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1) Centripetal force
 2) angular inertia
 3) angular momentum
 4) force of gravity, going into orbit.
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5.1 Uniform Circular Motion
 DEFINITION OF UNIFORM CIRCULAR MOTION
 Uniform circular motion is the motion of an object traveling at a constant speed on a circular path.
 http://www.youtube.com/watch?v=r1bORsWO4Ao&feature=c4-overview-vl&list=PLC196AED9859EBAB3 You need a force to keep an object on the track
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5.2 Centripetal Acceleration
 The direction of the centripetal acceleration is towards the center of the circle; in the same direction as the change in velocity.
 r
 vac
 2
 =
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5.3 Centripetal Force
 ∑ = aFm
 m∑=F
 a
 Recall Newton’s Second Law
 When a net external force acts on an objectof mass m, the acceleration that results is directly proportional to the net force and hasa magnitude that is inversely proportional tothe mass. The direction of the acceleration isthe same as the direction of the net force.
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5.3 Centripetal Force
 Thus, in uniform circular motion there must be a netforce to produce the centripetal acceleration.
 The centripetal force is the name given to the net force required to keep an object moving on a circular path.
 The direction of the centripetal force always points towardthe center of the circle and continually changes direction as the object moves.
 r
 vmmaF cc
 2
 ==
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5.3 Centripetal Force
 Example 5: The Effect of Speed on Centripetal Force
 The model airplane has a mass of 0.90 kg and moves at constant speed on a circle that is parallel to the ground. The path of the airplane and the guideline lie in the samehorizontal plane because the weight of the plane is balancedby the lift generated by its wings. Find the tension in the 17 mguideline for a speed of 19 m/s.
 r
 vmTFc
 2
 ==
 ( ) ( )N 19
 m 17
 sm19kg 90.0
 2
 ==T
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5.3 Centripetal Force
 Conceptual Example 6: A Trapeze Act
 In a circus, a man hangs upside down from a trapeze, legsbent over and arms downward, holding his partner. Is it harderfor the man to hold his partner when the partner hangs straight down and is stationary of when the partner is swingingthrough the straight-down position?
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From a frame of reference outside the cylinder, the person wantsTo go in a straight line because of his/her intertia and theWall pushes back on her/him./ This is how a centrifuge works.The heavier masses move farther from the center in the centrifugeThan smaller masses because of their Inertia.
 N
 weight
 friction
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A Ball has a mass of 50g and is revolving at the end of a string with a radius of 40cm. The ball moves with a speed of 2.5 m/s,( one revolution per second) A) centripetal acceleration = ?B) see diagram below. Draw, in a free-body Diagram all the forces acting on the ball. (2)Then draw the components of the tension T.
 X
 Y
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A Ball has a mass of 50g and is revolving at the end of a string with a radius of 40cm. The ball moves with a speed of 2.5 m/s,Or one revolution per second. C) Find the horizontal component of the tensionneeded to produce this acceleration. (ac=15.6m/s/s)
 T
 WTx
 Ty
 Fc=Tx=0.78N
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A Ball has a mass of 50g and is revolving at the end of a string with a radius of 40cm. The ball moves with a speed of 2.5 m/s,Or one revolution per second. D) Find the vertical component of the tensionAlong the vertical : up=right no acceleration.E)Find the tension (T) . T is a vector.
 T
 WTx
 Ty
 Fc=Tx=0.78N
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Tx=0.78 NTy=mg=0.050 x 9.8 = .49N |T|=0.92NTan(Θ)=0.49/0.78 Θ= 32 T=0.92N@ 32 degrees above x-axis
 T
 WTx
 Ty
 Fc=Tx=0.78N
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5.3 Centripetal Force
 Example 5: The Effect of Speed on Centripetal Force
 The model airplane has a mass of 0.90 kg and moves at constant speed on a circle that is parallel to the ground. The path of the airplane and the guideline lie in the samehorizontal plane because the weight of the plane is balancedby the lift generated by its wings. Find the tension in the 17 mguideline for a speed of 19 m/s.
 What is the lift ?(free-body diagram again).
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5.3 Centripetal Force
 Example 5: The Effect of Speed on Centripetal Force
 The model airplane has a mass of 0.90 kg and moves at constant speed on a circle that is parallel to the ground. The path of the airplane and the guideline lie in the samehorizontal plane because the weight of the plane is balancedby the lift generated by its wings. Find the tension in the 17 mguideline for a speed of 19 m/s.
 r
 vmTFc
 2
 ==
 ( ) ( )N 19
 m 17
 sm19kg 90.0
 2
 ==T
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When an object is in circular orbit and has a constant speed :v = 2 π R / T with T the orbital period (time for 1 revolution). The distance aroundThe orbit is 2 π R. Since F= mV2/R then F = m 4 π2 R / T2
 Then answer:
 A 0.25 kg ball attached to a string is in a horizontal circle of radius 0.5m. If the ball revolved Twice every second, what is the tension in the string ?
 Sara puts a box in the trunk of her car. Later, she drives around a curve that has a radiusOf 48m. The speed of the car of the curve is 16m/s, but the box remains stationaryRelative to the trunk (the friction provides the centripetal force) . Determine theMinimum coefficient of static friction for the box on the floor of the trunk. (hint: friction = mV2/R and friction = coeff x normal with normal= weight)
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5.4 Banked Curves
 On an unbanked curve, the static frictional forceprovides the centripetal force.
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5.4 Banked Curves
 On a frictionless banked curve, the centripetal force is the horizontal component of the normal force. The vertical component of the normal force balances the car’s weight.
 If the curve is banked, there is no need for friction ! Why ?1) DRAW A free body diagram to find out. Include the weight and the normal force.
 2) Write the expression of the x-componentAnd the y-component of the normal force FN
 3) write the expression of the centripetal force.
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5.4 Banked Curves
 r
 vmFF Nc
 2
 sin == θ mgFN =θcos
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5.4 Banked Curves
 r
 vmFN
 2
 sin =θ
 mgFN =θcos
 tan θ=v2
 rg
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5.4 Banked Curves
 Example 8: The Daytona 500
 The turns at the Daytona International Speedway have a maximum radius of 316 m and are steely banked at 31degrees. Suppose these turns were frictionless. As what speed would the cars have to travel around them?
 rg
 v2
 tan =θ θtanrgv =
 ( ) ( ) ( )mph 96 sm4331tansm8.9m 316 2 == v
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Which force is responsible for holding a car in a frictionless banked curve ?
 Which force is responsible for holding a car in an unbanked curve ?
 Determine the minimum angle at which a roadbed should be banked so that a car travelingAt 20m/s ca safely negotiate the curve if the radius of the curve is 200 m.
 An indoor track is to be designed such that each end is banked semi-circle with a radiusOf 24m . What should the banking angle be for the a person running at speed v=6m/6
 tan θ=v2
 rg
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5.5 Satellites in Circular Orbits
 There is only one speed that a satellite can have if the satellite is to remain in an orbit with a fixed radius.
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5.5 Satellites in Circular Orbits
 r
 vm
 r
 mMGF E
 c
 2
 2==
 r
 GMv E=
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5.5 Satellites in Circular Orbits
 Example 9: Orbital Speed of the Hubble Space Telescope
 Determine the speed of the Hubble Space Telescope orbitingat a height of 598 km above the earth’s surface.
 ( )( )
 ( )hmi16900 sm1056.7
 m10598m1038.6
 kg1098.5kgmN1067.6
 3
 36
 242211
 ×=
 ×+××⋅×=
 −
 v
 r
 GMv E=
 You need the mass of the Earth and the radius of theEArth.You also need G.
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5.5 Satellites in Circular Orbits
 T
 r
 r
 GMv E π2==
 EGM
 rT
 232π=
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5.5 Satellites in Circular Orbits
 Global Positioning System
 EGM
 rT
 232π=
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5.5 Satellites in Circular Orbits
 hours 24=T
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4.7 The Gravitational Force
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4.7 The Gravitational Force
 Definition of Weight
 The weight of an object on or above the earth is the gravitational force that the earth exerts on the object. The weight always acts downwards, toward the center of the earth.
 On or above another astronomical body, the weight is the gravitational force exerted on the object by that body.
 SI Unit of Weight: newton (N)
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4.7 The Gravitational Force
 Relation Between Mass and Weight
 2r
 mMGW E=
 mgW =
 2r
 MGg E=
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4.7 The Gravitational Force
 ( ) ( )( )
 2
 26
 242211
 2
 sm 80.9
 m 106.38
 kg 1098.5kgmN1067.6
 =××⋅×=
 =
 −
 E
 E
 R
 MGg
 On the earth’s surface:
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5.6 Apparent Weightlessness and Artificial Gravity
 Conceptual Example 12: Apparent Weightlessness and Free Fall
 In each case, what is the weight recorded by the scale?
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5.6 Apparent Weightlessness and Artificial Gravity
 Example 13: Artificial Gravity
 At what speed must the surface of the space station moveso that the astronaut experiences a push on his feet equal to his weight on earth? The radius is 1700 m.
 mgr
 vmFc ==
 2
 ( ) ( )2sm80.9m 1700=
 = rgv
 See video from sci230
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5.7 Vertical Circular Motion
 r
 vmmgFN
 21
 1 =−
 r
 vmmgFN
 23
 3 =+
 r
 vmFN
 22
 2 =
 r
 vmFN
 24
 4 =
 For each position of theMotorcycle, draw the forcesActing on it.
 For each position:Write the expression of theCentripetal force mV2/R
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1) The mass of the Earth is 5.98 1024kg, and its average radius is 6370km. Find the gravitational force (the weight) of a 50kg person standing on the surfaceOf the earth:A) by using the gravitational accelerationB) by using Newton's law of gravitation
 2) A ball is traveling at a constant speed of 5m/s in a circle with a radius of 0.8m.What is the centripetal acceleration of the ball ?
 3) A car rounds a curve with a radius of 25m at a speed of 20m/s. What is the centripetal of the car ?
 4) A ball traveling in a ricle with a constant speed of 3m/s has a centripetal acceleration of 9m/s/s. What is the the radius of the circle /
 5) How much larger is the required acceleration for a car rounding a curve at 60MPH than for oneRounding the same curve at 30MPH. (speed is multiplied by 2, so..)
 6) A car with a mass 1200kg is moving around a curve with a radius of 50m at a constant of 20m/s(about 45PMH)A) What is the centripetal acceleration of the car?B) What is the magnitude of the force required to produce this centripetal acceleration? What is producing this force?
 7) A car with a mass of 1000kg travels around a banked curve with a constant speed of 27m/s (60mph) The radius of the curve is 40m.A) What is the centripetal acceleration ? B) What is the magnitude of the horizontal component of the normal force that would be required to produce this centripetal acceleration ? C)What is the angle of the curve ?

Page 38
                        

8) A ferris wheel at a carnival has a radius of 12m and turns so that the speed of the riders is 8m/sA) What is the magnitude of the centripetal acceleration of the riders ?B) What is the magnitude of the net force required to produce this centripetal acceleration forA rdier with a mass 70kg /
 9) An early major objection to the idea that the earth is spinning on its axis was that the earth would turn so fast (1600km/h) at the equator that people would be thrown off into space. Show the error in this logic by calculating:A) the weight of a 100 kg personB) The centripetal force needed to hold the same person in place at the equator. The radius of the Earth is about 6,400km. Conclusion ?Hint: convert km into and hr into seconds. Compare Fc and W.
 10) A carnival ride has a 2.0m radius and rotates once 0.9s.A) Find the speed of a riderB) Find the centripetal acceleration of a riderC) What produces that acceleration?D) When the floor drops down, riders are held up by friction. Draw motion and free-body diagram of the situation.E) What coefficient of static friction is needed to keep the riders from slipping.Hint: frictional force = µs x Normal force. The normal force is the centripetal force.
 11) Friction provides the force needed for a car to travel around a flat, circular race track. What is the maximum speed at which a car can safely travel if the radius of the track is 80.0m and the coefficient of friction is 0.40 ? Hint: friction = µs N
 12)The orbital speed of the Earth is 30km/sA) convert to mph (1 mile = 1.6km and 1 hour = 3,600s)B) what will happen is the force of gravity is turn off ?
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A centrifuge uses the same idea: inertia + centripetal force toSeparate masses. If a test tube spins with substances of different masses inside:
 The centripetal forceIs provided by theMedium inside theTube. (blood,gas..)
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Mass (linear inertia) opposes change in linear motionangular inertia or moment of inertia opposes the change in rotational motion
 TT maF =
 αraT =rFT=τ
 ( ) ατ 2mr=
 Moment of Inertia, I
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Follow the steps:
 A) Find the torque applied to the wheel (torque about axis = force x arm).
 B) Find the angular acceleration(torque =inertia x acceleration with Inertia = m r2 )
 C) Find the angular velocity after 5 s ( angular velocity = initial angular velocity + acceleration x time and Initial angular velocity = 0 )
 ( ) ατ 2mr=
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The rotational inertia or moment of inertia is the resistance of an object to change its rotational motion. Rotational inertia is related to the mass of the objectBut also on how mass that mass is distributed about the axis of rotation.
 In this race, the cylinderWith the mass closerTo the center wins.
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Example 13 Rolling Cylinders
 Why the solid cylinder wins the race?
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HARD to spinMore resistance in the changeOf state of motion(from rest to spinning)
 EASY to spinLess resistance in the changeOf state of motion(from rest to spinning)
 http://www.youtube.com/watch?v=sL-sWx3_XhE&feature=related
 http://www.youtube.com/watch?v=0M9OMW0Yn6o
 3:03
 1:35
 http://www.youtube.com/watch?v=sL-sWx3_XhE&feature=related
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Different solids have different moment of inertia.It depend on : which axis of rotation, the mass and the distributionOf the mass about the axis.
 On an incline plane a race is set between : solid sphere, hollow sphere,Solid cylinder , a hoop and a disk. What is the order of arrival at the end ?Is it easier to spin a rod about the end or about the center ?
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Is it easier to spin a merry go roundIf the children stand at the edge orIn the center ?
 If you are tired of applying a torque What should you ask them ?
 Source : the physics of every day phenomenaFrom Thomas Griffith:
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The moment of inertia also depends on the axis:
 For the same torque, a loop will spin faster if the axis is about the diameterOf through its center?
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How do we find the moment of inertia ?Use calculus.
 ( )( )
 ( ) ατ
 ατ
 ατ
 2
 2222
 2111
 NNN rm
 rm
 rm
 =
 =
 =
 ( ) ατ ∑∑ = 2mr
 Net externaltorque Moment of
 inertia
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9.4 Newton’s Second Law for Rotational Motion About a Fixed Axis
 ROTATIONAL ANALOG OF NEWTON’S SECOND LAW FORA RIGID BODY ROTATING ABOUT A FIXED AXIS
 ×
 =
 onaccelerati
 Angular
 inertia
 ofMoment torqueexternalNet
 ατ I=∑
 ( )∑= 2mrIRequirement: Angular acceleration must be expressed in radians/s2.
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( )∑= 2mrILet's take some simple examples:
 1)A simple merry go round has a rotational inertia of II1=800 kg m2 and a radius of2m. A child with a mass of 40kg sits near the edge of the merry go round.
 A) What is the total rotational inertia (or moment of inertia) of the merry go round(find the angular inertia of the child I2 and add it to I1)
 B) What torque is required to give the merry go round a rotational acceleration of 0.05 rad/s/s ?Torque = inertia x acceleration
 2) A net torque of 60N.m is applied to a disk with a rotational inertia of 12 kg m2
 What is the rotational acceleration of the disk/
 3) A wheel with a rotational inertia of 4.5 kg m2 accelerates at the rate of 3 rad/s/sWhat is the net torque needed to produce this acceleration?
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4) A torque of 50N.m producing a counterclockwise rotation is applied to a wheel About Its axle. A frictional torque of 10N.m (negative) acts at the axle.A) What is the net torque acting on the wheel about its axle ?B)If the wheel is observed to accelerate at the rate of 2 rad/s/s under the influenceOf these torques, what is the rotational inertia of the wheel ?C)Draw the vector angular velocity and the vector torque:
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9.6 Angular Momentum
 DEFINITION OF ANGULAR MOMENTUM
 The angular momentum L of a body rotating about a fixed axis is the product of the body’s moment of inertia and its angular velocity with respect to thataxis:
 ωIL =
 Requirement: The angular speed mustbe expressed in rad/s.
 SI Unit of Angular Momentum: kg·m2/s
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9.6 Angular Momentum
 PRINCIPLE OF CONSERVATION OFANGULAR MOMENTUM
 The angular momentum of a system remains constant (is conserved) if the net external torque acting on the system is zero.
 See applet
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9.6 Angular Momentum
 Conceptual Example 14 A Spinning Skater
 An ice skater is spinning with botharms and a leg outstretched. Shepulls her arms and leg inward andher spinning motion changesdramatically.
 Use the principle of conservationof angular momentum to explainhow and why her spinning motionchanges.
 http://www.youtube.com/watch?v=0k276y9kuQQ&feature=related
 http://www.youtube.com/watch?v=yAWLLo5cyfE&feature=player_embedded#%21
 An ice skater has a rotational inertia of 1.2 kgm2 when her arms are extended and a rotational inertia of 0.5 kg m2 when her arms are pulled in close to her body.If she goes into a spin with her arms extended and has an initial rotational velocityOf 1 rev/s, what is her rotational velocity when she pulls in close to her body?
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9.6 Angular Momentum
 Example 15 A Satellite in an Elliptical Orbit
 An artificial satellite is placed in an elliptical orbit about the earth. Its pointof closest approach is 8.37x106mfrom the center of the earth, andits point of greatest distance is 25.1x106m from the center ofthe earth.
 The speed of the satellite at the perigee is 8450 m/s. Find the speedat the apogee.
 PPAA II ωω =
 rvmrI == ω2
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9.6 Angular Momentum
 Example 15 A Satellite in an Elliptical Orbit
 An artificial satellite is placed in an elliptical orbit about the earth. Its pointof closest approach is 8.37x106mfrom the center of the earth, andits point of greatest distance is 25.1x106m from the center ofthe earth.
 The speed of the satellite at the perigee is 8450 m/s. Find the speedat the apogee.
 PPAA II ωω =
 rvmrI == ω2
 First work out the equation
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9.6 Angular Momentum
 ωIL =
 angular momentum conservation
 PPAA II ωω =
 rvmrI == ω2
 P
 PP
 A
 AA r
 vmr
 r
 vmr 22 =
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9.6 Angular Momentum
 PPAA vrvr =
 ( )( )sm2820
 m 1025.1
 sm8450m 1037.86
 6
 =×
 ×==A
 PPA r
 vrv
 P
 PP
 A
 AA r
 vmr
 r
 vmr 22 =
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http://hyperphysics.phy-astr.gsu.edu/hbase/mechanics/bicycle.html
 precession=conservation of the vector angular momentum L
 http://www.youtube.com/watch?v=8H98BgRzpOM&feature=related
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Conservation of momentum, another weird effect.
 http://www.youtube.com/watch?v=NDH3Uo99K2M&feature=relatedhttp://www.youtube.com/watch?v=UZlW1a63KZs&NR=1
 http://www.youtube.com/watch?v=cquvA_IpEsA&feature=related
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Note:Force= rate of change of momentum or F Δt = Δptorque=rate of change of angular momentum or т Δt = ΔL

Page 62
                        

1) A mass of 0.8kg is located at the end of a very light and rigid rod 50cm length. The rod is rotating about anAxis at its opposite end with a rotational velocity of 3 rad/s.A) What is the rotational inertia of the system?B) What is the angular momentum of the system ?
 2) A uniform disk with a mass of 4kg and a radius of 0.2 m ia rotating with a rotational velocity of 20rad/sA) What is he rotational inertia of the disk? (see slide above to find I for a solid disk)B)What is the angular momentum of the disk ?
 3) A student sitting on a stool rotating at a rate of 20RPM holds masses in each hand, When his arms are Extended , the total rotational inertia of the system is 4.5 kg m2. He pulls his arms in close to this body Reducing the total rotational inertia to 1.5kgm2. If there are no external torques, what is the newRotational velocity of the system ?
 4) in the park, several children with a total mass of 240kg are riding on a merry go round that has aRotational inertia of 1500 kgm2 and a radius of 2.2 m. The average distance of the children from the Axle of the merry go round is 2m. Initially, they are all riding near the edge.A) What is the rotational inertia of the children about the axis of the merry go round ? What is the Total rotational inertia of the children and the merry go round.B) The children now move inward toward the center of the merry go round so that their distance from the Axle is 0.5m. What is the new rotational inertia of the system ?C) If the rotational velocity if the merry go round was 1.2 rad/s , what is the rotational velocity afterThe children move toward the center, assuming that the frictional torque can be ignored?
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