

    

        


        
        
                        
                
            
                    


        
            	
                    ginozky
                
	
                    
                        Home
                    
                
	
                    
                        Comments
                    
                


        


        
    
    

    
        
            
                
                    
                                                    
    
        

        


        
            1 ====================== COLLEGE OF ENGINEERING PETROLEUM ENGINEERING DEPARTMENT Investigation of Proppant Transport in Hydraulic Fractures By Alkhathami, Mohammad D. Submitted in Partial Fulfillment of the Requirement of the Degree of Bachelor of Science in Petroleum Engineering =========== January , 2007 
        

    





                                            

                

            

        


        
            
                
                
                
            

            
                

                

                
                    
                     Match case
                     Limit results 1 per page
                    

                    
                    

                

            

        
    


    
        
                            
                    


        

            
                
                    

                    
                    
                

                
                    
                    1

82
                    
                

                
                    
                    100%
Actual Size
Fit Width
Fit Height
Fit Page
Automatic


                    
                


                
                
                    
                    Embed
                
                
            


        

        

    




        

            

        
            
                
                    
                        
                            Home
                        

                        
                                            


                    
                        Proppant Transport in Hydraulic Fracture

                        Apr 02, 2015

                        
                                                                                        Download
                                                        Report
                        


                        
                            Category:
                            
                                Documents
                            

                        


                                                    
                                Author:
                                ginozky
                            

                        

                        

                        
                    



                    

                                    

            




            
                
                    
                                                    Welcome
                        
                                                    
                                Comments
                            
                        
                                            




                                            
                            Welcome message from author

                            This document is posted to help you gain knowledge. Please leave a comment to let me know what you think about it! Share it to your friends and learn new things together.
                        

                    

                                            
                                                            
                            
                            

                        

                    

                                    

            

        


                    
                
                    
                        Transcript

                        
                            Page 1
                        

1
 ====================== COLLEGE OF ENGINEERING
 PETROLEUM ENGINEERING DEPARTMENT
 Investigation of Proppant Transport in Hydraulic Fractures
 By
 Alkhathami, Mohammad D.
 Submitted in Partial Fulfillment of the Requirement of the Degree of Bachelor of Science in Petroleum Engineering
 =========== January , 2007

Page 2
                        

2
 ACKNOWLEDGEMENTS
 There are several factors that contribute towards achieving the end goals and objectives.
 Some of these factors are inspiration, guidance, moral support, motivation, initiative and
 encouragement. While working towards completion of this senior project several
 individuals have made valuable and significant contributions. I would like to express my
 sincere gratitude to all of those individuals. It would not be possible to name each
 individual but I definitely would like to mention some of them. I apologize to all those
 wonderful individuals whom I acknowledge but have missed out.
 First and foremost I would like to thank my supervisor, Dr.Eissa Shokir, His valuable
 guidance and support helped me to sustain my motivation. Thank you “Abou
 Mohammad”.
 SPECIAL THANKS to Dr. Abdulrahman A. Al-quraishi who always provided me
 with inspiration and built a strong desire in me to work hard to succeed. I sincerely thank
 you Dr. Abdulrahman .
 I would like to thank Aramco Rig Forman, Engineer Said Alkhathami, whose support
 and help have proved to be very valuable.
 From the bottom of my heart I would like to say a BIG THANK YOU to Nayef
 Algahtani and Emad Almoshaiqh who helped me whenever I needed some thing during
 my Experiments at King Abdulaziz City for Science and Technology.
 Also I would like to mention those wonderful Engineers that always supported me
 during my senior project: Saeed Alhomod, Kamal Haron, and Abdullah Alatiq.
 Particular thanks and appreciations to the Petroleum Engineering Department’s staff for
 their helping and encouraging.
 Last but not the least; I want to thank God for all his so many blessings.
 Mohammad D. Alkhathami

Page 3
                        

3
 ABSTRACT
 Significant work and progress have been made since the introduction of hydraulic
 fracturing in understanding and modeling the mechanics of rock deformation. On the
 other hand, small progress has been made in the area of fluid flow and proppant transport.
 One of the important issues in particle transport in hydraulic fracturing is downward
 convection, especially in fractures where the perforation height is small relative to the
 fracture height.
 In this study, glass models were constructed to simulate a fracture. Proppant transport
 and placement efficiency were investigated using viscous non-Newtonian fluids with
 controlled density and viscosity differences. Variables such as density differences,
 viscosity, proppant concentration, and flow rate were considered, and the placement
 efficiency of proppant in the experiments was interpreted
 The observations of the pattern formed by the boundary between the displaced and
 displacing fluids in the small glass model were similar to these observed in the large
 model used by Stim-Lab, Inc (Clark, P. E. and Courington [1]). Also, observed
 convection Patterns are confirmed to the Stim-Lab model. Thus, small models can
 simulate flow patterns in hydraulically induced fractures.
 It has been noticed that convection is very significant even with very small density
 differences. As viscosity to gravity ratio increases by increasing the displacing fluid
 viscosity, the effect of convection becomes less and proppant placement efficiency tends
 to increase resembling that of Craig for gravity override of fluids in reservoirs.
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 CHAPTER ONE
 INTRODUCTION
 Hydraulic fracturing has been established to be a very useful technique for enhancing the
 production of oil and natural gas from the reservoir. The technology was developed in the
 late 1940’s, and has been improved continuously and applied in the oil and gas industry
 all over the world.
 The wells are hydraulically fractured to connect many pre-existing fractures and flow
 pathways in the reservoir rock with an artificially larger fracture. This larger, man-made
 fracture starts at the well and extends out into the reservoir rock as much as several
 hundred feet. The fracture is created when a fluid is pumped down the well at high
 pressure for short period of time. The high pressure fluid (usually water with fluid
 additive to increase the viscosity) exceeds the tensile strength of the rock and initiates a
 fracture in the rock. A propping agent, usually sand carried by the viscous fluid, is
 pumped into the fracture to keep it from closing when the pumping pressure is released.
 The viscous fluid pumped to propagate the fracture is converted into a low viscosity fluid
 in short time with the addition of breaker. The broken fluid flows back through the
 created fracture to the well and with no flow restrictions up to the surface once the well is
 put on production. The technique forms an open channel for the natural gas and oil which
 are trapped in the rock to flow to the surface.
 From the literature review, significant work and progress have been made since the
 introduction of hydraulic fracturing in understanding and modeling the mechanics of rock
 deformation. On the other hand, limited progress has been made in the area of fluid flow
 and proppant transport.
 In this study, small glass models will be constructed to simulate a fracture. Proppant
 transport, Convection, and placement efficiency will be investigated using Non-
 Newtonian fluids with controlled density differences. Variables such as density
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 difference, viscosity, proppant concentration and flow rate will be considered. Proppant
 placement efficiency in the experiments will be interpreted .
 The observations of the pattern formed by the boundary between the displaced and
 displacing fluids in the small model used in this work will be compared with those in
 large models.
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 CHAPTER TWO
 LITERATURE REVIEW
 In hydraulic fracturing treatments, a fracture is created from the wellbore by rupturing the
 formation at high pressure by means of a fracturing fluid. A propping material, carried by
 the fracturing fluid, is pumped into the induced fracture channel to prevent closure of the
 fracture after pressure has been released. Productivity improvement is mainly determined
 by the propped dimension of the fracture, which is in turn controlled by proppent
 transport and placement.
 2.1 Hydraulic Fracturing: Concept and Application
 The first hydraulic fracturing treatment was pumped in 1947 on a gas well operated by
 Pan American Petroleum Corporation in the Hugoton field [2]. The Kelpper Well No. 1,
 located in Grant County, Kansas was a low productivity well, even though it had been
 acidized. The well was chosen for the first hydraulic fracture stimulation treatment so that
 hydraulic fracturing could be compared directly to acidizing. Since that first treatment in
 1947, hydraulic fracturing has become a standard treatment for stimulating the
 productivity of oil and gas wells.
 Hydraulic fracturing may be defined as the process of creating a fracture or fracture
 system in a porous medium by injecting a fluid under pressure through a well bore in
 order to overcome native stresses. To fracture a formation, energy must be generated by
 injecting a fluid down a well and into the formation. Effectiveness of hydraulically
 created fractures is measured both by the orientation and by a real extent of the fracture
 system and by the post fracture enhancement of gas or liquid recovery. Figure 2.1 shows
 typical Hydraulically Fractured Well [3,4].
 In general, hydraulic fracture treatments are used to increase the productivity index of a
 producing well, or the injectivity index of an injection well. The productivity index
 defines the volumes of oil or gas that can be produced at a given pressure differential
 between the reservoir and the well bore. The injectivity index refers to how much fluid
 can be injected into an injection well at a given pressure differential.
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 Figure 2.1 : Hydraulically Fractured Well [3,4].
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 There are many different applications for hydraulic fracturing, such as[2]:
 • Increase the flow rate of oil and/or gas from low permeability reservoirs,
 • Increase the flow rate of oil and/or gas from wells that have been damaged,
 • Connect the natural fractures and/or cleats in a formation to the wellbore,
 • Decrease the pressure drop around the well to minimize sand production,
 • Decrease the pressure drop around the well to minimize problems with asphaltine
 and/or paraffin deposition,
 • Increase the area of drainage or the amount of formation in contact with the well
 bore, and
 • Connect the full vertical extent of a reservoir to a slanted or horizontal well.
 Obviously, there could be other uses of hydraulic fracturing, but the majority of the
 treatments are pumped for these seven reasons.
 The equipment used in the hydraulic fracturing process is shown in Fig. 2.2.
 Specialized pumping and blending units are used to pump the fluid since the pressure
 needed to crack open the reservoir rock is very high. The pumping unit pumps the
 fracturing fluid to the formation [5].
 A fracturing job usually consists of three stages [6]:
 • The first stage is the injection of pad fluid which is a fracturing fluid that does not
 contain proppant. This stage is intended to initiate and propagate the fracture
 • The second stage consists of injecting a proppant slurry into the fracture. The
 slurry concentration is increased as the fluid is injected until reaching a
 predetermined value of solids loading at the end of the treatment. This stage is
 intended to prop the fracture open.
 • The third stage is the back flowing stage to clean the fracture.
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 Figure 2.2 : Hydraulic fracturing pumping unit [5].

Page 16
                        

16
 2.2 Fracture Mechanics
 Rock mechanics is the theoretical and applied science of the mechanical behavior of
 rock, the branch of mechanics concerned with the response of rock to the force fields of
 its physical environment. In hydraulic fracturing, rock mechanics is important in the
 determination of mechanical properties and the in-situ stress state of reservoir rock, the
 calculation of deformation and failure behavior of the rock mass caused by the treatment,
 and the determination of the fracture’s final geometry.
 Mechanical properties usually, of concern for treatment design and analysis, are (1)
 elastic properties, such as Young’s modulus (or shear modulus) and Poisson’s ratio; (2)
 strength properties, such as fracture toughness and tensile and compressive strength; (3)
 poroelastic parameters describing the compressibility of the rock matrix compared with
 the compressibility of the bulk rock under specific fluid flow (or migration) conditions.
 Stress not only controls or influences most aspects of fracture behavior, but also
 influences the values of both reservoir properties and mechanical properties of the rock.
 For example, increased confining stress will generally result in increased strength
 decreased permeability and porosity , and mixed results for Young’s modulus and
 Poisson’s ratio [2].
 2.2.1 In-situ Stresses
 Underground formations are confined and under stress. Fig. 2.3 illustrates the local
 stress state at depth for an element of formation. The stresses can be divided into 3
 principal stresses. In Figure 2.3, σ1 is the vertical stress, σ2 is the maximum
 horizontal stress, while σ3 is the minimum horizontal stress, where σ1>σ2>σ3. This is a
 typical configuration for reservoirs. However, depending on geologic conditions, the
 vertical stress could also be the intermediate (σ2) or minimum stress (σ3). These stresses
 are normally compressive and vary in magnitude throughout the reservoir, particularly in
 the vertical direction (from layer to layer). The magnitude and direction of the principal
 stresses are important because they control the pressure required to create and propagate a
 fracture, the shape and vertical extent of the fracture, the direction of the fracture, and the
 stresses trying to crush and/or embed the propping agent during production [2,7,8].
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 Figure 2.3 : Local in-situ stress at depth [2 ].
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 A hydraulic fracture will propagate perpendicular to the minimum principal stress (σ3).
 If the minimum horizontal stress is σ3, the fracture will be vertical. Minimum horizontal
 stress profile with depth can be compute the using Eq. 1.
 σ min = υ
 υ−1
 ( σ ob - α σ p ) + α σ p + σ ext ..............................................................(1)
 Where,
 σ min = the minimum horizontal stress (in-situ stress)
 υ = Poissons’ ratio
 σ ob = overburden stress
 α = Biot’s constant
 σ p = reservoir pore pressure
 σ ext = tectonic stress
 Poisson’s ratio can be estimated from acoustic log data or from correlations based
 upon lithology. The overburden stress can be computed using density log data.
 Normally, the value for overburden pressure is about 1.1 psi per foot of depth. The
 reservoir pressure must be measured or estimated. Biot’s constant must be less than or
 equal to 1.0 and typically ranges from 0.5 to 1.0. The first two terms on the right hand
 side of Eq.1 represent the horizontal stress resulting from the vertical stress and the
 poroelastic behavior of the formation. The tectonic stress term is important in many
 areas where plate tectonic or others forces increase the horizontal stresses [2,7,8].
 Poroelastic theory can be used to determine the minimum horizontal stress in
 tectonically relaxed areas. It combines the equations of linear elastic stress-strain theory
 for solids with a term that includes the effects of fluid pressure in the pore space of the
 reservoir rocks. The fluid pressure acts equally in all directions as a stress on the
 formation material. The “effective stress” on the rock grains is computed using linear
 elastic stress-strain theory. Combining the two sources of stress results in the total stress
 on the formation, which is the stress that must be exceeded to initiate afracture [2,7,8].
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 2.2.2 Basic Rock Mechanics
 In addition to the in-situ or minimum horizontal stress, other rock mechanical
 properties are important when designing a hydraulic fracture. Poisson’s ratio is defined as
 “the ratio of lateral expansion to longitudinal contraction for a rock under a uniaxial
 stress condition” [9]. The value of Poisson’s ratio is used in Eq. 1 to convert the effective
 vertical stress component into an effective horizontal stress component. The effective
 stress is defined as the total stress minus the pore pressure.
 The theory used to compute fracture dimensions is based upon linear elasticity. To
 apply this theory, the modulus of the formation is an important parameter. Young’s
 modulus is defined as “the ratio of stress to strain for uniaxial stress” [9]. The modulus of
 a material is a measure of the stiffness of the material. If the modulus is large, the
 material is stiff. In hydraulic fracturing, a stiff rock will result in more narrow fractures.
 If the modulus is low, the fractures will be wider. The modulus of a rock will be a
 function of the lithology, porosity, fluid type, and other variables. Table 2.1 illustrates
 typical ranges for modulus as a function of lithology.
 2.2.3 Fracture Orientation
 Usually the hydraulic fracture propagate perpendicular to the least principle stress (see
 Figure 2.4). In some shallow formations the least principal stress is the overburden stress;
 thus, the hydraulic fracture will be horizontal. In reservoirs deeper than 1000 ft or so, the
 least principal stress will likely be horizontal; thus, the hydraulic fracture will be vertical.
 The azimuth orientation of the vertical fracture will depend upon the azimuth of the
 minimum and maximum horizontal stresses [2].
 2.3 Fracturing Fluids
 The types and use of fracturing fluids have evolved greatly over the past 60 years and
 continue to evolve. To select the fracturing fluid for a specific well, it is necessary to
 understand the properties of the fluid and how these properties may be modified to
 accomplish desired effects.
 The properties that a fracturing fluid should possess are [9]:
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 Table 2.1 : Ranges of Young’s Modulus for Various Lithologies [9].
 Lithology Young’s Modulus
 Soft Sandstone 2-5 ×106
 Hard Sandstone 6-10×106
 Limestone 8-12×106
 Coal 0.1-1×106
 Shale 1-10×106
 Figure 2.4 : Fracture configuration [4].
 a. Horizontal fracturing. b. Vertical fracturing
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 1- low leak-off rate,
 2- ability to carry the propping agent,
 3- low pumping friction loss,
 4- easy to remove from the formation,
 5- compatible with the natural formation fluids,
 6- minimum damage to the formation permeability,
 7- break back to a low viscosity fluid for clean up after the treatment.
 Fracturing fluid pumped during the process is generally in turbulent flow in the well
 bore and perforations and in laminar flow in the fracture. The accurate characterization of
 the rheological properties of the fluid is necessary for the successful application of the
 hydraulic fracturing process.
 The turbulent flow frictional loss in the well bore and perforations is important to
 design and perform a fracturing treatment. The frictional losses are used to predict the
 surface treating pressure and injection rate.
 The laminar flow behavior of the fluid in the fracture is critical to the design of proppant
 transport and fracture geometry. The fracture geometry and extension during the
 treatment depends to a high degree on the rheological properties of the clean as well as
 proppant-laden fluid. Fracturing fluids are generally classified into three types: aqueous-
 based, oil, and foam fluids. Aqueous-based fracturing fluids have been widely used in the
 oil and gas wells because of their low cost, high performance, greater suspending power,
 environmentally acceptable and ease of handling [9].
 Aqueous-based fracturing fluids are classified based on the amount of polymer (gelling
 agent) per gallon of water. For example a 20-pound fracturing fluid mix consists of a
 ratio of 20 pounds of gelling polymer per 1000 gallons of base fluid. Various mixes of
 these gelling agents are used in hydraulic fracturing treatments, depending on the type of
 formation being stimulated.
 Guar is the most popular polymer for preparing aqueous-based fracturing fluid. The
 guar polymer has a very high affinity for water. The guar polymer easily dissolves in
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 water and readily establishes hydrogen bond with the water molecules and gets hydrated.
 The hydration of the polymer particle causes it to swell, exposing more sites on the guar
 to establish more hydrogen bonds with the water molecule. The hydration of the polymer
 continues till each guar molecule is well bonded with water molecule. The hydration rate
 is monitored with guar solution viscosity which varies as an exponentially with time for
 hydration. When no further increase in the viscosity is observed, the guar hydration is
 considered to be complete[3].
 Oil-based fracturing fluids are primarily used for water sensitive formation. They
 normally employ gelled kerosene, diesel, distillates, and many crude oils. Aluminum salts
 of organic phosphoric acids are generally used to raise viscosity, proppant carrying
 capability, and improve temperature stability. Compared to aqueous-based fluids, they are
 more expensive and more difficult to handle. Oil-based fluids are more hazardous
 because of flammability and also possess environmental concerns.
 Foam fracturing fluids are used in low pressure and fluid sensitive formations to aid in
 clean-up and reduce fluid contact. They are gas and liquid dispersions. Foams can use
 nitrogen and/or CO2 as the internal phase and water-methanol mixtures used as the
 external phase for the formation of foam fracturing fluids. The disadvantages associated
 with foam fluids are: they cannot be loaded with high proppant concentration, the cost of
 foam fluid systems including field equipment is very high, and they are very
 uneconomical as compared to aqueous and oil-based fracturing fluids. Furthermore the
 rheological characterization of foams is not easy because of the many variables involved.
 The viscosity of the fracture fluid is important. The fluid should be viscous enough
 (normally 50–1000 cp) to create a wide fracture (normally 0.2–1.0 in) and transport the
 propping agent into the fracture (normally 10 to 100 sec/feet). The density of the fluid is
 also important. Water based fluids have densities near 8.4 ppg. Oil base fluids, although
 never used to fracture treat coal seam reservoirs, will have densities that are 70-80% of
 the water based fluids. Foam fluids can have densities that are 50% or less those of water
 based fluids. The density affects the surface injection pressure and the ability of the fluid
 to flow back after the treatment. In low pressure reservoirs, low density fluids, like foam,
 can be used to assist in the fluid clean up.
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 2.3.1 Fracture Fluid Additives
 In most low permeability reservoirs, fracture fluid loss and efficiency is controlled by
 the formation permeability. In high permeability formations, a fluid-loss additive must be
 added to the fracture fluid to reduce leak-off and improve fluid efficiency.
 Typical additives for a water based fluid are briefly described below [2].
 • Polymers – used to viscosify the fluid
 • Crosslinkers – used to change the viscous fluid to a pseudo-plastic fluid
 • Biocides – used to kill bacteria in the mix water
 • Buffers – used to control the pH of the fracture fluid
 • Surfactants – used to lower the surface tension
 • Fluid loss additives – used to minimize fluid leak-off into the formation
 • Stabilizers – used to keep the fluid viscous at high temperature
 • Breakers – used to break the polymers and crosslink sites at low temperature
 Formation temperature is one of the main factors concerning the type of additives
 required to mix the optimum fracturing fluid. In deep, hot reservoirs (>250Fo), more
 additives are required than in shallow, low temperature reservoirs. The owner of the oil or
 gas well normally does not own the equipment or the additives required to pump a
 fracture treatment. The operator will hire a service company to pump the fracture
 treatment. Each service company has their own research department for developing
 fracture fluids and additives. Each service company obtains their additives from various
 suppliers. As such, there is no set of rules one can use to select the proper additives for a
 fracture fluid, without first consulting with the service company that will mix and pump
 the fluid into the well. Many times, pilot tests of the fracture fluids must be conducted to
 be certain all the additives will work properly at the temperature in the reservoir and for
 the duration of the treatment.
 Selection of the fracture fluid is a critical decision for the design engineer of fracture
 treatment. Economides et al. [10] developed a flow chart that can be used to select the
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 category of fracture fluid on the basis of factors such as reservoir temperature and
 pressure, the expected value of fracture half-length, and a determination if the reservoir is
 water sensitive (see Figure 2.5)
 2.3.2 Fluid Rheological Models
 The science of rheology by definition is the study of the deformation and flow behavior
 of materials. Materials in this context can be solids, liquids or gases .Rheology describes
 the relationship between force, deformation and time and comes from the Greek word
 “rheos” means to flow. The rheological characteristics of fluid are important in evaluating
 its ability to perform a specific function. In the petroleum industry, fluids are used to
 transport and suspend solids, reduce friction pressure and also to control fluid loss. Fluids
 can be broadly classified into two categories: Newtonian and Non-Newtonian fluids.
 • Newtonian Fluids
 Newtonian fluids are fluids in which the ratio between applied shear stress, and the rate
 of shear is constant with respect to time and shear history. The relationship characterizing
 Newtonian fluids is expressed mathematically as follows:
 .
 γµτ = ..............................................................................................................................(2)
 Where,
 τ = shear stress
 µ = viscosity
 .
 γ = shear rate
 Eq.2 is commonly known as Newton’s law of viscosity. Fluids which exhibit such a
 linear relationship between shear stress and shear rate are known as Newtonian fluids.
 Examples of Newtonian fluids are water, light hydrocarbons, and all gases.
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 Figure 2.5 : Selecting a fracture fluid [10].
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 • Non-Newtonian Fluids
 A non-Newtonian fluid is one whose rheogram (shear stress versus shear rate) is non-
 linear or does not pass through the origin. Most of the fluids used in the petroleum
 industry are non-Newtonian fluids. Non-Newtonian fluids are further classified into [11]:
 � Fluids for which the rate of shear is determined by the shear stress at that point
 or instance and are called ‘time independent’ purely viscous or inelastic fluids.
 � More complex fluids whose relationship between shear stress and shear rate
 depends upon the duration of shearing and their kinematic history. They are
 called time-dependent fluids.
 � Fluids that are partially elastic and recover after deformation are known as
 viscoelastic fluids.
 Figure 2.6 shows the flow behavior curves for time independent fluids on a linear
 scale. Linear flow behavior, a typical characteristic of a Newtonian fluid is also included
 in the Figure. The following are the rheological models that described the various types
 of non-Newtonian fluids.
 • Bingham Plastic Model
 The Bingham plastic model is a two-parameter time-independent rheological model that
 accounts for the stress required to initiate fluid flow in viscous fluids. This initial stress is
 referred to as the yield stress. Once the yield stress is overcome, the fluid is represented
 as a Newtonian fluid, which is shown by the linear relationship between the applied stress
 and the rate of shear. The constitutive equation for the Bingham plastic model is given as
 follows.
 τ = τo + γp .
 γ ...................................................................................................(3)
 Where ,
 τo = yield stress
 γp = plastic viscosity
 • Power Law Model
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 Figure 2.6 : Types of Time Independent Fluid Flow Behavior [12].
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 The power law model is also a time-independent two parameter rheological model like
 the Bingham plastic model. However, where the Bingham plastic model expresses a
 linear relationship between shear stress and shear strain, the power law model uses a non-
 linear relationship which can better characterize the shear-thinning characteristics of most
 common drilling fluids. The following is the constitutive equation for the power law
 model [14].
 τ = k ( .
 γ )n .................................................................................................................. (4)
 Where, n and k are the flow behavior index and consistency index respectively.
 Fluids for which n < 1 are termed as pseudoplastic or shear thinning fluids because
 apparent viscosity for such fluids decreases with increase in shear rate. For n > 1,
 indicates shear thickening and these fluids are called dilatant. For n = 1, indicates the
 fluid is Newtonian.
 • Herschel-Bulkley model
 Herschel-Bulkley model [11] is a simple generalization of the Bingham plastic model
 used to define the non-linear flow curve. It exhibits a yield stress and viscosity that is
 shear rate dependent. The equation of the Herschel-Bulkley model is as follows:
 τ = τ o + k ( .
 γ ) ............................................................................................................ (5)
 Where,
 τo = yield stress
 The Herschel-Bulkley model is used widely in the oil industry to characterize fracturing
 fluids as well as drilling fluids.
 2.4 Proppant
 The purpose of a proppant is to prop open a hydraulic fracture. An ideal proppant
 should produce maximum permeability in a fracture. Fracture permeability is a function
 of proppant grain roundness, proppant purity, and crush strength. Larger proppant
 volumes allow for wider fractures, which facilitate more rapid flow back to the
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 production well. Over a period of 30 minutes, 4,500 to 15,000 gallons of fracturing fluid
 will typically transport and place approximately 11,000 to 25,000 pounds of proppant
 into the fracture. The ideal propping agent will be strong, resistant to crushing, resistant
 to corrosion, have a low density, and readily available at low cost [13]. The products that
 best meet these desired traits are silica sand, resin-coated sand, and ceramic proppants.
 Generally, sand is used to prop open fractures in shallow formations. For coal seam
 reservoirs, sand is usually the best choice for a propping agent and virtually every
 fracture treatment in a coal seam reservoir uses sand. Sand is much less expensive per
 pound than the resin-coated sand or the ceramic proppants.
 Resin-coated (epoxy) sand is stronger than sand and is used where more compressive
 strength is required to minimize proppant crushing. Some resins can be used to form a
 consolidated sand pack in the fracture, which will help to eliminate proppant flow back
 into the wellbore. Resin coated sand is more expensive than sand.
 Ceramic proppants consist of sintered bauxite, intermediate strength proppant (ISP),
 and light weight proppant (LWP). The strength of the proppant is proportional to its
 density. Also, the higher strength proppants, like sintered bauxite, cost more than ISPand
 LWP. Ceramic proppants are used to stimulate deep (>8,000 ft) wells where large values
 of in-situ stresses will apply large forces on the propping agent.
 2.4.1 Settling in Newtonian Fluids
 The stages of fracturing job clearly indicate the importance of the proper proppant
 placement in hydraulic fracturing process and the factors affecting it such as fluid
 rheology, particle settling, convection, and mixing.
 A particle moving through a fluid is subjected to forces exerted by that fluid. These
 forces depend on the fluid and particle characteristics and they are, gravity force,
 buoyancy force, and drag force. The equations below describe this in details.
 Cd =N pRe
 24.......................................................................................................................(6)
 Where
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 Cd =vA
 Ftfp
 d2
 2
 ρ................................................................................................................(7)
 and
 NRep = µ
 ρf
 ftpvd .............................................................................................................(8)
 Where,
 Cd = Drag Coefficient
 NRep
 = Particle Reynolds Number
 Fd = Drag Force
 Ap
 = Particle Frontal Area
 ρf
 = Fluid Density
 µf
 = Fluid Viscosity
 Vt
 = Particle Terminal Settling Velocity
 A single particle settling velocity equation’s in Newtonian fluid is given by [12]:
 Vt = f
 pgfd
 µ
 ρρ18
 ( )2 −....................................................................................................(9)
 Where,
 dp = Particle diameter
 ρf = Particle Density
 g = Local Acceleration of Gravity
 Eq. 9 is applicable only where NRep< 2.
 For 2 < NRep < 500 (intermediate region) the following equation is used [12] :
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 Cd = N p
 6.0
 Re
 5.18.....................................................................................................................(10)
 For turbulent region (NRep >500) ,
 Cd ≅ 0.44........................................................................................................................(11)
 Figure 2.7 Shows the Drag curve for single particle setting in Newtonian fluid.
 2.4.2 Settling in Non-Newtonian Fluids
 For non-Newtonian fluids, the simple but incorrect approach is to replace the fluid
 viscosity, µf with an apparent viscosity, µa, in Newtonian correlations for estimating
 single particle settling velocity. Many authors such as Vassilios, C.K [14,12] embraced
 the latter approach. The following equation for Stokes region is proposed for single
 particle settling velocity calculation in non-Newtonian power law fluids:
 Vt = ( )[ ]
 K
 g dd pn
 pfp
 18
 1
 ρρ −..........................................................................................(12)
 Where,
 n , and k are the Power law parameters
 The distribution of proppant inside the fracture depends on its settling velocity in the
 fracturing fluid. For a spherical particle, the drag coefficient, CD, is given by Stoks’ law
 as
 Cd = ( )[ ]
 23
 4
 t
 p
 f
 fp
 v
 gd
 ρρρ −
 .........................................................................................(13)
 The most common method to reduce settling velocities is decreasing the diameter (dp )
 of the proppant. This approach is particularly effective since the diameter term is squared
 in Stokes' law; thus, if the diameter is cut in half, the settling velocity is cut by a factor of
 four. However, this technique has its limits, since proppant conductivity is also
 proportional to diameter, with an exponent that is (unfortunately) greater than two. This
 means the settling benefit gained by reducing diameter is rapidly offset by the resulting
 reduction in fracture conductivity.
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 Figure 2.7 : Drag curve for single particle setting in Newtonian fluid [12].

Page 33
                        

33
 2.4.3 Convection
 The effect of bulk density gradients on the final deposition of proppant in the fracture is
 very important. Bulk density gradients can cause strong gravity driven motions, which in
 turn result in misplacement of the proppant at the bottom of a fracture.
 Cleary and Fonseca [15] were the first to emphasize the importance of segregation by
 convection or density driven flow relative to individual or hindered particle settling in
 hydraulic fractures. By looking at the expressions for hindered settling velocity and
 convective velocity, they found that convection is scaled to fracture width while settling
 is scaled to proppant diameter. Even under ideal conditions, the ratio of convective
 velocity to settling velocity may be of the order of 100 to 1000. In reality, it may even be
 much larger due to the encapsulation effects or the suspension of solid particles in almost
 solid like viscoelastic gels.
 Clark and Courington [16] supported the findings of Cleary and Fonseca by experimental
 evidence. They used a 275 mm long, 125 mm high model with gap width of 1.8 mm. The
 model entrance was small compared to the slot height to satisfy the requirement for a
 point source model. They indicated that convection occurs in low viscosity fluids, but it is
 less important when thickening agents are added.
 Clark and Zhu [17] expanded the range of density differences used in the previous
 study of Clark and Courington and concluded that more comprehensive studies are
 needed to understand the convection process.
 Clark and Zhu [18] later developed two dimensionless groups for Newtonian and non-
 Newtonian fluids to predict the importance of convective flow. Both dimensionless
 groups are ratios of vertical to horizontal forces driving the flow. These groups were
 validated by experimental evidence and they are as follows:
 Nvg = 12 µ q / w3 ∆ρ g h (for Newtonian fluids) ..........................................................(14)
 Nvg = 2 (4+2/n)n ( kqn / ∆ρ g h w(1+2n) ) (for non-Newtonian fluids)............................(15)
 Where,
 Nvg = viscose to gravity ratio,
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 µ = viscosity,
 q = flow rate,
 ∆ρ = displaced and displacing fluids density difference,
 W = fracture width,
 h = fracture height,
 g = gravitational acceleration,
 The previous viscous to gravity ratio assumes a length-to height ratio of one which is
 not the case in most of the contained fractures. The viscous to gravity ratio of Craig [19]
 is defined as the Clark and Zhu viscous to gravity ratio multiplied by the length to height
 ratio. It can be used when length is not equal to height. The viscous to gravity ratio of
 Craig [19] was developed for interpreting gravity over-ride in reservoir engineering
 applications and is believed to be useful in interpreting propant transport.
 Unwin and Hammond [20] presented and solved numerically the motion equation of a
 slurry in a narrow-slot model representing a hydraulic fracture to obtain an estimate of
 the amount of gravity driven vertical motion of proppant that can occur within a fracture
 during proppant placement. They concluded that particle settling and convection can
 occur under field conditions. They also concluded that convection rates are slightly
 greater in sheet flow, where the proppant migrate to the fracture center, than in
 homogeneous ,where proppant are uniformly distributed across the fracture width, flow.
 Finally, they concluded that in elliptical fractures, dense proppant slurry can under-ride
 earlier pumped pad (zero solid concentration) under most fracturing conditions.
 In 1999, Al-quraishi et al. [6] used Hele-Shaw model to study the proppant transport in
 hydraulic fracture. They concluded that convection is dominant for flow with viscous to
 gravity ratio less than one where convection is more affected by gap width variation than
 velocity variation when the same fluid is displaced. Velocity variation was found to have
 little effect in the case of viscous displacement fluids except at very low rates.
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 2.5 Slurry
 Slurry or fractured fluid proppant mixing, can commonly be classified based on it’s
 kind of fluid into Newtonian and Non-Newtonian.
 2.5.1 Newtonian Slurry
 There exists numerous correlations/equations and experimental data in the literature to
 estimate the increase in viscosity of a Newtonian fluid or relative slurry viscosity by the
 addition of solids [9,21,22-34].
 An early expression for slurry viscosity was developed by Einstein [27]. It is valid
 only for infinitely dilute particle concentration. The Einstein expression is given by:
 µs = µo (1 + 2.5Φ )..……………………………………………...………....................(16)
 where,
 µs and µo are defined as the viscosity of slurry and carrier fluid respectively and Φ is the
 volume faction of solids.
 Many investigators have developed equations extending the Einstein expression to
 highly concentrated slurries. Frankel and Acrivos [21] developed a relationship for solids
 loading near the maximum particle volume fraction denoted by Φmax. Their analytical
 expression developed for the relative viscosity of highly concentrated suspensions of
 solid spheres is given by:
 µr = 8
 9
 ( )
 ΦΦ−ΦΦ
 31max
 max
 1.................................................................................................(17)
 Another empirical expression developed by Thomas [28] which was used by Hannah et
 al. [29] is given by:
 µr = 1+2.5 Φ+ 10.5 Φ2+0.00273 exp(16.6 )….……………………....……...................(18)
 Landel et al [30] derived an equation from the data of water with suspensions of glass
 beads, copper powder with particle size in the range of 10 to 100 µm for fitting the limits
 of both infinite dilution and high solids concentration and is given by:
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 µr = ( )[ ] 5.2max1 −ΦΦ− ......................................................................................................(19)
 Graham [23] derived a theoretical model for zero-shear relative viscosity that assumed
 hydrodynamic forces dominate and that accounted for particle interaction and fluid flow
 around the particles. The expression is given by:
 µr = 1+ 2.5 Φ +ah+1
 5.2 ( ) ( )[ ]
 +−
 +−
 21
 1
 1
 11
 ahahah.............................................(20)
 where ,
 (h/a) is the ratio of particle spacing to particle radius. For simple cubic packing it is:
 ΦΦ
 ΦΦ−=
 31
 max
 32
 max
 /12ah .............................................................................(21)
 Several workers particularly Nicodemo et al [31] and Jeffrey and Acrivos [32] pointed
 out that slurry viscosity, even for Newtonian fluids, is a function of the flow shear rate.
 The existence of shear effects for simple Newtonian fluids suggests there might be
 considerably greater shear effects for non-Newtonian fracturing fluids.
 2.5.2 Non-Newtonian Slurry
 Newtonian slurries exhibit a Newtonian behavior at low solid concentrations but with
 an increase in the solid concentration they exhibit non-Newtonian behavior. Accurately
 prediction rheological properties of hydraulic fracturing fluids is essential for designing
 and executing an optimum treatment. Fluid viscosity affects several important
 components such as friction loss within well tubulars, leakoff, fracture geometry,
 proppant placement. In case of guar and guar derivative-based fracturing fluids, several
 variables directly affect viscosity. These are polymer concentration, pH, shear rate, shear
 history, temperature, thermal history, crosslinker, and breaker concentration. Many
 researchers in the past have addressed the complex nature of rheological characterization
 of fracturing fluid.
 One of the rheological characterization studies conducted was using glass beads filled
 with polypropylene composites in the shear rate range of 50 to 600 sec-1 by Faulker and
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 Schmidt [33]. It was reported that the power law exponent, n, decreases with the increase
 in volume fraction of the beads and relative viscosity decreases with increasing shear rate
 for a volume fraction range of 0 to 0.26.
 Fang et al. [34] have presented a study of laminar fully developed flows of time
 independent viscous shear-thinning fluids in straight eccentric annuli. The fluid rheology
 is modeled by the power-law constitutive equation. Numerical solutions for a wide
 variation of annuli ratio and shear index (1≥ n≥ 0.2) are presented. The fluid rheology
 and annuli eccentricity are seen to have a strong influence on the flow behavior. The
 eccentricity causes the flow to stagnate in narrow gap with higher peaks velocities in
 wide gap and fluid pseudo plasticity gives rise to even greater flow changes around the
 annulus, with non-uniform velocity fields, wall shear-stress distribution and friction
 factor characteristics.
 Gardner and Eikerts [35] have evaluated the effects that shear and 20/40 mesh sand
 proppant have on the rheological properties of fracturing fluids. A closed-loop pipe
 viscometer was used to evaluate the shear resistance. There is a larger increase in slurry
 viscosity due to the effect of 20/40 mesh sand than predicted from Newtonian slurry
 models is seen. Laboratory tests have also been conducted to indicate the actual slurry
 viscosity, accounting for shear and proppant effects within the fracture are apparently
 moderate to extensively lower than that predicted by conventional rheological models.
 Baree and Conway [36] have calculated single particle settling rates for common sizes
 of sand particles in Newtonian and non-Newtonian fluids with different viscosities. Their
 conclusion was that Stokes’ law is only valid in low viscosity Newtonian fluids for very
 small particles ( ≤100 mesh). However, for more viscous fluids, flow remains laminar
 and Stokes’ law is valid even with particle sizes greater than 12 mesh. Settling rate was
 found to be very low for non-Newtonian fluids with various viscosities.
 The complexity of the study of non-Newtonian fluids has made Kruijf et al. [37] to
 develop two novel rheological devices for the measurement of hydraulic fracturing fluids.
 The lack of suitable conventional rheometers for the characterization of hydraulic
 fracturing fluids and slurries has prompted the development of the helical screw
 viscometer (HSV) to study the slurry rheology of fracturing fluids, the relation between
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 the chemistry and flow mechanics of gels, proppants and fracturing fluids and the
 dynamic settling tester (DST) which is proved highly effective for the study of
 fundamental properties of the complex fluids typically used for hydraulic fracturing
 treatments.
 Nolte [38] has presented a modification in the Newtonian correlations for non-
 Newtonian fluids since a relatively large increase in the apparent viscosity due to the
 addition of sand is seen when Newtonian fluid correlations are used for non-Newtonian
 fluids. A relationship for the viscosity increase of a Power-law fluid was compared to
 experimental data for hydroxylpropyl guar fluid. The Power Law model has given an
 excellent correlation of shear stress versus shear rate for HPG fluid, without particles,
 over a shear rate range of zero to 50 sec-1. The significant change was seen in the value of
 consistency index, k, for the power law model fit of the data for the shear rates
 considered in his work. The increase in apparent viscosity due to the particles was
 independent of the shear rate and simply resulted from the increase in consistency index,
 k. A simple correction to the Newtonian correlations has been made for a better
 approximation for the shear rates of the non-Newotonian fluids.
 Shah et al [39] studied the erosion phenomena such as pump rate, slurry concentration,
 and fluid properties for Newtonian (water) and non-Newtonian (fracturing gel and slurry)
 using Computation Fluid Dynamic (CFD) simulations through straight as well as coiled
 tubing.
 Baree and Conway [36] developed a general equation to provide the slurry viscosity as a
 function of solids loading and shear rate including the upper and lower Newtonian
 plateaus. The generalized Equation for Fracturing Fluid Actual Rheology (GEFFAR) is
 written as,
 1.
 1
 1.
 1
 )(tan
 )(tan
 )1(−−
 −−
 −−=o
 o
 n
 H
 n
 Lano C
 γγγγ
 µµ .....................................................................................(22)
 Where,
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 no = clean fluid power law flow behavior index,
 γL = adjustable parameter to match onset of deviation of low shear viscosity from the
 calculated law viscosity,
 γH = adjustable parameter to match onset of deviation of high shear viscosity from the
 calculated law viscosity,
 Cn = Cv/Cvmax,
 Cv = volume fraction of solids,
 Cvmax= maximum volume fraction of solids, and
 a = slurry viscosity increase exponent.
 It has been observed that apparent slurry viscosity varies only slightly with shear rate.
 Viscosity increase resulting from solid loading is nearly independent of temperature.
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 CHAPTER THREE
 EXPERIMENTAL S ETUP AND FLUIDS USED
 In this chapter the experimental apparatus, fluids used, and the experimental technique
 implemented will be discussed.
 3.1 Apparatus
 The experimental setup (Fig.3.1) consists of a glass Hele-Shaw flow model, a pump, a
 digital video camera, and a personal computer for video image analysis. The Hele-Shaw
 flow model consists of two pieces of 1/4 inch-thick plate glass, 8 inches long and 4 inches
 high. The length was chosen to be twice the height to minimize the exit effect. A linear
 groove was scored 0.5 inch from the outlet end with a diamond bit. A hole of about 1/8
 inch diameter centered from top to bottom was drilled to qualify the entrance port to act
 as a point source. The same size hole was drilled at the outlet end. The two pieces of
 glass were cleaned and strips of shim stock 0.5 inch wide were cut and placed around the
 edges between the plates. The outside edges of the two plates were sealed and bonded
 together with a layer of epoxy. Binder clips were closely spaced all around the glass
 model to give mechanical support.
 Stainless steel tubing 1/8 inch diameter was cemented with epoxy in the inlet and outlet
 holes. To simulate fractures with gap widths, models were constructed with shim
 thicknesses of 0.0236 inch.
 Fluids were pumped into the model using a motor-driven syringe pump capable of
 delivering the displacing fluids at different rates. The pump accommodates all sizes and
 brands of syringes.
 Each conducted experiment was recorded using a digital video camera linked to a
 personal computer. A white board was placed behind the glass flow model to provide an
 even distribution of light. Video frames of the experiments were captured with image
 processing software (IMAGE, Version 1.34s) on a personal computer. The software is
 capable of manipulating, displaying, and analyzing images. The black and white images
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 Figure 3.1 : Schematic Diagram of The Apparatus Used [6]
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 are two dimensional arrays of pixels represented by integers ranging from 0 to 255, where
 0 represents black and 255 represents white.
 A Brookfield viscometer was used to obtain the Newtonian fluid viscosities. In addition,
 FAN-35 viscometer was used to measure the viscosities of the non-Newtonian fluids at
 higher shear rates outside the range of the Brookfield viscometer.
 3.2 Experimental Procedure
 At the start of each experiment, the glass model was flushed with water several times to
 ensure that all traces of dirt and contamination from the previous experiment were
 removed. After cleaning, the experiment were started with the following procedure:
 1. The cell was filled with the less dense fluid using the syringe. Injection of the
 fluid continued until all air bubbles were displaced out of the glass model.
 2. A syringe was filled with the displacing denser fluid. Precaution were taken to
 ensure that no air bubbles were trapped in the syringe or the injection line.
 3. The injection line was then connected to the glass model inlet and the pump was
 then adjusted to deliver the desired flow rate.
 4. The camera position and focus were adjusted to obtain a sharp image with good
 contrast between the background and the injected fluid.
 5. The pump was started to inject the denser fluid at the desired flow rate. The
 digital camera was switched on to record the experiment until the injected fluid
 reached the outlet end.
 6. Using the IMAGE software, frame of the experiments were captured and
 analyzed.
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 3.3 Fluids
 3.3.1 Non-Newtonian Fluids
 The Guar(HPG) solutions , with concentrations of 20 lb/Mgal, 25 lb/Mgal, 30 lb/Mgal,
 40 lb/Mgal were investigated and the 20 lb/Mgal and 25 lb/Mgal were excluded because
 of theire poor proppant carrying capacity.
 Sand was sieved and particles with a diameter range between 0.0027 and 0.0059 inch
 were added to the guar solutions to simulate fracturing fluid slurries. different sand
 concentrations of 2, 4, and 6 lb/gal were used . Sand was chosen to provide density
 contrast between the displaced and displacing fluids to simulate a fracture slurry with
 particles small compared to the gap width of the flow model and to minimize particulate
 settling during experiment.
 Table 3.1 lists the properties of the non-Newtonian fluids used in this study. Note that
 the GEFFAR correlation was used to obtain the slurry viscosities in this table with
 coefficients a=1.8, γH = 10000000, and Cvmax=1.
 Figures 3.2, 3.3, 3.4 and 3.8 are plots of the viscosity data of 20, 25, 30, and 40
 lb/Mgal for guar solutions respectively. The data were matched with the GEFFAR
 correlation using 0 lb/Mgal sand concentration and power law model to obtaine the
 parameter listed in Table 3.1. GEFFAR predictions for the viscosity profile of the 2,
 4,and 6 lb/gal sand added to 30 lb/Mgal and 40 lb/Mgal solutions are given in Figures
 3.5, 3.6, 3.7, 3.9, 3.10, and 3.11.
 Al-quraishi [6] validated the use of GEFFAR for modeling slurry viscosities by
 measuring the viscosity of slurry composed of silica flower in 30 lb/Mgal guar solution
 and he obtained a good match between the measurement and the GEFFAR match
 between the previously mentioned a and Cvmax.
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 Table 3.1: Non-Newtonian Fluids Physical Properties at Room Temperature( 68o F).
 Fluid ρ
 (gm/cc)
 n K
 lbf-
 secn/ft2
 µo
 cp
 γL
 sec-1
 Guar (20 /Mgal) 1.00067 0.68 0.0022 70 15
 Guar (25 /Mgal) 1.00084 0.52 0.007 180 10
 Guar (30 /Mgal) 1.001 0.51 0.012 500 3
 Guar (30 /Mgal) with 2 lb/gal 1.1376 0.51 0.013 550 2.89
 Guar (30 /Mgal) with 4 lb/gal 1.25 0.51 0.0149 688.62 2.6
 Guar (30 /Mgal) with 6 lb/gal 1.35 0.51 0.0199 850.36 2.1
 Guar (40 /Mgal) 1.0013 0.5 0.018 1800 0.6
 Guar (40 /Mgal) with 2 lb/gal 1.1378 0.5 0.023 1960.9 0.5
 Guar (40 /Mgal) with 4 lb/gal 1.2534 0.5 0.028 2368.45 0.4
 Guar (40 /Mgal) with 6 lb/gal 1.3526 0.5 0.035 2924.75 0.3

Page 45
                        

45
 1
 10
 100
 1000
 10000
 0.01 0.1 1 10 100 1000 10000
 Shear Rate (1/sec)
 Vis
 cosi
 ty (
 cp)
 Experimental data GEFFAR 0 lb/gal
 Figure 3.2 : Viscosity Vs. Shear Rate of 20 lb/Mgal Guar Solution, 0 lb/gal sand
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 Experimental data GEFFAR 0 lb/gal
 Figure 3.3 : Viscosity Vs. Shear Rate of 25 lb/Mgal Guar Solution, 0 lb/gal sand
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 Figure 3.4 : Viscosity Vs. Shear Rate of 30 lb/Mgal Guar Solution, 0 lb/gal sand
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 Figure 3.5 : Viscosity Vs. Shear Rate of 30 lb/Mgal Guar Solution, 2 lb/gal sand
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 Figure 3.6 : Viscosity Vs. Shear Rate of 30 lb/Mgal Guar Solution, 4 lb/gal sand
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 Figure 3.7 : Viscosity Vs. Shear Rate of 30 lb/Mgal Guar Solution, 6 lb/gal sand
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 Figure 3.8 : Viscosity Vs. Shear Rate of 40 lb/Mgal Guar Solution, 0 lb/gal sand
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 Figure 3.9 : Viscosity Vs. Shear Rate of 40 lb/Mgal Guar Solution, 2 lb/gal sand
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 Figure 3.10 : Viscosity Vs. Shear Rate of 40 lb/Mgal Guar Solution, 4 lb/gal sand
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 Figure 3.11 : Viscosity Vs. Shear Rate of 40 lb/Mgal Guar Solution, 6 lb/gal sand
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 CHAPTER FOUR
 DISPLACEMENT EXPERIMENTS
 The displacement experiments were conducted using non-Newtonian fluids by injecting a
 denser fluid phase into the glass model filled with a less dense phase. This chapter will
 discuss the results of experiments for different concentrations of guar fluid.
 Using the IMAGE software, the placement efficiency, defined as the ratio of volume
 occupied by the displacing fluid to the total slot pore volume when the first trace of the
 injected fluid reached the outlet end of the glass model, was obtained for every
 experiment. This was done by taking a video frame for the rectangular area of the glass
 model from inlet to outlet end. A histogram displaying the number of pixels for each of
 256 gray levels was extracted. An Example of this histogram is shown in Figure 4.1 The
 histogram shows two peaks, the one on the left corresponding to the displaced (less
 dense) fluid and the other to the displacing (denser) fluid resembling the slurry. Dividing
 the number of pixels corresponding to the displacing fluid by the total number of pixels
 for the rectangular slot area gives the volume fraction of the injected fluid or what we
 represent in this study as the placement efficiency.
 4.1 Non-Newtonian Fluids Displacement Experiments
 As mentioned previously, two different concentrations of guar solution fluids were used
 in this part of the study. Density contrast between the displacing and displaced fluids was
 achieved by adding sand to the displacing fluids. By adding the sand, the solutions
 became slurries with properties resembling fracturing slurries, and the solutions became
 opaque to light. Refer to Chapter Three for the fluid properties and sand concentrations.
 Tables 4.1 and 4.2 summarized the results of the conducted experiment using the above
 mentioned fluid pairs. The tables contain the flow rates, Clark and Zhu viscous to gravity
 ratio, and the placement efficiency measured for each experiment.
 Results of these experiments will be discussed in the following subsections.
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 Figure 4.1 : Histogram From Extracted Image Used to Determined the Ep
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 Table 4.1 : List of Experiment Runs for 30 lb/Mgal HPG
 Q (cc/min ) Sand Con. Nvg ( Clark-zhu ) Ep ( % )
 1 2 6.36 53.17
 2 2 9.05 70.08
 4 2 12.89 70.64
 6 2 15.86 75.78
 1 4 3.99 90.97
 2 4 5.69 94.48
 4 4 8.11 94.86
 6 4 9.97 98.65
 1 6 3.81 66.82
 2 6 5.43 71.25
 4 6 7.73 82.07
 6 6 9.50 95.23
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 Table 4.2 : List of Experiment Runs for 40 lb/Mgal HPG
 Q (cc/min ) Sand Con. Nvg ( Clark-zhu ) Ep ( % )
 1 2 11.26 63.92
 2 2 16.04 68.75
 4 2 22.84 73.21
 1 4 7.42 95.49
 2 4 10.57 96.18
 4 4 15.05 97.38
 1 6 6.66 73.46
 2 6 9.48 76.56
 4 6 13.50 86.10
 6 6 16.60 89.52
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 4.1.1 Convection
 Convection or density driven flow and its effect on fluid displacement and proppant
 placement was studied in a series of experiments. Figures 4.2 to 4.7 show the captured
 frames for different guar solutions and different sand concentrations. The frames display
 the entry flow pattern at different flow rates and hence at different Clark and Zhu viscous
 to gravity ratios (Nvg) . It was clear that at low Nvg value , the fluid flows almost to the
 bottom of the model. When viscous to gravity ratio was increased by increasing flow rate
 more symmetry about the entrance exists. However by increasing sand concentration
 there is still evidence of downward flow exit.
 Figures 4.8 to 4.13 are the placement efficiency versus Clark and Zhu viscous to gravity
 ratio. As viscous to gravity ratio increases, placement efficiency increases . Note that the
 experiments for 20 and 25 lb/Mgal of HPG fluids were canceled due to settling of sand
 before entering the slot and that because the fluids are not viscose enough to load the
 sand to the outlet of the glass model.
 The Clark and Zhu viscous to gravity ratio assumes a fracture length-to-height ratio of
 unity. The glass model used for this study has a length-to-height ratio of two. To explore
 the effect of the length-to-height ratio, video frames were captured for three stages of
 advancement of the fluid front in the flow model. That is, frames captured when the front
 reaches 1/2, and 3/4 of the total length, as well as when the front reached the outlet port
 of the model. Placement efficiencies were measured using the IMAGE software, and
 placement efficiency versus Craig viscous to gravity ratio at the length-to-height ratios
 mentioned above were plotted in Figures 4.14 through 4.19 for 30 lb/Mgal and 40
 lb/Mgal of HPG solutions with three different concentrations of sand displacing clean
 guar solutions. Placement efficiencies coincide for the cases of 1.5 and 2.0 length-to-
 height ratios, while for lower ratios the placement efficiencies do not coincide. This is
 attributed to the change in flow regimes from radial to linear flow as the fluid advanced
 in the slot.
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 Nvg = 15.86
 Figure 4.2 : Inlet Flow Pattern for 30 lb/Mgal HPG and 2 lb/gal sand Solution Displacing
 30 lb / Mgal at Different Nvg Values

Page 61
                        

61
 Nvg = 3.99
 Nvg = 5.69
 Nvg = 8.11
 Nvg = 9.97
 Figure 4.3 : Inlet Flow Pattern for 30 lb/Mgal HPG and 4 lb/gal sand Solution Displacing
 30 lb / Mgal at Different Nvg Values
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 Nvg = 3.81
 Nvg = 5.43
 Nvg = 7.73
 Nvg = 9.50
 Figure 4.4 : Inlet Flow Pattern for 30 lb/Mgal HPG and 6 lb/gal sand Solution Displacing
 30 lb / Mgal at Different Nvg Values
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 Nvg = 11.26
 Nvg = 16.04
 Nvg = 22.84
 Figure 4.5 : Inlet Flow Pattern for 40 lb/Mgal HPG and 2 lb/gal sand Solution Displacing
 40 lb / Mgal at Different Nvg Values

Page 64
                        

64
 Nvg = 7.42
 Nvg = 10.57
 Nvg = 15.05
 Figure 4.6 : Inlet Flow Pattern for 40 lb/Mgal HPG and 4 lb/gal sand Solution Displacing
 40 lb / Mgal at Different Nvg Values
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 Nvg = 6.66
 Nvg = 9.48
 Nvg = 13.50
 Nvg = 16.60
 Figure 4.7 : Inlet Flow Pattern for 40 lb/Mgal HPG and 6 lb/gal sand Solution Displacing
 40 lb / Mgal at Different Nvg Values
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 Figure 4.8 : Placement Efficiency vs. Clark and Zhu Viscous to Gravity Ratio of 2 lb/gal
 Sand Added to 30 lb/Mgal HPG Displacing 30 lb/Mgal
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 Figure 4.9 : Placement Efficiency vs. Clark and Zhu Viscous to Gravity Ratio of 4 lb/gal
 Sand Added to 30 lb/Mgal HPG Displacing 30 lb/Mgal
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 Figure 4.10 : Placement Efficiency vs. Clark and Zhu Viscous to Gravity Ratio of 6 lb/gal
 Sand Added to 30 lb/Mgal HPG Displacing 30 lb/Mgal
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 Figure 4.11 : Placement Efficiency vs. Clark and Zhu Viscous to Gravity Ratio of 2 lb/gal
 Sand Added to 40 lb/Mgal HPG Displacing 40 lb/Mgal
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 Figure 4.12 : Placement Efficiency vs. Clark and Zhu Viscous to Gravity Ratio of 4 lb/gal
 Sand Added to 40 lb/Mgal HPG Displacing 40 lb/Mgal
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 Figure 4.13 : Placement Efficiency vs. Clark and Zhu Viscous to Gravity Ratio of 6 lb/gal
 Sand Added to 40 lb/Mgal HPG Displacing 40 lb/Mgal
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 Figure 4.14 : Placement Efficiency vs. Craig Viscous to Gravity Ratio of 2 lb/gal Sand
 Added to 30 lb/Mgal HPG Displacing 30 lb/Mgal
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 Figure 4.15 : Placement Efficiency vs. Craig Viscous to Gravity Ratio of 4 lb/gal Sand
 Added to 30 lb/Mgal HPG Displacing 30 lb/Mgal
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 Figure 4.16 : Placement Efficiency vs. Craig Viscous to Gravity Ratio of 6 lb/gal Sand
 Added to 30 lb/Mgal HPG Displacing 30 lb/Mgal
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 Figure 4.17 : Placement Efficiency vs. Craig Viscous to Gravity Ratio of 2 lb/gal Sand
 Added to 40 lb/Mgal HPG Displacing 40 lb/Mgal
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 Figure 4.18 : Placement Efficiency vs. Craig Viscous to Gravity Ratio of 4 lb/gal Sand
 Added to 40 lb/Mgal HPG Displacing 40 lb/Mgal
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 Figure 4.19 : Placement Efficiency vs. Craig Viscous to Gravity Ratio of 6 lb/gal Sand
 Added to 40 lb/Mgal HPG Displacing 40 lb/Mgal

Page 78
                        

78
 CHAPTER FIVE
 CONCLUSIONS
 5.1 Conclusions
 1. With small glass models, a wide variety of flow conditions can be investigated
 easily and inexpensively.
 2. Increasing viscosity reduces the downward convection and increases the
 symmetry of the displacing fluid flow boundary at the inlet of the model.
 3. Proppant transport and placement efficiency of different fracturing fluids can be
 predicted on the basis of fluid physical properties, fracture dimensions, and
 injection rate.
 4. Placement efficiency increases, as Craig Nvg increase.
 5. Small glass models can simulate flow patterns in hydraulic fractures
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