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 Rotational Dynamics Apparatus 012-04329C
 Credits
 This manual authored by: Ed Pitkin
 This manual edited by: Eric Ayars
 Teacher’s guide written by: Eric Ayars
 Copyright Notice
 The PASCO scientific Model ME-9279A and ME-9280Rotational Dynamics Apparatus manual is copyrightedand all rights reserved. However, permission is granted tonon-profit educational institutions for reproduction of anypart of this manual providing the reproductions are usedonly for their laboratories and are not sold for profit.Reproduction under any other circumstances, without thewritten consent of PASCO scientific, is prohibited.
 Limited Warranty
 PASCO scientific warrants this product to be free fromdefects in materials and workmanship for a period of oneyear from the date of shipment to the customer. PASCOwill repair or replace, at its option, any part of the productwhich is deemed to be defective in material or workman-ship. This warranty does not cover damage to the productcaused by abuse or improper use. Determination ofwhether a product failure is the result of a manufacturingdefect or improper use by the customer shall be madesolely by PASCO scientific. Responsibility for the returnof equipment for warranty repair belongs to the customer.Equipment must be properly packed to prevent damageand shipped postage or freight prepaid. (Damage causedby improper packing of the equipment for return ship-ment will not be covered by the warranty.) Shipping costsfor returning the equipment, after repair, will be paid byPASCO scientific.
 Copyright, Warranty and Equipment Return
 Please—Feel free to duplicate this manualsubject to the copyright restrictions below.
 Equipment Return
 Should the product have to be returned to PASCOscientific for any reason, notify PASCO scientific byletter, phone, or fax BEFORE returning the product.Upon notification, the return authorization andshipping instructions will be promptly issued.
 When returning equipment for repair, the unitsmust be packed properly. Carriers will not acceptresponsibility for damage caused by improperpacking. To be certain the unit will not bedamaged in shipment, observe the following rules:
 ➀ The packing carton must be strong enough for theitem shipped.
 ➁ Make certain there are at least two inches ofpacking material between any point on theapparatus and the inside walls of the carton.
 ➂ Make certain that the packing material cannot shiftin the box or become compressed, allowing theinstrument come in contact with the packingcarton.
 Address: PASCO scientific10101 Foothills Blvd.Roseville, CA 95747-7100
 Phone: (916) 786-3800FAX: (916) 786-3292email: [email protected]: www.pasco.com
 ä NOTE: NO EQUIPMENT WILL BEACCEPTED FOR RETURN WITHOUT ANAUTHORIZATION FROM PASCO.
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 012-04329C Rotational Dynamics Apparatus
 Introduction
 The PASCO Model ME-9279A Rotational DynamicsApparatus provides a quantitative and nearly frictionfree introduction to rotational motion. The rotatingsystem consists of two disks, isolated from each otherand from the base plate by cushions of air. The diskscan rotate independently for experiments in torque andangular acceleration, or a pin can be removed thatdrops one disk onto the other, providing an inelasticrotational collision in which the conservation ofangular momentum can be studied.
 Highly accurate quantitative data is provided by twooptical readers which monitor the motion of therotating disks. Each disk has on its side a “picketfence” of alternating black and white bars. The opticalreader counts the black bars as they pass, and thefrequency is displayed in bars per second. This dataallows easy calculation of the angular velocity of therotating disks.
 The Rotational Dynamics Apparatus and the includedaccessories are shown in Figure 1. A variety of ad-vanced experiments can be performed using the
 ME-9281 Rotational Dynamics Accessory Kit alongwith your Rotational Dynamics Apparatus. The kitincludes (see Figure 2):
 • Various masses for experiments in measuring mo-ments of inertia.
 • A ramp, ball, and catcher for experimenting withthe relationship between linear and angular mo-mentum.
 • A spring for studying rotational harmonic motion.
 • Collision hardware that allows you to produceelastic rotational collisions using two rotationalapparatuses.
 ➤ IMPORTANT: To use your RotationalDynamics Apparatus you'll need a clean, drysupply of compressed air providing about 0.3litre/sec (0.7 cfm) at a pressure of 4.8-7.0 x 104
 pascal (7-10 PSI ). See the Equipment Setupsection of this manual for details.
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 Disks (two steel,one aluminum)
 Digitaldisplay
 Base
 Opticalreaders
 Figure 1 The Rotational Dynamics Apparatus
 Accessories that come with theME-9279A Rotational Dynamics Apparatus
 Mass hanger
 Masses:5 gram (1)
 10 gram (2)20 gram (1)
 Thumbscrews(one solid,one hollow)
 Drop pins (2) Thread
 Level
 Threadholder
 Torquepulleys
 Air bearingpulley for
 hanging mass
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 Rotational Dynamics Apparatus 012-04329C
 Figure 2 Components of the ME-9281 Rotational Dynamics Accessory Kit
 Cylinder and Bar Massesfor moment of inertia
 experiments
 Collision Bars andMagnets for elasticrotational collisions
 Variable AngleTriangular Mass formoment of inertia
 experiments
 variable radius mass formoment of inertia
 experiments
 Ball Ramp and Catcherfor linear/rotational
 momentum experiment
 Spring forexperiments in
 rotational oscillations
 Assorted thumbscrewsfor attaching accessories
 to the ME-9279ARotational Dynamics
 Apparatus
 ➤ NOTES:1. The ME-9280 Complete Rotational DynamicsApparatus includes the ME-9279A RotationalDynamics Apparatus and the ME-9281 Acces-sory Kit.2. If you wish to interface the Rotational Dy-namics Apparatus with a computer, the outputsignal from the optical readers is available on thepair of phone jacks within the base. Interfacehardware and timing software are available.Check our current catalog or give us a call forinformation.
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 012-04329C Rotational Dynamics Apparatus
 Connecting the Compressed Air
 Connect your air supply to the air inlet of the Rota-tional Dynamics Apparatus, as shown in Figure 3.This will supply the air to all the bearings of theapparatus. The intake fitting will accomodate standardtubing—3/16 inch (4.7 mm) I.D.
 Each apparatus requires about 0.3 litre/sec (0.7 cfm) at4.8-7.0 x 104 pascal (7-10 psi ). If only one unit isused, a small hardware store variety compressor isadequate. If several units are to be operated from asingle air supply, a larger compressor will be neededand it should have an air tank to insulate the unitsfrom pressure surges as the compressor goes on andoff.
 As disks are added and removed from the units, the airconsumption varies dramatically. This can causeminor pressure fluctuations when many units areconnected to a single air supply, if the supply can'thandle the variations in load. As a general rule, it'sbetter to have several small compressors, each supply-ing one or two units, then a single compressor supply-ing many units.
 Leveling the Base
 To ensure that the disk rotates with uniform velocity oracceleration, even with an eccentric load, the base mustbe accurately leveled. Place the base on a solid table.Using the included bubble level, adjust the threeleveling feet until the base is level.
 You can level the base more accurately after theapparatus is set up and connected to an air supply:
 ➀ Turn on the air (see the following section) and placeboth the top and bottom steel disks on the spindle.
 ➁ Place the 20 gram mass on the edge of the top diskto produce an eccentric load.
 ➂ Give the disk a small push to give it a very slow an-gular velocity, less than 0.1 revolutions per second.
 ➃ Watch as the disk slows down. It should continue inthe same direction until it stops. If the disk reversesdirection and oscillates back and forth before com-ing to a stop, then the apparatus is not accuratelyleveled. The position of the mass when the diskstops will show you which side of the apparatusmust be raised.
 Equipment Setup
 Figure 3 Setting Up the Equipment
 Optical ReaderConnections
 + 5 volts
 signal
 ground
 Leveling foot
 Optical reader output signals(yellow band marks output for top disk)
 9 VDC Adapter
 Air inlet(for connecting compressed
 air supply)
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 Rotational Dynamics Apparatus 012-04329C
 you want to monitor both disks simultaneously, youcan do this by connecting one of the optical readers toa frequency counter.
 The signals from the optical readers are available onthe cables in the base, underneath the display housing.Each cable ends in a 1/4 inch stereo phone plug. Theplug with the yellow band is for the upper disk. Bymonitoring one signal using a frequency meter, and theother with the built-in display, you can collect data forboth disks at the same time. (See Figure 3 for connec-tor specifications.)
 ➤ NOTES:• The output signals from the stereo phoneplugs are TTL compatible, so, with the properinterface hardware and software, you can moni-tor the disk rotation with a computer. (Both thehardware and software are available fromPASCO. Check our current catalog, or give us acall for more information.)• If you are using a PASCO Model 8025Counter/Timer/Frequency Meter, plug the yellowbanded phone plug into ACCessory jack A. Donot plug anything into ACCessory jack B. If asecond 8025 is used, then plug the unbandedplug into ACCessory jack A on the second 8025.
 ➤ IMPORTANT: The compressed air used forthis apparatus must be clean and dry. Dirty orwet air will clog the air bearings and increasefriction. Although a small, in-line filter is in-cluded in each unit, this is only a final filter. Itwill not adequately remove the bulk of dirt andmoisture in a compressed air system.
 Therefore, connect a filter and water trap, such as thePASCO ME-9276 Filter/Regulator/Gauge, in yourcompressed air supply line (instructions for connectingthe ME-9276 are in the Appendix). If your compressedair is supplied from a centralized air supply in yourbuilding, add a filter and water trap in your room. Thefilter should block all particles in excess of 5 microns,and should be mounted as close to the rotationalapparatus as possible.
 Electrical Connections
 Plug the 9VDC adapter into the miniature phone jackon the side of the display housing (see Figure 3). Plugthe other end into a standard 115 or 220/240 VAC, 50/60 Hz outlet. Numbers should appear on the display.
 Outputting the Signal (Optional)
 You can monitor the rotation of both disks using thebuilt-in display. Just flip the switch on the top of thedisplay housing to select the upper or lower disk. If
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 012-04329C Rotational Dynamics Apparatus
 Operation
 Once you’ve leveled the Rotational Dynamics Appa-ratus, connected the compressed air, and plugged inthe AC adapter, you’re ready to start experimenting.This section takes you step by step through the basicoperation: measuring angular velocity, measuringangular acceleration when a constant torque is ap-plied, and dropping one disk on another to observe arotational collision. Experimental procedures for theseand other experiments are provided in the Experi-ments section that follows. Information about usingthe items provided in the ME-9281 Rotational Dy-namics Accessory Kit is also provided in the Experi-ments section.
 ➤ IMPORTANT: The very low friction of theRotational Dynamics Apparatus depends on thedisks being clean and free of nicks and burrs.
 Therefore:
 • Do not rotate the disks against each other, and donot rotate the pulley cylinder, unless the com-pressed air delivered to the system is between 7and 10 PSI.
 • Be sure that the unit is properly leveled.
 • Clean the disks and spindle with a soft rag and asolvent or a mild detergent (no abrasives). It isespecially important that the inner bearing sur-face of the disks, the part that fits against thespindle, is clean. The clearance between thespindle and the disk is only 0.025 mm (0.001inch). Even a small particle of dirt will add fric-tion to the bearing.
 • When placing a disk over the spindle, hold thedisk parallel to the base so that there is minimalabrasion between the disk and spindle.
 ➀ Level the base, connect and turn on the compressedair, and plug in the AC adapter, as described in theSetup section.
 ➁ Place the bottom disk over the spindle. This is thesteel disk with the 16 mm (5/8 inch) hole in thecenter. Be sure that the This side MUST be DOWNsticker is, in fact, down.
 ➂ Place either of the top disks (the steel one or thelighter aluminum one) over the spindle, on top ofthe steel disk (see Figure 4). The unit should al-ways be operated with two disks on the spindle.
 Disk Rotation
 ➃ The two disks can spin independently or together,or the upper disk can spin while the lower diskdoes not. These options are controlled using thetwo valve pins that are provided with the unit (seeFigure 4). When not in use, these pins can bestored in the valve pin storage holes on the top ofthe base.
 Place one valve pin in the bottom disk valve, lo-cated next to the valve pin storage holes. Give theupper disk a spin. Notice that it lies firmly on thelower disk so the two disks spin together. Removethe valve pin and notice how both disks drop ontothe base plate.
 Valve pin (top plate)
 Upper diskLower diskBase Plate
 Display switch: flip tomonitor top or bottom disk
 Valve pin(bottom plate)
 VA
 LVE
 PIN
 ST
 OR
 AG
 E
 VA
 LVE
 PIN
 ST
 OR
 AG
 E
 BO
 TT
 OM
 DIS
 KV
 ALV
 E (P
 ULL P
 INT
 O D
 RO
 P D
 ISK
 )
 Bottom DiskValve (Pull Pinto Drop Disk)
 Valve PinStorage
 (Top View)
 Figure 4 Rotational Dynamics Operation
 PASCO scientific
 COMPRESSEDAIR REQUIREMENTS:
 7-10 PSI @ 0.7 cfm
 4.8-7.0 X 10 Pa@ 0.3 litre/sec
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 Rotational Dynamics Apparatus 012-04329C
 ➄ Replace the valve pin in the bottom disk valve andthen place the remaining valve pin into the hole inthe middle of the upper disk, as in the figure. Nowspin the disks in opposite directions. Notice thatthe two disks now spin independently.
 ➅ Pull the valve pin from the center of the upperdisk. The upper disk drops onto the lower disk sothat the disks now spin together, as a single rotat-ing body. This is the rotational equivalent of an in-elastic collision. (To perform the rotational equiva-lent of an elastic collision, you need two units andthe collision bars supplied with the ME-9281 Ac-cessory Kit.)
 Measuring Angular Velocity
 ➆ With both valve pins inserted, rotate the disks veryslowly. The LED’s on the top of the display hous-ing will flicker on and off.
 Each LED comes on when the corresponding opti-cal reader senses a black bar and goes off when itdetects a white bar. The display counts the numberof black bars that are detected by the optical readerper second. The measurement is made and the dis-play is updated every 2.00 seconds. Therefore,when you are plotting angular velocity versus time,there is 2.00 seconds between each reading.
 Figure 5 Applying a Constant Torque
 Torque pulley
 Thread holderThreadAir bearing pulley
 Hangingmass
 Valve pin(use only if hollow
 thumbscrew isused)
 Thumbscrew
 ➇ The display will show the counts/sec reading foreither the upper or the lower disk, depending onthe position of the switch on the top of the displayhousing. Start the disks rotating at different veloci-ties. Flip the switch back and forth to monitor eachdisk. Notice that the intermediate readings, whenyou first flip the switch, do not give an accuratereading. To be sure your reading is accurate afterflipping the switch, always wait a full two secondsbefore recording data.
 ➤ IMPORTANT: The maximum count rate forthe optical readers is 700 Hz. Any reading above700 Hz may not be reliable.
 ➈ The display counts the number of black bars thatpass the optical detector each second. You can usethe following information to convert the measure-ment to radians/sec:
 ∆x = distance between leading edges of bars = 2mm
 N = number of black bars around edge of disk =200*
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 012-04329C Rotational Dynamics Apparatus
 m
 I = moment of inertia of disk = MR2/2M = mass of diskR = radius of disk
 α = angular acceleration of diskr = radius of torque pulleyT = tension of threada = acceleration of hanging massmg = weight of hanging mass
 m = mass of hanging massg = acceleration of gravity
 M
 r
 R
 α
 T
 T
 mg
 a
 Figure 6 Diagram for Torque Calculation
 just the weight of the hanging mass acting on the diskwith a lever arm equal to the radius of the torque pul-ley.
 A more accurate calculation would take into accountthat the hanging mass is accelerating downward, sothe tension of the thread is not equal to mg. Figure 6shows a diagram for a more careful calculation. In thiscase, applying Newtons second law (F = ma) to thehanging mass, and the rotational version (τ = Iα) tothe rotating disk, gives:
 τ = r X T = rT = Iα (1)
 ma = mg - T (2)
 These two equations are related to each other by theequation:
 a = rα (3)
 Solving for T in equation 1 and inserting this valueinto equation 2:
 ma = mg - Iα/r
 Using equation 3 to replace a:
 mrα = mg - Iα/r
 Therefore:
 α = mg/(mr + I/r)
 κ = radians/bar = 2π/N = 0.0314 rad/bar
 if R = the counts/second reading, the angular veloc-ity of the disk (ω) can be calculated as:
 ω = κR = 0.0314 R.
 Alternatively, the angular velocity can be calcu-lated in revolutions/sec by simply dividing thecounts/sec reading by 200.
 * It may be more useful in the lab to have studentscalculate N by measuring ∆x and the radius r ofthe disk. Then N = 2πr/∆x.
 Applying a Constant Torque
 Two torque pulleys are provided with the RotationalDynamics Apparatus, one with a radius of 1.27 cm(0.50 inch), the other with a radius of 2.54 cm (1.00inch). They are used with the included hanger andmasses to apply a torque to the rotating disk. To applya constant torque:
 ➉ Arrange the Rotational Dynamics apparatus so theair bearing pulley extends over the end of your labtable, as in Figure 5.
 11 Cut a length of thread 1 Meter ± 1 cm.
 12 Tie one end of the thread to the hole in the threadholder. Place the thread holder in the recess of thesmall torque pulley, with the thread passingthrough the slot in the pulley. Then use the thumb-screw to attach the pulley to the top of the rotatingdisk, with the flat side of the pulley facing up, sothe thread holder is underneath the pulley. Tightenthe thumbscrew so the pulley is secure.
 13 Attach the mass hanger to the other end of thethread. You don't have to tie the thread, just wrapa few turns around the slot in the hanger. When thethread is fully extended, the mass should almosttouch the floor.
 14 Turn on the air and rotate the disk so that the stringwraps around the torque pulley. Release the diskand let the mass drop.
 15 The weight of the mass supplies a constant torquethat accelerates the rotating disk.
 For most purposes, the torque acting on the rotatingdisk can be calculated using the equation:
 τ = mgr;
 where m is the hanging mass, g is the acceleration ofgravity, and r is the radius of the torque pulley. This is
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 Rotational Dynamics Apparatus 012-04329C
 counting
 AngularVelocity
 counting countingdead time dead time
 0 sec 2 sec 4 sec
 counting dead time
 6 sec
 Timing cycle
 Figure 7 Timing Diagram for a Constant Torque Experiment
 Possible data for a constantacceleration experiment
 Time
 This value for the angular acceleration can be substi-tuted back into equation 1 to determine the actualtorque acting on the rotating disk:
 τ = Iα = mgr/[(mr2/I) + 1]
 To make things clearer, the moment of inertia of thedisk (I) can be replaced with its calculated value, I =MR2/2.
 Then:
 τ = mgr/[(2mr2/MR2) + 1]
 It’s clear from this equation that, if the mass and ra-dius of the rotating disk are much greater than themass of the hanging weight and the radius of thetorque pulley, as they are in this apparatus, then thisequation reduces to the simpler equation for torque:
 τ = mgr.
 Notes on Timing
 The timing cycle for the optical readers lasts twoseconds. During the first second of each cycle, theoptical readers count the black bars that pass by.During the first few milliseconds of the second half ofthe cycle, this count is displayed. A dead time thenfollows until the full two second cycle is complete.The cycle then begins again.
 In an acceleration experiment, a hanging mass is usedto apply a constant torque to a rotating disk. Theexperiment begins with the disk at rest. However,there’s no way to ensure that the torque is first applied
 at the instant that a timing cycle begins. Because ofthis, the timing for the experiment will generally belike one of the two examples shown in Figure 7. Thediagram shows a graph of angular velocity as afunction of time.
 There is generally some delay between the start of thefirst timing cycle and the time when the torque is firstapplied. The graph in Figure 7 shows two possibili-ties. In the first possibility (shown by the dotted line),the experiment begins (the torque is applied) duringthe dead half of a timing cycle, when the opticalreaders are not counting. In this case the first non-zerocount that is displayed will be useable data. However,if the experiment begins during the counting half of atiming cycle, as for the solid line in the graph, the firstdisplayed count will not be useable data. In this case,you will need to throw out the first count and use thetwo succeeding counts.
 The simplest solution to this problem is to alwaysdiscard the first displayed count, and use the twosuccessive counts to calculate the angular accelera-tion. This requires at least five seconds for datacollection, which means that the apparatus must bemounted high enough so that the hanging mass doesnot hit the floor in that time. For most combinations ofdisks and torque pulleys, a height of about a meter anda half is plenty. However, when using the aluminumdisk and the large torque pulley, a height of approxi-mately 2.5 meters is required. This height can be a bitinconvenient for the lab.
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 012-04329C Rotational Dynamics Apparatus
 There is a way to get around the 5 second requirement.Set the height of the apparatus at the usual 1.5 meters.Run the experiment as usual, but run many trials, say10 or 20. By chance, approximately half your trialswill begin during a dead time of the counter. Thesewill give useable results for the first displayed count.The other half of your data will give unuseable firstcounts. (The unuseable counts will all be lower thanthe useable values.) For each set of data, subtract thefirst count from the second count. Approximately halfyour data sets should give a consistent result for thisvalue. These data sets are useable.
 Notes on the Experiments
 Of the 10 experiments in this manual, the first fiverequire just the ME-9279A Rotational DynamicsApparatus. The remaining five experiments requirethat you also have the ME-9281 Rotational AccessoryKit. Feel free to copy any or all of these experimentsfor classroom use.
 ➤ NOTE: Because Newton's Second Law forrotational motion is fairly complicated (torqueand moment of inertia are complicated vari-ables), two approaches are offered.
 – Experiment 2 has the student vary three variables(the mass used to apply a torque to the rotatingdisk, the torque arm, and the mass of the disk),and attempt to determine the affect of each vari-able on angular acceleration. No attempt is madeto unify the relationships into an overall descrip-tion of rotational motion.
 – Experiment 3 simply states the Second Law forrotational motion and has the students verify thelaw through experiment.
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 Rotational Dynamics Apparatus 012-04329C
 Notes:
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 012-04329C Rotational Dynamics Apparatus
 Experiment 1: Angular Velocity
 Introduction
 In linear dynamics, Newton’s second law (F = ma) describes the relationship between force,mass, and acceleration for an idealized point particle. No real object is a point particle, butthis idealized relationship can be extended to real objects by defining a point called thecenter of mass of the object. Using this concept, a more generalized version of Newton’ssecond law still holds. F is taken as the vector sum of all the external forces acting on theobject, m is the mass of the object, and a is the acceleration of the center of mass.
 However, an object can move while its center of mass remains stationary. In this experi-ment, you’ll begin to study the simplest and most important motion of this type: rotationabout a fixed axis through the center of mass of the object. This is an important kind ofmotion because any motion of a rigid body can be described as a combination of the motionof its center of mass, and rotation about its center of mass. Of course, a “rigid body” is anidealization, just like a point particle. Even a steel sphere is not perfectly rigid. But instudying the motion of a rigid body, rather than a point particle, you're investigating amodel that can be used much more extensively in the real world.
 Setup
 ➤ NOTE: If you have anyquestions about setting up theequipment, particularly abouthow to turn on or adjust thecompressed air, see yourinstructor.
 ➀ Set up the equipment as shownin Figure 1.1. Use either thesteel or aluminum disk as thetop disk.
 ➁ Use the bubble level to checkthat the base of the apparatus islevel. If not, adjust the leveling feet.
 ➂ Plug in the AC Adapter to that the digital display comes on, and flip theswitch on the display to UPPER, so the top disk is monitored by theoptical readers. Then turn on the compressed air and adjust the pressureto approximately 9 psi.
 ➃ Check that the valve pin for the lower disk is in the storage position, sothat the lower disk rests firmly on the base plate.
 ➄ Give the top disk a gentle spin, so that the digital display reads some-where between 100 and 200 Hz. Watch the reading on the digital displayfor several minutes. Is it constant, or does the reading increase ordecrease?
 PASCO scientific
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 Procedure
 Now perform the following experiment to see how the reading on the display relates to theangular velocity of the rotating disk. Record your measured values in Table 1.1
 ➀ Place a narrow piece of tape on the top of the top disk, at some point near the rim (seeFigure 1.2).
 ➁ Give the disk a gentle spin (again to about 100-200 Hz), and record the initial reading onthe digital display (R
 i).
 ➂ By watching the tape, count the number of revolutions of the disk in some specified timeinterval, about one minute. Record the number of revolutions as N and the time interval as t.At the end of the time interval, record the final reading on the digital display (R
 f).
 ➃ From your data, calculate the total angle θ, in radians, through which the disk rotated duringthe time t: θ = 2πN. From this, determine the average angular velocity (ω
 avg) of the disk
 during the time t (ωavg
 = θ/t).
 ➄ Calculate the average display reading during the time t: Ravg
 = (Rf + R
 i)/2.
 ➅ Using your calculated values, determine a constant κ, that relates the average displayreading to the average angular velocity (κR
 avg = ω
 avg).
 ➆ Repeat the experiment a few more times. How accurate does your measured value of κseem to be?
 The optical readers of the Rotational Dynamics Apparatus count the number of black barsthat pass by them in one second. This is the number that is displayed. You can use thisinformation to determine the value of κ using a more analytical approach.
 ➇ Determine the number N of black bars on the circumference of the disk (count them,determine the number per centimeter and multiply by the circumference of the disk, or usesome other method).
 ➈ Divide 2π by N to determine the rotation of the disk in radians for each bar detected by theoptical reader. This value is κ. (Convince yourself of this by comparing the units of therelevant variables: R (bars/second), ω (radians/second), N (bars), 2π (radians). Notice that(2π/N)(R) = ω gives the proper units.)
 ➉ Compare your value of κ from step 9 with that from step 7. Are they the same? If not,which value do you have more confidence in? If necessary, experiment some more todetermine a value of κ that you trust.
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 Optional
 If you have time, try one or more of the following to get an idea of some of the factors thatmight effect your results in later experiments.
 ➀ Stop the disk from rotating. Hold it steady, then release it. Does it start to rotate? If so, let itrotate freely for a while and watch the display. In time, does the reading reach a steadyvalue? If so, determine the angular velocity and record the value (including the direction).About how long did it take the disk to reach a steady angular velocity?
 ➁ Repeat step 1 using the other top disk (the aluminum disk if you were using the steel disk,the steel disk if you were using the aluminum disk). Are your results different for this disk?
 ➂ Place a valve pin in the bottom disk valve. With one valve pin in this position, and anotherin the center of the top disk, the top and bottom disks should rotate independently. Design afew simple experiments to see if the motion of the two disks are truly independent. Discussyour experiments and your results.
 Ri
 Rf
 N t θ ωavg
 Ravg
 κ
 Table 1.1 Data and Calculations
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 Experiment 2: Angular Acceleration—an Introduction
 Figure 2.1 Equipment Setup
 Thumbscrew
 Hangingmass (m)
 Torque pulley
 Thread holder
 Both valve pins should be in astorage position.
 Introduction
 In linear motion, acceleration is defined as the rate of change of velocity with time. Averageacceleration is calculated as, a
 avg = (v
 f - v
 i)/(t
 f - t
 i), where v
 f and v
 i are the final and initial
 velocities, and tf and t
 i are the corresponding times. If the motion is that of an object under-
 going constant acceleration, then the average acceleration is equal to the instantaneousacceleration.
 In rotational motion, the equation isanalogous, with angular velocity (ω) andangular acceleration (α) replacing thecorresponding linear variables:
 αavg
 = (ωf - ω
 i)/(t
 f - t
 i).
 In this experiment, you’ll apply a con-stant force to the rotating disk under avariety of circumstances, in an attempt todetermine how the force on the diskrelates to its angular acceleration.
 Procedure
 ➤ NOTE: If you have any questions aboutsetting up the equipment, particularlyabout how to turn on or adjust thecompressed air, see your instructor.
 ➀ Set up the equipment as shown in Figure 2.1. Use the steel disk as the top disk, and use thesmall torque pulley.
 ➁ Attach the mass hanger (with a 20g mass) to the end of the thread. With the thread ex-tended, the mass should almost reach the floor.
 ➂ Adjust the pressure of the compressed air to approximately 9 psi.
 ➃ Check that the bottom disk sits firmly on the base plate (only the top disk should spin).
 ➄ Record the hanging mass (m), the radius of the torque pulley (r), and the mass of therotating disk (M) in Table 2.1. Be sure to include the mass of the hanger, 5g, in your valuefor m.
 To measure the acceleration of the disk under the force applied by the hanging mass:
 ➅ Wind the thread onto the torque pulley, until the hanging mass is almost against the airpulley.
 ➆ Hold the disk still until the display reads zero.
 ➇ Release the disk. As the disk rotates, record each successive, non-zero reading of thedisplay in Table 2.1 (R
 1 - R
 10). Record these values as the hanging mass falls, and again as
 it rises back up. Do not record any values that appear after the mass has reached its highestpoint and started back down. You should get at least six different values. If you don’t getthat many, raise the apparatus and use a longer piece of thread.
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 Two of your recorded values will not be useable data. The first is R1 (see Notes on Timing
 in the Operation section of this manual). The second is the value that was counted as thehanging mass reached its lowest point and then started back up. Leave these values in yourdata table, but mark them clearly so you do not use them in your later calculations.
 ➈ Repeat steps 6-8 at least three times (the more the better).
 ➉ The following can be performed by a single group, or divided between three groups:
 a. Leaving all other experimental conditions the same, change the value of m, and repeatsteps 6-9. Do this for at least three different values of m.
 b. Leaving all other experimental conditions the same, change the value of r (use the largetorque pulley), and repeat steps 6-9.
 c. Leaving all other experimental conditions the same, change the value of M, and repeatsteps 6-9. To do this, place a valve pin in the bottom disk valve position and remove thevalve pin from the top disk, so both disks rotate together. For a third value of M, replacethe steel top disk with the aluminum top disk.
 Calculations
 The display shows you the number of bars that pass by every second. However, there is adead time of one second between each counting interval, so that the time between succes-sive displayed values is 2.00 seconds. Therefore, if you convert all your display readingsinto angular velocities, you can use the equation at the top of the preceding page to calcu-late the average angular acceleration within each timing interval. For example, calculate α
 2
 as: α2 = (ω
 3 - ω
 2)/(t
 3 - t
 2); where t
 3 - t
 2 = 2.00 seconds, and
 ω is determined using the con-
 version factor that you measured in Experiment 1 (ω3 = κR
 3, etc.).
 For each trial of the experiment that you performed:
 ➀ Calculate the angular velocity within each counting interval (ω = κR).
 ➁ Use the above equation to calculate α, the average angular acceleration within each validtiming interval.
 For each set of trials in which the experimental conditions were the same:
 ➂ Determine the average of your measured values of α. Record this value as α in Table 2.2.For each value of α, also record m, r, and M, the experimental conditions under which αwas measured.
 ➃ Use your results to determine how each independent variable (m, r, and M) affects α, theangular acceleration of the disk(s). (For example, to determine the effect of m on α, exam-ine your data for all your experimental runs in which m was varied and r and M remainedconstant. You might try graphing α as a function of m. Is α proportional to m?)
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 Conclusions
 ➀ Is it reasonable to assume that your measured values of α are the same as the instantaneousangular acceleration within each counting interval? Explain your answer. (Hint: Is theangular acceleration constant?)
 ➁ Can you determine a mathematical relationship between α and the independent variables r,m, and M?
 ➂ In rotational dynamics, there is a quantity called torque that is analogous to force in lineardynamics. Figure 2.2 is a diagram showing how this quantity is measured. If a force (F) isapplied to an object at a distance (d) from the axis of rotation of the object, then the torquecan be calculated by the equation: τ = Fd⊥; where d⊥ is the component of the vector d that isperpendicular to the direction of the applied force. Discuss how the concept of torquerelates to your results.
 Table 2.1 Sample Data Table
 R1
 R2
 R3
 R4
 R5
 R6
 R7
 R8
 R9
 R10
 ω1
 ω2
 ω3
 ω4
 ω5
 ω6
 ω7
 ω8
 ω9
 ω10
 α1
 α2
 α3
 α4
 α5
 α6
 α7
 α8
 α9
 m = r = M =
 Table 2.2 Results
 α m r M
 F
 Figure 2.2 Torque Diagram
 d
 d⊥
 Axis ofrotation
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 ThumbscrewTorque pulley
 Thread holder
 Figure 3.1 Equipment Setup
 Hangingmass (m)
 Both valve pins should bein a storage position.
 Experiment 3: Angular Acceleration 2—t = Ia
 Introduction
 Newton’s Second Law (F = ma) relatesforce, mass, and acceleration in linearmotion. Fortunately for those of us whodon’t enjoy memorizing equations, thelaw of motion for rotation about a fixedaxis is analogous: τ = Iα. Of course, therotational version represents a somewhatmore complicated relationship, becausetorque and moment of inertia are morecomplicated variables than force andmass.
 In this experiment, you will test thevalidity of the equation for rotationalmotion. Before undertaking this experi-ment, you should understand the con-cepts of torque and moment of inertia.You should know how to calculate thetorque exerted by an applied force withrespect to a fixed axis, and you shouldknow the formula for the moment of inertia of a disk.
 Procedure
 ➤ NOTE: If you have any questions about setting up the equipment, particularly about howto turn on or adjust the compressed air, see your instructor.
 ➀ Set up the equipment as shown in Figure 3.1. Use the steel disk as the top disk, and use thesmall torque pulley.
 ➁ Attach the mass hanger, with a 20 gram mass, to the end of the thread. When the thread isextended, the mass should almost reach the floor (ideally, the thread should be 1 meter ± 1cm long).
 ➂ Adjust the pressure of the compressed air to approximately 9 psi.
 ➃ Check that the bottom disk sits firmly on the base plate. Only the top disk should spin.
 ➄ Record the hanging mass (m), the radius of the torque pulley (r), and the mass of therotating disk (M) in Table 3.1. Be sure to include the mass of the hanger, 5g, in your valuefor m.
 To measure the acceleration of the disk under the force applied by the hanging mass:
 ➅ Wind the thread onto the torque pulley, until the mass is almost against the air pulley.
 ➆ Hold the disk still until the display reads zero.
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 ➇ Release the disk. As the disk rotates, record each successive, non-zero reading of thedisplay in Table 2.1 (R
 1 - R
 10). Record these values as the hanging mass falls, and again as
 it rises back up. Do not record any values that appear after the mass has reached its highestpoint and started back down. You should get at least six different values. If you don’t getthat many, raise the apparatus and use a longer piece of thread.
 Two of your recorded values will not be useable data. The first is R1 (see Notes on Timing
 in the Operation section of this manual). The second is the value that was counted as thehanging mass reached its lowest point and then started back up. Leave these values in yourdata table, but mark them clearly so you do not use them in your later calculations.
 ➈ Repeat steps 6-8 at least three times (the more the better).
 ➉ The following can be performed by a single group, or divided between three groups:
 a. Leaving all other experimental conditions the same, change the value of m, and repeatsteps 6-9. Do this for at least three different values of m.
 b. Leaving all other experimental conditions the same, change the value of r (use the largetorque pulley), and repeat steps 6-9.
 c. Leaving all other experimental conditions the same, change the value of M, and repeatsteps 6-9. (Place a valve pin in the bottom disk valve, so that the two disks rotatetogether. For a third value of M, replace the steel top disk with the aluminum top disk.)
 Calculations
 The display shows you the number of bars that pass by every second. However, there is adead time of one second between each counting interval, so the time between successivedisplayed values is 2.00 seconds. Therefore, if you convert all your display readings intoangular velocities, you can easily calculate the average angular acceleration within eachtime interval. For example: α
 3 = (ω
 3 - ω
 2)/(t
 3 - t
 2); where t
 3 - t
 2 = 2.00 seconds, and
 ω is
 determined using the conversion factor that you measured in Experiment 1 (e.g., ω3 = κR
 3).
 Therefore:
 For each trial of the experiment that you performed:
 ➀ Calculate the angular velocity within each counting interval (ω = κR).
 ➁ Calculate the average angular acceleration within each valid timing interval.
 For each set of trials in which the experimental conditions were the same:
 ➂ Determine the average of your measured values of α. Record this value as α in Table 3.2.
 For each value of α that you determine:
 ➃ Calculate the applied torque (τ) and record this value in Table 3.2.
 ➄ Calculate and record the total moment of inertia (I) of the accelerated disk(s).
 ➅ Calculate and record Iα.
 ➆ Calculate the percentage difference between τ and Iα(% diff = [difference/average] x 100%).
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 Conclusions
 ➀ Is it reasonable to assume that your measured values of α are the same as the instantaneousangular acceleration within each counting interval? Explain your answer. (Hint: Is theangular acceleration constant?)
 ➁ Within the limits of accuracy of your measurements, did τ = Iα for all your experimentalruns? Discuss any discrepancies.
 m = r = M =
 Table 3.1 Sample Data Table
 R1
 R2
 R3
 R4
 R5
 R6
 R7
 R8
 R9
 R10
 ω1
 ω2
 ω3
 ω4
 ω5
 ω6
 ω7
 ω8
 ω9
 ω10
 α1
 α2
 α3
 α4
 α5
 α6
 α7
 α8
 α9
 Table 3.2 Results
 ΙαΙα τ % diff
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 Figure 4.1 Equipment Setup
 PASCO scientific
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 Display switch:Set to UPPER Valve pin
 Base plate
 Bottom disk
 Top disk
 Valve pin(in Bottom DiskValve position)
 Introduction
 The analogy between linearand rotational motion can beextended to the concept ofmomentum. Linear momentumis defined as the mass of anobject multiplied by itsvelocity. Rotational momen-tum is defined analogously, asthe moment of inertia of arotating body multiplied by itsangular velocity.
 When two or more objectscollide, as long as there are nooutside forces acting on theobjects, their linear momen-tum is conserved. In thisexperiment, you will deter-mine if the angular momentumof rotating objects is also conserved in a collision.
 Procedure
 ➤ NOTE: If you have any questions about setting up the equipment, particularly about howto turn on or adjust the compressed air, see your instructor.
 ➀ Measure the mass of all three rotating disks (the top and bottom steel disks and the topaluminum disk). Also measure the inner and outer radii of the disks. Record your measure-ments in table 4.1.
 ➁ Setup the equipment as shown in Figure 4.1. Use the steel disk as the top disk.
 ➂ Adjust the pressure of the compressed air to approximately 9 psi.
 ➃ Insert one valve pin in the bottom disk valve and the other in the hole in the center of thetop disk. Spin the disks. They should rotate smoothly and independently.
 ➄ Set the display switch so that the display monitors the motion of the upper disk.
 ➅ Hold the bottom disk stationary and give the top disk a spin, so that that the display readsapproximately 300-400 Hz. Wait several seconds, then record the display reading for thetop disk as R
 top in Table 4.2. Immediately after recording the reading, pull the valve pin
 from the top disk so that the top disk falls onto the bottom disk. Wait a full two seconds,then record the reading on the display as R
 final in the data table. (The initial reading for the
 bottom disk, Rbot
 , is zero, since it was held stationary.)
 Experiment 4: Conservation of Angular Momentum
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 ➆ Repeat the experiment several times. Try different initial angular velocities for the top disk.Also try some runs in which R
 bot is not zero. Experiment with both disks spinning initially
 in the same direction, and also with both disks spinning initially in opposite directions.(When both disks are spinning initially, you will need to flip the display switch to measureboth R
 top and R
 bot, before removing the drop pin. Each time you flip the switch or pull the
 pin, be sure to wait a full two seconds before recording the new display reading. Also besure to record the direction in which each disk spins, cw or ccw.)
 ➇ Exchange the top steel disk for the aluminum disk, and repeat the experiment. Try a varietyof initial angular velocities.
 Calculations
 ➀ Using the data you collected in Table 4.1, calculate I, the moment of inertia of each rotatingdisk [I = M (r2
 inner + r2
 outer)/2]. Record your results in the table.
 For each run of the experiment that you performed:
 ➁ Calculate the initial angular velocity of each disk (ωtop
 and ωbot
 ).
 ➂ Multiply the calculated angular velocity of each disk by its moment of inertia to determinethe initial angular momentum of each disk (L
 top = I
 topω
 top, etc.).
 ➃ Calculate the total final angular momentum of the disks, Lfinal
 = (Itop
 + Ibot
 )ωfinal
 .
 ➄ Calculate the percent difference between the combined initial angular momentums and thecombined final angular momentums.
 Table 4.1 Moments of Inertia Data
 Mass Radius Moment of Inertia
 M Inner Outer I
 Bottom Steel Disk
 Top Steel Disk
 Bottom Aluminum Disk
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 Questions
 ➀ Within the limits of your experimental error, was angular momentum conserved in yourcollisions. Discuss any discrepancies.
 ➁ Discuss the role of friction in the experiment. How might you change the apparatus, and/orthe design of the experiment, to compensate for frictional effects?
 ➂ Suppose you performed the experiment without the valve pin in the bottom disk valve, sothat the bottom disk was sitting firmly on the base plate. The initial angular momentumwould be that of the top disk. The final angular momentum would be zero. Would momen-tum be conserved? Explain your answer.
 Table 4.2 Rotational Data and Calculations
 Itop Ibot Rtop Rbot Rfinal ωtop ωbot ωfinal Ltop Lbot Lfinal
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 Introduction
 An object of mass m, moving in a straight line, has kinetic energy equal to mV2/2, andgravitational potential energy equal to mgh. An object rotating about a fixed axis hasrotational kinetic energy equal to Iω2/2. In this experiment, you will use a hanging mass toexert a constant torque on a spinning disk, and determine whether the energy gained by therotating disk is equal to the energy lost by the hanging mass.
 The complete equation for conservation of energy in this situation is:
 Iωi2/2 + mV
 i2/2 +mgh
 i = Iω
 f2/2 + mV
 f2/2 +mgh
 f;
 where the subscript i and f refer to measurementstaken at two different instants in time. In thisexperiment, you will need to make the necessarymeasurements to account for all the variables inthis equation, and then determine if energy isactually conserved.
 The procedure, rather than giving step by stepinstructions, gives only an overview and sometips. The details are up to you.
 Procedure
 ➤ NOTE: If you have any questions about setting up the equipment, particularly about howto turn on or adjust the compressed air, see your instructor.
 The setup for this experiment is identical to the setup for experiments 2 and 3 (see Figure5.1). A hanging mass provides the torque to accelerate a rotating disk. You will need tomake two sets of measurements:
 ➀ You will need to measure the moment of inertia of the rotating disk (I), and the mass of thehanging mass (m).
 You can determine I either experimentally, by applying a constant torque and measuring theangular acceleration, as in Experiment 2 and 3, or theoretically, using the equation for themoment of inertia of a disk. Ideally, you would use both methods and compare your results.
 ➁ You will need to measure the angular velocity of the rotating disk, and, at the same instant,measure the height and the linear velocity of the hanging mass. In order to test the conser-vation of energy you will need to make these measurements for at least two differentinstants in time.
 Experiment 5: Potential and Kinetic Energy
 Figure 5.1 Equipment Setup
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 Tips for Performing the Experiment
 ➀ The linear velocity of the falling mass is related to the angular velocity of the rotating diskby the equation: V = ωr; where r is the radius of the torque pulley. Therefore, once youhave measured ω, a simple calculation will give you V.
 ➁ ω must be measured at an instant in time, whereas the optical readers simply record thenumber of the bars that pass by in one second. The resulting value of ω is therefore only anaverage value over a period of one second.
 Suppose instantaneous measurements of w were made at two instants, w1 at the beginning
 of the one second timing period; and w2 at the end of the one second timing period. Then:
 ωavg
 = (ω1 + ω
 2)/2.
 The average rotational acceleration over the same interval is given by
 αavg
 = (ω2 - ω
 1)/t.
 (Since the torque is constant, the acceleration is also constant and αavg
 = α.) Therefore,eliminating ω
 1 from these two equations:
 ω2 = ω
 avg + α t/2.
 Therefore, to measure the instantaneous velocity at the end of a one second timing period(the display is always updated at the end of a timing period), just measure ω
 avg and α, and
 use the above equation.
 ➂ You can simplify your measurements by choosing a convenient instant in time to collectyour first set of data. Set up the equipment as shown in Figure 5.1, and wind the thread upon the torque pulley. Measure h
 0, the height of the hanging mass from the floor. In this
 position, before you release the hanging mass, ω and V equal zero. Therefore, the totalenergy is just the gravitational potential energy of the mass: mgh
 0. Now let go of the mass
 so the mass falls and the disk rotates. Record two values. The first is R, the highest displayreading that occurs before the thread fully unwinds from the torque pulley. The second is h,the distance between the floor and the bottom of the hanging mass at the instant that R firstcomes onto the display.
 This will take some coordination between lab partners, and may take a while to develop atechnique that works for you.
 ➃ There will inevitably be some delay between the time when R first comes on the displayand the measurement of h. Try to estimate how long that delay is. Record the delay time asterror
 and take it into account in your analysis.
 ➄ Some energy will be lost to friction. You can estimate this value by seeing how high thehanging mass rises if you let it fall until the thread is fully unwound and then let it rise backup. The loss in gravitational potential energy (mg∆h) gives you an indication of how muchenergy is lost to friction. Include this in your results as well.
 Analysis
 In your report, tabulate your results. Describe your setup and methods sufficiently thatsomeone could repeat your experiment based on your report. Include a statement of yourresults, a discussion of possible sources of error, and an estimate of the magnitude of theerror from each source.
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 Experiment 6: Moment of Inertia
 ➤ NOTE: For this experiment, you will need the Model ME-9281 RotationalAccessory Kit in addition to your ME-9279A Rotational DynamicsApparatus.
 The rotational version of Newton's Second Law (τ = Iα) is completely analo-gous to the linear version (F = ma). But this similarity masks the fact thatrotational motion is actually a bit more complicated. In particular, torque (τ) is amore complicated variable than force (F), and moment of inertia (I) is a morecomplicated quantity than mass (m). In addition, the equation for rotationalmotion holds only for rotational motion about a fixed axis, a restriction forwhich there is no analog in the linear version ofthe equation.
 In earlier experiments, you may have seen howtorque depends on the point of application of theapplied force. In this experiment, you will investi-gate certain aspects of how the moment of inertiaof an object depends on its geometry. To do this,you will apply a torque to an object, and measureits acceleration. The moment of inertia is easilycalculated using the equation: τ = Iα.
 Procedure
 Part I: Moment of Inertia versus Radius
 ➀ Set up the equipment for a constant torque experiment, as in Figure 6.1, exceptreplace the thumbscrew with the variable radius mass, as shown in Figure 6.2.Use the aluminum top disk and the small torque pulley. Make sure that bothvalve pins are in the storage positions, so that the bottom disk rests firmly on thebase plate. Place tape over the 3 small holes in the top of the aluminum disk.
 ➁ Remove the sliding masses form the crosspiece and place them on the centerpost. Use the hanging mass to apply a constant torque, and measure the angularacceleration of the combined mass of the alumi-num disk, the torque pulley, the hub and rods, andthe masses.
 ➂ Replace the sliding masses on the crosspiece inthe same orientation that they were in on thecenter post. Position them as close as possible tothe center hub. Measure and record the distanceof the center of the sliding masses from the axisof rotation. Repeat your angular accelerationmeasurements.
 variable radius mass Slidingmasses
 Figure 6.2 Attaching the variable radius mass
 Figure 6.1 Equipment Setup
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 ➃ Move each of the sliding masses 1.0 cm farther out from the center hub. Repeat the measure-ments. Continue moving the masses out from the hub in increments of 1.0 cm. Each timemeasure the acceleration.
 Analysis
 ➀ For each set of measurements that you made, compute the combined moment of inertia ofthe aluminum disk, the torque pulley, and the variable radius mass.
 ➁ For each of set of measurements, determine the moment of inertia due to the distance fromthe axis of rotation, by subtracting the moment of inertia that you determined for therotating system with the masses on the center post.
 ➂ Find the functional relationship between the moment of inertia of the sliding masses (I) andtheir distance from the axis of rotation (R).
 One method for doing this is to guess a relationship, and construct a graph to see if therelationship is linear. A more general method that is often useful is to assume a relationshipof the form I = kRn. Then:
 log I = log k + n log R.
 Therefore, if you construct a graph of log I versus log R, the slope of the graph will beequal to n and the y intercept will be equal to k.
 Optional
 Calculate the moment of inertia for the sliding masses at various distances from the axis ofrotation and compare your calculated values with your experimental values. (Hint: Deter-mine (or look up) the moment of inertia of a cylinder about an axis that passes through itscenter of mass, then use the parallel axis theorem to determine the moment of inertia whenthe axis of rotation is not coincident with the center of mass of the cylinders.)
 Part II: The Moment of Inertia of Rings and a Bar
 In the same manner as in part I, determine the moment of inertia of the steel rings and thesteel bar. Calculate the moment ofinertia of each item directly fromits mass and dimensions andcompare your experimental andtheoretical values.
 ➀ The setup for the small circularring is shown in Figure 6.3. Attachthe aluminum plate to the torquepulley with a gray-capped thumb-screw. The protrusions on thebottom of the ring mate with theholes in the aluminum plate. Asecond set of holes in the plate arefor the large steel ring.
 ➁ Attach the bar directly to the torquepulley using a red-capped thumb-screw.
 Gray-cappedthumbscrew
 Small steel ring
 Figure 6.3 Attaching the Small Ring
 Aluminumplate
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 Experiment 7: Principal Axes
 Figure 7.1 Equipment Setup
 Loosen torotate mass
 Figure 7.2 Attaching the Vari-
 Variable AngleTriangular Mass
 ➤ NOTE: For this experiment, you will need the Model ME-9281 RotationalAccessory Kit in addition to your ME-9279A Rotational Dynamics Apparatus.
 Introduction
 In the real world, rotating objects are not alwayssymmetrical about their axis of rotation. This cancomplicate the analysis of their motion, because,in this case, the angular momentum vector is notparallel with the angular velocity vector, andtherefore rotates along with the body. This meansthat, in order to maintain a constant angularvelocity, a constantly changing torque must beapplied.
 Fortunately, there is an important fact thatsimplifies the analysis somewhat. For any object,of any shape, there exist three mutually perpen-dicular axes through the center of mass with the properties that: (1) if the objectrotates about any one of these axes, the angular momentum is parallel with theangular velocity; (2) the moment of inertia about one of these axes is the largestmoment of inertia for any axis through the center of mass; (3) the moment ofinertia about another of these axes has the minimum possible value; and, (4) themoment of inertia about the third axis is intermediate between these two (orequal to one of them).
 These axes are called the principal axes. In this experiment, you will locate theprincipal axes in an asymmetrical mass.
 ➤ NOTE: More information about the theoretical background forthis experiment can be found in any standard text that includes acomprehensive analysis of moment of inertia. You will notnormally find this in an introductory physics text.
 Procedure
 ➀ Set up the equipment for a constant torque experiment, as inFigure 7.1, except replace the thumbscrew with the VariableAngle Triangular Mass, as shown in Figure 7.2. Use the aluminumtop disk and the small torque pulley. Make sure that both valvepins are in Storage positions, so the bottom disk rests firmly on thebase plate. There are three small holes in the top aluminum disk.Cover each of these holes with a piece of tape.
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 ➁ Use the same procedure as in Experiment 6 to determine the moment of inertia of thetriangular mass. In this experiment, however, determine the moment of inertia as a functionof the axis of rotation. That is:
 a. First remove the triangular mass and measure I0, the moment of inertia of the combined
 mass that includes the aluminum disk, the torque pulley, and the mounting rod for thetriangular mass.
 b. Replace the triangular mass and adjust it so that the hypotenuse is vertical, as shown inthe figure. Measure the moment of inertia about this axis. Record the moment of inertiaand the angle of orientation.
 c. Rotate the triangular mass in increments of 15° (use smaller increments if you have thetime). At each orientation, measure the moment of inertia
 Analysis
 Plot a graph showing the moment of inertia of the triangular mass as a function of angle.From this graph, can you determine the principal axes? If so, draw a picture of the triangu-lar mass showing the location of all three principal axes. Discuss the orientation of theprincipal axes with respect to the geometry of the triangle. Suppose the triangle wereisosceles or equilateral. Could you determine the principal axes without experiment?Explain your answer. Can an object have more than one set of principal axes? For a flatmass, can you explain the fact that one of the principal axes must be perpendicular to theplane of the mass?
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 h
 d
 Starting Point
 L
 Figure 8.1 Equipment Setup
 Figure 8.2 Measuring the Horizon-tal Velocity of the Ball
 ball-catcher
 ramp
 ≈ 2 cm
 Figure 8.3 Positioning the Ramp
 Experiment 8: Conservation of Linear and Angular Momentum
 ➤ NOTE: For this experiment, you will need the ModelME-9281 Rotational Accessory Kit in addition to yourME-9279A Rotational Dynamics Apparatus.
 In all the experiments so far, you’ve looked at theangular motion of an object rotating about someinternal axis through its center of mass. This is animportant type of rotation, because any motion can beanalyzed in terms of the translation of the center ofmass and the rotation about the center of mass. How-ever, in some instances it’s more convenient to thinkin terms of rotation about a point external to theobject. In this experiment, you’ll do just that, investi-gating the conservation of angular momentum about apoint that is external to a rolling ball.
 Procedure
 ➀ Set up the equipment as shown in Figure 8.1. Use the alumi-num top disk, and mount the ball-catcher on top of the smalltorque pulley using a gray-capped thumbscrew.
 ➁ Using the method of Experiment 6, determine the moment ofinertia of the disk and ball catcher. Also measure the mass ofthe ball.
 ➂ Place the ramp on the edge of a table, as in Figure 8.2. Deter-mine the horizontal velocity of the ball as it rolls off the end ofthe ramp as follows:
 a. Mark a starting point on the ramp.
 b. Release the ball from this starting point and note where theball strikes the floor (a sheet of carbon paper over a sheet ofwhite paper will leave a mark for measuring).
 c. Measure the distances L and h. The horizontal velocity ofthe ball is then equal to L/t where t = 2h/g.
 d. If you have time, you may want to calibrate the ramp by determining the horizontalvelocity for a variety of starting points. If you plan on doing the optional part of theanalysis for this experiment, you will also needto record the starting height of the ball (d infigure 8.2).
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 ➃ Position the ramp as in Figure 8.3. Roll the ball down the ramp so that it is caught by theball-catcher. (The end of the ramp will need to be approximately 2 cm from the ball-catcher.) Quickly remove the ramp, so it doesn't disturb the rotation of the ball-catcher, andrecord the reading of the digital display. Record the horizontal velocity of the ball based onyour earlier measurements, and also record the radius (from the axis of rotation) at whichthe ball struck the ball-catcher.
 ➄ Repeat your measurements.
 ➅ Using the procedure outlined above, make the measurements necessary to investigate therelationship between the angular momentum imparted to the system (the disk, torque pulley,ball-catcher, and ball) and one or more of the following:
 a. the radius at which the ball is caught.
 b. the horizontal velocity of the ball.
 c. the angle at which the ball strikes the catcher. (This one will be tough to do accurately,but you may want to give it a try.)
 ➤ NOTE: To measure the dependence on one variable, hold each of the other two variablesconstant. In 6a, for example, always start the ball from the same starting point, andarrange the ramp and ball-catcher so the velocity of the ball is perpendicular to thecatcher. Then vary the radius at which the ball is caught to determine the effect of thisvariable alone.
 Analysis
 ➀ What is the relationship between the angular momentum imparted to the system and:
 a. the radius at which the ball is caught?
 b. the horizontal velocity of the ball.
 c. the angle at which the ball strikes the catcher.
 ➁ (Optional) From your data, you should be able to determine three things for each trial thatyou performed:
 a. the gravitational potential energy of the ball at the starting point.
 b. the kinetic energy of the ball as it left the ramp.
 c. the rotational kinetic energy of the ball, catcher, disk system.
 Based on this information, was energy conserved throughout the motion of the ball? Justifyyour answer.
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 ➤ NOTE: For this experiment, you will need theModel ME-9281 Rotational Accessory Kit inaddition to your ME-9279A Rotational DynamicsApparatus.
 F = –kx: this is the necessary condition for simpleharmonic motion in linear mechanics. If such arestoring force acts on an object of mass m, theresulting motion can be described by the equa-tion, x = A sin (ωt + ø), where A and ø areconstants that depend on the initial conditions ofthe motion. The mass, once disturbed from itsequilibrium position (x = 0), will oscillate back and forth with an amplitude Aand a frequency ω = √k/m radians/sec.
 As you might expect, there’s a rotational analog to linear harmonic motion. Thesame equations apply, except that torque replaces force and moment of inertiareplaces mass. Therefore:
 If a restoring torque acts on an object of moment of inertia I, the resultingmotion can be described by the equation, θ = A sin (ωt + ø), where A and ø areconstants that depend on the initial conditions of the motion. The mass, oncedisturbed from its equilibrium position (θ = 0), will oscillate back and forth withan amplitude A and a frequency ω = √k/I radians/sec.
 In this experiment, you will investigatesimple harmonic motion for an objectrotating about a fixed axis.
 Procedure
 ➀ Set up the equipment for a constant torqueexperiment, as in Figure 9.1. Use thealuminum top disk and the small torquepulley. Make sure that both valve pins arein a storage position, so the bottom diskrests firmly on the base plate.
 ➁ Connect the torsion spring to the top disk asfollows (see Figure 9.2):
 a. Put the small loop on the end of thetorsion spring over the peg on thesupport for the cylinder bearing..
 b. Attach the coiled end of the spring tothe torque pulley by fitting the tip of the spring into the slot in the pulley, asshown.
 Experiment 9: The Torsion PendulumVALVE
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 Figure 9.2 Attaching the Torsion Spring
 Figure 9.1 Equipment Setup
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 ➅ Now give the disk a half turn and release it. Use a stopwatch to determine the period ofoscillation of the disk. It’s best to measure the time for many oscillations, then divide by thetotal number of oscillations to determine the period. Determine the period with and withoutthe hanging mass exerting a torque on the disk.
 ➆ Repeat your measurements using the steel top disk.
 ➇ Measure and record the mass of both rotating disks.
 Analysis
 ➀ Calculate the moment of inertia of the rotating disks, or use a value measured from anearlier experiment.
 ➁ Calculate the torque exerted by the hanging mass.
 ➂ To determine the spring constant, k, of the torsion spring, divide the torque exerted by thehanging mass by the angular displacement of the disk when the torque was applied.
 ➃ Based on your measured value of k, and the moment of inertia for each disk, what should bethe frequency of oscillation for each disk?
 ➄ Use your measured values of the period to determine the actual frequency of oscillation forboth rotating disks. Compare your results with those from step 4.
 ➅ Was the frequency of oscillation affected by whether the hanging mass was exerting atorque on the rotating disk? Why or why not?
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 ➤ NOTE: To perform this experiment, you will need two ME-9279A RotationalDynamics Apparatus and an ME-9281 Rotational Dynamics Accessory Kit.
 In Experiment 4, you determined whether momentum was conserved in inelasticrotational collisions. In this experiment, you will determine if momentum andenergy are conserved in elastic rotational collisions. (Actually, the term “elastic”implies that kinetic energy is conserved in thecollisions, so you will actually be testing todetermine just how elastic the collisions in thisexperiment are.)
 Procedure
 ➀ Set up two rotational apparatus as follows (seeFigure 10.1).
 a. Use the aluminum top disks. Adjust bothunits to the same height and level them.
 b. Place the units back to back, as shown inthe figure.
 c. Using the solid, gray thumbscrews, tightlyfasten the collision bar with the spring toone unit, and fasten one of the two othercollision bars to the other unit. The torquepulley fits under the collision bars. Thescrews should be tight enough that thecollision bars do not slip when the colli-sion occurs.
 ➁ Initially, set the bars as shown in Figure 10.1,so when they collide, the collision bars will beparallel.
 ➂ Rotate the disk on the right clockwise as far asyou can without disturbing the disk on theleft. Now give the disk a very slow spin,counterclockwise. The angular velocityshould be less than one revolution per threeseconds, so you have time to measure thevelocity of the disk before the collision.
 ➃ Record the reading on the display just beforethe disks collide. Then, immediately after thecollision, record the display reading for eachdisk. Repeat your measurement several times.
 ➄ Repeat the experiment using one steel and onealuminum disk, and then again using two steel disks.
 Experiment 10: Elastic Rotational Collisions
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 Figure 10.2 Setup for Magnetic Collision
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 Analysis
 ➀ Using your recorded data, calculate the angular momentum for each disk, both before andafter the collision.
 ➁ Calculate the rotational kinetic energy for each disk before and after the collision.
 Questions
 ➀ Was momentum conserved? If not, can you account for the loss of momentum?
 ➁ Was rotational kinetic energy conserved? If not, can you account for the loss of energy?
 Optional
 ➀ A more efficient elastic collision can be performed using magnets for the collision surfacesinstead of springs (see Figure 10.2). Use the two collision bars that don't have a springattached, and use double stick tape to attach the two magnets to the collision bars so thatthey repel each other. Repeat your measurements, being sure that the initial velocities areslow enough that the magnets do not actually touch during the collision. Does this producea more efficient collision?
 ➁ Repeat the experiment using the bars themselves for the collision surface (no springs ormagnets). How does this affect the conservation of rotational kinetic energy in the experi-ment? How does it affect the conservation of angular momentum?
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 Maintenance
 Nicks or burrs can be removed with a small honingstone or very fine wet and dry sandpaper (mini-mum of 400 grit). The aluminum disk is anodizedto prevent corrosion. When sanding or grinding, becareful to remove as little of the plating as pos-sible.
 ➃ If at any time the cylinder air bearing sticks orseems to spin with excessive friction, clean thebearing as follows (see Figure 9):
 – Remove the retaining ring.
 – Remove the cylinder and spindle. Clean thespindle and cylinder with alcohol.
 – Reassemble the bearing.
 Figure 9 Cleaning the Cylinder Air Bearing
 1. Disconnect the air
 hose.
 2. Remove the
 retaining ring.
 3. Clean the insidesurface of the
 cylinder.
 4. Clean the outsidesurface of thespindle.
 Regular Maintenance
 ➀ Always Use Clean, Dry Compressed Air
 For information about compressed air require-ments, read the section entitled Connecting theCompressed Air, in the Equipment Setup section ofthis manual.
 ➁ Occasionally Clean the Bearing Surfaces
 To ensure minimal friction on the rotating disks,occasionally clean the base plate, spindle, anddisks (see Figure 8). The most important surfaces
 to clean are the spindle and the surface of the holesthrough the center of the rotating disks. Use a softcloth and, if necessary, alcohol.
 ➂ Occasionally Check the Bearing Surfaces for Nicksand Burrs
 Nicks and burrs on the bearing surfaces (the baseplate, spindle, and rotating disks, and the bearingand cylinder of the cylinder bearing) can seriouslyincrease friction in the system. If the surfaces areever scratched, or if the apparatus or a disk is everdropped, examine the bearing surfaces carefullyand remove any nicks or burrs. If the damage isenough that you can feel it as you rub your fingeracross the disk, it is enough to impair the smoothmovement of the disk. (The nominal clearance be-tween the base plate and the bottom plate at an airpressure of 9 psi is approximately 0.03 mm.)
 MODEL 9279ROTATIONAL DYNAMICS
 PASCO scientific
 HERTZ OUTPUT
 TOP
 DISC
 BOT
 0340
 Rotating disks (clean theflat surfaces and thesurfaces that contact thespindle)
 Cylinder airbearing
 Base plate
 Spindle
 Figure 8 Surfaces that Should be Cleaned
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 Wrong:signal clipped
 Wrong:signal too high aboveclipping level
 Right:signal just aboveclipping level
 GND
 GND
 GND
 Troubleshooting
 ➀ Too Much Friction
 If the error in your experimental results seems to beincreasing:
 a. Clean the air bearing surfaces and remove anynicks or burrs, as described above.
 b. Check that the air channels are unblocked.
 To do this, remove the disks and turn the airpressure up as high as you can. It may also helpto press a finger on and off the air holes in thespindle. This will increase the air turbulence andhelp to dislodge any obstructions.
 c. Another possibility is that the small in-line filterthat is mounted underneath the base has becomeclogged. This filter should work indefinitely.However, if your air is not adequately filteredbefore reaching that filter, it may becomeclogged. You can find a replacement from a lo-cal auto supply store (the unit is a gasoline fil-ter), or you can order one from PASCO scien-tific (Part number 640-008).
 ➁ No Display Reading
 Check that 9 VDC is actually getting to the displayhousing from the AC adapter.
 ➂ Erratic Display Readings (especially at high fre-quencies)
 Figure 10 Test Points for Electronic Calibration
 P3
 P4
 P1
 P2
 TP1
 TP2
 Bracket
 Printed circuit board
 Figure 11 Calibrating for Low Frequencies
 If the signal from the optical readers is good atlower speeds, but erratic at higher speeds, followthe procedure below. For the electronic calibration,you will need:
 – a triggered oscilloscope and,
 – a frequency meter.
 ➤ IMPORTANT: As long as the apparatus isoperating properly, don't attempt to adjust theelectronics or align the optical readers.
 Wrong:
 Right:
 Wrong:
 Figure 12 Calibrating for High Frequencies
 GND
 TP4
 +
 TP3
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 a. Remove the two screws, one one each side, thathold the display housing to the base.
 b. Carefully lift off the display housing to revealthe printed circuit board.
 c. Turn on the compressed air to the apparatus, androtate the disks to produce a display reading ofapproximately 50 Hz.
 d. The scope trigger should be DC coupled. Tocalibrate the optical reader for the top disk atlow frequencies, connect the scope to Test Point1 (TP1) on the printed circuit board (see Figure10). The output should be a sine wave. AdjustTrimpot 1 (P1) so that the sine wave is a mini-mum voltage above ground, but the bottom ofthe wave is not clipped (see Figure 11).
 e. Repeat step 3d for the bottom disk, using TP2and P2 for observing the signal and making theadjustment.
 f. To calibrate the optical reader for the top disk athigh frequencies, connect the scope to TP3 andspin the disks so the display reads about 700 Hz.The waveform should be a square wave with anamplitude of about 5 volts. Adjust P3 so that thewaveform has a 50% duty cycle (the length ofthe top and bottom of the square wave are aboutequal), as shown in Figure 12.
 g. Repeat step 3f for the bottom disk using TP4and P4 for observing the signal and making theadjustment.
 If the above calibration procedure does not produceconsistent display readings at relatively high angularvelocities (about 700 Hz), you may want to attempt toadjust the position of the optical readers, as follows:
 h. The printed circuit board is attached to the baseof the apparatus with a bracket (see Figure 10).The positions of the optical readers are adjustedby moving this bracket. Before making any ad-justments, mark the present position of thebracket for reference.
 i. Loosen the two screws that hold the bracket tothe base.
 j. Monitoring TP1 as in step 3d above, slowlymove the bracket closer and farther away fromthe rotating disks until a signal of maximum am-plitude is obtained. Mark this position.
 k. Repeat step 3j, but this time monitor TP2.Again, mark the position where a signal ofmaximum amplitude is obtained.
 l. Position the bracket midway between the posi-tions marked in steps 3j and 3k and tighten thescrews that hold the bracket.
 m. If the display reading is still not consistent athigh angular velocities, it is sometimes helpfulto adjust the angle of the optical readers. Repeatsteps 3i through 3l, but this time adjust theangle, not the distance.
 n. Repeat the electronic alignment described above(steps 3a through 3g).
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 Appendix
 Using the PASCO ME-9276 Regulator, Filter, Gauge
 Direction of air flow.
 Press to drain waterthat collects in bowl.
 Attach tubing fromRotational Apparatus
 Attach compressorusing supplied brassnipple or 1/4-inch taperpipe.
 Pull and turn toadjust pressure.
 Figure 13 Connecting the Gauge
 To keep the air bearings functioning properly, com-pressed air should pass through a filter and water trapbefore it reaches the Rotational Dynamics Apparatus.If you are using the PASCO Model ME-9276 Regula-tor, Filter, Gauge for this purpose, install and use it asdescribed below. If you are using a filter and watertrap from a different supplier, follow the instructionsthat come with the device.
 Installation
 ➀ Connect your compressor and the Rotational Dy-namics Apparatus to the filter as shown in Figure13. In any application, the air should always flowin the direction of the arrow (there is a small en-graved arrow behind the gauge).
 a. Slide the tubing from the Rotational Apparatusover the brass nipple.
 b. Connect your compressor to the threaded holeopposite the nipple. Use the supplied nipple or1/4-inch taper pipe. Although a sealant is notnecessary if the connection is tight, a pipe seal-ant such as teflon tape, R.T.V, or another non-hardening sealer is generally a good idea.
 ➁ The glass bowl of the regulator should alwayspoint down to collect water as moisture is filteredfrom the air.
 Operation
 ➀ Turn on your compressor.
 ➁ Pull up on the yellow cap at the top of the regula-tor. Turn the cap until the gauge on the regulatorreads the desired pressure (7 to 10 psi for thePASCO Rotational Dynamics Apparatus), thenpush the cap back down.
 ➂ If water collects in the glass bowl of the regulator,press the pin at the bottom of the bowl to drain it.
 ➤ NOTE: For safety and maintenance informa-tion, see the manual supplied by the regulatormanufacturer. A manual is included with eachregulator.
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 Teacher’s Guide
 Using a computer to take data from the ME-9279A
 The ME-9279A is provided with connections forinterfacing to a computer. These are in the form oftwo 1/4" stereo phone plugs, compatible with anyPASCO digital interface. The output of these plugsis a TTL signal corresponding to the state of theoptical sensors.
 PASCO scientific supplies software and hardwarekits for interfacing this apparatus to either Apple IIor IBM compatible computers. If you already haveeither the Series 6500 system or the gameportinterface system, you will only need the rotationaldynamics software; otherwise you will need theentire Rotational Dynamics Computer Interface Kit.(AI-6586A for Apple II, CI-9392A for IBM)
 If you have the CI-6550 interface for Macintosh®,the capability to interface with the ME-9279A isbuilt into the software. No additional software isneeded.
 If you are using a MacTimer interface (CI-6700),we recommend using the divide-by-ten counterdescribed below. Use the “motion” timing choiceand set the length value to π/10. This will give youvelocity in units of rad/s. (The MacTimer will workwithout the counter—set the length to π/100—butthe data will be very noisy.) The Universal LabInterface from Vernier Software will also work; butthe divide-by-ten counter is required due to theslow input rate of that system.
 If you have a computer or interface not supportedby PASCO, you can still measure rotational veloc-ity of the apparatus by one of the methods describedbelow.
 One method of computer interfacing is to take thedata directly into the computer and use the com-puter to count the frequency. (This is the methodused on the PASCO interfacing programs for Appleand IBM.) This is simple and accurate, and onlyrequires that your interface be capable of countingfrequencies up to 700 Hz.
 If you have a program designed to measure motionby timing the interval between pulses, you may use
 it to time the ME-9279A. Connect the apparatusdirectly into a computer, which can then time theintervals between bars to find the rotational velocityof the disk. This is not the most convenient methodof interfacing to the computer, because the timeinterval between bars is so small that a slight errorin the time measurement creates a large error in thecalculated velocity. In addition to this problem,there is always a slight misalignment at the edge ofthe bar label which is read as being either an extra-long or extra-short bar resulting in still more error.Furthermore, the data input rate is higher than canbe handled by many interface systems. Finally, thenumber of data points produced is rather cumber-some. It would be better for computer interfacing ifthere were fewer, wider, bars instead of 200 narrowones.
 You can simulate this by building a divide-by-tenadapter with a 7490 counter chip (available at mostelectronic supply stores). This will output one pulsefor every ten input, which makes it seem to thecomputer that there are twenty wider bars on thedisk. Using two of these circuits in series makes itas if there were only two large bars on the disks,which leads to a conveniently small number of veryprecise data points.
 103
 Signal in(From 9279A)
 14
 121
 7
 5+5V11 Signal out
 (To computer)
 7490
 1k
 This circuit was used with a Macintosh IIcx and theMacTimer interface to produce the data for thisteacher’s guide.
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 Equipment Characteristics
 Frictional Deceleration
 The disks were given an initial velocity of approxi-mately 2π rad/s (200 Hz), and the velocity wasmeasured as a function of time.
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 ➤ NOTE: The aluminum plate slows downfaster due to its lower mass.
 Frictional Acceleration
 The bottom disk was held at a constant velocity (2πrad/s) with a motor drive, and the resulting velocityof the top plate was measured as a function of time.
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 Again, note that the aluminum disk acceleratesfaster due to its lower mass.
 Moments of Inertia
 Disk Measured I Calculated ITop Steel 2.715E-03 2.729E-03Top Aluminum 9.487E-04 9.375E-04Bottom 2.748E-03
 Notes
 This data is merely characteristic of the apparatus,not “standard”. The compressor used suppliedminimum airflow rate; your own system may havebetter frictional characterists, depending on the airsupply.
 For best results, the disks must be absolutely clean.
 This data was taken using a Macintosh IIcx com-puter and Mac Timer.
 If you wish to drive the apparatus at a constantvelocity, the PASCO motor drive (ME-9413) workswell when used with a large-diameter lightweightrubber band as a drive belt.
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 012-04329C Rotational Dynamics Apparatus
 Experiment 1: Angular Velocity
 Notes on Setup
 ➄ The disk will slow down very slightly with time.See “Equipment Characteristics”.
 Notes on Procedure
 ➀ κ = π100
 ➁ 200 bars
 ➀,➁ With a properly cleaned and scratch-free appara-tus, there will be no motion.
 Notes on Procedure
 ➀ The disks are not completely independent, althoughthe effect is negligibly small. See “EquipmentCharacteristics”.
 Experiment 2: Angular Acceleration—an Introduction
 Notes on Calculations
 ➃ mgr = kMa,
 where k is a constant related to the rotational inertiaof the disk and g is the acceleration of gravity.
 Notes on Conclusions
 ➀ Angular acceleration a is constant, so the assump-tion is valid.
 ➁ α = 2mgr
 MR2 ,
 where R is the radius of the disk.
 (k = 12
 R2, in section 4)
 ➂ τ = mgr,
 so the above equation becomes
 α = 2τMR2
 .
 If we define a quantity called “moment of inertia”,
 I = 12
 MR2,
 then this equation becomes τ = Iα.
 This is the angular equivalent of Newton’s secondlaw, F = ma.
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 Rotational Dynamics Apparatus 012-04329C
 Experiment 3: Angular Acceleration 2— τ = Iα
 Notes on Calculations
 Sample data using 15g mass and small pulley:
 Disks I (kgmm) a (rad/s/s) Ia Torque (Nm) % differenceSteel top only 2.730E-03 0.666865 0.001820541 0.0018375 -0.92%Aluminum top only 9.500E-04 1.913809 0.001818118 0.0018375 -1.06%Both, steel on top 5.510E-03 0.331023 0.001823936 0.0018375 -0.74%Both, aluminum on top 3.670E-03 0.489171 0.001795257 0.0018375 -2.32%
 Notes on Conclusions
 ➀ The anglular acceleration is constant, so the as-sumption is valid.
 ➁ t = Ia to within 2% or so. The error for this test wassignificantly higher for the aluminum disk, whichmay indicate that our value of I for aluminum isoff. Also note that in each case the torque is greaterthan Ia. This is due to friction and to acceleration ofthe air bearing pulley.
 ➤ NOTE: An alternate experiment is to plottorque as a function of acceleration and find theslope of the resulting graph. This slope will beequal to the moment of inertia for the disks used.
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 012-04329C Rotational Dynamics Apparatus
 Experiment 4: Conservation of Angular Momentum
 Notes on Calculations
 ➀ I = 12
 M R12+R2
 2
 Disk Measured I Calculated ITop Steel 2.715E-03 2.729E-03Top Aluminum 9.487E-04 9.375E-04Bottom 2.748E-03
 ➁-➄
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 v = 10.83
 v = 2.77
 Aluminum top dropped on stationary bottom plate
 Notes on Questions:
 ➀ Angular momentum is conserved.
 ➁ For better results, calculate the slope before and af-ter the collision and use this to calulate the amountof decelleration that would have occured naturallyduring the time of the collision. Subtract thisamount from the total decelleration.
 ➂ In this case, there is a net external force on the sys-tem of disks: the force of the base on the bottomplate. Since there is this net external force, momen-tum is not conserved.
 Collision w initial w final L initial L final % differenceSteel-steel 14.09 6.99 0.03845161 0.03828423 0.43%Al-steel 10.83 2.77 0.0101531250.010208835 -0.54%
 Al-steel 12.38 3.28 0.01160625 0.01208844 -4.07%
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 Rotational Dynamics Apparatus 012-04329C
 Experiment 5: Potential and Kinetic Energy
 Notes on Procedure
 For this test, we began with the hanging mass atrest at a known height. Since the kinetic energy wasthen zero, the total energy was just mgh
 i. We used
 the computer to plot velocity as a function of time,and found the highest angular velocity reached bythe disk.
 The linear velocity of the hanging mass is just v =rw, where r is the radius where the string is at-tached. Using this equation and the equation givenin the experiment guide for the total energy, we get:
 mghi = 12
 Iωf2 + 1
 2mvf
 2 + mghf
 = 12
 Iωf2 + 1
 2m rωf
 2 + mghf
 = 12
 wf2 I + mr2 + mghf
 We experimentally determined the value of I byplotting torque as a function of acceleration foreach set of disks, with the following results:
 Disk I (kgmm)
 Steel only 2.715e-3Aluminum only 9.487e-4Both (steel top) 5.506e-3Both (Al top) 3.659e-3
 Notes on Results
 The following graph is given for the aluminumdisk. Maximum angular velocity was determined byfinding the intersection of the two slopes. Thismethod was also used for the other tests.
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 012-04329C Rotational Dynamics Apparatus
 Experiment 6: Moment of Inertia
 Notes on Procedure
 ➁ Remove the sliding masses from the crosspiece andplace them on the center post. Use the hangingmass to apply a constant torque, and measure theangular acceleration of the combined mass of thealuminum disk, the torque pulley, the hub and rods,and the masses.
 ➂ Replace the sliding masses on the crosspiece in thesame orientation that they were in on the centerpost. Position them as close as possible to the cen-ter hub. Measure and record the distance of the cen-ter of mass of the sliding masses from the axis ofrotation. Repeat your angular acceleration measure-ments.
 Notes on Analysis
 ➀ I = τα
 ➁ For each set of measurements, determine the mo-ment of inertia due to the distance from the axis ofrotation, by subtracting the moment of inertia thatyou determined for the rotating system with themasses on the center post.
 ➂ I ∝ R2 , as shown by the graph.
 X
 X
 X
 X
 X
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 0.0015
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 0.0025
 0.003
 0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
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 f Ine
 rtia
 (kgm
 m)
 Radius (m)
 Part I corrected for parallel-axis effect
 f(x) = 4.167075E-1 * (x^2.013553E+0 )R^2 = 9.999674E-1
 The 0.4167 in this curve fit roughly corresponds tothe mass of the cylinders: 0.400kg.
 Part II:
 Remember to determine and subtract the moment ofinertia of the base used in each experiment.
 B a rB a rB a rB a rB a r Measured I Theoretical I % differenceBase alone 9.531E-04Base with Bar 1.860E-03Bar alone 9.071E-04 8.850E-04 2.49%
 D i s k sD i s k sD i s k sD i s k sD i s k s Measured I Theoretical I % differenceBase alone 1.129E-03Small ring 5.157E-04 5.067E-04 1.78%Large ring 1.580E-03 1.577E-03 0.19%
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 Rotational Dynamics Apparatus 012-04329C
 Experiment 7: Principal Axes
 Notes on Analysis
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 I vs. θ
 The maximum is 7.2391x10-4 at 70°
 The minimum is 1.7095x10-4 at 335° (-25°)
 Note that the maximum value is only a maximum ofthe two axes in the plane of the triangle. The thirdprincipal axis is perpendicular to the plane, throughthe center of mass. The moment of inertia about thisthird axis (I = 8.4x10-4) is the largest of the three.
 Minimum Axis
 Middle Axis
 Maximum Axis(perpendicularto the triangle)
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 012-04329C Rotational Dynamics Apparatus
 Experiment 8: Conservation of Linear and Angular Momentum
 Notes on Procedure
 ➂ This method is valid for each ball, but don’t assumethat the velocity for the steel ball will be the sameas for the plastic ball at the same height on theramp. The lower coefficient of friction on the steelball causes it to slide partway down the ramp, soless of its potential energy is converted to rotationalenergy and more is converted to translational en-ergy. This gives it a higher velocity.
 ➅
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 Angular Momentum v. Linear Velocity
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 Rotational Dynamics Apparatus 012-04329C
 Experiment 9: The Torsion Pendulum
 Notes on Procedure
 ➁ If you use the thumbscrew with the hole down themiddle, you can measure the periods of both diskstogether.
 ➃,➄ A more accurate method is to measure the dis-placement of the disk for several masses then plottorque v. displacement. The slope of the graph isthen k.
 X
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 X
 X
 X
 0
 0.001
 0.002
 0.003
 0.004
 0.005
 0.006
 0.007
 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
 f(x) = 5.810736E-3*x + 6.381766E-4R^2 = 9.998014E-1
 Spring constant
 The spring constant for the unit tested was5.8486x10-3 Nm/rad
 Notes on Analysis
 ➅ The frequency will be lowered when the hangingmass is in place, because this hanging mass is alsomoving with the pendulum and increases the effec-tive rotational inertia of the system.
 Notes
 Another way of measuring the period of the oscilla-tions is to put a small tab of paper on the edge ofthe top disk and use this to interrupt a photogate.The photogate is then used by the computer or othermeasuring device.
 Disk I (kgmm) Period (s) frequency (rad/s) Theoretical f % differenceAluminum 9.487E-04 2.454 2.560385210 2.482913041 3.12%Steel 2.715E-03 4.175 1.504954564 1.467712669 2.53%Steel (both) 5.506E-03 5.962 1.053872074 1.030642047 2.25%

Page 57
                        

53
 012-04329C Rotational Dynamics Apparatus
 Contacting Technical Support
 Before you call the PASCO Technical Support staff itwould be helpful to prepare the following information:
 • If your problem is with the PASCO apparatus, note:
 Title and Model number (usually listed on the label).
 Approximate age of apparatus.
 A detailed description of the problem/sequence ofevents. (In case you can't call PASCO right away,you won't lose valuable data.)
 If possible, have the apparatus within reach whencalling. This makes descriptions of individual partsmuch easier.
 • If your problem relates to the instruction manual,note:
 Part number and Revision (listed by month and yearon the front cover).
 Have the manual at hand to discuss your questions.
 Feed-Back
 If you have any comments about this product or thismanual please let us know. If you have any sugges-tions on alternate experiments or find a problem in themanual please tell us. PASCO appreciates any cus-tomer feed-back. Your input helps us evaluate andimprove our product.
 To Reach PASCO
 For Technical Support call us at 1-800-772-8700 (toll-free within the U.S.) or (916) 786-3800.
 Technical Support
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