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Chapter Six News!
 DO NOT FORGETWe ARE doing Chapter 4
 Sections 4 & 5

Page 2
                        

CH 4: Uniform Circular Motion
 The velocity vector is tangent to the path The change in velocity vector is due to the change
 in direction.The centripetal acceleration
 changes the direction of motion:vat
 Δ=
 Δ
 vv
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Centripetal Acceleration
 • The acceleration is always perpendicular to the path of the motion
 • The acceleration always points toward the center of the circle of motion
 • This acceleration is called the centripetal acceleration
 • Magnitude is given by:2
 Cvar
 =
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The Earth rotates once per day around its axis. Assuming the Earth is a sphere with radius 6.38 x 106m, find the tangential speed of a person at the equator and at 38 degrees latitude (Santa Rosa!) and their centripetal accelerations.
 At the equator, r = 6.38 x 106m:62 2 (6.38 10 ) 464 /
 86, 400r x mv m st s
 π π= = =
 Δ
 ( )222
 6
 464 /.034 /
 6.38 10= = =c
 m sva m sr x m
 At Santa Rosa, r = 6.38 x 106m cos38:62 2 (6.38 10 )cos38 366 /
 86, 400r x mv m st s
 π π= = =
 Δ
 o
 ( )222
 6
 366 /.027 /
 cos38 6.38 10 cos38= = =c
 m sva m sr x m
 ca
 ca
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What is the total acceleration of a person at Santa Rosa?
 Total Acceleration of Earth
 cagAcceleration due to gravity
 and the centripetal acceleration due to the rotation!!!
 = +v v vtot ca g a
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CM: Total Acceleration• The tangential
 acceleration causes the change in the speed of the particle
 • The radial acceleration comes from a change in the direction of the velocity vector
 td
 adt
 =v
 2
 r Cva ar
 = − = −2 2r ta a a= +
 Total Acceleration:
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td
 adt
 =v
 2
 r Cva ar
 = − = −
 2 2r ta a a= +
 Nonuniform Circular Motion
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Problem #31The total acceleration of a particle moving clockwise in a circle of radius 2.50 m at a certain of time is 15.0m/s2. At this instant, find (a) the radial acceleration, (b) the speed of the particle, and (c) its tangential acceleration.
 ( ) ( )o 2 2cos30.0 15.0 m s cos30 13.0 m sca a= = ° =
 2
 cv
 ar
 = ( )2 2 2 22.50 m 13.0 m s 32.5 m scv ra= = =
 32.5 m s 5.70 m sv = =2 2 2t ra a a= +
 ( ) ( )2 22 2 2 2 215.0 m s 13.0m s 7.50 m s= − = − =t ra a a
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Non-Uniform Circular Motion
 • The acceleration and force have tangential components
 • Fr produces the centripetal acceleration
 • Ft produces the tangential acceleration
 ΣF = ΣFr + ΣFt
 2 2rF F Fθ= +
 Total force is also expressed in polar coordinates:
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Chapter 6: Newton’s 2nd Law Applied to Uniform Circular Motion
 • A force, Fr , is directed toward the center of the circle
 • This force is associated with an acceleration, ac
 • Applying Newton’s Second Law along the radial direction gives
 2
 cvF ma mr
 = =∑
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Horizontal Circle: Constant SpeedVertical Circle: Changing Speed
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Horizontal Circle: Conical Pendulum
 • The object is in equilibrium in the vertical direction and undergoes uniform circular motion in the horizontal direction
 • v is independent of m
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sin tanv Lg θ θ=
 cosθ= =∑ yF T mg
 2
 sinθ= = =∑ c cmvF T ma
 r
 Horizontal Circle: Conical Pendulum
 sin=r LCombining :
 θ
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Motion in a Horizontal Circle
 • The speed at which the object moves depends on the mass of the object and the tension in the cord. It is constant!
 • The centripetal force is supplied by the tension.
 2
 = = =∑ c cmvF T ma
 r=
 Trvm
 Looking down:
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Vertical Circle with Non-Uniform Speed
 Where is the speed Max? Min?Where is the Tension Max? Min?
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sinθ= =∑ t tF mg ma
 2
 cosθ= − =∑ rmvF T mg
 R
 2
 cosvT m gR
 θ⎛ ⎞
 = +⎜ ⎟⎝ ⎠
 Vertical Circle with Non-Uniform Speed
 sinθ=ta g
 • The tension at the bottom is a maximum• The tension at the top is a minimum• Look at radial and tangential:
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You Try: HO Problem 4A 0.20-kg object attached to the end of a string swings in a vertical circle (radius = 80 cm). At the top of the circle the speed of the object is 4.5 m/s. What is the magnitude of the tension in the string at this position?a. 7.0 Nb. 2.0 Nc. 3.1 Nd. 5.1 Ne. 6.6 N
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A 0.40-kg mass attached to the end of a string swings in a vertical circle having a radius of 1.8 m. At an instant when the string makes an angle of 40 degrees below the horizontal, the speed of the mass is 5.0 m/s. What is the magnitude of the tension in the string at this instant?a. 9.5 Nb. 3.0 Nc. 8.1 Nd. 5.6 Ne. 4.7 N
 HO Problem 8
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HO Problem 3A 0.50-kg mass attached to the end of a string swings in a vertical circle (radius = 2.0 m). When the mass is at the lowest point on the circle, the speed of the mass is 12 m/s. What is the magnitude of the force of the string on the mass at this position?a. 31 Nb. 36 Nc. 41 Nd. 46 Ne. 23 N
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m
 vtθ
 g
 RR
 A 0.30-kg mass attached to the end of a string swings in a vertical circle (R = 1.6 m), as shown. At an instant when θ = 50°, the tension in the string is 8.0 N. What is the magnitude of the resultant force on the mass at this instant?a. 5.6 Nb. 6.0 Nc. 6.5 Nd. 5.1 Ne. 2.2 N
 You Try: HO Problem 6
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An object attached to the end of a string swings in a vertical circle (R = 1.2 m), as shown. At an instant when θ = 30°, the speed of the object is 5.1 m/s and the tension in the string has a magnitude of 20 N. What is the mass of the object?a. 2.0 kgb. 1.5 kgc. 1.8 kgd. 1.2 kge. 0.80 kg
 HO Problem 7
 m
 v
 RRtθg
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Minimum Speed for Vertical Circular Motion
 What is the minimum speed so that the ball can go in the circle?
 That is, when T = 0 at the top?At the top:
 2
 cos 0θ⎛ ⎞
 = + =⎜ ⎟⎝ ⎠
 vT m gR
 =v gR
 0=θ
 Minimal Speed to JUST get around the circle.
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: n
 mg
 Max speed of Car
 : 0=Take n
 =v gr
 What is the maximum speed the car can have as it passes this highest point without losing contact with the road?
 Max speed without losing contact MEANS:
 2m vm g
 r=
 Therefore:
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You Try: HO Problem 5A roller-coaster car has a mass of 500 kg when fully loaded with passengers. The car passes over a hill of radius 15 m, as shown. At the top of the hill, the car has a speed of 8.0 m/s. What is the force of the track on the car at the top of the hill?a. 7.0 kN upb. 7.0 kN downc. 2.8 kN downd. 2.8 kN upe. 5.6 kN down
 15 m
 8.0 m/s
 15 m
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Horizontal (Flat) Curve• The force of static friction
 supplies the centripetal force
 • The maximum speed at which the car can negotiate the curve is
 • Note, this does not depend on the mass of the car
 v grμ=
 2
 = =∑ cmvF f
 r
 0= − =∑ yF N mgμ=f mg
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Banked CurveThese are designed with friction equaling zero - there is a component of the normal force that supplies the centripetal force that keeps the car moving in a circle.
 2
 tan vrg
 θ =
 2
 sinθ= =∑ rmvF n
 rcos 0θ= − =∑ yF n mg
 Dividing:
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A race car travels 40 m/s around a banked (45° with the horizontal) circular (radius = 0.20 km) track. What is the magnitude of the resultant force on the 80-kg driver of this car?a. 0.68 kNb. 0.64 kNc. 0.72 kNd. 0.76 kNe. 0.52 kN
 You Try: HO Problem 1
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Hints for HW Problem # 57
 n
 f
 t
 mg
 t
 θ
 θ
 If the car is about to slip down the incline, fis directed up the incline. This would happen at a minimum speed.
 n
 f
 t
 mg
 t
 θ
 θ
 When the car is about to slip up the incline, fis directed down the incline. This would happen at a maximum speed.
 Determine the range of speeds a car can have without slipping up or down the road.
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:
 ( ) 1000 m1 h30 km h 8.33 m s
 3600 s 1 kmv
 ⎛ ⎞ ⎛ ⎞= =⎜ ⎟⎜ ⎟ ⎝ ⎠⎝ ⎠
 y yF m a=∑2m v
 n m gr
 + − = −
 ( )222
 4
 8.33 m s1800 kg 9.8 m s
 20.4 m
 1.15 10 N up
 vn m g
 r
 ⎡ ⎤⎛ ⎞⎢ ⎥= − = −⎜ ⎟ ⎢ ⎥⎝ ⎠ ⎣ ⎦
 = ×
 n
 mg
 Chapter 6 Problem
 a) What force does the road exert on the car as the car passes the highest point of the bump if the car travels at 30.0 km/h?
 +
 Minus because ay is pointing down.
 Suppose that a 1 800‐kg car passes over a bump in a roadway that follows the arc of a circle of radius 20.4 m.
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: n
 mg
 : 0=Take n
 2m vm g
 r=
 ( )( )29.8 m s 20.4 m 14.1 m s 50.9 km hv gr= = = =
 (b) What If? What is the maximum speed the car can have as it passes this highest point without losing contact with the road?
 y yF m a=∑2m v
 n m gr
 + − = −
 Chapter 6 Problem1Suppose that a 1 800‐kg car passes over a bump in a roadway that follows the arc of a circle of radius 20.4 m.
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Vertical Motion: Constant Speed.Loop-the-Loop: UCM
 • This is an example of a vertical circle with constant motion. The constant motion is maintained by an engine.
 Where is the force on the pilot the greatest, at the top or the bottom of circle?
 Is the force greater or less than her weight?

Page 32
                        

Vertical Motion: Constant Speed.Loop-the-Loop: UCM
 • This is an example of a vertical circle with constant motion. The constant motion is maintained by an engine.
 • At the bottom of the loop, the upward force experienced by the pilot is greater than at the top and is greater that her weight:
 2
 1botvn mgrg
 ⎛ ⎞= +⎜ ⎟
 ⎝ ⎠
 2
 = − =∑ y botvF n mg mr
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• At the top of the circle, the force exerted on the pilot is less than her weight:
 2
 1topvn mgrg
 ⎛ ⎞= −⎜ ⎟
 ⎝ ⎠
 2
 = − − = −∑ y botvF n mg mr
 Vertical Motion: Constant Speed.Loop-the-Loop: UCM

Page 34
                        

You Try: Handout Problem 2
 An airplane moves 140 m/s as it travels around a vertical circular loop which has a 1.0-km radius. What is the magnitude of the resultant force on the 70-kg pilot of this plane at the bottom of this loop?a. 2.1 kNb. 1.4 kNc. 0.69 kNd. 1.5 kNe. 1.3 kN

Page 35
                        

Motion in Accelerated FramesA fictitious force results from an accelerated frame
 of reference. A fictitious force appears to act on an object in the same way as a real force, but you cannot identify a second object for the fictitious force.
 Remember: Forces are INTERACTIONS between more than one object.
 Sees Centripetal Force due to Tension holding block on rotating table.
 Sees Centrifugal Force due to nothing holding block on rotating table.
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Fig. 6.13, p.161
 Inertial Observer: NOT ACCELERATINGNoninertial Observer: ACCELERATING
 Motion in Accelerated Frames
 Accelerating frames see ‘fictitious’ forces!!
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Fictitious Forces in a Rotating System
 • According to the inertial observer (a), the tension is the centripetal force
 • The noninertial observer (b) sees
 2mvTr
 =
 2
 0fictitiousmvT F T
 r− = − =
 You end up with the same result!
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“Centrifugal” Force
 • From the frame of the passenger, a force appears to push her toward the door
 • From the frame of the Earth, the car applies a leftward force on the passenger
 • The outward force is often called a centrifugal force– It is a fictitious force due to the
 acceleration associated with the car’s change in direction
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Centrifugal Force & Acceleration“Center FLEEing”
 Factual = Centripetal ForceFfictitious = Centrifugal Force
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Centrifugal Force & Acceleration
 Suppose there is a lady bug in the can. There is a centripetal force acting on the bug, transmitted to her feet by the can. Her feet push back on the can producing a centrifugal “fictitious” force, that acts
 like artificial gravity.
 “Center FLEEing”
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Centrifugal Force is Fictitious?The centrifugal force is a is a real effect. Objects in a rotating frame feel a centrifugal force acting on them, trying to push them out. This is due to your inertia – the fact that your mass does not want to go in a circle. The centrifugal force is called ‘fictitious’ because it isn’t due to any real force – it is only due to the fact that you are rotating. The centripetal force is ‘real’because it is due to something acting on you like a string or a car.
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Centripetal & Centrifugal ForceDepends on Your Reference Frame
 Inside Observer (rotating reference frame) feels Centrifugal Force pushing them against the can.
 Outside Observer (non-rotating frame) sees Centripetal Force pulling can in a circle.
 Center-seeking
 Center-fleeing
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Artificial GravityHow fast would the space station segments A and B have to rotate in
 order to produce an artificial gravity of 1 g?
 56 / ~ 115Av m s mph=
 104 / ~ 210Bv m s mph=
 Can the two segments be connected?
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The Earth rotates once per day around its axis as shown. Assuming the Earth is a sphere, is the rotational speed at Santa
 Rosa greater or less than the speed at the equator?
 366 m/s
 464 m/s
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Is the centripetal acceleration greater at the Equator or at Santa
 Rosa?
 2
 cvar
 = 20.034 /m s
 20.027 /m s
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Do you weigh more at the Equator or at Santa Rosa?

Page 47
                        

Since you are standing on the Earth (and not in the can) the centrifugal force tends
 to throw you off the Earth. You weigh less where the centripetal force is greatest because
 that is also where the centrifugal effect is greatest – the force that tends to throw you
 out of a rotating reference frame.
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“Coriolis Force”
 • This is an apparent force caused by changing the radial position of an object in a rotating coordinate system
 • The result of the rotation is the curved path of the ball

Page 49
                        

Coriolis Effect

Page 50
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Motion in Accelerated FramesA 0.500‐kg object is suspended from the ceiling of an accelerating boxcar as in Figure 6.13. If a = 3.00 m/s2, find (a) the angle that the string makes with the vertical and (b) the tension in the string.
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Motion with Resistive Forces
 • Motion can be through a medium– Either a liquid or a gas
 • The medium exerts a resistive force, R, on an object moving through the medium
 • The magnitude of R depends on the medium• The direction of R is opposite the direction of
 motion of the object relative to the medium• R nearly always increases with increasing speed
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Motion with Resistive Forces, cont
 • The magnitude of R can depend on the speed in complex ways
 • We will discuss only two– R is proportional to v
 • Good approximation for slow motions or small objects
 – R is proportional to v2
 • Good approximation for large objects
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R Proportional To v
 • The resistive force can be expressed as R = - b v
 • b depends on the property of the medium, and on the shape and dimensions of the object
 • The negative sign indicates R is in the opposite direction to v
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R Proportional To v, Example
 • Analyzing the motion results in
 dvmg bv ma mdt
 dv ba g vdt m
 − = =
 = = −
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R Proportional To v, Example, cont
 • Initially, v = 0 and dv/dt = g
 • As t increases, R increases and a decreases
 • The acceleration approaches 0 when R →mg
 • At this point, v approaches the terminal speed of the object
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Terminal Speed
 • To find the terminal speed, let a = 0
 • Solving the differential equation gives
 τ is the time constant and τ = m/b
 Tmgvb
 =
 ( ) ( )1 1bt m tT
 mgv e v eb
 τ− −= − = −
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• For objects moving at high speeds through air, the resistive force is approximately equal to the square of the speed
 • R = ½ DρAv2
 – D is a dimensionless empirical quantity that called the drag coefficientρ is the density of air
 – A is the cross-sectional area of the object– v is the speed of the object
 R Proportional To v2
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R Proportional To v2, example
 • Analysis of an object falling through air accounting for air resistance
 2
 2
 12
 2
 F mg D Av ma
 D Aa g vm
 ρ
 ρ
 = − =
 ⎛ ⎞= − ⎜ ⎟⎝ ⎠
 ∑
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R Proportional To v2, Terminal Speed
 • The terminal speed will occur when the acceleration goes to zero
 • Solving the equation gives
 2T
 mgvD Aρ
 =

Page 61
                        

Resistive Forces ProblemA sky diver of mass 80.0 kg jumps from a slow‐moving aircraft and reaches a terminal speed of 50.0 m/s.  (a) What is the acceleration of the sky diver when her speed is 30.0 m/s? What is the drag force on the diver when her speed is (b) 50.0 m/s? (c) 30.0 m/s?
 212
 = − =∑ F mg D Av maρ
 2
 22 6.27 m s downward= − =D Av
 a gm
 ρ
 Don’t know: 12
 D Aρ
 Use terminal speed to solve:
 2
 2 0.314 kg m2 2
 T
 T
 m gD Av D Am g
 v
 ρ ρ= ∴ = =
 At
 30.0 m sv =Thus, when
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