57.0%
 *Can be measured
 VCW = 57 [1 + 5.88 x 10-8 (73,000)1.2] = 59.3 Vol%
 ρCW = 1 + [(1.94 x 10-6) (Cl-)0.95] = 1.08 g/cm3
 VCSOL = 100 - 59.3 - 7.5 = 33.2 Vol%
 ρAVG = =3.66 g/cm3ya
 VLGS = = 11.2 Vol%
 VHGS = 33.2 - 11.2 = 22.0 Vol%
 MLGS = (3.5) (11.2) (2.6) = 101.9 lb/bbl
 MHGS = (3.5) (22.0) (4.2) = 323.4 lb/bbl
 R = 11/100 = 0.11 ratio
 MBEN = = 18.9 lb/bbl
 VBEN = = 2.1 Vol%
 VDS = 11.2 - 2.1 = 9.1 Vol%
 MDS = (3.5) (9.1) (2.6) = 82.8 lb/bbl
 D/B = = 4.3
 100( ) 16( )8.33
 -------------------------- 59.3 1.08( )– 7.5 0.84( )–
 33.2--------------------------------------------------------------------------------------------------
 33.2 3.66 4.2–( )2.6 4.2–( )
 ------------------------------------------
 101.9101.9 28.0–( )1.0 0.11–( )
 -------------------------------------–
 18.93.5( ) 2.6( )
 --------------------------
 9.12.1--------
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 Verification
 After calculating the solids in the example above, the results can be verified by checking materialbalance to see that it adds to 100 volume% and that mud weight for the balance is as expectedfrom the given data.
 Material Volume% lb/bbl
 Barite 22.0 323.3
 Bentonite 2.1 18.9
 Drilled Solids 9.1 82.8
 Oil 7.5 22.0
 Water 59.3 224.4
 Total 100.0 671.0
 MudDensitylb/bbl
 42 gal/bbl----------------------------=
 MD671 lb/bbl42 gal/bbl----------------------------=
 MD 15.97 16.0 lb/gal agrees with given data( )∼=
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 Solids Management
 Introduction
 This is a summary of solids control concepts dealing with the basics of solids removal techniquesand the capabilities of various mechanical devices.
 The purpose for implementing a solids control program is to improve the performance of the mud’sbasic functions, which are: (1) to build a low-permeability, thin, slick filter cake on the boreholewall, (2) to provide efficient drilling hydraulics, and (3) to transport cuttings.
 In a hypothetical situation, if solids were incorporated while drilling (as they always are), but notremoved, the mud would soon become unpumpable. Inadequate or inefficient solids removal leadsto this same situation unless the mud is regularly diluted. Therefore, solids control, in reality, is amatter of degree of removal and of economics coupled with sound drilling practices.
 The goal of solids control at the rig is to maintain the type, size and concentration of mud solids atan acceptable level at reasonable cost. Costs of improper or inadequate solids removal and theassociated risks include (but are not limited to):
 • Dilution costs for mud chemicals and barite
 • Disposal costs for mud hauled away
 • Slower drilling rate
 • Reduced bit life
 • Excessive abrasion of pumps, mud lines, swivel, guns etc.
 • Inefficient hydraulics
 • Pipe sticking from thick filter cakes
 • Increased swab and surge pressures
 • Greater risk of kicks
 • Greater risk of production impairment
 The magnitude of the costs and risks associated with NOT having proper solids removal capabili-ties far outweigh the cost of having good solids removal equipment on the rig and using it correctly.
 Characteristics of Solids
 The important factors of solids as they affect mud performance are type, size and shape. Thesecharacteristics depend on the source of the solids, whether from drilled shales, from hard rock,from materials added such as barite and bentonite, or from chemical precipitants. In a mud, solidscan be quantified by their concentration (volume percent or pounds per barrel) and describedaccording to their size and shape distribution and also their type.
 Types of Solids
 Drilled solids are usually classified as either Active or Inert. These terms refer to how the solidsinteract with water and ions in the water. Another classification is according to density -High-Gravity or Low-Gravity.
 1. Active Solids - are clay-type solids having high surface activity and high surface area. Being elec-trochemically active, clay solids are strongly attracted to each other and to ions and polymers inthe mud. More information on clays can be found in Section Figure 5, Clay Chemistry.
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 2. Inert Solids - are those that do not have significantly charged surfaces and do not interact electro-chemically. They crowd the system and in doing so, they force active solids closer together caus-ing viscosity problems. Inert, high-gravity solids, such as barite, are needed in a mud; however,inert, low-gravity solids are generally unwanted.
 3. High-Gravity Solids - are used as weighting materials (usually barite at 4.20 g/cm3) and are gen-erally considered to be Inert solids.
 4. Low-Gravity Solids - include various types of drill solids and commercial clays and can be inert oractive. Bentonite is the most active, although some drill solids can also be active. Drill solids suchas limestone and dolomite are inert. Their density ranges from 2.7-2.9 g/cm3. Salt crystals in satu-rated salt mud are inert and have a density of about 2.1 g/cm3. Shales can range from active toinert and have a density range of 2.4 to 2.8 g/cm3, depending upon their water content.
 Size of Solids
 Size of solids in a mud can be anything from the largest chunk that can be pumped up the annulusto clay platelets and chemical precipitates, both so small that an electron-beam microscope isneeded to see them. The API has designated size ranges for particulate material in drilling muds.Sand is defined as particles larger than 74 microns (200 mesh). Particles in the 2 to 74 micronrange are called silt. API barite and API hematite have size specifications set by API Spec. 13A(see Table 5).
 The following dimensions are used to define sizes of solids in muds:
 1. ÄNGSTROM is the dimension used for molecular diameters and clay thickness. Smectite claycrystals are 14 Å thick. Kaolinites are 7 Å thick. There are 10,000 Å in one micron.
 Table 5: Particle Sizes
 Particles Microns(µ)
 Fingers can feel “grit” 20
 Talcum powder 5-50
 Human hair (finest size) 30-200
 Dust particles seen in air approx 7
 Colloids in muds <2
 API Silt 2-74
 API Sand >74
 API Barite Specifications
 Max. 3% larger than 74
 Max. 30% smaller than 6
 Dispersed bentonite <2
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 2. MICRON is a dimension used to describe very small particles. One micron is equivalent to0.0000393 in. There are 1,000 microns in 1 mm.
 3. STANDARD SIEVE SIZES (shown in Table 6) give micron sizes for standard square-mesh sieves.Table 7 shows standard market-grade screen cloths and corresponding opening sizes. Totalscreen cloth open area will vary with wire size.
 Shape of Solids
 A distribution of particle shapes and sizes is needed to form a good filter cake. It is difficult to knowwhat shapes and sizes are needed for each situation or what size distribution and particle shapesactually exist in a mud. Tests and analyses such as: the Permeability Plugging test, HTHP StaticFiltration test, particle size measurements and microscope studies, can help define particle sizesand shapes. It is known that some of the particles should be deformable and flat, like bentonite, tobuild a low-permeability filter cake. [For more information, refer to Section 5, Chemistry and Fil-tration, and Section 4, Permeability Plugging Test (PPT).]
 Concentration and Size Distribution of Solids
 Concentration of solids in a mud is usually measured as volume percent by an API retort test. Con-centration as measured by the retort cannot indicate the total surface area of the solids, which isthe main cause of mud problems. Another API test, the methylene blue test, gives an indication oftotal surface area of active solids. These tests, taken together, can help define when solids willcause a mud problem. For example, a high MBT value indicates a large surface area of solids in amud even though the retort may be showing an acceptable low volume percent concentration ofsolids.
 To illustrate the volume percent versus area concept, Figure 5 shows a 20 x 20 x 20 micron cube
 Table 6: Standard Sieve Sizes
 U. S. TestSieve No.
 Opening SizeMicrons
 20 841
 30 595
 40 410
 50 297
 60 250
 80 177
 100 149
 120 125
 140 105
 170 88
 200 74
 325 44
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 of a solid. It occupies a certain volume percent when placed into a given volume of mud. Assumingthat this cube is divided in half on each face and this happens again and again, then the originalsurface area of 2400 square microns becomes 24,000 square microns; but, the volume percent ofthis solid in the mud has not changed. This illustrates the large surface area that can be createdwhen a 20-micron cube of shale is allowed to subdivide time after time by dispersion. Dispersiveshale cuttings should be removed as soon as possible from a mud. We want commercial bentoniteto disperse; however, it can become a solids contaminant just like the dispersive shale, if it is
 Note: These opening sizes will not necessarily correspond to the screen fitted to the rig equipment. Confirm opening size with the supplier.
 Table 7: Screen Openings
 Screen SizeOpening Size
 Microns
 8 x 8 2464
 10 x 10 1905
 20 x 20 864
 40 x 40 381
 80 x 80 178
 100 x 100 140
 120 x 120 117
 200 x 200 74
 325 x 325 44
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 added in excess
 .
 Methods for Solids Control
 The approach to controlling solids vary and depend if the mud is weighted, containing barite orhematite.
 The various methods of solids control include:
 • Dilution
 • Gravity Settling
 • Mechanical Separation
 • Chemical-Mechanical Separation
 Dilution Method
 Oil muds can be diluted with base oil (or clean oil mud) and water muds can be diluted with water(or clean water mud) to keep the concentration and surface area of solids within bounds. Twoapproaches for dilution are:
 1. Dump and dilute continuously while drilling. This is the most expensive approach to solids controlin most situations.
 2. Dump periodically and dilute while drilling. This is more cost effective than the first approach. Cer-tain practices can be applied to make it less costly.
 Figure 5 Cuttings Dispersion
 Gradual reduction in size of a recycleddrilled solid by mechanical force
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 The total costs of dilution are: the cost of the water hauled to the rig, the cost of converting thatwater into a mud of correct density, plus the cost of disposal of the mud that was dumped. To makedilution less expensive, these practices should be followed:
 1.minimize the total volume of mud to be diluted,
 2.dump (displace) the maximum possible dirty mud before adding water and materials, and
 3.do as much dilution as possible in a single step - not a series of small dilutions.
 Therefore, as mud becomes more expensive, dilution becomes a less attractive option andmechanical separation should be pursued.
 The equations needed to calculate the volume of mud to dump, the volume of water to add for dilu-tion, and the volume of barite required for density are found in Section 3, Engineering.
 Gravity Settling Method
 In locations where large, shallow earthen pits can be built, a mud can be circulated through the pitsand drill solids allowed to settle out. It is a rare situation today when this can be done; but, it is analternative to be considered. On rigs with steel pits, the sand trap (under the shale shaker) is theonly place where settling should occur.
 Mechanical Separation Method
 Devices that are available for processing muds to remove solids are more sophisticated and effec-tive today than they were in prior years. However, they still operate on the principles of screeningor by development of high centrifugal and gravitational forces to physically separate solids out ofthe mud. Screening is based on physical size separation of particles; particles either pass througha screen opening or not. However, particles smaller than the screen opening can ride on largerparticles (piggy-backing) and thus, are removed. Centrifugal forces are generated by flow in hydro-cyclones or by spinning of centrifuge bowls. These devices are governed by complex physics andgravitational and centrifugal forces based on relationships between solid sizes, specific gravities,mud density and rheology.
 Chemical-Mechanical Separation Method
 There are situations where the solids that are too small to be removed by ordinary mechanicalmethods can be removed with the aid of chemical flocculation and aggregation. A centrifugate of amud, or the overflow from the hydrocyclones, or the mud itself, can be processed by chemi-cal-mechanical separation methods. High molecular weight polymers or alum or ferric salts areadded to cause these colloidal solids to agglomerate and become large enough aggregates to beremoved by mechanical methods. This is commonly done to dewater muds and is often a part ofzero-discharge operations.
 Principles of Mechanical Solids Separation
 Three principles govern the operation of mechanical solids control devices on any mud system;they are:
 • Processing in Sequence
 • Total Flow Processing
 • No Bypassing
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 Processing in Sequence
 This refers to the principle that all of the mud must pass through each specific solids control devicebefore passing to the next one. The reasoning behind this requirement is that solids are more effi-ciently removed in a sequence according to size - largest removed first. To accomplish this, deviceA must remove the larger particles before sending mud to device B or C downstream. Device Bmust take its input mud from the compartment where A discharges its processed mud and so forth.
 Total Flow Processing
 This refers to the requirement that at least 100% of the wellbore circulating volume must be pro-cessed through each device before it goes back down the hole to pick up more solids. In the casewith hydrocyclones, the same mud volume must be processed 110 to 125% in order to clean itproperly. An exception to the 100% rule is the centrifuge which cannot handle a large volume ofmud.
 No Bypassing
 Bypassing refers to the practice of allowing some or all of the mud flow to bypass certain solidscontrol equipment (usually the shale shaker). Bypassing permits retention of solids which will notbe removed by any of the other solids control devices and should be avoided at all cost.
 Sequence of Solids Control Devices
 When planning a well, it is important to take into account the type and size of solids likely to beencountered and whether or not weighting materials will be needed. These factors will determinethe solids control equipment needed on the rig. The number and kinds of mechanical devices andhow each is controlled during use will depend mostly on whether the mud is weighted orunweighted. It may be necessary to modify the tank arrangement and the rig solids controlequipment - rather than accept it as is and later try to make it do the job - usually with poor results.Tank arrangements should be planned according to the regions discussed below:
 • Solids Removal Region
 • Addition Region
 • Mud Check Region
 Solids Removal Region
 The devices and associated tank arrangement in the removal region are: (1) Mud/Gas Separator,(2) Shale Shaker, (3) Sand Trap, (4) Degasser, (5) Hydrocyclones, (6) Mud Cleaner, and(7) Centrifuge(s).
 1) Mud/Gas Separator
 Ahead of the entire sequence of solids removal equipment on most rigs is the Gas Buster. This isa large volume mud/gas separator vessel that allows gross amounts of gas to escape from themud prior to going on to the shale shaker. It has a gas line laid far from the rig where gas can beflared; however, it does not remove all gas. The degasser downstream of the shale shakerremoves the hard-to-remove gas and will be discussed later.
 2) Basics of Shale ShakersThe characteristics of shale shakers are: (1) vibratory motion, (2) amplitude and frequency,(3) deck slope and number of decks of screens, and (4) screening area.
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 Vibratory Motion - There are three types of shale shaker screening motion: circular, unbalancedelliptical and linear (see Figure 6) Each is differentiated by the positioning of the vibrator(s) withrespect to the centre of gravity of the deck. Circular motion is produced when the vibrator is placedat the centre of gravity of the deck; whereas, elliptical motion is produced when the vibrator isplaced above the centre of gravity. For elliptical motion, the screen deck must be sloped to conveysolids; however, sloping reduces fluid capacity. Linear motion is produced when two vibrators aresynchronized to rotate in opposite directions. This linear motion produces a uniform conveyance ofcuttings. Screen decks can either be flat or sloped slightly uphill.
 Amplitude and Frequency - The throughput capacity of shakers depends on three parameters:amplitude and stroke, vibratory motion and vibrator speed. Amplitude is defined as the maximumscreen displacement perpendicular to the position of the screen. Stroke is defined as being twicethe amplitude. Vibratory motion, defined previously, is either circular, unbalanced elliptical or linear.The vibratory speed is the speed at which the vibrator moves. For a shale shaker to perform effec-tively, it must separate as well as convey solids. Both are functions of acceleration (g factor whereg = acceleration equal to the force of gravity). This g factor is defined by the equation below:
 A higher g factor gives better solids separation; however, it will also reduce screen life. Properscreen tensioning is critical with high g shale shakers. Most circular-motion shakers have an accel-eration of 4-6 g’s. Most linear motion shakers have an acceleration of 3-4 g’s.
 Slope and Number of Screen Decks - A screen deck (or basket) is vibrated to assist the through-put of mud and movement of separated solids (see Figure 7). Shale shakers that use an ellipticalmotion usually have divided decks with screens placed at different slopes in order to provideproper discharge of cuttings. Sloped-deck units can have one screen covering the entire decklength, or have a divided deck which has more than one screen used to cover the screening sur-face, or with individual screens mounted at different slopes. Multiple-deck units have more thanone screen layer. In a 2 or 3-deck unit, mud must pass through one screen before flowing throughthe second, etc.
 Figure 6 Shale Shaker Motion
 g factorstroke, inches( ) RPM( )2
 70 400,--------------------------------------------------------------------=
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 Screening Area - Shale shaker screening is the primary means of solids separation. If the shaleshaker is not working correctly or if the screens are incorrectly sized or torn, efficiency is drasticallyreduced. Screening action depends on the vibrating action to make mud flow through it. Vibrationunder mud load creates stresses on the screen and if the screens are not properly installed andsupported, they will quickly wear or tear.
 c. Screens are available in square, rectangular and layered design. API has set standards onscreen identifications. Screens are labelled with the following: separation potential (216, 250,284), conductance and area. This notation is necessary because so many variables are possi-ble in screen manufacture - wire size being the most significant.
 d. Weave of wire cloth and mesh count are two interesting design variables. ( Figure 8 showsfour weaves: plain square weave, rectangular opening, plain dutch weave and twilled squareweave.) The square and rectangular weaves are the types most often used.
 Since the thickness (diameter) of the wire used to weave a screen can be varied for the samemesh, actual aperture or opening dimension in either direction can be used to describe a screen.Where the opening is small, a micron scale eliminates the use of decimals or fractions. There are25,400 microns to the inch. Thus, an opening of 0.0213 in., which is roughly the opening in a30-mesh screen, has a dimension of 541 microns. Both open area and conductance are termsused to describe and compare screens. Although percent open area is related to the ability of ascreen to handle flow rate, conductance is a much better measure of the amount of fluid that willpass through a screen. The flow rate of a shale shaker is directly related to the area the liquid canfall through.
 Mesh Count is the term most often used to describe a square of rectangular screen cloth. Mesh isonly an indicator of the size opening as it is the number of openings per linear inch counting fromthe centre of a wire. A mesh count of 30 x 30 indicates a square mesh having 30 openings/in. inboth axis directions; a 70 x 30 mesh indicates a rectangular opening having 70 openings/in. in onedirection and 30 openings per inch in the other.
 Figure 7 Deck Slope & Number of Decks
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 A square mesh screen will generally remove more solids and make a finer cut than a rectangularmesh having one dimension the same as the square mesh, and the other one larger. The mainadvantage of the rectangular mesh screen is that it does not blind as easily. Another advantage ofa rectangular mesh is that it can be woven with heavier wires, which offer longer screen life. Also,it has a higher percentage of open area and higher conductance which increases the fluid volumecapacity of the shale shaker.
 3) Sand Trap -
 The Sand Trap under the shaker has no agitation and allows particles an opportunity to settle andremain until the trap is periodically cleaned. Settling rate of particles depends on the rheologicalproperties and density of the mud as well as the size and specific gravity of the particles in themud. Sand traps are often built with sloping sides to allow particles to settle onto a solid surfaceand slide to the bottom. This shape also minimizes mud volume lost when cleaning out the trap. Asand trap is a good safety device to prevent extraneous large cuttings (from any source) frommoving downstream and plugging the hydrocyclones and degasser, etc.
 4) Degasser -
 The degasser is an important part of auxiliary equipment in solids removal. It removes gas and airfrom the mud by one of several designs - usually by imposing a partial vacuum and flowing themud as a thin film over a solid surface. If gas is allowed to exist in a mud, it can interfere with the
 Figure 8 Screen Cloth Weaves
 1. PLAIN SQUARE WEAVEProviding a straight through flow path with thesame diameter warp and shute wires in and overand under pattern. This is the most commonweave producing the same mesh count verticallyand horizontally.
 2. RECTANGULAR OPENINGProvides maximum open area and tends to pre-vent binding or clogging of material. Does notbuild up on the longer openings and smallerdimension controls the sizing of material.
 3. PLAIN DUTCH WEAVEProvides a tapered opening reducing flow rate.Warp wires are heavier in a plain weave andshute wires are driven close and crimped at eachpass.
 4. TWILLED SQUARE WEAVEWith the pattern of over two wires and under twowires, this weave produces a diagonal effect. Toprovide greater strength and corrosion resis-tance, a larger diameter wire can be woven.
 PLAIN SQUARE WEAVE
 RECTANGULAR OPENING
 PLAIN DUTCH WEAVE
 TWILLED SQUARE WEAVE
 “Proprietary - for the exclusive use of BP & ChevronTexaco”
 Rev. 01/2002 Solids Control 7-22

Page 269
                        

Drilling Fluids Manual
 centrifugal pumps which feed the solids removal devices. Also, if not removed at an early point inthe solids removal sequence, gas could spread throughout the mud pit area creating a serioushazard.
 “Proprietary - for the exclusive use of BP & ChevronTexaco”
 Solids Control 7-23 Rev. 01/2002

Page 270
                        

Drilling Fluids Manual
 5) Basics of Hydrocyclones
 (Figure 9 shows a cut-away drawing of a hydrocyclone.) It has no moving parts, only the mudmoves. Mud enters the upper, large cylindrical section tangentially to cause spiralling fluid flow. Asfluid spirals toward the smaller end, this creates centrifugal force to make particles move towardthe outer wall and then downward toward the opening at the bottom of the cone. Mud returns tothe system out the top center through the vortex finder opening.
 The so-called cut-point of hydrocyclones is the size of particle (sand in water) that has 50:50chance of either exiting at the bottom of the cone for discard or returning to the mud through thevortex finder. A published cut-point is not directly applicable to muds because of differences in fluidviscosities and particle size, shape, and composition. ( Figure 10 shows cut point for a mud basedon the amount of feed head. Cut point is a function of cone size, mud viscosity, feed pressure, orcentrifugal forces developed due to velocity.) Without sufficient feed pressure from the pump, thehydrocyclones will not work as well as they should.
 To operate a hydrocyclone in balanced condition, the flow out the bottom discharge openingshould be a slow spray of liquid and solids. An opening which is too large will discharge too muchliquid; an opening which is too small will retain too many solids. When a mud is loaded with drillsolids, the cone may eject the solids in a rope. This means the cut point is not as small as it wouldbe if it were operating in spray discharge. Roping is not the normal operating mode, because sol-ids are not being removed at top efficiency. If roping is a continual problem, a larger number ofdesilter cones or finer shaker screens should be used to lighten the load.
 Figure 9 Hydrocyclone
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 Hydrocyclones should not be operated for very long on a weighted mud because barite will be dis-carded due to its higher density. For example, a barite particle of 50 microns diameter will be pro-cessed the same as a drill solid particle of 74-microns diameter.
 6) Mud Cleaner -
 The mud cleaner is a combination solids removal device which consists of a bank of hydrocy-clones that discard onto a screening device (a small shale shaker). The mud cleaner is used forcleaning weighted muds and also for recovering the expensive liquid portion of any mud (such asKCl or oil mud). The desilter must be operated as usual with sufficient head to process theweighted mud through the cones. The discharge from the desilter cones spray into a tray and thenflow out onto the fine-mesh vibrating screen, usually 150 to 200 mesh, where most of the bariteand liquid pass through. Today, economics will usually suggest spending money on fine-mesh pri-mary shale shakers rather than on mud cleaners in most situations where weighted muds are tobe processed.
 7) Basics of Centrifuges
 Centrifuges are devices that rotate the mud in a bowl to generate high centrifugal forces causingsolids to move toward the outside for removal. Two types of machines (refer to Figure 11 and Fig-ure 12) are used for drilling mud processing: decanting-type that delivers a liquid overflow and amoist underflow, and perforated-rotor type that delivers a liquid underflow and liquid underflow.
 a Decanting Centrifuge
 Decanting centrifuges have a cylindrical-to-conical shaped bowl that rotates at approximately1000-4000 rpm. A conveyor screw is geared with the bowl and turns at a slightly slower speed toscrape the centrifuged solids out of the pool onto the beach for discharge (see Figure 11).Design and control parameters for a decanting centrifuge are: bowl diameter; shape and speed;water and mud feed rates; and pool depth. Mud is usually fed into the machine by a positive dis-placement pump. If the feed mud is weighted, it is usually commingled with feed water to cut themud viscosity within the machine. In a typical barite recovery mode, the underflow is put backinto the mud and the overflow is discarded as a way of getting rid of very fine solids in a weighted
 Figure 10 Cut Point of Hydrocyclone as a Function of Feed Head
 “Proprietary - for the exclusive use of BP & ChevronTexaco”
 Solids Control 7-25 Rev. 01/2002

Page 272
                        

Drilling Fluids Manual
 mud. In another mode, the underflow is discarded and the overflow is returned to the system. Thisprocess would return expensive fluid to the system while discarding solids. This overflow can alsobe further processed by another higher g-force machine in which the underflow is discarded to getrid of the fines before returning the overflow to the mud. This operation depends on density of themud and the relative value of the liquid versus solid phase of the mud.
 b. Perforated-Rotor Centrifuges -
 This type machine has an inner spinning cylinder, with holes in it, inside a case (see Figure 13).Design and control parameters for perforated-rotor machines are: rotor diameter, outer case diam-eter, and water and mud feed-rate ratios. Variables in design of these machines are: rotor diame-
 Figure 11 Hydrocyclone
 Figure 12 Perforated-Rotor Centrifuge
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 ter, outer case diameter, rotor speed, water and mud feed rate. Denser and larger particles arethrown to the outer diameter of the inner cylinder where they pass through the holes, while lighterand smaller particles go to the centre and exit there. This machine is not suited for processingunweighted muds because the discards are a liquid slurry. It is more suited for weighted muds toreclaim dense materials as a slurry while discarding fines as a slurry.
 Addition Region
 The addition region of the mud system is downstream of the last solids removal device. It is thetank equipped with the mixing hopper, chemical barrel, mud guns, mixers-agitators, and perhapsspecial mixing/ shearing devices.
 1. Mixing Hopper - Mixing hoppers are used to add dry materials to build and maintain a mud system.Where large quantities of dry materials are used, bulk hoppers normally gravity-feed dry materialsinto a rig mud hopper. Hopper mixing effectiveness depends upon design. Venturi-discharge hop-pers have a venturi on the discharge side of the nozzle which provides the shearing action neededto mix dry materials (see Figure 14).
 2. Chemical Barrel - Chemical barrels are used primarily to solubilize materials in water before add-ing them to the active mud system. Normally, this is a make-shift barrel with a valve installed toregulate flow. However, well designed and properly constructed, chemical barrels should be avail-able on each rig for safety reasons. Causticizing materials are often mixed through a chemical bar-rel.
 3. Mud Guns - Mud guns are useful to keep mud mixed and sheared; but, they can significantly lowerthe overall efficiency of solids control equipment if plumbed incorrectly. If guns must be used in theremoval region, each mud gun’s suction should be taken from the same tank that it dischargesinto. Otherwise, it is recommended that mud guns not be used in the removal region and agitatorsused instead.
 Mud guns are of two types:
 Figure 13 Centrifugal Pump
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 a. high-pressure (3000 or 6000 psi) and operate from a rig pump, or
 b. low-pressure, operated from a centrifugal pump (see Figure 15).
 Mud guns can be located either on the surface (surface mud guns) or beneath the surface (sub-surface mud guns). Surface mud guns are used to break up materials that float, such as lost circu-lation materials; but, they are prone to entrap air in the mud. Subsurface mud guns are useful tokeep barite from settling.
 4. Mixers-Agitators - Mixers-agitators should be properly sized, powered and positioned to preventsettling in corners of mud pits. They are generally recommended over mud guns for mixing. Thereare two basic impeller designs for these mixers-agitators. Radial flow impellers have verticalblades and are positioned close to the tank bottom. Axial flow impellers have canted blades, likepropellers, and are positioned at 1/3 to 3/4 of the impeller diameter distance off bottom (seeFigure 16).
 5. Mixing/Shearing Devices - There are three types of mixing/shearing devices: (1) close-tolerancerotor/ stator, (2) high-pressure choke, and (3) counter-rotating shear (see Figure 17). Each ofthese devices produces a different degree of mixing and/or shearing.
 a. Close-Tolerance Rotor/Stator Device - such as the Seco-Colloid Mill. This device produceshigh shear when fluid passes through a centrifugal pump that has been modified. Fluid isforced through a stationary perforated ring which is fitted over the impeller blades in the pumphousing. This design creates a high energy environment which is especially applicable tomaterials requiring high, prolonged shear to obtain suitable rheological properties.
 b. High-Pressure Choke Device - Shear Master from Petroleum Coordinators, produces mix-ing/shearing as fluid is pumped by a positive displacement pump through a restricted openingsuch as a choke or nozzle. As fluid accelerates through the restricted opening, both shear andwater wetting of materials occurs.
 Figure 14 Venturi Mixing Hopper
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 c. Counter-Rotating Shear - Jet Shear from Flo-Trend, forces a split fluid stream to enter a mix-ing chamber by passing through jets in a disc on each end of the mixing chamber. The config-uration of the jets on each disc produces a counter-rotational flow which hydraulically water
 Figure 15 Mud Guns
 Figure 16 Mixer/Agitator
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 wets materials. Water wetting is essential for proper dispersion when mixing polymers such asPAC, PHPA, etc. The counter-rotational shear device does not produce a high shear energyenvironment; therefore, it does not cause shear degradation of long chain, high molecularweight polymers.
 Mixing/shearing devices greatly improve rigsite mixing. For hard-to-mix materials such asAqualon HP-007, sepiolite and attapulgite clays, which require extremely strong and/orlong-term shearing to viscosify, high-shear devices such as the Polygator or Shear Mastershould be used. Oil-based muds require shear to form a stable emulsion. They are normallymixed at the supplier’s mud-mixing plant; however, any of the three mixing/shearing devicescould be used to mix oil-based muds on location and thereby reduce the potential for a trans-porting accident. Although mixing/shearing devices greatly improve rigsite mixing capabilities,these devices should never be used in the active mud system because of their ability to breakup drill solids.
 Figure 17 Mixing/Shearing Devices
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 Mud Check (Suction) Region
 In the Mud Check Region the mud has already been processed by solids control equipment,chemicals added and density adjustments made. This region is commonly known as the suctionpit and is where the In mud sample is taken for testing. It is critical that mud leaving this pit haveenough volume and retention time so that it is always uniform in density, chemistry, solids content,etc.
 Basics of Centrifugal Pumps
 Centrifugal pumps contain an impeller inside a housing. Mud is pumped at constant head by thespinning action of the impeller. Head is controlled by impeller diameter and speed. Flow rate iscontrolled by head loss in the suction and discharge piping. Impeller velocity is kept constant by itsdrive motor, regardless of fluid density. Choosing the correct pump and motor for a specific appli-cation requires consulting pump curves. A pump’s size is normally defined by the size of the dis-charge and suction flanges. A 4 x 5 pump has a 4-in. discharge and 5-in. suction flange. Toevaluate a pump, one must know the pump size, its rpm, and impeller diameter (see Figure 13).
 The following rules apply to centrifugal pumps:
 • Centrifugal pumps do not have a fixed flow rate.
 • Discharge head is independent of mud density.
 • Discharge head is changed by changing the impeller speed and impeller size.
 • Discharge pressure is linearly proportional to mud density.
 • Power consumed increases as mud density increases.
 • Power consumed increases as flow rate increases.
 Dewatering and Zero-Discharge Solids Control
 Rigsite dewatering of a mud removes fine solids and recovers usable water. The process usuallyinvolves adding acid to the mud to obtain a pH of 6 to 8, followed by a coagulant and a chemicalflocculant (if needed) to cause the less than 2-micron solids to form aggregates large enough to beremoved by centrifugation.
 The water that is recovered can be almost clear or it can be murky or muddy as controlled by theamount of flocculant used and as dictated by the type of disposal or reuse requirements. For dis-posal into a local stream or into a water treatment system, clear water will likely be required, withlow chlorides, neutral pH and no soluble metals or other contaminants. For disposal by injectioninto a well, the water may also need to be clear and polymer free to avoid plugging of the perme-able zone. Water can be murky or muddy, if pumped into a fractured formation.
 Solids separated by the unit’s centrifuge will usually feel fairly dry but may still contain 20 to 40%liquid by volume. This will depend on the efficiency of the machine and how it is set to operate.Dampness may be acceptable for disposal into a local dump site or for on-site burial. Here again,salt and heavy metal content of the solids must be low.
 Dewatering is usually undertaken to comply with local, state or federal environmental require-ments. However, it can prove to be economically beneficial by keeping disposal volumes low, sav-ing cost of water and minimizing future environmental liability.
 Dewatering involves the following steps using the equipment shown in the diagram of Figure 18.
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 Step 1. Mud from the active system is drawn into a tank or taken directly into the injection mani-fold. This mud has previously been tested by the dewatering operator to determine vol-ume of dilution water, amount of acid (to lower pH) and amount and kind of flocculant (polymer) or coagulant (alum or ferric salt) to be used. This testing involves a series of bottle-shake tests after which the dewatering operator compares the degree of clarifica-tion with what is desired.
 Step 2. Using the bottle-shake test results as a guide, the operator sets up the injection rate to give the desired concentration of water, acid and flocculant. The treated mud is then circu-lated in the holding tank to allow time for coagulation to occur before passing the fluid on to the next step, the centrifuge.
 Step 3. The treated fluid goes next into the clarification centrifuge, with dilution water if needed. Inside the machine, the solids are thrown outward and discarded. Water exits the machine as clear, murky or muddy water, which can be fine-tuned by the injection rate of coagulant and flocculant pumped into the manifold.
 Step 4. The water from the centrifuge is stored in a neutralizing tank. This is where the dewatering operator or mud engineer will test and adjust its chemistry before it is put back into the mud. The usual adjustment is to raise pH to offset the effects of the acid added upstream and treat out hardness, if needed. In some cases, this tank is partitioned for the pre-hydra-tion of bentonite or polymers.
 In summary, the dewatering process is an important aspect of a zero-discharge or closed-loop sol-ids control system. This must work in conjunction with the normal solids removal devices on a rig.The chemicals for dewatering must be compatible with chemicals used in the mud - otherwise theymust be removed from the water before reuse in the mud.
 Figure 18 Diagram of Dewatering Equipment Layout
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 Solids Control Performance
 Mud and Waste Volumes
 Introduction
 This section describes a process for determining solids removal efficiency using the reported mudand cuttings volumes. Using a simple graph bases on some fundamental assumptions, it is possi-ble to make an assessment of the drilling fluid and solids control performance for an interval or thewhole well.
 Dilution
 The volumes required to maintain mud properties will depend greatly on the retained drill solidsconcentration. Each mud will have a threshold for solids tolerance and once this threshold isexceeded, wellbore condition and drilling performance will suffer. Therefore, it is extremely impor-tant that the solids concentration is kept below the stated maximum. One method of controlling thesolids concentration, in the circulating system, is to keep increasing the volume of liquid, e.g. If youadd 10 bbls of drill solids to 100bbls of mud, the resulting solids concentration would be 9.09% byvolume and were the to add 50 bbls of new mud, the fraction of solids would be reduced to 6.25%,this is dilution.
 Mechanical Separation
 Another method of removing drill solids is by using solids removal equipment. Processing thesame 10 bbls of cuttings and 100 bbls of mud through shale shakers and other equipment willremove a percentage of the drill solids, and in this case, say it is possible to remove 50% of thesolids, in simple terms this would lower the final volume of drill solids in the mud from 10% to 5%.
 Combination
 The actual process used on most drilling operations is a combination of both methods. It isimpractical for the equipment to remove 100% of the drill solids, while retaining the materials whichhave been added to establish the mud system. The control of the mud and the management ofwaste generation will depend on how well the solids control equipment works and thereby restrict-ing the quantity of mud needed for dilution.
 Reality
 The worst possible situation would be no solids control equipment and to maintain a solids per-centage of no greater than say 6.5% by vol. using only dilution, the circulating system would haveto increase in volume substantially to ensure the solids fraction was never more than 6.5% of thetotal volume. On the other hand, if the solids control equipment were 100% efficient, no volumeswould be required to control the system, we would only have to replace the mud loss because thesolids discharge would be coated in mud. Theses two extremes can then be used to draw a straitline performance graph. Using this plot with the maximum volume/lowest SRE and the lowest vol-ume/highest possible SRE it will be possible to determine:
 • An estimate of SRE based on an estimate of mud use
 • An estimate of volume mud required bases on an estimate of SRE
 • An average SRE for an interval based on actual volumes reported17569
 065.01142 =
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 • An estimate of hole size based on actual volumes used vs, an accurate estimate of SRE
 • An estimate of waste generated, based on the percent(%) drill solids retained and the hole size estimate
 • It is important to note at this stage that this process can only be used to make simple estima-tions as it will be dependant on knowing the actual hole size, the volume of liquid associated with the discharged solids and the accuracy of the volume records.
 To Calculate the Ideal State
 To establish a theoretical value assuming 100% Solids Removal Efficiency (SRE 100%):
 If the solids removal equipment were to remove all drill solids when the mud reached the surface,there would still be a requirement for additional mud. This is very simply because the solids controlequipment discharges wet solids, all the cutting shed by the equipment will be coated in mud. Ineven the best case scenario, it can be assumed that for every barrel of rock discharged by theequipment, another barrel of liquid will also leave the system. This is referred to as a Liquid Con-servation Efficiency (LCE) and in this scenario the LCE is 0.5. However, historical data indicatesthat the liquid fraction lost could be as higher and was often assumed to be as high as 65% (LCE0.35), this just means the equipment discharge is wetter. The advent of controls on the dischargeof oils has resulted it the improvement of equipment resulting in the lower values, which are usedin this example of LCE 0.5. Therefore, assuming a LCE of 0.5 and an open hole rock volume of1,142 bbls, then the same volume of mud will be required, 1,142 bbls of rock and 1,142 bbls of liq-uid. This is in addition to that needed to fill the hole and the pits. (If the LCE were 0.35, the volume ofadditional liquid would be 2,120 bbls)
 • Lowest mud volume estimate = Hole volume (assuming LCE 0.5)
 • Lowest cuttings estimate = Hole volume
 • Lowest waste volume estimate = Hole volume x 2
 • Therefore, in this exercise the first plot on the graph will be 1,142 bbls corresponding to100% solids control efficiency.
 To Calculate the Worst State
 The other extreme is when it’s assumed that there is no solids control equipment Solids RemovalEfficiency = 0%):
 The value for this will be dependant on the solids tolerance for the mud system and will vary byplus or minus 3%. For example a low solids non dispersed polymer system will have a much lowersolids tolerance value (~4%) than a fully dispersed bentonite system (~7%) and again differentfrom an oil based mud (~8%). To make an accurate estimation for the plotting on a graph, thisvalue must be obtained for the fluid contractor. For the purposes of this exercise we shall assumean ideal state will be achieved by maintaining a concentration of 6.5% by volume.
 Note: For the purposes of managing solids, solids will be referred to as being either low or high gravityand that low gravity solids (LGS) will include both drilled solids (dirt) and solids which are part ofthe mud system formulation. The difference between low gravity drill solids and mud system sol-ids is important and must be discussed with the mud contractor when selecting the thresholdvalue for the mud system.
 “Proprietary - for the exclusive use of BP & ChevronTexaco”
 Rev. 01/2002 Solids Control 7-34

Page 281
                        

Drilling Fluids Manual
 Solids Control 7-35 Rev. 01/2002
 • Maximum volume estimate =
 • Therefore, in this exercise the other point on the plot will be corresponding to 0.0% solids control efficiency.
 To plot the performance volumes, do the following:
 1. Enter the estimates on the graph.
 2. Draw a line between best and worst volume estimates.
 3. Estimate the performance value for the well interval on the x-axis.
 4. Extend the line intersection up to the line connecting the best and worst vol-ume performance line.
 Extend the line to the y-axis to read the estimated volume required.
 Example
 Plot Data:
 In Figure 19, the performance target for the interval is 80% Solids Removal Efficiency (SRE)which from the graph gives a value of 5,341 bbls mud built.
 At the end of the interval, the actual volume at the y-axis, extend it over to the performance line,and read the actual performance on the x-axis. Figure 19 should show the actual volume is 8,305bbls and yields a lower performance of 0.63 (Solids Removal Efficiency (SRE) =63%). The table ofactual results also shows that the actual LCE was 0.39 (the equipment waste had a 39% solidsfraction; not 0.5 or 50% as forecast).
 Open Hole VolumeAverage Drill Solids Volume expressed as a decimal fraction-----------------------------------------------------------------------------------------------------------------------------------------------
 11420.065--------------- 17569 bbls=
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 Figure 19 Best and Worst Performance Values Graph
 This interval expected to achieve an 80% SRE performance goal with the resulting volume con-sumed approximately 5,341 bbls of mud. The estimated interval open hole volume is 1,142 bbls.The maximum allowable fraction of low gravity solids is 6.5% and is used to estimate the worstperformance.
 Discussion
 The mud program will include an estimate of the cost of mud for each interval, this cost is calcu-lated from the estimated volume of mud to be used, multiplied by the unit cost per barrel. Severalfactors impact the cost of a typical mud system.
 To accurately forecast the cost there must be an estimate of the solids removal and liquid conser-vation results, to approximate how much mud will be built. Then at the end of the interval, thesevalues must be compared with the actual volume of mud used. This will facilitate the measure-ment of performance.
 Minimizing the volume of mud needed to drill the interval is the function of the solids control equip-ment, the equipment must prevent the mud from becoming solids-laden.
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 The following factors determine how much waste is created:
 Solids removal efficiency
 1. Wellbore stability
 2. Formation dispersibility and washout tendency
 3. Liquid conservation efficiency
 4. Selection of a mud that can efficiently tolerate a low gravity solids content (of at least 5%)
 A mud that can efficiently tolerate 5% to 6% drill solids generates less waste than a mud that musthave drill solids of 2% or less Figure 20. The calculation in Example 1 illustrates why a solids tol-erance is a desirable feature of a mud. The mud system that uses the highest solids fraction hasthe lowest dilution (waste) volume. Mud with poor solids tolerance may not be the best selectionwhen considering the waste management effort.
 Example 1
 In this example, assume that the interval to be drilled generates 850 bbls of cuttings and that 80%of these cuttings are mechanically removed; the remaining cuttings must be diluted to maintain (A)5% solids or (B) 2% solids. Compare the mud dilution volume for both cases.
 The maximum solids fraction that a mud type can safely tolerate determines the dilution volumebuilt of solids not mechanically removed. Mud B generates more waste and mud cost than Mud Awhile using the same equipment performance. The higher the fraction of solids, the less volumethat is generated from each barrel of solids diluted (see Figure 19).
 Total Waste Volume (TV)
 Total Waste Volume (TV), shown in Equation 1, includes the terms used to determine the solidsremoval results. Solids control results and the waste created is the result of two processes: 1)mechanical separation and 2) dilution of any remaining solids greater than an allowable fractionthat are not mechanically removed. Once, this combined volume ended up in the reserve pit.
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 Equation 1
 Total Waste Volume, TV =
 LCE = decimal fraction of solids in equipment discharge
 SRE = decimal fraction of solids generated while drilling, removed by equpment
 fm = decimal fraction of solids in mud
 This equation shows the mud volume for dilution and the volume removed by the mechanicalequipment. This volume is the waste volume and the volume of mud required to drill the volume ofsolids.
 Solids Removal Efficiency (SRE)
 The Solids Removal Efficiency (SRE) is the fraction of the open hole volume, brought to surface,that is mechanically removed. The fraction not removed, dictates the dilution volume required tokeep the low-gravity solids content within the tolerance level for the chosen mud.
 If the volume % of drill solids in the solids control equipment effluent discharge is not greater thanthe drill-solids volume % in the circulating mud that there is no liquid conservation, and no benefitgained from using the equipment. The dilution process lowers the concentration of drill solids, butthe process will increase waste volume and mud costs.
 Solids control equipment separates solids from lere the retained solids fraction is at a sufficientlylow concentration, that the conventional rate of new mud additions (keeping the hole full), keepsthe solids from reaching the solids tolerance threshold for the mud. This is often the case withOBM.
 Solids control equipment separates solids from liquids, but the process does not completely elimi-nate the need to dilute solids, especially when using a water-based mud. Of the dilution rate isgreater than the surface mud loss, the circulating volume will increase to a level where whole mudmust be removed to allow further dilution (Dump & Dilute). Volume removal (Dumping) will only beavoided when the overall SRE returns mud to the pits, where the retained solids fraction is at a suf-ficiently low concentration, (1 minus the decimal fraction LGS equals the optimum SRE, as a deci-mal, for least mud and waste volume) that the conventional rate of new mud additions (keeping thehole full), keeps the solids from reaching the solids tolerance threshold for the mud. This is oftenthe case with OBM.
 (Equipment Volume) (Dilution Volume)+
 ((Hole Volume) (SRE))×LCE
 ----------------------------------------------------------------- ((Hole Volume) 1 SRE)–( )×fm
 ---------------------------------------------------------------------------+
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 Figure 20 Final Mud Volume Graph
 Figure 20 shows that the dilution volume for every barrel of solids not mechanically removed. Themud dilution volume requirements increase very rapidly when maintaining low-gravity solids belowa volume of 5%.
 Solids-Liquids Separation Efficiency (LCE)
 Solids-Liquids Separation Efficiency (LCE) is the "dryness" of solids-removal equipment dischargeand it is used as the low-gravity solids (LGS) fraction in the equipment discharge equation. TheLCE is seldom greater than 50%, and it may be as low as the drill-solids discharge fraction foundin the mud generated by malfunctioning equipment.
 In Figure 19, the best performance volume is the total waste volume, when speaking about wastewe refer to a mixture of mud and removed solids. Therefore in this instance, the total waste volumewill comprised of 50% solids and 50% associated mud, with the volume of solids, being 100% ofthe generated solids. Therefore, the total waste volume generated is equal to twice the hole vol-ume.
 The worst performance generates waste with only the solids fraction carried in the mud, in thisexample 6.5%. Ideal results would be a LCE of 0.5 (50%) and a SRE of 1.0 (100%). If both theexcess dilution and equipment discharge volumes are combined and the fraction of solids deter-mined a solids-liquid separation efficiency (LCE) results and is very similar to a mud-to-cuttingsration sometimes used to describe performance. It can be argued that this solids fraction in thetotal waste volume is the value that best describes solids control performance, but the value ishighly dependant upon the maximum solids fraction allowed in the mud as shown in Figure 20. Itis also clear that when dilution is a normal part of the solids control, the effort to produce as “dry” asolids discharge as possible for the equipment is not the best plan to follow.
 Producing dry cuttings should become the prime objective only after eliminating the need for dilu-tion. This level of performance is almost achievable now by using a non-aqueous-based mud andgood equipment.
 The success of the equipment on a given mud type is defined by the volume and solids content ofthe total, combined waste streams from the equipment and dilution, not just the discards from theequipment. To create a wetter solids discharge that may reduce the total waste volume, lower thedeck angle of the shaker screen basket or use a smaller-mesh shaker screen. This action causesa wetter discharge, but removes more solids. Since solids are removed, dilution is reduced.
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 This wetter discharge option is not an ideal solution, but it can reduce the total volume discardedcompared to a dry equipment discharge and whole-mud discard. The goal is to maximize theremoval of solids and one way to improve the performance of the equipment is to reduce the vol-ume of whole mud that has to be discarded. Discarding whole mud results in a large waste vol-ume for the solids removed.
 • Mud-waste management deals with the mud type, formation type, solids-control equip-ment selection, and operation. The highest levels of solids-removal equipment reachestheir best potential performances when as many as possible of these operating states arepresent:
 • Having equipment to handle both liquid volume while simultaneously removing solids sep-aration
 • Using an inhibitive mud, such as an oil mud
 • drilling in stable, non-reactive formations
 • Operating the equipment to obtained the equipment’s full potential to minimize dilution.
 • Working in this operating state, the equipment produces as dry a discharge as possiblebecause the solids-removal efficiency is at or near optimum performance. However, whenthe following conditions that negatively affect the equipment’s performance are present,optimum equipment performance may not possible:
 • Using a mud with a very low allowable solids fraction
 • Drilling in formations that are highly “mud-making”.
 • When highly dispersive formations and a water-based mud are involved, a common mis-take is to concentrate on producing dry solids from the equipment while simultaneouslydiluting the existing mud with clean mud.
 • When a good equipment system cannot reach optimum performance potential for remov-ing solids and conserving liquid, solids removal can be improved by sacrificing liquidremoval when whole mud dilution is required. Said another way, emphasis should be onremoving solids and minimizing whole-mud additions for dilution, not on discharging drycuttings. In this case, a wetter equipment discharge reduces the need for whole-mud dilu-tion.
 • Reduce the volume of mud built and the mud cost is reduced.
 Performance Assessment
 How did it go? The question of describing mud, waste generation and solids control performancecan be managed several ways but none more legitimately than if a volume balance is used todescribe the results. If a new device, shaker screen or 18 centrifuges are the subject of a study, avolume balance will best describe the performance when comparing results. High performancesolids control equipment should generate less waste because less dilution is needed. Even whenoptimum solids removal is attained, there is a need to reduce the adhering liquid and can be usedto assess different equipment options. The device that has the highest efficiency, while dischargingthe driest discharge will win provided cost efficiency is maintained.
 To assess performance the following information must be collected:
 1. The initial mud system volume at the start of the interval, both in the pits and hole
 2. The initial low gravity solids fraction in the mud at the start of the interval
 3. The hole volume at the end of the interval. Ideally the calculated volume from a calliper log
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 4. The whole mud volume removed from the active mud system to allow solids dilution. (Lost circulation plays havoc with the volume balance, but lost circulation does remove drill solids)
 5. The average fraction of low gravity solids in the whole mud removed from the active system
 6. The volume of new, liquid mud added into the active system (flow meters may be required)
 7. The final system volume at the end of the interval, both in the pits and hole
 8. The final low gravity solids fraction in the mud at the end of the interval
 9. The accuracy of the measurement of volume and solids introduce error. A hole diame-ter that is greater than realized, as when no calliper log is run, will cause a lower calcu-lated solids removal performance as the actual volume of solids is greater and most likely require a larger volume of dilution.
 10. If a pre-mix tank is used to build whole mud to use for maintaining the active pit volume, the daily whole mud additions can be tracked. A water meter to measure base fluid additions can also be used.
 11. Example 2 explains how the volume of mud tells how solids were controlled.
 12. In Step 1, the results of a well interval are listed. There is a column for the mud volume used to start and end the interval. This information is found on the mud check at the beginning and end of the interval. At the start, 2,858 bbls of mud were in the active mud system. The mud contained 6.5 % low gravity solids. At the end of the interval, the sys-tem volume had increased to 4,000 bbls and had been maintained to keep the 6.5% solids.
 13. The interval hole volume, using a gauge-hole diameter, is 1,142. These drill solids were incorporated into the mud system during drilling. The measured volume of new mud added into the active mud system is 7,163 bbls.
 The process of completing the volume balance involves calculating the information for the emptycells in each column.
 Example 1
 Step 1 Mud Vol. @ start
 Added DumpedEquipment discharge
 Mud Vol @ Interval end
 Solids 1,142
 New mud 7,163
 Total 2,858 5,323 4,000
 Solids frac-tion
 0.065 0.065 0.065
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 Step 1 shows the initial data at the end of the interval.
 The low-gravity solids are maintained at 6½% throughout the interval. Using this information, moredetails can be added into the table shown in Step 2. The starting mud volume had 186 bbls of drillsolids (2,858 X .065) and the mud system at the end had 260 bbls. The dumped mud volumeremoved 346 bbls of solids. Dumped mud volume occurs when the solids content is not be kept ator below the maximum allowed for the interval or the solids have become so fine that the equip-ment cannot remove them. The ‘volume dumped’ value will include any whole mud lost orremoved from the active mud system. The drill solids content for the interval will be an average forthe interval.
 The addition to the starting mud volume consists of 7,163 bbls new mud volume and 1,142 bblsdrill solids, a total 8,305 bbls (1,142 +7163).
 This is all the information needed to describe the solids removal performance. We can fill in theinformation about the equipment discharge. For example, in the first row we started with 186 bblsof drill solids and we drilled 1,142. This adds up to 1,328 bbls of solids. The removal of 5323 bblsof solids laden whole mud removed 346 bbls of drill solids and 260 bbls of drill solids are left in themud at the end of the interval to account for 606 total. The difference between 1,328 and 606 is722 bbls and is the volume of solids removed by the solids removal equipment. It seems reasona-ble to say that 722/1,142 is the fraction of solids removed or said another way, the solids removalperformance is .63 or 63%.
 The fraction of the solids removed of those drilled provides the solids removal performance of63%. The fraction of drill solids in the equipment discharge volume indicates the liquids conserva-tion. Perfect solids removal would be a value of 1.0 for the removal and liquids conservation. Inother words, all the solids drilled are removed and only the drill solids were removed.
 In step 3, the table is a volume balance for the drill solids and mud. Of the 1142 bbls of solids gen-erated in the interval, 722 bbls were removed by the equipment. The 722 bbls of solids is a part of
 Step 2 Mud Vol. @ start Added Dumped Equipment
 dischargeMud Vol @ Interval end
 Solids 186 1142 346 260
 New mud 2,672 7,163 4,977 3,740
 total 2,858 8,305 5,323 4,000
 Solids fraction
 0.065 0.065 0
 Step 3 Initial Mud Vol.
 Added DumpedEquipment discharge
 Mud Vol @ Inter-val end
 Solids 186 1,142 346 722 260
 New mud 2,672 7,163 4,977 1,118 3,740
 Total 2,858 8,305 5,323 1840 4,000
 Solids Fraction0.065
 (6.5%)
 0.065 0.392 0.065
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 a mud-solids sludge volume of 1840 bbls. The SRE is 722/1142 or 63. The Liquid ConservationEfficiency is the solids fraction in the equipment sludge. In this case the actual LCE is 0.39 or 39%(722/1,840).
 The total waste volume is the whole mud removed from the systems plus the equipment dis-charge. The sum of these two waste volumes is 7,163 bbls (5,323 + 1,840). This is the ‘GriswaldIdentity’. It shows that the new mud volume and the waste volume are the same volume. Thiscombined volume contains 1,068 bbls of drill solids or is 15% solids. There is a 15% solid contentin the total waste volume.
 The mud dumped to allow the dilution is 5,323 bbls, in the active system, also includes 74 bbls ofsolids more than at the beginning. These solids are diluted to 6.5%, but remain in the system here.So the total volume built in this interval consists of 8,305 bbls (5,323 + 1,840 + 1,142). The 74 bbldiluted to 6.5% is 1,142.
 Controlling Solids
 Solids control is a usually two-step procedure. In some cases, the interval is short enough thatdilution is not required, but the mud is usually conditioned for solids prior to starting the next inter-val.
 The first step is to use mechanical separation equipment to separate and concentrate the drill sol-ids from the mud. In theory, the volume performance achieved is expressed as fraction of the drillsolids removed by the solids removal equipment system of the total solids load generated. Theequipment separation process is not ideal as some drill solids is left and some liquid is lost with thesolids. The fractions of solids in the equipment discard
 Mud dilution is the second step in the solids control procedure. Any excess drill solids in the activesystem at the start of the interval and the remainder of the drill solids not mechanically removedthat is in excess of the low-gravity solids limit must be diluted to stay within the operating condi-tions specified for the mud.
 In the graphical planning method described in the Estimating Volume Performance Values, a 1:1ratio of mud on cuttings mechanically removed was selected to simplify the process. When evalu-ating the results, the actual solids fraction, 39%, is determined when all the data values are meas-ured as in the step 1 of the tables shown in example 2.
 The results for solids control are most often positive when the both planning and implementation iswell executed. Planning benefits when a measurable goal is developed to allow a measure of suc-cess actually attained. The graphical method for defining goals and results keeps the process sim-ple. The four factors impacting the results should be considered when planning and review thesolids control effort.
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 Section 8: Rheology and Hydraulics
 Rheology
 Introduction
 Rheology is the study of the deformation and flow of matter. The study of rheology is importantbecause it allows the drilling fluid to be specifically analyzed in terms of fluid flow profile, viscosity,hole cleaning ability, pressure loss, equivalent circulating density - in general, wellbore hydraulics.
 Velocity Profile
 Figure 1 depicts a fluid flowing up an annulus. A force exists in the fluid which resists fluid flow.This force, shear stress, is analogous to the friction arising when one fluid layer moves pastanother. The fluid velocity increases progressively away from zero at the walls to a maximum nearthe center of the annulus. This occurs because it is easier for each fluid layer to move past anotherfluid layer than to move past the walls. The rate at which a fluid layer moves past another is called“shear rate”.
 Figure 1Flow in an Annulus - Illustrated as Lamina
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 The concept of shear stress and shear rate is further developed in Figure 2.
 Shear Stress (τ)
 Shear stress is the force required to sustain a particular type of fluid flow. In laminar flow, shearstress is the frictional drag existing between individual laminae.
 This is expressed as lb/100 ft2, or as Dynes/cm2.
 Shear Rate (γ)
 This is the relative velocity of one lamina moving by adjacent lamina, divided by the distancebetween them.
 This is expressed in sec-1 (reciprocal seconds).
 Figure 2Concept of Velocity Gradient Shear Rate and Shear Stress
 τ ForceArea----------------=
 Note:1 Dyne/cm2 = 4.79 lb/100ft2
 γ VelocityDis cetan------------------------- cm/sec
 cm------------------- 1
 sec--------- sec 1–= = = =
 Note: 1Sec-1 = 1.703 x RPM. (where RPM is on a Fann VG meter.)
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 Viscosity (µ)
 Viscosity is the representation of a fluid’s internal resistance to flow, defined as the ratio of shearstress to shear rate. Viscosity is expressed in poise.
 As previously defined:
 (defined as poise)
 A poise is a very large number and therefore, viscosity is typically reported in centipoise(100 centipoise = 1 poise).
 Newtonian Fluids
 Newtonian fluids are those in which the viscosity remains constant for all shear rates providingtemperature and pressure conditions remain constant. Examples of Newtonian fluids are water,glycerine and light oil. In these fluids, the shear stress is directly proportional to the shear rate, asshown in Figure 3. The rheogram curve of a Newtonian fluid is a straight line passing through theorigin. The origin is the starting point on the graph of both the vertical and horizontal axes. Theslope of the curve defines viscosity where g is the shear rate and t is the shear stress. Because m(viscosity) does not change with rate of shear, it is the only parameter needed to characterize theflow properties of a Newtonian fluid. Most drilling fluids are not this simple.
 µ shear stressshear rate
 ------------------------------------ τ /γ= =
 µ Dyne . seccm2
 ------------------------------=
 µ τ /γ=
 Rheogram Showing Newtonian Fluid Behavior
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 Non-Newtonian Fluids
 Non-Newtonian fluids (most drilling fluids fit this general classification) do not show a direct propor-tionality between shear stress and shear rate. The ratio of shear stress to shear rate (viscosity)varies with shear rate and the ratio is called “effective viscosity”, but this shear rate must be identi-fied for each effective viscosity value.
 An example of a non-Newtonian shear stress/shear rate (slope of the dashed lines) shear raterelationship is shown in Figure 4. Note that the ratio of shear stress to shear rate differs at eachshear rate. The viscosity of non-Newtonian fluids is known as effective viscosity and the shear ratemust be specified. Figure 5 shows that the effective viscosity decreases as the shear rateincreases. This effect is called “shear thinning”.
 Non-Newtonian fluids are classified into four major categories:
 • Those with properties independent of time,
 • Those with properties dependent on time,
 The first two categories are of principal concern to drilling fluids. There is a further subdividing ofthese categories as follows:
 • Time Independent, Non-Newtonian Fluids
 - Bingham plastic fluids
 - Pseudoplastic fluids
 • Time Dependent, Non-Newtonian Fluids
 - Thixotropic fluids
 Figure 4Rheogram Showing Non-Newtonian Behavior
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 Bingham Plastic Fluids
 These fluids yield a straight-line relationship between shear stress and shear rate that does notpass through the origin. A finite shear stress is required to initiate flow. The value of this shearstress is called the “Yield Point” (Figure 6).
 The Bingham Plastic Model is the most widely used mathematical rheological model in the oil field.All data are generated from the 600 and 300 rpm readings on a Fann VG Meter. The modelassumes that the fluid evaluated acts in a linear manner on the shear rate - shear stress curve, buthas a positive yield stress (Figures 7 and 8).
 The equation for the Bingham Plastic model is:
 Where
 Plastic Viscosity (PV) = Θ600 - Θ300
 Yield Point (YP) = Θ300 - PV
 Common terms associated with the Bingham plastic model are: Plastic Viscosity (PV), ApparentViscosity (µa), Yield Point (YP) and gel strengths. Most drilling fluids, as seen in Figure 7, do notconform exactly to the Bingham plastic model or to any universal model, but drilling fluid behaviorcan usually be approximated with acceptable accuracy. The Bingham Plastic model assumes thatthe curve (Figure 9) is approximated by a straight line. This is seldom true for drilling fluids, espe-cially at low shear rates found in the annulus, (Table 1).
 Figure 5Effective Viscosity of a Non-Newtonian Fluid
 τ PV γ/300( ) YP+=
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 Figure 6Rheogram Showing Bingham Plastic,
 Pseudoplastic and Dilatant Fluids Behavior
 Figure 9Bingham Plastic Model Parameters
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 Plastic Viscosity (PV) - Drilling muds are usually composed of a continuous fluid phase in which sol-ids are dispersed. Plastic viscosity is that part of the resistance to flow caused by mechanical fric-tion. The friction is caused by:
 • Solids concentration,
 • Size and shape of solids,
 • Viscosity of the fluid phase.
 Figure 7Shear Stress - Shear Rate Curves
 Table 1: Shear Rates Found in the Well
 Location Shear Rate, sec-1
 Drill Pipe 100 - 500
 Drill Collars 700 - 3000
 Bit Nozzles 10,000 - 100,000
 Annulus 10 - 500
 Mud Pits 1 - 5
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 For practical field applications, plastic viscosity is regarded as a guide to solids control. Plastic vis-cosity increases if the volume percent of solids increases, or if the volume percent remains con-stant, and the size of the particle decreases. Decreasing particle size increases surface area,which increases frictional drag. Plastic viscosity can be decreased by decreasing solids concentra-tion or by decreasing surface area. Plastic viscosity is decreased by reducing the solids concentra-tion by dilution or by mechanical separation. As the viscosity of water decreases with temperature,the plastic viscosity decreases proportionally. Therefore, controlling PV of a mud in practical termsinvolves controlling size, concentration and shape of the solids and minimizing the viscosity of theliquid phase - such as avoiding viscosifying polymers and salts unless absolutely needed.
 The value of plastic viscosity is obtained by subtracting the 300 RPM reading from the 600 rpmreading (Figure 9).
 PV of a mud is the theoretical minimum viscosity a mud can have because it is the effective viscos-ity as shear rate approaches infinity. The highest shear rate occurs as the mud passes through thebit nozzles; therefore, PV will approximate the mud’s viscosity at the nozzles. This is illustrated inFigure 10, where the effective viscosity of the mud approaches the value of plastic viscosity at highshear rates.
 Figure 8Viscosity - Shear Rate Curves
 PV Θ600 Θ300–=
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 Figure 10Comparison of Effective Viscosity
 Newtonian vs. Non-Newtonian
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 Yield Point (YP) - The yield point is the initial resistance to flow caused by electrochemical forcesbetween the particles. This electrochemical force is due to charges on the surface of the particlesdispersed in the fluid phase. Yield point is a measure of these forces under flow conditions and isdependent upon:
 • The surface properties of the mud solids,
 • The volume concentration of the solids and
 • Ionic environment of the liquid surrounding the solids.
 High viscosity resulting from high yield point is caused by:
 • Introduction of soluble contaminant (ions) such as: salt, cement, anhydrite or gypsum,which interact with the negative charges on the clay particles,
 • Breaking of the clay particles through mechanical grinding action creating new surfacearea of the particles. These new charged surfaces (positive and negative) pull particlestogether as a flocs.
 • Introduction of inert solids (barite) into the system, increasing the yield point. This is theresult of the particles being forced closer together. Because the distance between the par-ticles is now decreased, the attraction between particles is greatly increased.
 • Drilling hydratable shales or clays which introduces new, active solids into the system,increasing attractive forces by bringing the particles closer together and by increasing thetotal number of charges, and
 • Insufficient deflocculant treatment.
 Yield point can be controlled by proper chemical treatment. As the attractive forces are reduced bychemical treatment, the yield point will decrease. The yield point can be lowered by the followingmethods:
 • Charges on the positive edges of particles can be neutralized by adsorption of large nega-tive ions on the edge of the clay particles. These residual charges are satisfied by chemi-cals such as: tannins, lignins, complex phosphates, lignosulfonates, etc. The attractiveforces that previously existed are satisfied by the chemicals, and the negative charge ofthe clay particles predominates, so that the solids now repel each other.
 • In the case of contamination from calcium or magnesium, the ions causing the attractiveforce are removed as insoluble precipitants, thus decreasing the attractive forces and YPof the mud.
 • Water dilution can lower the yield point, but unless the solids concentration is very high, itis relatively ineffective.
 Yield point (YP) is calculated from VG measurements as follows:
 or
 The limitation of the Bingham plastic model is that most drilling fluids, being pseudo plastic, exhibitan actual yield stress which is considerably less than calculated Bingham yield point. This errorexists because the Bingham plastic parameters are calculated using a VG meter at 600 RPM(1022 sec-1) and 300 RPM (511 sec-1); whereas, typical annular shear rates are much less(Table 1).
 YP θ300 θ600 θ300–( )–=
 YP θ300 PV–=
 “Proprietary - for the exclusive use of BP & ChevronTexaco”
 Rev. 01/2002 Rheology and Hydraulics 8-10

Page 301
                        

Drilling Fluids Manual
 LSRYP - Low shear rate yield point is a measure of the mud’s low shear rate viscosity. It influencesthe ability of the mud to suspend cuttings whilst the mud is in circulation. Large cuttings and cav-ings require higher values of LSRYP to effectively transport cuttings. It is calculated from VG mea-surements as follows:
 Gel Strength - Gel strengths, 10-second and 10-minute, measured on the VG meter, indicate strengthof attractive forces (gelation) in a drilling fluid under static conditions. Excessive gelation is causedby high solids concentration leading to flocculation.
 Signs of rheological trouble in a mud system often are reflected by a mud’s gel strength develop-ment with time. When there is a wide range between the initial and 10-minute gel readings theyare called “progressive gels”. This is not a desirable situation. If initial and 10-minute gels are bothhigh, with no appreciable difference in the two, these are “high-flat gels”, also undesirable. Themagnitude of gelation with time is a key factor in the performance of the drilling fluid. Gelationshould not be allowed to become much higher than is necessary to perform the function of sus-pension of cuttings and weight material. For suspension “low-flat gels” are desired - as indicated inFigure 11.
 LSRYP θ3 2×( ) θ6–=
 Figure 11Types of Gels
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 Excessive gel strengths can cause:
 • Swabbing, when pipe is pulled,
 • Surging, when pipe is lowered,
 • Difficulty in getting logging tools to bottom,
 • Retaining of entrapped air or gas in the mud, and
 • Retaining of sand and cuttings while drilling.
 Gel strengths and yield point are both a measure of the attractive forces in a mud system. Adecrease in one usually results in a decrease in the other; therefore, similar chemical treatmentsare used to modify them both. The 10-second gel reading more closely approximates the true yieldstress in most drilling fluid systems. Water dilution can be effective in lowering gel strengths, espe-cially when solids are high in the mud.
 Apparent Viscosity (µa) - Apparent viscosity, measured by the VG meter, is the viscosity that a drilling
 fluid has at 600 RPM (1022 sec-1). It is a reflection of the plastic viscosity and yield point com-bined. An increase in either or both will cause a rise in apparent viscosity (and probably in funnelviscosity). This is sometimes called single point viscosity. The equation for apparent viscosity is:
 As shown in Figure 12, various muds may have the same µa at 1,022 sec-1, but the effective vis-cosities at other shear rates may vary widely.
 µa300( ) θ600( )
 θ600( )--------------------------------- θ600
 2-------------= =
 Figure 12Viscosity vs. Shear RateFor Various P/PV Ratios
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 Effective Viscosity (µe) - The effective viscosity from a VG meter is the viscosity of the drilling fluid atthat particular RPM. It is calculated by the equation below.
 NOTE: One unit on the dial= 1.067 lb/100 ft2
 = 5.11 dynes/cm2
 and one RPM = 1.703 sec-1
 Funnel Viscosity - The funnel viscosity is measured with the Marsh funnel and is a timed rate of flowin seconds per quart. It is basically a quick reference check that is made routinely on a mud sys-tem; however, there is no shear rate/shear stress relationship in the funnel viscosity test. Thus, itcannot be related to any other viscosity nor can it give a clue as to why the viscosity may be highor low.
 Yield-Power Law (Herschel-Bulkley) Fluids
 Virtually all drilling fluids display characteristics of both pseudo plastic and thixotropic fluids. Oneway to describe the behavior of such fluids is with the Yield-Power Law (YPL) Model:
 where τy is the YPL yield stress (a better approximation to the true yield stress than the yield pointin the Bingham model), and K and n are the YPL consistency index and exponent, respectively.The YPL Model may be thought of as a combination of the Bingham Plastic and Power Lawpseudo plastic models. When τy is zero, the YPL model reduces to the Power-Law Model forpseudo plastic flow, and when n is one, it reduces to the Bingham model.
 Pseudoplastic Fluids
 These fluids are characterized by the shape of the flow cure illustrated in Figure 6. When the shearstress/shear rate plot of such fluids is made on logarithmic scale, a straight line is obtained. Theeffective viscosity of a pseudo plastic fluid decreases with increasing shear rates. For drilling flu-ids, pseudo plastic behavior is usually defined by using the Power Law equation. The Power Lawequation uses two parameters, “K” and “n”. K is a measure of a mud’s consistency at very lowshear rates. The larger the value of K, the more “viscous” is the fluid at low shear rates. n is a mea-sure of the degree of non-Newtonian behavior. For n = 1, the fluid is Newtonian. For pseudo plasticfluids,
 where,
 τ = shear stress
 γ = shear rate
 K = laminar flow consistency factor (constant for a particular fluid)
 n = laminar flow behavior index
 µe300( ) θ at any RPM( )
 RPM------------------------------------------------------------=
 τ τy K γ( )n+=
 τ K γ( )n; 0 n 1< <=
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 Thixotropic Fluids
 These fluids exhibit time-dependent behavior. They develop gel structure when at rest or whendecreasing the applied shear rate. This gel structure may be manifested as a “true yield stress” ora gel strength or both. True yield stress is the residual stress on the fluid after reducing the shearrate to zero. True yield stress is not measured in the field but can be approximated by extrapolat-ing low shear rate data to zero. A fluid may be described by one of constant shear rate models,e.g., Bingham Plastic or Pseudoplastic, and at the same time be thixotropic.
 The strength of the gel structure depends on time. The structure begins to break down as shear isinitiated and ultimately breaks with higher, prolonged shear.
 Examples of thixotropic fluids are mayonnaise, drilling fluids, paints and inks.
 Flow Regimes
 The mud flow in various parts of the circulating system will be either laminar, transition, or turbu-lent, depending on the magnitude of the Reynolds number. Reynolds number is a dimensionlessnumber which indicates the type of fluid flow. The Reynolds number can be expressed:
 Where,
 d = diameter, m
 v = average Velocity, m/sec
 ρ = density, kg/m2
 µ = fluid viscosity, Ns/m2
 Typically, for power law fluids the flow regime can be predicted by the following Reynolds numberrelationships:
 • Laminar Flow if the NRe is less then 3470-1370n where n is the Power Law constant.
 • Transition Flow if the NRe is greater than 3470-1370n and less than 4270-1370n.
 • Turbulent Flow where NRe is greater than 4270-1370n.
 Laminar Flow
 Laminar flow occurs when the individual flow layers (laminae) slide past each other with a mini-mum of mixing. Figure 1 demonstrates laminar flow in an annulus. Generally, laminar flow is thepreferred annulus flow profile because it results in less pressure loss and reduces hole erosion. Toachieve efficient cuttings transport in laminar flow, the fluid rheology should be tailored to give aflat velocity profile, with a small “n” value for power-law fluid. This avoids excessive cuttings slipnear the borehole wall and drill pipe.
 Transition Flow
 Transition flow occurs where laminar flow can no longer exist due to the increased momentumforces as the fluid goes into turbulence as velocity further increases. This is sometimes referred to
 NReρvd
 µ----------=
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 as “unstable turbulence”. A Reynolds number range, given above, helps define the transitionvelocity.
 Turbulent Flow
 Turbulent flow occurs when the fluid is constantly swirling and eddying as it moves through theflow channel. Pressure losses within a circulating system increase as the degree of turbulenceincreases. Additionally, in turbulence, the viscous properties of a mud no longer have an effect oncuttings removal efficiency. Only the momentum forces of a mud; i.e., weight and predominantlyvelocity, affect hole cleaning in turbulent flow. In turbulent flow, the fluid velocity at the walls is zero;however, the velocity profile within the stream is essentially flat. This flat profile improves holecleaning characteristics but, at the expense of increased pressure losses through fluid turbulence.Turbulent flow is frequently used to enhance hole cleaning, while minimizing the ECD in smalldiameter holes.
 Yield-Power Law Rheology, Hydraulics, and Hole Cleaning
 Research has determined that the yield-power law model is the preferred way to characterize drill-ing-fluid rheology because it is a more general model that includes both Bingham Plastic andPower Law behaviors.
 τy may be estimated by extrapolating the 6-rpm and 3-rpm Fann readings to zero or, if these arenot available, using the 10-sec gel strength. A log-log plot of (τ = τy) vs. g will give a slope equal to
 n. Extrapolation of (τ = τy) to g = 1 sec-1 gives K.
 Documentation on WellPlan is given in the Appendix A as the “Hydraulics Technical ReferenceManual” and includes sections on YPL rheology, fundamental equations for laminar and turbulentflow in arbitrary wellbore geometries, hydraulic calculations of downhole tools, system pressurelosses, jet nozzle selection, and vertical cuttings transport.
 Documentation for the design equations in STEP are also given in Appendix B. Included are thedesign equations for weighting material transport, and cuttings transport in both high and lowangle wells. Guidelines for the identification, prevention, and remediation of hole cleaning prob-lems are also included.
 τ τ y Kγn+=
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 Section 9: Pneumatic Drilling Fluids
 Introduction
 Pneumatic drilling fluids are used to drill in areas where loss of circulation and low reservoir pres-sures restrict the use of conventional drilling fluids. Pneumatic fluids also find application to mini-mize formation damage caused by: (1) invasion of mud filtrate and solid particulates into reservoirpore spaces, (2) flushing of hydrocarbons, (3) hydration of clays within the reservoir, (4) emulsionblocking, or (5) formation of chemical precipitates within the reservoir. These damage problemsare all caused by having a large overbalance of pressure resulting from a high hydrostatic pres-sure of the mud column and from chemical incompatibility between the invading filtrate and thereservoir fluid. Cause of damage is eliminated, or at least diminished, by reducing the hydrostaticpressure of the drilling fluid column and by selecting a fluid that will not hydrate clays and will notform precipitates in the pore space.
 Major equipment components which are required for pneumatic drilling, but not required for con-ventional mud drilling, are: gas/air compressor and boosters, a rotating head and chemical injec-tion pumps (for foaming agents and corrosion inhibitors). In some cases other equipment may beneeded. Of the required components, the gas/air compressor is by far the most important andcostly. The entire drilling system design depends upon the capability and efficiency of the com-pressors.
 The ratio of final pressure to initial pressure controls the number of compression stages that isrequired. The number of stages of compression bears directly on the total drilling cost. Type andnumber of compressors required to handle each specific pneumatic drilling operation must be wellthought out in advance. Calculation of the compression ratio and ratio of discharge pressure tointake pressure is the first step in deciding on the number of compression stages. The compres-sion ratio in a single stage should not exceed four because the temperature of the discharge airwill be too high. Cylinder temperatures above 300-400°F will cause mechanical lubrication prob-lems and metal fatigue. Large capacity, high-efficiency, radiator-type coolers are required in orderto reduce the air temperature between each stage of compression. Elevation and maximum airtemperature at the drillsite must be considered because compressor efficiency decreases withincreasing temperature and elevation.
 Pneumatic drilling fluids may require one or more of three basic chemicals, but simple air drilling may not need any of these:
 • Surfactants, as detergents or foaming agents
 • Corrosion Inhibitors
 • Drying Agents
 Surfactants as Detergents and Foaming Agents - Anionic or nonionic surface active agents (sur-factants) are injected into the inlet air stream when formation water is encountered. These foamingagents also help clean the hole and keep the bit and drill string free of sticky solids. Surfactantsprevent the cuttings from sticking together and from forming mud rings which can plug off theannulus.
 Surfactants may also be added to the air stream or they may be added along with varying amountsof water to generate foam, as required by hole conditions. Generally, if water is present, either a
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 mist or foam will be used, dependant on the amount of water. The surfactant (foaming agent)builds a homogeneous mixture that has ample consistency to bring out the water and cuttings,thereby cleaning the hole. The amounts of injection water and foaming agent used will varyaccording to the hole size, formation characteristics, available air, and quality and quantity ofwater/oil influx.
 Corrosion Inhibitors - Corrosion during pneumatic drilling can be “disastrous” unless the drill stringis properly protected by corrosion inhibitors and scavengers. Oxygen, carbon dioxide and hydro-gen sulfide in the presence of water are extremely corrosive in pneumatic drilling. The rate of cor-rosion can be minimized depending on the type of pneumatic fluid being used, by: (1) maintaininga high pH (10 or above) with NaOH or KOH if water is being injected or (2) injecting corrosioninhibitors into the gas or air. Sulfide scavengers such as zinc carbonate, zinc oxide or zinc chelateare used to react with hydrogen sulfide to form inert zinc sulfide. Water-soluble and/or coating-typecorrosion inhibitors (such as filming amines or phosphonates) should also be added to the fluid inorder to further protect the steel components which are exposed to the circulating fluid.
 Drying Agents - A wellbore which contains only a minor amount of water may be dried simply bydiscontinuing drilling and circulating air for a short time. Another method, which may prove to bemore economical, is to add slug treatments of drying agents such as CMC or silicate powders.These additives require the use of a dry chemical injector.
 When deciding if a pneumatic drilling fluid is applicable, one must consider pore pressures, rocktypes, porosity and permeability, reservoir fluids, economics, and location. Types of pneumaticdrilling fluids discussed in this section are:
 • Dry Gas (air or natural gas)
 • Mist
 • Foam
 • Gasified (Aerated) Mud
 Dry Gas Drilling Fluids
 Applications for dry-gas drilling are in hard formations where water or oil flows are not likely to beencountered and areas where drill water is scarce. Dry-gas drilling (also called “dusting”) usescompressed air or natural gas to cool and to lubricate the bit, to remove the cuttings from aroundthe bit and to carry them to the surface. Dry gas is injected down the drill pipe while drilling and thecuttings are returned to the surface as fine particles. The returns are vented away from the rig inorder to minimize the noise and dust. Cuttings are caught by a specially designed screen at theend of the blooey line or a specially designed sample catcher.
 In dry-gas drilling operations, the bottomhole pressure consists of the weight of the gas column,plus the annular pressure losses, plus the blooey-line pressure losses. The sum of these pres-sures will usually be far less than the formation pressure. Thus, the rate of penetration can be veryrapid due to the low hydrostatic pressure. Chip-hold-down is also eliminated, making cuttingsrelease from the bottom of the hole much more efficient. Overall, dry-gas drilling offers economicadvantages in high ROP and lower operational costs per foot of hole, compared to mud drilling.
 Dry-gas drilling operations require special and careful planning. Gas compressibility is a significantengineering consideration during both planning and drilling phases. Other equally important con-siderations are annular velocity requirements and logging suite selections. Fluid annular velocity,rather than fluid rheology, is the primary factor for cuttings transport when drilling with dry gas. Theannular velocity necessary to lift cuttings determines the volume of gas that must be circulated.
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 These annular velocities are such that turbulent flow always exists. To lift 3/8 in. to 1/2 in. cuttings,as a general rule, an annular velocity of about 3000 ft/minute is required. Although most air- orgas-drilled cuttings are quite small (dust particle size) when they reach the surface, they are largerwhen they leave the bottom of the hole. The milling action of the drill string, impact with other cut-tings, and regrinding of large particles at the bit are responsible for pulverizing them.
 Logging is another factor to consider when drilling with dry gas. Wellbores containing no fluid otherthan air or gas can be surveyed only with devices that need no liquid to establish contact with theformation. The Induction Log is the only tool which can measure formation resistivities in suchholes. The Gamma Ray Log can distinguish shales from non-shales. The Gamma-Gamma Den-sity Log shows porosity even in gas-bearing zones where the Neutron Log indicates low apparentporosity. If both Gamma Ray and Gamma-Gamma Density Logs are run, the percent gas satura-tion may be computed in clean formations. In flowing gas wells, the Temperature Log detects theproducing zones by showing the cooling effects of the gas as it expands into the hole. Also, in mul-tiple-zone production, the Temperature Log indicates the relative volumes of gas coming fromeach zone. The Noise Log may be used to record zones of liquid or gas influx as well as zones ofsevere loss. A relative amplitude log is recorded and the noise may be monitored at the surface.
 Water-bearing formations are the greatest limiting factor to air or gas drilling. Small amounts ofwater can be tolerated by adding drying agents such as CMC to the dry gas to absorb the water.However, if the cuttings become too moist they will stick together to form mud rings which canblock the annulus. If this occurs, loss of circulation, stuck pipe, or even a downhole fire may result.
 Air
 Air drilling is commonly used in areas where loss of circulation with liquid type muds is a majorproblem. Air is also used to drill hard, extremely low permeability rock or formations. When drillinggas-bearing formations the risk of downhole fires can be high. The chance of a downhole fire,when gas is present, is increased if the annulus becomes restricted, thus increasing the pressurebelow the obstruction. Mud rings can cause this type of problem. The standpipe pressure must becontinually monitored in order to detect and prevent an excess pressure build-up. Even anincrease in pressure of about 15 psi can cause combustion to occur. Several downhole tools havebeen designed to help combat fire hazards. The Fire Float and Fire Stop are two of these tools.The Fire Float is installed above the bit as a near-bit protector. Under normal conditions it allowsflow of air while drilling, but does not allow back flow of air. If the heat-sensitive ring is melted awayby a downhole fire, a sleeve falls and stops air flow in either direction. A Fire Stop unit should belocated at the top and midway in the drill collar assembly. It consists of a simple flap retained by aheat-sensitive zinc band. When the melt temperature of the zinc band is exceeded, the flap closesand air flow is halted. A quick rise in pressure at the surface is noted which alerts the crew to thelikelihood of a fire.
 Volume and pressure requirements must be considered when selecting equipment for an air drill-ing program. Surface pressure is determined by the total system pressure losses. Atmosphericpressure decreases with increasing elevation and temperature and increases with increasing rela-tive humidity. Equipment requirements for a location which is situated at a high elevation in a hotand dry climate are considerably different than requirements for one which is in a cold, humid cli-mate at sea level. Air requirements, based on an average annular velocity of 3000 ft/min, are listedin Table 1. In addition, as a rule of thumb for compressors there is a 3% loss in efficiency per1000 ft of elevation.
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 Natural Gas
 Gas, rather than air, is used as the circulating medium when reservoirs contain appreciable quan-tities of gas. Air cannot be used because of the danger of downhole fires. The gas is compressedin the same manner as air, but the return gas must either be flared or collected to be put into a pipeline. Recycling of the gas is not recommended because of the abrasive particles in the used gaswhich would tend to damage the compressors. Fire and explosion hazards around the rigsite, dueto gas leaks, are a constant danger when drilling with gas.
 Mist Drilling Fluids
 Misting may be used after drilling zones which produce more water than can adequately beabsorbed by adding drying agents. In situations where the downhole influx of water is too much fordry-gas drilling, but too little for mist drilling, it is possible to inject water at the surface to allow mistdrilling. The quantity of water for mist drilling will depend on the hole size, type of formation, rate ofpenetration, etc. A high-volume water flow presents a different set of problems. The intrusion oflarge volumes of water requires converting to a foam-type fluid and possibly other additives inorder to successfully remove the water.
 Table 1Hole Depth and Volume Required CFM
 HoleSize
 StemSize 1000' 2000' 4000' 6000' 8000' 10,000' 12,000'
 12-1/46-3/85-1/24-1/2
 184021002260
 192021502310
 209023502520
 240026402820
 252027802930
 275030003150
 287031003230
 116-3/85-1/24-1/2
 137015801780
 143016501810
 159018201980
 185020702250
 197021602340
 218023802530
 229025002630
 9-7/85-1/2
 54-1/2
 118013001350
 124013601410
 140014901540
 164017101771
 173018001850
 189019902050
 197021002150
 95
 4-1/23-1/2
 99010801130
 105011401180
 118012601300
 138014701500
 148015501580
 164017201730
 174018201790
 8-3/45
 4-1/23-1/2
 93010001130
 97010501180
 110011601300
 132013601500
 142014401580
 157016201730
 164017301790
 7-7/8 4-1/23-1/2
 760910
 800950
 9201040
 10801220
 11901300
 13301440
 14401550
 7-3/8 3-1/2 760 790 880 1050 1120 1250 1330
 6-3/4 3-1/2 610 630 730 890 980 1080 1140
 6-1/4 3-1/22-7/8
 500570
 520600
 610680
 750810
 800890
 930990
 10001070
 4-3/4 2-7/82-3/8
 300320
 340350
 400400
 480500
 560660
 630640
 690700
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 Increased air volume is necessary due to the weight of the heavier fluid-wet column, the higherfrictional losses caused by the wet cuttings adhering to the drill string and the wall of the hole, andthe higher slip velocities of the larger wet cuttings.
 Air drilling techniques are used in areas where water-sensitive shales exist. In most cases theseshales do not cause major problems if the air remains dry. However, these shales have a highaffinity for water and may become completely unstable if mist is used. These problems have beencontrolled, in some cases, by adding 1 to 5 weight % potassium chloride and/or PHPA (liquid) tothe injection water. Addition of the KCl reduces hydration and softening of shales and thus reduceshole enlargement. Small amounts (1 qt or less) of liquid PHPA can be added as a slug treatmentdown the drill pipe to act as a lubrication agent, reduce torque and drag and also to prevent hydra-tion and softening of shales. Injection of KCl-water into the air stream creates severe corrosionproblems. Oxygen corrosion can be reduced by raising the pH of the water to the 10-11 range andby adding a corrosion inhibitor.
 Foam Drilling
 Foams can be classified as “Foam”, “Stiff Foam” and “Stable Foam” for discussion purposes. Theyare in many ways similar type drilling fluids.
 Foam is differentiated from “mist” by the fact that foams may contain a blend of water, polymers,clays, surfactants and corrosion inhibitors. Transition from mist to foam may be necessary whendifficulties are encountered while using dry gas or mist. Some of these problems are hole erosion,inadequate hole cleaning, loss of returns and water flows. Foam structure provides rheology forlifting cuttings. Foam quality is defined as the ratio of gas volume to total foam volume. This is themajor factor which affects flow behavior. Apparent viscosity of the foam increases rapidly as thefoam quality increases. Foam quality and foam stability will vary depending on the foaming agentused. The composition of the injection water and the type of fluids entering the wellbore also affectfoam properties. Some foaming agents are not effective in salty or hard water. Foams are oftendamaged by presence of oil. Selection of the right foaming agent can determine the success orfailure of a foam drilling operation.
 Stiff Foam
 Stiff Foam is another type of foam classification. It is rheologically more like a mud than ordinaryform. It is a low-density drilling fluid used to drill poorly-consolidated formations in which hole-stabi-lizing materials can be included. The stronger foam supports larger cuttings compared to simplefoam. When stiff foam is used, the annular velocity can be from 100 to 200 ft/minute for adequatehole cleaning. Consequently, compressor requirements are much less than for other types ofpneumatic drilling.
 Stiff foam is formulated by premixing polymers in water in a mud pit. Sometimes small concentra-tions of bentonite are added. The mixture is transferred to the foam tank and the foaming agent isfolded into this mixture with as little agitation as possible. Then, it is injected into the air stream.Enough air must be injected into the mixture to give 100 to 200 ft/minute annular velocity near thesurface. Air-to-mud ratios range from 100:1 to 300:1. The foam is very stiff, similar to the consis-tency of aerosol shaving cream, in order to inhibit air breakout in the annulus. It may not be possi-ble to recirculate (it is possible to use special surfactants that can be recycled) and must bediscarded at the surface by running it through a blow line to a sump or reserve pit. Stiff foam wasintroduced by the U.S. Atomic Energy Commission for drilling large-diameter holes in loosely con-solidated formations. The original composition consisted of 10 to 15 lb/bbl of bentonite, 0.2 to0.5 lb/bbl of guar gum, 1 lb/bbl of soda ash, and 1% by volume foaming agent. Another relatively
 “Proprietary - for the exclusive use of BP & ChevronTexaco”
 Pneumatic Drilling Fluids 9-5 Rev. 01/2002

Page 312
                        

Drilling Fluids Manual
 inexpensive, and somewhat more effective, formulation is: 12 lb/bbl of bentonite, 1 lb/bbl of sodaash, 1/2 lb/bbl Hi-Vis CMC, and 1/2 to 1% by volume foaming agent. This mixture, however, hasthe disadvantage of being relatively ineffective in the presence of salt water or oil. However, it ispossible to obtain resistant surfactants that will function in the presence of salt and hydrocarbons.
 Table 2 lists typical additives, their function and concentration for formulating a stiff foam drillingfluid.
 Stable Foam
 The difference between Stiff Foam and Stable Foam is the method used to prepare the foam. Sta-ble Foam, developed by Chevron, is a completion and workover fluid. Its distinguishing character-istic is that it is preformed on the surface in a foam generating unit. Then, it is injected into the drillpipe. The equipment required for making stable foam is: (1) an air compressor, (2) tanks for blend-ing water, detergent and additives, (3) detergent solution pump, and (4) the foam generator andinjection manifold.
 Stable Foam consists of a detergent, fresh water and gas. Other additives such as viscosifiers,salts, or corrosion inhibitors may be included in the mixture. To be used effectively as a circulatingmedium, stable foam must be preformed. This means it is made before it encounters any solidsand liquids from the wellbore. Foam systems have characteristics which make them stable andresistant to wellbore contaminants. Impurities introduced during foam generation can destabilizethe foam.
 Foams can be prepared with densities as low as two pounds/cubic foot by carefully controllingselection and mixing of components. (Bottomhole pressure measurements have indicated actualpressures of 15 psi at 1000 ft and 50 psi at 2900 ft while circulating stable foam.) Viscosity can bevaried so that high lifting capacities result when annular velocities equal or exceed 300feet/minute.
 Stable foam should have a gas-to-liquid volume ratio in the range of 3 to 50 ft3/gal, depending ondownhole requirements. The water-detergent solution which is mixed with gas to form stable foam
 Table 2. Stiff Foam
 Concentration
 Additive lb/bbl Vol.% Function
 Prehydrated Bentonite 10 - 15 --- Builds Foam Structure
 Carboxymethylcellulose (CMC)
 0.5 --- Foam StabilizerDrying Agent
 Guar Gum 0.2 - 0.5 --- Foam Stabilizer
 Soda Ash 0.5 - 1.0 --- Calcium Treating Agent
 Caustic Soda/Caustic Potash 0.55 - 0.5 --- Corrosion Protection
 Foaming Agent --- 1% Stabilizes Air in Liquid
 Potassium Chloride --- 3 - 5% Shale Stabilizer
 Filming Amine --- 0.5% Corrosion Protection
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 can be prepared using a wide range of organic foaming agents (0.1-1 percent by volume). A sche-matic diagram of a stable foam unit is shown in Figure 1.
 “Proprietary - for the exclusive use of BP & ChevronTexaco”
 Pneumatic Drilling Fluids 9-7 Rev. 01/2002

Page 314
                        

Drilling Fluids Manual
 Table 3 lists typical components, their function and concentration for formulating a preformed sta-ble foam drilling fluid.
 Gasified (Aerated) Mud Drilling FluidsAir or gas can be used to reduce mud density and the resulting hydrostatic pressure of any mud.Gasified mud may be used for a drilling fluid when downhole drilling conditions prohibit the use ofdry gas, mist or foams. It may also be used when drilling into low pressure reservoirs. Returns areoften lost at a shallow or medium depth while an overpressured zone is being drilled at a greaterdepth. Gasification can be beneficial as a way to reduce the hydrostatic pressure of shallow zoneswhile maintaining adequate hydrostatic pressure at the deeper zone. Two of the most commongases to reduce the hydrostatic pressure of the mud column are air and nitrogen. Both of theseapplications will be briefly discussed in this section.
 Figure 1Stable Foam Unit
 Table 3. Stable Foam
 Concentration
 Additive lb/bbl Vol.% Function
 Prehydrated Bentonite 10 - 15 --- Foam Stabilizer
 Polyanionic Cellulose 0.5 --- Filtration AgentDrying Agent
 Sodium Polyacrylate 1 --- Filtration Agent
 Foaming Surfactant --- 1% Foaming Agent
 Potassium Chloride --- 3 - 5% Borehole Stabilizer
 XCD Polymer 0.25 - 1 --- Foam Stabilizer
 Filming Amine --- 0.5% Corrosion Protection
 Lime 0.25 - 0.5 --- Corrosion Protection
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 Air Application
 Due to its compressibility, air in an aerated mud is compressed to very small bubbles as it travelsdown the drill pipe and through the bit. As the air in the mud travels up the annulus toward the sur-face, the air bubbles slowly expand due to the decreasing hydrostatic pressures, which in turnincrease the air-volume to mud-volume ratio in the upper portion of the annulus. The rate of airbubble expansion increases according to the general gas law as the aerated mud approaches thesurface. This increase of air-volume to mud-volume ratio not only decreases the downhole hydro-static pressure, but increases the annular velocity of the aerated mud as it approaches the sur-face. The nomograph in Figure 2 may be used to estimate air requirements for reducing density ofa water mud by aeration.
 A de-aerator, such as a mud-gas separator, must be used to control high velocity and possiblesurging of the returning mud before it goes to the shale shaker. This device will prevent surfacemud losses due to surging and splashing as well as remove a large portion of the air from the mud.The separator should have an overflow line going to the shaker in case of excessive fluid flow. Thebalance of the air will be removed by the degasser prior to reaching the mud pumps.
 Control of the mud properties is extremely important when drilling with aerated mud. The density,solids content, gel strengths, and plastic viscosity must all be controlled at low and constant val-ues. The yield point will depend on the type of fluid being used, but should be in a proper rangewith respect to the plastic viscosity. Yield point control is required in order to allow the air to beremoved when it reaches the surface. Injection pressures will remain low if hydrostatic pressureand system pressure losses are maintained at low values. As well depth increases, controllinghydrostatic and system pressure losses becomes more important in order to avoid surpassing thecapabilities of the air equipment. Maintaining a pH above 10 will assist in corrosion control; how-ever, higher pH could cause polymer precipitation or cuttings dispersion depending on the type ofmud being used.
 Some common fluids used in aerated drilling are low-solids, non-dispersed muds and salt muds.Low-solids, non-dispersed (LSND) muds are especially good as aerated drilling muds becausethey offer shear thinning properties which give low circulating pressures. Their major drawback is atendency to disperse cuttings at high pH, so care must be exercised when selecting additives inorder to prevent dispersion.
 Potassium chloride muds are very successful in solving unstable shale problems in air-liquid circu-lating systems. Potassium hydroxide should be used for pH control. Fluid loss control may beobtained by using polyanionic cellulose. The major disadvantage of salt muds is higher corrosionrate compared to freshwater muds. Removal of entrained air or gas from a salt mud can be diffi-cult.
 Nitrogen Application
 Nitrogen can be used to solve loss of circulation in areas which have an abnormally low pressuregradient. Nitrogen can be injected into the mud system at the standpipe in order to accurately con-trol annular hydrostatic pressures and thus regain mud returns.
 Nitrogen has advantages over other aerated systems because pressure, volume, and temperatureof the gas from a tank of liquid N2 can be better controlled and temperature is lower than air from acompressor. Temperature is a major factor to be considered while working with an aerated system.If nitrogen is put into the drill string at a cool temperature, it will expand as the temperatureincreases. The amount of expansion, and thus the effective lowering of mud density will be
 “Proprietary - for the exclusive use of BP & ChevronTexaco”
 Pneumatic Drilling Fluids 9-9 Rev. 01/2002

Page 316
                        

Drilling Fluids Manual
 Figure 2Air Requirements for Reducing Density of Water Muds
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 greater. The effective mud density at various depths is shown in Table 4. Tables available fromnitrogen suppliers are designed for a geothermal gradient of 1.6°F/100 ft of depth.
 Nitrogen is pumped at the required rate directly into the standpipe until a joint of pipe is drilleddown. In order to prevent the mud in the drill pipe from blowing back during connections, a mudcap (a column of liquid mud) equal to approximately 1000 ft can be pumped prior to breaking theconnection or a string float can be used. The connection can then be made before the nitrogen cancome back up through the mud. A string float may also be used for this purpose.
 Due to the compressibility of nitrogen, the pressure gradient of the mud inside the drillpipe whilecirculating is not greatly reduced. For example, a mud pressure gradient of 0.467 psi/ft, with apump pressure of 2000 psi, will only be reduced to 0.440 psi/ft with the addition of 50 standardcubic feet (scf) of nitrogen per barrel. Only after passing through the bit jets and coming up theannulus will the nitrogen bubbles expand and lower the pressure gradient drastically. This can beseen in Table 4 where the density of a 9.0 lb/gal mud is reduced from 7.41 lb/gal at 9000 ft to6.55 lb/gal at 5000 ft as the pressure is decreased in the annulus.
 Table 4. Effective Mud Density at Various Depths Using Nitrogen
 MudDensity lb/gal
 Nitrogenscf/bbl
 Depth, Feet
 1000 2000 3000 4000 5000 6000 7000 8000 9000
 9.0 10 7.72 8.16 8.36 8.48 8.56 8.61 8.65 8.68 8.71
 9.0 20 6.62 7.19 7.63 7.88 8.05 8.17 8.26 8.33 8.39
 9.0 50 3.04 4.58 5.53 6.13 6.55 6.85 7.08 7.26 7.41
 10.0 10 8.69 9.15 9.35 9.47 9.55 9.60 9.64 8.68 9.70
 10.0 20 7.16 8.15 8.60 8.86 9.03 9.16 9.25 9.32 7.42
 10.0 50 3.67 5.41 6.43 7.07 7.50 7.81 8.04 8.23 8.38
 11.0 10 9.66 10.13 10.34 10.46 10.54 10.60 10.64 10.67 10.70
 11.0 20 8.08 9.11 9.85 9.94 10.02 10.14 10.24 10.31 10.37
 11.0 50 4.29 6.25 7.33 7.99 8.44 8.76 9.00 9.19 9.35
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 Advantages/Disadvantages of Air Drilling Fluids
 There are a number of significant advantages for using air as a drilling fluid. Table 5 lists some ofthese advantages as well as some of the disadvantages.
 Table 6 compares Mist and Dry Gas drilling fluids. Mist offers nearly the same advantages as drygas versus liquid muds with one exception: it can handle a sizable water volume compared to drygas drilling. The Table also lists some of the disadvantages of using mist versus dry gas.
 Table 5. Dry Gas Versus Liquid Muds
 Advantages Disadvantages
 Excellent ROP in dry competent forma-tions.
 Will not tolerate water.
 Low-cost fluid. Dust and noise problems on location.
 Longer bit life. Excessive erosion near top of hole where expansion results in high annular velocity.
 Minimum damage to water-sensitive pay zones.
 May cause downhole fire when hydrocarbons are encountered. (Air Drilling)
 Little or no fluids disposal problems. Hole cleaning success difficult to determine due to inability to adequately quantify cuttings removal.
 Hydrocarbon identification immediate and continuous.
 Requires experienced rig personnel.
 Lost circulation eliminated. Special (rental) equipment required. Limited information on reservoir characteristics because cuttings are pulverized.
 Disposal of waste gas can be a hazard. (Gas Drilling)
 Table 6. Mist Versus Dry Gas
 Advantages Disadvantages
 Same as dry gas except chemical additive cost increases
 Requires more air volume.
 Handles sizeable water influx. Corrosive.
 More hole enlargement due to water-shale inter-action.
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 Stiff foam exhibits additional advantages over dry gas or mist drilling fluids. Table 7 lists some ofthese advantages as well as some of the disadvantages.
 Table 7. Foam Versus Mist or Dry Gas
 Advantages Disadvantages
 Wall building capability Increased mud and chemical costs.
 Loses solids carrying capability when encounter-ing oil, salt water or calcium ion contamination.
 Table 8. Stable Foam Versus Stiff Foam
 Advantages Disadvantages
 Lost circulation and formation damage eliminated.
 High surfactant costs.
 Low compression requirements. Additive ratios critical.
 Good thermal stability. Specialized equipment required for measuring and regulating liquid and air proportions and quantities.
 Compatible with oil, salt water and cal-cium and most formation contaminants.
 Can safely absorb considerable volume of gas into aqueous foam rendering it nonflammable until sumped.
 Less hole washout in unconsolidated for-mations while drilling.
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 Section 10: Water-Based Drilling Fluids
 Simple Fluids
 Clear Water
 Clear water is a nearly ideal drilling fluid; however, when drilled solids are incorporated theyremain in suspension and thus, reduce the drilling efficiency. An effective means of removing sol-ids from clear water is settling. The settling area should be large enough to allow sufficient time forsmall particles to settle. Treatment with polymers designed to flocculate drill solids or lime treat-ments may be used to accelerate settling.
 Clear water varies in salinity from fresh to saturated brines. Water selection and salinity willdepend upon available makeup water or salinity required to drill specific formations. Clear waterfluids are Newtonian and thus, require high annular velocities for hole cleaning. Occasional vis-cous sweeps (small batches of high viscosity mud) are pumped around to clear the hole of cuttingsas needed. Caustic soda or lime is usually added for corrosion control.
 These fluid have no capacity to suspend cuttings and are therefore, not suitable for use with bariteand where hole cleaning is critical.
 Native Clays Muds
 In some areas, drilled formations contain mud-making claystones or shales. When water ispumped down the hole during drilling, it returns with the native solids dispersed in it. Viscositybuilds with continued drilling and circulation. The result is a viscous native mud. Dilution may beneeded to keep the mud from becoming excessively viscous. On the other hand, small quantitiesof bentonite may be added to increase viscosity and improve filtration control. Caustic soda or limeis usually added for corrosion control
 Dispersed Drilling Fluids
 Bentonite dispersed in fresh water produces a mud with good cuttings lifting capacity, good drillingrate, and usually adequate filtration control. These bentonite-water muds are commonly used asspud muds for drilling surface hole; however, they are sometimes used for drilling deeper.
 Water quality is important in formulating a bentonite-water mud. Chlorides (Cl-) and hardness
 (Ca++ and Mg++) in the makeup water interfere with the hydration of the bentonite. Calcium ionconcentration should not exceed 150 mg/L. If greater than 150 mg/L, it should be treated out withsoda ash. Treatment with 0.1 lb of soda ash per barrel of water will remove approximately100 mg/L of calcium ion. Magnesium hardness, on the other hand, is treated out with sodiumhydroxide. At pH of 9.7 magnesium ions will have all been reacted with sodium hydroxide to pre-cipitate Mg(OH)2. Chlorides, however, cannot be treated out of the makeup water. Less than5000 mg/L chlorides will not seriously hamper hydration of commercial bentonite. When there ismore than 20,000 mg/L chlorides, bentonite hydration is essentially prevented. Adding fresh waterto reduce the chloride concentration becomes necessary to allow hydration.
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 In bentonite-water muds, viscosity can be increased by adding more bentonite or adding a bento-nite-extender polymer, or lime or soda ash. The pH is usually maintained in the 8.0 to 9.5 rangewith caustic soda. Caustic soda flocculates hydrated bentonite; but, this effect can be minimizedby slowly adding the caustic soda to the mud while it is being vigorously agitated.
 Lignite-Lignosulfonate (Deflocculated) Muds
 Lignite-Lignosulfonate Muds can be used to drill a variety of formations. They can be weighted upto 18 or 19 lb/gal, provided low-gravity solids (bentonite and drill solids) are in the proper range. Asmud density is increased, the bentonite content should be decreased.
 The pH range for controlling lignite-lignosulfonate muds is in the 9.5 to 10.5 range. In this range,the magnesium ion is precipitated. Calcium ion should be kept below 200 mg/L. Less than10,000 mg/L chlorides should not hamper fluid performance, but if chlorides exceed 25,000 mg/L,the mud should be diluted with fresh water.
 Lignite-lignosulfonate muds are thermally stable to approximately 325°F. This temperature limit isnot well defined and is dependent upon the mud pH, on the type of lignosulfonate used, the lengthof time exposed to high temperature and the solids content of the mud. Generally, chrome ligno-sulfonates perform at temperatures higher than lignosulfonates which do not contain chromium. Itis significant to note that when lignite-lignosulfonate fluids thermally degrade, carbon dioxide isproduced and carbonate ions accumulate in the filtrate.
 Principal Additives of Lignite/Lignosulfonate (Deflocculated) Muds
 Lignite/Lignosulfonate Muds are relatively simple in their makeup, conversion, and maintenance.Table 1 lists additives, functions, and concentrations for a typical mud formulation.
 Table 1Principal Additives of Lignite/Lignosulfonate Muds
 Additive Concentration, lb/bbl Function
 Bentonite 10 - 25 ViscosityFiltration Control
 Lignosulfonate 0.25 - 8 DeflocculantFiltration Control
 Caustic Soda/Caustic Potash for pH 9.5 - 10.5 Alkalinity Control
 Soda Ash 0.25 - 1 Calcium Ion Removal
 Lignite 1 - 4 Filtration Control
 Barite as needed for density Weighting Agent
 Low Viscosity PAC/CMC 0.25 - 1.0 Filtration Control
 Gilsonite 2 - 8 Filtration Control
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 Bentonite - Bentonite is added for viscosity and filtration control. Fresh bentonite additions, preferablyas a prehydrated slurry, should be made prior to other chemical additions. Overtreatment can com-pound rheological problems.
 Lignosulfonate - Lignosulfonate is used to control rheology and provide filtration control throughdeflocculation of the bentonite. Deflocculation of clays is believed to be the result of adsorption ofthe negatively-charged lignosulfonate compound on the edges of the clay particles. This causes adisassociation of the clay particles (deflocculation) which causes a reduction in low shear-rate vis-cosities and yield point and gel strengths, and improves filtration control by forming a thin, com-pressible filter cake. At temperatures greater than about 325°F, lignosulfonates degrade to formCO2 and carbonate ion. At higher temperatures, generally above 400°F, lignosulfonates maydegrade to liberate hydrogen sulfide and sulfide ion. Chromelignosulfonate (CLS) may be replacedwith chrome-free lignosulfonate in environmentally sensitive areas, but some reduction in perfor-mance can be expected.
 Caustic Soda or Caustic Potash - Caustic soda (NaOH) or caustic potash (KOH) should be pre-mixed in a chemical barrel and then slowly added to the circulating system. These alkalinity agentsimprove the performance of both lignite and lignosulfonate, as well as reduce corrosion.
 Soda Ash - Soda ash (Na2CO3) is used to treat out calcium ion hardness and to beneficiate calciumbentonite.
 Lignite - Lignite is used as a filtration control agent and as a secondary deflocculant. To solubilize lig-nite it must have a highly alkaline environment. It functions as a fluid loss additive up to 350×F.Compared to lignosulfonate, lignite provides better filtration control at elevated temperatures. It isusually added with lignosulfonate. The ratio of lignite to lignosulfonate is generally 4:1; however,the ratio will decrease depending on quality of the lignite, mud weight, formations encountered,and wellbore temperature.
 Barite - Barite is used to increase mud density. Barite stock should be checked periodically to ensurethat it meets API specifications and is not a source of alkaline-soluble carbonate ions.
 Typical Properties of Lignite/Lignosulfonate (Deflocculated) Muds
 Typical properties of Lignite/Lignosulfonate Muds are listed in Table 2. These muds are character-ized by their low yield point and gel strengths as well as low API filtrate.
 System Conversion/Maintenance
 Conversion - Lignite/Lignosulfonate (Deflocculated) Muds are quite flexible in their makeup, con-version, and maintenance. Care should always be taken so that conversion to a lignite/lignosul-
 Table 2: Typical Properties of Lignite/Lignosulfonates
 Density(lb/gal)
 PlasticViscosity
 (cPs)
 YieldPoint
 (lb/100 ft2)
 Gels10 sec/10min
 (lb/100ft2)
 APIFiltrate
 (cm3/30 min)
 9 8 - 12 6 - 10 2 - 4 4 - 10 8 - 12
 12 15 - 20 10 - 14 2 - 4 4 - 10 4 - 8
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 fonate mud is not initiated before hole and mud conditions dictate. When converting to alignite/lignosulfonate mud, the volume of solids should be lowered by dilution with water or bymechanical removal prior to the conversion. Calcium ion hardness should not exceed 200 mg/L. Ifhardness is greater than 200 mg/L, treat with soda ash prior to making the conversion. Bentonitetreatments, if needed, should be added prior to adding the lignosulfonate; otherwise, it will requiremore bentonite to achieve desired flow and filtration properties. The pH should be in the range of
 9.5-10.5 and the PF should be 0.2-0.8 cm3. Pilot test results will determine the correct caustic sodaor caustic potash treatment. Lignite and/or lignosulfonate and caustic soda treatments should beadded gradually and simultaneously over one or two circulations, maintaining a 9.5-10.5 pH.
 Maintenance - For cost-effective maintenance of a Lignite/Lignosulfonate Mud, pilot testing isessential. Additional small lignosulfonate treatments should be made when flow propertiesbecome excessive. Above all, effective use of mechanical solids control equipment is essential.Minimizing unwanted solids will always minimize effects of various contaminants, lessen the treat-ment requirements, and lessen other mud and hole problems. The pH should be maintained in the
 range of 9.5-10.5 with a PF of 0.2 -0.8 cm3. Additional filtration control can be obtained by usinglow-viscosity PAC, CMC or starch (with a biocide). Borehole instability can be mitigated by addi-tional treatments with lignosulfonate, or by adding gilsonite, or by converting to an inhibitive fluid,such as a lime, gyp or oil-based mud.
 Advantages/Disadvantages of Lignite/Lignosulfonate (Deflocculated) Muds
 Lignite/Lignosulfonate Muds have many advantages. They are easily weighted, provide good filtra-tion control and are economical to formulate and maintain. The major drawback to running thismud is that it tends to disperse cuttings unless lignosulfonate concentrations are high, in the12-15 lbs per barrel range, in which case the yield point and gel strengths may be nil. Table 3 listscommon advantages and disadvantages of lignite/lignosulfonate (deflocculated) muds.
 Table 3: Advantages/Disadvantages of Lignite/Lignosulfonate Muds
 Advantages Disadvantages
 Easily weighted to 18 lb/gal provided low gravity solids are kept low.
 Disperses cuttings, making mechanical removal more difficult.
 Good filtration control with low permeabil-ity filter cake.
 More annular velocity required for adequate hole cleaning - low rheology.
 Simple makeup and easy maintenance. Hole enlargement in clay-bearing formations.
 Good corrosion protection. Effluent discharge considerations - BOD (Biolog-ical Oxygen Demand).
 Economical to prepare and maintain up to 325°F.
 Disposal concerns if it contains heavy metals or Cr+++.
 Effective in salinity range from fresh water to seawater.
 Deteriorate at high temperatures (325°F or greater) forming carbonates and sulfide ions.
 Easily converted to lime or gyp mud. (inhibitive muds).
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 Troubleshooting and Contamination
 Lignite/Lignosulfonate (Deflocculated) Muds. Lignite/Lignosulfonate (Deflocculated) Muds arefairly resistant to contamination. Table 4 shows typical contaminants, indicators of contamination,and treating strategies as well as recommended troubleshooting practices for product quality.
 Table 4: Contaminant Treating of Lignite/Lignosulfonate Muds
 Contaminant Indicators Treating Strategy
 High Solids Increasing PV, retort solids, gels. Thick mud on bottoms-up after trips.
 Major dilution. Improve solids removal. Centrifuge mud.
 Cement Increasing PM, PF, pH, YP gels, and Marsh funnel viscosity. Possible increase in hardness.
 Treat out cement (Ca++) with bicarb and/or SAPP and lignosulfonate. Minor dilution. Increase PF to limit Ca++ solubility. Breakover to lime mud, if necessary.
 Carbonates Increasing gels, YP, and MF. Thick mud when weighting up or on bot-toms-up after trips.
 Run GGT for accurate analysis. Increase pH to 10.7 with NaOH or KOH. Treat with gyp and/or lime to remove carbonates (Avoid overtreat-ment.). Minor dilution.
 Poor ProductQuality
 Change in product packaging. Increased treating amounts. Inability to control mud properties with stan-dard treatments.
 Documents product’s history through supplier. Arrange for regular sam-pling and testing. Pilot test against good material.
 Saltwater/Salt Well flow. Increasing YP, gels Marsh funnel viscosity, hardness pH, PM, PF.
 Increase density to kill flow, if possi-ble. Dilute with freshwater. Add caus-tic and fluid loss, chlorides. Decreasing lingosulfonate to control rheology; when rheology stabilizes, add PAC for filtration control. If chlo-rides greater than 35,000 mg/L, con-vert to salt mud.
 TemperatureGelation
 Increasing pump pressure to break circulation. Thick mud on bottoms-up after trips.
 Reduce low-gravity solids and MBT. Use a thermally stable deflocculant. Check for carbonates contamination.
 Gypsum/Anhydrite
 Change in drilling rate. Increasing YP, Marsh funnel viscosity, hardness. Decreasing pH, PM, PF.
 Treat out calcium ion with bicarb or soda ash. Use additional lignosul-fonate and/or convert to gyp mud.
 Salt Formation Drilling break with thick mud on bot-toms up. Increasing chlorides, YP, gels, Marsh funnel viscosity, fluid loss. Decreasing pH, PM, PF.
 If significant salt to be drilled, convert to Saturated Salt Mud, OR treat as saltwater flow.
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 Inhibitive Dispersed Fluids
 Introduction
 Inhibitive fluids are fluids which delay formation alteration. These fluids are primarily used for drill-ing shale and clay formations; however, they are also used in areas where contamination is aproblem. Even in large quantities salt, anhydrite, and cement can be handled successfully with theproper inhibitive fluid. Inhibitive salt-based muds use sodium chloride (NaCl) to achieve inhibition.Calcium-based muds use lime (Ca(OH)2) or gyp (CaSO4•2H2O), and potassium-based muds usecaustic potash (KOH), potassium chloride (KCl), potassium carbonate (K2CO3), and other potas-sium-based additives to achieve inhibition.
 Inhibitive fluids are classified as follows:
 • Calcium-based Muds
 • Salt-based Muds
 • Potassium-based Muds
 Calcium-Based Muds
 Calcium-based muds are primarily used to drill intervals of highly reactive shales. They exhibitgreater inhibition than sodium-based muds by reducing hydration of clays. Calcium-based mudsare highly resistant to contamination. They tolerate solids well, but a high concentration oflow-gravity solids will cause unstable rheological properties. In a calcium-based mud, calcium ionand magnesium ion contamination do not have adverse effects on fluid performance. Chlorideions, however, do appreciably affect performance. Chloride ion concentrations above 100,000mg/L are considered to be the upper limit in which these muds will operate effectively. When bot-tomhole temperatures exceed 300°F calcium-based muds, particularly lime muds, are not nor-mally considered due to the possibility of high-temperature gelation. However, a gyp mud with anacceptable range of low-gravity solids can withstand bottomhole temperatures to 350°F. The prin-cipal calcium-based muds are:
 • Lime Muds
 • Lime/MOR-REX Muds
 • Gyp Muds
 • CaCl2 Muds
 Lime Muds
 Lime muds may be used where an inhibitive mud is desired and where temperatures do notexceed 300-325×F. They are particularly useful because of their high solids tolerance. Thesemuds vary widely in their range of filtrate alkalinities and lime content and are generally groupedinto three broad categories as shown in Table 5.
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 The pH range for lime muds is from 10.5-12.5. Soluble calcium varies between 120-400 mg/L, andis controlled by the filtrate alkalinity of the mud. When the filtrate alkalinity (PF) is increased, lesscalcium is able to go into solution. Caustic soda (NaOH) or caustic potash (KOH) additions raisethe pH and limit lime solubility. If soluble calcium is not properly controlled, high viscosity and gelstrengths may result. The upper limit for chlorides in a lime mud is 40,000-50,000 mg/L.
 Principal Additives of Lime Muds
 Lime or lime-treated muds generally contain native or commercial clays, caustic soda, organicdeflocculants, lime (as a source of calcium), and a fluid loss control agent. Principal additives oflime muds are listed in Table 6.
 Bentonite - Bentonite is added for viscosity and filtration control. Because sodium is replaced by cal-cium when the mud is “broken over” to a lime mud, the bentonite must be prehydrated in freshwater before adding it to the active system.
 Lignosulfonate - Lignosulfonate is added as a deflocculant and for filtration control. In areas wherechrome lignosulfonates are prohibited, calcium lignosulfonates such as Lignox and Setan can beused without compromising performance.
 Lime - Lime is added to increase PM. Excess lime is usually maintained in the range of 2-4 lb/bbl.Excess lime is a measure of the alkalinity reserves that are available to go into solution as drillingproceeds and calcium and hydroxyl ions are depleted.
 Table 5: Lime Mud Classifications Based on Alkalinity Ranges
 Low Lime Intermediate High Lime
 PF 0.8 - 2 2 - 5 5 - 10
 PVB 4 - 9 9 - 15 15 - 25
 Table 6: Principal Additives of Lime Muds
 Additive Concentration, lb/bbl Function
 Bentonite 22 - 26 Viscosity, Filtration Control
 Lignosulfonate 2 - 6 Deflocculant
 Lime 2 - 10 Inhibition, Alkalinity Control
 Caustic Soda/Caustic Potash for pH 10.5 - 12.5 Alkalinity Control, Inhibition
 Lignite 2 - 4 Filtration Control
 Starch 3 - 4 Filtration Control
 PAC 0.25 - 1.5 Filtration Control
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 Caustic Soda/Caustic Potash - Caustic soda or caustic potash are used to control filtrate alkalinity(PF). Controlling filtrate alkalinity will in turn control the solubility of lime and stabilize rheologicalproperties.
 Lignite - Lignite is added for filtration control; however, lignite in the presence of soluble calcium formsa calcium salt of humic acid precipitate. At elevated temperatures, lignite degrades to form carbon-ates.
 Starch - Starch can be added for filtration control up to mud temperature of 250°F. The high alkalinityof the mud filtrate will prevent fermentation. Thus, a biocide is not usually required.
 Polyanionic Cellulose - PAC is used to control filtration provided that the calcium ion concentrationdoes not exceed 400 mg/L. PAC can also provide supplemental viscosity and encapsulation of sol-ids. For mud densities less than 12 lb/gal, regular viscosity can be used; however, as densityincreases low-viscosity PAC should be used to avoid excessive viscosities.
 Other Additives - Gilsonite, asphalt, cellulosic fibers are added to seal permeable formations and sta-bilize the wellbore.
 Typical Properties of Lime Muds
 Typically, lime muds have low viscosity and gel strengths and are rheologically stable when sub-jected to contaminants such as gyp, anhydrite, cement or carbonates as compared to low pHfreshwater muds. Table 7 lists typical properties for a 10 lb/gal low-lime mud and also for a10 lb/gal high-lime mud.
 System Conversion/Maintenance
 To convert from a freshwater mud to a lime or lime-treated mud, it is preferred to make the conver-sion after returning to bottom with a new bit. Conversions often are made inside casing while drill-ing out cement, but may also be made in open hole. The mud pits should be jetted down andcleaned to remove as many settled out drilled solids as possible. Generally, a complete mud checkis performed to determine the fluid condition. A pilot test may be run to determine the volume ofwater dilution required and the amount of chemicals needed for the conversion.
 The mud should be converted prior to the need to increase mud density because 10% to 25% dilu-tion is generally recommended prior to the breakover. The conversion usually is accomplished intwo circulations; however, more may be required. If a weighted mud is to be converted and thedensity cannot be reduced without jeopardizing the safety of the well, the mud may be broken over
 Table 7: Typical Properties of a Low and High Lime Mud
 Density(lb/gal)
 PlasticViscosity
 (cPs)
 YieldPoint
 (lb/100 ft2)
 Gels10 sec/10 min
 (lb/100 ft2) PM PF pH
 ExcessLime
 (lb/bbl)
 APIFiltrate
 (cm3/30 min)
 Low Lime
 10.0 15-18 6-10 0-2 0-4 5-10 1-2 10.5-12.5 1-2 6-12
 High Lime
 10.0 15-18 6-10 0-2 0-4 12-18 5-10 12.0-12.5 5-15 6-12
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 in the pits and then pumped down the hole in stages. Chemical deflocculants also will be requiredto control the viscosity during breakover.
 Converting to a lime-treated mud may be accomplished by various methods; however, a typicalbreakover from a lightly-treated freshwater mud may be performed by first reducing the Marsh fun-nel viscosity to 30-35 sec/qt with water. Any water additions should be added before adding chem-icals, but may be added during the breakover if allowances have been made for volume increase.Maintain adequate agitation in the suction pit and turn off all mud guns except those in the suctionpit. This prevents the converted mud from flocculating the mud in the other pits and allows the mudto flow freely between the pits. Add the caustic first; then add deflocculant and lime together intothe mud at a timed rate. Do this in two circulations, if possible. NaOH or KOH should be addedthrough the chemical barrel while adding lime and deflocculants through the mud mixing hopper.Add all of the caustic in the first circulation. Then, add the deflocculant and lime over one or twocirculations. The mud may thicken or “hump” before breakover. The degree of viscosity increase isdependent mainly upon the solids concentration. If the mud becomes too viscous, increase theaddition of deflocculant or water, or both. Adjust the PM, PF, and excess lime after the breakoverhas been accomplished. A rule of thumb for determining the amount of caustic soda required toobtain a given filtrate alkalinity is shown in Table 8.
 Note:For a 1-cm3 increase in PF above 7.0 cm3, it will require approximately one additional pound perbarrel of caustic soda.
 Approximately 20% additional lime should be added during conversion to obtain the desiredamount of excess lime after the conversion is completed. For example, if 8.0 lb/bbl excess lime arerequired, approximately 10.0 lb/bbl lime should be added at the time of conversion. Also, if barite isadded to the mud to increase density, it will take approximately two to three 50-lb sacks of lime per100 sacks of barite to maintain the excess lime. Excess lime is determined by the equation below:
 where:
 PM = Mud Alkalinity
 PF = Filtrate Alkalinity
 FW = Volume Fraction Water (from retort analysis)
 The amount of chemical required for the conversion will vary; however, treatments in the rangesshown in Table 9 are recommended.
 Table 8: Filtrate Alkalinity Resulting from Caustic Soda Addition
 NaOH, lb/bbl PF, cm3
 1 1.0
 2 3.0
 3 5.0
 4 7.0
 Excess Lime, lb/bbl 0.26 PM FW( ) PF( )–[ ]=
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 Note:It takes approximately 1.6 times more KOH than NaOH to achieve the same alkalinity.
 Maintenance - To maintain a lime or lime-treated mud, starch without preservative or PAC may beused to lower fluid loss. However, it is more economical to control fluid loss by adding lignite orlignosulfonate along with small additions of prehydrated bentonite. Additional prehydrated bento-nite can be added if the viscosity is too low after the fluid loss agent has been added. On the otherhand, if the mud becomes too viscous when adding the fluid loss agent, a deflocculant should beadded. Add lime to control the alkalinity of the mud (PM) and NaOH or KOH to control the PF. Agood balanced alkalinity ratio for a lime mud is 1:5:1. The excess lime and PF should be approxi-mately equal and the PM should be 5 times greater than the PF. A lime mud is highly solids toler-ant; however, good solids control should always be maintained. The mud will have higher thermalstability if the low-gravity solids are maintained at a low level. Lignosulfonate concentration shouldbe maintained at a level sufficient to maintain good rheological properties. This will ensure a slick,firm filter cake and good API and HTHP filtration control. Prior pilot testing is recommended todetermine accurate quantities of materials for addition.
 Table 9: Treatment Ranges for Lime Mud Conversions
 Additive Concentration, lb/bbl
 Caustic Soda/Caustic Potash 2 - 3
 Lime 4 - 8
 Deflocculant 2 - 5
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 Advantages/Disadvantages of Lime Muds
 Lime muds offer several advantages over low pH freshwater muds. They are able to maintain lowviscosity and low gel strengths and in addition, they are very tolerant to solids contamination up toa point. Table 10 summarizes some of the advantages and disadvantages of Lime Muds.
 Table 10: Advantages/Disadvantages of Lime Muds
 Advantages Disadvantages
 Low viscosity and gel strengths. High ECD during conversion may cause hole damage.
 High solids tolerance. High-temperature gelation may occur when tem-perature exceeds 300°F
 Easily weighted to 18.0 lb/gal.
 Inhibits hydration of shales and clay-bear-ing sands.
 High pH may cause safety concerns.
 Resistant to contamination such as: cement, anhydrite, and salt (50,000 mg/L CI-.)
 Borehole stabilization.
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 Troubleshooting and Contamination - Lime Muds
 Chlorides and temperature are by far the most serious contaminants in lime muds. Table 11 listscommon contaminants, indicators of contamination and treating strategies as well as some trou-bleshooting practices.
 Lime/MOR-REX Muds
 Lime/MOR-REX Muds are similar to the lime muds previously discussed; however, lignosulfonateis not required. Instead, a polysaccharide deflocculant (MOR-REX) is used to counteract rheologi-cal problems associated with lime muds. MOR-REX is a non-toxic, non-dispersive thinner whichreduces the magnitude of the “breakover hump” through deflocculation.
 Table 11: Contaminant Treating of Lime Muds
 Contaminant Indicators Treating Strategy
 High Solids Increasing retort solids, PV, 10-minute gel strength, MBT.
 Major dilution. Improve solids removal. Centrifuge mud.
 Salt/Saltwater Increasing chlorides, Marsh funnel viscosity, yield point, gel strengths, fluid loss. Decreasing PM, PF, pH.
 Increase density to kill flow. Dilute with freshwater. Add deflocculant, caustic to control rheology; when rhe-ology stabilizes, add starch or PAC to decrease fluid loss. If more salt must be drilled, convert to saturated salt mud or displace with oil-based mud.
 Carbonates/ CO2Influx (Not likely to cause a problem in lime muds.)
 Increasing MF, 10-min gels. Decreasing PM, pH. If CO2 influx is continuous, normal treatment with lime can result in a build up of fine solids (CaCO3).
 Add lime to control PM and KOH to control PF. Ensure solids are main-tained at low end of acceptable range.
 Poor ProductQuality
 Change in product packaging. Increased treating amounts. Erratic mud properties.
 Document product quality history through supplier. Arrange for regular sampling and testing. Work with sup-plier instead of changing suppliers.
 Foaming Foam on pits. Air entrapment. Decreasing pump pressure.
 Add non-toxic, non-sheening defoamer. Locate cause of foam and eliminate.
 TemperatureGelation
 Increasing pressure to break circula-tion after trip. Thick mud on bot-toms-up after trip. High flowline viscosities.
 Reduce low-gravity solids. Add ligno-sulfonate if BHT<300°F. Add high-temperature polymeric defloccu-lant if bottomhole temperature exceeds 300°F.
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 Principal Additives of Lime/MOR-REX Muds
 Table 12 lists typical additive concentrations and the function of these additives in aLime/MOR-REX mud.
 Bentonite - Bentonite is added for viscosity and filtration control. Because sodium is replaced by cal-cium when the mud is “broken over” to a lime/MOR-REX mud, the bentonite must be prehydratedin fresh water before adding it to the active system.
 Lime - Lime is added to increase PM. Excess lime is usually maintained in the range of 2-4 lb/bbl.Excess lime is a measure of the alkalinity reserves that are available to go into solution as drillingproceeds and calcium and hydroxyl ions are depleted.
 MOR-REX - MOR-REX is a polysaccharide polymer that is added to a lime-based mud to control floc-culation and increase lime solubility.
 Starch - Starch is added to control filtration.
 Caustic Soda/Caustic Potash - Caustic soda or caustic potash are used to control filtrate alkalinity
 (PF). Caustic potash is also added for inhibition through the K+ ion.
 Polyanionic Cellulose - PAC is added to suspend barite, increase viscosity, and to control filtration.
 Lignite - Lignite is added as an inexpensive supplementary filtration control additive. Although in thepresence of lime it will form a precipitate, it still functions in lowering fluid loss.
 Other Additives - Gilsonite, asphalt, cellulosic fibers are added to seal permeable formations and sta-bilize the wellbore.
 Table 12: Principal Additives of Lime/MOR-REX Mud
 Additive Concentration, lb/bbl Function
 Bentonite 10 - 30 ViscosityFiltration Control
 Lime 2 - 10 ViscosityFiltration Control
 MOR-REX 2 - 5 Deflocculant TemperatureLimitation 250°FAlkalinity Control
 Starch 2 - 6 Filtration Control
 Caustic Soda/Caustic Potash for pH 11.5 - 12.5 Alkalinity Control, Inhibition
 PAC 0.25 - 1.25 Filtration ControlViscosity
 Lignite 2 - 10 HTHP Filtrate Control
 Gilsonite 2 - 8 Hole StabilizerHTHP Filtrate Control
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 Typical Properties of Lime/MOR-REX Muds
 Properties of Lime/MOR-REX muds vary slightly from conventional lime muds. Lime/MOR-REXmuds have higher soluble calcium and slightly higher yield point and gel strengths. Table 13 liststypical properties for Lime/MOR-REX muds.
 System Conversion/Maintenance
 As with most mud breakovers, it is desirable to convert a mud while the mud density, solids, andgel strengths are low. To convert to an unweighted or low-density mud, the following proceduresare followed. First, the solids content of the mud should be in an optimum range. If not, dilute withfreshwater and run solids control equipment to reduce low-gravity solids to an acceptable limit.The Methylene Blue Capacity (MBT) of the mud should not normally exceed 20-25 lb/bbl bentoniteequivalent. The primary conversion is accomplished by treating the system with 4 lb/bbl of lime,3 lb/bbl of MOR-REX I-920 polymer, and 1 lb/bbl of caustic soda (NaOH) or caustic potash (KOH)together over one circulation, if possible. The chemicals should be added quickly and uniformly tominimize the effect of the viscosity hump. The mud pits should be well-agitated. A small but steadystream of water during the breakover helps water wet additives added. Mud alkalinity and calciumconcentration are adjusted as necessary by treatment with caustic (KOH or NaOH), lime, andMOR-REX I-920 polymer.
 The fluid loss is adjusted by adding 1-3 lb/bbl of starch (Control I-100 or Control I-165). Althoughlignite will react with calcium ion to form a precipitate, it can be used to lower the water loss andobtain a better filter cake. Following the breakover, any further adjustments in the mud systemcan be accomplished during tourly treatments. Occasionally during conversion viscosity and gelstrengths may decrease to a value below that which will suspend barite. If this occurs, add addi-tional lime or suspend treatment with MOR-REX I-920 polymer. The mud will then flocculateenough to impart gel strength and viscosity for temporary barite suspension. Prehydrated bento-nite, starch, or PAC may then be added for additional viscosity to suspend bentonite. In open holeconversion, the pipe should be pulled up inside the casing. Then, proceed with breaking over themud inside the casing and in the pits. After the breakover is completed, return to bottom and breakover the rest of the fluid in the hole. If there is a large amount of open hole, staging back to the bot-tom and incrementally breaking over the mud is advisable.
 Maintenance - To increase the calcium and PM, MOR-REX and lime should be added together. Todecrease the calcium, the PF is raised with either caustic soda or caustic potash. Starch additionsshould never be added simultaneously with either lime or caustic. As a general rule of thumb, to
 increase the PM by 3.0 cm3, add 1 lb/bbl lime along with one pound per barrel MOR-REX.
 Table 13: Typical Properties of Lime/MOR-REX Muds
 Density(lb/gal)
 PlasticViscosity
 (cPs)
 YieldPoint
 (lb/100 ft2)
 Gels10 sec/10 min
 (lb/100 ft2) PM PF pHCa++
 (mg/L)API Filtrate
 (cm3)
 9 9-12 2-20 0-5 1-20 10-15 2-3 11.0-12.0 200-800 8-12
 12 15-20 2-15 0-5 2-15 10-15 2-3 11.0-12.0 200-600 6-8
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 Advantages/Disadvantages of Lime/MOR-REX Mud
 Lime/MOR-REX muds offer many of the same advantages and disadvantages as lime muds.Table 14 lists these advantages and disadvantages.
 Troubleshooting and Contamination - Lime/ MOR-REX Muds
 Contamination and treating strategies for Lime/MOR-REX muds are essentially the same as forlime muds. Table 15 lists indicators and treating strategies for various contaminants.
 Table 14: Advantages/Disadvantages of Lime/MOR-REX Muds
 Advantages Disadvantages
 Low viscosity and gel strengths. Expensive.
 High solids tolerance. Temperature limitation of approximately 300°F
 Easily weighted to 18.0 lb/gal. High pH may cause safety concerns.
 Inhibits hydration of shales and clay-bear-ing sands.
 High pH may cause safety concerns.
 Resistant to contamination such as: cement, salt, and anhydrite.
 Borehole stabilization.
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 Gyp Muds
 Originally, gyp muds were used for drilling massive sections of anhydrite. Lack of an effectivedeflocculant confined their use to low-density muds that normally possessed high viscosity andhigh gel strengths, until the introduction of chrome lignosulfonate as a deflocculant.
 Gyp mud systems are less susceptible to high-temperature solidification than lime muds due totheir lower alkalinity values. If the PF is kept low (0.1 to 0.4), a gyp mud may tolerate temperaturesup to 350×F; however, they normally have higher fluid loss than lime-treated muds and usuallyrequire the use of additional deflocculant. Gyp muds also have higher soluble calcium.
 The pH range for a gyp mud is from 9.5 - 12.5; however, it is usually maintained at 9.5 - 11.0 sothat the hardness remains high which makes the mud more inhibitive. The calcium ion level ismaintained from 200-1200 mg/L. A gyp mud is fairly tolerant up to a maximum of 100,000 mg/Lchlorides. The temperature limitation of a gyp mud is 350°F and will depend on the amount oflow-gravity solids in the mud system.
 Table 15: Contaminant Treating of Lime/MOR-REX Muds
 Contaminant Indicators Treating Strategy
 High Solids Increasing retort solids, PV, 10-minute gel strength, MBT.
 Major dilution. Improve solids removal. Centrifuge mud.
 Salt/Saltwater Increasing chlorides, Marsh funnel viscosity, yield point, gel strengths, fluid loss. Decreasing PM, PF, pH.
 Increase density to kill flow. Dilute with freshwater. Add deflocculant, caustic to control rheological proper-ties. When rheology stabilizes, add starch, PAC to decrease fluid loss. If more salt must be drilled, convert to saturated salt mud or displace with oil-based mud.
 Carbonates/ CO2Influx (Not likely to cause a problem in Lime/MOR-REX mud.)
 Increasing MF, 10-min gels. Decreasing PM, pH. If CO2 influx is continuous, normal treatments with lime can result in a build up of fine solids (CaCO3).
 Add lime to control PM and KOH to control PF. Ensure solids are main-tained at low end of acceptable range.
 Poor ProductQuality
 Change in product packaging. Increased treating amounts. Erratic mud properties.
 Document product quality history through supplier. Arrange for regular sampling and testing.
 Foaming Foam on pits. Air entrapment. Decreasing pump pressure.
 Add non-toxic, non-sheening defoamer. Locate cause of foam and eliminate.
 TemperatureGelation
 Increasing pressure to break circula-tion after trip. Thick mud on bot-toms-up after trip. High flowline viscosities.
 Reduce low-gravity solids. Add ligno-sulfonate if BHT<300°F. Add high-temperature polymeric defloccu-lant if bottomhole temperature exceeds 300°F.
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 Principal Additives of Gyp Muds
 Principal additives of gyp muds are similar to the lime muds. Exceptions are that concentrations ofdeflocculants and fluid loss additives are higher. Table 16 lists the principal additives used in for-mulating and maintaining gyp muds.
 Bentonite - Prehydrated bentonite is added to increase viscosity and control filtration.
 Gyp - Gypsum provides Ca++ ion for base exchange of clays from Na+ to Ca++ for inhibition. Calciumion level is maintained from 200-1200 mg/L.
 Lignosulfonate - Mixed-metal lignosulfonates provide excellent deflocculation of gypsum-basedmuds as well as good filtration control by their dispersive action upon the clays.
 Caustic Soda/Caustic Potash - Caustic is added when needed to control calcium solubility and tostabilize mud properties.
 DESCO - DESCO, a sulfonated tannin, is an effective deflocculant in gyp muds. It can be added eitheras a primary or secondary deflocculant.
 Starch - Starch is added for filtration control. A preserved starch (starch with biocide already added)should be used; however, if unpreserved starch is used, then a biocide should be added along withthe starch.
 Polyanionic Cellulose - PAC provides additional filtration control. Low-viscosity PAC is used when noincrease in yield point is desired.
 Barite - Barite is added to increase density.
 Table 16: Principal Additives for Gyp Mud
 Additive Concentration, lb/bbl Function
 Bentonite 20 - 24 ViscosityFiltration Control
 Lignosulfonate 4 - 8 Deflocculant
 Gypsum 4 - 8 InhibitionAlkalinity Control
 Caustic Soda pH 9.5 - 11.0 Alkalinity Control
 Caustic Potash Inhibition
 DESCO 2 - 3 Deflocculant
 Starch 2 - 6 Filtration Control
 PAC 0.25 - 1.5 ViscosityFiltration Control
 Barite as required for density Weighting Agent
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 Other Additives - Gilsonite, asphalt, DMS, and cellulosic materials can be added for additional well-bore stabilization.
 Typical Properties of Gyp Muds
 Gyp muds typically have higher yield point, gel strengths, and soluble calcium compared to othercalcium-based inhibitive fluids. Table 17 lists typical properties for 9 lb/gal and 12 lb/gal gyp muds.
 System Conversion/Maintenance
 A procedure for converting to gyp mud is similar to the lime muds; however, the source of calciumis gypsum instead of lime. Native or lightly-treated freshwater low pH muds are preferred for con-version; however, any water-based mud can be converted to a gyp mud. If high pH or lime mudsare to be converted, more water dilution will be required to lower solids and more gypsum will berequired to control alkalinity. Caustic soda is usually not required in this instance.
 A typical breakover from a lightly-treated freshwater mud may be performed by first reducingMarsh funnel viscosity to 30-35 sec/qt with water. Water is added prior to breakover to preventexcessive viscosity during conversion. The amount of water will depend upon the solids contentand previous chemical treatment. Add four to eight lb/bbl of gypsum through the hopper over oneor more circulations. Three to six lb/bbl of lignosulfonate may be necessary to add along with thegypsum to control excessive rheology. Caustic soda, lime, or both, can also be added (through achemical barrel) during the gypsum additions to control the pH between 9.5 and 11.0 (PF is nor-
 mally maintained between 0.2 and 0.7 cm3). Caustic soda minimizes the viscosity increase duringconversion. The amount required will depend on the desired PF and the pH of the mud prior toconverting. Normally, 1/2 to 1-1/2 lb/bbl caustic soda is required for the breakover. If starch is usedfor fluid loss control, a preservative must be used to prevent fermentation. Foaming may occurduring or following conversion, but generally is a surface phenomena and is not detrimental to drill-ing. Remedial measures should be taken to avoid mechanical entrapment of air; for example, sub-merge the surface guns. If foaming becomes excessive, defoamer is recommended.
 Maintenance - A gyp mud is easy to maintain. Due to high calcium hardness of gyp muds, bentoniteadditions must be prehydrated before adding to the system. The system usually must be supple-
 mented with a polymer to achieve low filtrate control, 8 cm3 or less (API). Rheology control isaccomplished by addition of lignosulfonate. Alkalinity control is maintained with NaOH or KOH. Atourly treatment for each additive can be prescribed by calculating the amount of hole to be drilled,water addition required, and mud density to be maintained.
 Table 17: Typical Properties of Gyp Muds
 Density(lb/gal)
 PlasticViscosity
 (cPs)
 YieldPoint
 (lb/100 ft2)
 Gels10 sec/10 min
 (lb/100 ft2)
 ExcessGyp
 (lb/bbl) PF pHCa++
 (mg/L)API Filtrate
 (cm3)
 9 12-15 6-10 2-4 8-12 10-15 0.2-0.7 9.5-11.0 600-1200 8-12
 12 15-20 2-15 0-5 2-15 10-15 2-3 11.0-12.0 200-600 6-8
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 Advantages/Disadvantages of Gyp Muds
 Gyp muds have many of the same advantages and disadvantages as lime and lime/Mor-Rexmuds; however, gyp muds are slightly more temperature stable. Table 18 lists both advantagesand disadvantages of gyp muds.
 Table 18: Advantages/Disadvantages of Gyp Muds
 Advantages Disadvantages
 Low viscosities and gel strengths. High ECD during conversion may cause hole damage.
 High solids tolerance. High temperature gelation may occur when tem-perature exceeds 300°F
 Easily weighted to 18.0 lb/gal.
 Inhibits hydration of shales and clay-bear-ing sands.
 Resistant to contamination such as: cement, anhydrite, salt (100,000 mg/L CI-).
 Borehole stabilization.
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 Troubleshooting and Contamination - Gyp Muds
 Gyp muds are fairly resistant to contamination. Salt and cement contamination do not greatlyaffect mud properties and when flow properties increase, generally deflocculant treatments willusually restore properties. Table 19 lists common contaminants, indicators of contamination, andprincipal treating strategies for each. The table also includes troubleshooting for problems such aspoor product quality and foaming.
 Table 19: Contaminant Treating of Gyp Muds
 Contaminant Indicators Treating Strategy
 High Solids Increasing retort solids, PV, 10-minute, gel strength, MBT.
 Major dilution. Improve solids removal. Centrifuge mud.
 Salt/Saltwater Increasing chlorides, Marsh funnel viscosity, yield point, gel strengths, fluid loss. Decreasing PM, PF, pH.
 Increase density to kill flow. Dilute with freshwater. Add deflocculant, caustic to control rheology. When rhe-ology stabilizes, add starch, PAC to decrease fluid loss. If more salt will be drilled, consider converting to a satu-rated salt mud or displace with oil-based mud.
 Carbonates/ CO2Influx (Not likely to cause a problem in Lime muds.)
 Increasing MF, 10-min gels. Decreasing PM, pH. Increase in mud density causes thick mud. If CO2 influx is continuous, normal treat-ments with lime can result in a build up of fine solids.
 Add lime to control PM and KOH to control PF. Ensure solids are at low end of acceptable range.
 Poor ProductQuality
 Change in product packaging. Increased treating amounts. Erratic mud properties.
 Document product quality history through supplier. Arrange for regular sampling and testing.
 Foaming Foam on pits. Air entrapment. Decreasing pump pressure.
 Add non-toxic, non-sheening defoamer. Locate cause of foam and eliminate.
 Temperature Increasing pressure to break circula-tion after trip. Thick mud on bot-toms-up after trip. High flowline viscosities.
 Reduce low-gravity solids. Add ligno-sulfonate if BHT<300°F. Add high-temperature polymeric defloccu-lant if bottomhole temperature exceeds 300°F.
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 Salt-Based Muds
 To eliminate confusing terminology, any references to the term “salt” in this manual will herein referto sodium chloride, unless otherwise stated. Therefore, salt-based muds are muds containingvarying amounts of predominantly sodium chloride ranging from 10,000 mg/L NaCl up to satura-tion, 315,000 mg/L NaCl. However, when referring to chloride ion concentration which is colorimet-rically titrated and reported on the Drilling Mud Report, chlorides will mean chlorides from anysource such as calcium chloride, magnesium chloride, sodium chloride, potassium chloride, etc.Thus, 10,000 mg/L salt is approximately equivalent to 6000 mg/L chlorides. Other confusing termsare: parts per million (ppm) and milligrams per liter (mg/L). Parts per million refers to a weight perspecified weight measurement versus milligrams per liter, which refers to a weight per volumemeasurement. Titrations routinely performed on drilling fluids at the rigsite are done on a weightper volume and reported as milligrams/liter (mg/L).
 The effect that salt has on a drilling mud is dependent on the amount of salt in the fluid and thetype and quantity of solids.
 Salt acts as a contaminant in freshwater mud systems. Even when encountered in small amounts,salt contamination can cause an increase in viscosity, gel strengths, and fluid loss. As salt concen-trations increase to greater than 10,000 mg/L, mud properties become increasingly more difficultto control. Muds are usually called salt-based muds if the sodium chloride content is greater than10,000 mg/L NaCl. There are three basic salt-based muds:
 Saturated Salt Muds may be prepared purposely or evolve from drilling into salt.
 Saltwater Muds are most often the result of using field brine or seawater as makeup water, orincorporating salt that is encountered while drilling.
 Brackish-Water Muds are the result of using water from sources such as: bay water, inlandcanals, or water from swamps or marshes.
 Saturated Salt Muds
 Saturated Salt Muds are used to prevent excessive hole enlargement while drilling massive saltbeds. They can also be used to reduce dispersion and hydration of shales and clays. High viscos-ity problems in Saturated Salt Muds are unusual; however, solids content (percent by volume)should be maintained within a desired range by mechanical removal or dilution with saturated saltwater to prevent unacceptable increases in gel strengths and viscosity.
 Saturated saltwater contains approximately 13 volume % dissolved solids; therefore, to obtain“true” brine content of Saturated Salt Muds, multiply the “retort liquid” volume percent of the mudby 1.13 and subtract that from 100 to obtain actual volume percent suspended solids content. Vol-ume increase due to lower concentrations of salt can also be calculated. Equations for calculatingsolids are located in Section 7, Solids Calculations.
 The chloride content of saturated salt muds is 192,000 mg/L (315,000 mg/L NaCl) at saturation.As the temperature of the mud increases, more salt is able to go into solution. This means that a
 Salt-Based MudsClassification
 NaCl, mg/L
 Saturated Salt Muds 315,000
 Saltwater Muds 25,000-260,000
 Brackish-Water Muds 10,000-25,000
 “Proprietary - for the exclusive use of BP & ChevronTexaco”
 Water-Based Drilling Fluids 10-21 Rev. 01/2002

Page 342
                        

Drilling Fluids Manual
 fluid which is saturated under surface conditions may not be saturated at downhole temperaturesand can cause substantial washout in a salt zone due to increased salt solubility.
 Control of the pH of saturated salt muds varies widely. These muds do not require pH to function.Many low- solids, attapulgite/starch muds are used without adding caustic soda. In other areas, itis a common practice to maintain the pH of the mud from 11-11.5 with additions of caustic soda.Saturated salt muds require larger additions of caustic soda to maintain a higher pH than do fresh-water muds. Maintaining an 11 to 11.5 pH offers several advantages:
 • Deflocculants are more effective
 • Corrosion is reduced
 • Lower concentrations of filtration control additives are required when Ca++ and Mg++ solu-bility is reduced
 • Foaming tendency is lessened
 • Mud is generally more stable
 Saturated salt muds will normally contain soluble calcium due to the formations penetrated and thetype of makeup water used. Also, the sodium ions from the salt will undergo a base exchange andrelease calcium ions from the clay platelets, thereby contributing to the free calcium. Generally, thepresence of calcium does not produce detrimental effects on the mud; except when the pH isincreased beyond 12.0 and then the fluid loss will be difficult to control.
 Saturated salt muds are characterized by foaming. Foaming is generally restricted to surface foamand is not troublesome unless aggravated by mechanical agitation. The degree of foaming maysometimes be decreased by increasing the alkalinity of the mud (PM). Also, the addition of bento-nite can be successful in reducing the foaming. A defoaming agent may be necessary. Unless Mg++
 sensitive additives are used, a Saturated Salt Mud is less prone to foam and air cut with a 9.0-9.5pH.
 The temperature limitation of Saturated Salt Muds is around 250°F (higher temperatures are pos-sible if synthetic thinners are used) and is normally dictated by the filtration control additive used.
 Ca++ and Mg++ hardness do not adversely affect filtration control in Saturated Salt Muds whenusing starch; however, when PAC is used, hardness should be below 400 mg/L.
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 Principal Additives of Saturated Salt Muds
 Saturated Salt Muds are generally inexpensive to maintain and contain few additives. Systemcomplexities are greatly reduced due to the limited selection of additives that will function effec-tively in a saturated salt mud. Table 20 lists typical additives, function, and concentration for Satu-rated Salt Muds.
 Bentonite - Viscosity can be controlled to a limited degree with the addition of prehydrated bentonite.The positive sodium ion (from the salt) acting on the swelled clay causes flocculation, giving vis-cosity with a minimum of clay added. In time, the mass action of the sodium ion on the hydratedbentonite shrinks the hydration water shell around the clay platelet releasing free water and caus-ing a rapid drop in viscosity. This rate of drop in viscosity can be decreased by adding prehydratedbentonite that has been treated with caustic and a deflocculant such as lignosulfonate. Continuedadditions of prehydrated bentonite are necessary to maintain desired viscosity. Although very littlefiltration control is provided with prehydrated bentonite, the particle size distribution may aid in fil-tration control.
 Starch - Starch is the most common fluid loss additive in saturated salt muds. It is not affected by highlevels of hardness (2000-3000 mg/L) and does not adversely affect rheology unless drill solidsconcentrations are outside acceptable limits. Starch has a thermal limit of approximately 250°F.Normally it will not ferment as long as the system is salt-saturated or the pH is above 11.5.
 Caustic Soda - Caustic soda is added to increase the alkalinity of a Saturated Salt Mud. The pHrange is from 9.0 - 11.0 to minimize corrosion of the drill string and prevent starch fermentation.
 Table 20: Principal Additives of Saturated Muds
 Additive Concentration, lb/bbl Function
 Prehydrated Bentonite 10 - 25 ViscosityFiltration Control
 Starch 4 - 6 Filtration Control
 Caustic Soda for pH 9.0 - 11.0 Alkalinity Control
 Soda Ash 1 - 3 Calcium Removal
 PAC 0.25 - 1.5 Filtration ControlViscosity
 Salt (NaCl) 125 Weight MaterialInhibition
 Attapulgite - Attapulgite, a clay which yields through shear rather than hydration, is com-monly used in saturated salt muds to develop viscosity. Attapulgite will not be affected byeither chlorides or hardness. Due to its brush-heap structure, attapulgite does not providefiltration control. Normal concentrations of attapulgite are 10-20 lb/bbl.
 Note: Due to occupational health concerns, Attapulgite is prohibited for use with BP operationsdue to concerns about occupational health.
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 Saturated salt muds usually require large additions of caustic soda to maintain a high pH becausethe base exchange of the sodium on clays tends to release free hydrogen ions which lower pH.
 Soda Ash - Soda ash is added to precipitate hardness to allow calcium-sensitive materials such asPAC to function efficiently. The amount of soda ash required will depend on the amount of solublecalcium in the system. The total hardness should be checked to determine the amount of calciumpresent in order to avoid overtreating with soda ash. Too much soda ash will contribute to high gelstrengths. The addition of soda ash is not feasible where hard brines are continuously used asmakeup water.
 Polyanionic Cellulose - PAC is added for viscosity and filtration control. PAC functions more effi-ciently when low-gravity solids are under 6 volume % and hardness is below 400 mg/L. Ifincreases in viscosity of the mud are not desired, low-viscosity PAC can be used to control filtra-tion.
 Typical Properties of Saturated Salt Muds
 Saturated Salt Muds typically exhibit high yield point values and gel strengths. Gel strengths,although high, are generally fragile. Table 21 lists typical properties for unweighted (10.5 lb/gal)and weighted saturated salt muds.
 System Conversion/Maintenance - Conversion
 A freshwater mud is usually used to drill down to the top of a salt section. Conversion to a satu-rated salt mud is made prior to drilling into the salt. Some operators have drilled salt sectionsallowing the drilled salt to saturate the freshwater mud; however, this is not a recommended prac-tice due to the excessive hole enlargement where large sections of salt are drilled.
 Usually there are no problems associated with saturated salt mud conversions. Conversion can beaccomplished in two circulations. The mixing hopper discharge should be located away from themain pump suctions to reduce foaming and air cutting. When a freshwater mud is to be convertedto a saturated salt mud, it is desirable to use as much of the old mud as possible. This will providea source for building viscosity and density and will save on the amount of saltwater clay (attapulg-ite) or prehydrated bentonite required. Additions of salt to a freshwater clay-based mud will causesevere flocculation and excessive viscosity. It is therefore necessary to water back the old mud.Usually 30% to 50% dilution is required, depending on solids concentration. The amount of saltrequired to saturate the system should be calculated and then added through the hopper. Itrequires approximately 125 lb/bbl of NaCl to saturate one barrel of water. This will result in 1.13 bblof saturated fluid or an 0.13 volume increase. A saturated salt mud will generally weigh 10.4 to10.5 lb/gal without weight material addition. Next, a fluid loss additive is added through the hopperwhile the mud is circulated. Starch is generally used for fluid loss control and as a supplementaryviscosifier. Normally, four to six lb/bbl starch will be required to obtain a fluid loss of approximately
 Table 21: Typical Properties of Saturated Salt Muds
 Density(lb/gal)
 PlasticViscosity
 (cPs)
 YieldPoint
 (lb/100 ft2)
 Gels10 sec/10min
 (lb/100ft2)
 APIFiltrate
 (cm3/30 min)
 10.5 8 - 12 12 - 15 6 - 8 8 - 12 8 - 12
 12.5 15 - 20 15 - 18 8 - 10 10 - 14 6 - 8
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 6 cm3/30 minutes. If a higher density is required, barite may be used. When weighting up with bar-ite, a lignosulfonate deflocculant is recommended to avoid excessive viscosity and high gelstrengths. Caustic soda is usually added along with the deflocculant.
 Maintenance - In many cases, saturated salt muds are maintained throughout the drilling of the wellwithout additions of anything other than water, a viscosifier and a fluid loss control additive. Viscos-ity can be increased with prehydrated bentonite or attapulgite and decreased by dilution with satu-rated salt water. In some cases, the use of a deflocculant may be needed to lower the yield point,gel strengths, or viscosity. Lignosulfonates can be used to deflocculate saturated salt muds; how-ever, polymeric thinners have demonstrated greater effectiveness at higher temperatures and donot require caustic soda in order to function properly.
 Advantages and Disadvantages of Saturated Salt Muds
 Saturated Salt Muds are fairly easy to run and are highly resistant to most contaminants. Table 22 lists some of the advantages and disadvantages of using Saturated Salt Muds.
 Table 22: Advantages/Disadvantages of Saturated Salt Muds
 Advantages Disadvantages
 Inhibitive Filtration control difficult - dependent on starch or polymers.
 Resistant to contaminants such as cement, anhydrite, salt and saltwater flows.
 Tendency to foam and air cut.
 Lower solids - uses dissolved solids for density.
 Corrosive if below saturation.
 Good hole cleaning capability. Maximum temperature limitation of 280°F.
 Resistant to contamination such as: cement, anhydrite, salt (100,000 mg/L CI-).
 Borehole stabilization.
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 Troubleshooting and Contamination - Saturated Salt Muds
 Saturated saltwater muds generally are resistant to contamination from salt, cement, gyp, or anhy-drite. Since these muds are highly resistant to contamination, Table 23 lists only a few areas thatrequire specific troubleshooting and treatment strategies.
 Saltwater Muds
 Saltwater muds are often prepared from fresh water or bentonite-water muds. These muds nor-mally contain low solids concentrations, have low densities, have minimal chemical treatment, andpossess low viscosities and high fluid losses. Saltwater muds may be prepared intentionally withsalt to drill troublesome shale sections. They are used as an inhibitive mud to decrease dispersionand viscosity build-up from drilled solids. These muds may range from approximately 25,000 mg/Lsalt up to nearly saturation. Produced brines are commonly used in workover and completionoperations. Swelling of formation clays or shales are reduced. They are also used as low solidsfluids to control pressures that are normally encountered in workover and well completion opera-tions. Seawater can also be used to formulate a saltwater mud. Frequently in offshore drilling, sea-water is used as the makeup water to avoid the expense and problems of transporting fresh waterto the wellsite. Typical seawater composition contains approximately 35,000 mg/L NaCl and 1500to 2500 mg/L total hardness. The temperature maximum for Seawater Muds is 280-300×F,depending upon the clay content of the mud.
 Table 23: Contaminant Treating of Saturated Salt Muds
 Contaminant Indicators Treating Strategy
 High Solids Increasing PV, YP, gel strength, vis-cosity, fluid loss, MBT. Foaming and air entrapment
 Major dilution. Improve mechanical solids control. Centrifuge mud.
 Saltwater Flow Decreasing PV, YP, gel strengths. Increasing filtrate. Possible decrease chlorides and density (depending on salinity of mud).
 Raise mud density to control saltwater influx. Add salt to saturate. Add starch to decrease filtrate. Add attapulgite or prehydrated bentonite to increase vis-cosity.
 Poor Product Material performance poor even though adequate treatment concen-trations added. Product package change.
 Pursue history of material manufac-ture. Set up sampling and testing pro-gram.
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 Principal Additives of Saltwater Muds
 Saltwater Mud formulations are more complex than Saturated Salt Muds because their salinityrange does not limit selection of additives. Table 24 lists typical additives, their function, and nor-mal concentration ranges for Saltwater Muds.
 Bentonite - Viscosity can be controlled to a limited degree with the addition of prehydrated bentonite.The positive sodium ion (from the salt) acting on the swelled clay causes flocculation, giving vis-cosity with a minimum of clay added. In time, the mass action of the sodium ion on the hydratedbentonite shrinks the hydration water shell around the clay platelet releasing free water and caus-ing a rapid drop in viscosity. This rate of loss in viscosity can be decreased by adding prehydratedbentonite that has been treated with caustic and a deflocculant such as lignosulfonate. Continuedadditions of prehydrated bentonite are necessary to maintain desired viscosity. Although very littlefiltration control is provided with prehydrated bentonite, the particle size distribution may aid in fil-tration control. Attapulgite can be used as an alternative viscosifier when freshwater is unavailableto prehydrate bentonite.
 Attapulgite - Attapulgite is sometimes added for viscosity in Saltwater Muds; however, prehydratedbentonite or polymers are preferred. Attapulgite is neither affected by chlorides nor hardness. Dueto its brush-heap structure, it does not provide filtration control. Normal concentrations are10-20 lb/bbl. Use of attapulgite is sometimes prohibited due to local environmental regulations.
 Table 24: Principal Additives of Saltwater Muds
 Additive Concentration, lb/bbl Function
 Prehydrated bentonite 15 - 25 ViscosityFiltration Control
 Caustic Soda/Caustic Potash
 0.5 - 1.5 AlkalinityCorrosion Control
 Starch 3 - 6 Filtration Control
 PAC 0.5 - 1.0 Filtration Control
 Lignosulfonate 3 - 6 Deflocculant
 Lignite 2 - 4 HTHP Filtration Control
 Attapulgite - Attapulgite, a clay which yields through shear rather than hydration, is com-monly used in saturated salt muds to develop viscosity. Attapulgite will not be affected byeither chlorides or hardness. Due to its brush-heap structure, attapulgite does not providefiltration control. Normal concentrations of attapulgite are 10-20 lb/bbl.
 Note: Due to occupational health concerns, Attapulgite is prohibited for use with BP operationsto concerns about occupational health
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 Starch - Starch is added for filtration control. Three pounds per barrel will give approximately
 12-15 cm3/30 min. fluid loss and 5 lb/bbl will give approximately 6 to 8 cm3/30 min. fluid loss. Apreservative should be added prior to starch additions and maintained at recommended concen-tration in the system. The more expensive preserved starches can be used in lieu of the unpre-served starches.
 Caustic Soda/Caustic Potash - NaOH or KOH is added for pH, alkalinity, and corrosion protection.When lignosulfonate is used in a saltwater mud it functions more efficiently when the environmentis alkaline. Caustic soda is used to maintain the pH of Saltwater Muds within the range 9.0 to 11.0.
 Polyanionic Cellulose - PAC is added for filtration control. There may be a noticeable increase in vis-cosity and gels in the suction pit as the PAC is mixed; however, as the mud is circulated throughthe hole, the viscosity and gels should be back to normal at the flow line. Hardness should bemaintained below 400 mg/L. If increases in viscosity of the mud are not desired, low-viscosity PACcan be used to control filtration.
 Lignosulfonate - Lignosulfonates are the most effective deflocculant in Saltwater Muds (especiallySeawater Muds) and also contribute to fluid loss control.
 Lignite - Lignite is added to improve HTHP filtration control, but is ineffective as a deflocculant. It isrecommended to presolubilize the lignite in causticized fresh water (pH 10.5-11.0).
 Soda Ash - Soda Ash may be used to precipitate calcium from salt water. This will maximize the effec-tiveness of most fluid loss additives.
 Corrosion Inhibitor - Corrosion is more severe in Saltwater Muds than in freshwater muds or Satu-rated Salt Muds. Controlling the pH in the upper ranges is usually adequate; however, corrosioninhibitors such as filming amines are frequently used. An oxygen scavenger may also be used.
 Preservatives - Preservatives are used in Salt Muds to prevent starch and XC polymer from ferment-ing. Several different types of preservatives or biocides are currently available. Testing has shownthat the isothiazoline-based biocides are more effective in limiting bacterial degradation ofstarches. Biocides are usually not necessary in muds with a pH above 11.5. Glutaraldehyde (25%active liquid) controls bacteria in all water-base drilling, completion and packer fluids. It is effectiveagainst aerobic as well as anaerobic bacteria, and a higher concentration can be used if needed.fluid environments.
 Defoamers - Defoamers are always needed for Saltwater Muds. Pilot testing is recommended.
 Another popular saltwater mud is the Seawater-Lime Spud mud, which consists of prehydratedbentonite, lime, and seawater; however, starch and/or PAC (regular grade or low-viscosity) can beadded if additional filtration control is required. If both starch and PAC are used, a ratio of 5 sacksstarch to 1 sack PAC usually gives optimum performance. The mud starts out with 30-40 lb/bblprehydrated bentonite in fresh water and then uses seawater and lime (1-4 lb/bbl) to maintain andcontrol viscosity. In addition, the calcium ions from lime react with the sodium-based clays to mini-mize dispersion hydration of formation clays. Lime also reduces bit and BHA balling while drillinggumbo. When drilling gumbo, the pH should be maintained at 9.0-10.0. If bit balling occurs,increase the mud alkalinity (PM) to 5 or more with lime. If shales are difficult to control, KOH maybe used instead of lime, but not NaOH.
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 Typical Properties of Saltwater Muds
 Saltwater Muds range in salinity from 25,000 mg/L salt up to nearly saturation. Generally, thesefluids do not exhibit the high viscosities and fragile gel strengths of the Saturated Salt Muds.Table 25 lists typical properties for a Saltwater Mud.
 System Conversion/Maintenance - Conversion
 These muds generally present the same problems for conversion and maintenance as SaturatedSalt Muds. Many of the problems associated with Saltwater Muds, particularly seawater muds, aredue to the high concentrations of total hardness. Magnesium ion hardness (magnesium carbon-ate) is relatively soluble; therefore, treating with soda ash for reduction of total hardness in seawa-ter is not effective. Magnesium is; however, insoluble at a pH of 10; therefore, caustic soda iseffective in removing magnesium ion from seawater muds. Supplementary additions of lime maybe used to maintain hydroxyl ion concentration. Also, soda ash may be used to precipitate the cal-
 cium ion to obtain better mud properties. Ca++ ion contamination does not severely affect these
 muds, but the Ca++ should be treated and kept under 400 mg/L. Conversion to a Saltwater Mud isperformed according to some very simple guidelines. First, the solids content of the mud to beconverted should be in an acceptable range. If the solids are too high, reduce concentration withsolids removal equipment and/or dilute with available makeup water to obtain acceptable concen-tration. If the viscosity of the mud is too low, add prehydrated bentonite that has been treated withdeflocculant and caustic soda. After rheological properties are adjusted, then adjust the filtrate withstarch or PAC, if necessary. If starch is used and pH is below 11.5, add biocide.
 Maintenance - To maintain a Saltwater Mud, the solids should be monitored and controlled in anacceptable range. These muds are quite solids tolerant, but they will run more economically iflow-gravity solids are less than 6% by volume. Bentonite should be prehydrated and added asindicated by MBT analysis. The clay content of the mud should be decreased as density isincreased to minimize downhole gelation problems.
 Table 25: Typical Properties of Saltwater Muds
 Density(lb/gal)
 PlasticViscosity
 (cPs)
 YieldPoint
 (lb/100 ft2)
 Gels10 sec/10min
 (lb/100ft2)Chlorides
 mg/L
 APIFiltrate
 (cm3/30 min)
 9 16 - 18 10 - 14 2 - 4 5 - 8 25,000 - 300,000 6 - 10
 12 22 - 24 12 - 16 2 - 4 5 - 8 25,000 - 300,000 6 - 8
 “Proprietary - for the exclusive use of BP & ChevronTexaco”
 Water-Based Drilling Fluids 10-29 Rev. 01/2002

Page 350
                        

Drilling Fluids Manual
 Advantages and Disadvantages of Saltwater Muds
 Table 26 lists some of the advantages and disadvantages of Saltwater/Seawater Muds.
 Troubleshooting and Contamination - Saltwater Muds (Also see Section6)
 Contamination in Saltwater Muds is more evident than in Saturated Salt Muds. Saltwater mudscontain more additives and the range of salinity and hardness affects fluid performance. Treatingstrategies for contaminants in Saltwater Muds are listed in Table 27.
 Table 26: Advantages/Disadvantages of Saltwater Muds
 Advantages Disadvantages
 Inhibitive Increased additive concentration, decreased efficiency.
 Reduces freshwater consumption. Filtration control difficult.
 Minimal adverse effects of contaminants such as anhydrite, cement, salt, saltwater flow.l
 Requires bentonite to be prehydrated.
 Table 27: Contaminant Treating of Saltwater Muds
 Contaminant Indicators Treating Strategy
 High Solids Increasing retort solids, PV, YP, gel strength. Mud thick on bottoms-up after trip.
 Massive dilution. Centrifuge mud. Improve mechanical solids control.
 Saltwater Flow Increasing YP, fluid loss, chlorides. Possible decrease in density.
 Increase density to control water flow. Increase deflocculant to control rheol-ogy. Add starch or PAC for filtration control.
 Poor ProductQuality
 Increased treating frequency. Prod-uct package change.
 Pursue history of material manufac-ture. Set up sampling and testing pro-gram.
 Cement Increasing PV, YP, pH, PM, PF, and fluid loss. Possible increase in Ca++.
 Add bicarb or SAPP to treat out cement. Dilute with freshwater or sea-water. Mix additional deflocculant to control rheology. Mix starch and/or PAC to reduce filtrate.
 Carbonates Increasing gels, YP. Rheology erratic. Thick mud on bottoms up after trips.
 Increase pH to 10.7 or higher to con-vert bicarbonates to carbonates. Treat with lime or gyp to remove carbonate ion.
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 Brackish-Water Muds
 In many areas, because of economics or lack of sufficient fresh water, brackish water often is usedas the makeup water for drilling fluids. These muds generally are termed brackish-water if their saltcontent is between 10,000 to 15,000 mg/L. They are usually found in inland bay areas or marshes.
 Principal Additives of Brackish-Water Muds
 Although additives and concentrations are essentially the same as for Saltwater Muds, Brack-ish-Water Muds generally are not as difficult to maintain because of their lower makeup watersalinity. However, because of the nature of brackish water environments, both organics and bacte-ria may cause increased consumption of additives.
 Bentonite - bentonite is added for viscosity and filtration control in brackish-water muds. The bento-nite should be prehydrated in fresh water and then added to the mud system. In time, the massaction of the sodium ion on the hydrated bentonite shrinks the hydration water shell around theclay platelet releasing free water and causing a rapid drop in viscosity. This rate of loss in viscositycan be decreased by adding prehydrated bentonite that has been treated with caustic and adeflocculant such as lignosulfonate. Continued additions of prehydrated bentonite are necessaryto maintain desired viscosity. As an alternative viscosifier, when freshwater is unavailable to prehy-drate bentonite. Attapulgite can be used.
 Attapulgite - Although attapulgite is occasionally added for viscosity, prehydrated bentonite is pre-ferred as it also aids in filtration control. Attapulgite is not affected by chlorides and hardness. Dueto the brush-heap structure, it does not provide filtration control. Normal concentrations are10-20 lb/bbl.
 Table 28: Principal Additives of Brackish-Water Muds
 Additive Concentration, lb/bbl Function
 Prehydrated bentonite 15 - 25 ViscosityFiltration Control
 Caustic Soda/Caustic Potash
 0.5 - 1.5 AlkalinityCorrosion Control
 Starch 3 - 6 Filtration Control
 PAC 0.5 - 1.0 Filtration Control
 Lignosulfonate 3 - 6 Deflocculant
 Lignite 2 - 4 HTHP Filtration Control
 Attapulgite - Attapulgite, a clay which yields through shear rather than hydration, is com-monly used in saturated salt muds to develop viscosity. Attapulgite will not be affected byeither chlorides or hardness. Due to its brush-heap structure, attapulgite does not providefiltration control. Normal concentrations of attapulgite are 10-20 lb/bbl.
 Note: Due to occupational health concerns, Attapulgite is prohibited for use with BP operationsto concerns about occupational health
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 Caustic Soda - Caustic soda is used to maintain the pH of brackish-water muds within the range 9.0to 11.0.
 Starch - Starch is added for filtration control. A preservative should be added prior to starch additionsand the recommended concentration maintained in the system.
 Polyanionic Cellulose - PAC is added for filtration control. Hardness must be maintained below400 mg/L.
 Lignosulfonate - Lignosulfonates are the most effective deflocculants in Brackish-Water Muds andcontribute to fluid loss control.
 Lignite - Lignite is added to improve HTHP filtration control, but may not be an effective deflocculant,depending on makeup water quality.
 Soda Ash - Soda Ash may be used to precipitate calcium from brackish water. This not only allowsbetter hydration of clays, but also will maximize the effectiveness of fluid loss additives.
 Corrosion Inhibitor - Corrosion is more severe in Brackish-Water Muds than in freshwater muds.Controlling the pH in the upper ranges is usually adequate. An oxygen scavenger may also beused. Lignite and lignosulfonates if present in sufficient quantity will also act as oxygen scaven-gers.
 Typical Properties of Brackish-Water Muds
 Table 29 lists typical properties for Brackish-Water Muds.
 System Conversion/Maintenance - Conversion
 Brackish-Water Muds are generally not converted, but formulated from scratch. The reason for thisis that brackish-water is used when freshwater is either scarce or not available.
 Maintenance - To maintain a Brackish-Water Mud, the solids should be monitored and controlled in anacceptable range. These muds are quite solids tolerant, but they will run more economically iflow-gravity solids are less than 6%. Bentonite should be prehydrated and added as indicated byMBT analysis. The clay content of the mud should be decreased as density is increased to mini-mize downhole gelation problems.
 Table 29: Typical Properties of Brackish-Water Muds
 Density(lb/gal)
 PlasticViscosity
 (cPs)
 YieldPoint
 (lb/100 ft2)
 Gels10 sec/10min
 (lb/100ft2) pHChlorides
 mg/L
 APIFiltrate
 (cm3/30 min)
 9 16 10 - 18 2 - 4 5 - 10 10.5 - 11.0 10,000 - 25,000 6 - 10
 12 22 12 - 15 2 - 3 5 - 8 10.5 - 11.0 10,000 - 25,000 6 - 8
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 Advantages and Disadvantages of Brackish-Water Muds
 Table 30 lists some advantages and some disadvantages of using Brackish-Water Muds com-pared to freshwater muds.
 Troubleshooting and Contamination - Brackish-Water Muds
 Contamination and troubleshooting Brackish-Water Muds are essentially the same as for Saltwa-ter Muds. Table 31 lists contaminants and treating strategies.
 Table 30: Advantages/Disadvantages of Brackish-Water Muds
 Advantages Disadvantages
 Provides some inhibition. Increased additive concentration, decreased efficiency.
 Reduces freshwater consumption. Requires prehydrated bentonite.
 Table 31: Contaminant Treating of Brackish-Water Muds
 Contaminant Indicators Treating Strategy
 High Solids Increasing retort solids, PV, YP, gel strengths. Mud thick on bottoms up after trips.
 Massive dilution. Centrifuge mud. Improve mechanical solids control.
 Saltwater Flow Increasing YP, fluid loss, chlorides. Possible decrease in density.
 Increase density to control water flow. Increase deflocculant to control rheol-ogy. Add starch or PAC for filtration control.
 Poor ProductQuality
 Increased treating frequency. Prod-uct package change.
 Pursue history through manufacturer.
 Cement Increasing PV, YP, pH, PM, PF, and fluid loss. Possible increase in Ca++.
 Add bicarb or SAPP to treat out cement. Dilute with freshwater or brackish water. Mix additional defloc-culant to control rheology. Mix starch and/or PAC to reduce filtrate.
 Carbonates Increasing gels, YP. Rheology erratic. Thick mud on bottoms up after trips.
 Increase pH to 10.7 or higher to con-vert bicarbonates to carbonates. Treat with lime or gyp to remove carbonate ion.
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 Non-Dispersed Muds
 Introduction
 Polymer fluids contain polymers which greatly diversify their application. These fluids contain poly-mers to viscosify, polymers to control filtration, polymers to deflocculate, polymers to providehigh-temperature stabilization, etc. Polymer fluids generally contain only minor amounts of bento-nite to build viscosity. Primary viscosification is provided by high molecular weight polymers suchas PHPA, PAC, XC polymer, etc. Because these fluids contain only small quantities of bentonite orclay solids, they are less prone to rheological and filtration property fluctuations resulting from theeffects of contaminants on the clay structure. Polymers fluids also reduce cuttings dispersion andstabilize the wellbore through encapsulation. Usually these fluids contain less than 5% by volumetotal low-gravity solids and can be divided into two general polymer mud categories:
 • Non-Dispersed Polymer Muds
 • High-Temperature Deflocculated Polymer Muds
 In many areas clear water cannot be used as a drilling fluid because of its effect on formations andthe lack of sufficient viscosity to properly clean the hole. In these circumstances Non-DispersedPolymer Muds may be used to closely simulate the drilling characteristics of clear water. Non-dis-persed Polymer muds have found their best application in areas where formations are hard andpenetration rates are slow. These polymer muds contain fewer than 5% low-gravity solids andhence are sometimes referred to as low-solids non-dispersed (LSND) muds. LSND muds do notperform well in areas with long intervals of reactive shales because of their intolerance to solidscontamination. Also, salt, saltwater flow, gyp/anhydrite, and cement contamination will severelylimit the use of these muds.
 Most Non-Dispersed Polymer Muds are composed of water with varying quantities of bentoniteand polymers. Polymers are added to the system to build viscosity either through flocculation ofthe solids or by viscosifying the water phase. They are also added to provide filtration control.Some of the more commonly used Non-Dispersed Polymer Muds are:
 • BEN-EX Muds
 • PAC/CMC Muds
 • PHPA Muds
 BEN-EX Muds
 BEN-EX is a powdered water-dispersible polymer packaged in 2-lb bags. It is used to increase theyield of bentonite and to flocculate drilled solids. The addition of 0.05 lb/bbl BEN-EX will approxi-mately double the yield of bentonite. This is an advantage because fewer solids are used to pro-duce the same viscosity. The application of BEN-EX for extending bentonite is confined to watercontaining less than 5000 mg/L chlorides.
 Low-Gravity solids should be kept below 5% by volume. Best drilling rates are obtained in the2-3 volume % range. Water dilution and use of mechanical separation equipment is recom-mended. BEN-EX acts as a flocculant for non-bentonitic clays. If settling pits are available, solidswill settle out. Deflocculants should not be added unless absolutely necessary. Deflocculantsshould be added very cautiously because BEN-EX muds respond quickly to very small treatments.
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 BEN-EX can be economically used for mixing large volumes of spud mud or fresh mud when lostcirculation occurs. The BEN-EX system can easily be converted to any type system as drillingprogresses.
 Principal Additives for BEN-EX Muds
 Bentonite - Bentonite is added for viscosity and filtration control. The concentration of bentonite isgenerally around 10-14 lb/bbl. Less bentonite and polymers will be required is the bentonite is pre-hydrated prior to adding it to the active mud system.
 Bentonite Extender - BEN-EX is a bentonite extender which doubles the yield of good quality bento-
 nite and functions as a selective flocculant. It is sensitive to both Cl- and Ca++ contamination.
 Sodium Polyacrylate (SPA) - Sodium polyacrylate (SPA) is added for filtration control. It is also addto control rheological and filtration properties and acts as a selective flocculant.
 Soda Ash - Soda Ash is used to treat out Ca++ from makeup water since most polymer additives are
 Ca++ sensitive. Continued use of heavy concentrations of soda ash can cause viscosity problemsdue to “ash gels”.
 Barite - Barite is used to increase density. For each sack of barite, 0.7 gal of water should be added toproperly water-wet the barite.
 Typical Properties for BEN-EX Muds
 BEN-EX Muds are typified by low PV and high yield point and gel strength. Table 33 list typicalproperties for an unweighted and weighted BEN-EX Mud.
 Table 32: Principal Additives of BEN-EX Muds
 Material Concentration, lb/bbl Function
 Bentonite 10 - 14 ViscosifierFiltration Control
 BEN-EX 0.05 - 0.1 Bentonite Extender
 Sodium Polyacrylate 0.25 - 0.5 Selective Flocculant
 Soda Ash 0.25 - 0.75 Calcium Removal
 Barite as needed for density Weighting Agent
 Table 33: Typical Properties of BEN-EX Muds
 Density(lb/gal)
 PlasticViscosity
 (cPs)
 YieldPoint
 (lb/100 ft2)
 Gels10 sec/10min
 (lb/100ft2)Chlorides
 (mg/L)
 APIFiltrate
 (cm3/30 min)Hardness
 (mg/L)
 9 4 - 8 8 - 12 4 - 8 8 - 10 2000 10 - 12 40 - 80
 12 8 - 10 10 - 15 6 - 12 10 - 15 2000 6 - 8 80 - 100
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 System Conversion/ Maintenance - Conversion
 BEN-EX muds are generally not converted from an existing fluid, but prepared from scratch. First,clean the pits and build volume with fresh water. The makeup water should be treated with sodaash to remove hardness. Add 0.25 lb/bbl soda ash to remove calcium from makeup water. Thesodium polyacrylate is added to reduce fluid loss. The pH of the water should be adjusted witheither soda ash or caustic soda. To obtain proper viscosity bentonite and BEN-EX through hopperat the rate of one 2-lb bag BEN-EX for each 5 100-lb bags bentonite until reaching a sufficient ben-tonite concentration of 10-14 lb/bbl. Barite can be used to increase density; however, BEN-EXmust be added along with barite additions. One 2-lb bag of BEN-EX must be added only with each40 100-lb bags of barite when increasing density. Also, add 0.7 gallons of water for each sack ofbarite. The upper limit for mud weight for this type of mud is usually 14.0-14.5 lb/gal.
 Maintenance - To maintain a BEN-EX mud, a stream of water is required while drilling to maintain vol-ume and to dilute solids. Solids control is crucial to the success of running these muds. The pitsshould be jetted and cleaned when necessary to remove settled solids. Soda ash is added tomaintain calcium below 200 mg/L. For flocculating drill solids, BEN-EX is normally injected withclean water in a chemical barrel below the shale shaker. See Table 34 for quantities of BEN-EXrequired for flocculation.
 If the system is to be weighted, 5 lb of BEN-EX per 100 sacks of barite are required to provideproper support of the barite. Fluid loss, yield point, and gel strengths can be adjusted using0.2-1.0 lb/bbl of sodium polyacrylate, either CYPAN or WL-100.
 Low Solids PAC/CMC Muds
 Low-solids PAC/CMC muds use cellulose-based polymers rather than sodium polyacrylate poly-mers. The cellulosic polymers have greater tolerance to calcium and salt than do the acrylate poly-mers. Hardness needs to be less than 400 mg/L as compared to 250 mg/L for acrylate polymers.Cellulosic polymers can function in a chloride environment up to saturation; whereas, acrylatesodium polymers do not function well above 5000 mg/L chloride. The availability of different vis-cosity PAC/CMC allows flexibility in treating muds.
 Table 34: BEN-EX Concentration Required for Flocculation
 Hole Size (in.) 6" - 7" 8" - 10" 11" - 13"
 lb/100 ft of hole 4 6 8
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 Principal Additives of Low Solids PAC/CMC Muds
 Table 35 lists principal additives for formulating Low Solids PAC/CMC Muds. These muds just asBen-Ex Muds, contain few additives and are relatively easy to maintain. Low Solids PAC/CMCMuds are also relatively inexpensive compared to other LSND polymer fluids.
 Bentonite - Bentonite is added to increase viscosity and provide filtration control. To optimize of thequality of bentonite and polymer required to achieve sufficient viscosity, it is recommended to pre-hydrate the bentonite in fresh water.
 Xanthan Gum - Biopolymers such as XC or XCD are used for viscosifying KCl-Polymer Muds eitherby replacing or supplementing prehydrated bentonite. Although KCl-Polymer Muds may display ahigh yield point, they may not be capable of adequately suspending barite; therefore, small quanti-ties of xanthan gum are added to provide the required suspension properties.
 Caustic Soda - Caustic soda is used to create an alkaline environment. Also, premium untreated ben-tonite will reduce the amount of materials required. Caustic soda can be used to increase the pH to9.7 or higher. This higher pH will precipitate magnesium ions which would interfere with polymer.
 Soda Ash - Soda ash is added to makeup water to precipitate Ca++. The polymers in LSND fluidsfunction more efficiently when hardness is less than 250 mg/L.
 Polyanionic Cellulose (PAC) - PAC is added for viscosity and filtration control in LSND muds. PACshave a high salt tolerance; however, they function more efficiently when hardness is below400 mg/L.
 Carboxymethylcellulose (CMC) - CMC is another cellulose based polymer added for viscosity andfiltration control. CMC, however, does not have a high tolerance for salt (50,000 mg/L max) ascompound to PAC. It also performs best when hardness is below 250 mg/L.
 Table 35: Principal Additives of Low-Solids PAC/CMC Mud
 Material Concentration, lb/bbl Function
 Bentonite 5 - 10 ViscosityFiltration Control
 Xanthan Gum 1.25 -2.0 Viscosity
 Caustic Soda for pH 9.0 - 9.5 Alkalinity
 Soda Ash 0.25 - 0.5 Calcium Removal
 Regular PAC/CMC 0.5 - 1.5 Filtration Control
 Barite as needed Weight Material
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 Barite - Barite is added to increase density as needed. When adding barite, low-gravity solids must bekept below 6 volume %. Water and PAC/CMC should be added with the barite to avoid excessiverheologies.
 Typical Properties for Low-Solids PAC/CMC Mud
 Typical properties for Low-Solids PAC/CMC Muds are very similar to both the Ben-Ex and LowSolids PHPA Muds. Table 36 lists typical property ranges for 9 lb/gal and 12 lb/gal Low SolidsPAC/CMC Muds.
 System Conversion/Maintenance - Conversion
 As with Ben-Ex Muds, Low Solids PAC/CMC Muds are not generally converted from an existingfluid, but prepared from scratch. First the pits must be cleaned. Volume should build with freshwater. Hardness should be treated below 200 mg/L with soda ash before adding any of the poly-mers. Then, gradually add desired amount of bentonite (10-14 lb/bbl). Let hydrate at least24 hours if possible. Then, add PAC for desired viscosity and filtration properties. Regular and lowviscosity can be used interchangeably when rheology dictates. CMC can be used for viscosity andfiltration control or along with PAC to supplement. Maintain pH with caustic soda, or soda ash atpH 9.0-9.5. Density can be increased with barite; however, this Low Solids PAC/CMC muds aregenerally not run with mud weight above 12.5-13.0 lb/gal because of difficulty controlling rheologi-cal properties within acceptable ranges.
 Low-Solids PHPA Muds
 Low-Solids PHPA Muds (partially hydrolyzed polyacrylamide) are used to inhibit shale. Theseacrylate/acrylamide polymers absorb onto clay surfaces. Thus, because PHPA is a long-chemicalmolecule, it can effectively link a number of clay platelets together creating viscosity with a mini-mum concentration of low-gravity solids. Therefore, as with Low Solids PAC/CMC Muds and withBEN-EX Muds, a minimum solids fluid can be formulated to maximize ROP and provide good holecleaning capability. In addition, the inhibitive nature of these fluids is easily increased by the addi-tion of KCL or poly (propylene glycol). They provide viscosity, solids encapsulation and limitedfluid loss control. Small amounts of bentonite should be used when these systems are initially built.PHPA is used to viscosify drilling fluids with a minimum quantity of clay and to assist in boreholestabilization. The main component of this system is a high molecular weight, long-chained PHPApolymer (partially hydrolyzed polyacrylamide). This system is sensitive to contamination from chlo-
 rides, Ca++, and solids. Solids must be kept to a minimum through dilution and mechanical separa-tion, otherwise the mud can become rheologically unstable (high viscosity and gel strengths).
 Table 36: Typical Properties of Low-Solids PAC/CMC Muds
 Density(lb/gal)
 PlasticViscosity
 (cPs)
 YieldPoint
 (lb/100 ft2)
 Gels10 sec/10min
 (lb/100ft2)Chlorides
 (mg/L)
 APIFiltrate
 (cm3/30 min)Hardness
 (mg/L) pH
 9 4-6 8-12 4-8 6-10 <2000 10-12 <200 9.0-9.5
 12 8-10 10-15 6-12 10-15 <2000 6-8 <200
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 Principal Additives of Low-Solids PHPA Muds
 Bentonite - Bentonite is added for viscosity and filtration control. Since PHPA polymer effectivelyencapsulates bentonite particles and limits hydration. It is recommended to prehydrate bentonitebefore adding PHPA.
 Xanthan Gum - is used to give the fluid viscosity. Xanthan Gum will allow accurate control of the lowshear viscosity to prevent cuttings and barite settlement.
 Caustic Soda/Caustic Potash - NaOH or KOH is added sparingly for pH and corrosion protection.The pH of the mud should not exceed 9.5 unless conditions dictate otherwise. At this pH all hard-ness will be precipitated out. Magnesium hardness has a very detrimental effect on polymer per-formance and should be eliminated from the system.
 PHPA - PHPA is added to provide inhibition through encapsulation of the drill cuttings. Further inhibi-tion is thought to take place by polymer plugging of small micro fractures along the borehole wall,which prevents hydration of clays. PHPA is also a secondary viscosifier and can provide some fil-tration control.
 Sodium Polyacrylate - Sodium polyacrylate (SPA) is added for filtration control. Calcium hardnessshould be less than 400 mg/L in order for SPA to function effectively and economically.
 Soda Ash - Soda ash is added to precipitate calcium from makeup water. This not only allows betterhydration of clays, but also will maximize the effectiveness of fluid loss additives.
 Typical Properties of Low-Solids PHPA Muds
 Low-Solids PHPA Muds have similar properties to the Low-Solids PAC/CMC Muds and Ben-ExMuds. Table 38 lists typical properties for 9 lb/gal and 12 lb/gal Low-Solids PHPA mud.
 Table 37: Principal Additives of Low-Solids PHPA Mud
 Additive Concentration, lb/bbl Function
 Bentonite 5 - 15 ViscosityFiltration Control
 Xanthan Gum 1.25 -2.0 Viscosity
 Caustic Soda/Caustic Potash
 for pH 9.0 - 9.5 Alkalinity
 PHPA 1.0 Solids EncapsulationBorehole Stability, Viscosity
 SPA 0.25 - 0.5 Filtration Control
 Soda Ash 0.25 - 0.75 Teat out Ca++
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 Table 38: Typical Properties of Low-Solids PHPA Muds
 Density(lb/gal)
 PlasticViscosity
 (cPs)
 YieldPoint
 (lb/100 ft2)
 Gels10 sec/10min
 (lb/100ft2)
 APIFiltrate
 (cm3/30 min)
 9 4 - 6 10 - 14 5 - 8 6 - 10 10 - 12
 12 8 - 10 12 - 20 6 - 12 10 - 15 6 - 8
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 Advantages/Disadvantages of Non-Dispersed Polymer Muds
 Table 39: Advantages/Disadvantages of Polymer Muds
 Advantages Disadvantages
 High ROP in hard formations Limited Use
 Shear thinning/lower ECD Irreversible adsorption of the polymer on clays
 Good hole cleaning Low temperature stability
 Easy to run Solids intolerant
 Easily converted to a deflocculated system
 Requires more dilution than deflocculated systems
 Does not disperse solids Fluid loss control not economical
 More corrosive than deflocculated systems
 Sensitive to contaminants/carbonate contamina-tion difficult to treat
 Density increase difficult
 Not inhibitive
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 Contamination - Non-Dispersed Polymer Muds
 Table 40: Contaminant Treating of Non-Dispersed Polymer Muds
 Contaminant Symptom Treating Procedure
 High Solids Increasing retort solids, PV, YP, gels, MBT. Thick mud on bottoms-up after trips. High flowline viscosity.
 Major dilution. Improve solids removal. Centrifuge mud.
 Cement Increasing funnel viscosity, pH, PM, PF, Ca++, YP, gels, fluid loss.
 Treat out cement contamination (Ca++) bicarb, and/or SAPP. Dilute with freshwater. Increase PF to limit Ca++ stability. May require defloccu-lant or breakover to lime mud.
 Salt/Saltwater Well flow. Increasing Chlorides, Marsh funnel viscosity, YP, gels, fluid loss. Top water separation. Decreasing pH, PM, PF. Possible decrease in mud density.
 Increase mud density to stop flow. Dilute with freshwater to reduce chlo-rides. May need deflocculant depend-ing on severity of problem. Add PAC for filtration control. Consider convert-ing to Saturated Salt Mud if massive salt to be drilled.
 Gypsum/ Anhydrite
 Treat out Ca++ with soda ash, bicar-bonate, SAPP. Add freshwater. May require deflocculant.
 Carbonates CO2 (Not likely to cause problem in KOH-Lime Muds.)
 Increasing MF, gels, especially 10-minute gel. Rheology hard to control. Decreasing PM, pH.
 Add lime to control PM and KOH to control PF. Ensure clay solids are at low end of acceptable range.
 Poor Product Quality
 Increased treating amounts-fre-quency. Product packaging change. Inability with standard treatments.
 Document product’s history through supplier. Set up sampling and testing program. Pilot test against good material.
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 Potassium-Based Muds
 Potassium-based muds are used in areas where inhibition is required to limit chemical alteration ofshales. Potassium performance is based on cationic exchange of potassium for sodium or calciumions on smectites and interlayered clays. The potassium ion compared to calcium ion or otherinhibitive ions, fits more closely into the clay lattice structure, thereby greatly reducing hydration ofclays. Potassium-based muds perform best on shales containing large quantities of smectite orinterlayered clays in the total clay fraction. Shallow shales, containing large amounts of montmoril-lonite, however, still swell in a potassium-based system. The benefits may not justify the cost ofusing a potassium-based mud in this type of environment.
 Potassium interactions with clay surfaces can be traced to two effects: ionic size and hydrationalenergy. Potassium ions are of the proper size to fit snugly into the spaces between the two silicatetrahedral layers which contact each other in the formation of a three-layer clay packet. The ionicdiameter of potassium is 2.66 Å, very close to the available distance of 2.8 Å in the lattice space ofthe clay structure. A cation slightly smaller than 2.8 Å is desirable to allow for crystalline compac-tion.
 Stabilization of problem shales by potassium ions appears to take place in the following manner.When montmorillonite is present, potassium exchanges for sodium and calcium and results in amore stable, less hydratable structure. When illites are present, the potassium replaces anyexchangeable cation impurities in the structure. The potential for further base exchange is sub-stantially reduced after K+ substitution, and the shale is more stable. In mixed-layered clays, potas-sium works both on the illite and the montmorillonite and reduces the amount of differentialswelling that occurs. Therefore, potassium cations stabilize shales which have a larger percentageof illite or illite/smectite layer combinations.
 Several general statements can be made regarding whether a potassium-based mud should beused on a particular shale. These generalizations are based on the results of laboratory and fieldtests. The potassium cation performs best on shales containing large quantities of illite or inter-lay-ered clays in the total clay fraction. This is true as long as the shale is not an extremely hard, brittlevariety with a matrix containing numerous microfractures. In these cases, a small percentage ofthe total swelling potential may be sufficient to jeopardize the wellbore. Intrusion of fluid along themicrofractures helps to accelerate swelling. Even an 80% reduction in hydration may not beenough to stabilize the formation. However, these shales have been drilled successfully withpotassium-based muds containing asphalts and asphaltenes. Potassium-based muds have alsobeen used to drill very hard illitic shales. Ideally, shales of this type should be tested before a defi-nite recommendation is made.
 Shales that contain large amounts of montmorillonite will still swell, to some extent, in a potas-sium-based mud system. The degree of inhibition required for these shales may not be sufficientto justify the cost of using a potassium-based system, particularly since most shales of this typeappear at shallow depths (gumbo). Extremely large potassium treatments are required for thebase exchange to occur, particularly in large holes with a high penetration rate. Again, testing ofthe particular shale should be done to decide whether the degree of inhibition justifies the costs. Ifcuttings dispersion, rather than hole erosion, is the main concern, then a potassium-based mudsystem may reduce the problem significantly.
 The benefit of laboratory testing before using a potassium-based inhibitive fluid in a problem shalezone cannot be overemphasized. If core material is available from an offset well, an entire seriesof laboratory tests, including x-ray analysis, absorption isotherm, swelling, and dispersion studiesshould be performed. If cores are not available, then dispersion tests on cuttings from a previouswell in the area can be used to obtain information. Without samples of any kind, an estimate as to
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 the type of shale to be encountered must be based on the depth of burial, geologic correlation, andavailable logging data.
 Base exchange reactions with cations in the shale, cuttings, and wellbore (also with cations on thesurfaces of clay added to the drilling fluid), effectively reduce the potassium level in the mud asdrilling proceeds. Since a sufficient concentration must be maintained at all times to guaranteeinhibition, an excess of potassium should be maintained in the system.
 The theory of ionic inhibition of each of the systems is essentially the same; however, selection ofthe particular system to use will depend on one or more of the following factors: operator’s prefer-ence, mud densities required, types of formations to be drilled, temperatures expected, fluid lossrequired, rig equipment, and available solids control equipment. The importance of proper solidscontrol also cannot be overemphasized.
 The main concern when using any of these systems is that enough potassium be available forbase exchange with an excess remaining in solution. If the potassium level ever falls below therequired amount, the clays or shales will begin hydrating, leading to borehole instability and mudproblems. If sufficient remedial treatment is not made quickly, the entire advantage of potas-sium-based mud systems could be lost.
 KCl-Polymer (KCl-PHPA) Muds
 KCl-Polymer Muds were developed to provide wellbore stability and minimize cuttings dispersion.When properly formulated, benefits such as low formation damage and high return permeabilityencourage their use for drilling water-sensitive formations. Potassium chloride (KCl) muds not onlyuse a wide variety of potassium chloride concentrations from 3 to 15 wt%, but also a wide varietyof types and concentrations of polymers. For KCl muds to be economical, drill solids concentra-tions should be low and efficient solids control practices must be used. For additional informationon KCl-PHPA muds, see Appendix C.
 Principal Additives of KCl - Polymer Muds
 KCl-Polymer Muds with low KCl concentrations (typically 3-5 wt%) and low densities are easy tomaintain when drilling harder formations. However, when increased densities are required, mudcomposition is more complicated and mud properties are more difficult to control. Materials andconcentration ranges for KCL-Polymer Muds are listed in Table 41.
 Potassium Chloride (KCl) - Potassium chloride is used to inhibit clay hydration. The amount of KClactually needed for inhibition is difficult to determine. Older formations which contain nonswellingclays, require KCl levels in the 3 to 5 wt% range; whereas, younger shales containing hydratable
 Table 41: Principal Additives of KCl-Polymer Mud
 Additive Concentration, lb/bbl Function
 Potassium Chloride 5 - 60 Inhibition Source of K+ion
 Caustic Potash 0.25 - 0.75 Alkalinity Control, Source of K+ion
 Starch 3 - 6 Filtration Control
 PAC 0.5 - 1.0 Filtration Control
 Lignite 2 - 4 HTHP Filtration Control
 “Proprietary - for the exclusive use of BP & ChevronTexaco”
 Rev. 01/2002 Water-Based Drilling Fluids 10-44

Page 365
                        

Drilling Fluids Manual
 clays, require KCl levels up to 15 wt%. Other sources of K+ may also be used - especially if thereare environmental restrictions on chlorides - with little or no effect on performance, e.g., KNO3,KC2H3O2, K2CO3, and K4P2O7.
 Caustic Potash - Caustic potash (KOH) is added for alkalinity control in a KCl-Polymer Mud ratherthan caustic soda because it provides pH control without introducing potentially destabilizingsodium ions. Generally, a pH range of 9.5-10.5 is considered optimum for running KCl-Polymermuds since high pH has a detrimental effect on polymer adsorption. However, in some cases, par-ticularly in coring applications, a neutral pH (7-8) is desired.
 Xanthan Gum - Biopolymers such as XC or XCD are used for viscosifying KCl-Polymer Muds eitherby replacing or supplementing prehydrated bentonite. Although KCl-Polymer Muds may display ahigh yield point, they may not be capable of adequately suspending barite; therefore, small quanti-ties of xanthan gum are added to provide the required suspension properties.
 Polyanionic Cellulose/Carboxymethylcellulose (PAC/CMC - Cellulosic polymers are added for fil-tration control. When chloride concentrations are below 50,000 mg/L, either technical-grade orregular-grade CMC are used for filtration control rather than PAC. High-viscosity CMC is generallynot used because it can have a deflocculating effect; therefore, pilot testing should always be per-formed prior to treatment.
 Starch - Starch is added for filtration control in KCl muds. A modified starch (starch treated with a bio-cide) is preferred. Modified starches are generally potato-based rather than corn-based and havea thermal stability of approximately 250×F. Conventional pregelatinized corn starch may be used.However, it has a slightly lower thermal stability and can bacterially degrade.
 PHPA - Partially hydrolyzed polyacrylamide (PHPA) is primarily added to encapsulate solids and pro-vide inhibition. Since PHPA purities vary from vendor to vendor, actual PHPA concentration shouldbe ascertained to prevent over or undertreatment of the mud. PHPA is sensitive to calcium andmagnesium ions. Calcium hardness should be less than 400 mg/L before adding PHPA.
 Gilsonite - A mined asphalt-like powder, gilsonite is used to plug microfractures and bridge depletedsands.
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 Operating Parameters
 The most common cause of problems in a KCl-Polymer Mud is inadequate polymer concentration.If the polymer concentration is too low, it allows shale cuttings to disperse thus causing viscosityincreases and making polymer additions difficult. Solids control is essential for running KCl-Poly-mer Muds.
 Table 42 lists typical properties for KCl-Polymer Muds.
 System Makeup
 KCl-Polymer Muds should be built from scratch as follows:
 1. Treat makeup water with 0.25 lb/bbl soda ash and 0.12 lb/bbl caustic potash to remove calciumand magnesium. However, if the makeup water does not contain magnesium, the caustic potashmay be omitted.
 2. To mix polymers, start with the viscosifying polymers first. If the mud becomes too thick to effi-ciently pump, add potassium chloride. The salt will reduce the viscosity. Adjust pH range to9.0-9.5. After the viscosity has been reduced, add the remaining polymers.
 3. Add barite and allow mud to stir until needed. Check viscosity and density frequently as the viscos-ity may drop after initial mixing. If settling occurs, add additional viscosifying polymers or prehy-drated bentonite.
 Table 42: Typical Properties of KCl-Polymer Muds
 Density(lb/gal)
 PlasticViscosity
 (cPs)
 YieldPoint
 (lb/100 ft2)
 Gels10 sec/10min
 (lb/100ft2)
 APIFiltrate
 (cm3/30 min)
 9 - 10 12 - 25 10 - 20 6 - 8 8 - 20 10 - 12
 10 - 11 15 - 25 10 - 20 2 - 8 8 - 15 5 - 8
 11 - 12 15 - 35 7 - 15 2 - 8 5 - 15 3 - 6
 12 - 14 20 - 40 6 - 15 2 - 6 5 - 15 2 - 4
 14 - 16 25 - 45 6 - 15 2 - 6 5 - 12 2 - 4
 16 - 18 30 - 45 6 - 8 2 - 5 5 - 9 1 - 3
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 Table 43 gives typical KCl-Polymer Mud materials concentrations for different mud densities.Since this type of system is rarely converted from a spud mud only one concentration for eachproduct is given.
 Note:These product additions should only be used as a guide or starting point. Final formulationsshould be pilot tested before mixing on the rig.
 Maintenance - KCl-Polymer Muds are maintained by controlling low-gravity solids below 6 volume %and maintaining adequate polymer concentration. While drilling, constant additions of PAC andPHPA are required to keep the mud in good condition. Because PHPA degrades as it is shearedthrough the drill bit, new PHPA must be continually added to replenish the high-molecular-weightfraction, which is thought to be responsible for inhibiting reactive clays via encapsulation. Monitor-ing the appearance of the cuttings and the MBT of the mud can indicate when additional PAC andPHPA polymer are needed. Starch may be added for additional filtration control.
 Both PHPA and PAC are thought to adsorb on solids (especially clays), although only PHPAappears to inhibit shale dispersion (this process is known as encapsulation). Since PHPA and PACare continually depleted by adsorption, it is crucial to remove drill solids as quickly as possible.Incorporating solids into the mud will require more dilution and higher concentrations of PHPA andPAC, hence higher mud costs. As with most muds, low-gravity solids should be maintained at orbelow 6 volume %. To compensate for loss of PHPA via adsorption and degradation through thebit, the rule of thumb used in the field is to add 1 lb/bbl of PHPA for every 110 ft drilled.
 Troubleshooting
 Major problems associated with KCl-Polymer Muds are attributed to: high solids, cement contami-nation, and poor product quality. High solids should immediately prompt the examination of solidscontrol practices and/or equipment.
 Drilling cement can have a drastic effect on mud properties. If the solids concentration is high, theviscosity of the mud will generally increase; however, if the solids concentration is low and the mudcontains few reactive solids, the viscosity of the mud will decrease. Small amounts of cement canbe treated with sodium bicarbonate; however, if large amounts of cement are to be drilled, treat-ment with bicarb and lignite can be used to reduce mud alkalinity. Table 44 lists several contami-nants, properties affected and treating strategies.
 Table 43: Typical Material Concentrations for KCl-Polymer Muds
 Concentration, lb/bbl
 MudDensity(lb/gal)
 Water(bbl)
 CausticPotash KCl
 XanthanGum LV
 PACReg Starch Barite
 ACTIVEPHPA
 10.0 0.92 0.25 35.0 1.0 --- 1.5 4.0 0 1.0
 12.0 0.84 0.25 31.0 1.0 --- 1.5 4.0 124 1.0
 14.0 0.76 0.50 28.0 0.75 1.5 --- 4.0 238 0.75
 16.0 0.73 0.50 27.0 0.50 1.0 --- 3.0 295 0.75
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 Shearing of PHPA Muds: Cutting Down on Problems
 Problems in the field - “fish eyes,” excessive viscosities, extensive mixing times and coating,and/or plugging of shaker screens - often arise when attempting to mix some types of dry (pow-dered) PHPA through conventional mixing hoppers.
 A mixing and shearing system which minimizes these problems consists of a Flo Trend Jet ShearMixer coupled to an Echols Homogenizer, which is capable of preparing a pre-mix of 3-6 lb/bblPHPA in a 50,000 mg/L chloride brine. This concentrate can be added to the active system asrequired to maintain the desired PHPA concentration and molecular weight distribution.
 The need for moderate shear, such as that provided by the Jet Shear Mixer/Homogenizer system,arises from the high molecular weight of some brands of PHPA, such as ASP-700, POLY PLUSDRY, ALCOMER HD, and MON PAAL. Although high molecular weight is beneficial for flocculationof clays and inhibition of shales, it also poses handling and mixing problems like the onesdescribed above. Brands of PHPA such as ALCOMER 120, PA 469, and ALCOMER 120CC, haveconsiderably lower molecular weights. Although these lower molecular weight polymers appear topresent few handling and mixing problems, they do not inhibit shales very well. In the course of ourresearch, we found that we could produce a PHPA polymer that would both be easy to handle andprovide substantial inhibition.
 Table 44: Contaminant Treating of KCl-Polymer Muds
 Contaminant Indicators Treating Strategy
 High Solids Increasing PV, YP, retort solids, MBT. Mud thick on bottoms-up after trips.
 Major dilution. Improve solids removal. Centrifuge mud.
 Cement Increasing PM, PF, pH, YP gels, fluid loss, and funnel viscosity.
 Minor dilution. Treat with bicarb and/or SAPP. When rheology stabi-lized, add starch or PAC to control fil-tration properties.
 Poor ProductQuality
 Change in product packaging. Increased treating amounts or fre-quency. Erratic mud properties.
 Document product quality history through supplier. Arrange for regular sampling and testing.
 Saltwater/Salt Increasing chlorides, Marsh funnel viscosity, yield point, gel strengths, fluid loss.
 Increase density to kill flow. Convert to Saturated Salt Mud if massive salt to be drilled.
 Gyp/Anhydrite Increasing Ca++, YP, gel strengths, fluid loss. Decreasing pH, PM, PF.
 Treat with SAPP, soda ash, or potas-sium carbonate. Add deflocculant to control rheological properties, if nec-essary.
 Carbonates Increasing MF, YP, gel strengths. Decreasing pH, PM, PF. Thick mud on bottoms-up after trip. High flow-line viscosity.
 Run GGT for accurate analysis. Raise pH above 10.7 with KOH. Add lime to treat out carbonates. Ensure low-gravity solids are maintained in acceptable range.
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 The answer lies in subjecting high-molecular-weight PHPA to moderate shear. Long polymer mol-ecules are susceptible to physical degradation in a shear field, i.e., the polymer chains actuallybreak to form lower molecular weight material. The degree of degradation increases with increasein shear and molecular weight. With the Jet Shear Mixer/Homogenizer system (or an equivalent),high-molecular-weight PHPA is degraded sufficiently to permit easy handling and mixing, but notso much that its molecular weight is too low to provide shale inhibition. On the other hand, theshear experienced in a drill bit nozzle is generally so high (100 to 1000 times greater than the JetShear Mixer/Homogenizer) that the polymer is degraded to a molecular weight too low to providemuch, if any, inhibition. Consequently, it is necessary to continually add extra pre-mix while drilling,i.e., PHPA is added not only to compensate for the amount adsorbed on the wellbore and cuttings,but also for the amount degraded through the drill bit. In this regard, care must be exercised ininterpreting the results of any test method for measuring the concentration of PHPA in the mud(CRON 91003ART0090); this test gives a value for the total amount of PHPA, without regard forthe molecular weight distribution.
 It is theoretically possible to synthesize PHPA with a molecular weight distribution that has goodhandling/mixing properties and also gives a high level of shale inhibition. But until that “new andimproved” PHPA comes to market, the method described above will have to suffice. There isanother product, however, that may fill that need. Recently Allied Colloids began to market ahigh-molecular-weight dry PHPA which is coated with a crystalline material that is purported todelay polymer hydration long enough for the powdered polymer to disperse. Initial experienceswith ALCOMER 110RD in Canada have been positive.
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 Glycol
 Introduction
 Water-soluble glycol’ is added to drilling fluids to enhance their inhibitive qualities. The glycol isadded as a liquid and is usually maintained as a percentage of the aqueous phase (2 to 5% byvol.). Each of the major drilling fluid contractors market a selection of glycols, which are conven-tionally added as a supplement to inhibited polymer based systems such as KCl/Polymer.
 The glycol functions by coating shales and by interfering in the filtrate mechanism. The inhibitiveeffect uses the change in solubility, which for each given glycol, occurs within a specified tempera-ture range and salinity and should occur down hole.
 Cloud Point
 When looking at a sample of water with glycol added at room temperature, if the glycol is com-pletely soluble the glycol should not be visible, then as we increase the temperature, the glycol willcome out of solution and its opacity increases turning cloudy. If the temperature continues toincrease, complete separation of water and glycol will occur. The point at which glycol is of benefitto a drilling fluid is when glycol is only partially insoluble and is referred to as the ‘Cloud Point’. Ifthe glycol is to be effective, this phenomenon must be engineered to occur while the fluid is in thehole. Cloud point should occur at temperatures in the region of the bottom hole circulating temper-ature (BHCT) the partially insoluble glycol would then be available to be absorbed by shale,thereby forming a protective seal on the shale to restrict water absorption. The combined mixtureof water and insoluble glycol should restrict the passage of filtrate through the filter cake and aidthe formation of a thin low permeability filter cake, these properties of glycol will reduce shale dis-persion, hydration and lower filtrate loss to the wellbore.
 To engineer this process for the benefit of inhibition, a glycol must be selected, which is compatiblewith the drilling fluid and the temperature gradient of the well. The two factors effecting solubilitybeing temperature and salinity. The selection process is complex and should be made by the drill-ing fluid contractor. The Table 45 (provided by BHI) gives an indication of how the Cloud point willvary for different glycols. The different glycols must not be mixed, it is important that only one typeis sent to the well site.
 Table 45: Cloud Point Properties
 Glycol KCl System Salinity Temperature
 Type (mg/L. Chlorides) °F °C
 A 25,000 to 108,000 42 –130 6 - 55
 B 25,000 to 108,000 104 – 241 40 - 116
 C 25,000 to 108,000 92 - 242 33 - 117
 D 78,000 to 108,000 195 - 286 90 - 141
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 Principal Additives of Glycol Treated Fluids
 Glycol is only used with low solids polymer muds. Materials and concentration ranges for Glycoltreated fluids are listed in Table 46
 Operating Parameters
 The most common cause of problems in a Glycol treated Mud is inadequate glycol concentration.If the glycol concentration is low, shale cuttings dispersion will increase. The impact on fluid perfor-mance will be affected and dilution volume will be increased and down hole loss of filtrate willincrease. There may be minimal indication to fluid properties, but the overall impact will be nega-tive.
 Table 47 lists typical properties for Glycol treated fluid.
 System Makeup
 Glycol Muds should be built from scratch as follows:
 Table 46: Principal Additives of Glycol Muds
 Additive Concentration, lb/bbl Function
 Xanthan Gum 1 - 1.5 ViscosityFiltration Control
 Starch 4 - 6 Filtration Control
 Caustic Soda for pH 9.0 - 11.0 Alkalinity Control
 Soda Ash 1 - 3 Calcium Removal
 PAC 0.25 - 1.5 Filtration ControlViscosity
 Salt (NaCl) 125 Weight MaterialInhibition
 Table 47: Typical Properties of Glycol Treated Fluids
 Density(lb/gal)
 PlasticViscosity
 (cPs)
 YieldPoint
 (lb/100 ft2)
 Gels10 sec/10min
 (lb/100ft2)
 APIFiltrate
 (cm3/30 min)
 9 - 10 12 - 25 10 - 20 6 - 8 8 - 20 10 - 12
 10 - 11 15 - 25 10 - 20 2 - 8 8 - 15 5 - 8
 11 - 12 15 - 35 7 - 15 2 - 8 5 - 15 3 - 6
 12 - 14 20 - 40 6 - 15 2 - 6 5 - 15 2 - 4
 14 - 16 25 - 45 6 - 15 2 - 6 5 - 12 2 - 4
 16 - 18 30 - 45 6 - 8 2 - 5 5 - 9 1 - 3
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 1. Treat makeup water with 0.25 lb/bbl soda ash and 0.12 lb/bbl caustic potash to remove calciumand magnesium. However, if the makeup water does not contain magnesium, the caustic potashmay be omitted.
 2. To mix polymers, start with the viscosifying polymers first. If the mud becomes too thick to effi-ciently pump, add potassium chloride. The salt will reduce the viscosity. Adjust pH range to9.0-9.5. After the viscosity has been reduced, add the remaining polymers.
 3. Add barite and allow mud to stir until needed. Check viscosity and density frequently as the viscos-ity may drop after initial mixing. If settling occurs, add additional viscosifying polymers or prehy-drated bentonite.
 Table 48 gives typical KCl-Polymer Mud materials concentrations for different mud densities.Since this type of system is rarely converted from a spud mud only one concentration for eachproduct is given.
 Note:These product additions should only be used as a guide or starting point. Final formulationsshould be pilot tested before mixing on the rig.
 Maintenance - Glycol treated fluids are maintained by controlling low-gravity solids below 6 volume %and maintaining adequate polymer concentration.
 Troubleshooting
 Major problems associated with Glycol treated muds are attributed to: high solids, cement contam-ination, and poor product quality. High solids should immediately prompt the examination of solidscontrol practices and/or equipment.
 Drilling cement can have a drastic effect on mud properties. If the solids concentration is high, theviscosity of the mud will generally increase; however, if the solids concentration is low and the mudcontains few reactive solids, the viscosity of the mud will decrease. Small amounts of cement canbe treated with sodium bicarbonate; however, if large amounts of cement are to be drilled, treat-ment with bicarb and lignite can be used to reduce mud alkalinity. Table 49 lists several contami-nants, properties affected and treating strategies.
 Table 48: Typical Material Concentrations for KCl-Polymer Muds
 Concentration, lb/bbl
 MudDensity(lb/gal)
 Water(bbl)
 CausticPotash KCl
 XanthanGum LV
 PACReg Starch Barite
 Glycol%vol
 10.0 0.92 0.25 35.0 1.0 --- 1.5 4.0 0 3%
 12.0 0.84 0.25 31.0 1.0 --- 1.5 4.0 124 3%
 14.0 0.76 0.50 28.0 0.75 1.5 --- 4.0 238 3%
 16.0 0.73 0.50 27.0 0.50 1.0 --- 3.0 295 3%
 18.0 0.69 0.50 25.0 0.50 1.0 --- 3.0 354 3%
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 Table 49: Contaminant Treating of Glycol Treated Muds
 Contaminant Indicators Treating Strategy
 High Solids Increasing PV, YP, retort solids, MBT. Mud thick on bottoms-up after trips.
 Major dilution. Improve solids removal. Centrifuge mud.
 Cement Increasing PM, PF, pH, YP gels, fluid loss, and funnel viscosity.
 Minor dilution. Treat with bicarb and/or SAPP. When rheology stabi-lized, add starch or PAC to control fil-tration properties.
 Poor ProductQuality
 Change in product packaging. Increased treating amounts or fre-quency. Erratic mud properties.
 Document product quality history through supplier. Arrange for regular sampling and testing.
 Saltwater/Salt Increasing chlorides, Marsh funnel viscosity, yield point, gel strengths, fluid loss.
 Increase density to kill flow. Convert to Saturated Salt Mud if massive salt to be drilled.
 Gyp/Anhydrite Increasing Ca++, YP, gel strengths, fluid loss. Decreasing pH, PM, PF.
 Treat with SAPP, soda ash, or potas-sium carbonate. Add deflocculant to control rheological properties, if nec-essary.
 Carbonates Increasing MF, YP, gel strengths. Decreasing pH, PM, PF. Thick mud on bottoms-up after trip. High flow-line viscosity.
 Run GGT for accurate analysis. Raise pH above 10.7 with KOH. Add lime to treat out carbonates. Ensure low-gravity solids are maintained in acceptable range.
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 Silicate System
 Introduction
 The Silicate System utilizes soluble silicate combined with either NaCl or KCl, to provide a veryinhibitive water based drilling fluid. The inhibiting process that develops with the use of Silicatesmakes the system unsuitable for reservoir intervals as severe formation damage may occur.The prevention of hydration and dispersion of clays and chalk are achieved by the following reac-tions:
 1. Silicate added to the system will only stay in solution if the pH is >10.4 (drilling fluid pH is kept above 11.0). When the drilling fluid filtrate and the pore fluids (pH ±7) come into contact, the fluid at the point of contact will become gelatinous and its resulting viscosity prevents fluid penetrating the cutting and the wellbore
 2. The drilling fluid filtrate containing silicate will react when contaminated by calcium or magnesium. The reaction with these divalent cations results in an insoluble precipitate, which will plug the pore throat, preventing liquid and pressure penetrating cuttings and the wellbore.
 3. Sodium and Potassium assist the process by exchanging with Ca++ and Mg++ at the clay surface making them available for the silicate reaction. This process will also reduce the time taken to form the gelatinous reaction, mentioned in point 1.
 Operating Parameters
 The most important parameter with the Silicate system is depletion. Depletion rates will be highwhen:
 • first displaced to the hole
 • contaminated by Mg2+ or Ca2+ (Cement and when drilling Anhydrite)
 • drilling reactive formations shale and clay
 • when the temperature is above 200ºF (95º C)
 It is therefore very important that the level of SiO2 to Na2O are monitored as the mud enters andleaves the wellbore. The silica-to-sodium ratio also is very important. The best ratio between silicaand sodium for shale inhibition ranges from 2.0:1 to 2.65:1. Higher SiO2 to Na2O ratios do notimprove inhibition and can result in unstable flow properties.
 Table 50: Important Properties
 for the Silicate System.
 Test Value
 SiO2 45,000 - 55,000 mg/L
 Na2O 50 - 55%
 pH 11.8 - 12.3
 Pf/Mf 25-35/35-45
 MBT <15
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 Principal Additives of Silicate Muds
 Materials and concentration ranges for silicate systems are listed in Table 51.
 System Makeup
 Silicate fluids must be built from scratch as follows:
 1. Treat makeup water with 0.25 lb/bbl soda ash and 0.12 lb/bbl caustic potash to remove calciumand magnesium.
 2. To mix polymers, start with the viscosifying polymers first. If the mud becomes too thick to effi-ciently pump, add potassium chloride. The salt will reduce the viscosity. Adjust pH range to9.0-9.5. After the viscosity has been reduced, add the remaining polymers.
 3. Add barite and allow mud to stir until needed. Check viscosity and density frequently as the viscos-ity may drop after initial mixing. If settling occurs, add additional viscosifying polymers or prehy-drated bentonite.
 Note:These product additions should only be used as a guide or starting point. Final formulationsshould be pilot tested before mixing on the rig
 Table 51: Typical Formulation for Silicate Systems
 Maintenance - Silicate fluids are maintained by controlling low-gravity solids below 6 volume % andmaintaining adequate polymer concentration.
 Troubleshooting
 Major problems associated with Silicate systems are attributed to: high solids, calcium and magne-sium contamination. High solids should immediately prompt the examination of solids control prac-tices and/or equipment.
 Table 49 lists several contaminants, properties affected and treating strategies.
 Density 10.0 ppg/1.2 sg
 11.7 ppg1.4 sg
 13.3 ppg1.6 sg
 water 0.83 bbl 0.78 bbl 0.72 bbls
 silicate liquor 0.12 bbl 0.11 bbl 0.10 bbls
 KCl 30 ppb 30 ppb 30 ppb
 Xanthan gum 1.2 ppb 1.1 ppb 1.0 ppb
 PAC L 2 ppb 2 ppb 2 ppb
 starch 4 ppb 4 ppb 4 ppb
 barite 70 ppb 160 ppb 260 ppb
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 Table 52: Contaminant Treating of Silicate Muds
 Contaminant Indicators Treating Strategy
 temperature >95°C
 dilute to re-establish mud properties Reduce chalk solids
 C02 total SiO2 depletion, serious gelling of system decreased pH no filtration control
 Raise ph with Caustic Sodareplace silicatesdilute with fresh mudraise densityreplace polymers
 Anhydrite slight - high SiO2 depletionincreased PV/YPno filtrate controlreduced pH
 replace silicatesdiluteadd polymers
 Cement (green) high SiO2 depletionno filtrate controlreduced viscosity
 replace silicates & polymers
 Zechstein brine total SiO2 depletionincreased PV/YPincreased fluid lossdecrease in pH
 displace system, Silicate unsuitable
 Clay solid slight SiO2 depletionslight increase in PVincreased MBT
 replace silicatesdilute check Solids Control Equipment
 Seawater slight SiO2 depletionslight drop in PV & YPslight increased fluid lossdecreased density
 replace silicatesincrease densitypolymers
 Cement (hard) slight SiO2 depletionslight drop in PV & YPslight increased fluid loss
 replace silicatespolymers
 H2S high SiO2 depletiongelling of systemslight drop in pHincreased fluid loss
 raise pH with Caustic Sodareplace silicatesdilute with new mudraise densityadd scavenger (ironite sponge, zinc oxide)
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 Discussion of silicate depletion
 All of the contaminants reviewed above will deplete silicates to varying degrees. This depletion canbe measured and, in each case steps can be taken to re-establish the silicate levels.
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 HTHP Fluids
 Introduction
 Mud selection and maintenance are absolutely essential to the successful drilling of an HTHP well.The harsh environment presented to the mud has the potential to radically alter its behavior rela-tive to that on a conventional well. The effects of any contaminants will be greatly increased as thethermal energy pushes reaction faster and further.
 Definitions
 HTHP wells are generally considered to be those which encounter bottom hole temperatures inexcess of 300°F (150°C) and pressures which require a mud weight of 16.0 ppg (1.92 s.g) or moreto maintain well control.
 However, from the drilling fluid standpoint, high temperatures can be considered as those abovewhich conventional drilling fluid additives begin to thermally degrade at an appreciable rate. Thisdegradation leads to loss of product function, and system maintenance becomes difficult andexpensive. The majority of mud treatment chemicals derived from natural products begin todegrade at temperatures between 250 and 275°F. However most systems designed for hot wellswould be based on clay and contain lignosulphonates and lignites and would exhibit temperaturestability up to 350°F. However management of these muds above 300°F can be difficult andexpensive.
 Mechanisms of Thermal Degradation
 Thermal degradation can be simplistically thought of as the result of putting so much energy into achemical substance that some portion of its structure can break off or change form. Similar resultscan be effected at lower temperatures by the presence of certain chemicals. Oxygen (from air) canpromote oxidation, water (present in the mud) can promote hydrolysis.
 Whatever the cause, or particular chemical reaction involved, the end result is that at higher tem-peratures formerly stable drilling muds become difficult to control.
 Unfortunately elevated temperatures are usually not the only stresses experienced by drilling flu-ids in high BHT wells. Often chemical contaminants such as the acid gases hydrogen sulfide andcarbon dioxide are also present. Very frequently high mud weights and considerable drilling depthsare part of the overall picture. Long trip times, which leave static, solids laden mud exposed to highlevels of contaminants, put many high temperature muds in exceptionally challenging and stressfulenvironments.
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 Bentonite Muds
 High temperatures both disperse and flocculate bentonite suspensions. Hydration of Montmorillo-nite (the major constituent of commercial bentonite) increases with temperature and pressure andan increased number of day platelets are split from aggregated stacks. A greater number of parti-cles are then present in the suspension and the viscosity of the suspension increases. The split ofaggregated stacks presents fresh surfaces for the adsorption of hydroxyl ions producing a conse-quential drop in pH. This combination of increased surface area and drop in pH will tend toincrease the flocculation within the suspension. Under downhole conditions this creates a demandfor alkali and deflocculant additions. If sufficient deflocculant is not present, or the deflocculantitself is thermally degrading, sever flocculation or gelation can occur. This condition is most com-monly reached on a trip and problems re-establishing circulation can be created.
 Figure 3: Temperature Effects on Gel Strengths
 Figure Figure3 shows the effects of temperature on the gelling characteristics of a simple bento-nite suspension (18 ppb) in fresh water. This shows that excessive gelation can occur as tempera-tures approach 120°C (250°F). In practice the actual temperature that triggers thermal flocculationdepends on the fluid's composition The type of bentonite, the type and concentration of drilled sol-ids, the type and concentration of deflocculant and the ionic composition of the liquid phase, allhave an effect on the flocculation process. The reaction of calcium ions with colloidal clays in ahigh alkalinity environment can result in the formation of cement like calcium alumino silicates. Inthese situations extremely high gels can develop and, in the worst cases, the mud may actuallysolidify.
 Polymer Muds
 Temperature effects on polymer muds are mainly due to the effects of temperature on the constitu-ent polymers. In most cases polymer muds are low solids fluids and all have a degree of inhibitionto clay hydration. The problems of increased clay hydration, seen in bentonite muds, is rarely aproblem in polymer systems.
 The polymers are, however, susceptible to thermal degradation. Cleavage of the polymer chainmay be chemical modification of the attached groups. The two primary reactions responsible forpolymer breakdown are oxidation and hydrolysis. Both of these processes can be controlled, tosome degree, by the maintenance of a pH in the range 9.5 - 10.5 and by the use of oxygen scav-engers.
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 Oil Based Muds
 The polar interactions between charged clays and polymers that take place in a water based fluiddo not occur in the non polar continuous phase of an oil mud. Only relatively weak hydrogen bond-ing can occur. These weak forces are readily broken by increases in temperature so thermal gela-tion of oil based muds is not common.
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 Temperature Limits
 The following tables give approximate decomposition temperatures, or practical thermal applica-tion limits, for water based mud products and systems. Correctly formulated oil based muds canperform effectively on wells with bottom hole temperatures as high as 450°F (230ºC).
 Table 53: Product Temperature Limitations
 Products
 Generic Type Temp Limit °F Temp Limit °C
 Guar Gum 225 107
 Starch 225 107
 Biopolymers 250 - 275 120- 135
 HT Starch 275 135
 CMC and PAC 275 135
 Lignosulfonate 250 - 325 120- 160
 Standard Lignite 300 - 350 150- 175
 Modified Lignite 350 – 400 50175 – 230
 Synthetic poly-mers
 400- 500 205 - 260
 Table 54: Fluid Systems Temperature Limitations
 Fluid Systems
 Generic Type Temp Limit
 °F
 Temp Limit °C
 Non Dispersed Polymer 275 135
 NDP – High Temperature Formulation 350 175
 Bentonite/FCL 300 150
 Bentonite/FCL/Lignite 350 175
 Bentonite/Modified
 Lignite/Polymer Blends 400 205
 Synthetic Polymers (PHPA, PA, SSMA, VSA etc.)
 400 - 500 205 - 260
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 Extending Temperature Limits
 To increase the thermal stability of mud products and systems it is necessary to inhibit the mecha-nisms that cause product failure and/or to substitute the constituent parts of a system that are thefirst to lose product function.
 The life of polymers can be extended by minimizing the reactions that cause severing of the poly-mer chains. Primarily these reactions are hydrolysis and oxidation. Hydrolysis can be minimizedby maintaining a pH in the range 9.5 - 10.5 and oxidation can be avoided by the use of an oxygenscavenger. This approach alone will extend the thermal stability of most systems by approximately25°F. Some heavy metals are believed to catalyze the breakdown reactions and products areavailable that "mop up" these elements.
 Recent work has shown that when polymers are used in formate brines their thermal stability isincreased by as much as 50°F. This is largely due to the formate brines being powerful antioxi-dants.
 Mud Properties
 Both temperature and pressure can have significant effects on mud properties
 Density
 It is important to recognize that mud weight can vary significantly with temperature. This variationis represented by a decrease in density with increasing temperature and is due to the volumetricthermal expansion of the fluid phase. This is particularly true of oil muds as the oil continuousphase has a greater coefficient of expansion then does water.
 Rheology and Gel Strength
 In commonly utilized oilfield drilling fluids all rheological properties decrease with increasing tem-perature. However under downhole conditions this effect may be reduced by increased pressuresand may be completely reversed (i.e. viscosity will increase) by the increased hydration and floc-culation of commercial days and drilled solids. The presence in the wellbore of contaminants suchas calcium, magnesium and carbon dioxide can, under high temperature conditions, cause therheology of a water based mud to increase to such an extent that it becomes unpumpable. Theviscosity of oil based and synthetic fluids also increase with applied pressure.
 Filtrate
 Both API and HTHP filtrate increase with increasing temperature. This is largely due to loss ofproduct function, and to changes in filter cake compressibility with changing temperatures.
 Above differential pressures of 100 psi pressure increases alone have little effect on clay basedmud filtrate indicating the effects of compressible filter cakes.
 In general, polymers maintain there filtration control function well beyond the temperature at whichthey lose any viscosifying capabilities. This is due to the fact that even short, broken polymerchains are capable of functioning as filtrate control agents but not as viscosifiers.
 Alkalinity
 Temperature increases the rate and extent of most chemical reactions. The increased yield ofclays results in more sites being available for reaction with ions, particularly hydroxyl ions. Theend result of this is a reduction in alkalinity and an increase in flocculation. In oil muds the
 “Proprietary - for the exclusive use of BP & ChevronTexaco”
 Rev. 01/2002 Water-Based Drilling Fluids 10-62

Page 383
                        

Drilling Fluids Manual
 increased reaction of lime with surfactants greatly increases with temperature and reductionsin mud alkalinity are common, particularly after lengthy trips. Often the performance of themud will be hindered by the lack of a good excess of lime.
 Methylene Blue Test (MBT)
 When using a water based mud the MBT is one of the most meaningful tests available to indicatethe general condition of the mud. The results of this test give an indication of the amount and sizeof active clays in the mud. In normal wells a non dispersed polymer mud should, for example, havean MBT no greater than 20 lb/bbl. In high weight muds 15 should be considered the upper limit.High temperatures can rapidly increase the yield of commercial bentonite and reactive solids, thisin turn will produce a rapid increase in values obtained from the Methylene Blue Test. Muds withhigh MBTs are susceptible to contaminants that would net normally cause problems in low solidsmuds leg calcium carbonates etc.).
 Flash Point
 When using an oil based mud on HTHP wells, the flowline temperature can approach the flash
 point of the base oil particularly when drilling deep 121/4 intervals. Usually bottom hole tem-
 peratures are too low to cause a problem in 171/2 hole and circulation rates in smaller holediameters allow the mud time to cool as it comes up the annulus. High return mud tempera-tures can have adverse effects on elastomers, can produce undesirable volumes of fumes andpresent a fire risk. Careful management of surface pits can facilitate cooling of the mud but theoverall effect is usually minimal. Some operators advocate the use of mud coolers (heatexchangers) and there is some evidence that, in the right application, this approach can proveeffective.
 Symptoms and Remedial Action
 Symptoms
 Typical symptoms of problems associated with high temperatures are:
 • High viscosity and gel strengths
 • Increased fluid loss
 • Decreased alkalinity
 These problems may manifest themselves as
 • Difficulty in breaking circulation
 • Difficulty running tools to bottom
 • Difficulty in degassing circulated mud
 • Differential sticking tendency
 The first indications of thermal deterioration of the mud system will be seen in bottoms up samplesafter trips. Trips tend to be lengthy on HTHP wells and the mud will have been exposed to nearbottom hole temperature for long periods. It is important that bottoms up mud is tested and theresults used as an indicator of future problems should remedial treatment not be made.
 Remedial Action - Water Based Mud
 • Increased Rheology and Gels:
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 Add water - Due to increased surface area of clays, increased downhole filtration and surfaceevaporation muds at high temperature rapidly become dehydrated
 Decrease solids content - reducing the percentage of low gravity solids in the mud will facilitatethe control of rheology and improve product performance.
 Add deflocculants - If bottoms up samples indicate that the mud is becoming excessively viscousit may be beneficial to increase the concentration of deflocculant/dispersant. Alternatively substi-tute the existing product with one better suited to the bottom hole temperature. Care must be exer-cised when increasing product concentration. Most chemicals will take up free water and this cannegate any beneficial affects of deflocculation.
 Adjust pH - maintenance of adequate alkalinity will decrease flocculation of clays, ensure thatdeflocculants function effectively and minimize hydrolysis of polymers. For most water basedmuds a pH in the range 9.5 - 10.5 should be targeted.
 Increased Filtrate
 Add HT filtrate reducer - if it is apparent that the filtrate cannot be controlled economically withexisting products a more thermally stable product should be used. Often this appears an expen-sive option but usually proves cost effective.
 Remedial Action - Oil Based Mud
 • Increased Rheology and Gels
 • Add Base Oil - Increased filtrate and surface evaporation reduces the total oil content of the
 mud and, if not replaced, will in effect, dehydrate- the system.
 • • Add Oil Wetting Agents - by ensuring that all solids are oil wet the inter particle reac-tions between them are reduced. This results in reductions in viscosity and gel strengths.Care must be taken when adding wetting agents. They are usually concentrated productsthat prove very effective thinners for clay based rheology in oil muds. Over treatment canreduce suspension characteristics to levels that will promote inefficient hole cleaning andmay allow barite sag to occur.
 • Increased HTHP Filtrate
 • Often increases in HTHP filtrate can be readily, and economically, remedied by theaddition of sufficient lime to restore a good (2 - 3 lb/bbl) excess in the mud. If this isnot effective, increased levels of emulsifiers may be required. Ultimately the additionof a dry powder filtrate reducer (e.g. amine lignite, Soltex, gilsonite) may be required.Prior to the addition of this type of product their compatibility with the producing formationmast be established.
 Planning
 The successful application of a fluid in an HTHP environment is greatly influenced by pre jobplanning. Prior to drilling an HTHP interval contingencies must be in place to ensure that thepotential fluid problems, common on HTHP wells, can be anticipated and corrected.
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 Mud Selection
 The type of mud that will be chosen for a particular application will depend very much on factorsother than just the ultimate bottom hole temperature.
 The location of the well may have an influence on selection. If the well is to be drilled in a particu-larly remote or environmentally sensitive area the use of an oil mud, the commonly preferredoption for high temperature applications, may be restricted.
 The anticipated formations and contaminants are important factors in mud selection. Highly dis-persed water based muds may not, for example, be appropriate to drill reactive shales or forma-tions where CO2 or brine flows are predicted. CO2 can have dramatic negative effects on waterbased muds that do not contain lime. However water based muds, heavily treated with lime can beparticularly difficult to stabilize at high temperatures.
 Polymer based muds are subject to degradation by various means at high temperature.
 It can be seen that neither clay or polymer based muds are ideal for high temperature environ-ments. However, by careful choice of materials, relative to the anticipated environment, waterbased muds can be run, with some difficulty, on wells with BHT up to 450°F
 It is, therefore, essential that an appropriate mud system is selected for HTHP applications andthat, as part of the planning process, the formulation of the chosen system is optimized for antici-pated downhole environment and contaminants.
 Barite Sag
 If the well to be drilled is of high deviation (> 30°) part of the fluid formulation optimization mustinclude testing for barite sag potential. The prevention of barite sag represents a major challengeon high angle HTHP wells. The risk can he minimized by laboratory testing and by the selection ofthe most appropriate blend of viscosifying agents.
 Solids Removal Equipment
 Drilled solids are the major contaminant for all drilling fluids The adverse effects of high solids con-tent are amplified in HTHP muds. This type of mud already has a high solids content made up,largely, of weighting agent. There is little free liquid phase available to wet the solids and interpar-ticle action is high. This produces high levels of attrition that reduce particle size and rapidly com-pounds the problem. Any contamination from, for example, carbon dioxide or calcium, will beexacerbated by the presence of large quantities of fine drilled solids. It can be seen that effectivesolids removal is essential to the performance of high density muds, particularly under high tem-perature conditions. Primary separation by shale shakers is usually effective. The highest mudweights are usually encountered in small hole diameters where low flow rates are prevalent. Thisallows the use of fine shaker screens, although a loss of significant amounts of barite must beanticipated if screens finer than 200 mesh (74u) are utilized. Hydrocyclones are rarely effectivewhen dealing with very high solids muds as they tend to rapidly become blocked. Centrifuges canbe effective, when correctly set up.
 Mud Engineers
 It is absolutely essential that the mud engineers supplied to HTHP wells are familiar with the mudsystem to be run. They must also be familiar with all the engineering techniques and contingenciesthat are required to successfully drill such a well. In particular they must be aware Of and be famil-
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 iar with the necessity to keep all relevant personnel aware of all mud transfers and mixing opera-tions.
 • When using water based muds, the techniques required to treat the affects of all possiblecontaminants and thermal gelation.
 The use of hot rolling ovens and Fann 70 rheometer
 • H2S detection, analysis and treatment
 • The formulation and placement procedures for barite plugs
 • General lost circulation techniques and those specific to induced fractures.
 QA/QC
 It is important that a quality control program is established for barite and, when applicable bento-nite. This is particularly important if water based mud is to be used. Contaminants in barite, partic-ularly carbonates, can cause huge problems by flocculating bentonite and drilled solids. Ifbentonite is to be required endeavor to use only sacked Wyoming grade material. Most bulk bento-nite has been peptized to meet specification. The chemicals added during this process can havedisastrous effects on a high solids water based mud.
 Operational Considerations
 When running a water based mud, bottoms up from trips must be carefully observed by the mudengineer. As discussed above, this mud will usually be the worst part of the circulating system. Itmay well be extremely viscous due to clay hydration and loss of product function of deflocculants.If environmental constraints allow, this mud should be dumped. If allowed into the main body of thecirculating system it will do untold damage in respect of increased MBT, rheology and gels.
 Drilling fluids in HT applications generally benefit from frequent additions of base fluid be it wateror oil. Loss of base fluid occurs as downhole filtration and as surface evaporation resulting fromhigh flowline temperatures.
 Notes:
 1. When in HTHP intervals any additions to the mud system should normally be made when circulat-ing but not when drilling. Close monitoring of mud levels for losses or gains is essential while drill-ing and the addition, even closely controlled addition, of fluid to the active pit can cause confusion and doubt.
 2. When running a dispersed water based mud it is vital that the low gravity solids content be keptunder control. There is a tendency among many mud engineers to, control increasing gelstrengths with chemical thinners thus allowing solids to increase to a point where the mudbecomes unmanageable.
 3. The availability of a hot rolling oven and or a Fann 70 rheometer at the rig site will allow "lookahead" rheologies and gels to be run. The reaction of the current mud to anticipated temperaturescan be studied and preemptive treatments made.
 4. Particularly in water based muds, be sure to monitor closely for hydrogen sulfide which may comefrom the formation or from the breakdown of mud products. Suitable treatment products must heon hand at the rig site to render H2S harmless to rig personnel and equipment.
 Suitable lost circulation products must be on hand to cure losses particularly losses to induced
 fractures.
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 Section 11: Oil-Based Drilling Fluids
 Introduction
 An oil-based fluid can be defined as a drilling fluid which has oil as its continuous external phaseand the water, if present, is a dispersed or internal phase. The solids in an oil-based fluid areoil-wet, all additives are oil dispersible and the filtrate of the mud is oil. The water, if present, isemulsified in the oil phase.
 There are two basic classifications of oil-based fluids; invert emulsions and all-oil muds. Theamount of water present will describe the type of oil-based fluid. The oil used in these types ofoil-based fluids can range from crude oil, refined oils such as diesel or mineral oils, or thenon-petroleum organic fluids that are currently available. The latter type fluids - variously calledinvert fluids, pseudo-oils, non-aqueous fluids, and synthetic fluids - are now considered to be moreenvironmentally acceptable than diesel or mineral oils.
 Conventional all-oil muds have oil as the external phase but they are designed to be free of waterwhen formulated or in use. The first, simply referred to as "oil mud," is defined as having 95-100%of its liquid phase oil, with 0-5% unintentional water. This water is usually unintentionally incorpo-rated into the system through numerous sources, most notably from the drilled formations. Sincewater is not usually present, asphaltic type materials and clays are required to control the fluid lossand viscosity. Since there is no water added to this system during the formulation and water addi-tions are avoided if possible while drilling, there is only a minimum requirement for emulsifiers.All-oil muds can withstand small quantities of water; however, if the water becomes a contaminant,the mud should be converted to an invert emulsion. If the water is not quickly emulsified, the solidsin the mud can become water-wet and will cause stability problems. Water-wet solids will blind theshaker screens and loss of whole mud will occur.
 The second type of oil-based drilling fluid is the "invert emulsion" mud. As the name implies, aninvert is an emulsion mud utilizing oil as the continuous or external phase. Brine constitutes thediscontinuous or internal phase of the mud. Typical oil/brine ratios range from 95/5 to 50/50 ininvert emulsion systems. Invert emulsions are oil muds that are formulated to contain moderate tohigh concentrations of water. Water is an integral part of the invert emulsion and usually contains asalt such as calcium or sodium chloride. Special emulsifiers are added to tightly emulsify the wateras the internal phase and prevent the water from breaking out and coalescing into larger waterdroplets. These water droplets, if not tightly emulsified, can water-wet the already oil-wet solidsand seriously affect the emulsion stability. Special lignite derivatives or asphaltites are used as thefluid loss control agents, and bentonite derivatives are used to increase the viscosity and suspen-sion properties of the system. Invert emulsions are usually tightly emulsified, low fluid loss oilmuds. An improvement in drilling rates has been seen when the fluid loss control of the system isrelaxed, thus the name "relaxed" invert emulsion. Also, the relaxed invert emulsions fluids do notuse as much emulsifier as the regular invert emulsion systems.
 Oil Mud Applications
 Oil muds offer many advantages over water based muds. The high initial cost of the oil-based mudcan be a factor in not selecting this type of mud system. However, if the overall drilling costs are
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 considered, the costs accompanying the use of an oil mud are usually less than that for a watermud. Some of the applications of oil-based muds will be described below.
 Shale Stability - Oil muds are most suited for drilling water sensitive shales. Formulated with theproper salinity, oil muds can prevent water movement from the mud into the shale. In some cases,water can actually be drawn from the shale and could result in strengthening. However, it is alsopossible, but very uncommon, to draw too much water from the shale (with too high a salinity) andcause a shale to be less stable. It is desirable to have enough salinity to prevent water migrationinto the shale but not to allow dehydration of the shale. This is the "balanced activity" concept. Therequired salinity is usually determined through field experience. Shale cores that have not beenaltered by the oil mud are necessary to accurately determine the salinity requirements.
 Penetration Rates - Oil-mud formulations can usually drill faster than water muds and still provideexcellent shale stability. Relaxed filtrate invert emulsions usually have a high oil to water contentand some of the additives used to control fluid loss are omitted. These systems do not use the pri-mary emulsifiers, which have been shown to reduce drilling rate, and they do not have the sametemperature stability as conventional invert oil muds. The relaxed type oil muds are especiallysuited to drilling with PDC bits.
 High Temperatures - Oil muds have the ability to drill formations where bottom hole temperaturesexceed water-based mud tolerances, especially in the presence of contaminants. Oil muds havebeen used at temperatures approaching 550°F. Oil muds can be formulated to withstand high tem-peratures over long periods of time, unlike water-based muds, which can break down and lead toloss of viscosity and fluid loss control, as well as corrosion.
 Drilling Salts - Invert oil muds will provide gauge hole and do not leach out salt. The addition ofsalt to the water phase will prevent the salt from dissolving into the emulsified water phase.Water-based mud, even up to saturation and over saturation does not assure that the salts will notbe leached out.
 Coring Fluids - Special oil muds provide a good coring fluid for minimum water saturationchanges. Oil-based coring fluids freuently give low invasion. These fluids are usually water-freeand thus require only a minimal content of emulsifiers. Oil mud emulsifiers are very strong oil-wet-ting agents and can cause oil-wetting of the formation. Oil-based coring fluids will not introduceany water into the core, so determination of water saturation can be more accurately determined. Iflow surfactant concentrations are used, then the invading filtrate will not alter residual water satu-ration.
 Packer Fluids - Oil mud packer fluids are designed to be stable over long periods of time andwhen exposed to high temperatures. Oil muds provide long term stable packer fluids under condi-tions of high temperature since the additives are extremely temperature stable. Since oil is thecontinuous phase, corrosion is almost negligible compared to water muds under the same condi-tions. Properly formulated, oil mud packer fluids can suspend weighting material over long periodsof time.
 Lubricity - The high lubricity offered by oil muds makes them especially suited for highly deviatedand horizontal wells. Along with the higher lubricity, the risk of differential sticking is minimizedwhen using oil muds. An oil mud has a thin filter cake and the friction between the pipe and thewellbore is minimized, thus reducing the risk of differential sticking.
 Low Pore Pressure Formations - The ability to drill low pore pressure formations is easilyaccomplished with oil muds since the mud weight can be maintained at a weight less than that ofwater. Mud weights as low as 7.5 lb/gal can be achieved. Also, oil-based muds provide better filtercakes.
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 Corrosion Control - Corrosion of pipe is controlled since oil is the external phase and coats thepipe. Oil muds offer exceptional corrosion protection due to the non-conductive nature of the oil,and corrosion cells cannot develop since the metal surfaces are oil-wet. The products used in oilmud are very thermally stable and do not degrade to produce corrosive products. Also, bacteria donot thrive in oil muds.
 Re-Use - Oil muds are well suited to be used over and over again. The oil mud can be stored forlong periods of time, since bacterial growth is suppressed. The oil mud can be conditioned beforebeing used again by reducing the drill solids content with mechanical removal equipment.
 Disadvantages of Oil Muds
 The initial cost of oil mud is high, especially formulations based on mineral or synthetic fluids. Thehigh cost can be offset by oil mud buy-back or leasing from the mud service company.
 Kick detection is reduced when using oil muds (compared to that of water based muds) due to highgas solubility in oil muds. Oil muds are costly when lost circulation occurs.
 Greater emphasis is placed on environmental concerns when using oil muds as related to dis-charge of cuttings, loss of whole mud and disposal of the oil mud. Special precautions should betaken to avoid skin contact because emulsifiers, brine, and lime may promote allergic reactionsand irritations. Inhalation of fumes from oil muds can be irritating. Oil muds can be damaging to therubber parts of the circulating system and preclude the use of special oil resistant rubber.
 Oil muds pose potential fire hazards due to low flash points of vapors coming off the oil mud. Min-eral oils and the synthetic fluids have higher flash points than diesel and crude oils. Crude oilsshould be "weathered" before using in oil muds.
 Additional rig equipment and modifications are necessary to minimize the loss of oil muds.
 Electric logging must be modified for use in oil-based muds. Oil muds are non-conductive there-fore resistively measuring logs will not work in oil muds (SP, resistivity, dipmeters).
 Oil muds require emulsifiers that are very powerful oil-wetting materials, which can also changethe wettability of the rock to an oil-wet condition, which provides resistance to oil flow. Oil-basedmuds are more compressible than water muds, and, therefore, the downhole density may varyconsiderably from that measured at the surface.
 Oil Mud Products Description
 Oil muds require special products to ensure that the emulsion is extremely stable and can with-stand conditions of high temperature and contaminants. Oil mud products must be dispersible inthe external oil phase.
 Primary Emulsifier - calcium soaps are the primary emulsifier in oil muds. These are made in themud by the reaction of lime and long chain (C-16 to C-22) fatty acids. Soap emulsions are verystrong emulsifying agents but take some reaction time before emulsion is actual formed.
 Wetting agents prevent solids from becoming water-wet while the emulsion is forming. Emulsifierssurround the water droplets and prevent their coalescence. Invert emulsion drilling fluids are threephase systems: a continuous phase of oil (diesel, mineral oil, or alternative oil) and two discontinu-ous phases of solids and emulsified water. Since the oil is the continuous phase, the oil surroundsthe water droplets and the solid particles. The water will not dissolve in the oil, but rather remainssuspended as small droplets. Putting mechanical energy into the system creates such emulsions.
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 The energy breaks down the emulsified phase into the small droplets. These drops, however, onlyremain stable for a short time before they begin to coalesce and form larger droplets. Over timethe water and oil will separate, with water migrating to the bottom and oil to the top. Stable emul-sions, like those found in properly formulated oil-based invert emulsion muds, should not exhibitphase separation. Surfactants (emulsifiers) are used to stabilize these emulsions. Solids, particu-larly clay solids, also function as emulsifiers for water-in-oil. Muds that are stabilized with emulsifi-ers and/or clays will be oil continuous but may exhibit settling of solids if the viscosity is too low.
 A surfactant is a molecule with two chemical groups having different natures, joined to form a tad-pole-like structure. The "tail" is a fatty oil-compatible group containing carbon and hydrogen atomswhile the "head" is a polar, water-compatible group. The polar group may be an alcohol, amine,amide, acid or salt of an acid. The ability to change the combination of oil compatible groups andwater compatible groups makes it possible to create a great variety of surfactants. As two waterdroplets come together they repel each other, rather than colliding and combining to form onelarger droplet. The type of surfactant and the amount of mechanical energy used to mix the muddetermine the size of the water droplets. With increased agitation, smaller droplet form and atighter emulsion are produced. Smaller water droplets result in a larger surface area and a greaterarea of oil/water contact.
 Secondary emulsifiers - are very powerful oil wetting chemicals. Generally these products do notform emulsions as well as the primary emulsifiers, but the oil-wet solids before the emulsion isformed. Used to readily emulsify any water intrusions quickly. Typically, these additives are polya-mides or imidazolines.
 Organophilic lignites - are used as high temperature fluid loss additives. They also will aid in theemulsification of water especially at high temperatures. Lignite is treated with an amine to make itoil dispersible. It controls fluid loss by plugging and can be used at high concentrations withoutcausing excessive viscosities (20-lb/bbl +/-). Asphaltic fluid loss additives - generally consist ofGilsonite or asphalt derivatives. Gilsonite has high temperature stability (400°F) whereas asphaltis not as temperature stable (350°F). High concentrations of Gilsonite can cause excessive viscos-ity and gelation of the mud. Treatment level will not usually exceed 8 lb/bbl.
 Organophilic gellants - Invert emulsions derive limited viscosity from the base oil and submi-cron-sized emulsified water, but this viscosity will be Newtonian in character. The major non-New-tonian viscosity is derived from organophilic clays (also known as organo clays). These arebentonites in which the inorganic exchangeable cations, such as sodium, calcium and magne-sium, have been displaced by fatty quaternary amines. These viscosity builders made from bento-nite, hectorite or attapulgite treated with an amine to make them oil dispersible. Bentonite is mostcommonly used and is compatible with diesel and mineral oils up to 350°F. For temperaturesabove 350°F, especially in mineral oil formulations, the hectorite-based clay should be used. Orga-nophilic attapulgite is used to improve the suspension properties of packer fluids without apprecia-bly increasing the viscosity.
 The separation of the clay platelets can be helped by adding chemical species that will adsorbbetween the inter-laminar sites and begin to weaken the bonding forces between the sheets canhelp the separation of the clay platelets. These chemicals are called polar activators. They also acton un-coated sites. The polar activator most often used is water. Freshwater is more effective thancalcium chloride brines so the order of addition of the salt can be important. This is why addingwater with the organophilic clay will enhance the viscosity and the dispersion. These materialsappear to function by adsorbing onto organophilic clay particles and enhancing interaction amongthem. Polar activators enable the formation of a network or structure that increases viscosity. Thenature of the network is thought to be different than the viscosity-building structure that formsamong clay particles in water-based muds. Although water in itself is an excellent polar activator,its effect on viscosity is diluted somewhat by the emulsifiers that are always present in invert muds.
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 Aromatics are present naturally in diesel and are responsible for the ease with which organophilicclays (OPC) yield in diesel oil. With the advent of low-toxicity mineral oils as replacements for die-sel, yielding of OPC's was made more difficult. That problem was originally solved by reformulatingthe OPC's. More recently, similar results have been obtained by adjusting the emulsifier packages.The new generation of oils, namely the esters and ethers, exhibit viscosities that are several-foldhigher than the mineral oils, but they approach the mineral oils insofar as their inability to yieldOPC's.
 Wetting agents - The viscous properties of the fluid may be derived from other solids such asdrilled solids and weighting material. These solids will adsorb the surfactants and will likely bemainly oil-wet. However, if insufficient surfactants are present, the solids can contact each otherthrough a layer of water resulting in high viscosities being generated. Water-wet solids, particularlybarite, can give viscosity problems at the solids removal equipment ultimately resulting in theremoval of the barite. The problem can be avoided by maintaining the correct level of emulsifierand can possibly be cured by the addition of surfactants called oil-wetting agents. These are sup-plemental additives to quickly and effectively oil-wet solids that become water-wet. Drill solids andweighting agents will naturally water-wet and the wetting agents will strip off the water and replaceit with an oil layer.
 Polymeric viscosifiers - additives that increase the viscosity of oil muds in the presence of orga-nophilic bentonite, especially when the organophilic bentonite performance is reduced by hightemperatures; they work up to 400°F. High molecular weight sulfonated polystyrene becomeseffective only when the temperature exceeds 250°F.
 Rheological modifiers - Generally, oil-based muds behave as pseudo plastic fluids. They thinwith increasing shear in a manner similar to clay-containing water-based muds. However, absoluteviscosities tend to be considerably lower in oil-based muds. A consequence of this is that oil-basedmuds generally do not suspend solids, such as weighting materials and drill cuttings, as well assimilar viscosity water-based muds. This property is particularly important at low shear rates and isrelated to the low-shear viscosity and elastic properties of the mud. To enhance viscosity and cut-tings-carrying (hole cleaning) capacity, oil-mud polymers may be added. Care must be taken whenadding these products as over treatment results in extremely high viscosities. Often these productswill not fully yield until reaching a certain temperature. It is very difficult to decrease excessive vis-cosities caused by the addition of these polymers.
 Alternative viscosity builders are a class of fatty acid dimers and trimers, which appear to buildlow-shear viscosity with less effect at high shear rates. These are particularly effective in deviatedwells to ensure suspension of both weighting materials and cuttings during periods of little or nocirculation. Rheology modifiers of this type typically increase low-shear-rate viscosity values asdetermined by the 3 and 6 rpm readings on a viscometer. Barite can "sag" or slide down the hole,especially on deviated wells; these additives will minimize or eliminate this "sag". Increases in totalmud viscosity are avoided when using these additives.
 Weighting Agents - used to increase the density of the oil mud. The most commonly used weight-ing agent is barite. A mud weight of around of 21.0 lb/gal is the highest achievable with barite.Hematite, with an s.g. of 4.85 can also be used to increase the density of the oil mud. A mudweight of around 24.0 lb/gal can be achieved with hematite. For the same mud weight, the solidscontent of the oil mud weighted with hematite will have a lower solids content than weighted withbarite because of the higher S.G. of the hematite.
 “Proprietary - for the exclusive use of BP & ChevronTexaco”
 Oil-Based Drilling Fluids 11-5 Rev. 05/2002

Page 392
                        

Drilling Fluids Manual
 Types of Base Oils
 Used in many areas, diesel is used to formulate and maintain oil muds. In remote areas where die-sel may not be plentiful, crude oil can be used instead of diesel. Crude oils should be tested priorto their use, since they may pose safety problems. Mineral oils and the new synthetic fluids arereplacements for diesel, especially because of their lower toxicity compared to diesel. However,these fluids are usually higher in cost compared to diesel.
 There are a wide variety of oils available for use in oil muds. The properties of these oils can havea significant effect upon the physical properties of the oil mud. The properties of the oil which aretested are:
 Flash point - a measure of the volatility of the base oil. The higher the flash point of the oil, theless likely the oil mud will catch fire. The flash point of an oil will change with age as the more vol-atile components of the oil vaporize into the atmosphere. Addition of water will generally cause theflash point of the finished oil mud to be higher than that of the base oil. The flash point of the oilshould be greater than 150°F, if possible. Diesel is only 130-150°F.
 Aniline point - an indication of the relative aromatic content of the base oil. The aromatic compo-nents are particularly detrimental to the rubber parts of the circulation system. The aniline pointshould beat least 140°F. Certain oil mud products such as the organoclay viscosifiers are affectedby the amount of aromatic components in the base oil. As the aromatic content is decreased, moreviscosifier will generally be required or a different viscosifier will have to be used. However, thereare clays with amines suitable to mineral oils and other base oils.
 Base oil viscosity - a measurement of the viscosity of the base oil and will vary considerably withthe type of oil. Crude oils usually have very high viscosities because of higher asphaltic compo-nents, whereas the refined oils such as diesel and mineral oils have considerably lower viscosities.Addition of brine and solids to an oil increases its viscosity substantially, but the viscosity of anymud is generally proportional to the viscosity of the base oil. Lower viscosity oil muds will generallycause an increase in penetration rates.
 Aromatic content - a measure of the quantity of aromatics or benzene-like compounds in the oil.These are the compounds that will affect the toxicity of the base oil with the higher content of aro-matics, the more toxic the oil mud will be. Most of the mineral oils now used in oil muds have a aro-matic content less than 1% by weight.
 The types of base oils used in oil-based muds are described below:
 Crude Oils - crude oil can be used in place of diesel as the base oil in areas where diesel may notbe available in sufficient quantities to formulate and maintain an oil-based mud system. There aresome disadvantages with using crude oil as listed below.
 • crude oils have lower flash points and fire points compared to diesel or other refined oils.
 • crude oil usually has higher base viscosity compared to diesel and the overall viscosity ofthe oil mud will be higher than that offered by diesel or other refined oils.
 • crude oil needs to be weathered before use since the crude has low flash points becauseof the light ends contained in crude.
 • the aniline point of the crude is usually low which can cause the rubber parts of the circu-lating system the deteriorate.
 • crude oil may contain impurities that may require higher concentration of emulsifiers there-fore pilot testing with the crude oil is required to design the proper formulation.
 “Proprietary - for the exclusive use of BP & ChevronTexaco”
 Rev. 05/2002 Oil-Based Drilling Fluids 11-6

Page 393
                        

Drilling Fluids Manual
 Refined Oils - the refined oils are those such as diesel or kerosene which is the most commonlyused oil to formulate and maintain oil-based muds. Have a direct effect on the toxicity of the oilmud.
 • check the aniline point of the diesel to determine if it will be damaging to the rubber parts.
 • some diesels may contain additives used to "winterize" the diesel and can have an affecton the emulsifier used to formulate oil muds.
 • diesels have higher aromatic content than the mineral oils and these components willraise the toxicity of the mud.
 • diesel contains sulfur and nitrogen compounds which increase acute toxicity in water.
 Mineral Oils - the mineral oils have lower aromatic content than diesel and are considered lesstoxic than diesel.
 • mineral oils have higher flash points than diesel and are safer to use especially in hightemperature applications.
 • mineral oils have a low viscosity compared to diesel and crude oils which will affect theoverall viscosity of the oil-based mud.
 • mineral oils have a low aromatic content (<1.0%) compared to diesel, which makes themmore environmentally acceptable than diesel. Also, the lower aromatic content makesmineral oils more attractive to use and less hazardous to personnel in the event of contact.Low-toxicity mineral oils, like ESCAID110 (Exxon) have aromatic contents of <0.1%.
 • mineral oils unlike diesel, do not contain surfactants that could change wettability of theformation.
 Synthetic Fluids - The base fluids in synthetic muds are non-petroleum organic compounds thatact like petroleum-derived oils in drilling operations but appear to biodegrade readily in the ocean.Like most OBMs, synthetic muds are invert emulsions, with the synthetic fluid serving as the exter-nal, or continuous, phase and a brine serving as the internal phase. Several base fluids, mainly inthe size range C16-C24, have been introduced in the marketplace during the last few years.
 PETROFREE (Baroid) - an ester made by the reaction of palm kernel fatty acids with a propri-etary alcohol. This was the first commercial synthetic fluid. [PETROFREE may be consid-ered a synthetic vegetable oil.] Petrovree LV (low viscosity) has recently been introduced.
 SYNTEQ (BHI) - an isomerized olefin (IO) non-aromatic hydrocarbon made by polymerisation of ethylene but has lower viscosity than the ester.
 Paraffin - saturated hydrocarbons that make good base oils but have moderately slow anaer-obic biodegradation rates.
 Properties - In the field, synthetic drilling fluids are thought to perform as well as conventionalOBM's. Some differences in their properties remain, however, which may be desirable attributes(+) or which may pose some limitations on handling and use (-):
 • Synthetic fluids are 2-3 fold more expensive than oils used in conventional OBM's; (-)• Synthetic muds appear to be more biodegradable and less acutely toxic in seawater;(+) • Ester muds are considerably more viscous at ambient temperatures, but they also thin
 more readily with increasing temperature; (-)• Ester muds are less thermally stable (-)
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 Function M-I Baker-Hughes Baroid
 Primary Emulsifier Versa-Mul Omni-Tec L Invermul
 Secondary Emulsifier Versa-Coat Omni-Mul EZ Mul
 Organo lignite Versa-Lig Carbotrol A9 Duratone
 Asphaltic FLA gilsonite- Versa-trol Carbo-Trol Barablok
 Organophilic Bentonite VG-69 Carbo Vis Geltone II
 Organophilic Hectorite -------- Carbo Gel Bentone 38
 Wetting Agent Versa Wet Surf Cote Driltreat
 Rheological Modifier Versa Mod Six-Up RM 63
 Polymeric Viscosifier Versa HRP Carbo Vis HT X-Vis
 Oil Mud Thinner Versa Thin Surf Cote OMC
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 Oil Mud Formulations
 Product requirements are listed for each company over the temperature ranges noted. These for-mulations are based on lab conditions and will be lower in actual field usage. The field requirementis lower because of the incorporation of drill solids, particle size of the weighting material, andlonger periods of shear experienced while drilling. The formulations listed can be formulated in die-sel or mineral oils with only small modifications.
 CARBO-VIS, an organophilic viscosifier is used at a concentration of 2-3 lb/bbl for O/W ratios of75/25-80/20. At O/W ratios of 85/15-90/10, CARBO-VIS is used at 3-5 lb/bbl.
 The concentration of CARBO-VIS will vary with the mud weight. At lower mud weights, theCARBO-VIS requirements will be the higher quantity.
 VG-69, an organophilic viscosifier is used at a concentration of 3-4 lb/bbl for O/W ratios of75/25-80/20. At O/W ratios of 85/15-90/10, VG-69 is used at 4-6 lb/bbl. The concentration ofVG-69 will vary with the mud weight. At lower mud weights, the VG-69 requirements will be thehigher quantity. In an all-oil fluid, the concentration may be double.
 GELTONE II, an organophilic viscosifier is used at a concentration of 3-5 lb/bbl for O/W ratios of75/25-80/20. At O/W ratios of 85/15-90/10, GELTONE II is used at 4-6 lb/bbl. The concentration ofGELTONE II will vary with the mud weight. At lower mud weights, the GELTONE II requirementswill be the higher quantity. In an all-oil fluid, the concentration may be double.
 Product 200°F 300°F 400°F
 Omni-Tec 7 10 13
 Omni-Mul 2 4 6
 Carbo-Trol 5 7 15
 Lime 5 5 5
 Product 200°F 300°F 400°F
 Versa Mul 5 7 10
 Versa Coat 2 3 4
 Versa Trol 2 5 10
 Lime 5 5 7
 Product 200°F 300°F 400°F
 Invermul 5 8 10
 EZ Mul 2 4 6
 Duratone HT 5 8 10
 Lime 3 5 7
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 Mixing Procedures
 The addition of components in their proper sequence when initial mixing an oil mud will optimizethe performance of each product. The order of addition as listed below is the most common proce-dure for preparation of oil-based muds, though each mud system may require some modificationof this procedure. The mixing time may vary depending upon the amount of shear either at the rigor at the liquid mud plant. Organophilic viscosifiers require considerable quantity of shear to fullydevelop their viscosity; therefore, more of this additive may be required on initial mixing. As the oilmud is used over the first couple of days, improvement in the emulsion stability and fluid loss con-trol will vastly improve compared to what the mud was when it was initially mixed.
 Step 1. Add the required quantity of base oil to the mixing tank.
 Step 2. Add the primary emulsifier and secondary emulsifier as required.
 Step 3. Add filtration control additives if required.
 Step 4. Add lime as required.
 Step 5. Add required amount of water to the above mixture. If brine is to be used, then add brine after the lime additions.
 Step 6. Add organophilic viscosifier as required.
 Step 7. Add calcium chloride powder if brine is not used. If calcium chloride powder is not available, then mix the calcium chloride flakes into the water and add as a brine.
 Mix above for several hours to ensure a good emulsion is formed.
 Add weighting material as required for the desired density.
 The viscosity contributed by the organophilic gellant will be higher if it is added to the mud after thewater is added and before the calcium chloride is added. If brine is used, then the gellant is addedafter the brine and the viscosity will generally be lower. The electrical stability of the mud after mix-ing will be lower initially if brine is used instead of adding calcium chloride to the mud after thewater is added. The electrical stability and fluid loss control will improve after use due to the sheargenerated during circulation. The above mixing procedure will be suitable for most mud systems.The supplier's mixing procedure should first be reviewed to determine if any variations in theabove are to be employed.
 Not all of these materials are required in all oil muds. Often only one emulsifier is needed (prefera-bly the fatty acid amine), and possibly no filtrate reducer will be required. Some of the emulsifiersalso act as a very good wetting agent, so often-additional wetting agent will not be necessary.Treat the properties of the mud rather than relying on recipes and standard concentrations.
 In the past product over-treatment of oil-based muds was the "norm" rather than the exception.Keep close track of material additions and avoid over-treatment. ADD MATERIALS ONLY WHENNECESSARY TO ALTER PROPERTIES. Follow the "preferred order of material additions" for bestblending results. It is usually necessary to shear the mud for several hours before adding barite.Organophilic clay takes time to yield, and thus will not provide an adequate yield value to suspendbarite until sheared well. Small additions of freshwater added with the organophilic clay will helpaccelerate yielding.
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 Oil Mud Properties
 Mud weight of oil muds ranges from 7.5 lb/gal to over 22.0 lb/gal. Temperature and pressureaffect downhole density more than water-based muds. Temperature will decrease the density of oilmuds due to expansion and pressure will increase the density due to compression of the oil phase.Oil muds compress more than water muds and will therefore have a slightly greater density downhole than their water-based counterparts. Make use of the mud campanies’ new modeling pro-grams, like MI’s virtual Hydraulics and Baroid’s DFG.
 Viscosity is affected by temperature and pressure. As the temperature increases, viscositydecreases. Conversely, as the pressure increases, the viscosity increases. The funnel viscosity ofan oil mud is usually used an indicator and is not normally used for treatment purposes. Rheologi-cal properties are usually made with a rotational viscometer. The plastic viscosity, yield point andgel strengths measurements (according to the Pseudo plastic Rheology Model) are made with therheometer. More accurate descriptions of the rheology of the mud are made with the Yield-PowerLaw Model. Suspension of cuttings and weighting material is monitored with the gel strength (forstatic settling) and 3 or 6 rpm reading (for dynamic settling). Run the rheology of oil muds at thesame temperature for each test. Plastic viscosity is greatly affected by temperature at which mudis normally tested. The higher the temperature the lower the plastic viscosity. Reduce plastic vis-cosity by solids control or dilute with base oil. Yield point is somewhat affected at temperatureswhere mud is normally tested but may be greatly affected by temperature above 350°F. Increaseyield point by additions of organophilic clay, oil polymers or water. Decrease with wetting agents orthinners or dilution with base oil. Gel strengths behaves similar to yield point. Increase with orga-nophilic clay, water or rheological modifiers. Decrease with wetting agents or thinners or even dilu-tion with base oil.
 Viscosity properties of oil-based drilling fluids are much more dependent on temperature than arewater-based muds. Forces generating viscosity are weak and more readily broken by increases inmolecular movement caused by increases in temperature. Oils are also more compressible thanwater so higher pressures downhole can increase viscosity as interacting molecules are forcedcloser together. Of the two effects (temperature & pressure) acting on oil muds, the temperature ismore dominant. Pressure increases will cause increases in viscosity but temperature increaseswill cause a reduction in viscosity. Since temperature is the deciding factor, the viscosity of oilmuds will decrease downhole with depth. All of the following rheological properties should betested at the same temperature. That temperature should be recorded on the mud check sheet.API recommends that tests be done at either 120° F (50° C) or 150° F (65° C) (see API RP 13B-2).For deepwater wells, also check at 40° F.
 Funnel Viscosity - The primary value of funnel viscosity measurement in any mud, includingoil-based systems, is to determine changes, or trends. Changes in the funnel viscosity may meanthat rheological properties of the mud are changing, but the absolute funnel viscosity value meansvery little. It is possible for the true rheology of an oil mud to change without indicating changes inthe funnel viscosity. It is also possible for the funnel viscosity to change without the true viscositychanging. For this reason it is recommended that funnel viscosity values NOT be used as a criteriato make operational decisions concerning the mud. Funnel viscosity of oil muds are affected moreby temperature than are water muds because oil is subject to greater viscosity variation with tem-perature changes than is water. A drastic drop of atmospheric temperature can reduce the flowlinetemperature enough to cause a significant increase in the funnel viscosity of an oil mud, eventhough the viscosity of the mud down hole would not change. API procedure recommends that themud temperature should be reported along with funnel viscosity.
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 Plastic Viscosity - The plastic viscosity (PV) of most oil muds is maintained in a range similar tocomparable weight water-based muds. It may be noticed in the field that PV's are often higher thanmany water-based muds of similar density. This can be a result of any of the criteria below:
 a) viscosity of oil used
 b) quantity, size and shape of solid particles present
 c) amount of water present
 d) temperature of the mud
 Additions of water and/or solids will increase the plastic viscosity value; to decrease the plastic vis-cosity, add oil, and/or remove solids. Always try to maintain PV as low as possible.
 Yield Point - The yield point (YP) of an oil mud is also maintained in a range similar to that of com-parable weight water-based muds. The yield can be increased by adding an organophilic clay, rhe-ology modifier, emulsified water or a synthetic polymer designed for this purpose. The yield valuecan sometimes be decreased by adding a degellant (oil-based thinner), or by oil dilution. A degel-lant is often only effective in reducing yield point values resulting from additions of organophilicclays. The yield value property is measured to determine the "thickness" of the mud, which isrelated to the carrying capacity. If hole cleaning becomes a problem increases in yield point usu-ally will help.
 Gel Strengths - The gel strengths of most oil muds are usually low and are comparable to the gelstrengths of heavily treated (thinned) water muds. To increase gel strengths add organophilic clayor water. The gels can usually be decreased by adding a degellant or by oil dilution. Although flatgels are characteristic of oil muds, some progression (variance between the 10 second and 10minute gel strengths) is desirable.
 Electrical stability (E.S.) is the increase in voltage across a probe until the emulsion breaks and acurrent is established. A mud having oil as the continuous phase will not conduct an electric cur-rent at low voltage. By increasing the electric potential across electrodes immersed in the oil mud,a flow of electric current can be established (see section on Emulsion Stability). The voltagerequired to establish current flow is dependent, in part, upon the type and concentration of conduc-tive material (conductive solids, emulsified water, etc.) dispersed in the oil. The electrical stabilitywill vary with the amount of water - the more water generally the lower the stability. Presence ofconductive solids such as hematitecasing wear particles and insoluble salt will result in low E.S.readings. New sine wave E.S. meters are more reproducible and reliable. The readings from thesemeters are about one-half the value of the previous meters. Falling E.S. readings and the pres-ence of water in the filtrate indicate weakening of the emulsion. Emulsifiers and lime additions areusually required. If other factors are constant, the electrical stability (ES) is an indication of howwell the water fraction is emulsified in the oil. The test does not indicate the condition of an oil mudbut rather the stability of the emulsion. Generally, an ES of 300 volts or greater is acceptable in amud with a density between 8 - 12 lb/gal. At higher densities, a higher ES (550 - 800 volts) valuesare desirable. Proper use of electric stability values at the rig site is to monitor day-to-day trendsrather than concentrating on individual values. If the ES trend is declining, it may indicate an emul-sion stability problem and treatments with emulsifiers is likely warranted. Newly prepared mudscharacteristically have low ES, gradually increasing with use. To increase the electrical stability,add more emulsifying agent and/or oil.
 HPHT filtration is run at bottom hole temperatures under static conditions to determine conditionof emulsion, the filtrate volume and filter cake quality. If water is present in the filtrate, this couldindicate emulsion weakening. Thick filter cakes and high fluid loss indicate excessive drill solidscontent. Lower the filtration rate with filtration control agents, emulsifiers and lime. Increase thefluid loss by dilution with base oil. Filtration tests at temperatures ranging up to 500° F and differ-
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 ential pressures as high as 1000 psi can be made with a standard HP-HT Filter Press. Tempera-ture has a much greater effect on filtration volume than does pressure. When testing mud in highertemperature ranges, the paper filter should be backed up with a glass filter media. Invert emulsionoil muds are usually prepared and maintained to have water-free, low volume filtration at bot-tom-hole conditions of temperature and differential pressure. Filter cakes are often deposited ontoformations which contain water-wet capillaries. Filter cakes formed from oil-based muds areoil-wet in nature and are therefore repelled from these water wetted capillaries. Oil-based mud fil-ter cakes are made up of surfactants absorbed onto the solids, barite particles, drilled solids, andorganoclay particles. The combination of these materials creates excellent fluid loss characteris-tics as the solid material packs tightly together. The emulsified water droplets are small and flexi-ble, plugging openings between the solid particles. For further fluid loss control, especially at hightemperatures, asphalt, asphaltenes, or lignites may be used. Latex emulsions have also beenused as a plugging agent to form less permeable filter cakes. Low fluid loss properties are impor-tant to enhance borehole stability and minimize differential sticking tendencies. Very low fluid lossin oil muds, however, can reduce penetration rates, particularly in harder formations. ReducingHPHT fluid loss can also be very expensive. For these reasons lowering this property beyond whatis absolutely necessary is not recommended. The API fluid loss of most oil-based drilling fluids willmeasure zero. Temperature affects the property to a much greater degree than does the pressure.Generally the higher the temperature (to a point), the higher the fluid loss.
 Retort Analysis - The percent oil, water, and solids in an oil mud is determined using a retort.Retorting oil muds will usually require more time than that required for a water mud. Salts dis-solved in the aqueous portion of the mud will remain in the retort as solid material. To obtain thecorrected value for insoluble solids, a calculation is necessary. The retort analysis is used as a testto determine the oil/water ratio of the oil mud.
 Salinity determination of calcium and sodium chloride is done on the whole mud. The API hasestablished a new for this test method to determine types of salts present and if any salt is insolu-ble in the mud. Insoluble calcium chloride can cause water wetting problems and should bereduced by adding water or oil mud with no salinity in the water phase. Insoluble sodium chloridecan be reduced in the same manner, but it does not cause water wetting of solids.
 Lime analysis determines the amount of excess lime in the oil mud. Lime is essential for the for-mation of the emulsion when using fatty acid type emulsifiers. Lime content should always bechecked since emulsifier additions may not be required due to deficiency in the lime content. Adecrease in lime content while drilling may indicate acid gases such as H2S or CO2 or high tem-perature deterioration of products.
 Water Activity or relative humidity of the oil mud is determined with a hygrometer. The hygrome-ter does not determine if any insoluble salt is present.
 Oil/Water/Solids ratio in the oil mud is determined with a retort, which is a still that operates atabout 650ºF. Results need to be accurate, especially for the salinity analysis. Small sources oferror in water content can cause large differences in salinity analysis. Sulfides in the oil mud aremeasured with the Garrett gas train. A sample of whole mud issued instead of filtrate. Zinc oxide isthe preferred compound to treat for soluble sulfides. Increased lime additions are also necessarywhen H2S is present.
 Ageing Tests - The ageing test is used to determine if the oil mud will be stable over time underbottom-hole temperature conditions. A sample of the mud is aged in a steel cell at bottom-holetemperature for a certain period of time. If the temperature is greater than 200°F then pressureshould be applied to the cell to prevent vaporization of liquids on heating. Three properties of theaged mud are determined after cooling and de-pressurizing the cell, but before the mud is agi-tated. First, the sample should be observed to determine if any free oil is present. Top oil separa-
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 tion is a measure of the free oil found on top of the mud and is expressed in 32nd inch. Second,shear strength is determined as with water muds; this indicates whether the mud is gelling undertemperature. The third observation is to determine if solids settle and, if so, whether they form asoft or hard layer. Settling of solids and top oil separation can be minimized or eliminated by theaddition of organophilic clay. Additional water may also be helpful in reducing top oil separation.The usual test for determining rheological and filtration properties are made after aged mud hasbeen stirred. All pilot tests should be heat aged (time permitting) to provide more accurate resultsby simulating downhole conditions.
 Displacement of Water-Based Mud
 a. Reduce viscosity and gel strength of water-based mud
 b. Water-based spacer of at least 1,000 ft should precede the oil mud. It should be loaded withsurfactants and dispersants.
 c. Use maximum flow rate while rotating the drill pipe
 d. Highly contaminated mud should be diverted from the active system
 Special Equipment
 1. Run stands slowly. It must be remembered that an oil mud usually produces a gauge hole. Surge and swab pressures can easily develop if pipe is moved too fast.
 2. Do not pump with annular velocities in turbulent flow. Calculate critical velocities using near gauge hole diameters.
 3. Use a Kelly cock or mud saver sub. The use of either of these devices can save as much as a bar-rel of mud on each connection.
 4. A mud box with a return line to the mud tanks should always be used on trips.
 5. A catch pan should be installed on the top of the bell nipple. This should be large enough to extend beyond the edges of the table. This device will catch mud that falls through the table and will divert it into the drilling nipple. Using a water hose to wash pipe is not recommended with a catch pan installed. Water is a major contaminant of oil muds and should not be put in the mud indiscrimi-nately.
 6. A racking pan should be provided for the drill pipe. A return line from this pan must be run to the flow line or into the catch pan described in above.
 7. Pipe wipers, both ID and OD, should always be used on trips.
 8. Due to the high cost of oil (diesel, mineral oil, etc.) and water being a contaminant, all water lines that might allow entry into the circulating system should be plugged. Rig crews should be educated in the importance of keeping water from draining into the mud tanks. Washing of shale shaker screens should be done with diesel (or base oil). Be sure that all rig personnel know the per barrel value of this mud.
 9. Covers for the mud tanks keep unwanted rain from entering. This is especially important in areas receiving heavy or frequent rain.
 10.Slugging the pipe with heavier mud before tripping will help eliminate pulling wet pipe on trips.
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 11.Submarine guns and/or mechanical agitators should be used for agitation and will also aid in mate-rial blending.
 12.A premix tank of at least 100 barrels capacity is essential for preparing invert emulsion oil muds. It should be equipped with a high shear rate mixing pump and at least one submarine gun, and/or mechanical agitator.
 13.Mixers capable of obtaining high shear are also essential in blending oil mud products.
 14.There are numerous good high shear rate mixers on the market. ALL oil mud products (with the exception of weight material) should be pre-blended and mixed for at least 8 hours before being added to the active system. Invert emulsion oil muds require considerable shear before becoming stable.
 15.If ecological guidelines do not permit the disposal of oily drilled solids, a cutting processor should be used. All drilled cuttings should be cleaned prior to being discharged. The implementation of a mineral oil or "non-petroleum" oil system may permit less stringent controls.
 Recommendations for Using Oil-based Muds
 1. Premix ALL products if possible. By premixing, the products have a chance to yield before going downhole. Shearing the premix for several hours will give a better initial rheology. Add the premix when active volume is low, then prepare another premix. Vigorous agitation is always necessary when adding materials to and oil-based mud. Utilise a high shear mixer.
 2. Dissolve all flaked or pellets of Calcium Chloride in water prior to adding to the invert mud. Pow-dered calcium chloride can be added directly to the active mud system. Powdered calcium chloride is often more expensive than the flake or pellets but may be more feasible to use if storage space and mixing facilities are insufficient to handle brine. Always use calcium chloride that is at least 94% pure.
 3. Add small amounts of amine emulsifier or wetting agent when adding dry barite to the active sys-tem. Discontinue adding all other products while adding these materials. IT IS VERY IMPORTANT THAT BRINE OR WATER NOT BE ADDED AT THE SAME TIME BARITE IS ADDED.
 4. Always maintain a minimum yield value of 10 lbs/100 sq. ft. in unweighted oil-based muds and 12 lbs/100 sq. ft. in a weighted system. Attapulgite organophilic clay may be added to help suspend the weight material without substantially increasing the yield value.
 5. Recommended Oil/Water Ratio and Ranges for Invert Muds:
 Density lb/gal (s.g) Oil: Water ratio
 7.0 (0.84) -9.0 (1.08) 50/50 - 70/30
 9.0 (1.08) - 10.0 (1.20) 60/40 - 75/25
 10.0 (1.20) -11.0 (1.31) 65/35 - 80/20
 11.0 (1.31) -14.0 (1.68) 70/30 - 80/20
 14.0 (1.68) -16.0 (1.92) 75/25 - 85/15
 16.0 (1.92) -19.0 (2.28) 80/20 - 90/10
 ≥19.0 (2.28) 85/15 - 95/5
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 6. Small amounts of base oil can be added to the active system when yield value or water content is excessive. This might be particularly useful in a weighted oil mud to keep mud from becoming dehydrated. It is often useful to add this oil before the shale shaker. If the solids on the screens can be slightly "washed" with base fluid while on the screens, better separation and conductance will take place. Be sure not to have the flow so high as to "push" the solids through the screens.
 7. Always use a spacer or two when cementing.
 8. For connections, etc., circulate for at least as long as the pump is going to be shut down; prior to shutting down the pump. This will move all the solids far enough up the hole to keep them from fall-ing over the bit or collars.
 9. For minor seepage losses, use a combination of nut hulls, mica, calcium carbonate etc. New graph-ite products, such as Steel Seal, work well. Do not use any cellulosic material in such as Cello-phane Flakes, KWIK SEAL or FIBERTEX in large quantities. VEN FYBER, ULTRA SEAL and PREMIUM SEAL are cellulosic materials that are treated to make it oil-wet. These products can be used effectively in an oil mud.
 10.For major losses of circulation, follow the procedure for setting a organophilic clay squeeze or a DIASEAL M squeeze or a high filtration water-based mud squeeze.
 11.A daily record of losses is essential to properly control losses and reduce daily mud costs. In addi-tion, keep very close track of materials added. Calculate material concentrations daily to ensure that over treatment or under-treatment is not occurring. Over treatment is a very common problem when using oil-based muds.
 12.Hydraulics play a very important role and shares equal importance with the mud program. Exces-sive annular velocities should be avoided. The importance of circulating 1 or 2 minutes prior to making a connection, especially when making the fast hole, cannot be over emphasised. This is a necessity because hole calliper is gauge. It is for this reason pipe must be pulled slowly when mak-ing trips. Also, circulating 20-30 minutes prior to a trip will ensure minimum fill on bottom and no tight spots coming out. Be sure to do concentration calculations on the correct volume.
 13.This is very important to understand, especially when calculating the amount of Calcium Chloride to use. Never put in more than 400,000 ppm (40 wt.%) calcium chloride (190 lb/bbl in the water phase). Normally the calcium chloride content can be maintained BELOW 300,000ppm (30 wt.%) for most situations. Be sure to correct solids content for the amount of salt present.
 14.When testing oil muds, it is very important to follow the procedures exactly. Be sure to use the exact volumes as indicated in the test procedures. A small error in volumes will produce a large error in results. Follow the procedures outlined in API RP 13B-2 "Recommended Practice Standard Proce-dures for Field Testing Oil-Based Drilling Fluids".
 15.In anticipation of drilling high chloride formations (Magnesium Chloride, Sodium Chloride, etc.):
 a. Keep mud in excellent condition, (low viscosity, fluid loss, etc.).
 b. Minimize the water phase salinity.
 c. Use fine screen shakers to keep solids low and screen out any salt that might be drilled.
 d. Use a heavy weight oil mud with a fresh water phase in weighting up. Avoid using a dry baritewhen drilling magnesium chloride.
 e. DO NOT add lime or caustic when drilling the magnesium chloride or if undissolved salt ispresent in the mud.
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 f. Treatments of amine emulsifiers should increase the stability while drilling the salt. Discontinuecalcium base soap emulsifiers.
 16.Water-wet solids, particularly barite can exhibit high viscosity values in the mud. If the barite becomes water-wet:
 a Dilute with whole mud containing a fresh water phase.
 b. Reduce the water-wet barite content by discarding a portion of the mud, or by centrifuging anddiscarding the barite.
 c. Add emulsifiers and oil wetting agents.
 Note: It may be economically feasible to discard a majority of the oil-based mud and prepare afreshvolume.
 17.Lime must be added each and every time calcium soap emulsifiers are added to the system. Add lime at least one half of the pound per barrel emulsifier concentration and maintain throughout. If hydrogen sulfide is encountered increase the lime content as necessary to maintain alkalinity at desired levels.
 18.Once an emulsion is formed, it is important to determine the trend in the stability of this emulsion. The most popular method is with the use of a voltage stability meter (electric stability meter) such as the Fann 23D.
 Oil Mud Calculations
 The following set of calculations describe how to either raise or lower the oil/water (O/W) ratio ofan oil-based mud. If water enters an oil mud, the O/W ratio will decrease and if the O/W ratio is tobe raised, then oil will have to be added. The amount of oil required to raise the O/W ratio can becalculated as follows:
 Raise oil/water ratio - add oil
 If the O/W ratio is desired to be lowered, then water must be added based on the following equa-tion:
 Lower oil/water ratio - add water
 Example:
 Retort analysis: 52% oil by vol10% water by vol.
 How much oil is required to increase O:W to 88/12?
 Therefore:
 (0.52 + X)/0.1 = 88:12
 (0.52 + X)/0.1 = 7.33
 X = 0.213 or 0.213 bbl oil/1 bbl mud
 Resulting volume = 1 bbl mud + 0.213 bbl oil = 1.213 bbl
 % Oil + X% Water------------------------- Desired Oil:Water ratio=
 % Water + X% Oil
 --------------------------------- Desired Oil:Water ratio=
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 To convert to one-barrel final volume, divide the mud and the oil volume by the resulting volume.
 1 bbl mud /1.213 bbl = 0.82 bbl mud
 0.213 bbl oil / 1.213 bbl = 0.18 bbl oil
 % Oil + X = O:W (Desired)
 % Water
 % Water + X = O:W (Desired)
 % Oil
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 Trouble Shooting Oil Muds
 Problem Solutions And Indicators
 Low viscosity Add water and emulsifier, add gellant. If high temperature add polymericviscosifier. All of these affect the low-shear viscosity, gel strength and yieldpoint more than the plastic viscosity.
 High viscosity Remove low gravity solids with solids control equipment and/or dilution.Increase o/w ratio if water content is too high. Add oil wetting agent toreduce viscosity. Water-wet solids Remove water-wet solids and add oilwetting agent and oil. Ensure that there is no insoluble calcium chloride inthe mud. Water-wet solids will blind screens and give low E.S. readings.Suspected water-wet solids added to water will disperse easily.
 Low ES Water-wet solids, undissolved solids, inadequate concentration of emulsifi-ers, inadequate concentration of lime for emulsifiers, and some weightingagents (such as haematite) generate low electrical stability readings. Allexcept haematite require chemical treatment. Most muds made with min-eral oil will have lower electrical stability than those made with diesel. Lowviscosity muds usually have low electrical stability readings.
 High solids Mud viscosity will increase and electrical stability readings will decreaseeven though emulsifier concentration is adequate. Improve solids removalefficiency. Use dual centrifuge to remove drill solids while recovering thebarite and oil phase.
 High filtrate Add additional emulsifier if water appears in filtrate. Organo-lignite will alsoemulsify water and lower filtrate. Ensure mud has excess lime. Newly for-mulated mud may have high HPHT until properly sheared. Sometimessmall amounts of water will lower HPHT in high O/W ratio muds.Organo-lignites are not effective when bottom hole temperature is less thanabout 150°F. Asphalts also help.
 Acid gas Detected in mud by drop in alkalinity. If H2S is detected by the Garrett GasTrain, alkalinity has decreased so increase lime additions. Maintain limeadditions and add sulfide scavenger such as Zinc Oxide. If carbon dioxideis present, add lime.
 Mud losses If loss is not complete, use oil-wettable fibrous material or solid bridgingmaterial such as calcium carbonate. Use same technique for seepagelosses to minimise thick filter cake and differential sticking. If losses arecomplete, consider organophilic clay squeeze, cement or displacing towater based mud until loss zone is cased off.
 Free top oil After periods of inactivity, free oil may cover the surface of the pits. Agitatethe mud in the pits or add organophilic clay to increase viscosity.
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 Electric Logging in Oil Muds
 Advantages using oil muds
 • Oil muds provide gauge to near gauge holes
 • Oil muds provide excellent hole stability
 • Oil muds generally produce very little invasion
 Disadvantages of using oil muds while logging
 • Oil muds are non-conductive so resistivity logs will not work
 • Empirical rules for water muds cannot be used in oil muds
 • Resistivity measurements using induction logs are not that accurate
 Resistivity logs
 • Laterolog, SFL, short normal, MSFL do not work in oil muds.
 • Resistivity is measured using the induction log.
 • Dipmeter with scratchers is still affected when using oil muds.
 Porosity logs
 • Density (FDC, LDT) is able to see into permeable zones, but invasion could exceed depthof investigation, and response is a combined volume of invaded oil and residual hydrocar-bon in place.
 • Pe curve is accurate and needs no correction.
 • Neutron (CNL) depth of investigation is deeper than that of density logs and neutron wouldrespond less to invaded oil and more to original hydrocarbon.
 • Sonic (BHC and long spacing) is least affected by presence of oil muds. Oil filtration mayincrease transit time close to borehole. If zone is gas bearing, sonic velocity would belower.
 Gas Solubility in Oil MudsIn general, kick influxes are composed of a mixture of salt water, condensate and lighter weighthydrocarbons (methane, ethane, etc.). Because of the dramatically different solubility of hydrocar-bons in water and diesel or mineral oil, gas kicks in oil-based mud are significantly different thangas kicks taken in water-based mud. Because of the relative insolubility of hydrocarbons inwater-based mud, the lighter components remain in the gaseous state and are easily seen at thesurface as a noticeable increase in pit volume as soon as the influx occurs. As a kick inwater-based mud is circulated to surface, the initial influx remains in the gaseous phase andexpands under the decreasing pressure gradient. Again, this gas expansion is manifested at thesurface as a definite increase in pit volume. The pit volume will increase slowly at first, then morerapidly as the gas approaches the surface. This easily observed behaviour of a kick inwater-based mud is much different for oil-based mud. At the high temperatures and pressures nor-mally encountered during a kick, the gaseous components of the influx are highly soluble in the oilphase of the mud. If the kick is taken while drilling, the mixing action of the flowing mud enhancesthe rate of solution. Under these conditions, the gas goes into solution quickly with little increase in
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 total mud volume. Thus the surface pit volume may not increase enough to be immediatelynoticed. The kick may go undetected for some time before sufficient influx has occurred to causealarm. As a kick is brought to surface in an oil mud, no appreciable expansion occurs until thepressure is reduced enough to allow the dissolved gas to begin coming out of solution. Dependingupon several factors (e.g., the amount of gas dissolved, the way the gas was initially distributedduring the kick, mud properties, circulation rate etc.) the gas may break out of solution quite rap-idly. Since this occurs only when the gas is near the surface, reaction time will be limited. It is pos-sible for everything to appear normal, with no apparent evidence of a kick, and to have a suddenincrease of mud flow and pit volume as the dissolved gas "flashes" out of solution near the sur-face. It is important to be aware of this phenomenon and to be extremely cautious. Circulate outANY evidence of flows or pit gains, even if they appear to be relatively trivial in nature. Gas solubil-ity in oil muds is many times greater than in water muds. Gas kick will remain for the most part atthe point of entry and will not migrate up the hole like in a water mud.
 When circulating kick out, gas remains in solution and little if any gain in pit level or casing pres-sure is noted. When the gas comes out of solution, a rapid increase in pit level and casing pres-sure will be observed. Gas solubility is a function in the amount of the oil phase, and, oncesaturation is reached, no further gas will go into solution. Further influx of gas after this point willbehave like a gas kick in a water mud.
 Because of the gas solubility in an oil mud, the casing pressure will not be that much higher thanthe drill pipe pressure. This will depend somewhat on the density differential of the mud and themud containing the gas. Since gas is not very soluble in water, the casing pressure will be some-what higher than the drill pipe pressure because of the loss in hydrostatic head with the water mudbeing displaced out of the hole.
 A reliable pit monitor sensitive to very slight changes in the mud volume is probably the best indi-cator of a gas kick. Treat all kicks in an oil mud as gas kicks and do not be confused by the some-what low casing pressure.
 A separator designed for large gas volumes along with a rotating head should be provided if an oilmud is going to be used.
 Solids Control In Oil Muds
 The advantages of using a drilling fluid with the lowest possible drilled solids are well known. Main-taining good rheological properties in any mud are dependent upon keeping the drilled solids con-tent as low as possible. The problem of controlling solids build up is so economically important thatevery available means for its solution should be utilised. Since there is no economical method ofremoving extremely fine solids from a weighted oil mud, solids should be removed before they arereduced to fines. It is known that oil-based muds can "tolerate" more solids, before the rheologicalproperties suffer, than conventional non dispersed water based systems. A misconception followsthat it is OK to allow oil-based muds to develop a high solids content. This is not true. Low gravitysolids should always be maintained below 9% and preferably below 7% by volume. To be a true"low solids mud" the fluid must have a total low gravity solids content of less than 5% by volumeincluding ALL low gravity solids (not only drilled solids but also materials deliberately added to thedrilling fluid, i.e. organophilic clay).
 Shale Shakers
 When using an oil-based drilling fluid, it is an economic and environmental necessity to ensure thatwhole mud discharges are eliminated or, at least, reduced to the very minimum. This constraint willnormally dictate that the fluid coverage on the shaker screens be reduced to improve the dryness
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 of the cuttings and to provide a buffer area on the screen surface to accommodate surges from theflowline.
 1. Provide additional linear-motion shakers to increase the available screening area.
 2. Select linear motion shakers and screens to maximize both available screening area and conduc-tance. This is called the "transmittance" value of the shaker/screen combination.
 a When high solids-loading conditions (large diameter hole and high penetration rates associ-ated with controlled drilling) are anticipated, install circular-motion scalping shakers ahead ofthe linear-motion shakers. This will reduce the negative impact of solids interference on theflow capacity of the linear-motion shakers. If rig modification costs preclude the addition ofscalping shakers, consideration should be given to installing tandem-deck linear motion shak-ers.
 b. Adjust the shaker deck to the maximum angle, which permits solids to move off the shaker.This will reduce fluid coverage on the screens and maximise the drill cuttings' contact time onthe shaker.
 c. Provide an additional "drying shaker" downstream of the linear motion shakers to act as abuffer for unforeseen flowline surges and to provide extra drying area for the cuttings. The fluidcollected below this shaker should be processed through a centrifuge before being returned tothe active mud system.
 d. Consider linear-motion shakers with 3 dimensional screens in the area where the mud ispooled and flat screens where there is no pool.
 e. When faced with oil-on-cuttings restrictions, use a vertical centrifuge like SWACO’s Verti G.The liquid effluent should be processed through 1-2 centrifuges before returning it to the activemud system.
 Unweighted Mud Applications
 Run the finest screens possible which produce an acceptably dry discharge. To improve cuttingsdryness, it is better to use centrifuging rather than to attempt to maximise fluid coverage on theshakers. Centrifuges produce a dry discharge more efficiently than shale shakers, especially forparticle sizes below 100 microns. Additional centrifuge costs which may be incurred are typicallyoffset by the value of the recovered fluid and improved mud rheological properties. Shale shakersshould be regarded as the first stage of the solids removal process; their chief function is to reducethe solids loading to the other pieces of solids removal equipment.
 Weighted Mud Applications
 In weighted oil-based mud applications, the shale shaker is the most important solids removaldevice. Sufficient linear motion shakers should be employed to have the capacity to remove all drillsolids larger than barite (typically 80 to 100 microns).
 Mud Cleaners
 Mud cleaners are not usually recommended unless it is impossible to screen below about 80microns with the shale shakers. The installation of an additional shaker is normally a better invest-ment. If for some reason the shakers in use do not make the required cut and cannot be changed,mud cleaners may increase the solids removal efficiency of the system. The efficiency of mudcleaners depend on the solids removal efficiency of the hydrocyclones and the screening effi-ciency of the shale shaker. Efficiencies should be checked regularly to ensure that the percentageof high gravity solids removed is acceptable. Retort samples of the mud entering the mud cleaner
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 as well as the solids being discharged. Calculate the percentages of high and low gravity solidsremoved.
 Hydrocyclones
 The term hydrocyclone can refer to either de-sanders or de-silters. Run the discharge of the hydro-cyclones wet and in an umbrella type spray for maximum efficiency. If sufficient shale shakers areavailable, the larger diameter desander with its 70 micron cut (at best) is redundant. De-silterhydrocyclones can be used in conjunction with a centrifuge under these specific conditions:
 In unweighted muds with high circulation rates and high solids generation rates, the hydrocyclonesmay be used to concentrate the solids for removal by the centrifuge. The underflow from thehydrocyclones is fed to a small catch pit which serves as a suction pit for the centrifuge. To bal-ance any differences between the hydrocyclone underflow rate and the centrifuge feed rate, thecatch pit is equalised with the active system.
 In weighted muds above 13 lb/gal (1.56 sg), the hydrocyclones can be used to reduce the solidsloading to the barite recovery centrifuge (BRC), thus improving its efficiency. The effluent (over-flow) stream from the hydrocyclones is fed to the BRC; the underflow is returned to the active sys-tem and the overflow from the BRC is sent to the second centrifuge for processing (see"Centrifuges" below). Run only as many hydrocyclones as required to equal the centrifuge feedrate.
 Centrifuges
 As previously discussed, in unweighted oil-based muds the centrifuge is a highly economical sol-ids removal device. In weighted oil-based muds, the economics of the centrifuge are not as welldefined. The high cost of the drilling fluid discharged precludes the use of a single centrifuge forbarite recovery and viscosity control. An additional high "g" force centrifuge is necessary to proc-ess the discharge from the barite recovery unit.
 Mud cleaners are not usually recommended unless it is impossible to screen below about 80microns with the shale shakers. The installation of an additional shaker is normally a better invest-ment. If for some reason the shakers in use do not make the required cut and cannot be changed,mud cleaners may increase the solids removal efficiency of the system. The efficiency of mudcleaners depend on the solids removal efficiency of the hydrocyclones and the screening effi-ciency of the shale shaker. Efficiencies should be checked regularly to ensure that the percentageof high gravity solids removed is acceptable. Retort samples of the mud entering the mud cleaneras well as the solids being discharged. Calculate the percentages of high and low gravity solidsremoved. is operated at a slower speed, lower "G" force (< 1600 "g's") and the underflow, contain-ing predominately barite, is returned to the active system. The liquid overflow from this unit is fur-ther processed by a second centrifuge operating at a much higher "G" force (typically above 2500"g's"). Ideally maintain approximately 1000 "g's" between the two centrifuges. The cleaner liquid isthen returned to the active system and the low gravity solids removed are discarded.
 Two-stage centrifuging is normally only economical with mud densities above 12-lb/gal (1.44 s.g).Below this density, a single centrifuge can usually be run as in an unweighted system: The cost ofthe barite removed will be offset by the improved mud rheology (fine drilled solids removed) plusthe daily rental cost of an additional centrifuge necessary for two-stage centrifuging.
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 Degassers
 There are many reasons why we must remove gas from the mud system. Of these, the effect it hason pumps is critical. Gas or air bubbles in the mud will reduce the output of both centrifugal and tri-plex pumps. Downstream of the shale shaker, all solids removal equipment depends on feed frompumps. Therefore, gas-cut mud must be degassed before entering the suction compartment fromwhich mud is taken for any of this equipment. With high levels of gas present in the mud centrifu-gal pumps may become "gas locked" and simply rotate without pumping fluid. In such a case boththe hydrocyclones and the centrifuge would be rendered useless. The efficiency of triplex pumps isalso degraded by the presence of gas in the mud. In an extreme case it is possible for the primarymud pumps to become so ineffective that it would be impossible to clean the hole. The presence ofgas tends to be somewhat insidious and more difficult to detect in oil-base mud than it is in waterbased mud because of the solubility of gas in the oil phase of the mud. For this reason it is impor-tant to have the degasser installed and to use it whenever there is any evidence of gas at the sur-face. Once the mud is gas cut, it may be difficult to "start" or "prime" the unit or its pumps.Therefore, it may be advantageous to run the degasser continuously even when gas is only sus-pected. There are several good vacuum and atmospheric type degassers on the market. Due par-tially to the solubility of gas in oil muds, the atmospheric types eliminate most of the light methaneand ethane gases, but do not remove much of the heavier propanes or butanes. Atmosphericdegassers are also restricted to light mud systems below 13.0 lb/gal and they do not perform aswell in heavier, more viscous fluids. Vacuum units are not as adversely affected by heavy muds astheir atmospheric counterparts. The type of gas encountered and its composition, space available,unit availability, and cost all enter into what degasser may be right for a particular system. Thepositioning of solids control equipment is extremely important if the devices are to function to theirmaximum capabilities. Devices of different capabilities should never draw out of the same tank.The equipment will work best when positioned where devices that remove only larger particles,discharge into the suction tank of a that can remove smaller particles. For example, a desandershould discharge into a suction tank for the de-silter. The de-silter should then discharge into asuction tank for a centrifuge, etc.
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 Section 12: Environment
 Drilling Waste & Environment Management
 Introduction
 This section of the manual provides an outline of factors effecting the environment and how theyimpact the use of drilling fluids. It contains information, which will assist in managing waste and theminimization of drilling fluid waste.
 It is the responsibility of all staff and contractors to protect the environment while performing theirduties. Drilling fluids and associated waste is an area where the risk to the environment is high,and an area that requires knowledge of how to minimize the risks and the volumes of waste gener-ated.
 Environmental laws are complex and the penalties for noncompliance are serious. At the sametime, regulations are changing very rapidly and it is difficult to stay current. Nevertheless, bothcriminal and civil penalties can be levied against individuals as well as corporations; therefore, it isimperative that good communication lines with HSE staff be maintained from the onset of drillingoperations.
 Drilling fluid design, handling and disposal must be controlled with regard to the protection of theenvironment. No matter which companies are involved or the location, this will remain a criticalissue. The company holding the license to drill will have the ultimate legal responsibility and willdictate the environmental policy. These legal obligations and the company’s policy will dictate theenvironmental strategy for drilling operations and the control of the discharge of cuttings and fluidswill always feature at to top of listed restrictions.
 Environmental Strategy
 As for all modern industries, drilling must operate with a policy of not damaging the environment.To help meet this objective, and as part of their environmental strategy the companies may use anEnvironmental Management Systems (EMS).
 Environmental Management Systems
 The adopted systems provide a structure which will aid all aspects of the business achieve theirenvironmental objectives and the following systems are in use within the industry and will have aprofound impact on how drilling fluids will be used.
 Different EMS Tools:
 • Operational Excellence Management System - a measurable and systematic approach,which ties safety and health goals to business plans and management compensation.
 • ISO 14001
 • European Eco-Management and Audit Scheme (EMAS) - which has additionalsite-specific requirements including a comprehensive public statement.
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 These management systems allow a logical process for the definition and control of the stepsneeded to manage the environment and include definitions for the following:
 • Policy
 • Organization and responsibilities
 • The control of critical operations with standard practices
 • Document control
 • Training
 • Record systems
 • Internal audits
 • Corrective action systems
 • Review process
 Each of these topics start life with no content, they will not provide the “How to do it” detail. It is upto each Business Units, using the framework supplied by the management system, to establishenvironmental targets, select and train staff, delegate and monitor responsibilities, and managethe monitoring process to meet legal an the corporate environmental policy.
 ISO 14001 provides a structure to the processes adopted by the company. The ISO standards aredemanding and as a method of recognizing the work involved and as a device to ensure the stand-ards are maintained, on completion of a successful audit, the BU will be awarded an internationallyrecognized certificate of achievement. The holding of a valid certificate will demonstrate that thehighest standards of environmental management are being upheld.
 While the use of a management system provides a framework for protection of the environmentand continual improvement it is the correct implementation of the controls and processes withinthe system that ensures that the environment is indeed protected. This requires that all individualswho perform tasks that could impact the environment, understand their role and carry out the con-trols and processes properly.
 Regulations
 The business unit’s current policy and local regulations will determine the environmental restric-tions on fluid design and control. Therefore, before embarking on any well design or starting workin any new location, staff should be aware of the applicable regulations and the environmental pol-icies for drilling fluids and drilling waste.
 The BU’s Health, Safety and Environmental (HSE) departments will be able to provide all the cur-rent regulations and assist in their governance.
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 The HSE group will provide local information concerning:
 • Restrictions on the discharge of liquids
 • Restrictions on the discharge of cuttings
 • Restrictions on the transportation of cuttings and drilling waste
 • Use of controlled materials
 • Reporting procedures (spills, unapproved discharges)
 • Handling of all liquids and chemicals
 • Safe handling of chemicals
 • Control of access and site construction activities
 • Control on use of and discharge of water/rainfall run-off
 • Transportation of materials
 • Other local requirements to control nuisance (traffic, noise, odor)
 Once in possession of all the relevant information it will be possible to discuss the fluid options withthe appropriate contractor, who should be also aware of the prevailing local restrictions. In manylocations worldwide, there are restrictions on the type of chemicals that can be employed and thatuse of all chemicals (mud cement, well testing) must comply with the prevailing a pre-notificationprocess.
 Environmental Safety
 The uncontrolled use of any drilling fluids will have an impact on the environment, and knowing thesignificance of any spill or un-approved discharge will be an important part of everyone’s responsi-bilities. Therefore, during the planning and pre-drill induction meetings, every effort must be madeto ensure that all who, as part of their job, will be monitoring, handling fluids or processing cuttingsare trained in the significance of any discharge.
 This also applies to the handling and processing of these materials, as they will have the potentialto cause an occupational health concern. It will be the drilling fluid contractor’s responsibility toensure each product supplied to the rig, for use in the formulation or treatment of the drilling fluid,has a Medical Safety Data Sheets (MSDS) on location. These will provide information concerningtheir toxicity and the recommended safe handling and if needed first aid treatments. Everyone atthe rig site must know how to access this information, and must be trained in the safe handling ofall drilling fluid materials.
 The suitability of any facility where chemicals and other environmentally sensitive materials maybe used, must be subjected to an environmental audit process to determine possible risks of pollu-tion and whether the facility is compatible with the company's environmental expectations. This isespecially true for mobile offshore rigs and there may also be minimum legal requirements. Theoperating companies employ environmental audit contractors as part of the rig audit procedure foroffshore rigs.
 Preparation and Transportation
 Before dealing with drilling fluid as a by-product of drilling and being classified as waste, it still hasthe potential for environmental impact and must be treated accordingly. The contractors responsi-ble for the supply and handling of all materials needed to mix the fluid and the bulk premixed fluidmust be transported and handled within a prepared management strategy. Systems must be inplace to ensure any potential risk of spillage or other environmental impact are addressed.
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 Waste Management
 The moment any of the drilling fluid or materials used to mix and treat the circulating system, leavethe confinement of the rigs equipment and storage facilities, it will be classified as a discharge, andbe subjected to a very stringent set of regulations. Therefore, every effort must be made during theplanning and day to day application of the drilling fluid to control the production of all discharges.
 The various methods of dealing with waste have been collectively referred to as “The Five R’s”
 They are:
 1. Reduce
 2. Reuse
 3. Recycle
 4. Recover
 5. Residue, Disposal of
 The following text provides a brief outline of each topic that fall within the 5R’s classifications sys-tem.
 1. Reduce
 This is the first step and should be a focus for all aspects of the planning process. The well planshould take into account of how much waste will be generated.
 ! Hole size
 - Any reduction in hole diameter will have a massive impact on the volume of bothdrilling fluid and cuttings as should always feature in the planning process.
 ! Drilling Fluid Type Selection
 - Each drilling fluid will have a different degree of environmental impact. It is welldocumented that different oils when used to formulate a drilling fluid will have dif-ferent degrees of impact, and for example it is illegal, in most places, to dischargediesel. However, each different formulation of water based drilling fluid will havedifferent impact. It is not just the toxicity of chemicals used, it could be the vol-umes needed to maintain the properties. Although a drilling fluid that can be man-aged with minimal dilution may be expensive, these systems must be considered,for waste generation control purposes.
 - Inhibitive drilling fluids are used to limit the reaction between the mud and cut-tings, the resulting volume of waste will be proportional to the degree of inhibitionand hole size. Therefore, it is important that different fluids are assessed for wastevolume generation
 - Chemical management schemes apply in many areas and types of chemicalspermitted are controlled
 ! Rig Equipment
 - The configuration of all the rig equipment will impact on the volume of waste gen-erated, as it will dictate how the drilling fluid will be managed. This must be dis-cussed on a case by case basis with the drilling fluid and rig contractor andmodification made, if needed.
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 - Solids control equipment is the single most important aspect of the rig equipment.A small improvement in solids removal efficiency will reduce drilling fluid volumes.
 - Audits of the capabilities of equipment are recommend, since poor equipment cansubstantially increase the costs of waste management and add additional risk tocompliance by generating unmanageable volumes of waste
 ! Staff Training and Awareness
 - “Wet discharges at the Shakers” the “Poor use of a Mud Cleaner” are examples ofhow waste can be generated. It will be the task of the drilling fluid and rig contrac-tors’ staff to be on their guard for such events, and it may be necessary to employa specialist contractor to police this aspect of the drilling process. In a situationwhere no discharge of either drilling fluid or cuttings is permitted, a vigilant team ofmonitors will be needed.
 - Staff training must be evident to ensure that contractors are capable of providingsuitably trained people to operate the solids control equipment
 - Well defined site practices need to be prepared and enforced to ensure that oper-ational activity does not generate unnecessary waste. Consider the use of spe-cialist fluids management personnel or ensure the contract includes responsibilityand accountability for the volume of waste generated. There is always a need toengage all contractors and any other staff who may create waste, in a teamapproach to waste prevention.
 ! Solids Control Management
 - As mention already, the rig equipment must be selected and operated with wastegeneration being a key factor. However, the whole process must be managed tomeet the targets set in the EMS. Targets for equipment efficiency, down time andwaste volumes must be set prior to commencement and this must be continuallymonitored and assessed to minimize waste generation.
 2. Reuse
 If the by-products generated during the drilling process can be reused, they will have zero impacton the overall volume of waste generated.
 ! Closed Loop Mud Systems (CLMS) and De-Watering Process
 - This process by definition requires the reuse of all the drilling fluid and will greatlyreduce the volume of water discharge - a major source of potential impact on landrigs, especially in populated areas/hilly areas. The process calls for all the excessvolume of drilling fluid generated while drilling, usually the by-product of the dilu-tion of WBM can be reused on site, this will greatly reduce the environmentalimpact. CLMS will involve a process whereby used, solids laden drilling fluid, canbe converted to its base constituents. The water fraction, being separated fromthe drilling fluid and drill solids by a process of flocculation and centrifugation, isavailable to build new drilling fluid. The discarded solids will need to be dis-charged. Discharging, the sludge from the separation process (known asDe-watering) will reduce the environmental impact.
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 Figure 4: De-Watering Process Diagram
 3. Recover and 4. Recycle
 Of the volume of cuttings collected from all the solids control equipment as much as 70% could bedrilling fluid. This drilling fluid will be made up drill solids, mud solids and recyclable liquid. It is thereusable fraction that can be recovered using specific processes and is most applicable for OBM.
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 ! Thermal Treatments
 - This process can be used on location (land drilling) or at a central facility. Theywork by feeding the correct ration of solids and liquid (<50% liquid) into a rotatingoven, to separate the oil from the drilling fluid. This oil, once solids have beeneither filtered out or allowed to settle, can be reused to build new drilling fluid.
 Figure 5: Thermal Desorption process
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 ! Solvent Extraction
 - This process can be used on location (land drilling) or at a central facility. Theywork by feeding the correct ration of solids and liquid (<50% liquid) into a cleaningprocess whereby the oil is removed with a selected solvent and render the oilreusable.
 Figure 6: Solvent extraction Process
 - Process Rate: 5-7 MT/hour
 - Solvent: Hexane/Methanol (50/50)
 - Mixing Time: 20 – 30 sec.
 - Recovery efficiency: 99%
 ! Cement Plants
 - Use oil based cuttings as fuel substitute in cement plants
 - Limited success in Norway; on trial in Baku
 - Technically difficult (need to modify process)
 - Chloride: process corrosion and the corrosion of concrete reinforcement
 - Little incentive for cement manufacturer - competing with many other organicwastes (e.g. solvents)
 ! Power station
 Recover energy by burning as fuel replacement in power station
 - Public concern about potential of dioxins in recycled waste products
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 5. Residue (disposal of)
 ! Cuttings Re-Injection
 - The Operator may elect to pump materials down the casing annulus if conditionsallow. A permit is required to do this, usually based on known ground water hori-zons. The Drilling Representative needs to be aware of the potential for collapsedcasing prior to using this method.
 - Prior to the adoption of this process there must be an analysis to assure it is safeto do so (includes subsurface analysis). BP has CRI assurance website to guideanyone considering CRI
 ! Back-Filling
 - Reserve pits are usually dewatered, with the liquid portion drained off and prop-erly treated for disposal. The solids are often handled by chemical solidificationand then the remainder is back-filled using the original walls of the reserve pit. Indryer seasons, the remainder of non-pumpable material is often spread on thelocation to dry prior to burial and back filling.
 ! Landfarming or other Bioremediation methods
 - Landfarming is an engineered process that involves the controlled application ofdrill cuttings on the soil surface and the incorporation into the upper soil zone.Thesoil performs three major functions: it serves as a mixing medium for the cuttings,a filter to prevent groundwater contamination, and a source of soil microorgan-isms that degrade the oil. The naturally occurring microorganisms convert thehydrocarbons to carbon dioxide, water, new bacteria, and humicmaterials. Someof the organic and inorganic portions of the cuttings become chemically and phys-ically attached to soil particles, thus preventing potentially hazardous componentsfrom reaching groundwater. This process has been used for over 40 years as amethod for treatment and disposal of refinery oily wastes in many countries. Inmany countries landfarming is considered Best Available Technology
 - This process can only be applied if measures are taken to protect the environ-ment from run off and leaching. The final concentration of chemicals must beacceptable for the next use of the land.
 ! Incineration
 - Incineration should be conducted with appropriate permits, which specify the typeof solid wastes to be incinerated. In addition, air pollution regulatory agencyapproval is required for this process. Problems associated with this method ofwaste disposal are the short-term air emissions, safety due to a heat source, andability to keep up with high ROPs. The units must also achieve a destruction andremoval efficiency of 99.99 percent. Incineration technology for drill cuttings is inits infancy stages. New prototypes for use are being built, but are not yet fieldproven or cost effective.
 ! Solidification
 - Solidification of cuttings offers a variety of environmental improvements overburial. Reducing the mobility of potentially hazardous materials, such as heavymetals, decreases the potential for contamination of groundwater from leachate ofunsolidified, buried reserve pit wastes. Reserve pit fluids and cuttings are com-bined with solidification agents such as: commercial cement, flash, or lime kilndust to form a relatively insoluble concrete-like matrix, which is sometimes usedfor road construction material. Although it is easier to handle waste in this manner,
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 the practice is not widely used. Federal and state and even local regulations fordrilling fluid disposal vary to such a large degree. Therefore, it is the responsibilityof each BU to determine what is acceptable. One key point should be emphasized
 - Disposal of drilling wastes at an authorized disposal site does not release theOperator from liability. Because many disposal locations process toxic waste fromseveral industries, long term liability in the event of pollution still rests with theOperator. Again, since laws are constantly changing, it is imperative that youcheck with your local environment representative to ensure you are fully comply-ing with all environmental regulations and completing all of the required paper-work.
 - Disadvantage is that any hazardous materials remain and must be carried out in amanner that ensures the quality of the solidification process . Over time the emul-sion will eventually fail resulting in the release of Chloride ions resulting in con-tamination.
 - Appropriate routine on-site testing plus recording of this data.
 Summary
 The environmental aspects of drilling fluid engineering are taking precedence more and more andwhile the information contained within the section will help, this is an area where expert assistanceis required.
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 Section 13: Operational Concerns
 Hole CleaningIntroduction
 Removal of cuttings from the wellbore is an essential part of the drilling operation. Efficient holecleaning must be maintained in all wells. Failure to effectively transport the cuttings can result in anumber of drilling problems including:
 • Excessive over pull on trips
 • High drag and rotary torque
 • Stuck pipe
 • Hole pack-off
 • Formation break down
 • Slow ROP
 • Lost Circulation
 • Trouble running casing
 • Primary cementing failures
 All of these are potential problems for both near vertical (less than 30° deviation) and ERD wells.In general however hole cleaning rarely presents a problem in near vertical wells. The problemslisted above are common on highly deviated wells.
 Successful hole cleaning relies upon integrating optimum mud properties with best drilling prac-tice. When difficulties are encountered it is essential to understand the nature and causes of theproblem. This allows options to be focused to determine the most appropriate actions.
 Engineering Calculations
 Methods for calculating important hole cleaning values can be found in Section 3 Engineering.
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 General Factors Effecting Hole Cleaning
 There are a large number of drilling variables which influence the hole cleaning process. Somevariables the driller has a direct control on, others are pre-determined by the constraints of thedrilling operation.
 Cuttings Transport
 The figure below a schematic representation of the cuttings transport mechanisms for a range ofwell inclinations.
 Figure 7 Hole Cleaning Zones
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 In hole inclined less than 30 degrees, the cuttings are effectively suspended by the fluid shear andcuttings beds do not form (zones 1 and 3). For such cases conventional transport calculationsbased on vertical slip velocities are applicable. Generally for these shallow angles annular velocityrequirements are typically 20-30% in excess of vertical wells. Beyond 30 degrees the cuttings formbeds on the low side of the hole which can slide back down the well, causing the annulus topack-off. Cuttings which form on the low side of the hole can either move en-masse as a slidingbed (zone 4) or alternatively may be transported at the bed/mud interface as ripples or dune (zone2).
 Figure 8 Cuttings Accumulation
 Flow patterns in the annulus depend strongly upon flow rate and mud rheology. Thin fluids with lowYP's tend to promote turbulence and cuttings saltation. Thick fluid with high YP's increase the fluiddrag force and causes the cuttings bed to slide.
 The ideal zones for cuttings transport are Zones 1 and 2. Zone 5 virtually guarantees tight holeproblems.
 Rheology
 The effect of mud rheology on hole cleaning depends on the annular flow regime. In the laminarregime, increasing mud viscosity will improve hole cleaning and it is particularly effective if the lowshear rheology and YP/PV ratio are high. In the turbulent regime reducing mud viscosity will helpremove cuttings.
 Note: Turbulent flow is hard to achieve in most hole sections
 Low Shear Rate Yield Point (LSRYP)
 This is a measure of the low shear properties of the mud. It is determined from the 6 rpm and 3rpm readings of a conventional Fann viscometer, [LSRYP = (2 x Fann 3 rpm reading) - Fann 6 rpmreading]. This property controls the size of cuttings which can be suspended by the flowing mud(dynamic suspension). The dynamic suspension will be affected by cuttings size and mud density.In practice the optimum level required is best established based on field data and experience.
 Note: A good starting point for LSRYP is a value >5, or another rule of thumb is to keep the Fann 6rpm reading value greater than the hole diameter, when measured in inches.
 Pump Rate
 The mud flow rate provides the lifting force on cuttings to carry them out of the well. In highly devi-ated wells mud flow rate is the most important factor for hole cleaning. For vertical wells the rate ofcuttings removal increases with increasing annular velocity and/or increased rheology.
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 Note: An annular velocity of greater than or equal to 150 feet/minute is a reasonable starting point, butmore is better.
 Hole Geometry
 Hole diameter has a very significant effect on annular velocity. Reducing hole diameter from17½ to 16 inch will for example increase annular velocity by approximately 20%.
 Mud Weight
 Mud weight influences hole cleaning by affecting the buoyancy of the drilled cuttings. As mudweight increases, the cuttings will tend to "float" out of the well making hole cleaning easier. Inpractice the mud weight window will be constrained by drilling factors other than hole cleaning(wellbore stability, ECD, differential sticking etc.).
 Cuttings Properties
 Hole cleaning is dependent upon both cuttings size and density. Increasing size and density both tend to increase the cuttings' slip velocity. This makes transport more difficult. The effects of higher slip velocity can be combated by an appropriate increase in LSRYP and mud gel strength. In extreme circumstances bit selection can be used to generate smaller cuttings and, hence, reduce slip velocity
 Rate of Penetration
 Increases in penetration rate result in a higher cuttings concentration in the annulus. This will leadto a higher effective mud density in the annulus and higher circulating pressures which may, inturn, limit flow rates.
 Drillpipe Rotation
 In deviated wells high pipe rotation speeds provide an effective means of mechanically disturbingcuttings beds and reintroducing them into the main mud flow for removal.
 Drillpipe rotation has little effect on hole cleaning in near vertical wells. However, a period of piperotation and circulation after ‘slide drilling’ is strongly advised, as no cutting will have been movedup the well during periods of direction drilling which calls for sliding.
 Rig Site Monitoring
 There are a number of rig-site indicators that should be used to monitor the hole condition andallow preventative action to be taken. These should normally be examined for trends and suddendepartures rather than absolute values.
 • The shape and size of the cuttings coming over the shaker should be regularly monitored. Small rounded cuttings indicate that cuttings have been spending extended periods down-hole being reground by the BHA.
 • The cuttings return rate at the shakers should also he measured and compared with the volume predicted from ROP. Simple devices are available to automate the measurement.
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 • Torque and drag can be used to determine whether cuttings beds are adding to the wellbore friction. Simulations should be conducted in advance using the DSS (part of the Landmark’s WellPlan® program or other appropriate software applications). Devia-tions from the normal trend line can be indicative of cuttings bed forming.
 • The major mud companies now have sophisticated and reliable models for hole cleaning, ECD prediction etc.... (MI - Virtual Hydraulics. BHI - Advantage, Baroid - DFG-3) and should be used when applicable.
 • BP operation are supported with an Hydraulics Engineering application, part of Landmark’s WellPlan® system and this should also be used when applicable.
 • Erratic signal in torque or SPP can also be an early warning of cuttings beds.
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 Vertical and Near Vertical Wells
 Rheology plays a very important role in transporting cuttings in vertical and near-vertical holes. Largediameter holes, in particular, cannot be cleaned by velocity alone. However, assuming that the mud hasthe correct rheology, hole cleaning on these wells is not normally a problem. The mud annular velocity isgenerally far greater than the cuttings slip velocity and so the cuttings are carried out of the hole. Toensure that a low slip velocity is achieved these wells are usually drilled with viscous, high yield pointmuds.
 Hole Cleaning in Near Vertical Wells - Guidelines
 • Select mud properties to provide optimum hole cleaning whilst drilling. The specific proper-ties will depend upon available pump rate. In all cases mud rheology should be maintained at a level that will reduce slip velocity to acceptable levels. Specific requirements for annu-lar velocity cf. cuttings slip velocity can be obtained within Landmark’s WellPlan®.
 • Poor hole cleaning will result in high cuttings loading in the annulus.
 When circulation is stopped these cuttings can fall back and pack-off the BHA. When pack-ing-off occurs this means the flow rate is too low or the well has not been circulated for suffi-cient time (assuming that the above criteria for mud properties has been met).
 • Circulate the hole thoroughly prior to tripping - A single bottoms-up is not sufficient. The minimum recommended volume for vertical wells is 1.3 x bottoms-up (1.5 for holes > 8½"). Monitor the shakers to ensure the cuttings return rate is reduced to an acceptable back-ground level prior to commencing tripping
 • Limit use of high viscosity pills to supplement hole cleaning. Rather adjust the properties of the active mud in circulation to provide optimum cleaning capacity. High weight pills should not be used in vertical wells.
 • For vertical holes reciprocate and rotate the pipe during circulation prior to tripping - this helps remove cuttings from stagnant zones near the wellbore wall.
 • Pulling through tight spots is OK provided the pipe is free going down. Agree a maximum allowable overpull in advance with the Company Man/Drilling Superintendent. Do not go immediately to the maximum overpull, but work up progressively ensuring that the pipe is free to go down on every occasion.
 • Stop and circulate the hole clean if overpulls become excessive
 • Avoid precautionary backreaming. Understand the nature and causes of any problems encountered on tripping. Only back ream when essential.
 High Angle, Extended-Reach Wells
 Much of the information given above relating to hole cleaning in near vertical wells is relevantto ERD wells. However it is far more difficult to maintain clean hole in deviated wells. Theguidelines given below are based on the conclusions derived from both laboratory and fielddata:
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 Hole Cleaning in Deviated Wells - Guidelines
 • Flow Rate
 The single most important factor relating to hole cleaning in deviated wells is flow rate (i.e. annularvelocity). During directional drilling operations, drilled cuttings will settle on the low side of the holeand form a stationary bed if insufficient annular fluid velocity is used. When planning a well it isimperative that mud pumps of sufficient size and capacity are selected to achieve this requiredrate. Typically few hole cleaning problems exist in vertical or horizontal sections. Most problemsassociated with hole cleaning are seen on deviated wells occur in the 50 - 60 deg section wheregravity effects can cause cuttings beds to slump down the hole.
 Typical flow rates to aim for in ERD wells are as follows:
 Table 55:
 • Selection of Flow Regime
 When correctly designed, both laminar and turbulent flow regimes will effectively clean a deviatedwell. In general increasing the viscosity of a fluid in laminar flow will improve hole cleaning as will areduction of the viscosity of a fluid in turbulent flow. It is important that one/or the other regime isselected and that the transition zone between the two is avoided (Figure 3).
 Hole Size Typical Flow rates
 17½ inch 1,100 gpm minimumsome rigs achieve1,250 - 1,400 gpm
 12¼ inch Aim for 1,100 gpm(although 800 - 1000 gpm is typically achieved)
 If 1000 gpm is not achievable, ensure tripping proce-dures are in place for poorly cleaned hole
 8½ inch Aim for 500 gpmNote: Flow rates >550 gpm can lead to hydraulic hole
 erosion
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 Figure 9 EFFECT OF YIELD POINT ON CRITICAL FLOW RATE
 Generally viscous fluids in laminar flow are preferred because:
 • Is it is possible to achieve higher cleaning capacity (rheology factor).
 • Viscous fluids give better transport in the near-vertical sections.
 • Viscous mud has better suspension characteristics when circulation is stopped.
 • Its difficult to achieve "turbulent f l o w " except in small hole sizes.
 Turbulent flow effectively prevents the formation of cuttings beds on the low side of highly deviatedwells and helps to minimise ECD. For these reasons turbulence may be preferred in deviatedholes where there is a small window between mud weight and fracture gradient. It is however diffi-cult to achieve turbulence in large diameter holes (12¼" and greater) particularly when weightedmuds are being used.
 Turbulent regimes should not be used in friable, non competent formations. Subsequent wash-outof the rock will reduce annular velocities to a point where laminar flow will develop in a fluid withproperties specifically designed for turbulence. Cuttings bed formation and barite sag will almostinevitably follow. Effectively the same process can occur as the fluid, designed for turbulence insmall diameter hole, enters larger diameters further up the hole. All fluids designed for turbulencemust have, as a minimum, sufficient suspension characteristics and carrying capacity to cleanthese larger hole (casing) sizes.
 • Mud Rheology
 Experience has shown that good mud rheology is extremely important to hole cleaning when drill-ing a high angle well. Studies show that the effects of mud rheology and annular flow regime aremutually dependent. In the laminar regime, increasing mud viscosity will improve hole cleaningand this is particularly effective if the LSRYP is high. In the turbulent regime, however, reducingmud viscosity will help removing cuttings. Therefore the mud rheology should be designed to avoid
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 the transitional flow regime. For hole sizes above 8½", the annular flow is laminar under most cir-cumstances. Therefore it is desirable to specify a minimum LSRYP (>5 is a reasonable startingpoint). In practice the optimum level required is best established based on field data and experi-ence.
 • Hole Cleaning Charts
 A series of Hole Cleaning Charts have been developed which can be used to determine the Criti-cal Flow Rate for various hole sizes when drilling a deviated well. These charts, with examples, areincluded at the end of this section.
 • Hydraulics
 Conventional drilling hydraulics rely upon optimising hydraulic horsepower or hydraulic impact atthe bit. This requires approximately 60-70% of the system pressure loss to be dissipated at the bit.For ERD wells where the flow rates for hole cleaning are higher, it is often necessary to reach acompromise and reduce the energy spent at the bit. This is achieved by selecting larger nozzlediameters. The distribution of pressure losses throughout the circulating system depends uponwell geometry and fluid properties. In conventional drilling the annular pressure drop is generally<5% of the overall system loss (this proportion increases dramatically for slimhole configurations).The annular pressure loss, whilst only a small fraction of the total loss is critical for determiningECD.
 • Use of Mud Pills
 Proper use of mud pills may improve hole cleaning in a high angle well.
 High viscosity (preferably weighted) pills are often effective in hole sizes larger than 8½" whilst low viscosity pills are beneficial in smaller holes. When using a low viscosity pill, it is important to main-tain the normal high flow rate and minimise the stagnant circulation time. Also it is often necessary for a low viscosity pill to be followed by a high viscosity (weighted) pill in order to ensure adequate hole cleaning in the larger vertical hole section. The specific pill volumes should be determined based on the hole size and the calculated effect on hydrostatic head. Typical volumes used are:
 Table 56: Note: The use of low viscosity, turbulent flow pills is not recommended in weakly consolidated forma-
 tions as washout or destabilization may occur.
 • Steady ROP
 A higher ROP requires a higher flow rate to clean the hole. It is a good practice to drill the hole witha steady ROP and select the required flow rate for hole cleaning accordingly. In cases where thiscan not be achieved, the average ROP over a 30m (100 ft) interval should be used to select theflow rate.
 Drillpipe Rotation/ Reciprocation
 Experience has shown that drillpipe rotation/reciprocation is very effective in improving hole clean-ing, in particular at high speeds. This is because the drillpipe rotation/reciprocation will mechani-cally agitate the cuttings bed and therefore help removing cuttings. Discuss limitations of rotaryspeeds when using downhole motors with the directional drilling company.
 17½” and 16” Intervals 12¼” Intervals 8½” Intervals
 50 + bbl 30 - 50 bbl 30 bbl
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 • Large Surface Hole Section
 When drilling ERD wells, it is often necessary to kick off in the large surface hole section(22"/24"/26"). However, as a deviated large sized hole requires a very high flow rate to remove thecuttings, it is necessary to limit the maximum angle in the hole section, often in the range of 20-30deg. Also, minimising the hole size will greatly improve hole cleaning, e.g. by drilling a 22" holeinstead of 24" or 26" if possible. Drilling a pilot hole and then opening up to the full size only mar-ginally reduce the required flow rate for effective hole cleaning.
 • Use of Larger Drillpipe
 The pump pressure is often the limiting factor for achieving the required flow rate for hole cleaning.Therefore, it is often necessary to use larger than conventional 5" drill pipes such as 5½" or 65/8" inorder to reduce the pump pressure. However, as use of a larger drillpipe size results in higher sur-face torque, its length should be optimised.
 • Circulation Prior to Connections or Tripping
 Before making a connection, the hole should be circulated at the normal flow rate to clear the cut-tings from around the BHA. Depending upon the hole angle and the length of BHA, a circulationtime of 5 to 10 min is often necessary.
 Before tripping out, the hole should be circulated at the normal flow rate until the shakers areclean, and the drillpipe be rotated at maximum speed/reciprocated in the mean time. This mayrequire up to 3 bottoms-ups, depending upon the hole angle and hole size. Table 3 lists the recom-mended number of calculated bottoms ups prior to tripping.
 Table 57:
 • Wiper Trips
 Wiper trips or pumping-out-of-hole are often effective in eliminating hole cleaning problems. So it isa good practice to have regular wiper trips say every 150 or 200 m back into the previous casingwhen drilling a high angle section. This is particularly important if the actual flow rate is below orclose to the critical rate.
 • Data Acquisition
 It is advised that trend sheets be used to log all hole cleaning parameters for future use, i.e. flowrate, rpm, mud rheology vs depth and evidence of dirty hole on trips etc. Trip procedures should beprepared in advance with guidance on tripping intervals, back reaming rates and maximum over-pull. These procedures can be modified over the well as necessary.
 By measuring the amount of cuttings over the shakers at regular intervals a cuttings return log canbe established which will provide valuable information on trends in cuttings returns versus ROP.
 • PWD (Pressure While Drilling Tool)
 Pressure while drilling tools can track ECD’s and spot cuttings buildup in the hole.
 Hole Angle 8½” 12¼” 17½”
 0 - 10 1.3 1.3 1.5
 10 - 30 1.4 1.4 1.7
 30 - 60 1.6 1.8 2.5
 60+ 1.7 2.0 3.0
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 Washed Out Hole
 In situations where out-of-gauge sections are common, every effort should be made to minimisethe extent of hole enlargement. Factors such as mud design (chemical) and mud weight selectionmust be optimised to reduce the problem. Poorly consolidated formations can be prone to hydrau-lic and mechanical erosion. Bit hydraulics and drilling practices should be designed accordingly.
 In areas such as Colombia where the formations are tectonically active the wellbore sections aregenerally out of gauge. This causes a reduction in the annular velocity of the mud which togetherwith the large cavings (and hence higher slip velocity), makes hole cleaning much more critical.Recommended ranges for rheological properties have been developed from analysis of field datain Colombia.
 Hole Cleaning Charts
 The following charts have been derived based on hole cleaning model by assuming a set of drillingconditions which, are considered typical for the North Sea and Gulf of Mexico. Therefore, thesecharts should not be used in cases where the drilling conditions are significantly different from theassumed typical conditions. Under these circumstances the appropriate technical support staff canbe consulted.
 Example
 Hole Size 12¼”
 Deviation 60°
 Mud Weight 1.5 sg (12.5 ppg)
 Plastic Viscosity 30 cP.
 Yield Point 25 Ib/100ft2
 Anticipated ROP 20m/hr (65 ft/hr)
 The following charts can be used to determine the flow rate requirement to clean the hole assuming
 1. The hole is in gauge
 2. The hole is washed out to 13½"
 1) Gauge Hole
 • Find the Hole Cleaning Charts for 12¼" Hole
 • Enter the left hand chart with PV = 30 and YP = 25, read off the Rheology Factor RF = 0.99
 • Use the Angle Factor (AF) table, read o f f AF = 1.07 for 60° deviation
 • Calculate the Transport Index, TI = 1.5 x 0.99 x 1.07=1.59
 • Calculate the Transport Index (USA units), TI = 12.5 x 0.99 x (1.07/8.33)=1.59
 “Proprietary - for the exclusive use of BP & ChevronTexaco”
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 • As the hole is in gauge there is no need to correct TI
 • Enter the right hand chart with ROP = 20m/hr and TI = 1.59;. giving a required flow rate to clean the hole of 740gpm.
 2) Washed Out Hole
 • Required flow rate must be determined based on actual hole size - 13½"
 • This is done by correcting the transport index (TI) determined above
 • Corrected TI =
 • Enter the right hand chart with ROP = 20m/hr (65 ft/hr) and TI’ = 1.33, giving a required flow rate to clean the enlarged hole of 910 gpm
 2.44 1.59×0.38 13.5 2.22–×----------------------------------------------- 1.33=
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 GetRheology Factor:RF
 GetAngle Factor: AF
 CalculateTransport Index:TI
 CheckIs hole washed out
 GetMud Flow Rate
 Enter Rheology Factor Chart with PV & YP.
 Enter table below with hole angle
 Enter following equation with RF, AF and mud density in sg (SF) or in ppg (PPG)Tl =SG x RF x AF or Tl =PPG x RF x AF/8.33
 Enter following equation with washout hole diameter Dw to correct TlTl’ = 2.44 Tl/(0.38Dw - 2.22)
 Enter flow rate vs ROP chart with Tl (Tl’ if hole washed out) & ROP
 Angle 30 35 40 45 50 55 60 65
 AF 1.39 1.31 1.24 1.18 1.14 1.10 1.07 1.05
 Yes
 Page 1
 Hole Cleaning for 17½" Hole
 1.02
 70-80
 “Proprietary - for the exclusive use of BP & ChevronTexaco”
 Hole Cleaning 13-13 Rev. 01/2002

Page 434
                        

Drilling Fluids Manual
 GetRheology Factor:RF
 GetAngle Factor: AF
 CalculateTransport Index:TI
 CheckIs hole washed out
 GetMud Flow Rate
 Enter Rheology Factor Chart with PV & YP.
 Enter table below with hole angle
 Enter following equation with RF, AF and mud density in sg (SF) or in ppg (PPG)Tl =SG x RF x AF or Tl =PPG x RF x AF/8.33
 Enter following equation with washout hole diameter Dw to correct TlTl’ = 2.44 Tl/(0.38Dw - 2.22)
 Enter flow rate vs ROP chart with Tl (Tl’ if hole washed out) & ROP
 Angle 30 35 40 45 50 55 60 65
 AF 1.39 1.31 1.24 1.18 1.14 1.10 1.07 1.05
 Yes
 Page 1
 Hole Cleaning for 12¼" Hole
 1.02
 70-80
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 GetRheology Factor:RF
 GetAngle Factor: AF
 CalculateTransport Index:TI
 CheckIs hole washed out
 GetMud Flow Rate
 Enter Rheology Factor Chart with PV & YP.
 Enter table below with hole angle
 Enter following equation with RF, AF and mud density in sg (SF) or in ppg (PPG)Tl =SG x RF x AF or Tl =PPG x RF x AF/8.33
 Enter following equation with washout hole diameter Dw to correct TlTl’ = 1.12 Tl/(0.38Dw - 2.11)
 Enter flow rate vs ROP chart with Tl (Tl’ if hole washed out) & ROP
 Angle 30 35 40 45 50 55 60 65
 AF 1.39 1.31 1.24 1.18 1.14 1.10 1.07 1.05
 Yes
 Page 1
 Hole Cleaning for 8½" Hole
 1.02
 70-80
 1.00
 80-90
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 Wellbore StabilityPart 1: Before the Wellbore
 Introduction
 Wellbore stability is the prevention of brittle failure or plastic deformation of the rock surroundingthe wellbore due to mechanical stress or chemical imbalance.
 Prior to drilling, the mechanical stresses in the formation are less than the strength of the rock. Thechemical action is also balanced, or occurring at a rate relative to geologic time (millions of years).Rocks under this balanced or near-balanced state are stable.
 After drilling, the rock surrounding the wellbore undergoes changes in tension, compression, andshear loads as the rock forming the core of the hole is removed. Chemical reactions also occurwith exposure to the drilling fluid.
 Under these conditions, the rock surrounding the wellbore can become unstable, begin to deform,fracture, and cave into the wellbore or dissolve into the drilling fluid.
 Excessive rock stress can collapse the hole resulting in stuck pipe. Hole-squeezing mobile forma-tions produce tight hole problems and stuck pipe. Cavings from failing formation makes holecleaning more difficult and increases mud and cementing costs.
 In Situ Conditions
 Porosity
 Porosity is the percent of void space within the rock.
 The rocks of sedimentary basins always exhibit some porosity. As porosity increases, the percentof fluid volume increases while the rock matrix volume decreases. Increasing porosity weakensthe rock. Shale, for example, will change from brittle rock to ductile clay with sufficient water con-tent. The figure below shows typical porosity change with depth due to compaction and cementa-tion.
 Permeability
 Permeability is the abilityof a rock to flow fluids;measured in units of dar-cies. Permeability acts toweaken the rock as theloss of water based mudfiltrate dissolves thegrain-to-grain cementbond. Also, hydrostaticoverbalance forces waterfiltrate to penetrate thepores of the rock; which also weakens the rock.
 “Proprietary - for the exclusive use of BP & ChevronTexaco”
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 The figure below shows typical permeability changes relative to depth for shale and sandstone.Shales may have high porosity, but have very little permeability
 Formation Pore Pressure -p
 Formation pore pressure is the pressure of the naturally occurring fluid(s) in the pores of the rock.
 As long as the increase in overburden load from the rate of deposition does not exceed the rate atwhich fluid can escape from the pore, a fluid connection exists from surface to the depth of inter-est. Pore pressure is then equal to the hydrostatic pressure of formation water (normal pressure).
 Normal formation pressure is equal to the hydrostatic pressure of formation water at a verticaldepth of interest.
 If the fluid cannot escape the pore, pore pressure begins to increase at a faster-than-normal rate(abnormal pressure).
 Abnormal formation pressure is greater than normal for the vertical depth of interest.
 “Proprietary - for the exclusive use of BP & ChevronTexaco”
 Rev. 01/2002 Wellbore Stability -20

Page 441
                        

Drilling Fluids Manual
 Pore pressure of a perme-able formation can bedepleted below normal byproduction operations(subnormal pressure).
 Subnormal formationpressure is less than nor-mal for the vertical depthof interest.
 Estimating Formation Pore Pressure
 Formation pore pressure prediction is a highly specialized process. Prior to drilling, qualitative geo-physical methods are available to qualify the presence of abnormal pressure at an approximatedepth. Offset logs also help estimate pore pressure.
 Enhancements in geophysical interpretations have recently been made to quantify the value ofabnormal pressure prior to spudding the well. Before development of this quantitative method, onlyqualitative information was possible prior to drilling.
 While drilling, several MWD/LWD logs provide real time evaluation of formation pore pressure. "D"exponent plots can also indicate changes in pore pressure.
 Higher than normal porosity and sonic travel time (At.) indicate abnormal pore pressure.
 “Proprietary - for the exclusive use of BP & ChevronTexaco”
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 In Situ Earth Stress
 Prior to drilling, subsurface rocks are exposed to a balanced or near balanced stress environment.The naturally occurring stress in place is called the in situ stress. In situ stress is normally com-pressive due to the weight of the overburden. For this reason, in rock mechanics compressivestress is defined to be positive.
 Overburden Stress - sv
 Overburden stress is the pressure exerted on a formation at a given depth due to the total weightof the rocks and fluids above that depth.
 Most formations are formed from a sedimentation/compaction geologic history. Formations mayvary significantly from the earth's surface to any depth of interest. Shallow shales will be moreporous and less dense than shales at great depths.
 Estimating Overburden Stress
 Typically a value of 1 psi/ft is attributed to the overburden gradient, but at shallow depths the actualvalue is much less and at greater depths_ somewhat higher.
 A density log can be used to determine the weight of the overburden. In the absence of a densitylog, the overburden stress may be estimated from alternatives such as Eaton's variable densitycurve or the Wylie time average equation using sonic travel time, bulk density and porosity
 As the overburden squeezes the rock vertically, it pushes horizontally. Constraint by surroundingrock creates horizontal stress.
 Horizontal Stress - sh, sH
 In most drilling areas, the horizontal stresses are equal. When drilling near massive structuressuch as salt domes or in tectonic areas, the horizontal stresses will differ and are described as aminimum (sh) and a maximum (sH).
 “Proprietary - for the exclusive use of BP & ChevronTexaco”
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 Estimating Horizontal Stress
 The minimum horizontal stress is normally determined from leak-off tests. It is difficult to determinethe maximum horizontal stress from field measurements. Its value can be estimated using rockmechanics equations.
 Effective Stress
 The rock matrix does not support the full load of overburden and horizontal stress. Part of the loadis supported by the fluid in the pore (pore pressure). The net stress is the effective stress felt bythe rock matrix. Effective stress is used in rock mechanics to determine the stability of the well-bore.
 Effective Overburden Stress - σv
 The overburden stress that effectively stresses the rock matrix.
 Effective Overburden Stress = Total Overburden Stress - Pore Pressure
 Much like air pressure in a car tire supports the weight ofthe car, fluid pressure in the pore supports a portion of theoverburden load.
 The remaining portion of over-burden stress is the loadeffectively stressing the rock matrix.
 Effective Horizontal Stress - σh, σH
 Similarly, the effective horizontal stresses can be determined. Usually the horizontal stresses areequal and the effective horizontal stress is equal to the effective overburden stress times a lithol-ogy factor, k The lithology factor (k) is equal to 1 for fluids but is less than 1 for more rigid materialsuch as rock.
 σv sv p–=
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 In tectonically active areas, the horizontal stresses are not equal. The maximum horizontalstresses will be higher, or lower depending on tectonic movements, by the additional tectonicstresses, th and tH. In these areas, the effective horizontal stresses are described by a maximumand minimum value.
 sh=k x sv + th and sH = k x sv + tH
 In extreme tectonic environments, t, may be sufficient to make the horizontal stress higher than the vertical stress.
 Rock Strength
 Rock mechanics is the study of the mechanical behavior of subsurface rocks.
 Core samples (removed from in situ conditions) are usually tested in compression with specialized laboratory equipment. To better simulate subsurface conditions, core samples tested are also sub-jected to a confining pressure (stress). The rock responds to the stress by changing in volume or form (deformation) or both. The change in the rock volume or form due to the applied stress is called strain.
 Rocks subjected to compressive (+) or tensile (-) stress can go through three stages of strain deformation. In elastic deformation, the rock deforms as stress is applied but returns to its origi-nal shape as stress is relieved. In elastic deformation, the strain is proportional to the stress (Hooke's Law).
 When applied stress reaches the elastic limit, the rock begins to exhibit plastic deformation. Inplastic deformation, the rock only partially returns to its original shape as stress is relieved. Ifcontinued stress is applied, fractures develop and the rock fails (ultimate failure).
 Rocks can fail in a brittle manner, usually under low confining stress, or in a ductile manner underhigher confining stress.
 Shear Strength and Shear Failure
 Under compression rocks actually fail in shear - it is easier to slide rock grains past each otherthan to crush them.
 “Proprietary - for the exclusive use of BP & ChevronTexaco”
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 High confining pressure resists sliding on the shear plane and the rock appears stronger. If theconfining pressure and axial load were equal, there would be no shear stress on the rock and noshear failure.
 Equal stresses promote stability and unequal stresses promote shear stress and possible shearfailure.
 It is not possible to accurately reproduce the effects of pore pressure on rock strength when testingcore samples from the field. In actual borehole conditions, pore pressure exerts a force that tendsto push the rock grains apart. This is why the effective stress is used in rock mechanics whenapplied to wellbore stability studies.
 Rock mechanics uses failure models to predict wellbore stability. One such model considers allthree effective stresses to calculate the resultant shear stress. The "mean" effective stress is usedby this model to describe the stress state of the rock.
 The failure model used in the illustrations (Mohr-Coulomb) neglects the intermediate stress andconsiders only the greatest and least effective stress. The greatest shear stress on the rockoccurs on the two-dimensional plane consisting of the greatest and least stress. The greatest/andor least stress could be any of the three depending on in situ environment and well conditions.
 Mean Effective Stressσv σh σH+ +
 3---------------------------------=
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 The shear stress that fails the rock must overcome the cohesive strength, So (bonding together
 of the grains), and the frictional resistance between the grains (µσ). The frictional resistance
 between the grains is the product of the coefficient of friction (µ) and the effective compressive
 stress (σ).
 The shear strength is defined as the shear stress that fails the rock. The coefficient of friction is
 also expressed in terms of an angle of internal friction (φ).
 The cohesive strength (So) and the angle of internal friction (φ) are obtained from conducting
 compression tests on core samples (or estimated from logs) from the field. Several tests on coresare necessary to determine these values.
 The shaded area shown below indicates the "stress-state" of one such core sample at failure. The
 compression stress (σf) that fails the core sample (greatest stress) is plotted on the horizontal axis
 along with the confining pressure (σc) used for that test (least stress).
 The higher the confining pressure, the greater the compressive stress necessary to fail the sam-ple. Several tests at increasing confining pressures produce successive stress-states of increasing shear strength.
 The "shear strength line" is approximated by the line giving the best fit to the shear stress pointson the failure plane from several such tests. The equation for this line is given below.
 A "shear strength line" or failure envelope shown below is produced from such core tests (a similar
 stability chart is used when considering the mean effective stress,
 The greatest and least effective stress on the wellbore are also calculated using in situ stress, porepressure, hole inclination, etc., and indicated on the chart. If the stress-state produces a shearstress that falls beneath the shear strength line, the wellbore is stable.
 If the shear stress falls outside the stability envelope, the wellbore is unstable and formation failurewill occur.
 µ Φtan=
 τ So σ Φtan+=
 σv σh σH+ +( ) 3⁄
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 Tensile Failure
 Tensile Failure results from stresses that tend to pull the rock apart (tensile stress). Rocks exhibitvery low tensile strength.
 Time
 Geological processes have great lengths of time in which to operate. Although geologic time isimpossible to duplicate in a laboratory, it is possible from experiments to make some deductionsconcerning the influence of time.
 One analysis of special interest to drilling operations is that of creep. Creep is a slow continuousdeformation of rock with the passage of time, even though the stress may be above or below theelastic limit.
 “Proprietary - for the exclusive use of BP & ChevronTexaco”
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 Part 2: After The Wellbore
 Near Wellbore Stress-State
 Before drilling, rock stress is described by the in situ stresses; effective overburden stress, effec-tive minimum horizontal stress, and the effective maximum horizontal stress. These stresses are
 designated (σv, σh, σH.
 As the hole is drilled, the support provided by the rock is removed and replaced by hydrostaticpressure. This change alters the in situ stresses. The stress at any point on or near the wellborecan now be described in terms of radial stress acting along the radius of the wellbore; hoop stressacting around the circumference of the wellbore (tangential); axial stress acting parallel to the wellpath. These stresses are designated (σr, σθ, σz.) and the additional shear stress components
 designated (σrθ σrz σθz.)
 These stresses are perpendicular to each other and for mathematical convenience, are used as aborehole coordinate system.
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 Hoop Stress - σθ
 Hoop stress is dependent upon wellbore pressure (pw), in situ stress magnitude and orientation,pore pressure, and hole inclination and direction. Wellbore pressure (pw) is directly related to mudweight/ECD.
 For a vertical wellbore with equal horizontal stresses, hoop stress is dependent upon the mudweight and the magnitude of the horizontal stresses and is equally distributed around the wellbore.
 A deviated well creates unequal distribution of hoop stress around the wellbore due to the redistri-bution of the horizontal and vertical stresses. Hoop stress acting on a cross-section of the wellboreis maximum at the sides of the wellbore perpendicular to the maximum stress.
 The same is true when drilling a vertical well in an in situ environment of unequal horizontal stress.Hoop stress is maximum at the side of the wellbore perpendicular to the maximum horizontal
 Axial Stress - σz
 Axial stress is oriented along the wellbore path and can be unequally distributed around the well-bore. Axial stress is dependent upon; in situ stress magnitude and orientation, pore pressure, andhole inclination and direction. Axial stress is not directly affected by mud weight.
 σz = [in situ & well parameters] - p
 σθ [in situ & well parameters]-pw p–=
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 For a vertical well with equal horizontal stress (sh = sH), axial and vertical stress are the same.Axial stress in a deviated well is the resolution of the overburden and horizontal stresses.
 Radial Stress - σr
 Radial stress is the difference in wellbore pressure and pore pressure and acts along the radius ofthe wellbore.
 Since wellbore and pore pressures both stem from fluid pressure acting equally in all directions,this pressure difference is acting perpendicular to the wellbore wall, along the hole radius.
 Radial Stress = Wellbore Pressure - Pore Pressure
 Mechanical Stability
 Hoop (σθ), radial (σr), and axial (σz) stress describe the near wellbore stress-state of the rock.Mechanical stability is the management of these stresses in an effort to prevent shear or tensilerock failure.
 Normally the stresses are compressive and create shear stress within the rock. The more equalthese stresses, the more stable the rock.
 σr pw p–=
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 As shown by the right side drawing above, the radial stress is resisting shear caused by the hoopstress.
 Hoop, axial, and radial stress can be calculated and the greatest and least of the three indicatedby a stress-state semicircle on the stability chart.
 Shear failure occurs if the stress-state falls outside of the stability envelop. Tensile failure occurs ifthe stress-state falls to the left of the shear stress axis and exceeds the tensile strength of the rock.
 Whenever hoop or radial stress become tensile (negative), the rock is prone to fail in tension.Many unscheduled rig events are due to loss of circulation caused by tensile failure.
 Mechanical stability is achieved by controlling the parameters that affect hoop, axial, and radialstress.
 Controllable parameters:
 • MW/ECD (Equivalent Circulating Density)
 • Mud Filter Cake
 • Well Path - Inclination and Azimuth
 • Drilling/Tripping Practices
 Uncontrollable parameters:
 • Unfavorable In Situ Conditions
 • Adverse Formations
 • Constrained Wellbore Trajectory
 Mechanical stability of the well is also impacted by drilling fluid/formation interaction. Chemicalinstability eventually results in mechanical failure of the rock in shear or tension.
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 Time is also an important consideration The longer the formation is exposed to the drilling mud,the more near-wellbore pore pressure increases. The rock loses support provided by the mudweight.
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 Effect of Mud Weight/ECD
 Mud weight, ECD, and pressure surges on the wellbore directly effect hoop and radial stress. Anincrease in MW decreases hoop stress and increases radial stress. Similarly, a decrease in MWincreases hoop stress and decreases radial stress. The result on wellbore stability is dependentupon the magnitude of the mud weight increase/decrease.
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 Mud Filter Cake and Permeable Formations
 The filter cake plays an important role in stabilizing permeable formations. An ideal filter cake iso-lates the wellbore fluids from the pore fluids next to the wellbore. This is important for hole stabilityand helps prevent differential sticking as well.
 If there is no filter cake, the pore pressure near the wellbore increases to the hydrostatic pressure;the effective radial stress is zero. The simultaneous decrease in effective hoop stress causes thestress-state to move left in the stability envelope; decreasing the stability of the formation. An idealfilter cake helps provide for a stable wellbore.
 The chemical composition of the mud and permeability of the formation control the filter cake qual-ity and the time it takes to form.
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 Hole Inclination and Direction
 The inclination and direction of the wellbore greatly impacts the stability of the well. Unequal distri-bution of hoop and axial stress around the circumference of the well tends to make the wellboreless stable.
 For Equal Horizontal Stress
 Drilling a horizontal well causes the hoop and axial stress dis-tribution around the wellbore to change.
 Before drilling from vertical, the hoop stress is equally distrib-uted. As angle increases to horizontal, the hoop stress on thehigh and low side of the wellbore decreases, but the hoopincreases greatly on the Maximumperpendicular sides.
 The change in the stress-state at the wellbore wall is shown below. The radial stress remains fixedbut the increasing hoop stress increases the stress-state.
 Bottom-hole Temperature
 High bottom-hole-temperature wells can experience stability problems as hoop stress changesbecause of temperature differences between the mud and formation.
 If the mud is cooler than the formation, it reduces the hoop stress as the formation is cooled. Thisreduction in hoop stress can prevent shear failure and stabilize the hole, if the hoop stress werehigh due to low mud weight. On the other hand, if the mud weight is too high and close to the frac-ture gradient, excessive cooling can lower the hoop stress and make it tensile. This could causetensile failure or fracturing as it effectively lowers the fracture gradient.
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 If the mud is hotter than the formation, exactly the opposite occurs as hoop stress is increased.This could promote spalling or shear failure.
 Consider what happens during a typical round-trip on a deep high temperature well. During thetrip, formation temperature returns to its ambient value. This causes the hoop stress to increase.When back on bottom and circulation resumes, the cooler mud travelling down the drillstringreduces the temperature of the nearby formation, causing hoop stress to decrease.
 As the hot bottoms-up mud circulates past formations at shallower depths, hoop stress increasesas the mud heats up the formations.
 These variations in hoop stress have the same effect as pressure surges associated with swab-bing and surging and can cause both tensile and shear failure downhole.
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 Impact of Mechanical Stability on the Wellbore
 Mechanical stability problems directly account for many unscheduled rig events. Stability problemsalso effect overall drilling efficiency by altering the shape of the hole being drilled.
 Severe hole deformation occurs when extreme in situ stress environments are penetrated. Thedrawing below is indicative of such drilling. The drawing is only a slice of the actual wellbore. Con-sider the path of a typical well, and consider this deformation over several thousand feet of openhole; it is easy to see the impact of such a wellbore on operations.
 Resulting Operational Problems Include:
 • Stuck pipe, casing, logging tools, etc.
 • Ineffective hole cleaning
 • Ledges and breakouts
 • High torque and severe slip-stick.
 • Drillstring failures
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 Chemical Stability
 Chemical stability is the control of the drilling fluid/rock interaction; usually most problematicwhen drilling shales.
 Shales are fine grain sedimentary rocks with very low permeability and composed primarily of clayminerals (gumbo to shaly siltstone).
 Clay platelets (2 microns and less) settling to the mudline.
 Mud at mud line, 60 - 90% porosity. Clay plateletsmaintain a water envelope after burial. Mud readilydeforms (much like pudding).
 Compaction drives pore water back to the sea. Plate-lets begin to contact forming pliable clay (much likeputty).
 Further compaction, geologic time, and temperaturecements the clay platelets into shale (less than 20%porosity).
 One factor that distinguishes shale from other rock is its sensitivity to the water component of drill-ing fluids. With time, shale/water interaction will decrease the strength of the shale; making it moreprone to mechanical stability failure.
 As shale is drilled, a sequence of events take place that can lead to the stressing, weakening, andeventual failure of the shale. Several parameters, described below, contribute to the chemical sta-bility of shale.
 Advection
 Advection is the transport of fluid through shale due to pressure differential. Typically, wellborehydrostatic pressure is greater than formation fluid pressure. When exposed to a permeable for-mation, the liquid phase of the mud is "pushed" into the pore openings by the pressure differential.
 In a highly permeable sand, the flow rate of fluid loss is sufficient to form a filter cake that controlsfluid loss. With shales, however, the filter cake cannot develop, since the permeability of a typicalshale is much less than that of any filter cake. Also, the particle size of a typical filter cake is toolarge to plug the pore throats of shale (much like trying to plug a shaker screen with beach balls).
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 Capillary Effects
 Drilling fluid must overcome capillary pressure to enter the pore throats of shale. Capillary pres-sure, developed at the drilling fluid /pore fluid interface, is dependent on several factors; porethroat radius, interfacial tension, and contact angle.
 When drilling water-wet shales with water based mud; surface tension between the mud's waterphase and the pore fluid is very low. Under favorable salinity conditions, the water phase entersthe pore throat.
 When drilling water-wet shales with oil based mud, the capillary pressure is very high (i.e., 8000 to10,000 psi) due to the large interfacial tension and extremely small pore throat radius. The highcapillary pressure prevents entry of the oil phase as overbalance pressures are very low in com-parison. However, if the salinity of the mud's water phase is not balanced with shale salinity, watertransfer through osmosis can still occur.
 Osmosis
 Osmosis is caused by the imbalance of salt concentration between the mud's water phase and thepore water. The salinity imbalance is separated by shale which acts as a semi-permeable mem-brane that allows the transport of water only. Water moves from low salinity to high salinity until thesalinity difference (chemical activity) is balanced.
 If the mud salinity is too low, water moves into the shale increasing the pore pressure. As porepressure increases, it has an adverse effect on stability.
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 If the mud salinity is too high, pore water flows into the mud system dehydrating the shale.As porepressure decreases, effective hoop stress increases also promoting shear failure.
 Pressure Diffusion
 Pressure diffusion is the change in near-wellbore pore pressure relative to time. This occurs asoverbalance and osmotic pressures drive the pressure front through the pore throat, increasingpore fluid pressure away from the wall of the hole. This pore pressure penetration leads to a lessstable condition at and near the wellbore wall.
 The swelling pressure and behavior of shales are directly related to the type and amount of clayminerals contained in the shale. Shales with high concentrations of negatively charged ions canproduce very high swelling pressure (50,000 psi plus).
 Swelling pressure decreases the strength of the shale by destroying the natural cement bondbetween the clay platelets. Brittle shale becomes ductile and is pushed into the wellbore by thecompressive hoop stress and the swelling stress.
 Time required for the pressure front to penetrate a given depth depends primarily on the perme-ability of the shale (connectivity of the pores) and the pressure differential between the wellbore(pW) and in situ pore pressure (p)
 As pressure diffusion increases pore pressure near the wellbore, shear strength of the rock isreduced. The time for pressure diffusion to impact shale may result in failure of a shale sectionexposed for several days.
 Swelling /Hydration
 Over geologic time, mud/clay solidifies into shale as overburden stress drives off the water enve-lope (dehydration) and cements the platelets with the minerals left behind after dehydration.
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 After drilling, water enters the shale by advection and osmosis. Negatively charged clay ionsattract and hold the polar water. The increasing volume of attached water produces a swellingstress that "wedges" the clay platelets apart
 The swelling pressure and behavior of shales are directly related to the type and amount of clayminerals contained in the shale. Shales with high concentrations of negatively charged ions canproduce very high swelling pressure (50,000 psi plus).
 Swelling pressure decreases the strength of the shale by destroying the natural cement bondbetween the clay platelets. Brittle shale becomes ductile and is pushed into the wellbore by thecompressive hoop stress and the swelling stress.
 “Proprietary - for the exclusive use of BP & ChevronTexaco”
 Wellbore Stability -41 Rev. 01/2002

Page 462
                        

Drilling Fluids Manual
 Part 3: Providing A Stable Wellbore
 Planning A Stable Wellbore
 1.Potential Stability Indicators
 If the answer to any of the questions below is "yes", preventive measures should be taken.
 • Indications of tectonic activity in the area?
 • Sudden pressure transition zones expected?
 • Adverse formations expected (reactive shale, unconsolidated or fractured formations,abnormal or subnormally pressured zones, plastic formations?
 • Is wellbore inclination greater than 30°?
 2. Identify Stress Regime
 3. Determine Magnitude of In Situ Conditions (sv, sh, sH)
 Overburden - sv
 Obtained from density logs of offset wells.
 Formation Pore Pressure - p
 Estimated by seismic and logs.
 Minimum Horizontal Stress - sh
 Determined by LOT and/or logs.
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 4. Use Core Tests or Logs to Determine Formation Rock Strength
 Logs
 Rock strength is estimated through correlations with sonic density logs since slow sonic velocityand high porosity generally relate to lower rock strength.
 5. Research Offset Wells for Indications of Stability Problems
 • Offset well data is invaluable information for identification of stability problems in the field.
 • Identify hole sections with stability symptoms.
 • List the conditions that caused the stability problem.
 • Identify similar problems in offset wells occurring at the same vertical depth. Look for simi-larity in the conditions that caused the problem.
 • List the drilling parameters effecting the problem (i.e., mud type and weight, hole angle,adverse formations, unusual drilling practices).
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 6. Select Mud System and Determine Mud Weight Window
 Stability spreadsheets and analysis tools are used to determine the mud weight window for eachhole section.
 7. Avoiding Stability Problems
 • Select an inhibitive mud for reactive formations (Oil based system being superior).
 • Casing points should allow for mud weight windows determined from stability analysis.
 • Maintain mud weight/ECD in stability window. Use down hole ECD monitoring tools in crit-ical wells.
 • Optimize well trajectory based on drilling days vs. stability.
 • Plan for effective hole cleaning and stuck pipe prevention.
 • Follow defensive drilling practices. Control ROP, surge pressures.
 • Train drilling team members.
 Warning Signs and Corrective Action
 No single action can prevent stability problems. Wellbore stability must be managed by the control-lable parameters.
 • Mud type, composition and density.
 • Drilling practices (minimize ECD, swab /surge pressures)
 • Wellbore angle and direction.
 Chemical Stability
 Chemical stability problems occur when reactive shales are drilled with a non-inhibitive drillingfluid. Chemical stability is time dependent and difficult to quantify. The drilling fluid interactionresults in shale hydration and swelling which leads to shale falling into the wellbore causing holeenlargement and tight hole conditions.
 Warning Signs of Chemical Stability Problems
 • BHA balling and slow drilling, flow line plugging, soft mushy cuttings on shaker.
 • Smooth increases in torque/drag
 • Overpull off slips, pump pressure increasing.
 • Increases in mud parameters (mud weight, plastic viscosity, yield point, cation exchangecapacity (CEC), and low gravity solids).
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 Preventive /Corrective Measures
 Chemical stability problems are prevented by selecting proper mud type and composition. Initialcorrective measures are to use suitable mud additives. If the problem persists, replacing the exist-ing mud with a more inhibitive mud may be necessary.
 • Addition of various salts (K, Na, Ca) to balance water activity. Addition of glycol to reducechemical attraction of water to shale. Addition of various "coating" polymers (PHPA, etc.)to reduce water contact with shale.
 • Use of oil based or synthetic oil based mud to exclude water contact and entry into shale.
 • Minimize the open hole exposure time. Plan regular wiper trips.
 • Minimize surge/swab pressures.
 • Ensure adequate hydraulics for bit and hole cleaning. Maintain required mud properties.
 • Use minimum mud weight, if possible.
 Mechanical Stability
 Mechanical instability is related to incorrect mud weight /ECD and/or well trajectory. Too low mudweight can cause hole cavings or collapse resulting in stuck pipe. Too high mud weight /ECD cancause excessive fluid losses to the formation or total loss of returns.
 Warning Signs of Mechanical Stability Problems
 • Large size and volume of cavings over shakers.
 • Erratic increase in torque/drag.
 • Hole fill on connections or trips.
 • Stuck pipe by hole pack-off /bridging.
 • Restricted circulation /increases in pump pressure.
 • Loss of circulation.
 • Loss/gain due to ballooning shales.
 Two indicators of mechanical stability problems are loss of circulation and increased volume ofcavings. Partial or total loss of circulation may be due to pressure induced or naturally existingfractures. The reduced hydrostatic associated with loss of circulation may cause formation cavingand collapse.
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 Preventing Mechanical Stability Problems
 The constraints on wellbore pressure are dictated by formation pressure on the low end and frac-ture strength on the high end. Hydraulics planning must also consider minimizing the shock loadimposed to the wellbore.
 Measures to prevent/correct mechanical stability problems include:
 • Increase the mud weight (if possible). The mud weight values should be determined usinga stability analysis model and past experience if drilling in a known field.
 • If drilling fractured formations, it is not recommended to increase MW. Increase the lowend rheology (< 3 RPM Fann reading).
 • Improve hole cleaning measures. As a rule-of-thumb, maintain the 3-rpm Fann readinggreater than 10. GPM for high-angle wells equal to 60 times the hole diameter in inchesand half this value for hole angle of less than 35°.
 • Circulate on each connection. Use back reaming and wiper trips only if hole conditionsdictate.
 • Minimize surge/swab pressures.
 • Monitor torque/drag and the size and amount of cuttings on shakers.
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 Controlling Stability Problems
 The entire rig team is responsible for detecting stability problems. Once detected, there are manycontrols to consider that can provide for a stable wellbore. The drilling supervisor, with input fromrig team members must be aware of the parameters that restore the balance between rock stressand rock strength.
 The drilling team must recognize the warning signs of an unstable wellbore and adjust the drillingprogram accordingly to maintain the balance of rock stress and rock strength.
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 Part 4: Leak Off Testing
 Leak-Off Tests
 LOT data is necessary to determine the maximum mud weight for well control and hole stabilityand has a direct influence on casing design. LOT field data is also helpful for planning future fielddrilling and production operations because it measures the minimum horizontal stress (sh). Theminimum horizontal stress is important for wellbore stability analysis.
 Consistency in LOT procedure, accuracy in reading test pressures and proper data reporting allhave a direct impact on the quality of this information.
 Preparation is a key factor in achieving good quality LOT data. Before testing begins:
 • Check offset well leak-off data for expected leak-off test pressure, pump rates, test prob-lems or any unusual conditions.
 • Check logs for exposed sands to anticipate straight or curved line pressure plot.
 • Check for hole washouts to anticipate problems with the cement job.
 • Perform a casing integrity test (CIT). Test pressure at any point not to exceed 80% of cas-ing burst.
 • Construct a LOT chart.
 LOT Procedure
 1. Drill out the shoe, rathole and 10 to 15 feet of new hole.
 2. Circulate the hole clean and condition the mud to a consistent density.
 3. Pull the drillstring +/-10 feet above the shoe.
 4. Rig up the cement pump on the drillstring and pressure test system.
 5. Close the annular BOP and begin the leak-off test.
 6. Maintain a constant pump rate during test (1 /4 to 1 bbl/min maximum).
 7. Plot the pressure every 1/4 barrel pumped.
 The initial volume pumped results in fluid compression and expansion of the wellbore. After any gas bubbles are com-pressed, pressure increases linearly with barrels pumped.
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 Leak-off pressure (LOP) is the first point where there is a permanent decrease in the slope (usu-ally equal to or greater than the minimum stress pressure). When the pump is stopped, pressurefalls to the initial shut in pressure (ISIP) due to the loss of friction pressure.
 The minimum horizontal stress (sn) is the first point after a permanent change in the slope (usu-ally equal to or less than LOP). Retest to confirm minimum stress management.
 As the formation is either fractured naturally or fractured during the drilling operation, leak-off testpressure should range between 1 to 1.1 times the minimum horizontal stress.
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 The Lithology Factor (k) Calculated from LOT Data
 Using Poisson's Ratio (v) to Calculate the Lithology Factors
 r
 Poisson’s Ratio Poisson’s Ratio
 Clay 0.17 Sandstone
 very wet 0.5 coarse .05
 coarse, cemented
 0.10
 Conglomerate 0.2 fine 0.03
 Dolomite 0.21 medium 0.06
 Limestone poorly sorted, clayey
 0.24
 fine, medium 0.28 fossiliferous 0.01
 fine, calcarenitic 0.31 Shale calcereous 0.14
 porous 0.20 dolomitic 0.28
 stylolitic 0.27 siliceous 0.12
 fossiliferous 0.09 silty 0.17
 bedded fossils 0.17 sandy 0.12
 shaley 0.17 kerogena-ceous
 0.25
 Siltstone 0.08
 Slate 0.13
 From, Weurker H. G.: "Annotated Tables of Strength and Elastic Properties of Rocks", Drilling, reprint Series SPE Dallas (1963)
 k v1 v–-----------=
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 Wellbore Stress Equations
 sx = (sh cos2 λ + sH sin2 λ) cos2 α + sv sin2 α (1) sxy = sinλ cos λ cosα(sH-sh) (4)
 sy = sh sin2λ + sH cos2λ (2) syz = sinλ cos λ sin α(sH-sh) (5)
 sz = (sh cos2 λ + sH sin2 λ) sin2 α + sv cos2 α (3) sxz = sin α cos α(shcos2λ + sHsin2λ − sv) (6)
 Where λ is the horizontal angle (azimuth) between sh and the wellbore and α is the wellboreinclination.
 For equal horizontal stresses (sh=sH)
 sx = sh cos2α + sv sin2α (7) sxy = syz = 0 (10)
 sy = sh (8) sxz = sin α cos α (sh-sv) (11)
 sz = sh sin2 α + sv cos2 α (9)
 and in vertical well with λ = α = 0:
 sx = sh (12) sy = sh (13) sz = sv (14) sxy= syz = sxz =0(15)
 Effective radial, hoop, and axial stresses at the wellbore:
 σr = pw - p (16)
 σθ = (sx = sy) -2(sx = sy) cos2θ - 4 sxy sin2θ −pw - p (17)
 σz = sz - v (2(sx - sy) cos2θ - 4 sxy sin2θ) - p (18)
 σrθ = σrz = 0 (19)
 σθz = 2(syz cos θ - sxz sin θ) - p (20)
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 Nomenclature
 pPw
 formation pore pressurewellbore pressure (hydrostatic/ECD)
 sv total overburden stress
 sh minimum horizontal stress
 sH maximum horizontal stress
 σv effective overburden stress
 σh effective minimum horizontal stress
 σH effective maximum horizontal stress
 k lithology factor
 v Poisson's ratio
 t tectonic stress
 φ angle of internal friction
 µ coefficient of friction
 so cohesive strength
 σr effective radial stress
 σθ effective hoop stress
 σz effective axial stress
 σ1 greatest effective stress
 σ2 intermediate effective stress
 σ3 least effective stress
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 Cementing
 Mud Preparation and Removal
 Introduction
 Mud has a critical role and will influence the performance of cementing operations. The mud will beresponsible for the condition of the wellbore and the quality of the displacement to cement, which inturn will influence its long term.
 Good mud engineering will create the environment that will allow for the smooth installation of thecasing or liner, the mud displacement and the quality of the cement seal and casing support.
 Wellbore Conditioning
 While the displacement from mud to cement is critical, the condition of the wellbore in preparation forthe cement is also extremely important.
 A conditioned wellbore will have been drilled with mud that has an efficient sealing capacity, whichwill have left a thin tough filter cake across all exposed formations. The mud will have been used withadequate flow rates and viscosities to ensure the hole is clean and all drilled cuttings and cavingshave been removed. The directional drillers will have taken the bit to target leaving the hole with lim-ited tortuosity and minimal doglegs.
 The filter cake is the man-made membrane formed behind the bit on the wall of porous formations.This membrane will contain a sample of all the solids in the mud and its thickness will reflect the rela-tionship between the rock pore throat or fracture size and the particle size distribution of the mud.
 Formations with a large pore throat size and mud loaded with only very small particles will build athick cake before the bore hole wall becomes impermeable. While mud that has a distribution of dif-ferent sizes will form a seal more quickly, resulting in a thinner cake. This is applicable to all mudtypes.
 Displacements and cementing can be best achieved when they are featured throughout the drillingprocess. In Mud Properties mud characteristics are explained with regard to the drilling and cas-ing/cementing operations.
 The API low and high pressure fluid loss tests performed as part of the mud engineer’s tests,will detect variations in the capacity for the mud to seal, but uses a low porosity filter paper,which may or may not reflect the mud’s true sealing capacity. It is recommended that a Per-meability Plugging Test (PPT) be incorporated as part of the mud testing and that an aloxitedisk of the required permeability be used when high permeability and/or high overbalanceare predicted.
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 Table 58: Mud Properties
 Different Mud Types
 Drilling & Cementing with the same mud properties can be achieved, but will require that the higheststandards be maintained. The engineer must specify the properties that are to be reported and agreewith the contractor how much latitude is allowed, as slippage is inevitable. All fluids used to drill willdeteriorate and it is this deterioration that must be controlled.
 The mud used to drill will be either oil or water based and there are important differences, which mustbe understood and taken into account during the planning process.
 Cementing in Oil Based Mud (OBM)
 Viscosity
 Oil based muds derive limited viscosity from the base oil and submicron-sized emulsified water, butthis viscosity will be Newtonian in character. The major non-Newtonian rheology is derived fromorganophilic clays (also known as organoclay). These are bentonites in which the inorganic
 Mud Characteristic Drilling Phase Benefits Casing & Cementation Benefits
 Sealing capacity“Filter cake design and properties that go beyond the conventional mud tests”
 The mud should be designed to build the thin-nest possible filter cake against all the differing porous formations, providing better trips, lower annular pressure drops and reduced risk of stuck pipeFilter cake construction should be matched to formations exposed and not only based on API low and high pressure tests carried out as part of the mud testing to provide wellbore stability
 A thin filter cake will ensure minimal annular pressure loss. Thereby, allowing higher pump rates for a superior displacement.A thin/tough filter cake will prevent rapid unplanned dehydration of cement slurries, which could cause premature setting and erratic performance.A thin filter cake will enhance casing run-ning.A thin filter cake will reduce the risk of differ-ential sticking of the casing.A thinner filter cake will enhance the cement bond.An effective filter cake will maximize the benefits of the hydrostatic force and improve wellbore stability; a stable wellbore has fewer washouts.
 Viscosity “Lower Plastic Viscosity and lower 30 minute gel strengths”
 The mud is made viscous to facilitate cuttings transportation, this viscosity should be man-aged to reduce the Plastic Viscosity and opti-mize the Yield Point and Yield Stress.Progressively increasing gel strengths - as measured between 10 seconds, 10 and 30 minutes - are detrimental to all operations. Gel strengths measured after 30 minutes should be reported throughout drilling operations with a maximum value set.
 A low PV will enhance hole cleaning and a clean hole prior to cementing will reduce the risk of losses caused by a build up of solids in the wellbore.Mud with a lower PV require less energy to initiate flow and can therefore be moved more easily ahead of spacers and cement, facilitating its removal from a narrow annu-lus.Progressively increasing Gel strengths pre-vent mud flow in washouts and take more pressure to initiate flow, resulting in chan-nelling.
 Solids Content“Low Gravity Drilled sol-ids”
 Poor size distribution and high volume will make viscosity more difficult to control.Poor size distribution and high volume spoil fil-ter cake construction.
 Low values of low gravity solids will help control PV and gels and allow for good mud removal. Low, appropriate values of low gravity solids will allow formation of thin, tight, filter cakes.
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 exchangeable cations, such as sodium, calcium and magnesium, have been displaced by fatty qua-ternary amines.
 Low-Shear-Rate Viscosity
 Generally, oil-based muds behave as pseudo plastic fluids. They thin with increasing shear in a man-ner similar to clay-containing water-based muds. However, absolute viscosities tend to be considera-bly lower in oil-based muds. A consequence of this is that oil-based muds generally do not suspendsolids, such as weighting materials and drill cuttings, as well as similar viscosity water-based muds.This property is particularly important at low shear rates and is related to the low-shear viscosity andelastic properties of the mud.
 Drilled Solids
 Since there is, as yet, no reliable method of removing colloidal size particles from oil-based muds,these solids tend to build up in the system, eventually affecting the mud properties. High plastic vis-cosity values and elevated low gravity solids content are indicators that the mud is contaminated.The longer the oil mud has been in use, the more colloidal size solids will have accumulated.Although removing solids with solids control equipment, particularly with the centrifuge, may help,colloidal solids cannot effectively be removed mechanically. In this case, dilution with base oil is theonly recourse.
 Dilution can be minimized, however, with the use of a good solids control program to remove asmany solids as possible before they degrade to colloidal size. Fortunately, oil mud does not allowdegradation of the solids to occur as rapidly as it would in water-based mud.
 The Cement Job
 To assure a good cement job with oil-based mud, we recommend careful adherence to the principlesoutlined in this section. Some of the difficulties outlined below will help you understand why thesemeasures are so important.
 Cement slurries and oil-based mud are extremely incompatible. These two fluids form very viscousmasses when they come in contact with each other. The presence of these viscous masses makesthe displacement of the mud from the hole during the cementing operation very difficult.
 Since most oil-based muds contain salt in the aqueous phase, any mud left in the hole and contami-nating the cement slurry may significantly affect the thickening time of the cement. In a well drilledwith stable water-in-oil emulsion mud the casing and the formation are preferentially oil-wet. Sincecements do not bond to oily surfaces, it is necessary to reverse this preferential wetting. Oil-basedmuds tend to be run with lower gel strengths which contribute to better displacement, and finally, thegood fluid loss control properties associated with oil-based muds generally produces a thin, firm filtercake which is also favourable to the displacement process.
 As mentioned above, the surfaces in wells drilled with oil-based muds are normally oil wet andcements will not bond to oil wet surfaces. We must do everything possible to assure that all of thesesurfaces are water-wet before the cement slurry contacts them. This factor makes flush/spacerdesign and placement a critical element in achieving a successful cement job in a well drilled withoil-based mud.
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 Functions of Spacers and Pre-Flushes
 The functions of spacers and pre-flushes are:
 • To effectively separate the cement slurry from the drilling mud during placement
 • To prevent the formation of thick viscous interfaces that are detrimental to the displace-ment process
 • To remove as much of the mud as possible, ahead of the cement slurry.
 • To treat the pipe and formation surfaces so that they are water-wet, rather than oil-wet,allowing an effective hydraulic bond to be established between the cement, the casing,and the formation. (The spacer fluids used must contain surfactants capable of water wet-ting the surfaces.) To maintain control of the well during the sweep/flush and cementingprocess. (Be sure that the density of the spacer/pre-flush does not reduce the total hydro-static head sufficiently to allow a kick to occur.)
 Cementing in Water Based Mud (WBM)
 As discussed above cement slurries and oil-based mud are extremely incompatible. While this is notso true for water-based mud, water based mud does present other problems.
 Cement contamination drastically changes the nature of freshwater, clay-based systems. The cal-cium ion tends to replace sodium ions on the clay surface through a Base Exchange. The boundlayer of water on the clay platelets is reduced, resulting in diminished hydration or swelling character-istics. The effect of calcium contamination on deflocculated muds is increased fluid loss, yield pointand gel strengths.
 The potential for contamination during the displacement must be a prime concern and time must beallocated for a final treatment of the mud prior to cementing. This treatment will be to reduce the vis-cosity, with particular attention to the gel strengths. The 10-minute gel strengths should not exceed
 35-lb/100ft2. If a treatment is required it may take the form of a dilution, but when minimal distur-bance to filtrate control and inhibition is required, a treatment with an approved deflocculant such as:
 • Chrome free Lignosulfonate (1 to 4 ppb 3 to 11 kg/m3)
 • DESCO® (1 to 4 ppb 3 to 11 kg/m3)
 • Drill-Thin® (0.1 to 0.5 ppb 0.3 to 2 kg/m3)
 • Other proprietary WBM thinner is advised.
 Contamination of WBM with Cement
 In the case of cement contamination, diagnosis is usually simplified by the fact that we know aheadof time when we will be drilling cement. The physical and chemical indications of lime or cement con-tamination are; increased yield point and fluid loss, increased pH and alkalinities, and a possibleincrease in calcium. The calcium increase may be masked, however, by pH. Gypsum and anhydritecontamination is also characterized by an increase in yield point and fluid loss, as these effects arethe result of the divalent cation (Ca ++) in the mud. Alkalinities and pH decrease with anhydrite con-tamination because CaSO4 and H2O liberate H + ions. An increase in detectable Ca ++ is also likelysince there is not a high pH to limit its solubility.
 Approximately 100 mg/L of Ca ++ should be left in the system to react with carbonate ions.
 In most drilling operations, cement contamination occurs one or more times when casing strings arecemented and the plugs are drilled out. The extent of contamination and its effect on mud propertiesdepends on several factors. These include solids content, type and concentration, deflocculants, and
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 the quantity of cement incorporated. One 94-lb sack of cement can yield 74 lb of lime. When cementis completely cured only about 10% is available whereas, when it is soft (green) as much as 50% ofthe lime may be available to react. It is the calcium hydroxide (lime) in cement, reacting with solids,that causes most of the difficulty associated with cement contamination.
 Viscosity
 Freshwater bentonite systems are flocculated by cement, resulting in increased viscosity and fluidloss. The severity of flocculation depends upon the quantity and quality of solids present and the sol-ubility of the Ca++ ion.
 The major contributor to viscosity will be either hydrated clays and/or polymers. The suspension willbe in either fresh or low to medium salinity brine. In most cases the suspension will be sensitive tocement as it contains high concentrations of calcium and hydroxide ions, both can be detrimental.Calcium will cause flocculation of clays while elevated pH (>11.5) will cause the degradation of mostviscosifying polymers.
 Drilled Solids
 Excess solids are by far the most prevalent and detrimental to all types of muds. Solids problems areoften magnified by the presence of other contaminants such as cement, because excess solids andcontaminant ions can strongly interact to create a more serious mud problem than either one sepa-rately.
 High plastic viscosity values and elevated low gravity solids content are indicators that the mud iscontaminated. Although removing solids with solids control equipment, particularly with the centri-fuge, may help, colloidal solids cannot effectively be removed mechanically. In this case, dilution witheither water/brine or whole mud is required. Dilution can be minimized, however, with the use of agood solids control program to remove as many solids as possible before they degrade to colloidalsize (see section on solids control). Unfortunately, water does allow degradation of the solids tooccur as rapidly, unlike oil based mud.
 The Cement Job
 To assure a good cement job with water-based mud, we recommend careful adherence to the princi-ples outlined in this section.
 Cement slurries and water-based muds are incompatible, but unlike OBM where the two fluids willform a very viscous interface when they come in contact with each other, most WBM’s will not inter-act so severely. It is only WBM’s containing a high clay content and have not been properly preparedwhich will become viscous. Such a viscous mass makes the displacement of clay/solids laden mudfrom the hole during the cementing operation difficult.
 Some water-based mud contain salt, therefore, any mud left in the hole and contaminating thecement slurry may significantly effect the thickening time of the cement. In a well drilled withwater-based mud, the casing and the formation will remain water-wet and present no problems withregard to wettability.
 Water-based muds tend to be run with higher gel strengths which contributes to poor displacement,and finally, the fluid loss control properties associated with water-based muds generally produce athick, soft filter cake which is also unfavourable to the displacement process.
 The advantages of being able to displace to a hole filled with water-based are:
 • The effects of contamination to the mud can be controlled
 - Contamination to the cement is minimal
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 The disadvantages of being able to displace to a hole drilled with water-based are:
 • Inferior wellbore condition
 • Poor wall cake condition
 • Higher gel strengths
 Functions Of Spacers And Pre-Flushes
 The functions of spacers and pre-flushes are:
 To effectively separate the cement slurry from the drilling mud during placement, to prevent the for-mation of thick viscous interfaces that are detrimental to the displacement process and to remove asmuch of the mud as possible, ahead of the cement slurry.
 To maintain control of the well during the sweep/flush and cementing process. (Be sure that the den-sity of the spacer/pre-flush does not reduce the total hydrostatic head sufficiently to allow a kick tooccur.)
 Engineering Recommendations
 If the correct pre-emptive actions are taken during each phase of well construction, it is possible touse mud to optimize both drilling and cementing operations.
 The following checklist is designed to help ensure nothing is left to chance.
 Planning Phase
 • When establishing the mud type to be used for drilling, review and itemize the propertiescritical for cementing.
 • Include a section in the Mud and Well Programme that will state the optimum propertiesneeded for the displacement. Ensure that the 30-minute gel strength is included in thedaily mud report.
 • Establish a reporting process to ensure the Operations Drilling Engineer, Mud Contrac-tor, Drilling Supervisor, Cementing Contractor and Drilling Superintendent are all aware ofthe critical cementing properties during drilling.
 Drilling Phase
 • Monitor and maintain the programmed properties needed for the wellbore and displace-ment.
 • Ensure the reporting process is maintained and those all concerned understand the con-sequences of any slippage from the predetermined properties.
 • Establish a contingency plan for the predicted wellbore condition and the prevailing mudproperties. If drilling conditions have required the mud properties to deviate from the pro-
 The important principal being that wellbore and mud conditioning are not deferred untilafter drilling has been completed.
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 gramme, priorities for the cementing and casing operations may have changed. Discussthe changing situation with the mud and cement contractor more frequently and estab-lish a new strategy for the cementing operations.
 Inclusion of the Mud & Cement contractors as early as possible when drilling conditions devi-ate from the plan, will lead to a better prepared cementing operation.
 • Prepare a plan for the displacement. Ensure adequate pit space for the spacers, contam-inated returns. Arrange transportation for removal from site of excess or unwanted liq-uids.
 • Determine when time will be available for circulating and condition the mud.
 Find out…
 “How much scope there will be for circulation and treatment while drilling the last few feet and priorto tripping to run casing?” “Will circulation occur only prior to running casing or will it be possible tocirculate with the casing on bottom?”
 “Estimate how much time will be needed to condition the mud to optimum properties for displace-ment?” “How much time can be spent circulating when the bit reaches TD?”
 “What mud properties can be altered to meet the required specification?”
 • Require the Cement and Mud Contractor to collaborate in the analysis of the predicted vis-cosity and density of the mud and the predicted displacement conditions. Use all avail-able data to establish if additional conditioning is required and the pressure profile to beexpected during the displacement. Use all available Hydraulic Modelling devices withvarious scenarios to prepare for all possible mud and wellbore conditions.
 • Review drilling operations to determine the risk of subsurface losses during the cementa-tion. Establish a plan to ensure there is sufficient mud to complete the displacement, iflosses occur and mud returns are limited.
 • Any loss of mud returns that occur during the cementing operations will effect of thequality of the job. An accurate account of all volumes must be made at the start of opera-tions, with the anticipated volume gains from the cement and spacers recorded. The antic-ipated pump rates used to pump spacers, cement and the displacement must be knownby the mud loggers and the mud engineer. The mud engineer and loggers must be giventhe responsibility of collecting this data. This information will allow any changestop-of-cement to be calculated and an action plan to be implemented.
 • Assess potential for an environmental incident during the cementation.
 Cementing Phase
 • Ask the Cement and Mud Contractors to collaborate in the analysis of the wellbore con-dition and diameter. Various techniques can be used without the need of a calliper, to aidin the establishing the volume of cement required needed to reach the required TOC.
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 • Minimize the delays between the last circulation and the cement job.
 • If using WBM determine if the mud being used to displace the cement should be treated inadvance of the cementation for possible cement contamination.
 • Mud left in the hole behind casing may have more value being reused and it may be via-ble to displace it and have it replaced by a less valuable mud. This will need to be deter-mined on a case by case basis.
 • Mud left in the hole behind casing may be the cause of future corrosion. Therefore, havethe mud contractor treat the mud system during the final circulation. The treatment couldinclude:
 - Increase the pH
 - Reduce dissolved oxygen
 • Check the proposed Cement Spacer formulation for:
 - If any of the exposed formations are reactive to uninhibited mud, they could besensitive to the spacer.
 - The exposed formations may be sensitive to small changes in hydrostatic pres-sure. Ensure wellbore stability and pore pressures remain unaffected by thespacer density or chemistry.
 - Spacer viscosity and annular velocities ahead of the cement may need to becompared with those used during the drilling phase. The hole cleaning perfor-mance of the spacer and cement may be improved to such a degree that cuttingspreviously undisturbed may be moved, creating a potential pack-off at anyrestriction, such as the liner hanger.
 - If the spacer design calls for the use of barite, ensure the initial viscosity is suffi-cient for its suspension.
 The volume of mud used to drill the section can be used to calculate an accurate estima-tion of the open hole size.
 Mass Balance calculations using the retained low gravity solids content, dilution volumesand the efficiency of the solids control equipment can be made to provide accurate infor-mation. This technique has proved to be within 10% of the actual hole size.
 This process is extremely useful when cementing in areas that experience wellbore insta-bility.
 After time and under certain down hole conditions, the organic material found in WBMwill degrade and H2S can accumulate. Pumping mud that contains no organic materiali.e. Bentonite, barite and water, ahead of the cement can prevent this problem. H2S scav-engers can be added if required.
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 SummaryA great deal of effort will have gone into drilling the hole and the mud will have played a critical role,but this is only its first job. For successful completion of the well the mud will have to make way forthe cement and protect the casing. To construct the well, the properties needed for a good cementa-tion must be part of the daily assessment of mud performance.
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 Barite Sag Management
 Introduction
 This section recommends fluid properties, equipment, processes and procedures, for the manage-ment of barite sag.
 When drilling with invert emulsion oil based drilling fluid, mud dynamic barite sag cannot be totallyeliminated, however it can be managed.
 Definition of Sag
 Barite sag is the movement of weighting material from the high side to the lower side of an inclinedwellbore. It is a dynamic process that occurs when sufficient shear is applied to the fluid to disturbgel structures that, under static conditions, would suspend the weight material. The shear requiredto generate barite sag may occur under nominally static conditions for example while running tubu-lars or while using logging tools.
 Any loss of fluid density while the mud is completely static is defined as sedimentation or baritesettlement and this is viewed as a process distinct from dynamic sag.
 At the time of writing there is no universally accepted definition to describe the degree of sag. It isconsidered by some to be the difference between the maximum and minimum mud weightobserved at the shakers over a circulation. For the purposes of this document, it is defined as:
 “The difference between the lightest mud weight seen during a circulation and
 the desired active system mud weight”.
 How Sag Is Initiated
 The mechanism by which barite sag develops is not clearly defined, but is believed to occur underlow shear rate conditions. In laminar flow, shear is generated because fluid layers near the wall orpipes moves at a slower rate to that further from the wall or pipe. The velocity of a layer relative tothe layer next to it is called the shear rate.
 Shear rate is defined as the velocity gradient measured perpendicularly to the fluid flow and is usu-
 ally reported in reciprocal seconds (sec-1).
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 Table 59. Shear Rates
 * Calculated shear rates below an eccentric pipe are often < 5 sec-1 perhaps even less than
 1sec-1 in some combinations of geometry and flow rate. However, 5.11 sec-1 is the lowest rate
 that the Fann 35 can model.
 The commonly held belief is that in an inclined well bore; low shear rates sufficiently interfere withthe gel structure of a mud to allow downward movement of the coarser barite particles. The motionof these particles displaces lighter fluid up towards the high side of the hole. The perception is thatthe range of shear rates required to set up this behavior is predominant underneath an eccentricpipe. Some doubts have been raised regarding this area of the well’s geometry being the only con-tributor to sag. It is difficult to understand how occasionally large mud weight reductions can begenerated from such relatively small volume of mud.
 It seems more probable that a sag mechanism can exists within the total volume of the mud, withthe “settlement” of barite moving to the low side of the hole. Barite sag is intensified at the low side,by the very low velocity present in that area of the well.
 Flow loop testing has proved that a sag mechanism can be set up at shear rates as high as 95
 sec-1.
 In reaching these conclusions many wells were analyzed and only one incidence was found wherebarite sag was reported while drilling. This occurred while sliding and was corrected by short peri-ods of rotation. All other reported instances of barite sag coincided with running casing, particularlyafter thinning the mud.
 History of Sag
 Anecdotal evidence suggests that incidents of barite sag have increased over the years. This maybe attributed to two factors:
 • Heightened awareness to the potential of sag and is being more closely monitored.
 - In the past, variations in mud density would often be attributed to low weightsweeps and heavy slugs that had been pumped.
 • Changes in base oil and oil water ratios have resulted in increased occurrence of sag.
 - When diesel was the base fluid the resulting high in aromatics encouragedthe yield of organophilic clay. Then followed a gradual move to oils with loweraromatic content, mineral oil (LTOBM) and then the synthetic oils (SBM),which dramatically lowered aromatic content, making it harder to get organo-philic clay to yield viscosity. Also, over this period, there was a gradual reduc-tion in the standard oil water ratio, being reduced from a routine 80:20 to a notuncommon 50:50. This was to reduce the discharge of oil. A whole generationof mud engineers has come to accept a 70:30 oil water ratio as being high.
 Fann rpm Shear Rate sec-1 Circulating System
 3 5.11 Annulus on low side of eccentric pipe*
 6 10.22 drill pipe annulus
 100 170 drill pipe annulus
 200 341 drill pipe annulus
 300 511 drill pipe annulus
 600 1022 drill collar annulus
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 It may be that the increase in occurrence of barite sag is due to lower oil content exacer-bated by a low aromatic content. These factors have significantly reduced the amount ofclay that can be added to mud and the subsequent yield of organophilic clays.
 With the advent of zero discharge of oil muds this could lead to a return to the use of min-eral oils and may lead to a reduction of the sag tendency in the future.
 Indications of Sag
 Barite sag is a phenomenon restricted to the drilling fluid in the hole, it will not be seen in the sur-face tanks. It can therefore, be only detected by frequently checking the fluid density at the flowline. The most critical time for sag being during periods of relative inactivity, when the fluid has hadminimal agitation, times such as when sliding (directional drilling), while running casing/liner andlogging. When circulation is resumed after these types of activities, the density at the flow linemust be checked frequently with great care. For the most accurate check, a suitably trained per-son must use a calibrated pressurized mud balance. The routine density checks must be carriedout every 15 minutes, but after periods of reduced flow, these checks must be performed continu-ally and the data recorded. All results must be adjusted to compensate for fluctuations in tempera-ture, using a temperature chart, located at the shale shakers. These results should be formallyrecorded and retained on file for post well analysis.
 A symptom of barite sag would be when density checks at the shakers, see a drop in density, fol-lowed by an increase, to be then followed eventually, by mud weight of the correct density. Thisidealized cycle of mud weights seen at the shale shakers may not bee seen as it could be maskedby new barite additions. Historical data has shown that weight measurements indicating heavymud, is not always seen to follow light mud and that the correct density is then only achieved whenfresh barite is added. Heavy mud has been seen on some occasions.
 Whether or not heavy mud is measured on any particular occasion may depend on rig activity. Forinstance, the barite may have settled on the low side and circulating without rotation, may not rein-troduce it back into the circulating mud and not seen at surface. If this is the case, if heavy mud isto be seen, it may happen after trips with pipe, rather than when for instance, running casing.
 It is difficult to envisage a sag-related mechanism that could result in heavy mud being present inthe annulus, without the presence of light mud somewhere in the circulating system. However, theabsence of reported light mud, may be explained by the use of heavy slugs, pumped prior to pull-ing out of the hole.
 Investigated instances of sag have shown tell tale symptoms, with the earlier arrival of light mud atthe shakers, usually as soon as the pumps were turned on, then followed by a gradual increase indensity until the correct mud weight, or on occasion, some heavy mud has been seen.
 Measurement and Prediction of Sag
 Barite sag is most likely to occur when drilling with invert emulsion fluids, in wells deviated above
 35o and when the mud weights in exceeds 12.0 ppg (1.44 s.g). When planning and drilling suchwells, it is important to recognize the potential for sag and to put in place techniques and contin-gencies that can aid in the prediction and control of the problem.
 Dynamic
 In recent years, a number of flow loop studies have been carried out that have allowed sagpotential to be linked to specific mud properties. Work performed by various companies identifiedthe Low Shear Rate Yield Point (LSRYP) of the mud, as a predictive measurement to indicate the
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 mud’s potential to sag. This property is also called the Yield Stress (Yz) and is calculated from the6 and 3 rpm readings on the standard Fann 35 viscometer:
 Yz = (2 x q3rpm) - q6rpm
 There may be benefits in determining this value with a Fann rheometer with a modified torsionspring, which would allow more sensitive low speed readings to be measured. The most sensitivetorsion spring that Fann manufactures has a spring factor of 0.5, half that of the conventionalarrangement. Essentially this means that for a given sleeve rpm the dial reading will be two timeshigher. As a rule, rheologists prefer to work with readings that are no less than 10% of the instru-ment’s full-scale deflection. This ensures that readings are from a linear portion of the output. Fullscale deflection for the Fann 35 is 330. This means that when using the conventional spring, 6 and3 rpm readings are rarely within the desired range i.e. are rarely above 33. However using the 0.5spring will result in most 6 and 3 rpm readings being in the desired range. If adopted, this equip-ment would need to be clearly identified and dedicated to Yz determination to avoid confusionwhen determining conventional rheological parameters.
 The Jefferson Test (and the modified Jefferson Test) uses the Fann viscometer to generate shear
 in mud contained in a heated mud cup (120oF). Densities are taken at the bottom of the cup after
 the mud has been stirred at 100 rpm (170 sec-1) by the viscometer’s rotating sleeve. This rota-tional speed was chosen to represent shear rates typical of those present in a concentric annulus
 Another mud company has taken a similar approach to Jefferson but have modified the geometryof the standard Fann 35 viscometer to allow the shear rate between the sleeve and the wall of thecup to be more accurately calculated. This apparatus does not use a thermocup and consequentlyonly operates at ambient conditions.
 One major operator uses the Fann 35 100 rpm dial reading as a sag potential indicator. A readingof 35 is considered minimum with a reading of 42 being a maximum. These figures being consid-ered valid for O/W ratios 79/21- 83/17 and mud weights of approximately 18.0 ppg
 Static
 Although barite sag is here defined as a dynamic process, static ageing tests have been devisedthat are considered by some companies, to be good indicators of a mud’s sag potential. The usualmethod is to heat age mud in a vertical hot rolling bomb or similar vessel. After an allotted ageingperiod the density in the top half and bottom half of the cell is measured. A Settlement Coefficientis then calculated thus:
 If no settling takes place the Sag Coefficient will be 0.5. Some operators deem 0.53 as the upperlimit as an acceptable indicator for potential sag. However, recent review work could not establisha good correlation between static settlement and barite sag potential
 Impact of Sag
 Loss of well control, wellbore Instability, stuck pipe and an inability to run logging tools can allresult from the loss of hydrostatic pressure in the wellbore due to the presence of light mud in thelow angle section of the hole.
 Lost circulation can be induced when slugs of heavy mud are circulated up into a low angle intervalcausing an increase in downhole hydrostatic pressure.
 Settlement Coefficientdensity of bottom half of mud
 density of bottom hald + density of top half----------------------------------------------------------------------------------------------------------------=
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 Sag is considered to be present in all deviated wells where weighted mud is used. It is, however,only when it is severe enough to potentially precipitate one or more of the above operational prob-lems that it is considered significant.
 Practices to Minimize Barite Sag in Oil Based Fluids
 The industry in general is aware of practices that will minimize barite sag however these practicesare not always routinely nor rigorously applied. The following list outlines “good practice” which ifapplied should minimize barite sag:
 Drilling Fluid
 Much has been written about the need for the maintenance of low shear viscosity characteristics,if sag is to be avoided. While attention to these characteristics is important, it is also essential thatthe mud be in good general condition. For example, excessive high shear viscosity (600 and 300rpm values) will not allow the subtle changes to low shear viscosity that may be required, particu-larly when ECD constraints exist.
 The potential for barite sag can be minimized by adhering to the following guidelines:
 1. Treat all wells as having the potential for sag until it can be clearly demonstrated otherwise.
 2. Ensure that the orders for mud generated onshore and offshore specify all critical properties.Orders should state the absolute minimum for viscosity.
 3. The mud sent to the rig must be formulated, with respect to oil water ratio, to allow for water con-tamination, as contamination during transit is inevitable. The correction of oil water ratios by largeadditions of base oil into the active mud is undesirable in systems where there is a significantpotential for sag. If mud is formulated so that it arrives at the rig at the required specification, thiswill reduce the amount of mixing which has to be performed offshore.
 4. Due to low shear conditions in a mud plant, it is easier to formulate a mud with a low oil/water ratioand fast yielding clays. However such a mud formulation may not be optimal for drilling operationsand rig logistics (see item 21).
 5. Avoid programming a range of values for key mud properties e.g.
 • A specified oil water ratio range from 65/35 to 75/25. This does not provide adequate guid-ance particularly if the mud is run at the lower end of the range in a well with significantpotential for barite sag
 - A range of YP 20 –25 prior to running the 9 5/8” casing.
 - Provide the minimum or maximum values required for a particular propertyrather than a range of values.
 6. Follow the mud program and maintain the required properties (see item 5). Ensure that a robustsystem is in place for monitoring and recording critical mud properties, identifying deviations fromprogram and initiating timely and appropriate remedial action to restore programmed properties.
 7. Calibrate pressurized mud balances at the mid/higher density ranges with caesium formate (orequivalent) which must be made available to the rigsite. All mud weights recorded by the shakerhand to be corrected for temperature.
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 8. Maintain sufficient oil content in the mud to allow a minimum concentration of good quality organo-philic clay to be included, and maintained, in the mud formulation. Based on experimental data witha typical premium clay the minimum figure is in the order of 5.0 ppb. There is a general consensusthat 80/20 is an optimal O/W ratio with higher oil content, or more likely lower water content, actu-ally promoting sag. When low oil / water ratio muds are used, much of the required high shear vis-cosity (YP) is obtained from the physical interaction of water droplets. Adding clay to achieve therequired low shear viscosity in this situation may result in excessive high shear viscosity (PV andYP).
 9. Maintain good low shear viscosity characteristics as defined by the Low Shear Yield Point (Yz).Laboratory results and field data suggests that Yz should be maintained above 11 to minimize sag.However the Yz must not be viewed in isolation from other properties. It is, for instance possible toobtain a reasonable Yz. However, Yz in such cases is accompanied by undesirably high plastic vis-cosities, which would adversely affect flow properties.
 10.There appears to be a relationship between plastic viscosity and low shear yield point (PV/Yz)which may be useful as a indicator of the mud’s general condition with respect to sag potential. Ingeneral from the data set of 14 wells reviewed where mud section weights varied from 11.9 - 15.4ppg (1.43 - 1.85 SG), wells did not appear to suffer from sag if the average PV/Yz ratio was main-tained below 5.5. Assuming that the Yz is maintained at 11 this represents an upper PV level of (11x 5.5) = 60.5 cps for muds in the density range studied - 12 – 13.5 ppg (1.44 - 1.62 SG).
 11.High plastic viscosity, relative to other flow parameters, will for a given fluid, produce a more para-bolic flow profile (i.e. a less shear thinning fluid with high “n”). A greater range of shear rates exist inthis type of flow, particularly in the bulk flow on the high side of the hole, and it may be that this isimportant in the sag mechanism.
 12.Control low gravity solids content. It is not possible to maintain the concentration of organophilicclay, required in the mud to effectively maintain low shear viscosity, when the mud contains a highconcentration of fine drilled solids. It is difficult to give a precise maximum value for LGS as this willdepend not only on the O/W ratio of the mud but also on the size of the solids. In practice mainte-nance of the plastic viscosity to the values discussed above should ensure that LGS is controlled toappropriate levels.
 13.Have an appropriate centrifuge package available for use on the active system to allow mechanicalcontrol of LGS.
 14.High water content impacts on plastic viscosity and in turn on the amount of clay that can be formu-lated into the mud. Water will be picked up from young formations by inappropriately high waterphase salinity. In a situation where a high salinity is required for other reasons (e.g. efficient func-tioning of solids removal equipment) careful consideration should be given to the potential adverseimpact to the mud properties. This is particularly significant in long intervals where viscosity canbecome difficult to control and require corrective action immediately before casing and cementingoperations. This situation is undesirable in high sag potential situations.
 15.When it is considered that a high WPS is essential for the stability of a deep formation it is prefera-ble to increase the WPS immediately prior to entering this formation rather than maintaining aninappropriate salt concentration through the younger sediments above.
 16.High plastic viscosity may result from insufficient emulsifier concentration. This situation may beimproved by increasing the emulsifier content. There is a school of thought that suggest that thechange in brine droplet size distribution produced by increased emulsifier content is conducive to
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 sag minimization. The optimum emulsifier concentration can be determined by pilot testing increas-ing concentrations until the plastic viscosity plateaus out at its lowest level. There may be conflict-ing reasons to run lower emulsifier, for example minimizing formation impairment, however from asag perspective, this approach represents good practice.
 17.Run product concentration sheets. The inaccuracy of these is recognized however it is the onlymeans of having some idea of how much product (particularly clay in a potential sag situation) is inthe mud at any time. These sheets should include details of any water including oily water wastesadded to the mud.
 18.Do not thin the drilling fluid immediately prior to logging / casing / liner running. It is important thatthe mud is maintained within specification while drilling to minimize the requirement for change forcasing / cementing operations. Treatment with base oil to reduce viscosity can lead to conditionsconducive to sag. If mud has to be thinned ensure that details of the properties required are clearlyidentified in the drilling and fluids programmes and that the viscosity reduction is performed in acontrolled step wise manner.
 19.Precise requirements for casing / cementing must be known well in advance of section TD so thatessential adjustments to mud viscosity can be made in a controlled manner.
 20.Rheological inputs to cementing calculations should be from Fann 70 (or equivalent) data. This maysignificantly reduce the requirement for changes to mud viscosity relative to data generated on theFann 35. It is also valuable to use any available data from PWD / MAP when considering ECD forcementing operations. Field data indicates that downhole ECD measurements are consistentlylower than the values calculated from surface mud weights and viscosity.
 21.Avoid the use of new unsheared mud. If the use of new mud is unavoidable ensure that the mud iswell sheared through the bit before commencing any operations that will develop low shear condi-tions in the wellbore.
 22.There is some evidence that surfactants used in cement spacers can adversely affect low end vis-cosity. The extent to which this happens may depend upon how the low end has been generated(i.e. by clay or by viscosity modifier). Compatibility studies should be conducted well in advance ofcement jobs and any adverse effect should be minimized by isolation of contaminated mud.
 Drilling Practices
 There are influences of the drilling operation that increase the potential for dynamic barite sag andare independent of mud properties. Primarily these arise from operating at low shear rate condi-tions and low annular velocities (< 100 feet/min). Calculated values of annular shear rates,
 beneath the eccentric drilling assembly generally less than 2 S.- 1 enhance the potential fordynamic barite sag. To avoid such conditions occurring:-
 1. Modify operations to maintain sufficient annular disturbance through adequate circulation and rota-tion rates, to limit periods of low shear. Any operation that induces low shear (slow circulating rates,running casing or running logs) has the potential to initiate sag. Laboratory work has confirmed thatthe shear rates generated when running casing are of the right magnitude to induce barite sag in aninclined borehole.
 2. At the planning stage of wells identified as having a high sag potential, consideration should begiven to rotary drilling rather than sliding. Sag is most likely to occur when the drill pipe is not being
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 rotated while low shear conditions are being generated. This is particularly important for 60-75degrees wells where even high annular velocities may not eliminate sag. Minimize sliding in theseintervals. Pull back one stand and rotate at high rpm after extended periods of sliding to reintroduceheavy mud from the low side of the hole into the main body of the mud.
 3. Avoid pumping base oil slugs to “wake up” the MWD tool particularly immediately before a trip. Theoil can thin a significant portion of the mud and promote conditions conducive to barite sag.
 4. In situations where mud weight is close to fracture gradient it is important to minimize the potentialincrease in bottom hole pressure due to sagged mud. After a trip, the potential risk of circulatingbottoms up in the tangent section is that some light mud can be circulated out of the hole whilebeing replaced by mud from the suction pit at the correct density. The heavier, sagged, mud in thedeeper part of the tangent section coupled with the mud of correct density now in the upper part ofthe hole could cause increased bottom hole pressures initiating downhole losses.
 5. Conversely, in situations where the pore pressure is close to mud weight and barite sag is sus-pected minimize the effect of low density mud on hydrostatic by staging the drilling assembly intothe hole, breaking circulation and circulating bottoms up at several points while running back in. Ifthe fluid has sagged, the effect on the annular hydrostatic pressure will be reduced if the out of bal-ance column is not circulated out all at once.
 6. If excessive changes in mud density are observed at surface, stop and condition the mud. Allow aminimum of two total mud circulations to enable chemical treatments to be effective and to ensureall density fluctuations are eliminated.
 Drilling Fluid Selection for Wells with Small Pore / Fracture Pressure Windows
 It is currently not possible to design an oil based mud that will be completely sag free. Followingthe guidelines above will limit sag to levels that may be acceptable for many wells. Howeverincreasing numbers of wells are being drilled where there is very little margin between the poreand fracture pressure. In these cases high yield stress muds, with their accompanying high yieldpoints, may not be acceptable. This is particularly true during critical operations, for instance, whilerunning liners. Thinning muds for these operations is an undesirable option on critical wells. Inthese situations the options suggested below should be considered when formulating the drillingfluid:
 1. Use a brine based mud with the majority of the required density being achieved from dissolved salt.As the density can be achieved without barite, sag is not an issue. Some solids may be required forbridging, filtrate reduction and topping up density but sized calcium carbonate will usually suffice.With an SG of approximately 2.5 it is unlikely that this will sag in a heavy brine based fluid. Waterbased muds are more predictable in terms of downhole density and viscosity. The base fluid ismuch more resistant to the effects of temperature and pressure than an oil based mud. Theoreti-cally there is no practical limit to the density that can be achieved with brine although commercialfactors cannot be ignored, heavy brines are expensive.
 When considering the use of water based muds it is important that realistic friction coefficients areused in torque and drag calculations. Careful selection of lubricants can prove very effective inreducing CFs to low levels, often as low as those of oil based muds. In the past many wells havebeen deemed to be undrillable with water based muds when inappropriate friction coefficientshave been used in torque and drag modelling.
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 2. If it is clear that an oil based fluid is essential for a particular well there is some evidence that goodlow shear viscosity can be achieved without adverse effects on yield point. This maybe achieved bysubstituting some organophilic attapulgite (Bentone 990) for a portion of the conventional organo-clay (organophilic bentonite or hectorite). Certainly Rheox, the manufacturers of this product, claimthat the low end viscosity can be raised without large increases in yield point. This claim is alsomade by at least one of the major drilling fluid suppliers. Unlike bentonite, attapulgite has a fibroustexture. The individual particles are needle shaped and, when shear is applied a random,brush-heap structure develops that can give a fluid extremely good suspension characteristics, thisis certainly true in water based muds, further work would be required to confirm that this is the casein invert emulsions.
 3. The use of fine grade weighting material to minimize sag has been researched in the past but rarelyput into field use. Theoretically for a given specific gravity, smaller particles should exhibit less of atendency to settle under static conditions (Stoke’s Law). and there is some evidence from flow looptesting that finer particles do exhibit less of a tendency to sag in a dynamic situation. This doeshowever require further investigation. The materials most commonly considered have been micron-ized or paint grade barite and Micromax (manganese tetroxide). The potential adverse viscosityand HSE impact of the very fine material may have hindered the development of this technology.The increasing number of wells being drilled with tight ECD requirements may warrant a reassess-ment of this approach, the HSE concerns could be managed by good mixing practices and facili-ties. Research into alternative weighting agents that do not adversely impact on viscosity, isongoing within some of the drilling fluid companies and this should be closely monitored.
 Tertiary Mud Recovery Equipment
 The use of tertiary mud recovery equipment is sometimes proposed to reduce the amount of SBMdischarged to the environment or to reduce the amount of oil returned for onshore processing.However there are concerns regarding the potential adverse effect of solids returned to the mudfrom tertiary mud recovery equipment. These should not be dismissed at the planning stage with-out clearly defining what is considered by the term “adverse effect”.
 Recent review work shows the total amount of low gravity solids returned to an active system ineach interval. The cumulative figure indicates what this represents, in ppb, at the end of each inter-val based on daily circulating volumes.
 Table 60: Tertiary Mud Recovery
 This is not insignificant in itself but it must also be realized that these “cuttings” are often pro-cessed through two centrifuges plumbed in series, and will be present in the returned mud as finesand ultrafines.
 The following table indicates the small size of the solids from tertiary mud recovery equipmentreturns relative to the particle distribution of the active mud used in the previous example.
 Low Gravity Solids from Tertiary Mud Recovery Equipment
 Well NumberTotal LGS added lbs
 CumulativeLGS added ppb
 Well 1 18940 10.9
 Well 2 66813 31.0
 Well 3 31869 14.0
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 Table 61: Particle Distribution Analysis
 If it has been agreed at the planning stage that the mud engineers can refuse tertiary mud recov-ery equipment returns to the active system if it is “out of specification” this specification must beclearly defined. Arrangements must also be made to perform regular qualitative checks as to theparticle size distribution returned to the active system from the tertiary mud recovery equipment.The presence of a large proportion of ultrafines can adversely impact mud viscosity.
 It has been demonstrated that some tertiary mud recovery equipment cannot function efficientlyunless the cuttings are firm. To ensure that this is the case the water phase salinity (WPS) of themud is sometimes run at a level above that required for the formations being drilled. There is evi-dence that, at inappropriately high levels of WPS, significant amounts of water are drawn into themud from the formation. This will adversely effect both the oil / water ratio and the viscosity of themud.
 The advent of total containment for oil mud cuttings has brought about a shift in the purpose ofmud recovery systems. Rather than reducing discharges of mud to the sea their purpose nowwould be reduce the total amount of mud and cuttings returned for onshore treatment. If tertiarymud recovery equipment is to be used for this purpose consideration should be given to reducingthe amount of fines that is returned to the active mud system. This could be achieved by maximiz-ing the efficiency of the downstream unit. Alternatively returns from tertiary mud recovery equip-ment could be caught and transported to shore for treatment. Any potential benefit from this couldonly be established once the cuttings transfer system and the onshore cutting treatment has beendecided. That is to say, it would depend on whether the logistic chosen preferred wet slurry or drycuttings.
 Sag Experienced
 If dynamic barite sag is experienced:-
 1. Ensure that the nature of material collected at the shakers and rig floor is properly determined andvalidated. e.g. Ensure that there is clear evidence to support that solids reported as “barite” are infact barite.
 2. Remember that rig crew attention to shaker management is invariably reduced whenever tertiarymud treatment equipment is installed on the rig.
 3. BP and ChevronTexaco has specialist personnel with barite sag expertise who can be contacted foradvice.
 4. Ensure that representative mud samples are to be taken at critical stages of the well and safeguardand collect physical and written evidence to allow post well analysis to be carried out if required.
 Particle Distribution Analysis
 Sample D9v,0.1) µ D9v,0.5) µ D9v,0.9) µ %>75 µ %,6 µTertiary Mud Recovery Equipment Returns
 0.87 9.35 26.83 0.0 36.38
 Well 1 5.51 21.00 51.36 1.80 11.35
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 Bit Balling
 Introduction
 When drilling with water based mud in Mudstone or shales there is always the risk of bit balling.This phenomenon can stop or significantly slow drilling penetration rates and is one of the weak-nesses of water-based mud. Poorly inhibited mud and less than optimized hydraulics and theresult of poor bit selection have all been blamed. The solution has been, in part, the use of oilbased mud or at the very least, the use of KCl, to inhibit the clay hydration. The prevention of ball-ing can be managed without drastic changes in fluid design or bit selection.
 Clay Properties
 To understand balling first we have to understand the behavior of clay
 Clay Particle Size
 Clays are too small to be seen by optical methods and require electron-beam microscopes forstudy of size and shape. In general, individual layered clays are from 7 to 21 Å thick, but 1000 to100,000 Å in their width and length. (A 44 micron-325 mesh silt particle is 440,000 Å). Having thissmall size and relatively large surface area gives layered clays (such as Bentonites) uniquebehavior when they are dispersed into water. Being highly charged as well, their behavior is morepronounced in terms of clay-clay particle interactions. Surface area that can be created by claydispersion is very large, about 200 m2/g. The size and shape of clays allows them to be useful inbuilding viscosity or in building a tightly packed filter cake. However, when clays are encounteredwhile drilling, it is this size and the resulting surface area that causes balling. While the Smectiteclays, such as bentonite will hydrate and result in even greater surface area, other more commonclays (Kaolinites, Illites and Chlorites) can still result in balling.
 The cation exchange capacity (see Section 5) of the clays drilled will change with each formationdrilled. The reactivity of the clay will contribute to the degree of balling, but balling is not restrictedonly to hydratable clays and the measures taken to resolve a balling situation will change onlyslightly when the clays are found to have a high exchange capacity.
 The size of the clay particles and the degree of dispersion are as critical as the cation exchangecapacity.
 Prevention
 Drilling Fluid Design
 The convention when building water based mud is to control the exchange capacity by addinginhibitors such as potassium chloride (KCl). As mentioned, clays that cause balling are not limitedto those that only hydrate, the dispersive clays must be dealt with, if balling is to be prevented.
 Water-based mud that will prevent balling must be formulated to match the clay types to be drilled.If the formation contains smectite or mixed layers that contain smectite. The drilling fluid must con-tain clay hydration inhibitors, and the level of inhibition may be adjusted while drilling. If when theclay type has been defined and doesn’t include hydratable clay, inhibition is still needed to reduce
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 clay dispersion. The most well know treatment for clay dispersion are encapsulating polymers,such as partially hydrolyzed polyacrylamide (PHPA) and polyanionic cellulose (PAC) polymers.Their function being to coat the clay, before it has dispersed completely, thereby making them eas-ier to be removed by the shale shakers. The addition of Glycol will also help prevent dispersion.
 To design mud that will reduce the risk of balling:
 • Use the required inhibitor for the known and potential hydratable clay (KCl, Ca++ Glycol,Silicate)
 • Ensure the inhibitor concentration will prevent clay hydration.
 • Test clay samples in the lab (Cation Exchange Capacity, etc.)
 • Add polymers that will minimize dispersion (PHPA & PAC Regular)
 • Look at the product mix and ensure the system is not overloaded
 Drilling Fluid Maintenance
 The prevention of balling may be achieved by adding chemicals alone, but to be really effective thesystem as a whole must be managed. A major contributor to balling is when the bit exposes newclay, which then, because of its massive surface area, will demand water. Water will only be avail-able to coat the new solids if the formulation has allowed for it. This at first seems an odd state-ment, as water is a predominant constituent, but the demand for free water at the bit is extreme, ina fraction of a second each new clay particle must be 100% coated in water, if it is not to becomesticky. A partially wet clay particle will stick to metal and other clays.
 The mud engineer to maintain mud properties uses product concentration analysis, this is alsoextremely important when preventing bit balling. By keeping the whole system within specification,preventing the build up of solids and mud materials will ensure water is available.
 To maintain mud to reduce the risk of balling:
 • Monitor the effectiveness of the inhibitor for hydratable clay (KCl, Ca++ Glycol, Silicate), bylooking at the cuttings at the shakers
 • Maintain the required product concentrations
 • Do not exceed the polymer concentration required to minimize dispersion (PHPA & PACRegular). These polymers will tie up large quantities of water.
 • Do not exceed the recommended LGS concentrations
 Treatment
 Balled up Bit Symptoms
 Balling is not always apparent while drilling poor bit performance may be explained by many otherfactors. Therefore, the first step in diagnosis is knowing the anticipated ROP for the given bit typeand size in a known formation. If the bit is drilling at a slower rate than anticipated and in a claybearing formation, it could be balled up. The following step by step process should help identifyand treat balling:
 Step 1. Establish anticipated ROP for the given bit and formation
 Step 2. Compare ROPs, if much slower and no other explanation, pump:
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 Step 3. ~100 bbl pill of uninhibited water with 3% detergent + Caustic Soda pH 10.5
 Step 4. If ROP increases for a period and then returns to the original ROP
 The Bit is Balled: “Go to Step 7”
 Step 5. If no change in ROP, possible poor bit, make trip
 Step 6. Stop drilling and condition mud as follows:
 Step 7. Dilute the product concentration of major encapsulating polymers (PHPA, PAC), if in use
 Step 8. Establish a new lower product concentration to be maintained
 Step 9. Lower the LGS concentration with dilution
 Step 10. Review the concentration of all inhibitors and if possible increase slowly
 Step 11. Establish a minimum rate of dilution, that will ensure the new lower concentration of LGS
 Step 12. Collect samples at the shakers for analysis
 Step 13. Record all treatments and return to drilling
 Step 14. If no improvement in ROP, pull bit, collect clay samples if applicable for analysis
 Step 15. Return to drilling with alternate bit
 SummaryThe aforementioned steps have proven to be extremely effective, but will not be suitable for all for-mation or bits. However, by ensuring that the mud is not overloaded with additives and solids willalways go a long way towards trouble free drilling.
 “Proprietary - for the exclusive use of BP & ChevronTexaco”
 Bit Balling 14-75 Rev. 01/2002

Page 496
                        

Drilling Fluids Manual
 “Proprietary - for the exclusive use of BP & ChevronTexaco”
 Rev. 01/2002 Bit Balling 14-76

Page 497
                        

Drilling Fluids Manual
 Shale Stability
 Introduction
 Wellbore instability encountered while drilling shale formations is a worldwide problem. Despitemuch experience and considerable research, drilling and completion operations continue to beplagued by various hole problems attributed directly to shale formations. Studies and solutions toshale problems are not a simple matter because of the wide variations in clay chemistry.
 Shales are sedimentary rocks which were generally deposited in marine basins. They are com-posed of compacted beds of muds, silts, and clays. In the soft or unconsolidated shale, mud orclay predominates, in the more consolidated formation it is shale or argillite, and in the metamor-phic form, slate, phyllite, or mica schist. At increased depth the shales become denser due to thecompaction caused by overburden weight. Shales may also be subjected to tectonic stresses, pro-ducing further alteration.
 When shales contain sand they are called arenaceous shales. If they contain calcium carbonatethey are called calcareous shales. Those that contain iron are termed ferrungeneous shales and iflarge amounts of organic materials are present, they are called carbonaceous shales.
 The drilling fluid engineer is very much concerned with the degree of hydration of shales, and withthe cementing materials binding shales together. Equally important are the inclination of the bed-ding planes and the stresses acting within or upon the shale formation.
 Shales contain various clay minerals which differ structurally. The more common of these aremontmorillonite, illite, chlorite and kaolinite. Some of these clay minerals will hydrate while otherswill not. Shales containing montmorillonite will hydrate easily. The montmorillonite clay group has ahigh base exchange capacity, where one cation will replace another and can increase or decreasethe shales tendency to hydrate. The degree of hydration is also influenced by the type of cationinvolved and the pH of the fluid. Mass action by a high concentration of salts will suppress thehydration of clays. Illite is another mineral frequently found in shales. The basic structure of illite issimilar to montmorillonite but it does not hydrate readily in fresh water. Both are composed of twosilica tetrahedral sheets and a central octahedral alumina sheet. Illite, however, develops a chargedeficiency (negative charge) from the replacement of silicon by aluminum on the surface of the sil-ica sheet. This charge deficiency is largely satisfied by potassium ions which fit into the surfaceoxygen layers. The diameter of the potassium ion allows it to fit the locations in the surface permit-ting very close association of the clay layers and aiding in resistance to swelling.
 Chlorite clay minerals are similar to illite and do not noticeably hydrate. They are composed of thesame three layers. Kaolinite is somewhat different from montmorillonite, illite, or chlorite. The claystructure is composed of two layers instead of three: a single silica tetrahedral sheet and an alu-mina octahedral sheet. There is no charge deficiency and the particles are electrically neutral.Kaolinite does not swell but will readily disperse.
 The hydrating-type shales containing montmorillonite are found at shallow depths and are oftenreferred to as gumbo shales. At greater depths their ability to hydrate decreases due to modifica-tion of the internal lattice structure. They tend to become a more illitic or chloritic type of clay.
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 Problems Caused by Shale Instability
 Terms frequently used to describe troublesome shales are, sloughing shale, heaving shale, run-ning shale, bentonitic shale, mud-making, plastic-flowing and pressured shale. Besides enlargedhole due to shale sloughing, other problems which occur include:
 • Improper mud weight
 • Hole cleaning difficulties
 • Stuck pipe
 • Bridges and fill on trips
 • Increased mud volume and treating costs
 • Poor cement jobs and increased cement requirements
 • Well logging problems
 • Limited sidewall core recovery
 • Tight hole
 Factors Causing Shale Instability
 • Tectonically stressed shales
 • Abnormally pressured shales
 • Erosion due to high annular velocities
 • Drill string whipping, knocking shale off the wall of the hole
 • While tripping, the drill string dislodges shale, either by direct contact or swabbing action.
 • Dissolving salt within the formation
 • Mud filtrate or whole mud invasion of the formation is mechanical. The subsequent effectis chemical.
 • Annular pressure losses in excess of 50 psi/1000 ft. This can cause wellbore erosion andinstability even in laminar flow.
 • Shale hydration
 • Shale dispersion
 • Pore pressure increase
 • Contact point wetting
 Mechanically Induced Shale Instability
 Mechanical instability is generally the end result of excessive, erratic contact of the drill string withthe wellbore wall, and/or excessive pressure losses and surges generated by the flowing fluid inthe annulus. Proper bottomhole assembly selection and sound fundamental drilling practices willdo all that can be done to minimize the first of these causes. Annular pressure loss control involvesconstantly monitoring annular rheology and hydraulics. As a guide, if the calculated annular pres-sure loss per 1000 feet exceeds 50 psi, hole stability will be likely to be affected. Even thoughmaintaining laminar flow in the annulus, with certain fluid types and sufficient annular velocity,excessive annular pressure losses may be present.
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 From a troubleshooting standpoint, all suspected shale and wellbore stability problems should befirst examined in light of mechanical causes. Examination of cuttings and analysis of current drill-ing parameters are of paramount importance.
 Note: The time the hole is exposed to the drilling fluid is very important. Since most instability prob-lems are time related, the less time spent drilling with potentially unstable formations open, thelower the possibility of developing a stability problem.
 Classification of Problem Shales
 Various classification schemes for problem shales have been proposed, but problem shales canbe broadly classified by their mechanism of failure: hydratable and dispersing shales, brittleshales, pressured shales and stressed shales.
 Table 1A Suggested Classification of Problem Shales
 1 Soft
 • High Dispersion
 • High in Montmorillonite
 • Some Illite
 2 Moderately Soft
 • Fairly High in Dispersion
 • Fairly High in Montmorillonite
 • High in Illite
 3 Medium-Hard
 • Moderate-High in Interlayered Disper-sion
 • Sloughing Clays Tendencies
 • Kaolinite Moderate to High Percentage
 4 Hard
 • Little Dispersion
 • Moderate Illite
 • Sloughing Tendencies
 • Moderate Chlorite
 5 Very Hard
 • Brittle
 • High in Illite
 • No Significant Dispersion
 • Moderate Chlorite
 • Caving Tendencies
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 Hydratable and Dispersing Shales
 The process of hydration (swelling) and dispersion are related, although each is affected by theamount and type of clays in the shale. Some shales will swell significantly with little dispersion; forothers, the reverse is true. Hydration results from two distinct mechanisms: surface hydration andosmotic hydration. Surface hydration is a slight expansion between compacted clay particles bythe addition of several molecular layers of water on the clay particle surfaces. Osmotic hydration isprimarily the expansion of the structure of the clay particle caused by the adsorption of waterbetween the clay platelets. Dispersion is a continual and often rapid disintegration of the shale sur-face, and results when the strength of the bonds between particles is reduced by the entrance ofwater. Various clays react differently when exposed to water. As previously stated, the clays thatare most commonly found in shales are kaolinites, montmorillonites, illites, and chlorites. Montmo-rillonites are highly dispersible, disintegratable, and hydratable. Illites are non-swelling in the pureform. Due to leaching and weathering, however, the exchangeable cation (potassium) can bereplaced with other cations which may permit some swelling. The chlorite group contains orderlystacks of alternate layers of different types of clays. Disintegration tendencies are high since thelayering reduces the number of strong bonds between particles. Non-uniform swelling causes highhydrational stresses and weakens the structure.
 Brittle Shales
 These shales appear quite firm and competent, but fall to pieces when placed in water. The piecesdo not soften or swell in the water. Instability of brittle shales can be caused by either of two mech-anisms. The shale can be weakened by hydration of micro-fracture surfaces, and bedding planes,parting within the shale structure. The second mechanism results when a small amount of clay issurrounded by a completely non-swelling quartz and feldspar matrix. Even slight hydration of theclays will cause high differential swelling pressure, and will make the formation unstable (seeFigure 1). Many brittle shales have a high percentage of kaolinite. Kaolinite may become unstablein the presence of a high pH environment.
 Figure 1Instability of Brittle Shales
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 Abnormally Pressured Shales
 Shales are abnormally pressured when a layer of low-permeability compacted clay develops adja-cent to a sand, restricting the flow from the remainder of the clay body. Thus, in a thick clay forma-tion, the rate of expulsion is not able to keep pace with the rate of compaction, and the porepressure therefore increases above that normal for the depth of burial. Any sand body, either inter-bedded or contiguous with the shale, will also be geopressured if it is isolated from the surfaceeither by pinchout or faulting.
 Abnormally high pressures may also be found in initially normally pressured formations that havebeen elevated above deposition level by tectonic forces, and surface layers then eroded. Isolatedsand bodies within such formations will then have high pore pressures relative to their depth belowthe surface.
 Tectonically Stressed Shales
 Stressed shales occur in areas where diastrophic movement has occurred. (This is the process bywhich the earth’s crust is reshaped, producing continents, oceans, mountains, etc.) The shalesmay incline considerably from the horizontal, having steeply dipping bedding planes. Forces maybe acting upon the formation which, when relieved, cause the shale to fall into the hole (seeFigure 2).
 Figure 2Tectonically Stressed Shales
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 The problem may be further aggravated if the bedding planes become wet with water or oil. TheAtoka and Springer shales of the American mid-continent are classic examples of shales of thistype.
 It is agreed that formation stresses induced by diastrophic movement make these shales vulnera-ble to sloughing. It is also recognized that the natural material cementing these shales is relativelyweak. It may be amorphous silica, an aluminum or calcium silicate, or an organic material that issensitive to oil. There is evidence that chemical inhibition is helpful in minimizing the problem, butit is not the entire answer. There is also evidence that slightly higher mud densities can be helpful,but here again it does not seem to be the entire answer.
 To more effectively control these shales, a way has to be found to seal the formation against fluidinvasion. This is typically accomplished by carefully controlling the high pressure, high tempera-ture filtration properties of muds. The improvement can be significant, but still does not completelysolve the problem.
 Blended organic compounds, containing an emulsifier and a sulfonated blown asphalt or modifiedgilsonites are materials used in plugging the micro-fractures in shale. This minimizes fluid contactalong the fractures, and when combined with other remedies will generally reduce the severity ofthe problem.
 Shale Stabilization with Drilling Fluids
 Oil-Based Muds
 The hydratable, dispersible, and brittle shales are all sensitive to water. Instability can be partiallyeliminated by preventing the water in the drilling fluid from contacting the shale. One solution is touse an oil-based fluid where water is emulsified in the continuous oil phase.
 The interfacial film surrounding the emulsified water droplets in an oil mud can act as a semiper-meable membrane and provide a mechanism for osmosis. Osmosis is the flow of water from a lessconcentrated salt solution into a more concentrated solution through a semi-permeable mem-brane. Water will migrate from the oil mud into the shale when the salinity of the water phase of theoil mud is lower than the salinity of the water phase of the shale. There is evidence that dehydra-tion of the shale occurs when the reverse is true. No migration occurs when the salinities areequal.
 Although maximum shale inhibition is realized with oil muds, their use in some wells may not beconsidered practical because of other factors. These factors must be carefully evaluated in relationto the severity of the shale instability problem. Oil muds can:
 • Reduce the penetration rate in some formations
 • Limit the logging program
 • Affect cuttings analysis
 • Require special preparation and maintenance programs
 • Be environmentally unacceptable
 Water-Based Muds
 Stability is generally obtained in water-based muds from ionic inhibition, encapsulation, and physi-cal plugging. The degree of stability will not be as great as with the oil muds, but properly treatedwater muds can be successfully used for even the most troublesome shales.
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 From a drilling efficiency standpoint, the most practical, semi-inhibitive water-based muds are clas-sified as low-solids, non-dispersed fluids. Their stabilizing characteristics are obtained partiallyfrom soluble salts and partially from low concentrations of polymer additives. These fluids exhibitgood rheological characteristics and generally promote high penetration rates. Proper solids con-trol is a key to using these fluids in the field. High drilled solids content will create rheological prob-lems, reduce the penetration rate, and increase the costs of the mud system and the well.
 Ionic Inhibition - Ionic inhibition is effective in reducing the dispersion and hydration of clays,thereby reducing the instability of shales containing swelling clays. The degree of hydration isdependent on the type and concentration of the inhibiting ion in the drilling fluid. For example,montmorillonite will swell only to about three times its original volume when placed in a saturatedNaCl solution. The hydration is greatly reduced, but not eliminated.
 The common clays described earlier are all bonded by cations. These cations bond the plateletsthat make up the clay structure and can greatly affect the degree of hydration of the shale. The
 cation associated with montmorillonite is usually either Na+ (as in bentonite) or Ca++ (as in
 sub-bentonite). Illites contain K+ in the pure form, but Na+ or Ca++ may have replaced the K+
 through time.
 Clays, when placed in water, develop a strong negative charge imbalance on the surface of theplatelets. Any cations in the solution will be oriented to satisfy the negative charges. If the concen-tration of the cation in solution is sufficiently high, a base exchange with the bonding cation of theclay will take place. The various cations behave differently because of ionic size and hydrationalenergy.
 Table 2 shows the unhydrated and hydrated diameters of several common ions. Potassium andammonium are proposed as the most inhibitive ions for use in a drilling fluid. Their diameters areboth very close to the available distance of 2.8 Å between the three-layer packets of montmorillo-nites and illites. Potassium and ammonium have the lowest hydrational energies (smallesthydrated diameters). The low energies produce inter-layer dehydration and layer collapse, andhelp in forming a compact, tightly held structure.
 Table 2. Ionic Diameters
 Ion
 Ionic Diameter (Angstroms)
 Not Hydrated Hydrated
 Na+ 1.96 11.2
 K+ 2.66 7.6
 NH4+ 2.86 7.6
 Mg++ 1.56 21.6
 Ca++ 2.12 19.2
 Ba++ 2.86 17.6
 Al+++ 1.14 *
 *Not Available
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 Potassium cations are expected to perform best as an inhibitive cation on shales having a largepercentage of illite. The potassium returns the illite to the pure form which is a non-swelling struc-ture.
 Encapsulation - is a chemical and physical interaction with the clay surfaces. Long chain poly-mers, such as partially hydrolyzed polyacrylamide (PHPA) and modified carboxymethylcellulose,are believed to wrap around the particles. This aids in the control of surface hydration and reducesthe tendency to disperse and disintegrate.
 Physical Plugging - In some of the brittle shales, ionic inhibition and encapsulation may not suffi-ciently reduce shale instability. Even slight hydration of micro-fractures will make the formationsunstable. Asphaltenes have been effectively used in the field to seal micro-fractures. Their usemust be coupled with proper fluid loss control to minimize filtrate invasion into the fractures. Thematerials that are purely oil soluble appear to be the most desirable for treatment of brittle shales.The asphaltenes that are water soluble tend to further disperse into the formation water andreduce the sealing effect.
 Gilsonite is another mineral product used effectively to maximize shale stabilization. It is thoughtthat these materials minimize shale sloughing by sealing off micro-fractures and pores in theshales and limiting exposure of the shale surfaces due to a plating action on the wellbore. In themost severe cases of brittle shales, not even the use of asphaltenes will prevent instability. Theonly alternative is to try a balanced activity oil mud.
 When shales with abnormal pressure are encountered they must be balanced by hydrostatic pres-sure or they will become unstable and cause borehole problems. An indication of an overpres-sured shale is long sharp concave/convex splinters coming from the shale shaker. The amount ofcuttings coming over the shaker is also increased. A directional hole will usually require a highermud density than a straight hole in the same area or field.
 Tectonically stressed shales may also require a higher mud density to stabilize the borehole. Theamount and configuration of drill cuttings may or may not change. The drag and torque of the drillstring may be increased dramatically when geo-pressured shales are encountered without suffi-cient mud density. Frequently, long sections of hole must be reamed when running the drill string inhole after trips. The borehole can become elliptical due to stress and appear to be under gauge. Agood drilling practice is to raise the mud density prior to drilling sections of hole which are tectoni-cally stressed. This will usually allow a lower mud density to run than if the hole is allowed to dete-riorate.
 Stuck Pipe
 Introduction
 Stuck pipe during the drilling operation can occur for a variety of reasons such as hole collapse,inadequate hole cleaning, pulling the pipe into an underguage hole or by differential sticking. Stuckpipe from differential sticking, unlike the others described, usually can not be removed by workingthe pipe free. Differential stuck pipe usually requires the spotting of specialized fluids across thezone that the pipe is stuck to aid in freeing the pipe. If the spotting fluid is not successful, then awashover job is required to free the pipe. If none of these are successful, then a sidetrack will berequired.
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 Differential Pressure Sticking
 Differential pressure sticking is caused by a combination of; poor filtration control, thick filter cake,a positive differential pressure, and a permeable formation.
 Differential pressure sticking is usually indicated when the pipe cannot be rotated or reciprocatedbut full circulation at normal pressure can be established. Conditions contributing to the likelihoodof differential pressure sticking are:
 • High formation permeability.
 • High positive differential pressure.
 • Hole angle.
 • Poor mud filtration properties.
 • The relative geometry of the pipe and the wellbore.
 • Period of time the drill string remains immobile.
 • The degree of drill collar stabilization. Configuration of drill collars may also be important.
 • Poor particle size distribution in the mud leading to formation of a thick high permeabilityfilter cake.
 Mechanics
 The possibility of differential sticking can be reduced by altering mud properties. Decreasing themud density to lower the differential pressure is one method; however, this is not always possible.Another method is to lessen the contact area between the pipe and the wall cake. This requiresreducing cake thickness. Low filtration rates and minimum solids concentration will contribute tominimizing cake thickness. Good particle size distribution in the fluid will result in low permeabilityfilter cakes which will also reduce the chance of sticking. One point often overlooked regarding lowfiltration rates is the effect of temperature and pressure. Low API filtrate values do not necessarilymean that filtration rates will be low downhole at increased temperature and pressure. The drillingfluid should be tested routinely at elevated temperatures and pressures to determine filter cakecompressibility. For a test conducted at 300°F and 500 psi, the high temperature, high pressure(HTHP) fluid loss should be less than four times the API value for muds having an API fluid loss oftwo cm3 or more. This is arrived at by assuming that filtrate volume is inversely proportional to the
 square root of the viscosity of the mud and proportional to (Pressure)x, when x is no greater than0.5. Materials that reduce the friction factor between the steel and mud solids are also of value inminimizing wall stuck pipe. Oil emulsion muds, extreme pressure lubricants, and detergents canbe beneficial.
 In Figure 3 above, the hydrostatic pressure of the mud is 500 psi greater than formation pressure.In A, the drill collars are centered in the hole and are not stuck. The hydrostatic pressure actsequally in all directions. In B and C, the collars become stuck because they are imbedded in thewall cake opposite the permeable zone. In C the hydrostatic pressure acts across the isolated por-tion of the collars. This pressure holds the collars firmly against the wall of the hole. The segmentthis force acts upon is shown by the broken line drawn from a to b which in the following holegeometry will be 3.75 in. in length. For every square inch isolated, there is a confining force of500 lb. For a 20-ft section of 6- in. collars, in a 7-5/8-in. hole imbedded 1/8-in. into the wall cake,the calculated side thrust is:
 (500 psi) (3.75 in.2/in.) (12 in./ft) (20 ft) = 450,000 lb
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 The vertical force necessary to pull the pipe free would be somewhat less than this, dependingupon friction between the collars and the wall cake.
 Prevention
 • Drill with mud density as low as practical.
 • Keep hole as straight as possible.
 • Keep solids content of mud as low as possible.
 • Keep static drill string time to a minimum.
 • Use extreme pressure (EP) lubricants.
 • Avoid long strings of drill collars where the diameter is larger than 65% of the hole diame-ter and/or
 • Use stabilizers or spiral drill collars.
 • Use an oil-based mud.
 Figure 3
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 Remedial Measures
 In spite of all precautions, stuck pipe still occurs. Recovery may be accomplished by any one ofseveral methods:
 • Working/jarring it loose, washing over it, using a taper tap or overshot (fishing tools), etc.
 • Reduction of hydrostatic pressure by spotting or u-tubing a column of fluid of lower densitythan the muds in use, such as water or oil.
 • Application of a drill stem test (DST) tool. The pipe is backed off and a DST tool withopen-ended drill pipe below is screwed into the fish. When the DST tool is opened, differ-ential pressure is relieved, freeing the pipe. This method depends largely on having a sec-tion of hole above the fish where the DST packer will seal properly.
 • Spotting of various fluids around the fish, such as oil, oil-based mud, invert oil muds, satu-rated salt-water, or a special surfactant material (such as Pipe Lax, Freepipe) added tocrude oil, mineral oil, or diesel oil, or mixed with an oil-based or invert oil mud. Forweighted muds, the surfactant can be mixed with true oil-based or invert emulsion mudscorresponding to the density of mud in the hole to prevent the tendency of a short fluid col-umn of less density to migrate up through the denser drilling fluid.
 All of the foregoing have been used with varying degrees of success. The spotting methodinvolves placing solutions of the various types around the fish. The most successful method todate has been a soak solution of one of the surfactants in oil, or a soak solution of one of the sur-factants in an oil-based mud. Oil alone has been used for years with some measure of success,but the above mixtures have shown a much greater degree of success. Pipe Lax, Freepipe,Skot-Free, Petrocate, and SFT are additives specifically designed to free wall stuck pipe. One gal-lon is added to each barrel of oil or oil-based mud to be spotted.
 When pipe is stuck due to differential pressure sticking, the following remedial measures should betried:
 • Apply torque and tension to try to work the pipe free.
 • Determine the stuck point and spot a diesel-oil pill or other surfactant and leave in place.
 • Spot soak solution in sufficient volume to cover BHA with 24 BBLS inside the drillpipe.
 • It is advisable to raise the pill to approximately the same density as the drilling fluid to min-imize migration of the pill in the hole.
 • If backoff from the stuck portion has already been effected, a packer may be set above thefish to lower the differential pressure around the stuck portion, thereby freeing the pipe.
 • Setting a cement plug and sidetracking may be necessary as a last resort.
 Spotting Methods - Most frequently, it is the drill collars that become differentially stuck. Mixingone of the surfactants and an oil solution, and spotting it around the drill collars is relatively easyand frequently very effective. Regardless of where the drill string is stuck, a large enough volumeof the solution should be used to cover the complete section of stuck pipe. It may be advisable tospot enough fluid to cover the entire open hole section if practical. Frequently, although initiallystuck at the collars, the pipe may become stuck further up hole due to forced inactivity of the pipe.Statistical analysis done by the US MMS shows that spotting fluids placed around the pipe withinsix hours after becoming stuck have freed the pipe over 60% of the time. Therefore, it is obviousthat spotting fluids need to be in place as quickly as possible. A number of drilling fluid companiesoffer pre-mixed containers of oil-based drilling fluid for no charge storage on the rig site. These flu-ids may be unweighted or weighted to a specified density. If the spotting fluid is needed it is neces-sary only to transfer the fluid to the slugging pit, increase the density as needed and add the
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 surfactant before spotting the fluid at the stuck zone. There is generally no charge unless the fluidis used, and it provides a minimum lag time between sticking the pipe and spotting a fluid.
 With known hole size and drill collar size, determine the volume of solution to fill the annular spacearound the collars. Multiplying this value by the number of feet of collars will give the annular vol-ume opposite the collars. For example:
 500 ft of 6-3/4 in. collars in 9-7/8 in. hole (0.5 bbl/ft) (500 ft) = 25 bbl
 • An extra 25 bbl are added to this figure. The extra volume takes care of hole enlargementand leaves enough solution in the pipe so that a few barrels may be displaced from time totime to keep the collars completely covered.
 • The surfactant and oil solution is mixed by adding one gallon of the surfactant per barrel offluid spotted. The solution should be thoroughly mixed before spotting.
 • Determine the pumping time and the volume of fluid to be moved in order to spot the soaksolution so it completely covers the drill collars. Spot the slurry, then shut the pump down.
 • After the solution is spotted, the pipe should be worked. Work the pipe by putting it in com-pression. Slack off 10,000 lb below the weight of the pipe and then take 1/2-round oftorque/1000 ft with either tongs or rotary table and hold for a few minutes. Release torqueand apply tension to the string. Repeat this cycle about once every five minutes. Most ofthe time the pipe will come free on the compression cycle. It should be pointed out thatworking the pipe in tension, or hoisting 10,000 to 50,000 lb over the indicated weight of thedrill string, could cause the pipe to become stuck further up the hole.
 • Displace one half to one barrel of soak solution every half hour to keep the collars cov-ered. Continue to work pipe as outlined above. Allow soak solution to soak a minimum of24 hours prior to considering alternative operations.
 Keyseating
 A key-seat is caused by the drill pipe cutting or wearing a slot into the side of the borehole. Thedrill collars, being larger than the drill pipe, can become wedged into this slot and stuck. The drillstring is usually stuck while pulling out of the hole. The drill collars are pulled into the key seat andstuck.
 Mechanics of key-seat sticking are:
 • The number and severity of dog-legs.
 • Length of time that the uncased section of the wellbore is left exposed, especially in termsof rotating hours and number of trips.
 • The drillability of the formation.
 • The relative size between the drill pipe tool joints and the drill collars. Very large collarsare less likely to pull into a key-seat and become stuck than are collars that are just slightlylarger than the tool joint outside diameter.
 • Rapid transition from a formation that is prone to wash out to one that remains close togauge, or the reverse. The washed out section no longer provides support for the adjacentformation and thereby concentrates the wall stress exerted by the drill pipe.
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 Prevention
 • Drill with a stiff bottomhole assembly, which tends to minimize the chance of severe doglegs.
 • Use key-seat wipers properly positioned in the string.
 Remedial Measures
 • Sound drilling practices and good preventive measures are most important.
 • Working the drill string and attempting to get above the key-seat without getting lodged tootightly may be the only recourse.
 • As a last resort, backing off and fishing or sidetracking may be the only solution.
 Cuttings Accumulation
 Mechanics of Cuttings Accumulation
 The drill string can become stuck when drill cuttings are not adequately removed from the hole.This type of sticking is usually accompanied by loss or partial loss of circulation caused by “pack-ing off”.
 Prevention
 To prevent pipe sticking due to debris or cuttings accumulation and swelling or plastic movement:
 • Maintain drilling fluid properties capable of good hole cleaning and general wellbore stabil-ity.
 • For high-angle holes (>35°), rigs should have top drives, three mud pumps, advanced sol-ids control systems, and well-trained crews.
 • Maximize rotary drilling, especially for high-angle holes (>35°).
 • A rough guideline for flow rate is that it should be 60 times the hole diameter in inches forhigh-angle holes and about 1/2 as much for low-angle holes (<35°). Typical annular veloc-ities range from 120 ft/minute for low-angle wells to greater than 200 ft/minute high-anglewells.
 • Use the highest mud weight consistent with wellbore stability considerations (lost circula-tion).
 • Both low and high viscosity fluids have provided good hole cleaning in drilling operations.The suitability of a particular rheology mud can be checked using a hole cleaning designprogram such as Amoco STEP (Solids Transport Efficiency Program). This provides mini-mum operating flow rates and corresponding maximum ROPs with ECD predictions.
 • Use routine hole-cleaning prevention methods such as back reaming, drillpipe rotationand reciprocation, and circulation with bit off bottom. This is especially important in wellswith hole angles between 45 and 75° where bed slumping is likely and before tripping outof hole.
 • Ensure proper selection of casing points to minimize exposure time of formations to drill-ing fluids.
 • Maintain sufficient mud density in pressured zones.
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 Remedial
 When the stuck pipe is caused by debris or cuttings accumulation and swelling or plastic move-ment, the following measures should be tried:
 • With debris or cuttings in the hole, occasionally rotating, reciprocating and attempting tobreak circulation may free the pipe.
 • If pack-off is severe and circulation cannot be established, a fishing job, or sidetrack, orboth, may be the only alternatives.
 • If plastic salt flow is sticking the pipe, occasionally attempting to circulate with a freshwaterpill may wash the wellbore enough to get the pipe free.
 Loss of Circulation
 Introduction
 Lost circulation is best defined as the uncontrolled flow of whole mud into a formation. This canoccur in naturally cavernous, fissured, or coarsely permeable beds, or can be artificially inducedby hydraulically or mechanically fracturing the rock, thereby giving the fluid a channel in which totravel.
 • Induced Losses
 • Naturally Occurring Losses
 Induced Lost Circulation
 Induced lost circulation is the result of an excessive overbalanced condition, where the formationis unable to withstand the effective load imposed upon it by the drilling fluid. Excessive drilling fluiddensity is the most common cause of this condition. Excessive drilling fluid density can be theresult of inadequate or inaccurate well planning (pore pressure and fracture gradient prediction),poor or nonexistent solids control, or can be the result of poor rheology or circulating systemhydraulics. Any mechanical condition which causes an abnormal pressure surge can cause holeinstability, and may cause lost circulation. Examples of these conditions may be: pump surges, bitand stabilizer balling, poor hole cleaning, abnormally high pump flow rates, poorly designed holegeometry, and poor fluid properties, making it difficult to break circulation after the fluid has beenstatic.
 Prevention
 The key to preventing induced lost circulation lies in controlling static and dynamic pressures, andat all times keeping the sum of these imposed loads below the fracture limit of the rock that isbeing drilled. This is a well planning problem, and centers around the accurate prediction of porepressure and fracture gradient. Second, drilling fluid properties must be closely monitored andmaintained within acceptable ranges. Solids control is the most important aspect of maintainingacceptable drilling fluid properties, followed by monitoring rheology and hydraulics to minimizefluid gel strengths, annular pressure losses, and equivalent circulating density (ECD). Bit hydraulicoptimization will aid in reducing or eliminating bit balling, and thereby reduce abnormal surge andswab pressures. Sound drilling practices designed to improve drilling efficiency (reduce formation
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 exposure time) and improve formation stability must always be employed. Some examples ofthese are:
 • Drill all bridges; do not drive through them.
 • Break circulation with caution; if necessary, do so in stages when tripping into the hole.When breaking circulation, commence pipe rotation first and start pumping slowly whilemoving pipe up.
 • Maintain all surface pumping equipment in good working condition.
 • The intermediate casing string should be set in a consolidated shale formation as deep asis practical. This ensures the highest possible fracture limit at the casing shoe.
 Remedial Measures
 When induced loss of circulation occurs, addition of loss circulation materials is not usually veryeffective. This is particularly true if the mud density is high, 14 lb/gal or greater. Fine loss circula-tion material which does not adsorb a lot of water should be used in weighted mud. Recom-mended procedures are:
 • Shut down the pump.
 • Monitor fluid level in the annulus (the reduction in pressure due to cessation of fluid flowmay be sufficient to stabilize a minor loss.)
 • If the fluid level is down, fill the hole with water or diesel (base fluid), and monitor the num-ber of barrels required.
 • If the loss is severe, the bit should be pulled up into the casing to prevent stuck pipe.
 • In the case of minor losses, where the hole appears to be stable after shutting the pumpdown, an attempt to regain complete circulation at a reduced pump rate is warranted. Donot continue pumping if the loss continues.
 • If it is necessary to fill the hole with water or diesel, an estimation of the loss point (gener-ally assumed to be the casing shoe), and the volume of water used will allow a calculationof the effective fluid density which the wellbore can support. This is an important calcula-tion since it helps determine what corrective measures may be applied.
 In any lost circulation case, remedial action should center around reducing the effective mud den-sity. This may involve changing fluid or flow properties, or both, to reduce the load applied by thefluid to the formation while pumping. If water or diesel were used to fill the annulus, then the calcu-lation described in 6, above, becomes the key in determining the magnitude of the effective fluidload reduction required. Well control needs must always be taken into consideration prior to reduc-ing the fluid density.
 A barite plug can be used to remedy induced loss of circulation. In extreme cases the zone can becemented to remedy loss of circulation.
 The following are recommendations for composition and application of barite plugs.
 The following procedures are for mixing and placing a heavy barite plug to remedy induced loss ofcirculation. The placing of a heavy barite plug is usually done in order to stabilize the borehole forrunning casing. It is not recommended to drill ahead after inducing loss of circulation, unless thelosses can be cured.
 Settling Plug Mixing Procedure
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 Cementing Equipment
 • Clean and flush all mixing lines to and from cement mixing equipment. Arrange for weightmaterial to be mixed rather than cement. This may require the use of sacked weight mate-rial. If sacked weight material is to be used, be sure that weight material sufficient for theplug can be placed near the mixing hopper. Estimate manpower and barite movingrequirements (forklift and/or crane).
 • Measure mixing water for plug volume (take into account line volumes) into tank. If possi-ble, mix caustic soda and lignosulfonate into mixing water. This may be done by usingmud system slugging pit and pumping mixing water to cement mixing equipment. Mix1-1/2 lb/bbl of caustic soda and 8 lb/bbl of lignosulfonate in mix water (pilot test).
 • Mix plug and pump “on the fly” using weight material and mixing water. Avoid mixing slurrybelow 16 lb/gal for barite weight material and below 20 lb/gal for hematite material asrapid settling could cause plugging of equipment or lines.
 • Avoid “chasing” plug with water. Use mud to prevent premature settling of plug.
 Mud Tank Slugging Pit
 • Empty and clean slugging pit. If unable to dump pit, fill with water and agitate. Pump outdirty water. Repeat, if necessary, to get pit clean.
 • Put just enough mixing water in pit to obtain mixing pump suction. Add the total calculatedamount of caustic soda and lignosulfonate to the mix water. Note: quantity required andcalculate remaining amount of water to be added to bring total volume mix water.
 • Begin mixing weight material. Slurry should begin to look viscous when the density nears16 lb/gal for barite and 20 lb/gal for hematite.
 • When slurry density approaches 18 lb/gal for barite and 21 lb/gal for hematite, begin add-ing remainder of mix water. Add mix water in steps with additional weight material to avoidboth too light a slurry that will settle or too heavy a slurry that will loose pump suction. Afteradding the calculated volume of mix water, bring slurry to final desired density. Allow tomix until weight material is mixed thoroughly.
 • Pump plug to mud pump, avoiding water ahead or behind plug. Avoid chasing plug withwater. Use mud instead to prevent premature settling of plug.
 Naturally Occurring Loss of Circulation
 Circulation in a drilling well can be lost into open fractures which are pre-existing. Circulation canbe lost into large openings with structural strength such as large pores or solution channels.
 FormulationPlug Density (lb/gal)
 16 17 18 19
 Composition per final Bbl
 Water (Bbl) .71 .68 .64 .60
 Chrome Lignosulfonate (lb) 5.7 5.4 5.1 4.8
 Caustic Soda (lb) 1.1 1.0 1.0 0.9
 Barite (lb) 422 477 533 588
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 When circulation is lost the first step should be diagnosis, where and why the loss is occurring.
 Remedial Measures
 1. Shut down the pump.
 2. Observe the annulus and monitor the fluid level if it is in sight.
 3. If the fluid level is out of sight fill the hole with water and monitor the number of barrels required. Ifthe hole will not stand full, mix 10-15 lb/bbl LCM in the remaining mud in the pits and spot acrossweak zone if the location of the loss zone is known, or spot a concentrated LCM pill.
 4. Pull the pipe into the casing and rebuild mud volume while waiting for the hole to heal.
 The action taken will depend on knowledge of the area. In many areas when circulation is lost thedrill string can be removed from the hole without danger, while the hole is healing after spotting lostcirculation material across the thief zone. There are other areas where the drill string cannot beremoved when the fluid is out of sight and cannot be monitored, because of an expected influx ofoil or gas. The concentration and type of lost circulation material will depend on the individual situ-ation.
 Sealing Materials to Combat Loss of Circulation
 There are a great variety of materials available to use as sealing agents for loss of circulation. Thefollowing chart gives an indication of the size of fractures scaled by different materials.
 Plug Choices and Techniques
 When a loss zone cannot be stabilized with sealing materials it may be desirable to try a plug. Sev-eral choices and techniques are available; however, in all cases a reasonably accurate estimate ofdepth of the loss is required prior to setting the plug. Spinner surveys, radioactive traces, and tem-perature surveys are most commonly used for this purpose.
 The following is a typical list of plug choices. These are generally classified as soft, medium orhard plugs:
 a. Soft Plugs
 • DIASEAL M squeeze *
 • Attapulgite squeeze *
 b. Medium Plugs
 • Bentonite-diesel oil squeeze (gunk)
 • Cement-bentonite-diesel oil squeeze
 • Invert, bentonite-diesel oil squeeze
 c. Hard Plugs
 • Cement
 • Barite
 * Depends on filtration to produce a firm plug.
 The following are examples of material combinations for several of the above plugs:
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 a. Bentonite-diesel oil (10 bbl - 11.0 lb/gal)
 • 7.5 bbl diesel oil
 • 21 sx bentonite
 • 50 lb coarse mica
 • 50 lb fine mica
 • 10 lb fiber(The density of the mixture can be in-creased with barite.)
 Material Type Description Concentration(lb/bbl)
 Largest Fracture Sealed(inches)
 0 0.4 0.8 .12 .16 .20
 Nutshell Granular 50% - 3/16+ 10 mesh50% - 10+ 100 mesh
 20
 Plastic Granular 50% - 3/16+ 10 mesh50% - 10+ 100 mesh
 20
 Limestone Granular 50% - 3/16+ 10 mesh 50% - 10+ 100 mesh
 40
 Sulphur Granular 50% - 3/16+ 10 mesh50% - 10+ 100 mesh
 120
 Nutshell Granular 50% - 10+ 16 mesh50% - 30+ 100 mesh
 20
 ExpandedPercite
 Granular 50% - 3/16+ 10 mesh50% - 10+ 100 mesh
 60
 Cellophane Laminated 3/4-in flakes 8
 Sawdust Fibrous 1/4-in particles 10
 Prairie Hay Fibrous 1/2-in particles 10
 Bark Fibrous 3/8-in particles 10
 CottonseedHulls
 Granular Fine 10
 Prairie Hay Fibrous 3/8-in particles 12
 Cellophane Laminated 1/2-in flakes 8
 ShreddedWood
 Fibrous 1/4 in fibers 8
 Sawdust Fibrous 1/16 in particles 20
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 b. Cement-bentonite-diesel oil (10 bbl - 11.2 lb/gal)
 • 6.75 bbl diesel oil
 • 13.5 sx bentonite
 • 13.5 sx cement
 • sealing material (as desired)(The density of the mixture can be in-creased with barite.)
 c. Invert bentonite-diesel oil (10 bbl - 16.4 lb/gal)
 • 5.9 bbl water
 • 10 lb caustic soda
 • 5 lb chrome-lignosulfonate
 • 32.5 sx organic, amine-treated bentonite (oleophilic)
 • 30 sx barite(Mix the caustic and lignosulfonate into the water, then add the oleophilic bentonite, andfinally, the barite.)
 Note: The invert bentonite-diesel oil (BDO) system reacts with oil or oil-based mud just as the nor-mal BDO system reacts with water.
 Squeezes
 Formulation of Soft Squeezes - DIASEAL “M” and Attapulgite - DIACEL “M” and attapulgitesqueezes depend on lack of filtration control to produce a firm plug. They are sometimes calledhigh water loss squeezes.
 An attapulgite or DIACEL “M” squeeze is formulated as follows:
 1. Clean mixing pit thoroughly.
 2. Add desired volume of water and mix 50 lb/bbl of DIASEAL “M” or attapulgite.
 3. Pump down drill pipe and place in suspected loss zone. If annulus is not full, pump mud downannulus while pumping squeeze down drill pipe. When annulus fills and squeeze is in place, apply150-200 psi on annulus with annular BOP closed. This will “soft squeeze” the material into the losszone.
 Formulation of Diesel Oil-Bentonite and Diesel Oil-Bentonite-Cement Squeeze: The principalunderlying diesel oil-bentonite and diesel oil-bentonite cement slurries is that large amounts ofbentonite and cement can be readily mixed with diesel oil. When the plug encounters mud orwater, the bentonite and cement hydrates, forming a dense plastic plug which can be squeezedinto the loss zone.
 The following is a formulation procedure for a diesel oil-bentonite or diesel oil-bentonite-cementsqueeze:
 1. Add desired volume of diesel to a clean pit. Make sure no water is in the pit.
 2. Add bentonite or bentonite and cement. Make sure no water is encountered by the mixture.
 3. Pump 5 barrels of diesel down drill string ahead and behind the slurry. Displace to the loss zonewith mud. Pump and displace at a rate of 3 bbls/min.
 4. If the annulus is not full, pump mud down the annulus at a rate of 4 bbls/min while pumping thesqueeze.
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 5. After the plug is placed in the loss zone and if the annulus is full, squeeze with 300-400 psi with theannular preventer closed.
 6. Pull the drill string well clear of the squeeze. (Mix and place the squeeze with a cementing unit, ifpossible.)
 CorrosionIntroduction
 Metals in their natural state are usually compounds that are thermodynamically stable. When ametal is extracted and refined, the thermodynamics become unstable; exposed to the environ-ment, this metal will corrode and revert to its natural state as a compound.
 Although the components of water-based drilling fluids are not unduly corrosive, the degradation ofadditives by high temperature or bacteria may result in corrosive products. Also contamination byacid gases such as CO2 and H2S and formation brines can cause severe corrosion. Oxygenentrapped in the mud can accelerate corrosion. Under adverse conditions, the replacement of cor-roded drill pipe becomes an economic problem. A more severe problem arises if the corrosion isnot detected and the pipe fails while drilling. In this section, the several ways in which corrosioncan occur and the necessary corrective measures are briefly discussed.
 Types of Corrosion
 Corrosion can be classified as either dry or wet.
 Dry Corrosion
 Dry corrosion results from reaction to high temperature gases. Wet corrosion involves contact bythe metal with an electrolyte solution. It is this form of corrosion which concerns the drilling indus-try.
 Wet Corrosion
 Wet corrosion is commonly classified into eight types (which are described later in this chapter).The types of corrosion are:
 Wet corrosion is the result of fluids conducting current much like the electrolyte in a lead-acid bat-tery. The more conductive the fluid, the more the electricity flows and the faster corrosion occurs.The electrical current flows between an anode, where corrosion occurs, and a cathode. The anodeand cathode can occur on separate pieces of metal, or side by side on the same piece. The cor-roded area is eaten away, or oxidized.
 Anodic Reaction for Iron (i.e., tubular goods in muds, workover completion fluids, or packer fluids)is:
 • Galvanic • Intergranular
 • Uniform • Stress
 • Concentration cell • Dezincification
 • Pitting • Erosion
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 a. Oxidation Reaction: Fe → Fe++ + 2e-
 There is no corrosion at the cathode, which is protected by the chemical reactions which takeplace there.
 Various Types of Cathodic Reactions:
 a. Hydrogen evolution in acid solutions:
 2H+ + 2e- → H2
 b. Oxygen reduction in acid solutions:
 O2+ 4H+ + 4e- → 2H2O
 c. Oxygen reduction in neutral or alkaline solutions:
 O2 + 2H2O + 4e- → 4OH-
 d. Hydrogen evolution and oxygen reduction are the most common cathodic reactions.
 Basic Requirements
 Four basic requirements must be met simultaneously before these forms of wet corrosion canoccur:
 • A corrodible metal, or metals, such as iron, steel, or copper, which form the anodes andcathodes of the corrosion cell.
 • Water or water vapor (electrolyte) in contact with the metal. The electrolyte usually con-tains dissolved gases such as oxygen, carbon dioxide, or hydrogen sulfide or an acidicsubstance.
 • A completed electrical circuit is necessary between the metal, or metals.
 • Current flow between electrodes.
 An electrical potential, or voltage, must exist between the anode and cathode area for corrosion tooccur. Metals complete the electrical circuit and provide a path for the current flow back to theanode. The source of voltage is the energy stored in the metal by the refining process; however,different metals require different amounts of energy for refining, which results in different tenden-cies to corrode. The driving force that makes current flow is the potential (voltage) that existsbetween metals, or between the anode and cathode.
 Eight Forms of Wet Corrosion
 Galvanic Corrosion - Galvanic corrosion occurs when two dissimilar metals set up a galvanic cellin an electrolyte. The Galvanic Series was developed as a more practical ranking of metals bypotential than the EMF Series. The commonly used metals and alloys are listed from the anodicend to the cathodic end in a seawater environment.
 Uniform Corrosion - When the entire metal area corrodes uniformly, it is called uniform corrosion.This comes about when anodic and cathodic areas continuously shift because of polarizationchanges. Of all the forms of corrosion, uniform corrosion is the least damaging. Uniform corrosioncan often be seen in a piece of evenly rusted pipe.
 Pitting and Crevice Corrosion - When the anodes and cathodes do not shift, pitting and crevicecorrosion occurs; the area of the pit or crevice is anodic. This is also an example of localized cor-rosion. As the anodic area is eaten away, pitting deepens and holes or deep cracks result. This is
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 a common cause of washouts in pins and boxes. Crevice corrosion frequently occurs when rubberpipe protectors are left for too long in the same spot.
 Concentration Cell Corrosion - This type of corrosion is often called shielding. Oxygen corrosionsets up concentration cells. Shielding is caused by different parts of the metal being exposed toenvironments of differing ionic concentrations.
 Example - In oxygen concentration, where the drill pipe is shielded by scale, dried mud, or pipeprotectors, the area outside the shield, the area of high oxygen concentration, will be cathodic.Pipe under the shield is exposed to less oxygen, is anodic, and will corrode.
 Intergranular Corrosion - This is the localized attack of the grain boundaries in a metal. Metalsand alloys consist of many grains or crystals. As the metal cools in manufacture, the last metal tosolidify is the least pure. The grain boundaries are less pure and tend to be anodic to the remain-der of the grain, causing the boundaries to corrode.
 Stress Corrosion - Any one of the other types of corrosion which is accelerated by stress is calledstress corrosion. Failure is usually by cracking due to the combined effects of corrosion and stress.One of the characteristics of stress corrosion is the absence of visible overall attack.
 Dezincification - This is a type of corrosion that occurs in zinc alloys. It is selective dissolution ofone element of an alloy. In a copper-zinc combination (brass or bronze alloy), both metals appar-ently go into solution, then the copper plates back, leaving a porous plug in the metal. Alloying forbetter corrosion resistance helps in this case.
 Erosion Corrosion - This is corrosion accelerated by the erosive effect of a moving fluid, particu-larly one containing suspended solids. In effect, any protective film is continually swept away,allowing further corrosion to occur. High annular velocities, turbulent flow in the annulus, and air orair-mist drilling all contribute to the effect. To reduce erosion corrosion, slower annular velocities,cleaner muds, and laminar flow profiles are recommended.
 Electromotive Force (EMF) Series
 All metals have an electrical potential relative to other metals. Using hydrogen as a standard, allmetal elements can be arranged in a series based on their potential relative to hydrogen. For stan-dardization purposes, this is done at a constant temperature (250°C), and with a set concentrationof ions in the electrolyte solution. This series is called the Electromotive Force (EMF) Series.
 The top of the EMF Series is the active or anodic end, and the bottom is the cathodic end. Eachmetal listed is anodic to any metal listed below it on the scale.
 Example - Assume both metals are hydrogen. Since they are the same, the potential is zero andno current flows from one electrode to the other. Now, assume an electrode of iron and one of cop-per. Iron (Fe) is anodic to copper (Cu), so the current flows from the iron to the copper, and the ironelectrode corrodes. The direction of flow (potential) depends upon which electrode assumes theanodic position and which assumes the cathodic. The force of the flow (potential) depends uponthe difference in voltage between the metals.
 Note: Some metals have the capacity to form a protective film against their environment. This filmis formed by corrosion, and acts as a barrier or insulator against further corrosion. This effect isknown as passivation. For example, aluminum can form a coating of aluminum oxide which retardsfurther corrosion.
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 EMF Series
 Electrode ReactionStandard Electrode Potential (Volts), 250°C
 K = K+ + e- -2.922
 Ca = Ca++ + 2e- -2.87
 Na = Na+ + e- -2.712
 Mg = Mg++ + 2e- -2.34
 Be = Be++ + 2e- -1.70
 Al = Al+++ + 3e- -1.67
 Mn = Mn++ + 2e- -1.05
 Zn = Zn++ + 2e- -0.762
 Cr = Cr+++ + 3e- -0.71
 Ga = Ga+++ + 3e- -0.52
 Fe = Fe++ + 2e- -0.440
 Cd = Cd++ + 2e- -0.402
 In = In+++ + 3e- -0.340
 Ti = Ti+ + e- -0.336
 Co = Co++ + 2e- -0.277
 Ni = Ni++ + 2e- -0.250
 Sn = Sn++ + 2e- -0.136
 Pb = Pb++ + 2e- -0.126
 H2 = 2H+ + 2e- 0.000
 Cu = Cu++ + 2e- 0.345
 Cu = Cu+ + e- 0.522
 2Hg = Hg2++ + 2e- 0.799
 Ag = Ag+ + e- 0.8000
 Pd = Pd++ + 2e- 0.83
 Hg = Hg++ + 2e- 0.854
 Pt = Pt++ + 2e- 1.0
 Au = Au+++ + 3e- 1.42
 Au = Au+ + e- 1.68
 “Proprietary - for the exclusive use of BP & ChevronTexaco”
 Corrosion 14-99 Rev. 01/2002

Page 520
                        

Drilling Fluids Manual
 Factors Affecting Corrosion
 Metallurgy
 To understand corrosion, it is necessary to have some knowledge of metallurgy. Metals and alloysare granular in structure. Variations in this microstructure determine steel properties. Generally,the finer the structure, the harder and stronger the steel. The microstructure and final properties ofthe steel are determined by type of alloying constituents, temperature, and by the rate and proce-dure of cooling. Tensile strength and hardness are major factors in the corrosiveness of oil-fieldtubular goods. Higher strength pipe is harder and more susceptible to hydrogen embrittlement andstress corrosion cracking. Hardness is usually classified according to the Hardness Rockwell C(HRC) scale, and calculated from indentations made in the metal by a diamond-pointed instrumentunder a given load. Most instruments used in this measurement will give a hardness range ratedfrom 15 up to 70. As a rule of thumb we assume that below an HRC of 23 steels are not subject toembrittlement and cracking. From 23 to 26 some failure will occur, and above 26, in any acid-form-ing environment, steel is almost sure to be brittle, or fail, or both. Usually, N-80 and lower gradetubular goods are in the safe hardness range, while P-105, P-110 and higher grades are consid-ered in the susceptible range. Often, however, lower grade goods can be work-hardened into ahigher range. Also, some goods sold as N-80 were in the past actually downgraded from highergrades because of not meeting all of the higher specifications. API standards have recently setupper limits on hardness of various grade tubular goods.
 Drilling Fluids
 Salts dissolved in the water phase contribute to the corrosion of metal goods. Salt increases theconductivity of the water and thereby increases the rate of corrosion. For some fluids with high saltconcentrations, the corrosion rates will actually be lower since the dissolved oxygen will be lowerin these fluids. At saturated brines, the concentration of dissolved oxygen will be at a minimum. Asthe salt concentration decreases, the amount of dissolved oxygen will increase.
 In the acidic range of drilling fluids, the corrosion rate is much greater than in the alkaline ranges.Normally, a pH of 9.5-10.5 is sufficient to reduce most corrosion to an acceptable range.
 Temperature
 As the temperature increases, the rate of corrosion generally increases since most chemical reac-tions increase with temperature. As the temperature increases in a closed system, the oxygencannot escape and thus at higher bottom hole temperatures with more oxygen present, the corro-sion rates will increase. In a closed system, the oxygen is less likely to escape than in an opensystem.
 Corrosion in Drilling Fluids
 The gases oxygen, carbon dioxide, and hydrogen sulfide, all cause problems in drilling because oftheir solubility and reactions with steel components. Oxygen has the lowest solubility. By compari-son, carbon dioxide and hydrogen sulfide are very soluble, being about 100 times more solublethan oxygen.
 The effects of the gases on drilling fluids differ. Oxygen can be measured with difficulty by the oxy-gen meter, while H2S and CO2 effects usually are indicated by a rapid reduction in the alkalinity of
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 the fluid. Oxygen forms iron oxide on pipe or coupons, carbon dioxide forms carbonates, andhydrogen sulfide forms sulfides.
 Rate of Metal Loss
 The rate at which corrosion proceeds is determined by many factors. Some of the more importantare:
 • pH. In the presence of oxygen, corrosion rates increase rapidly as the pH decreases fromneutral, and decrease slowly as the pH increases from neutral. (Aluminum alloys, how-ever, exhibit increasing corrosion rates at pH values higher than 8.5.)
 • Temperature. Most corrosion rates increase with increasing temperature.
 • Velocity. In general, corrosion rates are accelerated at high rates of fluid flow.
 • Heterogeneity. Localized variations in composition of the metal microstructure mayincrease corrosion rates. Ringworm corrosion, sometimes found near the upset area ofdrill pipe is an example of corrosion caused by Non-uniform grain structure. Correct heattreating eliminates this type of corrosion.
 • High Stress. Highly stressed areas usually corrode faster than areas of lower stress. Thedrill stem just above the drill collars often shows greater corrosion damage, in partbecause of higher stress and bending moments.
 Oxygen Corrosion
 Many muds today are more corrosive than those used in the past. One reason for this is the lack oflignosulfonates, lignins and tannins in many fluids. Used in sufficient quantities, these materials actas oxygen scavengers. If they are not being used in a mud, it is advisable to monitor the O2 level inthe mud and use a high quality oxygen scavenger. It has been shown that dissolved oxygen levelsexceeding one mg/L accelerate corrosion. When associated with CO2 and H2S, as little as fiveparts per billion O2 can greatly accelerate corrosion. Generally, oxygen corrosion affects the drillpipe, casing, pumps and surface equipment. This corrosion commonly occurs under mud cakes orother shielded areas such as drill pipe protector rubbers. Faulty pipe wipers are often overlookedas a cause of oxygen corrosion, these wipers may leave mud streaks on the drill pipe which dryand set up a potential corrosion cell. Localized cells are formed where steel is in contact with aer-ated solutions at one place, and with oxygen deficient solutions in another.
 Corrosion Cell
 The anode-cathode electrolyte system described earlier is a corrosion cell. The amount of currentpassing through the cell is directly proportional to the metal loss. It takes very little current to causesubstantial metal loss in one year.
 Cathodic Depolarization
 In a corrosion cell with an acid electrolyte, hydrogen molecules (H2) formed during the reductionreaction can accumulate at the cathode and form an insulating blanket which reduces or stops cur-rent flow, and therefore, corrosion.
 Hydrogen Evolution in Acid Solution
 2H+ + 2e- → H2
 This process is called polarization. Any dissolved oxygen in the electrolyte can unite with thehydrogen at the cathode to form water. This prevents hydrogen polarization from occurring, andallows current to flow and corrosion to continue.
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 Oxygen Reduction in Acid Solution
 O2 + 4H++ 4e- → 2H2O
 Similarly, in a neutral or alkaline solution, oxygen acts as a depolarizer to prevent an accumulationof hydrogen at the cathode. It will react with the water molecule and free electrons to form thehydroxyl ion and allow continued current flow and corrosion.
 Oxygen Reduction in Neutral or Alkaline Solutions
 O2 + 2H2O + 4e- → 4(OH)-
 The chemical reaction in oxygen corrosion with respect to iron, oxygen and water can beexpressed as follows:
 2Fe + H2O + 3/2 O2→ 2 Fe(OH)2→ Fe2O3+ H2OIron Water Oxygen Ferrous Ferric Water
 Hydroxide Oxide(Rust) (Rust)
 Step by step, the reaction takes place as follows:
 • Oxidation at the anode where the metal is eaten away or destroyed:
 Fe → Fe++ + 2e-
 • Reduction at the cathode where oxygen combines with water and gains electrons to formthe hydroxyl ion:
 O2 + 2 H2O + 4e- → 4 OH-
 • The reaction of the ferrous ion with the hydroxyl ion to form ferrous hydroxide (rust) whichcoats the cathode:
 Fe++ + 2 (OH)- → Fe(OH)2
 The reaction continues as long as oxygen is present in the system, or until the cathode becomescoated with a rust layer. The removal of the electrons at this cathode (Step 2) prevents cathodicpolarization. Under circulating conditions downhole, the erosional effect of the drilling fluid continu-ally sweeps away the protective film of iron rust forming at the cathode.
 To treat the cause of oxygen corrosion by preventing corrosion cells from forming, it is necessaryto keep the pipe as clean as possible, and either:
 • Remove the dissolved oxygen from the fluid with an oxygen scavenger, thereby stoppingthe reaction described in Step 2; or
 • Coat the drill pipe or metal surface with a protective film of corrosion inhibitor to preventfurther reaction with oxygen.
 Factors Affecting Oxygen Corrosion
 Factors affecting oxygen corrosion include O2 solubility and pH. In general, the colder the water,the greater the solubility. For example, in fresh water, 14.6 mg/L O2 are soluble at 32°F (0°C) com-pared to 7.8 mg/L at 86°F. It should be pointed out, however, that recent laboratory studies from aclosed loop, dynamic simulation of downhole conditions show that oxygen concentrations down-
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 hole are not reduced by increased temperature. This is because in this type of system the oxygencannot escape to the atmosphere. Therefore, during the winter months, corrosion rates are nor-mally increased because of increased O2 solubility due to decreasing temperature at the surface.
 Oxygen corrosion can occur at all levels of alkaline pH; however, at high pH, corrosion rates usu-ally are reduced. Tests have also shown that oxygen solubility is reduced in a saturated salt sys-tem, so that less oxygen scavenger and scale inhibitor may be necessary in the saturated system.
 Oxygen Corrosion Preventive Measures
 Any procedure that would reduce the amount of oxygen entrained in the mud should be effective inreducing corrosion. Running degassers, submerging the guns and the hopper discharge shouldhelp, along with controlling pH, using plastic-coated drill pipe and treating with filming type corro-sion inhibitors.
 Recognizing and Monitoring Oxygen Corrosion
 Monitoring is accomplished through the use of corrosion rate meters and oxygen sensors. The gal-vanic probe is used to detect a corrosion rate trend. Examples of corrosion rate meters are theMagna Corrator and the Petrolite Pair Meters. Oxygen sensors are made by Beckman Instru-ments, Simplec Corp., Edmont-Wilson and others. Galvanic probes are marketed by Fincher Engi-neering. By studying carefully kept records from these monitors, it is possible to learn more aboutthe general effect of oxygen scavengers on different fluids.
 Oxygen Corrosion Treatment
 To reduce corrosion of steel in contact with drilling fluids, the oxygen can be eliminated at thepump suction by treating it out with chemicals. The scavengers are catalyzed sodium sulfite orammonium bisulfite. To assure the removal of dissolved oxygen, it is usually necessary to maintain
 a minimum sulfite (SO3=) content in the drilling fluid (measured from filtrate at the flow line). A
 range of 50-150 mg/L excess sulfite is recommended. In some cases, a higher range is desirablewhen corrosion rings indicate pitting attack, or unacceptable rates of corrosion. The reaction usinga sulfite is as follows:
 1/2 O2 + SO3= → SO4
 =
 Use a sulfite test kit to determine excess sulfite. Sodium sulfite is a dry powder and comes in 50 lb(22.7 kg) sacks. To prepare in liquid form, it is recommended mixing one pound of sulfite for each
 one gallon of water (120 kg/m3). Ammonium bisulfite is a liquid and comes in 55-gal (0.21 m3)drums. Dilution with water is NOT necessary.
 Treatment for preventing oxygen corrosion with the scavenger should begin at the pump suction.Visualize the mud circulatory system as a closed, high pressure, high temperature system and dis-regard the surface pits. Suggested treating methods are:
 • Inject the liquid scavenger directly into the pump suction line using a chemical injectionpump (if possible). Add continuously while circulating.
 • Injection rate is dependent upon the oxygen content and mud circulation rates. Optimuminjection rates must be regulated by monitoring (at the flow line) excess sulfite.
 • Under normal conditions, 100-150 lb (45.4-68 Kg) of the powder, or 5-10 gal(0.019-0.0383 m3) of the liquid daily should provide sufficient oxygen reduction.
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 Oxygen Scavengers
 Both sulfite scavengers lose some of their effectiveness in high concentrations of calcium (above1000 mg/L). Tests indicate that increasing the treatment of the scavenger is usually sufficient forhigh concentrations of calcium. (Economics should be the deciding factor.) In addition, the scaven-gers should not be used in air or air-mist drilling.
 Chromate Inhibitors
 When the scavengers cannot be used effectively, there are several inhibitors available for use indrilling fluids. Zinc chromate and sodium dichromate are inhibitors which coat the drill pipe to pro-tect against the corrosive environment. (Use of chromates is prohibited in some areas due to envi-ronmental regulation.)
 The chromates are in liquid form and come in 55-gal (0.21 m3) drums. Injection of the material isdone in a manner similar to the scavengers. When using the chromates, it is recommended that at
 least 500 mg/L chromate (CrO4=) be maintained for corrosion protection. The drill string must becompletely coated with the chromate or the possibility exists that localized corrosion in the unpro-tected areas can be accelerated. Use a chromate test kit to determine excess chromate.
 Note: The chromate inhibitors and sulfite scavengers should not be used together.
 Carbon Dioxide Corrosion (Sweet Corrosion)
 Sweet corrosion, as noted in production language, is attributed to carbon dioxide which occurs asa gas kick, or slow bleed-in of gas while drilling. As used here, sweet corrosion refers to a condi-tion where no iron sulfide corrosion product occurs from a result of sour (H2S) type corrosion.Other sources of CO2 can be from the atmosphere entrapped in the mud at the surface and circu-
 lated downhole or existing in formation waters as HCO3- or CO3
 =. Carbon dioxide can intrude intothe borehole from the formation and reach the surface as a gas, or react completely with the waterphase of the drilling fluid before reaching the surface.
 Carbon dioxide corrosion can cause severe pitting and sharp cracks in fatigue areas.
 When moisture is present, CO2 dissolves and forms carbonic acid.
 4.3 pH
 CO2 + H2O→ H2CO3Carbon Dioxide Water Carbonic Acid
 This carbonic acid causes a reduction in pH of the water which makes it quite corrosive to steel.
 Fe++ + H2CO3 →FeCO3+ H2Iron Carbonic Acid Iron Carbonate
 Alkalinity Effect on Carbon Dioxide
 4.3 pH
 H2CO3 → CO2 + H2O → H+ + HCO3-
 Carbonic Carbon Water Hydrogen BicarbonateAcid Dioxide
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 8.3 pH
 HCO3- → H+ + CO3
 =
 Bicarbonate Hydrogen Carbonate
 Generally, increased pressure results in the increased solubility of CO2 in water. Increases in tem-perature normally decrease the solubility of CO2 in water. Dissolved minerals tend to buffer or toprevent the reduction of pH in a water associated with CO2, thereby influencing the rate of corro-sion in a given system.
 Determination of Carbon Dioxide in Drilling Muds
 Carbon dioxide can be identified in the drill mud by several means:
 • Reduction in pH
 • Increased corrosion rates
 • Increase in rheology value
 • Increase in HCO3 and CO3
 = content
 • Iron carbonate, magnesium carbonate, or calcium scale on the drill pipe
 • Identification by gas detection equipment
 Treatment for Carbon Dioxide
 Standard treatment for CO2 includes use of the degasser to remove the gas, increase the muddensity to kill the flow, and re-establish proper alkalinity and pH values with caustic soda or lime, orboth. Lime additions should be made sparingly, especially into clear brine solutions, because ofresulting scale buildup. Application of filming amines are recommended for corrosion protection, inaddition to standard treatment with chemicals.
 Scale
 Corrosion tendencies related to drilling fluids and the formation of scale may be summarized asfollows:
 • In degassed drilling fluids, the pH values can determine the corrosion rates. Ratesincrease as pH decreases, or as muds become more acid.
 • In drilling fluids which do not have sufficient calcium and CO3= to form scale, the oxygen
 content of the water can determine the rate. As oxygen contents increase, corrosion ratesusually increase.
 • In drilling fluids containing CO2/CO3= in a low pH environment, the acidity of the fluid dis-
 solves the scale and corrosion rates can be high. If the pH is high, corrosion rates will below, but scale will form; the shielding area under the scale promotes concentration celltype corrosion.
 The solubility of calcium carbonate (CaCO3) in water is low; however, in the presence of dissolvedCO2 quantities of Ca(HCO3)2 (calcium bicarbonate) are formed which are more soluble thanCaCO3 in water.
 CO2 + H2O → H2CO3CaCO3 + H2CO3 → Ca(HCO3)2
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 With increased temperature, the above reaction is reversed, CO2 is released, and CaCO3 is pre-cipitated.
 Ca(HCO3)2 + H2O → CaCO3 + CO2 + H2O
 Recognizing Scale
 If calcium content is high and the pH is high, there is usually a good chance for scale to form in an
 HCO3-/CO3
 = environment. Further indication would be a noticeable scale deposit on the drill pipe.The use of acid arsenate solution can assist in identifying the scale. Iron carbonate or magnesiumcarbonate scale will effervesce slowly when contacted with the acid solution. Calcium carbonatewill effervesce at a faster rate. Laboratory tests to check corrosion rings are also helpful in theidentification of carbonate scale.
 Treatment for Scale
 A blended, water-soluble, organic phosphate can be used as a scale inhibitor. It effectively pre-vents the deposition of alkaline earth metal on oilfield tubular goods and associated surface equip-ment. The organic phosphate comes in 55-gal drums. The rate of injection is determined by
 maintaining 5-10 mg/L phosphate (PO4=) at the flow line, which should be tested by monitoring the
 flow line discharge with a Hach Colormetric Phosphate Kit. Excess phosphate can deflocculate the
 drilling fluids system. Normal injection rates are approximately 3-5 gal/day (0.011-0.019 m3). Theinhibitor is compatible with the oxygen scavengers and scale inhibitors for oxygen.
 Hydrogen Sulfide Corrosion (Sour Corrosion)
 Hydrogen sulfide is sometimes associated with a gas kick or bleed-in. Other sources are makeupwaters and microorganisms. Although hydrogen sulfide is relatively noncorrosive in the absence ofmoisture, the gas becomes corrosive if moisture is present. In the presence of CO2 or O2 andwater, hydrogen sulfide becomes severely corrosive due to the driving voltage increase of the cor-rosion cell. Normally, when H2S corrosion is a severe problem, one of these other gases ispresent. The chemical mechanism of this type of corrosion can be simply, though not completely,stated as:
 H2S + Fe++ → FeS+ 2H+
 Hydrogen Iron Iron Sulfide Hydrogen
 This reaction can result in deep pitting of iron or steel. A secondary effect can occur with H2S cor-rosion. The hydrogen released in the foregoing reaction enters the steel matrix where it can alloywith the steel to embrittle it. It may form molecular hydrogen which tends to blister ductile steel andcrack high strength steel. Steel with yield strengths below approximately 90,000 psi are nearlyimmune to sulfide cracking. An HRC of less than 22 is usually in this range. The iron sulfide scaleproduced by this reaction generally adheres to the steel surfaces as a black scale. The scale tendsto cause a local acceleration of corrosion which results in deep pitting.
 The concentration of H2S affects the time failure ratio, with delayed failures occurring at very lowconcentrations in solution, although at a concentration of 0.1 mg/L or less, the time-to-failure isvery long. Cracking tendencies are drastically reduced if the pH is maintained above 10.0. Somestudies indicate cracking susceptibility decreases after temperatures reach about 150°F (66°C). Itis thought that elevated temperatures facilitate the movement of entrained hydrogen through thesteel lattice. Where H2S formations are to be penetrated, attention must be given to the steels inuse, and to the amount of torque applied to tool joints. Care should be taken to avoid creating
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 notches with tongs and slips, and the condition of internally coated pipe should be watched. Regu-lar electronic and visual inspections of the drill string should be made.
 The primary hazard resulting from encountering hydrogen sulfide is the loss of human life withoutwarning; the gas is lethally toxic. The threshold limit, or that level at which it is believed that work-ers may be repeatedly exposed, day after day, is 10 ppm. Concentrations as low as 150 ppm willcause irritation of the eyes and the respiratory tract, and will deaden the olfactory nerves, with lossof the ability to detect odors. Exposure to a concentration of 800 to 1000 ppm for as little as twominutes may result in death.
 Frequently referred to as sour gas, H2S in low concentrations smells like rotten eggs. The smellshould not be depended upon as a means of detection, however, because of its effect on the olfac-tory nerves. It is highly flammable, and forms explosive mixtures with air. It is heavier than air andwill accumulate in low areas, such as the cellar beneath the rig floor, or in low lying areas aroundlocations.
 H2S is soluble in drilling muds. The solubility in water is approximately proportional to the pressure
 up to four to five atmospheres (4.13-5.16 kg/m2); however, in extremely high pressures such as inthe hydrostatic pressure of the mud column, hydrogen sulfide may be liquefied and this simplerelationship may not hold true.
 Solubility data show that the solubility of H2S is about 0.1 molal or 0.2N or 3400 mg/L at room tem-perature. When drilling fluids or treating waters are analyzed, somewhat higher figures can beobtained since hydrogen sulfide will react with alkaline compounds in the drilling fluids to form thealkaline salt, sodium sulfide, and water, according to the following equation:
 pH 7.0 H2S + NaOH →NaHS + H2OpH 9.5 NaHS + NaOH → Na2S + H2O
 Recognition of H2S
 Hach Test -As the pH increases, the percent of total existing hydrogen sulfide decreases to a verylow level. The following chart illustrates the existence of hydrogen sulfide as a gas in various pHranges. The factor should be used in the Hach test for sulfides, to provide the correct results ofH2S in the mud system.
 The Hach test kit measures H2S as a gas since the test is performed in an acid environment.Adjustments for pH must be made to accurately report quantity of H2S in the mud as a gas and as
 pH Factor as H2S
 5.0 0.98
 6.0 0.83
 6.5 0.61
 7.0 0.33
 7.5 0.14
 8.0 0.048
 9.0 0.005
 10.0 0.0005
 11.0 0.00005
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 a soluble sulfide. To do this, check the pH of the mud system prior to performing the test, then mul-tiply the answer determined by the test by the above factor to determine mg/L H2S as a gas.
 Example
 pH of mud = 10.0
 Hach test: 100 mg/L H2S (uncorrected)
 0.0005 x 10 = 5 mg/L H2S as gas 95 mg/L soluble sulfide
 If the factor is not used, then the results should be reported as H2S uncorrected for pH.
 Hydrogen sulfide is a weak acid and exists as molecular hydrogen sulfide (H2S), hazardous tohumans under acidic conditions. When the pH of the mud approaches the neutral range, there is a
 transformation from molecular to bisulfide (HS-) state, which is associated with hydrogen embrittle-
 ment and metal fatigue. Atomic hydrogen is liberated during ionization from H2S to H+ + HS-; andin the atomic form enters the molecular matrix of metal, causing structural weakening. Additionalhydroxyl ion concentration raises the pH (9.5) and changes the bisulfide radical to its anionic sul-
 fide form S=. It is in this state that metallic cations such as sodium (Na+) and calcium (Ca++) canreact with anionic sulfides. Note that reactions are reversible with decreases in pH. The solublesulfides will accumulate in the drilling fluid, and exist as a potential hazard. If carbon dioxide (CO2),salt water flow, or additional hydrogen sulfides are encountered, the associated pH drop can con-
 vert the sulfide ion (S=) back to the dangerous bisulfide (HS-), or molecular sulfide (H2S) state.
 The chemistry of hydrogen sulfide is quite complex. It is not unusual for it to form compounds thatare entirely unrelated to stoichiometric relations. The most important consideration is that whenH2S enters an alkaline mud it reacts to form an alkaline sulfide, most often sodium sulfide, sincesodium is the predominant ion in mud. This is a very good way to keep H2S from giving troubleunder some conditions, but it does not remove the material. A sulfide scavenger must be used toremove the sulfide ion from the mud.
 Detecting H2S Gas
 There are several methods commonly used or available to determine the presence of H2S in drill-ing fluids. Gas detectors or monitors are used on drilling rigs to detect unreacted H2S gas at thesurface. The Hach test is used to detect H2S in the acid form, or as soluble sulfides in the makeupwater, filtrate or mud. The Garrett Gas Train also analyzes the soluble sulfides in the filtrate of themud. In addition, both tests can also determine the total sulfides, both soluble and insoluble, in amud. It is important that the engineer have a complete understanding of the testing proceduresand of the test results being reported.
 In a slightly acid solution (below pH 7), H2S gas will ionize and exist as an acid or acid gas; or in abasic solution (above pH 7) as soluble sulfides. These soluble ions can go through filter paper andwill be detected in the filtrate. The Hach soluble sulfide test is performed to determine the amountof H2S present in the drilling fluid in the soluble sulfide form. The test is performed on the mud ormud filtrate in which H2S gas has been liberated by a CO2flow from an Alka-Seltzer tablet. Thistest determines the amount of H2S present as an acid, or present as soluble bisulfide or sulfideions. The initial result is uncorrected for pH. To accurately report the results, corrections must bemade for pH of the drilling fluid.
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 The Garrett Gas Train test for sulfides uses a controlled CO2 flow from a gas cartridge to forceH2S from an acidized sample of fluid or filtrate. Acidification of the sample ensures all of the sul-fides in the sample are in the acid gas (H2S) form.
 If H2S in the form of an acid gas, or the soluble bisulfide, or sulfide ions, has reacted with a sulfidescavenger (such as zinc carbonate), it will precipitate out as insoluble zinc sulfide. These insolublesulfides cannot pass through filter paper, and therefore will not be present in the filtrate. Insolublesulfides revert to soluble ions only at a very low pH (1-3). Therefore, to determine the amount oftotal sulfides in a mud, it becomes necessary first to change the insoluble sulfides back to solublesulfides by acidizing the mud to a low pH (1) before running the test.
 The test for total sulfides in the drilling fluid indicates what amount of H2S gas in the acid form or inthe soluble sulfide form has reacted with an H2S scavenger. The test is performed on a mud sam-ple which has been acidized below a pH of one. At this low pH range, all the sulfides in the mud,including those which have reacted with the H2S scavenger, are made soluble and measured bythe test. To determine the amount of insoluble sulfides in the mud, the soluble sulfides are sub-tracted from the total sulfides.
 Use of this procedure gives an engineer relative guidelines as to how much scavenger has reactedwith H2S. For example, if the concentration of excess scavenger has decreased and the insolublesulfides check indicates no decrease, then it is very likely the scavenger did not react with the H2S,but was discarded, or diluted, or mechanically settled out in the pits.
 Treatment for H2S
 If hydrogen sulfide gas is encountered or expected to be encountered, the pH of the mud shouldbe adjusted above 10 and a scavenger added to the system, either to remove the existing sulfidesor as a pretreatment. If a water-based mud system is used, a calcium or lime system is preferred.Basic zinc carbonate is normally used as an H2S scavenger in water-based systems. If used as
 pretreatment, in anticipation of H2S gas, no more than 5 lb/bbl (14.27 kg/m3) should be added to
 the system. To effectively control the alkalinity from the carbonate added, 0.25 lb/bbl (0.71 kg/m3)
 lime should be added for every 1.0 lb/bbl (2.85 kg/m3) zinc carbonate. Approximately 1 lb/bbl
 (2.85 kg/m3) zinc carbonate is needed to remove 500 mg/L of the sulfide ion. Additional amounts
 of lignosulfonate can help control rheology. Zinc carbonate in excess of 5 lb/bbl (14.27 kg/m3) cancause rheological problems, especially in deep, hot holes (above 250°F, 121°C); therefore, rheo-logical and alkalinity properties should be closely monitored for adverse effects. Other scavengerson the market include zinc chelate, zinc chromate, ironite sponge (Fe3O4), zinc oxide and coppercarbonate. All these scavengers have certain limitations. Ironite sponge performs best in the lowerpH range (below 10.0). At least 5 lb/bbl should be added to the system as pretreatment and main-tained as excess, the correct amount to be determined by the ironite-magnetic test. Copper car-bonate should not be added to a system as pretreatment; it should only be added after the sulfideion is measured in the mud system. Zinc chelate should be used in unweighted mud systems, andcan be used in weighted mud systems. The zinc chelate does not affect mud properties as do thezinc carbonates. They react quickly with H2S- but require more of the product to complete the reac-tion.
 Oil Mud Treatment
 For added protection of the drill string in an H2S environment, an oil-based mud is recommended.The main advantage of a continuous oil phase fluid for drilling acid gas-bearing formations is theprevention of the various types of corrosion listed. Corrosion prevention is mostly due to the oil
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 phase fluid eliminating one of the factors essential for completion of the electrochemical reactionnecessary for corrosion to occur. The oil also forms a protective oil film on the drill pipe which is notreadily removed by the oil-wet solids as the fluid is being circulated up the hole. The major precau-
 tions taken with the oil phase system are to carry an alkalinity above 1 cm3, and to use specialmud gas separator devices which force all the circulating fluid through a mud-gas separator andvacuum degasser. This set-up removes the poisonous gases and protects rig personnel and metalparts.
 Even with the precautions, it is still considered good practice to have an ample supply of approvedoxygen canister gas masks or pressurized breathing units at strategic locations around the rigperimeter; in addition, several wind socks should be installed to indicate wind direction. H2S gasmonitoring units, alarm devices, drills and educational programs for the crews assist greatly inhandling these toxic gas formations safely.
 Atomic Hydrogen (Hydrogen Embrittlement)
 Steels are permeable to atomic hydrogen (H+), but not to hydrogen gas (H2), according to one the-ory of hydrogen embrittlement process. The theory further supposes that if impurities or alloyingparticles in the steel impede the passage of atomic hydrogen through the steel, the atoms ofhydrogen will combine to form hydrogen gas (H2). In the process of combination and expansion,the hydrogen molecules will blister mild steels and crack harder, finer grained steels. Any acidicsolution could possible provide the atomic hydrogen necessary for embrittlement. (Some theorists
 feel that ionic hydrogen H+ will also accomplish the same results as atomic hydrogen H.)
 Hydrogen sulfide (H2S) reacts with iron at the pipe surface to form iron sulfide (FeS), which liber-ates two hydrogen atoms that penetrate the steel matrix. Carbon dioxide (CO2) will form carbonicacid (H2CO3) in water, and a similar reaction with the steel can take place. Iron carbonate will beformed, and the hydrogen will again be released to enter the steel.
 Today, much is being said about corrosivity in oil and gas well annular fluids. The trend is awayfrom highly treated, heavy weight, high pH (11.0-12.0) muds containing diesel oil, and toward thelightly treated, low pH muds containing no oil, which are more conducive to corrosion. The lighterweight water-based muds contain a much higher water fraction than the denser fluids, and the cor-rosive water phase is in direct contact with the drill pipe and casing. Exacerbating this situation isthe increased usage of high tensile strength tubular goods such as the P-grade materials. Toachieve strengths required in the tubular goods, ductility is sacrificed. The resulting material is afiner grained, brittle structure which is more susceptible to failure, often accelerated by corrosion.
 Bacteria
 It has been shown by various investigators that microorganisms can greatly affect corrosion rates.For microorganisms to accelerate corrosion, the environment must be suitable for their growth.Moisture, essential minerals, organic matter, an energy source and a suitable pH must be pro-vided. Microorganisms such as De-sulfovibrio (sulfate reducers) can cause sulfide corrosion in theabsence of dissolved oxygen (anaerobic conditions). These organisms utilize hydrogen formed by
 electrochemical corrosion during their growth, and reduce sulfate (SO4=) to H2S. Both hydrogen
 utilization and H2S formation cause increased corrosion rates. In the case of sulfate-reducing bac-teria, alterations of the mud chemistry are required. Increasing the pH to 10.0 or above, along withadditions of a bactericide, is recommended.
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 Corrosion Rates
 Corrosion rates are calculated from corrosion coupons and reported in a variety of ways. Ratesare reported as weight of material lost per square area in a given period of time. The rate may be
 reported as pounds per square foot per year (lb/ft2/yr), kilograms per square meter per year
 (kg/m2/yr), or in mils per year (mpy), which is actually a thickness reduction.
 K* = a constant used for the area of the ring exposed and is printed on the shipping envelope.
 The significance of weight loss values should be considered along with other features of a drillpipe coupon. For example, if uniform corrosion has taken place, then weight loss numbers may bea valid indicator of corrosion severity; however, pits may completely penetrate a coupon with littleweight loss, incorrectly indicating a low corrosion rate. As with many aspects of mud engineering,familiarity with typical corrosion values in the drillsite area enables the mud engineer to interpretthe corrosion rates correctly.
 The following description of ring coupons and their respective part numbers should be referred towhen ordering the correct type and size of drill pipe coupons.
 Ring Coupon Monitoring Procedure
 • Drill pipe corrosion rings should be kept in the drill string for a minimum of 40 hours. Expo-sure periods of less than 40 hours should not be used, because initial corrosion rates areusually high and can give misleading data. Normally, rings are run from five to seven days,to give a more accurate picture of the corrosion rate. The ring is usually placed in the boxend of the tool joint, bevel side down, at the top of the first stand above the drill collars,and can be left in the drill string for more than one bit run. An additional ring can be placedin the Kelly saver sub to monitor corrosion at that point. Care should be taken to ensurethat the box recess is clean to prevent interference with proper makeup of the joint, and toavoid damage to the ring. In some instances, specially manufactured subs have beenused for the ring placement in the string. During installation, the ring should be handledwith clean, dry gloves.
 • The drill pipe corrosion coupon form should be filled out completely. Each form shouldhave a space for ring material, drilling fluid properties, type of corrosion, location of the
 Corrosion Rate lbs/ft2/yr K*( ) weight loss in grams( )Exposure time in hours--------------------------------------------------------------------=
 Tool Joint Size & Type
 3-1/2" X.H. & F.H.-1/2" I.F. & X.H.4" F.H.4" I.F. & 4-1/2" X.H.4-1/2" F.H., X.H. & 4" I.F.4-1/2" I.F., 5" X.H.
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 ring in the drill string, initial weight, time, depth in, depth out, ring number, color of scale,and any other information of significance in the specific test.
 • Following the test period, the drilling fluid residue should be removed from the coupon bywiping with a cloth when the ring is pulled from the drill string. The ring should be exam-ined for severity of corrosion or mechanical damage. If severe corrosion is evident, thecause of the corrosion should be determined promptly so that remedial action can betaken. Place the ring in a plastic bag, or original VPI wrapper, and then in the mailingenvelope provided. Do not lubricate the ring using rig pipe dope.
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 Section 14: Special Fluids
 Formation Damage
 Introduction
 From the time that the drill bit enters the pay zone, until the well is put on production, a formation isexposed to a series of operations and fluids that can impair its productive capacity. This reductionin productivity is termed formation damage. This section attempts to identify some practices which,although derived mainly with appraisal and development wells in mind, are almost universallyapplicable. This means that they can be used to control formation damage in any well, even thosein remote locations. In most situations, adopting the practices set out in this section will not signifi-cantly alter operational costs.
 It should be appreciated that, because of their general nature, it may not always be necessary tofollow every guideline on every well. An in-depth knowledge of formation damage would, however,be required before any practices which were not applicable in a particular situation could be identi-fied. Likewise adherence to every guideline will not guarantee that damage does not occuralthough, in such cases, any damage will almost certainly be less than would have been the casehad these recommended practices not been followed. Detailed discussion of these "exceptions" isbeyond the scope of this document. In specific "problem" cases (e.g. where significant damageremains despite adhering to the guidelines, or where experience or lithology suggests a particu-larly sensitive formation), further advice should be sought. Sometimes this may be available from alocal drilling fluids expert; a specialist formation damage group or within your companies own tech-nical support group.
 Minimizing Damage Whilst Drilling
 Drilling mud is the first fluid which comes into contact with the reservoir zone. The selection of anappropriate mud type for a given reservoir may be critical. Figure 4 gives a generalized ranking ofthe potential damaging characteristics of various mud types.
 Four basic formation damage mechanisms are relevant to the mud system.
 • Damage caused by incompatibility of the drilling fluids with the reservoir rock.
 • Damage resulting from incompatibility of the drilling fluid with the formation fluids.
 • Damage due to the mud filter cake which is not lifted off or bypassed in non-perforatedcompletions.
 • Damage caused by invasion of the pores by fine solids in the mud.
 • Damaged caused by bacteria, found in the mud and in the formation.
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 Figure 4Relative Merits and Damage Potential of Drilling Fluids
 The two principal factors which govern the magnitude of productivity impairment caused by a mudare
 • The depth of invasion of its filtrate into the reservoir
 • The amount of damage (permeability loss) that it causes.
 Hence, in order to minimize damage when drilling, the depth of filtrate invasion should be mini-mized as should the damaging nature of the filtrate. Based on these criteria, the following meas-ures can be taken to minimize formation damage when drilling:
 To minimize filtrate invasion:
 • Limit the open hole exposure time
 Mud filtrate invasion increases with time. Therefore, the penetration rate should be maxi-mized, whilst not adversely affecting hole cleaning. Tripping time should also be mini-mized, without causing excessive surge and swab pressures.
 • Control the fluid loss of the mud system
 The amount of mud filtrate lost is also dependent on the filtration characteristics of thefluid - usually assessed by measuring the static fluid loss of the fluid. Two parameters shouldbe considered I firstly, do not allow excessive spurt loss and secondly, ensure that the filtercake remains thin (so that it is less susceptible to erosion). The addition of specifically sizedbridging solids may be required to reduce spurt loss to acceptable levels.
 # As for OBM# Less environmental issues
 # Low damaging# Better penetration rates# Can cause wettability & emulsion problem# Environmental issues
 # Potassium reduces clay hydration/dispersion# Polymers may be liable to thermal degradation
 # PHPA to reduce dispersion# Higher risk than KCl/
 Polymer mud
 # Higher risk of damage# Fines migration due to dispersants# No shale inhibition
 # High risk of damage# Clays can swell and disperse
 # Low salinity, clay will disperse# Risk of scale from seawater mixing
 with connate water
 Cos
 t per
 Bar
 rel
 Synthetic oilMud
 OBM
 KCl/Glycol
 PHPA/Polymer
 Seawater/Polymer
 FreshwaterDispersed
 Gel
 FreshwaterGel
 Risk of Damage
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 • Control the mud system hydraulics
 Excessive circulation rates may erode the external filter cake, thus increasing the rate offiltrate loss. It may not always be advisable therefore to use the maximum pump rate. Thecirculation rate must, however, be sufficient to adequately clean the hole.
 • Use a low static overbalance
 In order to minimize invasion of filtrate into the reservoir formation it is important to use theminimum overbalance commensurate with safe well control. Thus the mud weight shouldbe kept as low as is safely possible. In development and production wells, where the pres-sure profile is well known, it should be possible to maintain a low, but safe, overbalance. Inmost areas, a safe overbalance is considered to be between 200 and 300 psi.
 • Use a low dynamic overbalance
 In addition to controlling the static overbalance the equivalent (ECD) of the fluid shouldalso be considered. The mud rheology and flow rate should be controlled so that ECDis kept within acceptable limits.
 • Use bridging agents in the filter cake
 With knowledge of the pore throat size and permeability data it may be possible to con-struct the filter cake to ensure minimal spurt loss and an external cake is built. Formula-tions should be tested in the lab and confirmed in the field using PPT testing See“Permeability Plugging Test (PPT).
 To minimize filtrate incompatibility
 • Use a compatible drilling fluid
 Ensure that no adverse reactions can occur between the mud filtrate and formation fluids.See Table 3. Evaluate the potential for the mud filtrate to cause formation damage.Assess the incompatibility between the filtrate and formation fluid/rock (by fluid compatibil-ity and core flood tests). This testing can be carried out by the drilling fluid contractor/coreanalysis contractor or by the respective technical support facility. If significant incompatibil-ities are observed or anticipated then re-design the drilling fluid. Avoid the use of freshwater based muds when clay is present in the matrix of the reservoir - fresh water filtratewill cause any water sensitive interstitial clays to swell and mobilize, possibly blockingpore throats. Some inhibition is always beneficial (fluids using Silicate as the inhibitingagent are not to be used in the reservoir). See Figure 5 Potassium ions (from KCl orKAc) are particularly effective for this purpose.
 Testing should be carried out to prevent the risk of scale forming in the reservoir as aresult of mud filtrate and connate water mixing (Barium Sulphate BaSO4 and Calcium Car-
 bonate CaCO3 being the main problem).
 High pH filtrate can cause silicate dissolution and precipitation, leading to fine mobiliza-tion, emulsions and scale.
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 Figure 5Example of Clays in Sandstones
 Table 3. TYPICAL N. SEA FORMATION WATER ANALYSIS
 • Avoid the use of dispersants in water based muds
 As a general rule non-dispersed water based muds are less damaging than dispersedwater based muds. This is because the dispersants added to muds are also effective atdispersing formation clays, thus there is a greater tendency for chemically induced finesmigration to occur. Typically dispersants would be lignosulphonates but caustic soda (spe-
 Concentration in mg/L
 Seawater North Sea
 MillerFormatIon
 Water
 UlaFormation
 Water
 BruceFormation
 Water
 Sodium 10,890 28,100 52,582 24,570
 Calcium 428 615 34,676 1,410
 Magnesium 1,366 113 2,248 200
 Potassium 462 1,630 3509 345
 Strontium 8 65 1157 610
 Barium 0 770 91 400
 Chloride 19,699 46,050 15,3030 41,660
 Sulphate 2,962 4 44 13
 Bicarbonate 123 1,655 134 525
 pH 6.5 7.0 6.6 6.3
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 cifically the hydroxyl ion) will also act as a dispersant for clays. The use of dispersantsshould, therefore, be avoided as should the use of high pH muds.
 • Control the use of surfactants in oil based muds
 Excess surfactant in oil based filtrates can change the wettability of water wet reservoirsand also cause water blocks due to the release of residual water. This can be minimizedby reducing the excess surfactant level. Generally this can be achieved by only makingadditions to the mud system in response to changes in mud properties. Daily additions,regardless of the properties, should not be made. Indeed the addition of new surfactant tothe mud should be avoided when drilling in the reservoir. Unsheared surfactants are freelyavailable for loss as mud filtrate. It is however equally important that the desired mudparameters, particularly filtrate control, are maintained. The inclusion of free water oremulsion in the HTHP filtrate of an oil mud could severely threaten the productivity Of thereservoir. While this appears to be a fine line to walk, with preplanning a good mud engi-neer will be able to keep his mud "in shape" without the addition of surfactants through allbut the longest reservoir sections. Where some addition is unavoidable (e.g. long reser-voir intervals on horizontal wells) it should he possible to shear the treatment into mud in areserve pit prior to addition to the active system.
 A reduction surfactant concentration can be the cause of a sudden increase in PV/YP, thiscan act as an indicator, if monitored carefully.
 General Guidelines
 • •Use bridging materials to minimize solids invasion
 In low density muds, bridging solids should be added to minimize spurt loss and to aid thebuild up of a low permeability filter cake on the bore hole wall. A wide distribution of parti-cle size is preferable, although the median particle size should be in the region of 1/3 themean pore throat size of the formation. For field implementation of this guide-line the poresize distribution of the reservoir rock must he measured. Even correctly sized bridgingmaterials cannot prevent some impairment in open hole completions.
 • Identify the presence of natural fractures
 Productivity can be impaired by filling natural fractures with mud solids. If the presence ofnatural fractures is not recorded then the ultimate potential of the well may be overlooked.The presence of natural fractures can usually be identified by recording all sub-surfacelosses. These losses can normally be distinguished from losses due to other mechanisms.When losses are anticipated in sandstones, use lost circulation material which is eitheracid, water or oil soluble, the choice being dependent on the type of reservoir (oil or gas)and the type of mud. It is also recommended that a sample of the mud is taken if lossesare anticipated, so that the merits of stimulation treatments can be assessed if losses dooccur.
 • Do not exceed the fracture pressure gradient
 Do not exceed the fracture pressure gradient as this will induce fracturing, or opennatural fractures, and can result in significant mud losses to the formation. It is incor-rect to assume that the fracture gradient is the same in the reservoir as the result ofthe leak-off test at the last casing shoe. Changes in lithology will alter the fracture gra-dient. It is common for the fracture gradient of a sandstone reservoir to be lower thanthe leak-off test in a shale. Fracture pressures will also be reduced in depleted formations- care must be taken to avoid accidental fracturing during drilling. In highly depleted forma-
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 tions it is difficult to control losses once the formation has been broken down - the fracturepropagation pressure may be less than the hydrostatic head of water.
 Drill - In Fluids (DIF)
 It is common practice, particularly in sensitive reservoirs, to set pipe above the reservoir andchange out the mud to a system specifically designed to have low damage potential. Cores of thereservoir rock must be available to fine tune these muds but the general principle behind their use(i.e. that they have a low drilled solids content) will afford protection to most reservoirs. The mostcommon drill - in fluids are:
 Oil Based and Synthetic Oil Based Mud - under most conditions oil based muds make excellentlow damage fluids. Indeed this was the reason for their initial development. They possess lowspurt loss which minimizes particle invasion and their all oil filtrate does not cause water block anddoes not mobilize water sensitive clays. As discussed above an excess of surfactant in the filtratecan cause changes in wettability and oil muds should be used with caution (i.e. only alter labora-tory testing) particularly in dry gas reservoirs. Good bridging is also essential when drilling a reser-voir with an oil mud as the loss of whole mud, including the water phase, deep into a reservoircould cause emulsion blocking.
 Brine Based - by using a brine to achieve the required fluid density, the potential for solidsinvasion o f the formation is greatly reduced. However without any solids, massive loss offluid to the reservoir would be likely during drilling operations - some bridging solids aretherefore required. Most commonly graded calcium carbonate (acid soluble), graded sodiumchloride (water soluble) or resins and waxes (oil soluble) would be used. The use of sodiumchloride is limited to fluid with densities in excess of 1.2 SG as the carrier fluid must be saltsaturated. Perhaps the most frequently used drill in fluid uses a combination of potassiumchloride brine and graded calcium carbonate to achieve the required density and bridgingcharacteristics. The potassium ion proves effective in "fixing" potentially mobile interstitialclays. Calcium brines are not entirely suitable for use as a drill in fluid as the divalent ion canprecipitate with formation water carbonates or sulphates thus impairing the formation. Therecent introduction of monovalent formate brines to the drilling industry has extend therange of densities that can be achieved with low damage potential brine from 1.0 to 2.2 SG.
 Minimizing Damage During Well Completion/Workover
 Having s u c c e s s f u l l y drilled the reservoir without causing significant damage it is essen-tial that damage is not incurred in the completion phase o f the well. Some basics must beadhered to:
 • Use quality controlled chemicals to mix completion/workover fluids
 It is important that the quality of chemicals used to mix completion or workover fluidsis sufficient for the intended operation and consistent from batch to hatch. For exam-ple, a laboratory recommendation may be to use a pure sodium chloride brine inorder to prevent precipitation o f scale. If a low grade salt solution is used, however,it may well contain significant impurities which will themselves cause scale.
 • Do not use seawater to mix completion/workover brines
 Although seawater is often readily available, it is not always the most suitable for the mix-ing of brines. For example, many formation waters precipitate inorganic sulphate scaleswhen mixed with seawater. Mixing of calcium chloride brine with seawater causes the pre-cipitation of calcium sulphate - negating the benefit of using a clear fluid. In the latter case
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 the cost of filtering the brine to remove the solids is far in excess of the cost of preparingthe brine correctly with fresh water.
 • Ensure adequate mixing of viscosifiers
 Typical viscosifiers used in completion and workover fluids are organic polymers. Theycan sometimes be difficult to disperse, especially into high salinity brines. The pH of thefluid can also affect the ease of polymer dispersion. High shear rate mixing may berequired to avoid the formation of small lumps of undispersed polymer gel ("fisheyes"). Tomix high salinity viscosified brine it can be beneficial to pre-hydrate the polymer in a lowersalinity, lower pH, brine first.
 • Take time to clean the flowlines, mixing lines and tanks if a solids/contaminant - freecompletion or workover fluid is used.
 Tanks should be cleaned prior to receiving or mixing brines. It is pointless to go to theexpense of filtering brine if the filtered fluid is stored or transported in contaminated tanksAll surface equipment and the wellbore tubulars should be cleaned prior to using such flu-ids. The final cleaning fluid should be compatible with the clean brine. The rigor with whichcleaning and filtering is undertaken should be based on operational considerations. Forexample, if a well is to be perforated underbalanced then significant losses to the forma-tion would not be anticipated and the brine specification could perhaps be relaxed.
 • Avoid the use of painted tools during completions or workovers
 It has been reported that paint on wellbore tools can blister and flake-off when in the well-bore, as a result of exposure to wellbore fluids and/or high temperatures. Flakes of paintare effective at plugging perforations but are insoluble in most fluids. Thus, once presentaround a wellbore, they are difficult to remove.
 • Ensure that brine density is measured at a fixed temperature
 Brine density is sensitive to temperature. Thus it is important for it to be measured at afixed temperature, normally ambient. (Be sure to note the temperature at which the den-sity is recorded by the suppliers) This is especially important when mixing brines due tothe dramatic changes in temperature when dissolving some salts. For example, the disso-lution of calcium chloride is an exothermic reaction (the brine can often increase to 50°C)and with potassium chloride the reaction is endothermic (the brine temperature can oftenbe reduce to below 5°C.
 • Do not use fresh water as a completion or workover fluid
 When densities close to that of freshwater are required, it is still beneficial to add an inhib-itor to prevent the hydration or dispersion of clays. It is recommended that potassium chlo-ride is used at a minimum concentration of 3% by weight.
 Use clean workover fluids in perforated completions Cleanliness of solids-free, workoverfluids is particularly critical when treating or killing perforated completions. This is becauseonly a relatively small amount of particulate solid is needed to block perforation tunnels.Even pipe dope, or dirt and rust from inside of the tubing can plug perforations if the mate-rial is entrained in the fluid and lost or pumped into the formation. Once a set of perfora-tions is blocked by solids, major problems can occur when the well is flowed, due topreferential clean- up. If an adequate sump has not been drilled then debris can accumu-late and fill the perforations, restricting production.
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 • Whenever possible, circulate to kill
 Whenever possible the tubing contents should not be bullheaded into the formationin order to kill a well. The buIlheading of tubing contents can cause plugging of perfo-rations from suspended solids and is especially true in areas which are susceptibleto wax or asphaltene drop-out or scaling in the tubing. The preferable kill method isto circulate the tubing to kill fluid and only bullhead fluid below the packer. In particu-larly sensitive cases, consideration should be given to killing from bottom up withcoiled tubing, this avoids all bull heading.
 • Minimize the use of pipe dope for tubing connections
 Pipe dope is a grease which is not soluble in typical wellbore fluids. The use of an exces-sive quantity of pipe dope for tubing connections can result in the excess being swept intoperforation tunnels if fluid is lost or injected into the reservoir. Pipe dope is difficult toremove from perforation tunnels and may significantly affect productivity. Ensure that cor-rect pipe doping procedures are followed - only dope the pins. After having cleaned outthe well and displaced to brine consider, where appropriate, pumping an extra wash pillthrough the completion tubing before stinging into the PBR to wash off excess/residualpipe dope.
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 Wellbore Clean-UpIntroduction
 An important step during the well completion is the transition from drilling fluid to comple-tion/packer fluid. This transition requires the casing to be cleaned if potentially damaging debris isto be removed. This process referred to as the ‘Clean-up’. The ‘Clean-up’ is an extremely impor-tant phase of the completion and requires careful planning and may require the involvement of aspecialist contractor, tools and chemicals.
 The following pages examine each aspect of the process and presents information to aid planningand implementation:
 “Debris Categorization” on page 10
 To ensure an effective wellbore clean-up requires an understanding the type of materialwhich will present a problems.
 “Displacement Pill Design” on page 12
 Displacement pills need to be designed carefully to ensure effective mud displacementand water wetting of the casing in the event oil based muds are in use.
 “Displacement Design” on page 14
 The displacement of mud from an annulus is a complex physical phenomenon
 “Filtration Description” on page 16
 Filtration removes solids from brine to prevent build up of solids / gunk’s in the comple-tion and to ensure any fluid which may lost to the formation does not plug the formation.
 “Determination Of Well Cleanliness” on page 17
 The determination of how clean the well is usually based on the cleanliness of fluidsreturning from the wellbore.
 “Equipment” on page 18
 Special equipment may be required to ensure a successful displacement and Clean-up
 “Surface Clean Up” on page 20
 No clean-up is complete until all surface lines and tanks are cleaned.
 “Reporting and Performance Measures” on page 21
 Effective reporting of well clean up is crucial for developing best practice and looking foropportunities to improve or reduce cost. In general the best reporting is done by the spe-cialised well clean up companies and when left to mud Contractors it is generally notgiven adequate focus.
 “Wellhead and Riser” on page 22
 One of the major causes of Non Productive Time in sub sea wells is debris left in thewellhead. This can prevent land off/lock down and results in the upper completion beingpulled.
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 Debris Categorization
 Description
 Debris can generally be described under three categories:
 Solids generated during the well construction process typified by:
 • barite due to mud settlement
 • cuttings (cement and formation) due to poor hole cleaning
 • swarf from milling operations
 • mill scale rust and other solids from poorly prepared tubulars
 Gunk from the fluid used in the well construction process, such as:
 • pipe dope
 • viscous muds (milling fluids and synthetic muds at low temperature)
 • gelled oil based mud after mixing with water
 Junk introduced to the well e.g.:
 • seals/elastomeric materials from BOP and seal stacks
 • cement plugs and float equipment after drill out
 • perforation debris
 • bandit materials accidentally introduced e.g.:
 - wood from pallets/dropped objects (tools / clamps)
 - hoses
 Risk and Issues
 • Solids and junk both result in the inability to run the completion typically by early setting ofpackers
 • Solids and gunk have both caused problems functioning CIV/FIV type valves requiringbailer runs or coiled tubing intervention
 • Gunk offers a serious risk to formation damage if serious loses occur
 • Junk and solids can both prevent future well intervention activity or hold up perforatingguns
 • Debris on top of wireline plugs can prevent their recovery
 Learning
 • Functioning the BOP with a clean fluid in the well can introduce junk
 • Mixing water with OBM without suitable surfactants creates “insoluble” gunk’s which haveprevented packers being set
 Best Practice and Design Criteria
 • Proper preparation of tubulars to eliminate rust and mill scale.
 • Careful fluid design to ensure effective hole cleaning and fluid compatibility
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 • The cleanliness of the wellbore should be confirmed by a gauge ring or positively drifting itwith the clean up string using a drift sub.
 • Where there is concern about tubular condition (rust/mill scale/excessive doping/cement)pipe pickling should be considered.
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 Displacement Pill Design
 Description
 Displacement pills need to be designed carefully to ensure effective mud displacement and water wet-ting of the casing in the event oil based muds are in use. The key roles of these pills are:
 * disperse and thin the drilling fluid * compatibility with the drilling fluids
 * lift out debris and junk * water wet pipe
 * remove pipe dope * effectively displace the mud
 Risks and Issues
 • Well control is a key consideration in selection of the pill sequence as in many cases it isonly possible to get thin light fluids into turbulence
 • Pumping fluids to displace oil based fluids without suitable surfactant packages will resultin gunk which is insoluble except in very aggressive solvents
 • For deep water wells low temperatures can impact surfactant effectiveness
 • Pills in turbulence lose their carrying capacity if the annular velocity reduces below thatrequired for turbulence (e.g. entering the riser)
 • In high mud weight the risk of inducing barite sag needs to be considered (displacementpills thin the mud to the point it can no longer support barite)
 • HSE needs to be considered for all chemicals used, mixtures of displacement pills andmud have to be separated from the active mud and packer fluid for disposal (zero dis-charge issues)
 Learning
 • Water pumped without surfactants to displace oil muds (e.g. for an inflow test) prior toclean up can form gunk’s, which are not broken down by subsequent clean up pills
 • Clean up pills containing surfactants can foam during mixing (particularly when putthrough a hopper)
 • XCD/ biozan are the preferred materials for mixing viscous pills but do not work in calciumbrines, HEC will not support solids. Polymers should be checked for suitability at the antic-ipated temperature (thermal thinning an issue particularly >135οC/275οF).
 • As depth and hole angle increase the minimum pill volume should increase to allow forcontamination (e.g. if MD is < twice TVD pills should have an annular fill length > 80 m,where MD>twice TVD length > 125 m for the largest annular clearance)
 • Contact time (time critical points in the well are exposed to the pill) is important, for surfac-tant pills aim for greater than 4 minutes
 Best Practice and Design Criteria
 • The best fluid for thinning a mud is the continuous phase of the mud, for water based mudpumping 50 bbl of water as the first displacement pill will effectively thin mud, 50 bbl of themud base fluid can be pumped in the case of oil based muds.
 • Before any displacement the compatibly of the spacers with the mud and the ability towater wet steel surfaces should be checked at room temperature and 85οC/185οF to con-firm compatibility (in deep water lower temperature tests may be necessary)
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 • All tests should be done on field mud samples to ensure mud is effectively sheared
 • Water wetting surfactants are generally effective >3% vol/vol concentrations, little addi-tional benefit is obtained at concentrations above 10%
 • Solvents are required to remove gunk’s and pipe dope
 Note: See “Displacements” on page 38.
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 Displacement Design
 Description
 The displacement of mud from an annulus is a complex physical phenomenon, the main driving forces which can be used to enhance the displacement are:
 * flow rate * frictional forces
 * density * mechanical agitation
 Risks and Issues
 • Interfaces between fluids increase with hole angle
 • In deviated wells the eccentricity of the displacement string reduces displacement effi-ciency and rotation and/or reciprocation is crucial for effective displacement
 • At low temperature (<40οC/104οF)oil based mud is very viscous (synthetic based mudsare worst), circulating to warm the annular contents reduces the problem.
 • High circulation rates will nearly always be better (even in lamina flow), they reduce theboundary layer thickness on the casing wall
 • Turbulence is best, flow rate must be calculated allowing for pipe eccentricity
 • Learning
 • The use of a circulating sub to allow high flow rates is recommended
 • As steel surfaces water wet pipe rotation may be lost
 • Displacement must not stop once pills are in the annulus.
 • Displacement optimised for smallest production casing ID can leave bypassed mud inlarger OD’s for tapered casing strings.
 • Reverse circulation is most effective if packer fluid is lighter than mud.
 Best Practice and Design Criteria
 • High flow rates will always be better even if turbulence cannot be achieved
 • Pipe movement will improve displacement efficiency.
 • Multi-function circulating subs should be used, currently the best tools open by settingweight down incorporating a clutch mechanism to allow rotation.
 • Do not stop displacement once pills enter the annulus
 • Circulate to warm mud and fine up shakers when possible, condition mud (reduce rheol-ogy)
 • Use reverse circulation if possible when displacing with lighter fluids
 • Where a displacement simulation programme is unavailable the following equation can beused to assess the displacement:
 Displacement Number =
 De = effective diameter = outer diameter (Do) - inner diameter (Di) (in)
 R = density difference between fluids (ppg)
 stand off De( )×YPm
 ------------------------------------------- 100 s dofftan+( ) P×
 6670------------------------------------------------------- 1.3 R Acos×( )
 8.33-------------------------------------- +
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 A = well inclination YPm = Yield Point lb/100ft2 of mud
 stand off = 100 x minimum annular clearance / De
 P= Annular Friction=
 (Q= Flow Rate (bpm))
 (YPp= Yield Point pill)
 (PVp= Plastic Viscosity pill)
 Numbers should be <-0.5 and > 0.5, larger numbers are better displacements
 1.51 Q PVp××
 De2
 Do2
 Di2
 –( )---------------------------------------- 0.335 YPp×
 De-------------------------------- +
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 Filtration Description
 Description
 Filtration removes solids from brine to prevent build up of solids / gunk’s in the completion and to ensure any fluid which may lost to the formation does not plug the formation. Two basic filtration systems are employed:
 cartridges (nominal or absolute)
 filter presses (Plate and Frame or Pressure Leaf)
 Risks and Issues
 • Filtration could impact the rate that completion fluids can be pumped into the well.
 • Filtration may be an unnecessary cost in many completion’s but the requirement shouldbe assessed on a well by well basis from a consideration of completion design and poten-tial damage mechanisms
 • Filter presses use beds of diatomaceous earth (DE) or perlite, they have the advantage ofhigh solids tolerance and throughput, units are large but cheap to operate. Cartridgesshould be used where small low volumes of relatively clean material have to be pro-cessed. They have smaller throughputs than and less tolerance to dirty fluids, generallycartridges are more expensive
 • There may be health and environmental risks associated with operating and disposing offiltration medium.
 Learning
 • Cartridge units are not appropriate for dirty or viscosified fluids
 • There are environmental and occupational hygiene issues which need to be managedwhen using DE presses.
 • The tendency is to over specify filtration requirements.
 • Filtration of oil should not be considered using DE systems.
 • If underbalanced perforation is planned filtration is unlikely to be required
 • When a kill pill is to be pumped filtration is unlikely to be required.
 • Absolute cartridge filters are 2-5 times the cost of nominal
 Best Practice and Design Criteria
 • For general applications coarse filtration to 80 microns is all that should be consideredwhen fluids do not penetrate the formation
 • When a fluid penetrate the formation filtration is more likely to be required, it should be tai-lored to the pore throat size of the formation. A simple guide to setting a specification is14% of the average pore throat diameter
 • Filtration below 2 microns is usually impractical in well operations
 • Always use a guard filter downstream of a DE press
 • For a DE press filtration rate is approximately 1 bpm per 100 sqft for sea water and 0.5bpm per 100 sqft for a brine
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 Determination Of Well Cleanliness
 Description
 The determination of how clean the well is usually based on the cleanliness of fluids returning from the wellbore. The most common measures are normal turbidity units (NTU) and solids content, neither relate to what is left in the well. Junk baskets, gauge rings and the SPS WellPatroller do give some positive indication of solids removal. Other indicators of a clean well are torque and drag (related to the friction coefficient of fluid coating the casing walls) and cleanliness of the clean up string when pulled.
 Risks and Issues
 • NTU (a light transmission test) measurements rely solely on the “cloudiness” of the fluids, cor-rosion products in return fluids give high values, NTU and solids content are not directlyrelated. Solids content will only assess materials collected at the bottom of the test tube dur-ing centrifuging. These tests use the sample sizes of a few mils and it is difficult to draw con-clusions about a well with an annular volume of 500 bbl, 0.1% vol/vol solids equates to +/- 1cuft of solids deposited for tubing contents of 200 bbl.
 Learning
 • To deal with the problem of rust (as a result of oxidation of water wet steel surfaces)impacting turbidity readings, a little acid (HCl) should be added after the initial reading.
 • If the SPS WellPatroller or junk basket is pulled full it should be re-run.
 Best Practice and Design Criteria
 • A solids content of >0.05% determined by an electric centrifuge is acceptable for mostoperations. For gravel packing this should be reduced to 0.02%
 • To determine solids content the standard tubes for sand content for the centrifuge are notusually appropriate, centrifuge tubes with more accurate calibrations should be obtained
 • NTU values should be used to track clean up with regular samples taken for analysis ofsolids content at a later date.
 • A target value of 50 NTU above surface pits should be used.
 • For critical wells e.g. high angle wells/where milling has occurred/previous problems withdebris the SPS WellPatroller is recommended.
 • Where the string is rotated during clean up the increase in torque can be used as an indi-cator, the coefficient of friction in sea water/brine is more than twice that of OBM.
 • Visual inspection of the clean up string, if it is mud free and water wet mud displacementhas been successful, if the string is mud coated run a gauge ring/junk basket or SPS Well-Patroller.
 • For critical application (e.g. gravel pack) use particle size analyzer on location, laser parti-cle size systems are recommended.
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 Equipment
 Description
 The tools which can be run in a well clean up assembly are:
 • casing scrapers to remove cement and casing bust
 • brushes to remove gunk and cement
 • circulating subs to enable high circulating rates to be used
 • junk subs to remove solids and junk
 Risks and Issues
 • Equipment failure may result in additional junk or in the worst case a stuck clean up string,however this is not a common problem. There have been instances with casing scrapersand brushes where the clean out tool has introduced junk to the hole when these are notof a single piece construction or have retaining mechanisms for blocks. Circulating subs(particularly those which are hydraulically operated) carry some risk associated with failingto close and losing the ability to circulate to the bottom of the well.
 Some of the equipment is only available from niche / specialist suppliers which carries risks around QA/QC and tool availability. There is concern with running well clean up tools with mini-mum by pass area pushing large pieces of junk ahead and into CIV/FIV tools.
 Learning
 • Conventional casing scrapers with spring actuated blocks have failed leaving junk in thehole or even a stuck tool. Conventional scrapers are not built for extended rotation or drill-ing. Scrapers work in reciprocation.
 • Failure rate of multi function ball opening circulating subs has been high in some regions,there are Patent issues around the weight actuated tools.
 • Weight actuated tools rely on maintaining weight set down on the tool to maintain the cir-culation path, all circulation is at one point. These tools should be run with the clutchoption allowing drillpipe to be rotated independently of the pipe inside the liner.
 • Recent experience with the SPS WellPatroller highlighted it is very effective at removinggunk and solids debris, this tool provides a level of assurance not available with any of theother tools (including conventional junk subs).
 Best Practice and Design Criteria
 • A casing scraper should create maximum contact with internal diameter of casing, to be aone piece design with full drill pipe strength with no weak internal connections.
 • Casing scrapers should enable rotation at rates up to 50 rpm, these should be of a designso that blocks are either retained in the body of the scraper. (UWG/Global) or are an inte-gral design (SPS Razorback).
 • The preferred circulating sub should be of the type utilizing weight set down to function,with a clutch mechanism. If a reliable hydraulic tool is developed this may become prefer-able as it allows reciprocation with circulation.
 • For a clean out strings in high angle cased and perforated well a WellPatroller should berun (or if there is any concern about debris or junk in the well).
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 • Casing brushes are not considered necessary if an effective scraper is selected. If a brushis used it should be redressed after each application.
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 Surface Clean Up
 Description
 Pit management and cleaning is a critical element for providing clean brine all through the well. With increasing restriction on pit access and pressure on time, management of pits and cleaning needs to be carefully considered by the rig team. There is no point spending hours circulating to 50 NTU if the brine in the surface pits has a 40 NTU reading.
 Risks and Issues
 • Pit cleaning not only carries HSE risks associated with pit entry and waste volumes gener-ated, poor cleaning of pits and surface lines can seriously effect clean up efficiency. It isnot uncommon to have relatively clean returns which deteriorate switching surface lines.
 Learning
 • New pit washing tools have reduced the requirement for pit entry and reduced waste gen-eration (e.g. Toftjorg in CNS and WOS). The effectiveness of these systems relies on useof an effective detergent at ambient surface temperatures.
 • Effective isolation between pits is key and heavy fluids have regularly drained across andcontaminated lighter fluids in adjacent pits where poor isolation exists between pits.
 Best Practice and Design Criteria
 • Use pit washing tools to speed up pit cleaning, reduce pit entry and waste volumes.
 • Draft plan including pumping schedules and pit requirements, discuss at toolbox talk withall relevant parties (e.g. Mud Loggers/AD/Derrickman)
 • Check pit isolation valves to reduce risk of U-tube contamination
 • It is recommended that clean up should work from flow line/shakers through to the pits. Asuggested list of areas to check would be:
 - All pits to be used for clean fluid and pumping
 - Cement unit to rig floor
 - Kill line
 - Choke and rig floor manifolds
 - Pump bleed over line to pits
 - Shaker area (header box) and sample point
 - Stand pipe and back pressure manifold
 - Degasser tank and unit
 - Reverse lines
 - Flowline where accessible
 - Mixing system
 - Trip Tank
 - Drain lines and drip pans
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 Reporting and Performance Measures
 Description
 Effective reporting of well clean up is crucial for developing best practice and looking for opportuni-ties to improve or reduce cost. In general the best reporting is done by the specialised well clean up companies and when left to mud Contractors it is generally not given adequate focus. Key ele-ments for reporting are:
 • diary of events to include all time associated with clean up
 • record of measurements (e.g. NTU/solids content)
 • tracking of performance (e.g. time to reach NTU target/interface volumes)
 • lessons learnt
 • target time v actual
 Risks and Issues
 • Failure to establish clear measurable objectives at the outset can have a big impact oneffectively identifying the risks, rig planning is key.
 • Failure to measure and record at the rig site has consistently led to operations whereimprovement is impossible and plans which are not followed at the rig site.
 • Learning
 • Areas for optimization through cost reduction and performance improvement exist in WellClean Up
 • By tracking return cleanliness and interface volumes areas for improvement have beenidentified
 • Tracking has also allowed reductions in circulation time to be implemented
 Best Practice and Design Criteria
 A brine returns with an NTU < 30 above value of fluid in pits is excellent performanceClean returns after circulating < 150% of hole volume is good performanceInterface volumes between pills of <20 bbl is excellent performanceA good report captures the following areas:
 - fluid designs and properties- flow rates - pill volumes and volumes circulated- equipment used- materials used and costs- interface volumes- pipe movement during displacement- time breakdown- fluids cleanliness v time during circulation- surface clean up - target v actual- pipe movement and torque
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 Wellhead and Riser
 Description
 One of the major causes of NPT in sub sea wells is debris left in the wellhead. This can prevent land off/lock down and results in the upper completion being pulled. Because of the low annular velocity and low temperature it is common for debris to build up in these areas.
 • Risks and Issues
 • Debris can collect in the Riser/BOP/Wellhead area and fall down into the wellbore prior torunning the completion interfering with sealing surfaces and packer setting
 • Several times it has been impossible to land/lock down the tubing hanger in the wellhead
 • Any tools run must not introduce more debris into the well
 • Long risers in deep water have more problems
 Learning
 • Equipment should be inspected prior to use to prevent introduction of junk into the well
 • Custom designed tools are available from the wellhead providers and specialist well cleanup companies, equipment must be used at the appropriate stage of the clean up
 • Rams should be functioned during the clean up to dislodge debris in the cavities, theyshould not be operated for the first time during clean up after the well has been displacedto clean fluid
 • Cameras have been used successfully to investigate problems/prove wellhead clean.
 Best Practices and Design Criteria
 Wellhead
 Should be jetted with a simple or dedicated jetting tool, this may be specifically designed by Well-head provider, the jetting tool should:
 • have a nylon bullnose to protect seal areas
 • be used in conjunction with the riser boost pump
 • land off in the wear bushing
 Jetting tools can be run in conjunction with specialist brushing tools and junk baskets
 Marine Riser
 • The riser can be jetted using the jetting tool but it is more common to use a mechanicalcleaning aid e.g. Riser Hedgehog, when selecting and using a brush tool:
 - consider using tools with full strength mandrels and ability to cope with telescopic jointand connector ID’s.
 - brushes should be redressed after each application as wear can be significant
 • Although the riser can be circulated at high rate the annular velocity is low and effectivecleaning is unlikely to be achieved by circulation alone. Use of riser boost lines or circula-tion down kill and choke lines is recommended
 • Synthetic oil based muds are very difficult to clean in deep water marine risers
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 Suggested Outline Procedure
 Step 1. RIH with clean up string jetting / brushing the riser.
 Step 2. Jet BOP’s and Wellhead and function RAM’s, specialist tools can be run below the jetting toolto retrieve any debris which is dislodged when POOH.
 Step 3. Lay out jetting tool and riser brush (if necessary) and RIH and perform main casing clean up.
 Step 4. POOH and pick up riser and wellhead clean up tools and junk basket, jet BOP’s and cleanWellhead circulating at highest possible rate
 Step 5. POOH and check content of junk basket and / or WellPatroller
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 Coring FluidsOverview
 When the early attempts at low invasion coring showed that re-designing the bit was only part ofthe answer, serious research was started on improving coring fluids. The tests were done at Ter-raTek’s Drilling Research Lab in Salt Lake City. The goal was to reduce the invasion of filtrate intoa core by forming a very low permeability filter cake as quickly as possible. It is now understoodthat 50-75% of the coring improvements that are needed to achieve low invasion comes from hav-ing the correct coring fluid. The research focused on spurt-loss; the first second or two after rockis cut when mud rushes into the pores and the solids begin to bridge off and form a filter cake. Thework was done as Joint Industry Projects (JIP’s) under the Drilling Engineering Association (DEA#23 and DEA #57). The work is partially summarized in SPE #25700.
 Three different sandstones were used:
 • Gold Sandstone50 mD
 • Berea Sandstone600 mD
 • Bentheimer Sandstone2500 mD
 One-inch diameter plugs were sealed radially with epoxy, mounted into the drilling apparatus, andthen saturated with brine. The plugs were then drilled with a 1-inch, two-cutter, PDC micro-bit,consuming them completely. The drilling was done at realistic temperatures and mud overbalancepressures. As the bit exposed new rock and a new filter cake began to form the spurt loss of themud displaced the brine that previously saturated the core. By measuring this displaced brine veryaccurately the spurt loss, or filter cake forming efficiency of the mud, could be measured. Anextraordinary range of variables was tested.
 • Some central coring fluid ‘rules-of-thumb’ emerged:
 • Oil-based muds (OBM’s) produce much lower spurt-losses and much lower permeability fil-ter cakes than water-based muds (WBM’s).
 • A premium filter cake needs a base of bentonite clay (amine-treated clay in OBM’s).
 • High concentrations of soft, deformable, colloidal fluid loss materials strongly reduce spurtloss (fluid loss polymers in WBM’s, and asphaltic materials in OBM’s).
 • High solids loadings (>10% by volume) are preferred for efficient filter cake formation.
 • Fine median particle size bridging materials (3-10 microns) produce minimal spurt lossesacross a wide range of rock permeabilities. Calcium carbonate is very well suited as a bridg-ing material.
 • Subsequent research and field experience has added some additional ‘rules-of-thumb’:
 • Displacing to a clean, purpose-built coring fluid gives a better chance of success than tryingto adapt existing field muds.
 • Biocides are critical in WBM’s. Bacteria can wreck filter cake quality in a number of ways.
 • It is best to fill the pits with enough mud to complete all coring without making dilutions, addi-tions, etc.
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 • Tracers in the mud filtrate are needed to determine if invasion has occurred. The tracerconcentration must be uniform throughout the mud system.
 • The muds should be designed such that even if low invasion is not achieved then substan-tial amounts of data can still be acquired. For example, if WBM filtrates contain no sur-face-active materials then even invaded cores can give reasonably accurate wettabilityvalues. Also, if an OBM contains minimal surfactants then even an invaded core can yieldfairly accurate water saturations.
 Water-Based Coring Fluids
 A low invasion coring fluid formulation must be adapted to the conditions on each individual well,but a good typical formulation is shown below.
 Water as needed
 Biocide 0.5 ppb (if using 25% glutaraldehyde)
 Bentonite 7-8 ppb
 Starch 7-8 ppb (potato starch preferred)
 Low Vis PAC 1.75-2.0 ppb
 Xanthan gum as needed – about 0.4 ppb
 KCl 6% or as needed
 Calcium carbonate 60-100 ppb, marble, 3-10 micron median size
 Barite as needed
 Tracer 850 ppm deuterium oxide – D2O
 Or, 1.0 ppb KBr or NaBr
 Or, 0.2 ppb KI or NaI
 Or, 220 millicuries of tritiated water per 1000 bbls
 (Radioactive tracers involve lots of regulations)
 KOH if needed, pH 7.5-8.5
 The listed order of the products is the correct order of additions when making the mud. Pilot test-ing with locally available products should be used to refine the formulation. The tracer is usuallyadded only after a successful displacement had been achieved, especially if the tracer is hard toget in the oil field or is as expensive as deuterium oxide. Because of high polymer and solids load-ing the final rheology of these fluids can be fairly high. Since typical coring flow rates are less than300 gpm, the extra viscosity should not be critical.
 Typical specifications for this type of fluid are:
 • The pH target should be 7.5-8.5
 • The target HTHP fluid loss (500 psi, 200º F) should be < 8 cc’s (6-7 cc’s is frequently possi-ble in the field). When the right mud components for low invasion are present, HTHP fluidloss tracks closely with spurt loss. Lower is better.
 • The rheology of the fluid should be adequate for hole cleaning and weight material suspen-sion.
 • Soluble calcium should be kept in the range of 200-300 ppm.
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 • No surface-active materials should be added, such as lignosulfonates, lignites, drillingdetergents, Soltex, lubricants, etc.
 Some comments on the individual components follow:
 • Biocide – Starch and XCD are very susceptible to degradation by bacteria, especially in lowpH fluids. PAC is moderately susceptible to bacterial attack. Even though mud goesthrough a harsh range of pressures and temperatures, bacterial populations can increase bya factor of 10 during each 24-hour period. Even modest bacteria problems (no smell oralkalinity build-up) can cause significant fluid loss control and rheology problems. Even ifbacteria are discovered and killed, they can leave behind catalytic enzymes that continue todestroy polymer for days. The best route is to pre-treat all make-up water with biocide andadd a daily maintenance dose. A good choice is 25% glutaraldehyde like MI’s X-CIDE 102,or Baroid’s Aldacide G. Glutaraldehyde kills a wide range of bacteria, is stable if cement isdrilled, and can be monitored with a field test kit (Glutatect WT kit, from ETI, 610-286-2010).The initial target level is 0.5 ppb with a daily maintenance dose of 0.05-0.1 ppb during cor-ing. Other biocides may be used if glutaraldehyde is not available. However, the dose rateshould be approximately double the manufacturer’s suggestion to allow for consumption,surface adsorption, etc.
 • Bentonite – Bentonite is used for fluid loss control, viscosity, and filter cake quality. Ben-tonite is critical to achieving low spurt loss values. Muds made with just polymer and cal-cium carbonate have moderate-to-high spurt loss values. The bentonite should bepre-hydrated in fresh water, without using caustic. Bentonite will not yield well in a pit thatstill has some residual KCl fluid. The target concentration is typically 7-8 ppb. If the qualityof the bentonite is good, then concentrations much above 8 ppb will quickly add unneededviscosity. Concentrations below 6 ppb are too low to give a good base filter cake. “Ben-tonite equivalent” from drilled solids is not as good a commercial bentonite.
 • Starch – Starch by itself produces a thick, soft filter cake, but a 4:1 combination with low vis-cosity PAC produces high quality filter cakes, low HTHP values and low spurt loss values.Potato starch is preferred, but corn and tapioca starches have been used after appropriatepilot testing. Note: Starch has an upper temperature limit of 220-225º F, and requires anaggressive biocide program. Above 225º F, low viscosity PAC has been used alone (about2.5-2.75 ppb). Above 275º F, specialty polymers or oil-based mud must be used.
 • PAC – Polyanionic cellulose polymers are used for fluid loss control and filter cake quality.Regular-viscosity PAC’s give good fluid loss control, but too much viscosity. Even low vis-cosity PAC’s will generate noticeable viscosity when used at high concentrations. New,ultra-low viscosity PAC’s can alleviate these problems, but about twice as much polymermay be required. The temperature limit for PAC’s is about 275º F. Only use premium qualityPAC’s like Drispac SL, Aquapac LV, or Mon PAC UL. Standard mud company PAC’s areusually much less efficient in performance and cost.
 • Xanthan Gum – Xanthan gums will produce better rheology for solids suspension and holecleaning than PAC’s. In most cases a treatment of 0.25-0.50 ppb is adequate.
 • KCl - Potassium chloride is used for core preservation, formation damage control and bore-hole stability. KCl inhibits the swelling and dispersion of some water sensitive clays. Theminimum recommended concentration is equal to the formation total salinity, but higher lev-els are acceptable and frequently needed for borehole stability. A fresher brine can causeclay swelling, or give a chemical environment change called 'salinity shock', which can mobi-lize migratable clays. Borehole stability is also important. High core recoveries depend onthe hole being as gauge as possible since the hole acts as a journal bearing to stabilize the
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 coring assembly. Assuming that enough total salt is present (a minimum of 6% KCl is pre-ferred), then hole stability is significantly improved when the ratio of potassium to sodium inthe filtrate is high, (at least 2:1 is preferred, 3:1 is better). Tracking the potassium concentra-tion is best done by the API ion selective electrode method. Sodium is difficult to track at therig but a good estimate of the potassium to sodium ratio can be made by looking at thepotassium to total chloride ratio. If the potassium to chloride ratio (ppm/ppm) is 0.70, thenthe potassium to sodium ratio is about 3:1, and if the K:Cl ratio is 0.596, then the K:Na ratiois about 2:1.
 Note that displacing an uncased hole from a fresh water fluid to a KCl fluid can result in borehole sta-bility problems if water sensitive shales are present. If a KCl coring fluid is to be used then thehole section above coring point should be drilled with KCl.
 • Calcium Carbonate - Calcium carbonate is used as a pore-throat-bridging particle to helpquickly establish a thin, tough, low permeability filter cake that minimizes the invasion of fil-trate into the core and the formation. The critical characteristic of this product is the medianparticle size, which should be in the 3-10 micron range. In addition to particle size, thequantity is very important. It is preferred to have at least 50-60 ppb of the bridging material,and up to 100 ppb is helpful. Whenever possible, the total solids content in the mud shouldbe at least 10% by volume. At these levels, sandstones of up to 3 Darcy permeability havebeen successfully shown to have low invasion. Very fine calcium carbonate (325-800 mesh)is widely available around the world because it is used in making paper. Calcium carbonateground from marble is preferred because it is harder than limestone and retains its size dis-tribution better when circulated through pumps, the bit, etc.
 • Tracers are covered in a following section.
 Adapting a Water-Based Field Mud for Coring - It is strongly recommended that water-basedlow invasion coring be done by first displacing to a purpose-built premium coring fluid as describedabove. Field muds are very likely to have problems with surface active materials, pH, spurt loss,filter cake quality, proper amount and size of bridging solids, etc. However, if costs, logistics orsomething else precludes the use of proper coring fluid there are steps that can improve the oddsof success with a field-mud. Remember that there is no back-up position left if invasion occurs.Wettability will be lost. This means that ROP becomes extra critical. If coring rates of at least 30ft/hr (preferably higher) can not be achieved, please reconsider displacing to an optimal coringfluid.
 Alternative - An intermediate position is to estimate the amount of premium fluid to be needed forcoring and to make up just that amount and circulate it across the bit only while coring. This issometimes used in deepwater coring when displacing the entire circulating system (about 5000bbls) would be prohibitively expensive. 1000 bbls of coring fluid is a common amount, but this isvery dependent on the amount of coring planned and the ROP encountered. In 8 ½” hole circula-tion rates of about 300 gpm are standard for consolidated rock. For poorly consolidated rock thecirculating rate probably will not exceed 100 gpm. Incorporating the used coring fluid into the maindrilling fluid is usually not a problem.
 The goals outlined for designing a premium coring fluid still apply when adapting field muds forcoring.
 • pH – A couple of days prior to coring stop adding caustic and let the pH drift down to the pre-ferred range of 7.5-8.5. The higher the initial pH, the longer this process will take. Thisapproach will not work for lime or silicate muds.
 • The HTHP fluid loss target of <8 cc’s is still a good target, but it will be harder to achieve witha field mud full of drilled solids without the viscosity getting too high. A whole-system dilu-
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 tion of 15% can reduce viscosity enough to allow the addition of adequate amounts of starchand PAC (4:1).
 • A field mud will probably contain surface active agents like thinners, dispersants, deter-gents, lubricants, Soltex, etc. Suspending additions of these items, where possible, a cou-ple of days before coring will allow them time to, at least partially, deplete. As above, adilution of the entire mud system will probably be helpful.
 • Adding KCl to the mud might be considered under certain circumstances. It will help withborehole stability and core preservation. However, there are certain pitfalls. Adding salt to afreshwater mud can cause a severe increase in viscosity. If there is substantial footage ofopen-hole present, then changing from fresh water to KCl can cause sudden and severehole-stability problems in shales. In all cases, pilot testing is recommended.
 Since field muds are already loaded with solids it will be difficult to add adequate amounts of finecalcium carbonate without causing mud weight and viscosity problems. Each 7-ppb of calciumcarbonate will raise the density of the mud by about 0.1 ppg. Getting 50-60 ppb of calcium carbon-ate into the fluid will be very difficult, but at least 30 ppb should be attempted. Several options maybe considered. The density of the surface system can centrifuged back 0.5 ppg or more and theweight replaced with fine calcium carbonate. If a weight-up is scheduled shortly before coring thedensity of the mud can be increased with calcium carbonate. If the pits are low, new mudweighted exclusively with calcium carbonate can be added. As above, a 15% dilution can helpwith several mud properties and make room for adding calcium carbonate. Different rigs and dif-ferent projects will have different constraints. Be creative.
 Determining the Amount of Calcium Carbonate in Mud - There may be times when it is desirable todetermine the amount of calcium carbonate in water-based mud. One example from a past projectwas where there were two core points 1000 ft. apart. The coring fluid may be optimal for the firstcore, but after drilling 1000 ft. half of the original calcium carbonate may be gone. Testing “Test-ing for Tracer” contains a method for determining the amount of calcium carbonate in whole mud(WBM). It is simple, accurate and uses only chemicals already available at the rig. The procedureinvolves using hydrochloric acid to dissolve the calcium carbonate and then titrating for the solublecalcium. Since oil muds contain high concentrations of calcium chloride this method has not yetbeen adapted to determine the amount of calcium carbonate in an OBM. It might be possible tobreak the OBM emulsion as in a normal API test and filter out the solids (including the calcium car-bonate) before running the test in Calcium Carbonate Determination in Whole Mud .
 Oil-Based Coring Fluids
 Oil-based mud is inherently better for low invasion coring, especially when water saturation is themain objective. It has a lower spurt loss, produces a lower permeability filter cake and usually pro-duces higher ROPs. Even if invasion occurs, water saturations can be obtained in residual waterzones if the mud filtrate does not contain excessive amounts of surfactant. If wettability is the mainobjective, then oil muds should only be used if the ROP will be high enough to ensure no filtrateinvasion to the center of the core (>15-30 ft/hr). Field muds can be modified for coring, but it isstrongly preferred to displace to a purpose-built, properly designed low invasion coring fluid likethe one described below.
 • The mud should have a very low spurt loss (filtrate front slower than the ROP).
 • The mud should have a HTHP fluid loss of 2-4 cm3, lower is better.
 • The mud should contain 60-100 ppb of 3-10 micron sized calcium carbonate.
 • The mud should have a very low water content. Less than 2% by volume is preferred.
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 • The only surfactants the mud should contain are carboxylic acid emulsifiers in low concen-trations (2-3 ppb).
 • The interfacial tension between the filtrate and the formation brine (or a synthetic lab brine)must be >7 dynes/cm, with a goal of >12 dynes/cm (Core Labs can run the test – spinningdrop interfacial tension).
 • The excess lime in the mud should be kept at about 1.0 ppb.
 • The electrical stability of the mud (<2% water) should be maintained at 2000+ volts.
 • The mud must contain an oil soluble tracer to track the invasion of filtrate into the core.
 The mud formulation will have to be adjusted to fit the conditions for a specific well, but the formu-lation below has served as a successful starting point for a number of projects.
 Base oil as needed
 Organophilic clay 6.0 ppb
 Lime 2-3 ppb
 Dimer/trimer fatty acid 2.0 ppb
 Blown asphalt 25-35 ppb
 Gilsonite up to 5 ppb
 Calcium carbonate 60-100 ppb
 Barite as needed
 Tracer (1-bromonaphthalene)100 ppm by wt. of liquid phase
 • Claytone EM is a particular type of organophilic clay from Southern Clay Products thatworks particularly well in all-oil fluids, especially fluids based on mineral oils. It yieldsquickly and will not react to water. Standard organophilic clays are not fully coated withamine and can react with even trace amounts of water to give double the expected viscosity.Other acceptable clays are available on the market. Just be sure to use a wet processed,high purity clay, and pilot-test its initial viscosity yield and reaction to minor water contamina-tion.
 • The HTHP target for an all-oil coring fluid is 2-4 cc’s (1.5-2.0 cc’s is frequently achieved inthe field). As with WBM’s, when the components for a low spurt loss are present in the mud,the invasion character of the mud tracks strongly with HTHP fluid loss.
 • Water Content – The mud should have a very low water content. Remember that one of theprimary goals of low invasion coring is accurate in-situ water saturation. Water from the mudcould confuse the question of whether water in the core is native, or introduced. The filtercake will exclude tightly emulsified water once it forms, but water can be carried into thecore with the first spurt of whole mud. The preferred water content is <2% by volume.
 Pointers to keep water contamination to a minimum:
 1. The mud must be mixed in clean, dry tanks.
 2. If mixed off-site, the mud must be transferred to the rig in clean dry vehicles. Thevehicles (tank trucks or workboats) must be inspected before loading the coringfluid.
 3. The pits, piping and solids control equipment at the rig must be cleaned (flush pipesand pumps with base oil)
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 4. The water lines must be shut off to the rig floor, mixing equipment and solids controlarea.
 5. The mud must be protected from rain.
 6. The previous mud must be carefully and thoroughly displaced.
 • Emulsifier – Any water in the coring fluid must be tightly emulsified to prevent it from mov-ing through the filter cake and altering apparent water saturations. The preferred emulsifiersare carboxylic acid materials (also called fatty acids or tall oil). They are effective wateremulsifiers and they produce reasonably high interfacial tensions. This means that if filtratewith these emulsifiers invades the core it is unlikely to move residual water and alter appar-ent water saturations. The best materials are the dimer/trimer fatty acids that are used aslow shear rate rheology modifiers (MI/Versamod, Baroid/RM-63, BHI/6-UP). These materi-als, if present at no more than 2-3 ppb, have the lowest tendency to move water around in acore. No amine-based emulsifiers should be used. Standard oil-based field muds tend tohave huge surpluses of very aggressive surfactants and are not generally suitable for coringwhen water saturations are needed.
 • Interfacial Tension (IFT) – As mentioned above, the interfacial tension between the coringfluid filtrate and the formation brine should be kept as high as possible to prevent residualbrine from being moved around the core. If the IFT is kept high (>12 dynes/cm is preferred),water is unlikely to be moved and accurate water saturations can be determined even if thecore is invaded with filtrate. The lowest recorded IFT where accurate water saturations wereobtained was 7 dynes/cm, although this is not recommended. The dimer/trimer fatty acidslisted above typically produce IFT’s in the 15-18 dynes/cm range.
 • Lime – Lime is needed to keep the emulsifiers in the calcium soap form, which is a moreefficient type of emulsifier and gives higher IFT’s. An excess of about 1.0-ppb should bekept. Note: Lime is hard to measure accurately in OBM’s because the surfactants tightlycoat any undissolved material.
 • Electrical Stability (ES) – ES is a way of measuring the quality of oil-based mud emulsions.With a very tight emulsion no water can come through the filter cake and contaminate thecore. To insure that any water in an “all-oil” coring fluid is thoroughly emulsified, the ES goalis >2000 volts. A digital chip-calibrated Fann 23D-type instrument should be used, not theold-style analog knob models.
 • Adapting Oil-Based Field Muds for Coring – OBM’s are generally good coring fluids(lower invasion, better filter cake and higher ROP), but may be difficult to adapt for low inva-sion coring if water saturations are a primary goal. Most oil muds carry very high loadings ofvery aggressive surfactants, which can mobilize residual water if invasion occurs. Also,OBM’s usually contain lots of water that can enter the core during the mud spurt and con-fuse the issue of water saturation. Typical oil water ratios are in the range of 70:30 – 85:15.There are a few mud treatments that will improve the odds of obtaining low invasion core,but if you can not get at least 15-30 ft/hr ROP then consider displacing to a premiumoil-based coring fluid.
 • Less Surfactant – Several days before coring the wetting agent/emulsifier treatments canbe minimized and changed to fatty acid type products. If feasible, testing the interfacial ten-sion (Core Lab) between the mud filtrate and some formation brine (simulated formationbrine is OK) will let you know how likely the mud is to mobilize water in the core. The goal isan IFT >12 dynes/cm. Warning; the mud must have enough surfactant to keep the barite,drilled solids, etc. in an oil-wet condition. If too little wetting agent/emulsifier is present theviscosity of the mud can skyrocket due to an unstable emulsion or water-wet solids. Pilot
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 testing additions of barite to a mud sample until the mud gets dramatically thicker canroughly estimate the surplus surfactant in the mud. The mud should be able to tolerate atleast 10 ppb of barite addition with only minor increases in rheological parameters. If furtherdrilling is planned after coring, be sure the mud gets a good treatment of a strong emulsifierbefore drilling ahead.
 • Tracer in Water Phase – Since a high water content OBM might introduce water to the coreduring the spurt loss, it will be prudent to put a tracer into the water phase of the mud. Deu-terium oxide or bromide or iodide ions will work well as outlined in the following section. Thequantity of tracer should be determined based on the barrels of water phase in the mud.The salts should be pre-dissolved in a small amount of water and trickled in over a full circu-lation.
 • HTHP – The HTHP fluid loss target of 2-4 cc’s may be possible even in a field mud. 5-10%dilution with base oil may make enough room in a solids crowded system to allow the addi-tion of adequate amounts of blown asphalt and Gilsonite. The higher water content of fieldmuds will make it easier to achieve a low HTHP fluid loss. Pilot testing is recommended.
 • Calcium Carbonate – As with WBM’s, it is desirable to get at least 30 ppb of fine calciumcarbonate (preferably 50-60 ppb) into the fluid to reduce spurt loss. Since field muds arealready loaded with solids it will be difficult to pack in adequate amounts of fine calcium car-bonate without causing mud weight and viscosity problems. Each 7-ppb of calcium carbon-ate will raise the density of the mud by about 0.1 ppg. Several options may be considered.While running casing, waiting on cement, etc., the density of the surface system can centri-fuged back 0.5 ppg or more and the weight replaced with fine calcium carbonate. If aweight-up is scheduled shortly before coring, the density can be increased with calcium car-bonate. If the pits are low, then new mud weighted exclusively with calcium carbonate canbe added. As above, a 5-10% dilution can help with several mud properties and make roomfor adding calcium carbonate. The calcium carbonate will adsorb a lot of surfactant.Pilot-test the additions to be sure the mud viscosity will not increase excessively. Also, waituntil after the calcium carbonate pilot tests before checking the IFT because the loss of sur-factant to the solids will cause a higher IFT measurement.
 • Electrical Stability – A 2000-volt ES reading is not realistic in an OBM containing signifi-cant amounts of water. A 500-volt reading may indicate a very good emulsion in an 80:20oil/water ratio fluid. Instead, focus on having enough emulsifier present so that there is nofree water in the filtrate during an HTHP fluid loss test.
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 TracersCharacteristics of a Good Tracer – Since the whole focus of this coring technology is gettingdata that is only available from uninvaded rock, it is necessary to be able to determine if (and howmuch) filtrate has reached the center of the core. Spiking the coring fluid with a unique chemicaltracer that will travel with the filtrate is the right way to reliably quantify filtrate invasion.
 Some key characteristics of a good tracer include:
 • The tracer must be soluble in the base fluid of the mud (water or oil) so that it will travel withthe filtrate.
 • It is preferred that the tracer be something not found in the reservoir so that filtrate can bedistinguished from the native fluids. Deuterium oxide is an exception to this rule, but it worksbecause the background level in reservoirs is pretty much constant. If the tracer is presentin the reservoir, try to get at least a 10:1 contrast between the concentration in the mud fil-trate and the reservoir level.
 • The tracer should be used in high enough concentration to quantify filtrate invasion down toonly 1-2% of a pore volume.
 • The tracer should be chemically stable under downhole conditions and throughout the coreanalysis process. This means the material should be thermally stable, not affected by thechemically reducing environment in a reservoir, and should not react or precipitate with any-thing in the reservoir.
 • The tracer should be biologically stable. That is, the material should not be a food sourcefor bacteria. The tracer concentration needs to remain stable through the completion of allcore tests.
 • A good tracer should not be appreciably surface active. That is, it should not adsorb on themud solids, or the reservoir rock. The tracer should travel freely with the mud filtrate and notreact with its environment.
 • The laboratory analysis for the tracer should be fairly uncomplicated and cheap.
 • The tracer should be relatively inexpensive to purchase, if possible.
 • The tracer should be ‘green’. That is, it should not cause the mud or core fluids to becomeenvironmental impact or disposal problems.
 • If possible, the tracer should be readily available in the oilfield, or its normal chemical sup-port infrastructure. Materials with long lead times can complicate projects.
 • A good tracer should be safe for rig personnel to handle. Safety information and safe han-dling suggestions should accompany the material to the field.
 • The tracer should not evaporate out of the mud over time.
 • For filtrate invasion to be accurately tracked, the tracer concentration must be uniformthroughout the mud system. It is difficult, but helpful if tracer concentrations can be moni-tored at the rigsite throughout the coring process.
 Finding a tracer that perfectly meets all of these criteria is very difficult, but keep the general princi-ples in mind and try to identify any place in the coring/core analysis process where the data mightbe compromised.
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 Adding Tracer to the Mud System – To accurately track where filtrate has gone in a core, atracer must be perfectly evenly distributed throughout the liquid phase of the mud. Since tracersare usually in limited supply at the rig (and sometimes expensive), they are most commonly addedonly after a successful displacement has been achieved. In rare cases a coring fluid that is badlycontaminated during displacement might have to be replaced. A reliable way to achieve eventracer distribution is to first add it slowly and evenly over an entire circulation of the mud system,and then circulate the mud system at least at least twice more. The tracer should be added at aspot with good mixing, perhaps by the agitator in the suction pit. All pits should be kept in activecirculation.
 Water-Based Mud Tracers – A wide range of chemicals have been used as tracers in WBM’sover the years, including salts, alcohols, dyes, and radioactive materials. Many of these may helpcrudely differentiate between mud filtrate and formation brine during a well test, but are poorlysuited to quantitatively track filtrate invasion in a core. For example, nitrate (usually supplied asammonium nitrate fertilizer or sodium nitrate) is a common well test tracer. Nitrate is a mild oxi-dizer and when it is circulated downhole into a chemically reducing environment it quickly beginsto convert to nitrite and then on to ammonia. Nitrate is also a wonderful bacteria food. All of thismeans that the tracer concentration will be going down with time (at an unknown rate) and willunder-predict the amount of filtrate invasion. Lithium ions (and all cations) will also under-predictinvasion because they will be consumed as they move through the core by ion exchanging ontothe reservoir rock. Thiocyanate ion is not thermally stable above about 125ºF. Dyes will adsorbonto reservoir rock. Alcohols tend to evaporate.
 Below are some tracers that have proved useful in low invasion coring.
 Bromide – Bromide ions, usually supplied as sodium or potassium bromide salt, make a prettygood coring tracer. Being an anion, bromide does not ion exchange with the clays in reservoirrock. Bromide is thermally and chemically stable, it is not a bacteria nutrient, and it is fairly easyand cheap to analyze for via ion chromatography. Sodium bromide is usually readily available inthe oil field since it is sometimes used in heavy completion brines. Potassium bromide will need tocome from a chemical supply house like Fisher or VWR.
 Bromide has a couple of weak points. Bromide is uncommon in reservoir brines, but does occa-sionally occur. In Alaska a number of reservoirs contain about 50-ppm bromide and in the MiddleEast some reservoir brines can contain up to 1500-ppm. If the composition of the formation brineis known and bromide is low, then bromide is probably the cheapest, easiest to obtain tracer. If thebromide level is unknown, or high, then switching to iodide may be prudent. Another considerationfor bromide (all salts) is that the plugs must be crushed and extracted with water to retrieve all ofthe tracer. This is done after all of the other tests on the plugs are complete, but the plug will belost.
 The dose rate for bromide should be about 1.0 ppb, which will supply about 2000-ppm bromideion. A recent quote from OSCA put dry NaBr at $2.13/lb.
 Any lab with ion chromatography capability should be able to do the tracer analysis, but one thathas a good track record is:
 Metrohm-Peak, Inc.Contacts: Derrick Rowe, or Jeff Brewer (Pres.)12521 Gulf FreewayHouston, TX 77034Telephone 281-484-5000Fax [email protected]@metrohm-peak.com
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 When sending critical samples to an independent lab it is always a good idea to slip in some accu-rately known standards to check the quality of the data the lab generates.
 • Iodide – Iodide ion, supplied as sodium or potassium iodide, is an excellent tracer for cor-ing. It has most of the stability, etc. of bromide, but is usually not found in reservoir brines atlevels above 1.0-ppm. There are exceptions to this, so always check the formation brinecomposition if possible. It is more expensive than bromide, typically costing in the neighbor-hood of $10-12/lb, but the necessary treatment level is only 0.2 ppb (about 500-ppm iodide).An example source is Fisher Scientific (800-766-7000, https://www3.fisher-sci.com/main.jsp), which shows a non-discounted catalog price for 50 kg of KI for $11.19/lb(cat. #NC9326718). The analysis for iodide is also done by ion chromatography. See Test-ing “Iodide Ion Analysis Procedure ” for sample processing and tracer calculations.
 • Deuterium Oxide – Deuterium is an isotope of hydrogen (one neutron added). It isnon-radioactive and non-toxic. Water (‘heavy water’) made with 2 deuterium atoms insteadof 2 hydrogen atoms has a molecular weight of 20 instead of 18 and can therefore be easilymeasured using a mass spectrometer. Since its properties are very similar to water, deute-rium oxide (D2O) is recovered from the core during the Dean-Stark analysis along with theresidual water in the core. This means that the core plugs do not have to be crushed andextracted like with the bromide and iodide salts.
 The problem with D2O is that it is naturally present in water (including formation brine) at around145-150ppm. This means that fairly high levels must be added to a mud to be able to detect fil-trate invasion down to 1-2% of a pore volume. A safe addition level is to add 850 ppm to the mud,based on the water phase. Addition levels of 300-500ppm are sometimes made, and BP has goneas low as 150ppm. Lower levels are cheaper but data quality can suffer, especially when quantify-ing low invasion levels.
 Two good sources for deuterium oxide are:
 Cambridge Isotope Laboratories, Inc.50 Frontage RoadAndover, MA 01810-5413978-749-8000 fax-2768
 Ontario Hydro International700 University Avenue, A14Toronto, Ontario, Canada M5G 1X6416-506-4945 fax-4684
 The material is high purity, with typically 99.3% of the hydrogen atoms being replaced with deute-rium. The cost is substantial, running about $240-270/kg, with about 130 kilograms needed per1000 bbls of mud (if adding 850 ppm). Also, since heavy water can be used in nuclear research &development certain countries (e.g. Middle East) may only be allowed to import small amounts peryear.
 Analysis of deuterium oxide concentration costs about $40/sample and a good vendor is:
 Southern Methodist UniversityStable Isotope LaboratoryDepartment of Geological SciencesDallas, TX 75275Contact: Kurt Ferguson
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 214-768-3528 fax-2701
 Tritium/Tritiated Water – Tritium is also an isotope of hydrogen, but with 2 neutrons crammed on.Unlike deuterium, tritium is radioactive, although it is a weak beta emitter and poses no dangeronce it is diluted into the mud system. Only about 350 millicuries (as HTO this represents <100cc’s of material) are needed to trace 1600 bbls of mud. The goal is never to exceed 50% of themaximum concentration allowed without special disposal considerations. This amount varies fromcountry to country.
 The regulations dealing with tritium are more extensive than its mild radioactivity would seem tojustify. This led to a sharp decline in the use of tritium in the 1980’s, despite it being cost effective(roughly $8,000/well). Only a service company licensed by the Atomic Energy Commission (inUS) can bring tritiated water onto the rig-site and mix it into the mud system.
 The details of using tritium on a project should be worked out with an experienced service com-pany. One good contact in the US is:
 Protechnics International, Inc.
 John W. Chisholm, President
 Alternate: George Schurz
 1160 Dairy Ashford
 Suite 444
 Houston, TX 77079
 281-496-3734
 A contact for the North Sea area is:
 Corpro Lab AS
 SjØhagen 3
 4016 Stavanger, Norway
 www.corpro-group.com
 Telephone 47 51 90 65 00
 Fax 47 51 58 55 98
 The analysis for tritium is done by process called liquid scintillation counting. Some of the tritiatedwater (and regular water) that is removed from the core plug during the Dean-Stark process iscarefully weighed into a vial of liquid scintillation cocktail. The radioactive decay of the tritiumcauses this cocktail to fluoresce in proportion to the amount of tritium present. The lab for analysisis frequently the same company that supplies the tracer. Analysis costs are about $50/sample.
 Oil-Based Mud Tracers – Less work has been done by the industry on oil phase tracers, but sev-eral good options exist.
 • Bromonaphthalene – 1-bromonaphthalene is fully soluble in oil, does not appear to adsorbon reservoir rock, and shows no degradation after 7 days at 350ºF. Bromonaphthalene willbe extracted from the core by the toluene used in the Dean-Stark process and can be ana-lyzed via a gas chromatograph with an electron capture detector. Section 4 Testing Bro-monapthalene Analysis Procedure contains a test protocol for bromonaphthalene.
 One laboratory that has a good track record analyzing for this tracer is:
 CPM Laboratory1548 Valwood ParkwaySuite 106Carrolton, TX 75006
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 972-241-8374Contact: Mike [email protected]
 A rough estimate for costs is $75/sample for small lots (20-30), and about $50/sample for lots of100+ (all delivered at one time).
 Bromonaphthalene may be ordered through any of the major chemical supply houses like Fisher,VWR, Aldrich, etc. One reliable source is:
 ACROS Organics (a division of Fisher Scientific)1 Reagent LaneFairlawn, NJ 07410800-776-7000201-703-3175Item #10715-5000
 Expect to pay about $75-80/kg.
 The target concentration is 100 ppm in the oil phase of the mud. An example calculation is givenbelow.
 Example – The daily retort indicates the mud contains 70% oil by volume. The density of this par-ticular base oil is 6.83 lbs./gal. This means that each 42-gallon barrel of mud contains 200.8 lbs.(91,082 grams) of base oil. The target is 100 ppm, so 100 millionths of 91,082 grams is 9.11grams. This is the amount of tracer to add per bbl of mud. The density of bromonaphthalene is1.487 g/cc, so 9.11 grams becomes 6.13 cc’s. These calculations will change depending on thedensity of a given base-oil and the oil content of the mud.
 1-iodonaphthalene also works well (30 ppm is enough), but it is no longer routinely made and mustbe special ordered at about 10 times the cost of bromonaphthalene.
 • Isotag – Isotag is a recent development in tracers. For an oil-based mud coring tracer thecompany supplies a hydrocarbon where one or more of the hydrogen atoms has beenreplaced by deuterium. The company name and product trade names are the same, Isotag.The normal treatment level is 1 kg of Isotag/400 bbls of mud. The cost is about $10 per bbl.
 A contact for the material is:
 Garland SmithIsotag – Upstream Technology281-290-6950 fax-6940281-794-8296 [email protected]
 For sample analysis a contact is:
 Jim SeelyIsotag2825 Broadbent Parkway N.E.Suite GAlbuquerque, NM 87107505-341-1062
 fax-1064
 [email protected]
 Sample analysis costs include a $3,000 set up fee and $175/sample.
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 Mud Samples for Tracer Background Measurement – In order to determine the amount of fil-trate invading a core the background amount of tracer in the mud must be very accurately known.To establish this, samples of the mud should be taken during coring. The established practice is totake a sample at the beginning of the core, at each 10-ft. interval and at the end of coring (ex. 4samples for a 30-ft. core). A good sampling point is the suction pit if the tracer concentration isuniform throughout the mud system. The mud engineer usually grabs the samples, but if he isbusy then anyone keeping in contact with the rig floor can take samples at the appropriate inter-vals. 500-1000cc samples are plenty unless other mud testing is planned. All samples should beclearly marked (permanent ink) with the Well Name, Date, Core Number and Depth. Forwater-based muds the sample containers should be tightly sealing plastic bottles (like polyethyl-ene Nalgene bottles). Sealing the lids with a few wraps of electricians’ tape can help preventleaks. Do not use metal cans for WBM samples (they quickly rust). For oil-based muds the situa-tion is exactly opposite. Base oils can swell and soften plastic bottles, so metal cans withscrew-lids must be used. Also, since OBM is combustible, the cans need to be DOT approved forshipping. The mud samples should be shipped with the core to the core analysis lab. If woodencrates are being used to ship the 3-ft. core sections it works well to put all of the mud samples inone spare crate.
 The process above assumes that the tracer concentration is uniform throughout the mud system.If there is any doubt about the uniformity of the tracer distribution then time-lagged samples musttaken corresponding to the top of the core, each 10’ interval and the bottom of the core. The sam-ples should be taken immediately below the shale shakers. Taking accurately time-lagged sam-ples is a pain in the neck, especially if there is not a mud-logger on the well to help keep track. It ismuch better to ensure that the tracer concentration is the same throughout the mud system.
 Cost Issues – Since tracer testing is fairly expensive there are some cases where it may not benecessary to analyze every plug for invasion. For example, if the core was cut at a fairly constantrate and a few plugs from the highest permeability parts of the core do not show invasion, it can bereasonably inferred that invasion did not occur in the lower permeability areas. Another routemight be to only test for tracer every 5- 10 ft. instead of every foot. If these widely spaced samplesshow low invasion, then it is probably not necessary to analyze all of the plugs. These short cutsmay not be useful if extremely detailed data is needed for an equity fight in court.
 Displacements
 General – The goal of a displacement is to thoroughly sweep the old mud out of the hole leavinguncontaminated premium coring fluid in place, at a reasonable cost. Clean displacements areusually achieved by pumping a series of spacers ahead of the coring fluid. Displacements can getvery complex, but some rules-of-thumb are given below.
 • Heavy fluids displace lighter fluids pretty cleanly, but light fluids will finger through heavierfluids and create a long, messy interface. If the coring fluid will be heavier than the drillingfluid then the displacement will be reasonable and the spacers should be heavier than themud and slightly lighter than the coring fluid. If the coring fluid is lighter than the mud, thensuch an unfavorable displacement can be improved by making the spacers very large andvery viscous.
 • Viscosity has an effect similar to that of density. Thick fluids displace thin fluids nicely, butthin fluids will finger through thick fluids and take a long time to clean them out of a hole.Thinning the mud in the hole before the displacement will help, as will making the spacer(s)large and viscous (at least the last one).
 • How large should the spacers be? A good rule of thumb is that a thorough displacement willbe obtained if the spacer covers 1500 feet of hole. Low invasion coring most commonly
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 occurs in 8 ½” hole, so this translates to spacers of about 75 bbls each. Spacers this largemight call for creative pit management on some rigs.
 • How many spacers should be used? Occasionally, a single spacer is adequate, but usually2 spacers (1500-ft. each) will result in a much better displacement. The first spacer is aimedat effectively mobilizing the old mud. It is usually characterized by low viscosity (to thin theold mud), and surfactants or other chemicals to help with mud removal. The second spaceris usually coring fluid with extra viscosifier added to cleanly sweep everything out of thehole.
 • The displacements should be made at high rates (10-12 bpm in 8 ½” hole, if possible), andshould be continuous. If pumping is stopped before the displacement is complete gravitywill make a mess of the interfaces.
 • Pipe rotation seems to help keep the old mud stirred up and reduce dead spots. Rotatingabout 40-50 rpm usually helps achieve a clean displacement. Reciprocation, on the otherhand, seems to smear out interfaces by plunging the tool joints back and forth through them.Assuming that the hole is stable and has been circulated clean prior to the displacement,reciprocation is probably not needed.
 • Determining when clean coring fluid is present at the end of a displacement is always a bitof a challenge. One simple approach is to add a sack of medium or coarse nut-shell lost cir-culation material to the last spacer. The appearance, and tailing-off, of this material on theshaker screens will serve as a clear indicator of the passing of the last spacer. Other usefulindicators include pump-stroke counts, color, pH, density and electrical stability (OBM’s).Even in high angle holes the displacement to coring quality fluid is usually complete by theend of the second spacer.
 • It is fairly common for a core point to be a short distance below an intermediate casing-shoe.If this is the case, the cement should be drilled and the casing shoe tested with the old mudto prevent contamination of the coring fluid.
 • The screens on the shale shakers should be backed-off to 50-80 mesh during the displace-ment, and for the first circulation or two. Thick mud at spacer interfaces can blind finescreens, and partially hydrated polymer in the coring fluid can be scalped out. The finescreens should be replaced before coring begins.
 • The logistics of displacing an entire mud system can get pretty complex depending onmany, many issues related to mud delivery, rig plumbing, displacement rate, mud haul-off,etc. There are too many variations to cover here, but the Coring Expert, Drilling Fluid Engi-neer and Rig Supervisor should work up a detailed plan well in advance of the actual dis-placement.
 • Water-Based Mud to Oil-Based Coring Fluid – This displacement can usually be accom-plished with two spacers. The goal is to minimize water contamination of the all-oil coringfluid (<2%). The displacement can be aided by thinning the old mud prior to displacement,much like what is done before cementing.
 • Spacer #1 – This spacer should be water-based, thin but viscous enough to support barite,about the same density as the coring fluid and should match the water-based mud withregard to salinity (type and amount) and pH. For 8 ½” hole the volume should be about 75bbls. This spacer can contain additional dispersants to help removed gelled mud.
 • Spacer #2 – This spacer should be oil-based and quite viscous (YP 30-40). The easiestway to do this will be to add about 4-5 ppb of organophilic clay to 75 bbls of coring fluid. An
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 easy way to monitor for the end of the displacement is to take ES (electrical stability) read-ings at the possum belly. The target value is 1000-1500 volts and this value should bereached by the end of the spacer, or within the following 20-30 bbls. A sample with a1000-volt ES should retort with <10% water. The next 30-40 bbls of fluid may also be abovethe 2% water target, but this small amount of water will be spread out over the entire mudsystem. Displacing until a 2000 volts reading is obtained would throw away a lot of expen-sive oil-based coring fluid.
 Water-Based Mud to Water-Based Coring Fluid – This displacement can usually be accom-plished with two spacers. The goal is to prevent the contamination of the coring fluid with the sur-face-active agents and other components of the WBM. Thinning the WBM prior to displacement(as prior to cementing) will improve the displacement efficiency.
 • Spacer #1 – This water-based spacer should be thin, but able to support barite. It shouldhave similar salinity and density to the coring fluid. It should have reasonable fluid loss con-trol (4-ppb starch, 1-ppb low viscosity PAC), and should contain biocide. 75 bbls is a goodsize for 8 ½” hole. It is probably best if this spacer does not contain any dispersants or othersurface-active agents. However, extra chemical might be warranted if the WBM being dis-placed has high gel strengths or is considerably heavier than the coring fluid.
 • Spacer #2 – This spacer should be about 75 bbls of coring fluid viscosified to an LSRV of40,000-60,000 cp. with about 1-ppb of xanthan gum (pilot test).
 Oil-Based Mud to Water-Based Coring Fluid – This type of displacement will be uncommonsince OBM is such a good coring fluid. However, displacing an OBM to a water-based coring fluidmight be done if wettability was a key coring goal and the core was likely to be invaded due to lowROP. A clean displacement is important because of the high surfactant loading in most OBM’s.Contamination of the water-based coring fluid with surfactants would compromise its ability to pre-serve wettability. Oil muds are difficult to displace because OBM strongly oil-wets all surfaces andbecause water contamination can cause an OBM emulsion to ‘flip’, become water external, andget very, very thick. In this type of displacement, three spacers may be more suitable than two.
 • Spacer #1 – This spacer will serve as a buffer between the OBM and any water-based fluidsthat follow. It should be an all-oil fluid, much like the coring fluid outlined earlier in this chap-ter. This will minimize the viscosity problems encountered when a regular OBM emulsionflips to become a water external emulsion. The spacer can be weighted with barite andneeds no more than half of the fluid loss material listed for the coring fluid. It should beloaded with strong emulsifiers/wetting agents to help it tolerate contamination with thewater-based fluids that will follow. It should be about the same density as the coring fluidand about the viscosity of the OBM. If a heavier fluid is being displaced or if the hole is highangle, the spacer should be large (75 bbls). Otherwise, 40 bbls or so should be enough.
 • Spacer #2 – This spacer should be water-based and loaded with water wetting and oil solu-bilizing surfactants (4-10% by vol.). Citrus oil based solvents can also be helpful. Thespacer should be fairly thin but able to support weighting material. The density and salinityshould be similar to the coring fluid. It should have some fluid loss control (4-ppb starch and1 ppb low viscosity PAC), and should contain biocide. The volume should be 75 bbls.
 • Spacer #3 – This spacer should be very viscous, with an LSRV of 40,000-60,000 cp. Thesimplest approach will be to take 75 bbls of the coring fluid and add about 1 ppb of xanthangum polymer (pilot test).
 Oil-Based Mud to Oil-Based Coring Fluid – This is also a fairly uncommon displacement, but aneasy one. The goal is to keep the surfactants and water in the OBM from contaminating the coring
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 fluid. A single spacer should be adequate. Use 75-100 bbls of coring fluid viscosified with anextra 4-5 ppb of organophilic clay (pilot test for YP of 30-40).
 Solids Control
 Extensive use of calcium carbonate complicates the normal use of solids control equipment. Cal-
 cium carbonate (2.7 g/cm3) has almost the same density as drilled solids (about 2.6 g/cm3) sohydrocyclones and centrifuges throw away both materials. Every effort should be made to run 200mesh screens on the shakers (after displacement). This may not be possible on some rigs but theuse of all equipment should be optimized. Removing the maximum amount of solids on the firstpass will simplify the maintenance of the fluid. The coring fluid density may creep up due to thehigh-density slugs used when tripping the core out of the hole. Running the centrifugal equipmentsparingly and evenly over a full circulation or two can offset the density increase. If MBT, viscosity,and mud weight continue to climb, dilutions can be made with unweighted new mud (4-ppb clay).Dilution is not preferred if it can be delayed until coring is complete because it will disrupt thehomogeneous distribution of the tracer. Any mud additions must include tracer and the mudshould be circulated until the tracer is evenly distributed (at least two full circulations of the sys-tem). Filling the pits as full as practical at the start of the job can frequently eliminate the need fordilution. About 50-75 bbl/day will be lost on the shakers, centrifuge, etc.
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 Packer FluidsIntroduction
 A packer fluid is a fluid left in the casing tubing annulus when completing a well. The purpose ofthe fluid is to help balance pressures on the tubing and casing strings by providing a hydrostaticpressure on the static side of the tubular goods. The fluid may be either water-based or oil-based.Regardless of the type of fluid used, there are several common properties required for adequateperformance. The principal requirement of a packer fluid is stability. A packer fluid will be left staticfor long periods of time between workover operations. A fluid which solidifies or allows all the sol-ids to settle on top of the packer will significantly increase the maintenance well costs. A goodpacker fluid will inhibit corrosion of the tubular goods either through oil wetting, as with oil-basedmuds, or by the use of appropriate corrosion inhibitors. The fluid should be non-damaging to theformation in the event of a packer leak or other downhole communication between the annulusand the wellbore. The fluid should also be of sufficient density to properly balance the anticipatedpressures. Several fluids have been found which meet these requirements.
 Water-Based Drilling Muds
 As a general rule, water-based drilling muds are not suggested for use as packer fluids. Excep-tions to the rule are the use of low-density drilling fluids in shallow areas of relatively low tempera-ture. Water-based drilling fluids are susceptible to extremes of temperature and can solidify withlong-term exposure to downhole conditions. Lime-based drilling fluids are particularly susceptibleto high temperature gelation. Settling and corrosion, whether from electrolytic or bacterial actionare other problems associated with the use of water-based drilling fluids as packer fluids. Lignosul-fonates and other organic materials used in water-based fluids may release CO2 and H2S duringthermal degradation. These acid gases can be extremely corrosive and can cause tubing failure ina very short period of time. Table 4 lists several wells completed with a water-based packer fluidand the condition of the fluid upon re-entry at a later date, and Table 5 provides general mixing andperformance data for a freshwater packer fluid.
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 Clear Fluids
 Clear fluids may be anything from fresh water to a heavy brine depending upon the densityrequired. Clear brines with densities up to 19.2 lb/gal are available. As a general rule the cost perbarrel increases with density. One major benefit of the use of these materials is that they are solidsfree. This eliminates the need for products used to maintain suspension of weight materials, which
 Table 4. Results of Water-Based Drilling Fluids Used as Packer Fluids
 WellDepthFeet
 AgeYears
 Mud pH atCompletion
 Mud pH atWorkover
 Sulfide onTubing Remarks
 1 12,500 5-1/2 10.0 8.4 Positive Brittle failures of tubing
 2 12,980 6-1/2 10.5 8.2 Negative Casing failure
 3 13,600 1-2/3 11.0 9.2 Positive Casing failure
 4 10,200 1-1/2 9.0 8.5 Positive No failures
 5 11,800 1-1/6 8.0 8.0 Negative Tubing replaced, down-graded
 6 4,200 17 8.0 8.0 Negative No failures
 7 9,400 4-1/3 7.5 7.1 Positive Severe external tubing corrosion
 8 9,000 6-1/3 10.0 8.4 Positive Tubing failure
 9 9,650 4 10.0 7.0 Positive No failure
 10 10,000 7 11.4 9.6 Negative Tubing failure
 Table 5. Suggestion Composition of Water-Based Packer Fluid
 Mud Densitylb/gal
 SuggestedFun. Visc.
 sec/qt
 Fresh Waterbbl
 CausticSoda
 Bentonitelb
 CMClb
 Baritelb
 11 45-55 0.91 0.36 10.9 1.82 145
 12 50-60 0.87 0.35 9.5 1.73 200
 13 55-65 0.83 0.33 8.3 1.66 255
 14 55-75 0.79 0.32 7.1 1.58 310
 15 60-80 0.76 0.30 6.0 1.51 365
 16 65-85 0.72 0.29 5.0 1.44 420
 17 75-90 0.68 0.27 4.1 1.37 475
 18 75-100 0.65 0.33 3.3 1.31 530
 19 75-100 0.61 0.43 2.5 1.22 585
 20 75-100 0.57 0.46 1.7 1.15 640
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 in turn, eliminates the possibility of settling and high temperature gelation. These fluids tend to behighly corrosive, but this tendency can be reduced by raising the pH and using corrosion inhibitors.
 Viscosifying Agents
 The material used to maintain viscosity in the packer fluid will vary with the type of fluid used. Ben-tonite, of course, is a viable and inexpensive choice for use in fresh water fluids. Several polymersare available for use in the clear brines as well as in fresh water. CMC and polyacrylonitriles maybe used, but polymers such as xanthan gum, HEC and other starch derivatives are frequently cho-sen, because they are partially or completely acid soluble. This acid solubility enables the operatorto limit or reverse formation damage from the polymers.
 Bridging and Fluid Loss Agents
 In the event the packer fluid comes into contact with the formation, some filtration control is neces-sary. This can be a particular problem with the clear brines since they do not have the solids basewhich forms the filter cake in conventional fluids. While polymers alone can provide substantial fil-tration control, it is frequently necessary to add a material to serve as a bridging agent to aid inplugging permeable formations. Graded calcium carbonate is frequently used in this application. Itis chosen because it is essentially completely soluble in acid which helps minimize formation dam-age due to solids build-up. Other bridging agents used are powdered, oil-soluble waxes, and res-ins, which will later dissolve when oil production begins, and graded solid salt which will laterdissolve when in contact with fresh water. Filtration control agents used are the CMCs, polyacry-lonitriles, xanthan gum, and starches and derivatives.
 Weight Materials
 Along with the conventional materials such as barite, several other materials are used as weightmaterial. These are calcium carbonate in various grades and certain iron compounds, both ofwhich are acid soluble. The calcium carbonate, being of a lower specific gravity than barite orhematite, has a maximum density limit of about 14 lb/gal. This is true also of graded salt which isalso occasionally used for density in oil or saturated salt fluids.
 pH Control
 pH control is essential in packer fluids. It is accomplished by addition of caustic soda (NaOH) tothe fluid. Maintaining a high pH is important because it is the first line defense against corrosion.Since the packer fluids are expected to be in place for years without being disturbed, corrosion is aprincipal concern. The likelihood of corrosion occurring is worsened in an acidic environment(below pH 7).
 Corrosion Inhibition
 As mentioned above, the prevention of corrosion is of major concern when designing a packerfluid. There are several methods of corrosion inhibition, all of which should be considered. In addi-tion to elevating the pH as mentioned above, there are specific corrosion inhibitors which may beemployed. These are presented in two basic categories: passive and active. The active inhibitorsreact with corrosive elements in the fluid, for example, sulfites react to remove oxygen from thefluid. The passive inhibitors, on the other hand, form a coating on the steel components and inhibitthe current flow necessary to complete an electrochemical corrosion cell. The ultimate corrosion
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 inhibitor is an oil-based fluid used for the packer fluid. When all the steel surfaces are preferentiallyoil wet, corrosion is minimized.
 Oil-Based Muds
 Oil-based drilling fluids are frequently used as packer fluids, particularly in deep hot wells. While oilmuds are still susceptible to settling, they are very temperature and pressure stable. Oil mudshave a very low inherent corrosion factor and are not susceptible to bacterial degradation. Oilmuds are probably the most universally applicable fluid for use as a packer fluid. Certain proce-dures are recommended to convert a drilling fluid for use as a packer fluid. the mud should becleaned up, most drill solids should be removed mechanically. The carrying capacity of the fluidshould be increased substantially to combat the possibility of solids settling. See Table 6 for rec-ommended fluid properties for packer fluids.
 Casing Packer Fluids
 Casing packs are fluids left behind casing above the cement. They serve a function similar to apacker fluid in protecting the casing from formation fluids. In addition, they allow the retrieval of aportion of the casing in the event the well is dry. Casing packs must be stable at anticipated condi-tions for long periods of time and assist in corrosion protection of the casing.
 Arctic Casing Packs
 Casing packs perform a special function in arctic areas. They are applied between strings of cas-ing which penetrate the permafrost layer in these areas. They have an added function of reducingthe heat flow from the well to the surrounding environment. Arctic packs are highly gelled to limitthe formation of convection currents which increase heat transfer. They should also be non-freez-ing, which effectively limits them to being oil-based fluids. The freezing restriction is necessary toprotect the casing from extremes of pressure generated by ice formation in the annular spacesbetween casing strings. Refer to DTC Technical Memorandum #87-04 for a complete descriptionof Arctic Casing Packs.
 Table 6. Recommended Properties for Oil-Based Packer Fluids
 Mud Density lb/gal Min
 10Max Min
 12Max Min
 14Max Min
 15Max Min
 18Max
 Yield Pointlb/100 ft2
 30 80 30 100 30 120 30 140 30 150
 10-Second Gellb/100 ft2
 20 50 25 60 25 70 30 90 30 130
 10-Minute Gellb/100ft2
 30 60 30 70 30 80 35 100 35 180
 Alkalinity, ml N/10H2SO4 per ml mud
 1.5 6.5 1.5 6.5 1.5 6.5 1.5 6.5 1.5 6.5
 ElectricalStability, volts
 300 325 350 375 400
 Water Content% by volume
 20 35 20 35 15 30 10 25 5 15
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 Gas Hydrates Control for Deep Water Drilling Operations
 Extracts from the GAS HYDRATES WORKSHOP II
 May 1998
 Westport Technology Center and Well Control Systems Design Inc.
 JIP with BP, Amoco, Chevron, Conoco, Shell & Statoil
 Prepared by A.P.Hibbert, BP SPR Sunbury,
 for the Barden/Ocean Alliance Well, Norway
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 Some Questions:• What are Hydrates?
 • What happens when hydrates form and why is it important to prevent their formation?
 • How do we predict the region of stability (temperature and pressure) under which hydrateswill form?
 • Under what sort of conditions, and in which sort of drilling operations, will hydrates form?
 • Where and when are these conditions likely to occur?
 • How do we inhibit hydrates?
 • What strategies can be used to decrease the impact of hydrates if they cannot beavoided?
 • If we shut down, how much time do we have before hydrates may form?
 • What conditions exist at the BOP stack?
 • How do we monitor the potential for hydrate formation at the rig site?
 • If hydrates do form, how do we get rid of them?
 • What has happened on other deepwater drilling operations from which we can learn?
 • Nature of gas hydrates and their basic structure
 General Description of Gas Hydrates
 Gas hydrates are solid inclusion compounds similar to ice in appearance, but differing in crystalstructure. For over 160 years, hydrates remained a mere scientific curiosity. Their importance to
 the oil and gas industry was realized in the early 30's when Hammerschmidt1 discovered that thesolid compounds that frequently plugged gas transmission lines during cold weather were not ice,but hydrates.
 The danger of hydrates comes from two basic physical properties. The first, is the solid nature ofthe hydrate phase itself and its tendency to adhere to metal surfaces. The second, is the large gascontent of the hydrate phase which, upon melting, can release up to 170 scf of gas per cubic footof hydrates. Furthermore, hydrate formation can cause the breakdown of a mud system by freshwater extraction from the mud to form the hydrate structure.
 In the early 80s, a core of naturally occurring hydrates was recovered during the Deep Sea DrillingProject (DSDP) leg 84 from a depth of 249.1 m to 258.8 m below sea bottom of the Middle Amer-
 ica Trench offshore Guatemala2. Figure 2.1.1 shows a portion of the recovered core.
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 Figure 2.1.1 A CORE OF NATURAL HYDRATES RECOVERED DURING THE DEEP SEA DRILLING PROJECT LEG 84 OF THE MIDDLE AMERICA TRENCH OFFSHORE GUATEMALA2
 Crystal Structure
 Under favourable conditions of high pressure and low temperature, water physically entraps themolecules of a hydrate former inside a hydrogen-bonded solid lattice. The hydrate former can bein a vapour or a liquid state, miscible or immiscible with the water. Methane, ethane, propane,butanes, CO2, N2, H2S, and their mixtures are known hydrate formers. Currently, there are three
 known crystal structures for gas hydrates3,4,5,6.
 Elements Necessary to Stabilize Hydrates
 As illustrated in Figure 2.3.1, four elements are necessary to form and stabilize gas hydrates.These are:
 The hydrocarbon phase
 The aqueous phase
 Low temperature
 High pressure
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 Figure 2.3.1 Elements necessary to STABILIZE gas HYDRATES
 In the deep water drilling environment, the open hole provides hydrocarbons and the aqueousphase (water), while water-base muds provide another source of water. Formation water is usuallysaline, which provides some protection against hydrates. The pressure at the mudline is depend-ent on the mud weight, the magnitude of the circulating pressure losses in the annulus and thechokeline, and the allowable kick margin.
 Hydrate Phase Behavior and InhibitionThe three phase hydrate equilibrium (Gas-Water-Hydrate) of a given gas composition and aque-ous phase (drilling fluid for example) is defined by the pressure and temperature conditions atwhich the last hydrate crystal melts. The phase equilibrium is normally presented in the form of aphase diagram similar to the one shown in Figure 3.1. This phase diagram represents the threephase hydrate equilibrium of the Green Canyon gas mixture and pure water. Each data point (solidtriangles) on the phase diagram is obtained from one hydrate thermodynamic test. A typicalhydrate thermodynamic test generates the P-T trace shown in Figure 3.2, where point A repre-sents the hydrate equilibrium pressure and temperature. In reality, point A represents the pressureand temperature at which the last hydrate crystal has melted. By repeating this test at several dif-ferent pressures, the entire Gas-Water-Hydrate phase line of Figure 3.1 is generated. Along thisline, the three phases, gas, water, and hydrate coexist in equilibrium. At any pressure and temper-ature conditions to the right of this line, hydrates cannot form, while to the left they can.
 Example: Deepwater @39°F (3.88°C): Hydrates will form at only 150-175 psiPrudhoe gas re-injection at 4,200 psi: Hydrates will form at only 82°F(28°C)
 High Pressure
 Low Temperature
 Natural Gas
 Water
 Hydrate
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 Figure 3.1 Phase diagram of the Green canyon gas hydrate
 Further examination of Figure 3.2 shows that during a thermodynamic test, hydrates actually format point B, as indicated by the massive pressure drop. Although hydrates actually form at point B,the melting point A is normally used to define the hydrate phase line. This is due to the metastabil-ity associated with the hydrate formation process, which does not allow a reproducible representa-tion of the hydrate formation locus EF.
 The dotted line, EF represents the limit of the metastable region, where hydrate formation is possi-ble. The metastable region reflects the degree of subcooling (normally, 10-12°F) required to initiatethe formation of hydrates. This subcooling can be looked at as a safety factor embedded in theway we estimate the potential for hydrate formation. The probability of hydrate formation increasesas we move from line CD to line EF. In the region to the left of line EF, hydrate formation becomesdefinite. Without a clear definition of the metastable region, it is not recommended to include thesubcooling in the mud designs for hydrate inhibition and leave that as a safety factor.
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 Figure 3.2 A typical hydrate thermodynamic test
 Thermodynamic Inhibition
 To destabilize or inhibit gas hydrates, one or more of the four basic elements (The legs of the tableshown in Figure 2.3.1) must be eliminated from the system. Removing all the water, may not bepossible even when using oil-base muds. Instead, the water activity is normally lowered by addingsalts or glycols to suppress hydrates. Not encountering a gas kick, on the other hand, will removethe hydrocarbon phase.
 As early as the 1930s1 the oil and gas industry started to use antifreeze chemicals such as salts,alcohols, and diols (glycols) to suppress hydrates. This was a direct utilization of the well-knowndepressing effect of these chemicals on the freezing point of water. With the addition of a thermo-dynamic inhibitor, one can shift or move the hydrate phase line of Figure 3.1 in the direction shownin Figure 3.1.1. If the anticipated operating pressure and temperature fall to the right of the shiftedphase line, hydrates should not form. Otherwise, more inhibitor is needed to shift the phase linefurther left. A list of common hydrate inhibitors is shown in Table 3.1.1.
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 Table 3.1.1. Common Thermodynamic Hydrate Inhibitors
 Figure 3.1.1 THERMODYNAMIC SUPPRESSION OF GAS HYDRATES
 Although the end effect of using alcohols, glycols, and salts is the suppression of the hydrate for-mation conditions, the inhibition mechanisms, are different.
 Salts Alcohol/diols
 NaCl Methanol
 KCl Ethanol
 CaCl2 Glycerol
 Na-Formate Ethylene glycol
 K-Formate Propylene glycol
 NaBr Polyalkylene glycol
 CaBr2ZnBr2
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 Prediction of The Hydrate Phase Behavior
 The purpose of this section is to demonstrate how to construct the hydrate phase diagram shownin Figure 3.4.1. In this figure, phase line 1 represents the hydrate equilibrium conditions for a freshwater mud, while phase line 2 is the hydrate equilibrium conditions for an inhibited mud. Either ofthese phase lines can be measured experimentally. However, current prediction methods are fairlyaccurate for well-defined mud systems. The fresh water phase line can be predicted using eitherthe statistical thermodynamic or the gas gravity methods:
 Figure 3.4.1 Hydrate Phase Diagram
 Statistical Thermodynamic Method
 The statistical thermodynamic theory of van der Waals and Platteeuw6 represents the current stateof the art in hydrate prediction. This theory, which introduced the first quantitative method to pre-dict the equilibrium conditions of gas hydrates based on their crystal configuration, is the backboneof all the commercial hydrate prediction models. Some of the commercial hydrate prediction mod-els available are listed in alphabetical order below:
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 Equiphase-Hydrate
 HYDRATE
 HYSIM
 INFOCHEM
 MEGHA
 PRO/II
 WHyP
 The typical accuracy of these models in predicting the three phase (Gas-Water-Hydrate) pressureand temperature is within 10% and ±2°C.
 Except for WHyP, Westport Hydrate Prediction Program for Drilling Fluids, these models weredeveloped for production systems. WHyP, on the other hand, is specifically tailored for use by drill-ing personnel, but is still under development by a Joint Industry Project.
 Any of these models can be used to predict the hydrate phase equilibrium of pure water/naturalgas systems (line 1 in Figure 3.4.1). Some of these models can also be used to predict the phaseline of the inhibited mud, line 2. In this workshop, we will demonstrate the use of theEQUIPHASE-HYDRATE and WHyP models.
 To predict the hydrate phase line of a fresh water/gas kick fluid, a gas chromatographic analysis isrequired as input. For the Green Canyon gas, the compositional analysis is shown in Table 3.4.1.
 Table 3.4.1. The COMPOSITION of the Green Canyon Gas
 Example 1
 1.a.Use the hydrate prediction models EQUIPHASE-HYDRATE and WHyP to generate thehydrate phase line of fresh water mud/ Green Canyon gas.
 1.b.Repeat the same calculations for 20wt% NaCl mud system.
 Component N2 C1 C2 C3 IC4 NC4 IC5 NC5
 Mole% 0.403 87.24 7.57 3.08 0.510 0.792 0.202 0.200
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 Drilling through Hydrates
 Since the earliest experience with drilling through hydrate zones on the North Slope of Alaska, itwas realized that the amount of gas generated by melting hydrates can be minimized by maintain-ing relatively low temperatures and high pressures. Not only is the gas an immediate safety hazardbut when left uncontrolled, the severity of the problem increases. A vicious circle can develop withgas in the well leading to lower hydrostatic pressures which increases the rate of hydrate sublima-tion generating more gas. One cubic foot of hydrates when melted can generate up to 170 stand-ard cubic feet of gas.
 With drilling extending to deeper waters, there is a chance for gas hydrates to be present in thesoil at and beneath the sea-bed. The pressure generated by the hydrostatic column of the seawater and the low sea-bed temperature are conducive for hydrate formation given the availabilityof a hydrocarbon source. One source of hydrocarbon is the methane gas resulting from biode-graded marine life. In addition to that, gas seepage, known to exist in the Gulf of Mexico forinstance, can provide another source for a wide range of hydrocarbon species.
 A transient temperature simulator was used to examine whether drilling through a hydrate ladensoil would cause hydrate melting, the consequence release of gas and possibly destabilizing thedrilled hole.
 Figure 4.1 shows a schematic of the drilling configuration used in the temperature simulator. Seawater with a density of 1.03 g/cc is circulated through the drill string and discharged at the sea bed(before setting the BOP). A drilling time of five hours and mud circulation rate of 1500 gpm weresimulated. Assume that the naturally present hydrates are formed from a gas with a composition of97% C1, 3% C2, and 1% C3. The vertical extent of the hydrate region can then be determined, asshown in Figure 4.2, from the intersection of the hydrate phase line and the undisturbed geother-mal gradient. Figure 4.2 shows that hydrates will not be stable at a depth greater than 2650 m(8692 ft) below MSL (mean sea level). Table 4.1 shows the other input parameters used in the sim-ulation runs.
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 Table 4.1. INPUT PARAMETERS USED IN THE TRANSIENTTEMPERATURE SIMULATOR
 Figure 4.1 SCHEMATIC OF THE DRILLING CONFIGURATION
 The simulator results are demonstrated in Figures 4.2 and 4.3. In Figure 4.2 the temperature distri-bution inside the drill string and the annulus are plotted. Although the annular temperatureincreases dramatically within 0.5 hr from the start of the circulation (drilling), it only slightly exceedsthe hydrate melting temperature. As circulation continues, the annular temperature graduallydrops, and in five hours it becomes 5.2° K higher than the temperature inside the drill string.
 Figure 4.2 shows the temperature distribution at the top, middle, and bottom sections of thehydrate zone at 0.5 hr and 5 hrs from the start of circulation. A hole depth 1666 m below MSL isused. The hydrate melting temperatures for these three sections, starting from the top are 293.5,294, and 295.5°K. Interestingly, the formation temperature remained virtually the same beyond adistance of 0.6 m from the wellbore. Within the affected area, however, the bottom section of theformation (top curve) actually cooled down by as much as 11°K after five hours of circulation. Thetemperature of the top section, however, increased by 5°K above the undisturbed formation tem-perature, but remained well below the hydrate melting temperature.
 In conclusion, it appears that during deepwater riserless drilling using a seawater mud, a hydratezone, if encountered, will remain mostly intact.
 Mud type Sea water
 Mud weight 1.03 g/cc
 Water depth 2134 m (7000 ft) from MSL
 Mudline temperature 276.1°K (37°F)
 Mud circulation rate 0.396 m3/min (1500 gpm)
 Hole size 0.4445 m (17.5 inch)
 Drill pipe ID/OD 0.1515/0.1683 m (5.965/6.625 inch)
 Surface temperature 300°K (80° F)
 Geothermal gradient 0.0364° K/m (2° F/100ft)
 Total depth 2744 m (9000 ft) below MSL
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 Figure 4.2 EXTENT AND STABILITY OF THE GAS HYDRATE ZONE
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 Figure 4.3 Temperature distribution within the hydrate zone
 Remedial Actions
 This section of the workshop examines some of the potential options to remove a hydrate block-
 age from the choke and kill lines under a deep-water offshore drilling environment.1 The optionsinclude radial heat tracing, pipe warm-up, and hot water circulation through coiled tubing. Basedon the current design for the BOP stack and the configuration of the choke and kill lines, it appearsthat heat tracing is a viable option.
 Hydrate Melting Schemes
 In deep-water drilling rigs, the risers are partially insulated with the floatation material attached tothem, while the BOPs and choke/kill lines are exposed to sea water. As a result, it is more likely forhydrates to form inside the BOPs and the choke/kill lines. In general, hydrate melting can beachieved by using four basic schemes. These are:
 (1) Mechanical
 (2) Depressurization
 (3) Chemical
 (4) Thermal
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 In the first scheme, the hydrate blockage is removed by applying direct mechanical force such asdrilling or differential pressure. In the depressurization scheme, the pressure over the hydrate plugis reduced below the hydrate equilibrium pressure at the prevailing temperature. Consequently,the hydrate blockage starts to dissociate at the boundary subjected to the pressure reduction. Thethird scheme involves bringing inhibitors like methanol, salts or glycol into direct contact with thehydrate blockage to destabilize the hydrate. In the thermal scheme, an external source of energyis utilized to raise the hydrate plug temperature above the hydrate equilibrium temperature. Thelast three schemes are schematically illustrated on the hydrate phase equilibrium diagram shownin Figure 5.1.
 The following paragraphs present an evaluation of the potential options available under the ther-mal scheme to remove a blockage of hydrate from the choke and kill lines.
 Radial Heat Tracing
 In this option, the hydrate plug melting is achieved using heating elements strapped to the outsideof the choke and kill lines as depicted in Figure 5.2. A heat transfer computer model was used toexamine the feasibility of this option in a deep-water offshore environment. The complete mathe-
 matical formulation of the energy balance was previously presented1. We determined the sensitiv-ity of the melting process to such parameters as heat flux, hydrostatic pressure over the plug,insulation thickness, and insulation quality (thermal conductivity). The dimensions and physicalproperties of the choke and kill lines, insulation material and the hydrate plug used in the calcula-tions are given in Table 5.1.
 Figure 5.1 Hydrate Phase diagram illustrating three basic hydrate melting schemes
 Figure 5.2 Schematic of a hydrate plug
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 Table 5.1. The physical properties of the choke/kill lines, coiled tubing,insulation material, and the hydrate plug used in the calculations
 Figures 5.3 shows that if the choke/kill lines are well insulated, the melting process is controlled by
 the power of the heater (heat flux). For instance, a heat flux of 1200 W/m2 will melt a hydrate pluglocated at a water depth of 6000 ft (1829m) and mudline temperature of 36°F (2.2°C) withinapproximately two hours.
 Note: The melting of the middle of the plug can generate enough pressure to cause burst pipe.
 Choke/kill lines and Coiled Tubing material: Carbon steel
 Choke/kill lines pressure rated to 15,000 psi
 Choke/kill lines ID: 3.5 inch (0.0889 m)
 Choke/kill lines OD: 5 inch (0.127 m)
 Coiled Tubing ID: 1.375 inch (0.0349m)
 Coiled Tubing OD: 1.875 inch (0.0476m)
 Thermal conductivity of Carbon steel, kp: 30 Btu/(ft.hr.°F)= 51.9 W/m.K
 Density of Carbon steel, ρp: 487 lb/cu.ft = 7801 kg/m3
 Heat capacity of Carbon steel, Cp: 0.113 Btu/(lb.°F) = 473 W.s/kg.K
 Thermal conductivity of insulation, kins: 0.03 W/m.K
 Thickness of insulation: 1 inch (0.0254m)
 Hydrate enthalpy of dissociation ∆H: 57.7E6 W.s/kmol
 Hydrate heat capacity, Ch: 275.12E3 W.s/kmol.K
 Density of hydrate, ρh: 5.08 kmol/m3
 GASFLOW
 Water
 Ro
 R(t)
 Pipe Wall
 HydratePlug
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 Figure 5.3 Effect of heater power and mudline temperature on the melting rate
 Warm-up of Choke/kill lines by Heat Tracing
 The objective of this option is to keep the choke and kill lines temperature high enough to reducethe chances for hydrate formation while using an under-inhibited mud. We calculated the requiredheat flux to heat the choke and kill lines to a preset target temperature above the mudline temper-ature and the heat flux needed to maintain the choke and kill lines at the target temperature. Thecalculated heat fluxes are presented in Figure 5.4. The results show that the bulk of the heatenergy is consumed in raising the choke and kill lines temperature from the mudline temperature
 (assumed 36°F (2.2°C)) to the target temperature. For instance, a heat flux of 21 W/m2 will beneeded to maintain (steady state conditions) the choke and kill lines temperature at 65°F (18.3°C).
 However, it will take a heat flux of 900 W/m2 six and a half hours to raise the choke and kill linestemperature from the mudline temperature to 65°F (18.3°C).
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 Figure 5.4 Energy requirements for the warm-up option of the choke/kill lines
 Hot Water Circulation
 To examine the feasibility of this option, we used our heat transfer computer model1. As illustratedin Figure 5.5, this option requires hot water circulation from the surface through coiled tubing. Itwas assumed that the coiled tubing is continuously in contact with the top of the hydrate plug. Thisis achieved by continuously feeding in the coiled tubing while circulating the hot water through it.
 Figure 5.6 shows the sensitivity of the melting process to the water pumping rate and inlet watertemperature. The results plotted in Figure 5.6 are for a 120 ft (37m) long hydrate plug occupyingthe region from 5880 ft (1793m) to 6000 ft (1829m) inside the choke or kill line. Figure 5.6 showsthat the melting process is largely dependent on the water pumping rate and to a lesser extent, onthe inlet water temperature.
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 Figure 5.5 Hydrate plug melting using hot water circulation through coiled tubing
 Figure 5.6 Effect of pumping rate and inlet water temperature on the hydrate plug melting process
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 Conclusions
 1. Heat tracing is a viable technique to either melt a hydrate plug or to keep the choke/kill lines warm enough not to form hydrates. In both cases, the choke/kill lines must be insulated.
 2. Another viable option is to use coiled tubing to circulate hot water from the surface. It is also neces-sary to insulate the choke/kill lines in order to make this option energy efficient.
 Minimizing the Risk of Hydrates
 Drilling in increasingly deeper waters translates into longer risers and choke/kill lines. As a conse-quence, a larger portion of the mud system will be exposed to seawater leading to lower mud cir-culating temperatures, and rapid cooling to sea ambient temperature following stop of circulation.Hydrate control is largely impacted by these characteristics of deep-water wells. For instance, thechoice of a well control method must ensure that any shut in period is kept to a minimum and lostcirculation is avoided. The constraint of using low mud weights, entails minimizing the salt contentsof the mud, an essential ingredient for hydrate inhibition. The risk of hydrate related problemswhile drilling deep-water wells can be minimized, but not totally eliminated, however. Following aresome of the issues that when properly addressed, the risk of hydrates is minimized.
 Sound mud design practices
 The design of the mud system is a key element in preventing hydrate formation. Besides satisfyingthe typical mud requirements, the mud system must contain enough inhibitor(s) not to be suscepti-ble to hydrate formation when contacted with a hydrocarbon well influx. To determine the potentialfor hydrate formation for a particular drilling fluid and whether it contains a sufficient amount ofinhibitor(s); the following data are required:
 a.Kick fluid
 • The gas chromatographic analysis of the gas kick fluid; or
 • The specific gravity of the gas kick fluid
 b.Drilling fluid
 • The amount (weight percentages) of any salts and/or polar compounds present in the mudformulation
 c.BOP pressure and temperature
 • Maximum pressure at the BOP during kick circulation
 • Minimum temperature assuming extended stop of circulation
 Spotting fluid
 In many instances the mud system may not contain enough inhibitor or when an additional backupsafety system is required, a specially formulated, highly inhibited fluid is kept at the rigsite. Thisfluid is placed into the choke and kill lines during kick circulation or when an extended stop of cir-culation is anticipated. Formulations of such spotting fluids have been reported in the literature
 See SPE/IADC 18638, Inhibition of Gas Hydrates in Deepwater Drilling, A.H.Hale,& A.K.R.Dewan.
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 Lost circulation
 With increasing water depth, the choke/kill lines friction losses increases, and the formation frac-ture gradients decrease. The frictional losses are accentuated by the effect of the cold environ-ment on the viscosity of the drilling fluids, especially those that are oil-based. The low marginbetween the pore pressure and the fracture pressure makes it difficult to design highly inhibitedmud systems. Such systems can end up being weighted beyond what the formation can tolerateespecially during a kick circulation. Any lost circulation could force an extended stop of mud circu-lation with the consequence of cooling the BOP stack and choke/kill lines to seabed temperature.Under such conditions, contingency plans must be at hand to place a highly inhibited spotting fluidin the choke/kill line and the BOP cavity.
 Selection of a well control technique
 The Wait and Weight and the Driller’s methods are the two conventional techniques available tokill a well after taking a formation influx. Both methods operate on the assumption that the annularand choke/kill lines friction losses are small fractions of the circulating pressure loss. This assump-tion is not valid in deep-water wells. Larger choke/kill lines sizes or multiple flow lines are neces-
 sary to minimize the frictional losses4. The choice among the available well kill methods mustensure that the pressure at the last casing shoe does not exceed the fracturing pressure whilemaintaining mud circulation throughout the well kill process.
 Planning for remedial actions
 Current configuration of the choke/kill lines and the BOP stack limit the remedial options availableto remove hydrate blockages. The risers in deepwater drilling rigs are partially insulated with thefloatation material attached to them while the BOP stack and choke/kill lines are normally exposedto seawater. Heat tracing and insulation of sensitive spots might be necessary to keep the BOPand choke/kill lines warm enough not to form hydrates upon the stop of circulation. Detailed analy-
 sis of the available thermal remedial options was recently published12. The analysis includedradial heat tracing, pipe warm-up, and hot water circulation through coiled tubing.
 Personnel experience with hydrates
 The familiarity of the operators with hydrate formation conditions and early recognition of thepotential for hydrate formation during a well control event are essential to avoid hydrates.
 Conclusion
 Several options are available to minimize the risk of hydrate formation during deep water drillingoperations. These options include a sufficiently inhibited mud system, sustained circulation duringthe well kill process, and avoidance of lost circulation. Heat tracing and insulation of sensitivespots of the BOP and choke/kill lines are some of the potential remedial options that can help min-imize the risk of plugging with hydrates.
 Upon forced stop of mud circulation, contingency plans must be at hand to place a spotting fluid inthe choke/kill lines and the BOP cavity.
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 Operations
 Introduction
 Objectives
 The primary objective of this work package was to identify key operational factors that could resultin the formation of hydrates and steps that can be taken to minimize such a threat.
 Aproach
 The approach taken in this work has been to determine the conditions that exist at the BOP duringa deep water well control incident and then to identify what changes to equipment design andoperational procedures could be made so as to prevent or minimize the potential for hydrate for-mation. For a given operation, the pressure at the BOP is constrained by the requirement to main-tain a certain pressure at other points in the well system (typically bottom hole pressure). Thefocus on the work is therefore heavily centred towards determination and modification of tempera-ture.
 Deliverables
 The work delivers:
 • a series of suggestions for selection of equipment and modification to operational prac-tices to avoid hydrate formation
 • a method for predicting the time frame in which cooling to the hydrate formation tempera-ture could occur
 • in conjunction with the physics and chemistry (Part II), a comprehensive approach tohydrate risk management such that the well manager can make a totally informed decisionas to the cost/risk involved with specific decisions on the avoidance of hydrates
 Summary and Conclusions
 Identifying Potential Hydrate Forming Situations at the Planning Stage
 1. Estimate available time
 A key element to determining the risk of hydrate formation is the estimation of the time availableuntil components which could form hydrates (gas and water) cool down to the hydrate formationtemperature (as determined in Part II). The methodology for determining this available time isgiven in this report and consists essentially of two steps:
 a determine the steady-state temperature at the BOP at the end of a long period of circulationand right at the start of a well kill
 b. determine the cool down of the fluid within the BOP given the starting condition determined inA. and other ambient conditions (sea temperature etc.)
 Whereas the steady state temperature determined in A. exists across the entire (complex) BOPx-section, the cool down temperature as determined in B. will be greatly affected by the positionwithin the BOP. For example, cool down to ambient (sea) temperature may occur within an hourwithin the exposed choke and kill line, but may take up to 25 hours in the body of the BOP.
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 A steady-state well temperature program, such as WEST (provided by Oilfield Technology Serv-ices) has been used to determine the steady-state temperature. Such a program is readily acces-sible and usable.
 Computational Fluid Dynamics (CFD) (in this case provided by Fluent Incorporated) was used todetermine the cool down period. This is highly sophisticated software and is not readily accessibleto field and office personnel. However, “universal curves” have been developed (see Appendix8.4), which will allow for an estimation of the cool down time for a type of component (for example,within the body of the BOP). If more specific information is required then the user will have torevert to full CFD.
 2. Conserve temperature
 As well as examining likely cool down times, this work also looked at ways in which temperaturecould be conserved or increased. Examples of this included insulating seabed equipment andwarming the mud at surface. It was found that adding insulation to the seabed equipment could bevery effective in prolonging the cool down time. For example, without insulation, the cool downtime for the choke and kill line valve was estimated to be 2 hours. After insulation was added. Thecool down time was extended to 55 hours. Insulation may be a very cost effective alternative tomud inhibition.
 3. Tie into physics & chemistry
 The level of inhibition chosen by the well manager is a balance between effectiveness, cost andrisk. All inhibitors added to the mud system increase the cost of the well. In some cases, this costincrease will be very significant. The result of this work (and Part II in particular) is that there nowexists tools to determine:
 - the type and concentration of inhibitor required to reduce the hydrate forma-tion temperature to a certain level
 - the available time frame before such a hydrate formation temperature isreached and hence an assessment of the risk of reaching such a temperatureat all
 In The Field
 1. Actions to take to avoid hydrates
 In shallower water (water depths less than 5000 ft) it may be possible to avoid hydrate formationby using a combination of appropriate inhibitor and then taking operational measures to avoidshutting down and therefore cooling any mud/gas mixture that is just above the mud-line. Use ofvery expensive hydrate inhibitors may be avoided by this approach. In deeper waters, mud inhibi-tion will certainly be a necessity. Other methods like insulation and mud heating in the pits mayalso be required.
 2. Develop appropriate procedures
 Perhaps and most importantly, every effort must be taken to ensure that conventional well controloperations can be carried out without losing circulation. In deep water this means that the riserchoke and kill lines should be re-sized such that the ID is as large as is possible. Any circulationshutdown and particularly a prolonged circulation shutdown should be avoided. In this respect, theDriller’s method is suggested as the primary means for well control because it is not necessary toshut down and mix kill weight mud.
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 3. Monitor BOP temperature & pressure
 Monitoring of BOP temperatures and pressures allows for prediction of the onset of potentialhydrate forming conditions. The steps to this process are:
 • Construct hydrate formation curve, based on likely gas composition and mud chemis-try/inhibition (see Part II)
 • Superimpose BOP temperature and pressure readings onto the hydrate formation curve.If this is carried out in real time there will be an indication not only of how close the condi-tions are to hydrate formation, but of the time that it might take to reach such conditions.
 Participant’s Experience with Hydrate Incidents
 Catalogue Of Incidents
 Cases Reported by Exxon
 Exxon was probably the first company to substantially report forming hydrates during deepwaterdrilling operations. SPE Paper 16130, presented in March 1987, provides details of two such
 incidents3. In Incident 1, gas leaked over a significant (unspecified) period of time from a formationat 7750 ft through the 9 5/8 x 7” casing annulus and up to the subsea wellhead at 1150 ft and at45°F. The 7” casing hanger pack-off was not seated correctly, allowing flow from the 9 5/8” x 7”annulus into the drillstring/7” annulus. Following a kill operation (pumping into perforations in the 7”casing) which took approximately 7 days, both the choke line and kill line were found to beplugged.
 In Incident 2, an influx was taken while drilling at 7679 ft in 3100 ft of water. Circulation was imme-diately lost. A complex series of events followed which occurred over an extended period (48hours plus) and included additional flows and gas in the riser. Hydrates formed in the choke andkill lines, in the casing annulus just below the BOP and in the riser annulus just above the BOP.
 North Sea Incident # 1
 Rig Type Semisubmersible
 Water Depth 208 meters
 Sea floor Temp. 6 degree C (43 degree F)
 Mud Type WBM/bentonite/1.98 sg (16.5 ppg)
 8½” hole was drilled to 4039 m. POOH to 1333m and then ran back to 1435 m (4.6 m3 gain = 29
 barrels). Stripped to 1740 m and circulated off bottom. Led to maximum pit gain of 88 m3 = 550barrels.
 Detected both kill and choke line plugged approximately 8-9 hours after maximum pit gain reached(possibly some plugging of choke line much earlier).
 The temperature would have dropped very rapidly just above the seabed and with the pumps off.Given a choke pressure of 420-440 bar and a 1.98 sg mud, this may equate to a pressure of about6970 psi (475 bar) at the seabed/BOP. A temperature simulation for this incident is given in Figure3.1.
 Unless the mud was inhibited, there is every possibility for hydrates to form under these condi-tions. The driving factors were:
 • Very high pressure
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 • Low temperatures resulting from circulation shutdown
 Hydrates were dissolved by reducing the choke/kill lines pressures and then by pumping glycoldown the choke and kill lines
 North Sea Incident #2
 Rig Type: Platform/semi-tender
 Mud: Pseudo OBM
 Hole: 8½” start @ 2215 m
 Instantaneous and total lost circulation @ 2215 m. Lubricated well - annulus pressure rose to 1650psi and then to 2200 psi. and then 2350 psi. Prolonged lubricate and bleed operation. Apparentblockage in manifold, which may have been hydrates, occurred approx. 65 hours after first losingtotal returns - operator thinks a small amount of water may have been present in manifold. Block-age removed with methanol, followed by base oil.
 SE Asia Incident
 Rig Type Semisubmersible/Drillship
 Water Depth +/- 860 meters
 Sea floor Temp. ?
 Mud Type Treated seawater for mudcap drilling
 Choke Line Initially displaced to diesel
 Kill Line Initially displaced to 85/15 mud/glycol
 9 5/8” Shoe 2841 m
 Drilling ahead using treated seawater and “mud cap” drilling to 3035 m. Monitor well; set cementplug, bullhead. Increasing C/K pressures. Approx. 48 hours after stop drilling, K/L plugged (sus-pected hydrates?). Clear with 2500 psi. Spot 15/85 glycol/mud. Monitor, bullhead, pump BDOC
 etc. Approx. 48 hours after 1st hydrate plug, C/L suspected plugged with hydrates. Pump methanolinto K/L and displace to BOP. Attempt to clear C/L with 6000 psi - no success. Attempt further toclear C/L w/ 7000 psi and 8000 psi - no success. Spot methanol. Cleared plug w/10,000 psi. Dis-placed C/L to diesel, K/L to 85/15 mud/glycol. Drilled ahead with partial to full losses and some useof mud cap drilling.
 Note: Combination of time frame, steady state temperature @ BOP and potential for gas migrationthrough annulus would provide potential ingredients for hydrate plug. Use of pressure to blowplug away is interesting!
 The above incidents are clear indications that hydrates can form in the BOP stack during well con-trol incidents that have arisen in normal drilling operations. Formation of hydrates is however, farmore common during production type operations. Some of these incidents have been included toillustrate further the type of conditions that result in hydrate formation.
 “Proprietary - for the exclusive use of BP & ChevronTexaco”
 Rev. 01/2002 Gas Hydrates Control for Deep Water Drilling Operations 12-70

Page 603
                        

Drilling Fluids Manual
 Hydrate formation during DST’s - North Sea
 Several incidents have been reported. Typical conditions include:
 External temperature: 40 - 50 degrees F
 Internal Pressure: 2000 - 4000 psi
 Liquid Type: Water Base
 Hydrates have formed:
 • after a significant shut down and while pulling a wireline tool through the SSTT/SSLV
 • with >4000 psi pressure at surface and while running through tubing perforating guns.Guns stuck in upper SSLV. Freed after warming annulus with heated brine and injectingmethanol (5 hours)
 • during low flow rate PVT sampling (methanol injection turned off). Hydrates built up in theline downstream of the choke manifold. Methanol injection failed to dissolve the hydratesin this case. A high flow was required to avoid forming hydrates.
 • after allowing a significant volume of gas into the tubing (16 barrels), waiting (>48 hours)and then swabbing further gas into the tubing while pulling coil tubing.
 It has also been noted that hydrates do not necessarily form during well control operations. Oneoperator has reported taking a total of about 20 (gas) kicks in the deep water GOM where the kickhas been circulated out with no incident of hydrates. In identifying the causes of hydrate formation,these cases of no hydrates are as important as the cases where hydrates have formed. In thesecases, it was likely that some inhibition was used within the mud system - no escalation of any ofthese reported kicks was noted, i.e. each kick was circulated out using a conventional method(Driller’s or Wait & Weight).
 Finally, it should be noted that there are many reports of hydrates forming in wellhead connectors,because of gas rising from around the conductor, becoming trapped underneath the connector andthen forming hydrates. It is not possible to prevent the occurrence of such gases. It is essential tomodify the wellhead connector, such that the hydrate is prevented from forming within the connec-tor operator.
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 A case history summary is shown in Table 3.1 (below)
 Table 3.1. Summary of Hydrates Incidents
 Conclusions from Case Histories
 • Hydrates can form during deep water well control activities, however these occurrencesare rare.
 • Hydrate formation is consistently linked with prolonged shutdowns.
 • Lost circulation may also result in the formation of hydrates. In this case, the lost circula-tion may result in a long shutdown, which may actually be the common thread.
 • Hydrates have been avoided (as far as we know) during well control activities that are car-ried out with the Wait and Weight or Driller’s methods and without a prolonged shut-downor lost circulation.
 OPERATIONAL SHUTDOWNS
 The impact of operational shut downs cannot be overemphasized. It is the common thread thatlinks the cases reviewed. There are probably several forces at work. Cooling occurs rapidly whencirculation ceases, usually in less then a couple of hours. However gas, water and pressure mustalso be present to form hydrates. Time allows for the formation and contact of all four elementsand must therefore be carefully monitored
 WELL CONTROL PROCEDURES
 In reviewing the above cases, no well control procedure appears to have a favourable or unfavour-able affect on the hydrate forming outcome. We propose that the Driller’s Method can be margin-ally better as a time conservation method, particularly if a great deal of time is required to weightup. If pre-weighted mud is available or if the time frame to weight up the mud is relatively short,there is no discernable advantage of one method over the other, as far as hydrate formation isconcerned.
 IncidentWater Depth
 (ft)Shut-down
 Lost Circulation.
 High Pressure
 Conven-tional Kill
 Case A Incident 1 (Exxon)
 1150 3 3 X
 Case A Incident 2 (Exxon)
 3100 3 X
 Case B North Sea Inci-dent 1
 682 3 3 X
 Case C North Sea Inci-dent 2
 +/- 400 3 3 X
 Case D SE Asia 2820 3 3 XNorth Sea DST’s +/- 400 3 3 X20 Deep Water GOM Gas Kicks
 4000 + No known Hydrate Formation 3
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 Operational Issues
 TIMING - Buying time
 1. GeneralA review of the incidents and modelling highlight the hydrate formation potential that must beaddressed.
 There is a steady state circulating temperature (at the seabed) that can be established. In shallowwater (and this may include water depths up to 3000 ft!), this temperature is high and if maintainedhydrates will not form. In very deep water this temperature is somewhat lower and is low enoughsuch that hydrates could form at the circulating temperature if an effective hydrate inhibitor is notadded to the mud system.
 The temperature in the well at the BOP plunges rapidly once circulation is stopped. In both shallowand deep water, the lower resultant temperature may be low enough such that hydrates can form.
 An example of this overall mechanism is given below. Figure 3.1 shows the temperature scenariomodelled for North Sea Incident # 1. It shows the steady state drilling conditions that are at 100degree F after 20 hours of operations. This may be a degree or two higher than that actually meas-ured. Note modelled flow line temperature of 96 degree F, versus 90 degree F measured. After 10hours of shut down, the temperature just above the BOP stack was modelled to be 52 degree Fand just below the BOP stack 68 degree F. This provides the environment for hydrate formation.Other modelling (for example Figure 4.1 shows that even slow circulation rates maintain tempera-ture at or slightly above the BOP stack.
 The conclusion here, which is borne out by the incident reports, is that most of the hydrate inci-dents that have happened to date (and in water depths up to 3000 ft or so) have resulted from cir-culation shut downs and the resulting rapid loss of temperature. The circulation shut down mayhave been the result of massive lost circulation in some cases.
 Shut downsThe operational issue is shut downs. No other event has anywhere near the impact that a shutdown has. Occurrences like lost circulation are important mainly because they can lead to a pro-longed shut down and can also introduce another critical element, gas, to the equation. Every caremust be taken to avoid a prolonged shut down. Should it occur, then a contingency plan shouldhave been prepared and put into place.
 Conclusions• Gas migration can be very fast - expect gas to be at the BOP a short time after a gas
 influx has been taken
 • The use of the Driller’s method, large ID choke and kill lines and a BOP pressuregauge allows for:
 - Almost immediate circulation of the influx avoiding a circulationshut-down and significantly lower fluid temperatures at and just above themud-line.
 - Lower choke and kill line friction pressure drops and a good chance thatcirculation can be maintained.
 - Ability to turn on or shut down the pump without over-pressuring the welland risking breakdown of an exposed formation.
 • Mud inhibition plays a major role in buying time.
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 • Prolonged shut downs cool the mud to a dangerous state. Virtually every recordedhydrates incident involved a prolonged shut down.
 NORMAL EVENTS
 Circulating a kick from the wellbore using the Driller’s or Wait and Weight methods of well controlis considered to be a “Normal Event”. This classification is made based on:
 • taking occasional kicks (particularly) in deepwater is a normal occurrence andmust be handled in a everyday manner
 • full circulation is maintained - therefore full control of the well is possible, eventhough some gas may be present
 • pressures, flow rates, etc. generated during this type of event are well within thecapabilities of the installed equipment
 It is most likely that hydrates will not form during such a “Normal Event”. Whereas gas and watermay be present in a mixture and at a relatively high pressure, it is likely that the temperature of themixture at the BOP will remain close to the steady state circulating temperature (again at theBOP). This steady state circulating temperature will be significantly higher than the outside ambi-ent temperature (seabed temperature) and also high enough that hydrates will not form for themost part.
 SHUT DOWNS
 Shut downs differ from “Normal Events” in that there is an opportunity for the wellbore fluids in thevicinity of the BOP to cool to seawater temperature at the seabed.
 Shutdowns also include any events where circulation is lost.
 In all of these shut downs (and where water base mud is in use) there is potential for gas tomigrate from its position at the start of the shutdown period up to the (closed) BOP where coolingmay have already taken place or is indeed taking place. In the case of lost circulation there is alsothe potential for losing dense drilling mud to the formation and gaining additional gaseous influx. Ifthis occurs then it is also likely that the pressure at the BOP will be significantly greater than thatseen under normal conditions.
 Given that the conditions for hydrate formation are:
 gas/water mixture
 low temperature
 high pressure
 Shut downs provide an environment that is conducive to hydrate formation. As such, they must beavoided.
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 Appendix 1: Competency Assessment
 Competency Assessment Guidelines
 Aims of the process
 These are:
 • To be able to select the most able and competent engineers to fill these important positionon BP (Specify project) offshore team.
 • To highlight the skills and competencies that are seen as important to BP to deliver firstclass business results. These skills may be different to those that the CONTRACTORneeds for the engineer to run their side of the business in a cost effective manner butshould be seen as complementary.
 Deliverables
 • The assessment is not set up to be pass/fail. Its aim is to highlight where the candidate isstrong and where there are areas that need to be developed. It is possible that when theprocess is complete it may indicate that a candidate is not suitable. It is also likely to indi-cate that a candidate is able to do the job but that training on and off the job will berequired to enhance performance to the high levels required by BP.
 Process.
 1. The owner of the assessment (Fluids Specialist / Fluids Co-ordinator) should, using his knowledge of the project, prepare a draft competency assessment form to highlight the experience and skills required to ensure that the position on the project if filled by a suitable candidate. The draft form should include an estimation of the level of experience (0 - 3) that should be expected in each of the areas highlighted to provide cover for the project. The owner of the process should give guid-ance on the form to further clarify the requirements of the project (this information should be carried in the experience box of the assessment form)
 2. Once the draft has been completed it should be discussed with the drilling team to get the team’s approval. The drilling team should review the document and highlight any areas that have been omitted from the draft form. The level of expectation (1 - 3) for each area of the form should be dis-cussed and agreed with the drilling team at this time.
 3. Once the form has been prepared and agreed a deadline should be set by which the team member has to be in place. Once this deadline has been set it will become clear on which date the forms will have to be completed by to allow the evaluation process to take place before the team member is required.
 4. The prepared from should then be sent to the service provider along with a covering letter that explains how many people will be required to fill the position and gives the deadlines for both the completion/submission of the form and the date when the selected candidate will be required to join the team.
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 Appendix 2: Performance Indicators-Key Definitions
 General Definitions:
 Dry-Hole Period
 Starts with starting to run conductor to sea-bed or actual spud of well, or drill new formation after k/o Includes all drilling & flat spots, and TD logging. Concludes at the start of running liner / screens / test string, or start of abandonment / suspension.
 Sidetracks
 If a well is sidetracked because a drilling related problem prevented it from meeting its objectives it is a mechanical sidetrack. If a well is sidetracked because the geology was different to that expected, or because the objectives of the well changed, it is a geological sidetrack. If a previously completed / suspended well is re-entered and sidetracked to a new target, it ia a slot recovery. Geological sidetracks and slot recoveries count as new wells. Mechanical sidetracks are part of the original well and are thus not counted as separate wells.
 Multilaterals
 A multilateral well should be treated as a standard well for the main bore and then a geological sidetrack (i.e. A separate well) for each lateral.
 Costs
 All costs should be in US Dollars. If converting from Sterling, please use £1=$1.60
 All costs should be entered in the unit values, NOT in thousands or millions
 General Well Information
 Level 3 - Data Required:
 1 Well Identifier
 DTI number, plus platform slot if appropriate.
 2 Well Type
 Basic well categories are:
 - Exploration (Ex)- includes appraisal drilling.
 - Development Platform (DP).
 - Development Mobile (DM).
 - High Pressure High Temperature (HPHT).
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 * Defined as surface rated equipment rated at over 10,000 psi, or expected pressure over 10,000 psi, and bottom hole temperature > 300 deg F.
 - Slot Recovery (SR).
 * A slot recovery well is a well that has previously been completed. This completion is then pulled, casing is milled and a new sidetrack well drilled and completed.
 * Start date should be taken as the date of commencement of operations. All time and cost until 100 per cent new formation is drilled is treated separately as an abandonment phase.
 3 Technical Characteristics
 - Vertical
 - < 5 maximum deviation.
 - <30
 - Between 5 deg and 30 deg maximum deviation.
 - >30<60
 - Between 30 deg and 60 deg maximum deviation.
 - >60
 - >60 deg maximum deviation.
 - Horizontal (H)
 - >300 m / 1000 ft horizontal section.
 - Temp.
 - Well drilled through a template.
 - ST
 - Sidetrack well (geological or planned sidetrack, rather than for mechanical reasons).
 - Extended Reach (ER)
 - Step out of greater than 50% plus a horizontal section >1 km before entering the reservoir.
 - Multilateral (ML)
 - Two or more drain-holes drilled from a primary well bore.
 4 Rig Type
 - SS
 - Semi-sub / floater.
 - JU
 - Jack-up.
 - FP
 - Fixed platform.
 - LR
 - Land rig.
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 5 Mud Weight at TD (ppg)
 - Mud weight in ppg
 6 Final Hole Size (in)
 - Well diameter at TD - in inches
 7 Number of Casing Strings
 - Exploration and development wells, number of casing strings excludes any production liners
 8 Theoretical Hole Volume Drilled With WBM (bbls)
 - Theoretical in-gauge hole volume drilled with water based mud
 9 Theoretical Hole Volume Drilled With OBM (bbls)
 - Theoretical in-gauge hole volume drilled with oil based mud (mineral oil, diesel)
 10 Theoretical Hole Volume Drilled With SBM (bbls)
 - Theoretical in-gauge hole volume drilled with synthetic based mud
 Level 1 - Drilling Performance Indicators
 Level 3 - Data Input:
 11 Dry-Hole Cost ($)
 - All costs in dry-hole period.
 12 Completion Cost ($)
 All costs in the completion phase which commences when the liner starts to be run and ends when the well is handed over to production.
 13 Total Well Cost ($)
 Total costs = sum of dry-hole costs and completion costs, plus costs incurred in other phases such as mob/demob,
 slot recovery, abandonment / suspension.
 14 Water Depth (ft.)
 Depth of sea bed relative to sea-level.
 15 Spud Depth (ft.)
 Sea-bed or K/O point (ft BRT).
 * Geological sidetracks and slot recoveries count footage form the kick-off point to TD.
 16 Final Measured Depth (ft.)
 Final measured depth of well (ft BRT).
 17 Total Drilled Depth (ft.)
 Total drilled depth in feet, including sum total length of all mechanical sidetracks if more than one sidetrack (ft).
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 18 Final TVD (ft.)
 Final total vertical depth of well.
 19 Horizontal Departure (ft.)
 Length of the well in plan view from the bottomhole location to the wellhead.
 20 Dry-hole Days
 Dry-hole days (see "General Definitions" above).
 21 NPT - Dry-hole (%)
 Non-productive time as a percentage of total time in dry-hole phase.
 22 NPT - Completion (%)
 Non-productive time as a percentage of total time in completion phase.
 23 NPT - Total Well (%)
 Non-productive time as a percentage of total time for entire well.
 Level 1 - Performance Indicators:
 24 Dry-Hole Well Cost / ft. ($/ft.)
 = Total dry-hole well cost (as defined above (11)) / Total drilled depth (17).
 25 Days / 10,000 ft.
 Well duration (as defined above, (20)) multiplied by 10,000 and divided by well footage (17).
 26 Completion Cost ($)
 See (12) above
 27 NPT - Dry-hole (%)
 See (21) above
 28 NPT - Completion (%)
 See (22) above
 29 NPT - Total Well (%)
 See (23) above
 Level 2 - Drilling Fluid Performance Indicators
 Level 3 - Data Required:
 General
 30 Man-hours Worked
 Total number of rig man-hours worked.
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 31 Theoretical Hole Volume (bbls)
 Theoretical in-gauge hole volume - summation of hole volumes calculated from the actual bit or underreamer size and length of each interval.
 32 Hole Volume (bbls)
 Actual volume of hole drilled (including washout).
 33 Method Used to Estimate Hole Volume
 - Calliper (CL).
 - Mass balance (MB).
 - Best estimate from offset well data (OF)
 - Assumed hole in-gauge (IG).
 Drilling Mud
 34 Total Mud Cost ($)
 All costs associated with the building, maintenance and management of the mud to include:
 Mud chemical costs (including base fluids).
 Wellsite mud engineering services.
 Other costs. Includes:
 • Testing equipment (PSA / PPT);
 • Solids control equipment (includes shale shaker screen costs plus any equipment NOTincluded in the rig rate);
 • Dewatering costs (equipment, chemicals and personnel)
 • If dewatering equipment is used to recycle a fraction of the total fluid processed back tothe active mud system (i.e. in a closed loop system), then costs should be apportionedand included in this category as follows:
 • Dewatering costs included with mud costs = (Volume of fluid recycled, bbls) * (Total dewa-tering costs) / (Total volume of fluid dewatered)
 - Office (desk) engineering charges
 - Misc. items includes:
 - vacuum trucks
 - guzzlers / super suckers
 - external mud tanks and brine tanks
 - cuttings boxes
 - cuttings wash units
 - external bulk tanks (barite and bentonite)
 - rig site bulking system (barite and bentonite)
 - dumpsters (bags, banding liners)
 - clean vacuum truck (drill water)
 - drill water tanks
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 - external liquid bulk system (on site)
 - extra tanks (washed gravel)
 - additional wellsite equipment (flow meters, pumps, high shear mixers, filtra-tion units)
 - clean up (tanks and spills)
 - liquid bulk facilities
 - dry bulk facilities
 - storage (pallets and drums)
 - transportation
 35 Total Volume of Mud Used (bbls)
 Volume of fluids used to construct the well minus that which is recycled. Any fluids dumped even though they were never pumped down the hole (reserve fluids, spacers, packer fluids etc.), should also be included, since they are consumed in constructing the well.
 36 Mud NPT - Total Well (%)
 Non-productive time directly related to drilling mud (i.e. stuck pipe, hole problems, processing equipment failures, mud condition, waiting on products, etc.) as a percentage of total time for entire well.
 37 Mud NPT - Total NPT (%)
 Non-productive time directly related to drilling mud (i.e. stuck pipe, hole problems, processing equipment failures, mud condition, waiting on products, etc.) as a percentage of total NPT on well.
 38 Mud NPC ($)
 Non-productive cost directly related to drilling mud (i.e. stuck pipe, hole problems, processing equipment failures, mud condition, waiting on products, etc.).
 39 Mud NPC - Total Dry-Hole Well Cost (%)
 Non-productive cost directly related to drilling mud (i.e. stuck pipe, hole problems, processing equipment failures, mud condition, waiting on products, etc.) as a percentage of total dry-hole well cost (11).
 40 Mud NPC - Total NPC (%)
 Non-productive cost directly related to drilling mud (i.e. stuck pipe, hole problems, processing equipment failures, mud condition, waiting on products, etc.) as a percentage of total NPC on well.
 41 Number of Mud Related LTI Incidents
 Actual number loss time incidents directly related to mud, either by mud personnel or by mud related incident.
 42 Number of Mud Related Spills
 Actual number of reported spills directly related to mud, either actual mud spills or mud induced spills
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 43 Mud Spill Volume (bbls)
 Total volume of spills directly related to mud, either actual mud spills or mud induced spills.
 44 Number of Mud Related Non-Compliant Discharges
 Actual number of non-compliant mud discharges.
 45 Volume of Non-Compliant Mud Discharges (bbls)
 Total volume of non-compliant mud discharges.
 Level 2 - Mud Performance Indicators:
 Cost
 83 Mud Cost / Hole Volume ($/bbl)
 = Total mud cost (34) / Hole volume (32)
 84 Mud Cost / Dry-Hole Well Cost (%)
 = (Total mud cost (34) * 100) / Dry-hole well cost (11)
 Usage / Efficiency
 85 Mud to Cuttings Ratio (MCR)
 = (Total volume of mud used (35) + Hole volume (32)) / Theoretical hole volume (31).
 Mud NPT
 86 Mud NPT - Total Well (%)
 See (36) above.
 87 Mud NPT - Total NPT (%)
 See (37) above.
 Mud NPC
 88 Mud NPC ($)
 See (38) above.
 89 Mud NPC - Total Dry-Hole Well Cost (%)
 See (39) above.
 90 Mud NPC - Total NPC (%)
 See (40) above.
 Mud LTIs
 91 Number of Mud Related LTI Incidents
 See (41) above.
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 92 Mud Related LTI Frequency (incidents / 1,000 man-hours)
 Number of mud related LTIs (41) multiplied by 1,000 and divided by the total man-hours worked (30)
 Mud Spills
 93 Number of Mud Related Spills
 See (42) above.
 94 Mud Spill Volume (bbls)
 See (43) above
 Mud N/C Discharges
 95 Number of Mud Related Non-Compliant Discharges
 See (44) above.
 96 Volume of Non-Compliant Mud Discharges (bbls)
 See (45) above.
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 Settling Plug Mixing Procedure
 Cementing Equipment
 1. Clean and flush all mixing lines to and from cement mixing equipment. Arrange for weight mate-rial to be mixed rather than cement. This may require the use of sacked weight material. Ifsacked weight material is to be used, be sure that weight material sufficient for the plug can beplaced near the mixing hopper. Estimate manpower and barite moving requirements (forkliftand/or crane).
 2. Measure mixing water for plug volume (take into account line volumes) into tank. If possible, mixcaustic soda and lignosulfonate into mixing water. This may be done by using mud system slug-ging pit and pumping mixing water to cement mixing equipment. Mix 1-1/2 lb/bbl of caustic sodaand 8 lb/bbl of chrome lignosulfonate in mix water.
 3. Mix plug and pump “on the fly” using weight material and mixing water. Avoid mixing slurry below16 lb/gal for barite weight material and below 20 lb/gal for hematite material as too rapid settlingcould occur and plugging of equipment or lines can occur.
 4. Avoid chasing plug with water. Use mud instead to prevent premature settling of plug.
 Mud Tank Slugging Pit
 1. Empty and clean slugging pit. If unable to dump pit, fill with water and agitate. Pump out dirtywater. Repeat, if necessary, to get pit clean.
 2. Put just enough mixing water in pit to obtain mixing pump suction. Add the total calculatedamount of caustic soda and chrome lignosulfonate to the mix water. Note quantity required andcalculate remaining amount of water to be added to bring to total volume mix water.
 3. Begin mixing weight material. Slurry should begin to look viscous when the density nears16 lb/gal for barite and 20 lb/gal for hematite.
 4. When slurry density approaches 18 lb/gal for barite and 21 lb/gal for hematite, begin addingremainder of mix water. Add mix water in steps with additional weight material to avoid both toolight and slurry that will settle or too heavy a slurry that will lose pump suction. After adding thecalculated volume of mix water, bring slurry to final desired density. Allow to mix until weightmaterial is mixed thoroughly.
 5. Pump plug to mud pump, avoiding water ahead or behind plug. Avoid chasing plug with water.Use mud instead to prevent premature settling of plug.
 The following are recommendations for composition and application of barite plugs.
 Formulation
 Plug Density (ppg) 16 17 18 19
 Composition per final bbl
 Water bbl .71 .68 .64 .60
 Chrome Lignosulfonate lb 5.7 5.4 5.1 4.8
 Caustic Soda lb 1.1 1.0 1.0 0.9
 Barite lb 422 477 533 588
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 Preparation of Oil-Base Plugs
 Plug slurries can be prepared with oil and barite. A certain sequence of mixing of products is desir-able for optimum performance.
 Always mix the wetting agent with the oil thoroughly before adding the weight material. This will aidin keeping the slurry pumpable and tie up any stray water that may be present.
 High density slurries settle more slowly than low density slurries because of the high solids con-centration and gel strengths. Therefore, the lowest appropriate weight should be chosen, keepingin mind that the slurry volume should be no longer than the distance between the loss zone andthe active zone.
 Variations and contaminates in weight material, variations in the viscosities and physical propertiesof available base oils, and the type of wetting agent will require different concentrations of wettingagent to insure an optimum settling rate. It should be kept in mind that too much wetting agent canbe just as detrimental as to little wetting agent. Therefore, pilot testing should be done with avail-able materials before use. It is highly recommended that samples of the oil, barite, and availablewetting agent be sent to the DTC for testing to determine optimum concentration.
 The amount of oil and barite required to make a one-barrel pumpable slurry of desired weight canbe estimated from the following table.
 Again, the amount of wetting agent required for optimum settling will depend upon the characteris-tics of the barite, oil, and type of wetting agent. It cannot be emphasized enough--PILOT TEST.
 Recommended Plug Procedures
 Length of Plug
 Barite plugs are designed to control formation pressures by providing an immovable, impermeableseal at the point of influx. Success depends entirely on the ability to mix the plug slurry with opti-mum settling properties, spotting the slurry by the recommended displacement procedures, andminimizing the amount of contamination that may adversely affect the settling rate and prevent theformation of a firm plug. In some cases, several attempts must be made to successfully seal off theinflux of formation fluids.
 The length of the barite plug is a wellsite determination and should be based on the severity of thesituation. The maximum slurry length should not exceed the distance between the influx and thelost circulation zone. Long barite plugs are not desirable because of the distance the drill stringhas to be pulled to withdraw it completely from the slurry.
 Mud Weight (ppg)
 Oil(bbl)
 Barite (lb/bbl)
 14 0.729 362.9
 15 0.691 415.4
 16 0.653 467.9
 17 0.615 520.4
 18 0.577 572.9
 19 0.539 625.5
 20 0.501 678.0
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 In cases where formation pressure can be estimated, the length of the plug can be calculated tobalance this pressure. Under these circumstances, he plug is used as both a kill fluid and animmovable seal. The length of the plug required to balance a given pressure can be calculatedusing the following equation.
 where
 L = Required length of plug (ft)
 P = Pressure to be balance (psi)
 1.8228 = Pressure gradient of compacted barite (psi/ft). S.G. of barite (4.2) x 0.434.
 Mud Density
 The density (ppg) selected should be 0.5 to 1.0 ppg greater than the fluid in the hole. This willensure that once the plug is spotted, there will be no movement or migration.
 Determine Maximum Slurry Length
 Determine maximum slurry length (distance between loss zone and zone of influx) if applicable.
 Calculate Total Slurry Volume
 The volume of slurry can be calculated using the following equation.
 where
 V = Volume of slurry
 L = Plug length
 1470 = Weight of 1 bbl of barite
 Vr = Hole volume (bbl/ft)
 WTM = Barite required to formulate 1 bbl of slurry (from table)
 Materials
 Calculate amount of material required to formulate plug.
 Mixing
 There are two different mixing procedures that can be used when mixing the slurry. The first is amix and displace method, very similar to a cementing operation. The barite is added “on the fly” tothe premixed oil and wetting agent and immediately pumped downhole. The alternate method is to“batch mix” the slurry in a tank with sufficient circulation and agitation to prevent settling and thendisplace downhole.
 L P1.8228------------------=
 V L Vr 1470××WTM
 -----------------------------------=
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 Displacement
 Displacement techniques are similar to those of cementing in that the slurry should be underdis-placed. When calculating the volumes of displacement, adjustments should be made so that theheight of the slurry is 2 bbls greater in the drill pipe than in the annulus. This allows the drill stringto be pulled with a natural slug. It should be kept in mind that if the slurry is underdisplaced and thedrill string left in place, barite will settle, plugging the string and will settle in the annulus, stickingthe string. Contamination caused by slurry movement is also minimized. A 2-5 bbl spacer beforeand after the slurry will minimize contamination by in-situ drilling mud.
 The following calculations are required to efficiently displace a barite plug.
 1. Find the height at which the total slurry volume (less than 2 barrels) is equalized in the hole.
 2. Determine the volume inside and outside the drill collars.
 3. Subtract this volume from the total slurry volume and determine the height the remaining volumewould occupy inside and outside the drill pipe.
 4. Find the height that 2 barrels of slurry will occupy in the drill pipe
 Add this to the length of the drill collars and the height of the slurry equalized around the drill pipe.
 5. Once the total height of the slurry inside the drill string has been determined, the remaininglength of the drill string represents the volume of mud required to displace the slurry.
 Height Remaining VolumeCapacity DP (bbl/ft)-----------------------------------------------------=
 Height 2Capacity DP (bbl/ft)----------------------------------------------------=
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 Conversion Tables
 Multiply By To Obtain
 PPG 119.286 kg/m3
 PPG .052 psi/ft
 PPG .1198 gm/cm3
 PPG 7.48 lb/ft3
 Kg/m3 .06243 lb/ft3
 PPB 2.853 kg/m3
 PPB 2857 mg/l
 Mg/L .00035 ppb
 PPM SG Mg/L
 Ft 0.3048 m
 M 3.281 ft
 BBL 5.615 ft3
 BBL .15899 m3
 BBL 42 gal
 Ft3 7.48 gal
 Ft3 .0283 m3
 Gal .003785 m3
 Lbs .454 kg
 Lbs 453.6 gm
 Kg 2.2046 lb
 PSI .06804 Atm
 PSI 703.1 kg/m2
 °C (°Cx1.9) + 32 °F°F (°F-32) x.556 °C
 Common Contaminants and Treating Agents
 Contaminant Treating Agentlb/bbl of Treating Agent
 to React with 100 mg/l of Contaminant
 Calcium Soda Ash 0.093
 Sodium Bicarbonate 0.074
 Magnesium Caustic Soda 0.058
 Carbonate Gypsum (if high pH) 0.118
 Lime 0.043
 Bicarbonate Lime
 Sulfide Zinc Carbonate 0.14
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 Zinc Oxide 0.089
 Common Contaminants and Treating Agents
 Contaminant Treating Agentlb/bbl of Treating Agent
 to React with 100 mg/l of Contaminant
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 Common Oilfield Screens
 Mesh
 Wire Diameter
 (in)
 Opening % Open Area API Designationinches microns
 8x8 .028 .097 2464 60.2 8x8 (2464x2464, 60.2)
 10x10 .025 .075 1905 56.3 10x10 (1905, 1905, 5613)
 12x12 .023 .060 1524 51.8 12x12 (1524x1524, 51.8)
 14x14 .020 .051 1295 51.0 14x14 (1295x1295, 51.0)
 16x16 .018 .0445 1130 50.7 16x16 (1130x1130, 50.7)
 18x18 .018 .0376 955 45.8 18x18 (955x955, 45.8)
 20x20 .017 .033 838 43.6 20x20 (838x838, 43.6)
 20x8 .020/.032 .030/.093 762/2362 45.7 20x8 (762x2362, 45.7)
 30x30 .012 .0213 541 40.8 30x30 (541x541, 40.8)
 30x20 .015 .018/.035 465/889 39.5 30x20 (465x889, 39.5)
 35x12 .016 .0126/.067 320/1700 42.0 35x12 (320x1700, 42.0)
 40x40 0.10 .015 381 36.0 40x40 (381x381, 36.0)
 40x36 .010 .0178/015 381/592 42.5 40x30 (381x592, 42.5)
 40x20 .014 .012/.036 310/910 36.8 40x20 (310x910, 36.8)
 50x50 .009 .011 279 30.3 50x50 (279x279, 30.3)
 50x40 .0085 .0115/.0165 292/419 38.3 50x40 (292x419, 38.3)
 60x60 .0075 .0092 234 30.5 60x60 (234x234, 30.5)
 60x40 .009 .0077/.016 200/406 31.1 60x40 (200x406, 31.1)
 60x24 .009 .007/.033 200/830 41.5 60x24 (200x830, 41.5)
 70x30 .0075 .007/.026 178/660 40.3 70x30 (178x660, 40.3)
 80x80 .0055 .007 178 31.4 80x80 (178x178, 31.4)
 80x40 .007 .0055/.018 140/460 35.6 80x40 (140x460, 35.6)
 100x100 .0045 .0055 140 30.3 100x100 (140x140, 30.3)
 120x120 .0037 .0046 117 30.9 120x120 (117x117, 30.9)
 150x150 .0026 .0041 105 37.4 150x150 (105x105, 37.4)
 200x200 .0021 .0029 74 33.6 200x200 (74x74, 33.6)
 250x250 .0016 .0024 63 36.0 250x250 (63x63, 36.0)
 325x325 .0014 .0017 44 30.0 325x325 (44x44, 30.0)
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 Minimizing Damage completions/workover, 14-6
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 General Description, 12-48
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 Prediction
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 Questions, 12-48
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 MMajor Functions, 2-4Management
 , 1-1
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 Introduction, 12-42
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 pH Control, 12-44
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 Weight Materials, 12-44
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 Natural Gas, 9-4
 Nitrogen, 9-9
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 Uses
 Bentonite Extension, 5-27Deflocculation, 5-28Filtration Control, 5-28Flocculation, 5-28Shale Stabilization, 5-28Viscosity, 5-27
 uses, 5-27
 Post Well Evaluation, 1-23Potassium-Based Muds, 10-43Pressure While Drilling, 13-10Product Concentrations, 1-11Providing A Stable Wellbore, 14-42
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 Bingham Plastic Fluids, 8-5
 Effective Viscosity, 8-13
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 Laminar Flow, 8-14
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 Non-Newtonian Fluids, 8-4
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 Problems Caused, 14-78
 Shale Stabilization, 14-82
 OBM, 14-82WBM, 14-82
 Tectonically Stressed, 14-81
 Silicate System, 10-54
 depletion, 10-57
 principal additives, 10-55
 system makeup, 10-55
 troubleshooting, 10-55
 Solids Calculations, 7-3
 Unweighted WBM, 7-3
 Solids ContaminationSolids Control
 Characteristics of Solids, 7-13
 Methods
 Basics of Centrifuges, 7-25Basics of Hydrocyclones,
 7-24Decanting Centrifuge, 7-25Degasser, 7-22Dilution, 7-17Gravity Settling, 7-18Mechanical Separation, 7-18Mechanical Seperation, 7-19Mud Cleaner, 7-25No Bypassing, 7-19Perforated-Rotor Centrifuges,
 7-26Principles of Mechanical
 Solids Seperation, 7-18Sand Trap, 7-22Sequence of Solids Control
 Devices, 7-19Shale Shakers, 7-19Total Flow, 7-19
 Methods of Solids Removal, 7-17
 Mud mixing, 7-27
 Size of Solids, 7-14
 Types of Solids
 Concentration & Size, 7-15High-Gravity Solids, 7-14Inert Solids, 7-14Low-Gravity Solids, 7-14shape, 7-15
 Solids Control Performance
 , 7-33
 Dilution, 7-33
 Introduction, 7-33
 Mechanical Separation, 7-33
 Mud and Waste Volumes, 7-33
 Performance Assessment, 7-40
 Solids Removal Efficiency (SRE),7-38
 Solids-Liquids Separation Efficiency, 7-39
 Solids Management, 7-13, 7-13
 Characteristics, 7-13
 Introduction, 7-13
 Solids Removal Efficiency (SRE),7-38
 Stable Foam, 9-6Staff Selection
 Process, 1-3
 Roles and Responsibilities, 1-4
 Stiff Foam, 9-5Stuck Pipe, 14-84
 Cuttings Accumulation, 14-89
 Differential Sticking, 14-85
 Supply Contract
 Drilling Fluid Chemicals and Materials, 1-7
 Drilling Fluid Provision, 1-8
 Management Systems, 1-9
 Third Party Services, 1-9
 TTesting, 4-1Tracers, 12-33
 Bromonaphthalene, 12-36
 Deuterium Oxide, 12-35
 Iodide, 12-35
 Isotag, 12-37
 Mud Samples, 12-38
 Oil-Based Mud Tracers, 12-36
 Tritium/Tritiated Water, 12-36
 WWaste Management, 12-4Water, 2-3
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 Water-Based Drilling Fluids, 10-1WBM, 2-3, 10-1
 Ben-Ex, 10-34
 Calcium-Based, 10-6
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 Lignite-Lignosulfonate, 10-2
 Dispersed Fluids, 10-1
 Glycol, 10-50
 inhibited/dispersed, 10-6
 Inhibitive Fluids, 2-3
 KCl-Polymer, 10-44
 Lime System, 10-6
 NDPM, 10-34
 Non-Dispersed, 10-34
 Non-Inhibited, 2-3
 PAC/CMC Muds, 10-36
 PHPA Muds, 10-38
 potassium systems, 10-43
 Silicate System, 10-54
 Simple Fluids
 Clear water, 10-1Native Clays, 10-1
 Weight, 3-7Well Objectives & Description,
 1-17Wellbore Clean-up, 14-9
 Debris Categorisation, 14-10
 Best Practice & Design Criteria, 14-10
 Description, 14-10Learning, 14-10Risk and Issues, 14-10
 Determination Of Well Cleanliness, 14-17
 Best Practice & Design Criteria, 14-17
 Description, 14-17Learning, 14-17Risks and Issues, 14-17
 Displacement Design, 14-14
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 Best Practice&Design Criteria, 14-18
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 Filtration Description, 14-16
 Description, 14-16
 Filtration DescriptionL Best Practice and Design Criteria, 14-16
 Filtration DescriptionL Learning,14-16
 Filtration DescriptionL Risks & Issues, 14-16
 Surface Clean Up, 14-20
 Wellhead and Riser, 14-22
 Description, 14-22Learning, 14-22Marine Riser, 14-22Suggested Outline
 Procedure, 14-23Wellhead, 14-22
 Wellbore Stability, 14-19
 After The Wellbore, 14-28
 Near Wellbore Stress-State,14-28
 Avoiding Stability Problems,14-44
 Axial Stress, 14-29
 Chemical Stability, 14-38, 14-44
 Advection, 14-38Capillary Effects, 14-39Osmosis, 14-39Pressure Diffusion, 14-40Swelling /Hydration, 14-40
 Controlling Stability Problems,14-47
 Core Tests, 14-43
 Corrective Action, 14-44
 Determine Magnitude of In Situ Conditions, 14-42
 Determine Mud Weight Window,14-44
 Effective Stress, 14-23
 Effective Horizontal Stress,14-23
 Effective Overburden Stress, 14-23
 Hoop Stress, 14-29
 Identify Stress Regime, 14-42
 In Situ Conditions, 14-19
 Estimating Formation Pore Pressure, 14-21
 Formation Pore Pressure,14-20
 Porosity, 14-19
 In Situ Earth Stress, 14-22
 Estimating Horizontal Stress, 14-23
 Estimating Overburden Stress, 14-22
 Horizontal Stress, 14-22
 Overburden Stress, 14-22
 Introduction, 2-6
 Leak Off Testing, 14-48
 Lithology Factor, 14-50
 LOT Procedure, 14-48
 Measures to prevent, 14-46
 Mechanical Stability, 14-30,14-45
 Bottom-hole Temperature,14-35
 Controllable parameters,14-31
 ECD, 14-33Hole Direction, 14-35Hole Inclination, 14-35Impact on the Wellbore,
 14-37Mud Filter Cake, 14-34Permeable Formations,
 14-34Uncontrollable parameters,
 14-31
 Planning A Stable Wellbore,14-42
 Poisson’s Ratio, 14-50
 Potential Stability Indicators,14-42
 Preventing, 14-46
 Providing A Stable Wellbore,14-42
 Rock Strength, 14-24
 Shear Strength & Shear Failure, 14-24
 Tensile Failure, 14-27
 Select Mud System, 14-44
 Warning Signs, 14-44, 14-45
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