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M i i f d ’ l
 Physics 231 Lecture 23
 • Main points of today’s lecture:• Springs and masses• Simple harmonic motion of a
 spring:
 )sin()cos(
 0
 0
 tAvtAx
 x θωωθω
 +−=+=
 constants are and /
 )cos(
 )s (
 02
 02
 0
 Amk
 tAa
 tv
 x
 x
 θωθωω
 θωω
 =
 +−=
 • Pendulum:
 2π= LT
 ( )0max 2cos
 2
 ϑπθθ
 π
 +=
 =
 ftg
 T
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Final Exam
 A fi l ti i h d l d f ll ti f Ph i 231• A common final exam time is scheduled for all sections of Physics 231 • Time: 3pm-5pm, Thursday, May 5 .• Location : E100 Veterinary Medical Center. • This information can also be found on our course schedule page
 • An alternate exam time will be scheduled for students who have• An alternate exam time will be scheduled for students who have conflicts with the regular time. – Three students have confirmed conflicts with me and will take the
 exam thenexam then.
 – You must contact me by email and obtain permission from me to take the exam at the alternate time.
 • Alternate time: TBA (probably sometime Wed. May 4th)• Location: TBA
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Example
 Th f f th S i i t l t 5700 K d th• The surface of the Sun is approximately at 5700 K, and the temperature of Earth’s surface is approximately 290 K. What entropy change occurs when 1000 J of energy is transferred by heat from the Sun to Earth?heat from the Sun to Earth?
 The sun loses Q of heat and therefore decreases its entropy by the amountQS −Δ =sun
 sun
 ST
 Δ =
 The earth gains Q of heat and therefore increases its entropy by the amountQ
 earthearth
 QST
 Δ =
 The total entropy change is:
 sun earth
 The total entropy change is:S S SΔ = Δ + Δ
 earth sun
 1 1QT T
 = − 1 11000 J 3.27J / K
 290 K 5700 K = − =
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QS reversible=ΔT
 S =Δ
 Second Law of Thermodynamics
 Slide 11-34
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Reading Quiz 1. The type of function that describes simple harmonic motion is1. The type of function that describes simple harmonic motion is
 A. linearB exponentialB. exponentialC. quadraticD. sinusoidalE inverseE. inverse
 Slide 14-6
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Reading Quiz 2. A mass is bobbing up and down on a spring. If you increase the2. A mass is bobbing up and down on a spring. If you increase the
 amplitude of the motion, how does this affect the time for one oscillation?
 A. The time increases.B. The time decreases.C The time does not changeC. The time does not change.
 Slide 14-8
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Springs and simple harmonic motion
 • Consider the mass and spring system to the right. The system is at equilibrium at x=0.
 • This is an example of stable equilibrium. If an s s a e a p e o s ab e equ b u . aobject is in equilibrium then the net force on it is zero. If you displace an object away from a stable equilibrium there will be a force p shing it back in the opposite direction of thepushing it back in the opposite direction of the displacement.
 • When the equilibrium is stable, the force around equilibrium often depends linearly onaround equilibrium often depends linearly on displacement. For the spring, this gives rise to the Hook’s law force: kxFs −=
 • We discussed this before and we also obtained the potential energy for the• We discussed this before and we also obtained the potential energy for the spring.
 21 kxPE =2
 kxPEs
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Example: Hook’s law
 I th t i 2 44 hi h i ( t i d l th 0 30 )• In a room that is 2.44 m high, a spring (unstrained length=0.30 m) hangs from the ceiling. From this spring, a board hangs so that its 1.98 m length is perpendicular to the floor, the lower end just extending to, but not touching the floor The board weighs 102 N What is thebut not touching, the floor. The board weighs 102 N. What is the spring constant of the spring?
 total0 F ky mg= = − − ( )k d mg= − − − kd mg= −total y g ( )k d mg kd mg
 mgk = ( )102N 638N / m
 2 44 1 98 0 3= =
 d=(2.44-1.98-0.3)md ( )2.44 1.98 0.3 m− −
 If displaced from d and released, the board will oscillate up and down (ifboard will oscillate up and down (if the floor were not in the way).
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• The shadow of a ball on rotating turntable moves in
 Analogy to circular motion
 • The shadow of a ball on rotating turntable moves in simple harmonic motion, just as a mass on a spring.
 • This is because the horizontal motion for both satisfy: F= kx=ma a = (k/m)x
 vxsatisfy: F=-kx=max ax =-(k/m)x• For the circular motion:• r=A, v=ωA, a=ω2A, θ=ωt+ θ0• Thus: x=r cos(θ)= A cos(ωt+ θ ) θ A
 axa
 v
 • Thus: x=r cos(θ)= A cos(ωt+ θ0)vx= -v sin (θ)= -ωAsin (ωt+ θ0)ax= - acos(θ)= - ω2Acos(ωt+ θ0)= - ω2xwhere θ=ωt+ θ0
 x0
 where θ ωt θ0• Thus, if we choose ω2= k/m for the circular motion, the
 shadow of the circling ball will have the same acceleration, initial position and initial velocity and with therefore track the simple harmonic motion of the masstherefore track the simple harmonic motion of the mass and spring exactly.
 • We therefore can determine the dependence of position, velocity and acceleration on time for the mass and spring f th i l ti N tfrom the circular motion. Note:
 2 1period : T= , frequency: f=2 T
 π ωω π
 =
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Example
 A 50 il i h i t t f 860 N/ O d f 50• A 50 coil spring has a spring constant of 860 N/m. One end of a 50-coil spring is attached to a wall. An object of mass 45 kg is attached to the other end of the spring and the system is set in horizontal oscillation What is the angular frequency of the motion?oscillation. What is the angular frequency of the motion?– a) 2.39 Hz– b) 4.37 Hz k 860N / m– c) 5.21 Hz– d) 6.85 Hz– e) 9.22 Hz
 km
 ω =860N / m
 45kg= 4.37Hz=
 )
 • If mass spring system was arranged vertically with the mass suspended from the 50 coil spring, how would the frequency change?
 Reading quiz
 – a) it would be smaller because gravity subtracts from the spring force at the bottom of its motion.
 – b) it would be larger because gravity adds to the spring force at the t f it titop of its motion.
 – c) it would be exactly the same. Gravity only displaces the equilibrium point so that the equilibrium length is greater.
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Vertical vs. horizontal oscillations
 Wh h h i i i l h i l• Whether the motion is vertical or horizontal:
 • The only thing gravity does is displace the equilibrium point a distance
 k mω =
 ΔL=mg/k downwards.
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Simple Pendulum• The simple pendulum is another example
 of simple harmonic motion• The torque is given by the gravitational
 force times the moment arm d=Lsinθ– τ = -mgd=- m gL sin θ
 • Newton’s second law states: – τ = Iα - m gL sin θ=mL2 α
 note: I=mL2
 τ Iα - m gL sin θ mL α– α= - g/L sin θ
 • For small angles < 15° :L θ Lθ θ θ ( d )– L sin θ ≈ Lθ sin θ ≈ θ (in radians)
 – α= - g/L θ• This is similar to the equation ax= - k/m x
 which describes the motion of mass plus spring. We therefore expect simple harmonic motion with: 1 gf ; T depends on L and g LT 1/f 2π= =f ;
 2 Lπ= p g
 not on θmax T 1/f 2
 gπ= =
 max cos(2 ft );θ θ π ϑ= + s r ; θ= t maxv r2 f sin(2 ft )π θ π ϑ= − +
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Comparison of simple pendulum to a spring-mass systemsyste
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A series of pendulums with different length strings and different masses is
 Checking UnderstandingA series of pendulums with different length strings and different masses is shown below. Each pendulum is pulled to the side by the same (small) angle, the pendulums are released, and they begin to swing from side to sideside.
 1 gf ; 2 Lπ
 =20 cm 2 Lπ
 Rank the frequencies of the five pendulums, from highest to lowest.
 A. A = E > B = D > CB. D > A = C > B = EC. A = B = C = D = E D. B > E > C > A > D. C
 Slide 14-17
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Conceptual question
 A i i Wh th it till th• A person swings on a swing.When the person sits still, the swing oscillates back and forth at its natural frequency. If, instead, two people sit on the swing, the natural frequency of the swing isswing is– a. greater.– b. the same.– c. smaller.
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Example• If a mass of 0.4 kg is suspended vertically by a spring, it stretches the
 spring by 2 m. Assume the spring is stretched further and released, and the mass plus spring system undergoes vertical oscillations. Calculate the angular frequency of the oscillatory motion.(Hint: Solve the static
 ilib i t t k d th l f )equilibrium to get k and then solve for ω)– a) 0.7 rad/s= 0.7 Hz– b) 4.5 rad/s=4.5 Hz– c) 2.9 rad/s=2.9 Hz– d) 13.8 rad/s=13.8 Hz– e) 2.2 rad/s=2.2 Hz total0 F mg ky= = − −e) 2.2 rad/s 2.2 Hz
 mgk ( )( )20.4kg 9.8m / s
 1.96N / m= =
 total0 g y
 y− 2m
 kω = 1.96N / m 2.2Hz= =d=2 mm 0.4kg
 0.4 kg
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Verification of Sinusoidal Nature
 • This experiment shows the• This experiment shows the sinusoidal nature of simple harmonic motion
 • The spring mass system oscillates• The spring mass system oscillates in simple harmonic motion
 • The attached pen traces out the sinusoidal motionsinusoidal motion
 • With no friction or viscosity, the amplitude of the oscillation remains the sameremains the same.
 • With damping, the amplitude decreases:
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Graphical Representation of Motion
 • When x is a maximum or minimum, velocity is zero
 • When x is zero, the speed is a maximum
 • When x is a maximum in the positive direction, a is a maximum in the negative direction
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Conceptual question
 A tt h d t i ill t b k d f th• A mass attached to a spring oscillates back and forth as indicated in the position vs. time plot below. At point P, the mass has
 – a. positive velocity and positive acceleration.a. positive velocity and positive acceleration.– b. positive velocity and negative acceleration.– c. positive velocity and zero acceleration.
 d ti l it d iti l ti– d. negative velocity and positive acceleration.– e. negative velocity and negative acceleration.
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Conceptual question
 A bj t h i l h i ti ( ill ti ) b t• An object can have simple harmonic motion (oscillation) about– a. any equilibrium point.– b. any stable equilibrium point.– c. around certain stable equilibrium points where Hooke’s
 law is obeyed.– d. any point, provided the forces exerted on it obey Hooke’s y p p y
 law.– e. any point.
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ExampleThe motion of an object is described by the equation
 x = (0.30 m) cos(πt/3),
 where t is assumed to be in seconds. Find (a) the position, (b) velocity and (c) acceleration of the object at t = 0 and t = 0.60 s, (d) the amplitude of the motion, (e) the frequency of the motion, ( ) p ( ) q yand (f) the period of the motion.
 0general form: x A cos( t θ ); ω= + A 0.3m; = 0 θ 0=
 / 3Hω π 1 05Hz f / (2 ) 17Hz;ω π ( )T 1/ f 6s/ 3Hzω π= 1.05Hz, = f / (2 ) .17Hz; ω π= = ( )T 1/ f 6s= =
 ( )0x A sin( t θ ) 0.3m sin(1.05t) (t is in sec.)ω= + =
 v A sin( t θ )ω ω= + ( )( )1 05Hz 0 3m sin(1 05t)0v - A sin( t θ )ω ω= + ( )( )1.05Hz 0.3m sin(1.05t)= −2a ω x 1.1x= − = −
 at t 0 : x 0.3 m;= = v 0 ;= 2a 0 33m / s= −at t 0 : x 0.3 m; v 0 ; a 0.33m / s=
 at t 0.6s : x 0.24 m; = = v 0.37m / s ; = − 2 a .26m / s= −
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Quiz
 T l d i t t t t th D i th ti th t i• Two playground swings start out together. During the time that swing 1 makes 10 complete cycles, swing 2 makes only 8.5 cycles. What is the ratios L1/L2 of the lengths of the swings? (Hint: use ratio technique)technique)– a) .32– b) .42
 cycles,2 2N f t= Δcycles,1 1N f t; = Δ
 ( )g / L / 2 tπ Δ– c) .52– d) .62– e) .72
 cycles,2 cycles,1N / N 8.5 /10= 2 1f / f=( )( )
 2
 1
 g / L / 2 tg / L / 2 t
 ππ
 Δ=
 Δ)
 1
 2
 L0.85L
 1
 2
 L .72L
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Reading Quiz 3. If you drive an oscillator, it will have the largest amplitude if you3. If you drive an oscillator, it will have the largest amplitude if you
 drive it at its _______ frequency.
 A specialA. specialB. positiveC. resonantD dampedD. dampedE. pendulum
 Slide 14-10

Page 24
                        
                        

Example
 Th i d f i l d l i 0 2% l t l ti A th it i• The period of a simple pendulum is 0.2% longer at location A than it is a location B. Find the ratio gA/gB of the acceleration due to gravity at these two locations.
 BB
 L T 2g
 π= AA
 L T 2g
 π=
 BLT 2g
 π=1 gB
 AA
 g=
 LT 2g
 π=B A
 1T / T1.002
 = A
 B
 gg
 =
 A
 A2
 g 1 0.996g 1 002
 Bg 1.002
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Example
 A bj t i tt h d t th l d f 100 il i th t i• An object is attached to the lower end of a 100 coil spring that is hanging from the ceiling. The spring stretches by 0.16 m. The spring is then cut into two identical springs of 50 coils each. As the drawing shows each spring is attached between the ceiling and the object Byshows, each spring is attached between the ceiling and the object. By how much does each string stretch?
 ( )( )mgk
 mgmkmg-kyFtotal 16.00 :firstat
 100
 1001
 =
 −−−=−==
 mgy-kF
 kkkkkm
 k
 efftotal
 eff
 0
 42 2 :second16.0
 2
 1005010050
 100
 −==
 ===
 mm
 mmg
 mgkmgy
 eff
 ff
 04.04
 16.0
 16.042 −=−=
 −=−=
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