
Exam  3   
Solutions 





  

Centripetal acceleration: ac =
v2

r
 ⇒  v = acr

Period of motion: T = 2πr
v

T = 2πr
acr

= 2π r
ac

=
2π 50m

0.548m/s2
= 60.0s



  

Centripetal acceleration: ac =
v2

r
 ⇒  v = acr

Period of motion: T = 2πr
v

T = 2πr
acr

= 2π r
ac

=
2π 50m

0.548m/s2
= 60.0s

  

gmoon =
GMmoon

Rmoon
2 = (6.67 ×10−11 Nm2 /kg2 )(7.40×1022 kg)

(1.70×106 m)2 = 1.71N/kg

W = mgmoon = 1kg(1.71N/kg) = 1.71N



Clicker Question 13.3 



  

Δθ = 1
2 (ω +ω0 )t

= (600rev/min)( 1
30 min)

= 20.0 revolutions

This equation has been on all of my 
summary slides for linear motion 

 2s = 1
30 min  (OR convert all angular velocities to rev/s or rad/s)



  

Δθ = 1
2 (ω +ω0 )t

= (600rev/min)( 1
30 min)

= 20.0 revolutions

This equation has been on all of my 
summary slides for linear motion 

If you didn’t have this equation, how is the problem solved? 

 2s = 1
30 min  (OR convert all angular velocities to rev/s or rad/s)



  

Δθ = 1
2 (ω +ω0 )t

= (600rev/min)( 1
30 min)

= 20.0 revolutions

This equation has been on all of my 
summary slides for linear motion 

If you didn’t have this equation, how is the problem solved? 

  Δθ =ω0t + 1
2αt2 but what is α ?

 2s = 1
30 min  (OR convert all angular velocities to rev/s or rad/s)



  

Δθ = 1
2 (ω +ω0 )t

= (600rev/min)( 1
30 min)

= 20.0 revolutions

This equation has been on all of my 
summary slides for linear motion 

If you didn’t have this equation, how is the problem solved? 

  

Δθ =ω0t + 1
2αt2 but what is α ?

ω =ω0 +αt ⇒ α = ω −ω0

t
 = −800rev/min

( 1
30 min)

= −24,000 rev/min2

Get the same answer !

 2s = 1
30 min  (OR convert all angular velocities to rev/s or rad/s)





Work causes a change in kinetic energy (Work–Energy Theorem)   



  

W = ΔK K0 = 1
2 Iω0

2 , K = 0 (final kinetic energy)

= 1
2 Iω0

2  (W  and ΔK  are negative)

= 1
3 MR2ω0

2

ω0 = 3W / MR2 = 3(13.4J)/(3.8kg)(0.25m)2 = 13.0rad/s

Work causes a change in kinetic energy (Work–Energy Theorem)   



  

α = τ
I

from: τ = Iα

= Fr
I

= (28N)(0.20m)
0.40kg ⋅m2 = 14 rad/s2

  

W = ΔK K0 = 1
2 Iω0

2 , K = 0 (final kinetic energy)

= 1
2 Iω0

2  (W  and ΔK  are negative)

= 1
3 MR2ω0

2

ω0 = 3W / MR2 = 3(13.4J)/(3.8kg)(0.25m)2 = 13.0rad/s

Work causes a change in kinetic energy (Work–Energy Theorem)   



No external torques – angular momentum conserved 



No external torques – angular momentum conserved 

Only mass changes, not the shape. 
Moment of Inertia changes proportional to mass 



  

initial: L0 = I0ω0 final: L = (I0 + 2I0 )ω
angular momentum conservation:  L0 = L

I0ω0 = (I0 + 2I0 )ω
ω = I0ω0 / (I0 + 2I0 )

=ω0 / 3
= 5rad/s

No external torques – angular momentum conserved 

Only mass changes, not the shape. 
Moment of Inertia changes proportional to mass 



Equilibrium – torques must sum to zero   F sinθ

  τ = rF sinθ (+ cntr-clockwise)(– clockwise)



Equilibrium – torques must sum to zero 

 W = mg

   


τ Net =


τ1 +

τ 2 = 0 ⇒


τ1 = –


τ 2


τ1 = (L / 2)mg  (+ cntr-clockwise)

τ 2 = −(L− P)F sinθ  (– clockwise)

  F sinθ

  τ = rF sinθ (+ cntr-clockwise)(– clockwise)



Equilibrium – torques must sum to zero 

   


τ1 = –


τ 2

(L / 2)mg = (L− P)F sinθ

m = (L− P)F sinθ
gL / 2

= 2(20m)(540N)sin(15°)
(9.81N/kg)(25m)

= 22.8 kg

 W = mg

   


τ Net =


τ1 +

τ 2 = 0 ⇒


τ1 = –


τ 2


τ1 = (L / 2)mg  (+ cntr-clockwise)

τ 2 = −(L− P)F sinθ  (– clockwise)

  F sinθ

  τ = rF sinθ (+ cntr-clockwise)(– clockwise)



  

F
A
= Y ΔL

L

ΔL = FL
YA

= (6.00×105 N)(1.5m)
(3.70×109 Pa)(0.25m2 )

= 0.000973m

= 0.973mm

  

P1 = P2

F1

A1
= F2

A2
⇒ A2 =

F2

F1

⎛
⎝⎜

⎞
⎠⎟

A1

  

A1 = π
4 d1

2

A2 = π
4 d2

2

Area in terms  
of diameter 

Hydraulic pressure  
on pistons the same  



  

F
A
= Y ΔL

L

ΔL = FL
YA

= (6.00×105 N)(1.5m)
(3.70×109 Pa)(0.25m2 )

= 0.000973m

= 0.973mm

  

P1 = P2

F1

A1
= F2

A2
⇒ A2 =

F2

F1

⎛
⎝⎜

⎞
⎠⎟

A1

  

d2
2 = F2

F1

⎛
⎝⎜

⎞
⎠⎟

d1
2

d2 =
mg
F1

d1 =
(1400kg)(9.81N/kg)

250N
(0.02m) = 0.15m

  

A1 = π
4 d1

2

A2 = π
4 d2

2

Area in terms  
of diameter 

Hydraulic pressure  
on pistons the same  



  

FB = ρfVg = (1.30kg/m3)(6.00×10−3 m3)(9.81N/kg)
= 7.65×10−2 N

  

v1A1 = v2 A2 v2 = v1
A1

A2
= v1

d1
2

d2
2

v2 = (10.0m/s) (8.0)2

(3.0)2 = 71.1m/s



  

Bernoulli's Equation: P1 + 1
2 ρv1

2 =  P2 + 1
2 ρv2

2

FNet

A2wings
= P2 − P1 = 1

2 ρ v1
2 − v2

2( )
FNet = A2wings

1
2 ρ v1

2 − v2
2( )

= 16m2(1.29kg/m3)(622 −542 )(m2 /s2 ) = 1.92×104 N

  

Stress-Strain: F = YAΔL
L

Thermal Expansion: ΔL =αLΔT

P = F
A
= YαΔT = (2.00×1011 N/m2 )(12.0×10−6 °C−1)(30°C)

= 7.20×107 N/m2



  

m (in u) = m
n

 (m in g) u = atomic mass unit

= m
(N / N A)

= (88) / [(1.2×1024 ) / (6.02×1023)]= 44.1u

  

Average Kinetic Energy: K = 1
2 mv2 = 3

2 kBT

vRMS = v2 ⇒ v2
RMS = v2

1
2 mv1

2

1
2 mv2

2
=

3
2 kBT1

3
2 kBT2

⇒

T2 = T1
v2

2

v1
2
= (450K) (2372)2

(1675)2 = 902K



Chapter 13 

The Transfer of Heat 
continued 
RADIATION 



13.3 Radiation 

RADIATION 

Radiation is the process in which 
energy is transferred by means of 
electromagnetic waves. 

A material that is a good absorber  
is also a good emitter. 

A material that absorbs completely 
is called a perfect blackbody. 



13.3 Radiation 

THE STEFAN-BOLTZMANN LAW OF RADIATION 

The radiant energy Q, emitted in a time t by an object that has a 
Kelvin temperature T, a surface area A, and an emissivity e, is given 
by 

 

Stefan-Boltzmann constant

! = 5.67 "10#8 J s $m2 $K4( )Example  A Supergiant Star 

The supergiant star Betelgeuse has a surface temperature of 
about 2900 K and emits a power of approximately 4x1030 W.  
Assuming Betelgeuse is a perfect emitter and spherical, find its radius. 

  

emissivity e = constant between 0 to 1
e = 1 (perfect black body emitter)

with A = 4!r2  (surface area of sphere with radius r)

r = Q t
4!e!T 4 = 4!1030 W

4! 1( ) 5.67!10"8 J s #m2 #K4( )!
"

#
$ 2900 K( )4

= 3!1011m

  
power, P = Q

t



Chapter 14 

Thermodynamics 



14.1 The First Law of Thermodynamics 

THE FIRST LAW OF THERMODYNAMICS 
The internal energy of a system changes due to heat and work: 

 ΔU =U f −Ui = Q +W   Q > 0 system gains heat

  W > 0 if work done on the system

  Otherwise, values for both Q and W  are needed to determine ΔU

  Ideal Gas (only):   U = 3
2 nRT  or U = 3

2 NkBT

The internal energy (U) of an Ideal Gas depends only on the temperature:  

  

ΔU =U f −Ui

= 3
2 nR(Tf −Ti )



Clicker Question 14.1 

 An insulated container is filled with a mixture of water and 
ice at zero °C.  An electric heating element inside the 
container is used to add 1680 J of heat to the system while 
a paddle does 450 J of work by stirring.  What is the 
increase in the internal energy of the ice-water system? 

 

a) 450 J
b)1230 J
c)1680 J
d) 2130 J
e)  zero J

 ΔU = Q +W



14.1 Thermal Processes 

Work done on a gas 

isobaric: constant pressure: 

isochoric: constant volume: 

isothermal: constant temperature: 

adiabatic: no transfer of heat: 

 W = −PΔV

  W = −PΔV = 0

  
W = nRT ln Vi Vf( )

  
W = 3

2 nR Tf −Ti( )

  (ΔP = 0)

  (ΔV = 0)

  (ΔT = 0)

  (Q = 0)

For an Ideal Gas only 



14.2 Thermal Processes 

An isobaric process is one that occurs slowly at 
constant pressure. 

  

W = Fscosθ = −P As( )
= −PΔV

= −P Vf −Vi( )

 F

 F

  

If piston is pushed down by mass, Won gas > 0.

If piston is pushed upward by pressure, Won gas < 0 

cosθ = +1
cosθ = −1



14.2 Thermal Processes 

Example  Isobaric Expansion of Water (Liquid) 

One gram of water is placed in the cylinder and  
the pressure is maintained at 2.0x105 Pa.  The 
temperature of the water is raised by 31oC.  The 
water is in the liquid phase and expands by a very 
small amount, 1.0x10-8 m3. 

Find the work done and the change in internal  
energy. 

  

W = −PΔV
= − 2.0×105 Pa( ) 1.0×10−8 m3( ) = −0.0020J

   

Q = mcΔT

= 0.0010 kg( ) 4186J kg ⋅C( )⎡
⎣

⎤
⎦ 31 C( ) = 130 J

  ΔU = Q −W = 130 J − 0.0020 J = 130 J

  Liquid water ΔV  ~ 0

   
cwater = 4186J kg ⋅C( )



14.2 Thermal Processes 

Example  Isobaric Expansion of Water (Vapor) 

One gram of water vapor is placed in the cylinder  
and the pressure is maintained at 2.0x105 Pa.  The 
temperature of the vapor is raised by 31oC, and the  
gas expands by 7.1x10–5 m3. Heat capacity of the  
gas is 2020 J/(kg-C°). 

Find the work done and the change in internal  
energy. 

  

W = −PΔV = −(2.0×105  Pa)(7.1×10−5m3)
= −14.2 J

   

Q = mcΔT

= 0.0010 kg( ) 2020J kg ⋅C( )⎡
⎣

⎤
⎦ 31 C( ) = 63 J

  ΔU = Q +W = 63J + (–14J) = 49 J



14.2 Thermal Processes 

Note: the temperature of 
an ideal gas must be 
raised to do this. 

 
W = −PΔV = −P Vf −Vi( )

The work done on a gas at constant pressure - the work done 
is (minus) the area under a P-V diagram. 



Clicker Question 14.2 

 An ideal gas at a constant pressure of 1x105 Pa is reduced 
in volume from 1.00 m3 to 0.25 m3. What work was done on 
the gas? 

 

a) zero J
b) 0.25×105  J
c) 0.50×105  J
d) 0.75×105  J
e) 4.00×105  J

 W = −PΔV



14.2 Thermal Processes 

isochoric: constant volume 

 ΔU = Q +W = Q

The work done at constant  
volume is the area under a  
P-V diagram. The area is zero! 

  W = 0

Change in internal energy is 
equal to the heat added. 



14.2 Thermal Processes Using and Ideal Gas 

ISOTHERMAL EXPANSION OR COMPRESSION 

Isothermal expansion  
or compression of an ideal gas 

  
Won gas = nRT ln Vi

Vf

⎛
⎝⎜

⎞
⎠⎟

 vacuum

Example 5  Isothermal Expansion of an Ideal Gas 

Two moles of argon (ideal gas) expand isothermally at 298K, from initial  
volume of 0.025m3 to a final volume of 0.050m3. Find (a) the work done  
by the gas, (b) change in gas internal energy, and (c) the heat supplied. 

  

a) Won gas = nRT ln Vi Vf( )
= 2.0 mol( ) 8.31J mol ⋅K( )( ) 298 K( )ln 0.025

0.050
⎛
⎝⎜

⎞
⎠⎟

= −3400 J

  

b) ΔU =U f −Ui =
3
2 nRΔT

ΔT = 0 therefore ΔU = 0

  

c) ΔU = Q +W = 0
Q = −W = 3400J



14.2 Thermal Processes Using and Ideal Gas 

ADIABATIC EXPANSION OR COMPRESSION 

Adiabatic 
expansion or 
compression of 
a monatomic 
ideal gas 

  
Won gas =

3
2 nR Ti −Tf( )

Adiabatic 
expansion or 
compression of 
a monatomic 
ideal gas 

 
PiVi

γ = PfVf
γ

 γ = cP cV

 vacuum

Ratio of heat capacity at constant P  
over heat capacity at constant V. 

ADIABATIC EXPANSION OR COMPRESSION 

ISOTHERMAL EXPANSION OR COMPRESSION 

These are needed to understand basic operation of refrigerators and engines  

 vacuum

 Isothermal



14.2 Specific Heat Capacities 

To relate heat and temperature change in solids and liquids (mass in kg), use: 

 Q = mcΔT

For gases, the amount of gas is given in moles, use molar heat capacities: 

 Q = nCΔT

  
specific heat capacity,  c  J/ kg ⋅°C( )⎡⎣ ⎤⎦

  
molar heat capacity,  C   J/ mole ⋅°C( )⎡⎣ ⎤⎦

ALSO, for gases it is necessary to distinguish between the molar specific heat 
capacities at constant pressure and at constant volume: 

  CP , CV

  C = m n( )c = muc; mu = mass/mole (kg)



14.2 Specific Heat Capacities 

  

Constant Pressure (ΔP = 0)

WP = −PΔV = −nRΔT
QP = ΔU −W = 3

2 nRΔT + nRΔT = 5
2 nRΔT   

QP = nCPΔT
CP = 5

2 R

Constant pressure 
for a monatomic ideal gas 

  

Ideal Gas: PV = nRT ; ΔU = 3
2 nRΔT

1st Law of Thermodynamics: ΔU = Q +Won gas

  

Constant Volume (ΔV = 0)

WV = −PΔV = 0
QV = ΔU −W = 3

2 nRΔT = 3
2 nRΔT   

QV = nCVΔT
CV = 3

2 R

  

γ = CP CV = 5
2 R 3

2 R
= 5 3  CP −CV = R

Constant volume 
for a monatomic ideal gas 

any ideal gas 
monatomic 
ideal gas 



14.3 The Second Law of Thermodynamics 

THE SECOND LAW OF THERMODYNAMICS: THE HEAT FLOW STATEMENT 

Heat flows spontaneously from a substance at a higher temperature to a substance 
at a lower temperature and does not flow spontaneously in the reverse direction. 

The second law is a statement about the natural tendency of heat to  
flow from hot to cold, whereas the first law deals with energy conservation 
and focuses on both heat and work. 



14.3 Heat Engines 

A heat engine is any device that uses heat to  
perform work.  It has three essential features. 

1.  Heat is supplied to the engine at a relatively  
high temperature from a place called the hot  
reservoir. 

2.  Part of the input heat is used to perform  
work by the working substance of the engine. 

3.  The remainder of the input heat is rejected  
to a place called the cold reservoir. 

 (by the gas)



14.3 Heat Engines 

2. ADIABATIC EXPANSION  (Q=0 , T drops to TCold) 
1. ISOTHERMAL EXPANSION  (Qin=QH , THot constant) 

4. ADIABATIC COMPRESSION  (Q=0 , T rises to THot) 
3. ISOTHERMAL COMPRESSION  (Qout=QC , TCold constant) 

 Carnot Engine Working with an Ideal Gas



14.3 Heat Engines 

The efficiency of a heat engine is defined as 
the ratio of the work done to the input heat: 

If there are no other losses, then  



14.3 Heat Engines 

Example  An Automobile Engine 

An automobile engine has an efficiency of 22.0% and produces  
2510 J of work.  How much heat is rejected by the engine? 

  

e =
W
QH

=
W

QC + W
⇒ e QC + W( ) = W

QC =
W − e W

e
= W 1

e
−1

⎛
⎝⎜

⎞
⎠⎟
= 2510J 1

0.22
−1

⎛
⎝⎜

⎞
⎠⎟

= 8900 J



14.3 Carnot’s Principle and the Carnot Engine 

A reversible process is one in which both the system and the  
environment can be returned to exactly the states they were in  
before the process occurred. 

CARNOT’S PRINCIPLE: AN ALTERNATIVE STATEMENT OF THE SECOND 
LAW OF THERMODYNAMICS 

No irreversible engine operating between two reservoirs at constant temperatures 
can have a greater efficiency than a reversible engine operating between the same 
temperatures.  Furthermore, all reversible engines operating between the same 
temperatures have the same efficiency. 



14.3 Carnot’s Principle and the Carnot Engine 

The Carnot engine is useful as an idealized 
model. 

All of the heat input originates from a single 
temperature, and all the rejected heat goes 
into a cold reservoir at a single temperature. 

Since the efficiency can only depend on 
the reservoir temperatures, the ratio of  
heats can only depend on those temperatures. 



14.3 Carnot’s Principle and the Carnot Engine 

Example  A Tropical Ocean as a Heat Engine 

Surface temperature is 298.2 K, whereas 700 meters deep, the temperature is 280.2 K. 
Find the maximum efficiency for an engine operating between these two temperatures. 

  

If TH > TC > 0

ecarnot = 1−
TC

TH

 must be less than 1

Maximum of only 6% efficiency. 
Real life will be worse. 

Conceptual Example 8  Natural Limits on the Efficiency of a Heat Engine 

Consider a hypothetical engine that receives 1000 J of heat as input from a  
hot reservoir and delivers 1000J of work, rejecting no heat to a cold reservoir 
whose temperature is above 0 K.  Decide whether this engine violates the first 
or second law of thermodynamics. 

  

ehypothetical =
W
QH

= 1000J
1000J

= 1

Violates 2nd law of thermodynamics



14.3 Entropy 

In general, irreversible processes cause us to lose some, but not necessarily 
all, of the ability to do work.  This partial loss can be expressed in terms of  
a concept called entropy.   

entropy 
change 

reversible 

Carnot 
engine 



14.3 Entropy 

Entropy, like internal energy, is a function of the state of the system. 

Consider the entropy change of a Carnot engine.  The entropy of the  
hot reservoir decreases and the entropy of the cold reservoir increases. 

Reversible processes do not alter the entropy of the universe. 


