CHAPTER 15: TheLaws of Thermodynamics

Answersto Questions

1.

If water vapor condenses on the outside of a cold glass of water, the interna energy of the water
vapor has decreased, by an amount equal to the heat of vaporization of the water vapor. Heat energy
has | eft the water vapor, causing it to condense, and heat energy has entered the glass of water, and
the air, causing them to get slightly warmer. No work is done, but heat is exchanged.

During compression, work is done on the gas. Assuming that thereis no heat flow to or from the gas
(since the process is quick), by conservation of energy (the first law of thermodynamics) the work
done on the gas becomes internal energy of the gas, and so the temperature of the gasisincreased.
During expansion, work is done by the gas on its surroundings. Again assuming that there is no heat
flow to or from the gas, by conservation of energy, the work is done by the gas at the expense of the
internal energy of the gas, and so the temperature of the gas is decreased.

Since the process is isothermal, there is no change in the internal energy of the gas. Thus
AU =0Q-W=0 —» Q=W, and so the heat absorbed by the gasis equal to the work done by the

gas. Thus 3700 J of heat was added to the gas.

It is possible for temperature (and thus internal energy) to remain constant in a system even though
thereis heat flow into or out of the system. By the first law of thermodynamics, there must be an
equal amount of work done on or by the system, sothat AU =Q-W=0 — Q=W. Theisothermal

expansion or compression of a gas would be an example of this situation.

If the gasis compressed adiabatically, no heat enters or leaves from the gas. The compression means
that work was done ON the gas. By thefirst law of thermodynamics, AU =Q-W, since Q=0,

then AU =-W . Thechangein internal energy is equal to the opposite of the work done by the gas,
or isegual to the work done on the gas. Since positive work was done on the gas, the internal energy
of the gas increased, and that correspondsto an increase in temperature. Thisis conservation of
energy — the work done on the gas becomes internal energy of the gas particles, and the temperature
increases accordingly.

Mechanical energy can be transformed completely into heat. Asamoving object slides across a
rough level floor and eventually stops, the mechanical energy of the moving object has been
transformed completely into heat. Also, if amoving object were to be used to compress a
frictionless piston containing an insulated gas, the kinetic energy of the object would become
internal energy of the gas. A gas that expands adiabatically (without heat transfer) transforms
internal energy into mechanical energy, by doing work on its surroundings at the expense of its
internal energy. Of course, that is an ideal (reversible) process.

It is possible to warm the kitchen in the winter by having the oven door open. The oven heating
elements radiate heat energy into the oven cavity, and if the oven door is open, the ovenisjust
heating a bigger volume than usual. However, you cannot cool the kitchen by having the refrigerator
door open. The refrigerator exhausts more heat than it removes from the refrigerated volume, so the
room actually gets warmer with the refrigerator door open. If you could have the refrigerator
exhaust into some other room, then the refrigerator would be similar to an air conditioner, and it
could cool the kitchen, while heating up some other space.
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Chapter 15 The Laws of Thermodynamics

8. Thisdefinition of efficiency is not useful, because with this definition, if the exhaust heat Q, isless
than the work done W (which is possible), the “ efficiency” would exceed unity. Efficiency should
be comparing to the heat input, not the heat output.

9. (a) Inaninternal combustion engine, the high temperature reservoir is the ignited gas-air mixture.
The low temperature reservoir is the gases exhausted from the cylinder into the atmosphere.
(b) Inasteam engine, the high temperature reservoir is the heated, high-pressure steam from the
boiler. Thelow temperature reservoir is the low-pressure steam from the exhaust.

- L T :
10. Theefficiency of a Carnot engineis given by Eq. 15-5, e=1-—. Both adecreasein T, and an

H
increasein T, would cause the value of T, /T, to decrease, increasing the efficiency. Since T, <T,,

the 10C° change is alarger percentage of change for T, , and so will change the fraction more than
T-10 T,-T +10
= an

the same numeric increase in the denominator. Note g =1- LT = d
H H
T T,-T +10 L
g=1-—t—=A_1L "~ Both efficiencies have the same numerator, but €, has alarger

T,+10 T,+10
denominator, and so g > €, .

11. To utilize the thermal energy in the ocean waters, a heat engine would need to be developed that
operated between two different temperatures. If surface temperature water was to be both the source
and the exhaust, then no work could be extracted. If the temperature difference between surface and
deep ocean waters were to be used, there would be considerable engineering obstacles, high expense,
and potential environmental difficulties involved in having a heat engine that connected surface
water and deep ocean water. Likewise, if the difference in temperature between tropical water and
arctic or Antarctic water were to be used, the same type of mgjor difficulties would be involved
because of the large distancesinvolved.

12. (a) If agasexpands adiabatically, thereisno heat transfer, and therefore AS=0 by Eq. 15-8,
AS=QfT.
(b) If agasexpandsisothermally, thereisno changein itsinterna energy, and the gas does work on
its surroundings. Thus by the first law of thermodynamics, there must be heat flow into the gas,
and so AS> 0 —the entropy of the gasincreases.

13. The adiabatic expansion resultsin no change in entropy, since there is no heat transfer. The
isothermal expansion requires heat flow into the gas to compensate for the work that the gas does,

and so the entropy of the gas (AS = Q/T) increases more for the isothermal expansion.

14. (a) Theerosion of soil dueto water flow over the ground.
(b) The oxidation of various metals (copper, zinc, iron, etc.) when left exposed to the air.
(c) The conversion of mechanical energy to heat energy by friction; i.e., asliding object decreasing
in speed and eventually stopping, and the surfaces of contact getting warmer.
(d) A pile of compost decomposing.
The reverse of these processes is not observed.
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15. 1 kg of liquid iron has more entropy, because the atomsin liquid iron are less “ordered” than thosein

17.

18.

20.

solid iron. Also, heat had to be added to solid iron in order to melt it, and AS= Q/T .

(&) If thelidisremoved from a bottle of chlorine gas, the gas molecules will diffuse out of the
mouth of the bottle, and eventually spread out uniformly in whatever volume to which they are
confined.

(b) Thereverse process, that of individual chlorine gas molecules in a closed volume spontaneously
entering a small volume, never happens. The probability of the gas molecules all entering the
bottleis infinitessimal compared to the probability of the gas molecules being uniformly spread
throughout the room. The reverse process would require a spontaneous decrease in entropy.

(c) Some other examples of irreversibility: the shuffling of an ordered deck of cards; the diffusion
of dyein aliquid; the toppling of buildings during an earthquake.

Any air conditioner-type heat engine will remove heat from the room (Q_— the low temperature

input). Work (W) isinput to the device to enable it to remove heat from the low temperature region.
By the 2" law of thermodynamics (conservation of energy), there must be a high-temperature
exhaust heat Q,, whichislarger than Q_. Perhaps the inventor has some clever method of having

that exhaust heat move into awell-insulated heat “sink”, like a container of water. But eventually
the addition of that heat into the device will cause the device to heat up warmer than the room, and
then heat will be transferred to the room. One very simple device that could do what is described in
the problem would be afan blowing over alarge block of ice. Heat from the room will enter the ice;
cool air from near the surface of the ice can be blown out of the box by afan. But after the ice melts,
the only end result is that the fan motor would heat the air.

(&) Anempty perfume bottleis placed in aroom containing perfume molecules, and al of the
perfume molecules move into the bottle from various directions at the same time.

(b) Water on the sidewalk coalesces into droplets, are propelled upward, and rise into the air.

(c) Popcornisplaced in the refrigerator, and it “unpops’, changing backed into uncooked kernels.

(d) A house got warmer in the winter while the outdoors got colder, due to heat moving from the
outdoors to inside the house.

While the state of the papers has gone from disorder to order, they did not do so spontaneously. An
outside source (you) caused the increase in order. Y ou had to provide energy to do this (through
your metabolic processes), and in doing so, your entropy increased more than the entropy of the
papers decreased. The overall effect isthat the entropy of the universe increased, satisfying the
second law of thermodynamics.

Thefirst statement, “Y ou can't get something for nothing,” is awhimsical way of saying that energy
is conserved. For instance, one way to write the 1% law is W=Q—AU . This says that work done by

a system must have a source — either heat is input to the system or the internal energy of the system
islowered. It “costs’ energy — either heat energy or internal energy —to get work done. Another
way to say thisisthat no heat engine can be built which puts out more energy in the form of work
than it extracts in the form of heat or internal energy.

The second statement, “Y ou can’t even break even,” reflects the fact that a consequence of the 2™
law isthat thereis no heat engine that is 100% efficient. Even though the 1% law is satisfied by an
engine that takesin 100 J of heat and outputs 100 J of work, the 2™ law says that isimpossible. If
100 J of heat were taken in, less than 100 J of work can be output from the heat engine, eveniif it is
an ideal heat engine. Some energy will be “lost” as exhaust energy.
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21.

22.

In an action movie, seeing a building or car go from an exploded state to an un-exploded state. Ina
movie with vehicle crashes, seeing two collided vehicles separate from each other, becoming un-
wrecked as they separate. Watching someone “un-write” something on a piece of paper —moving a
pen over paper, taking away written marks as the pen moves.

The synthesis of complex molecules from simple molecules does involve a decrease in entropy of
the constituent molecules, since they have become more “ structured” or “ordered”. However, the
molecules are not a closed system. This process does not occur spontaneously or in isolation. The
living organism in which the synthesis process occurs is part of the environment that must be
considered for the overall changein entropy. The living organism will have an increase in entropy
that islarger than the decrease in entropy of the molecules, and so overall, the second law is still
satisfied, and the entropy of the entire system will increase.

Solutionsto Problems

1.

Usethefirst law of thermodynamics, Eqg. 15-1, and the definition of internal energy, Eq. 14-1. Since
the work is done by the gas, it is positive.

(&) Sincethe temperature does not change,
(b) AU=Q-W — Q=AU +W=0+3.40x10°J=|3.40x10"J

(&) Thework done by agas at constant pressure is found from Eq. 15-3.

W = PAV =(1am) (%}(182 m’—12.0 m*) = 6.262x10°J ~|6.3x10°J
m
(b) Thechangeininternal energy is calculated from the first law of thermodynamics

41
AU =Q-W =(1400 kcd)(%j—azaleoﬁ: 5.2x10°J
C

For the drawing of the graph, the pressure is given relative to the

starting pressure, which istakento be P,. A
P/,

Segment A isthe cooling at constant pressure. 05 |

Segment B is the isothermal expansion.

o | V(L)
0.0 0.5 1.0
Segment A is the compression at constant pressure. 15 P(am)
Segment B is the isothermal expansion. 1] A
, . C

Segment C isthe pressure increase at constant volume. 05 ] B :

0 ‘ ‘ V(L

0.0 1.0 2.0 3.0
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Segment A is the isothermal expansion. Since the temperature ., P(am)

and the amount of gas are constant, the quantity PV =nRT is
constant. Since the pressure is reduced by a factor of 4.5, the 407
volume will increase by afactor of 4.5, to afinal volumeof 4.5 30| A
L. C
2.0 1
Segment B is the compression at constant pressure. 101 -
0.0 ‘ | | ‘ V(L)

Segment C isthe pressure increase at constant volume. 0o 10 20 30 40 50

(@) Sincethe container hasrigid walls, there is no change in volume.
W =PAV =

(b) Usethefirst law of thermodynamicsto find the changein internal energy.
AU =Q-W =(-265kJ)—-0=|-265 kJ

(@) Sincethe processisadiabatic, Q=
(b) Usethefirst law of thermodynamics to find the change in internal energy.
AU =Q-W =0-(-1850J) =|1850 J
(c) Sincetheinternal energy is proportional to the temperature, arisein interna energy meansa

in temperature.

(@) Work isonly donein the expansion at constant pressure, since there must be a volume changeto
have work done.

1.01x10°Pa
am

(b) Usethefirst law of thermodynamicsto find the heat flow. Notice that the temperature change
over the entire process is 0, so there is no change in internal energy.

AU=Q-W=0 — Q=W=[79]]

1x10°m® 3

W:PAV=(3.0atm)( j(GﬁOXl °L—400x10°L ) 79

Since the expansion is adiabatic, there is no heat flow into or out of the gas. Use thefirst law of
thermodynamics to cal culate the temperature change.
AU=Q-W — 2nRAT=0-W -

W 2(7500 J) >
AT=-2—= — 401K =|-4.0x10°K]|
*nR 3(15mol)(8.315)/ mol+K) .

(@ Nowork isdone during the first step, since the volumeis constant. The work in the second step
isgiven by W = PAV .
1x10°m’

j(9.3L ~6.8L)————=|35x10°J
1L

(b) Sincethereisno overall change in temperature, AU =
(c) The heat flow can be found from the first law of thermodynamics.

AU =Q-W — Q=AU +W =0+35x10°J353.5x10°J (into the gas)

1.01x10°Pa

W=PAV =(14 am)( m
m

© 2005 Pearson Education, Inc., Upper Saddle River, NJ. All rightsreserved. This materia is protected under all copyright laws as they
currently exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the
publisher.

361



Chapter 15 The Laws of Thermodynamics

11. (a,c)Seediagram. P(N/m?)
(b) Thework doneisfound from Eq. 15-3. 500 ,
1
W = PAV =(455N/m")(8.00m’ - 2.00m") 200
=[2.73x10°J 3001
The change in internal energy depends on the temperature 200 (8)
change, which can berelated to theideal gaslaw, PV =nRT. /|
AU =2nRAT =£(nRT, -nRT,) = [ (PV), - (PV), ] . v (m?)

=3PAV = $W =£(2.73x10°J) =[4.10x10°] vt e 8w

(d) Thechangeininternal energy only depends on theinitial and final temperatures. Since those
temperatures are the same for process (B) asthey are for process (A), the internal energy change

is the same for process (B) as for process (A), [4.10x10%J].

12. For the path ac, use thefirst law of thermodynamics to find the change in internal energy.
AU_=Q, -W,_ =-63J-(-35J)=-28J
Since internal energy only depends on the initial and final temperatures, this AU appliesto any path
that starts at aand ends at c. And for any path that startsat cand ends at a, AU_, =-AU_ =28

(@) Usethefirst law of thermodynamicsto find Q, . .
AU, =Q, -W, — Q, =AU, +W, =-283+(-48J)=
(b) Sincethework along path bcis0, W, =W, =RAV, =R (V, -V,). Also note that the work

along path daisO.
W, =W, =RAV, = Pc(vd _\/c) :iFf)(Va _Vb) :_%Wabc Z_%(_A'S‘]) =[24J

2
(c) Usethefirst law of thermodynamicsto find Q, . .

AU, =Q.,.-W, —» Q.=AU_ +W, =28]+24]=[52]
(d) Asfoundabove U, -U, =AU_=-AU_=|28]
(e) SinceU,-U ,=5J - U,=U_+5J » AU, =U,-U, =U,-U -5J=AU_-5J=23].
Use thefirst law of thermodynamicsto find Q,, .
AU, =Q,-W, — Q,=AU_,+W, =23]+0=[23]

13. Wearegiventhat Q_ =-80J and W, =-55J.
(@) Usethefirst law of thermodynamicsto find U, -U_ =AU

AU, =-AU,_ =—(Q, -W,) =—(-80J--55J) =[25]

(b) Usethefirst law of thermodynamicsto find Q_,, .
AU, =Q,-W, — Q,=AU_ +W, =AU_+W_=25]+38J=
(c) Sincethework along path bcis0, W, =W, =PAV, =P (V, -V,).
W, =W, =PAV, =P (V, -V,)=25P,(V,-V,) =-25W, =-25(38J) =
(d) Usethefirst law of thermodynamicsto find Q,
AU, =Q, -W, — Q, =AU, +W, =-25J-95]=
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14.

15.

16.

17.

18.

19.

20.

21.

(¢) SinceU,-U, =10J —» U, =U,-10J, we havethefollowing.
AU, =U_-U,=U_—(U,-10J)=AU_ +10J=-25J+10J=-15J.
Use thefirst law of thermodynamicsto find Q,. .
AU, ~Q. W, > Q, AU, +W, ~-151+0-[ 53

In Example 15-8, the total energy transformed was 1.15x10'J. We will subtract away the energy for
1 hour of desk work and add in the energy for 1 hour of running.

Energy = 1.15x10"J+[~115J/s+1150)/s] (3600 §/h) = ~ 3600 Cal

Follow the pattern set in Example 15-8. Find the average rate by dividing the total energy for the
day by 24 hours.

Avg, Enery — {(s.o h)(70J/s)+(8.0 h)(115J/s)+(4.0 h)(230J/s) } ot :

+(20h)(115)'s) + (L5 h)(4603/s) + (05 h)(1150Y/s)

From Table 15-2, the change in metabolic rate if one hour of slegping is exchanged for light activity
isan addition of 230 watts— 70 watts = 160 watts. Note that thisincreased rate is only applicable for
one hour per day.

(lsogj(saoon 1h (365 day (1kgf7atj:5_256kgz 53k 22202
4x10'J 1kg

S 1lh day ly

The efficiency of aheat engineis given by Eq. 15-4.

oW W 3003 o e
Q, W+Q  3200J+8200J

The efficiency of aheat engineis given by Eq. 15-4.
ezﬂz 5200 =0.10=(10%
Q, (22.0kecal)(4186J/ked)

The maximum (or Carnot) efficiency is given by Eq. 15-5, with temperaturesin Kelvins.

T (380+ 273)K

e=1-—+=1-———=0.23=|23%
(580+273)K

H

The Carnot efficiency is given by Eg. 15-5, with temperaturesin Kelvins.
T, T (230+273)K

e=1-+ > T ,=—t--= =699K=426°Cz-430°C
T " 1-e  1-028

H

The maximum (or Carnot) efficiency is given by Eq. 15-5, with temperaturesin Kelvins.
T, (350+273)K
e=1-—+-=1-——~—=0.306
T, (625+273)K
Thus the total power generated can be found as follows.

Actual Power = (Total Power)(max. eff.)(operating eff.) —
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Totd Power = Adtual Power __L3OW csmacw

(max. eff.) (operating eff.)  (0.306)(0.75)
Exhaust Power = Tota Power — Actual Power =5.664 GW —1.3 GW = 4.364 GW

=(4.364x10° I/s)(36005/h) =|1.6x10° J/h

22. Calculate the Carnot efficiency for the given temperatures.

T 77K
e =1--t=1-——-07372~
T, 93K
23. Thisisaperfect Carnot engine, and so its efficiency is given by Egs. 15-4 and 15-5. Equate these
two expressions for the efficiency.

ezl—l:ﬂ -
TH QH
~ W W/t ) 44x10° J/s
L (LQ_H] " (1_ QH/J “lisrorzr K](l_ (680kcd/s)(4186~1/kw)}

- 713K =[a40°d]

24. Thisisaperfect Carnot engine, and so its efficiency is given by Egs. 15-4 and 15-5. Use these two
expressions to solve for the rate of heat output.

e=1—L=1—M=03416 W W

) e=—-=
T (210+273)K Q, W+Q

H

- QL ZW(]/e_l)
Q. /t=W/t(1fe-1) =(950 W)(1/0.3416 1) =|1.83x10°W

25. Thee€efficiency of aheat engineis given by Eq. 15-4.
W w
==
Q, W+Q

Q. /t =W/t (1/e-1) = (550 MW/)(1/0.38-1) =

- Q =W(le-1) -

Find the exhaust temperature from the original Carnot efficiency, and then recal culate the intake
temperature for the new Carnot efficiency, using the same exhaust temperature.

e =1—TT—L — T, =T,,(1-e) =(550+273)K (1-0.28) =592.6 K

H1

=912 K =639°C~|640°C

T T 592.6 K
eZ :1——" —> TH2 = L —
o l-e, 1-035

27. Find theintake temperature from the original Carnot efficiency, and then recal culate the exhaust
temperature for the new Carnot efficiency, using the same intake temperature.
T T 350+ 273)K
g=1-L - T =—X _{ ) =1021K
T, 1-¢ 1-0.39
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e =1—% > T,=T,(1-e)=(1021K)(1-049) =521 K = 248°C ~

H

28. For each engine, the efficiency isgiven by e=0.60e., . Thus

T, (440+273)K
g =06e. ,=0.60] 1-—* |=0.60| 1--———— [=0.146
(670+273)K

(290+273)K
(430+273)K
For the first engine, the input heat is from the coal.

W =eQ, =6Q, and Q,=Q,,-W = (1_el)Qcod .
For the second energy, the input heat is the output heat from the first engine.

W, =eQ,=eQ,=¢ (1—61) Qs
Add the two work expressions together, and solvefor Q_, .
WAW, =6Q, +&,(1-6)Qu =(8 &, -88 ) Qu
W, +W, )/t
) :L RN de/t :u
§+6-66 §+&-66
Calculate the rate of coal use from the required rate of input energy, Q. /t.
Q. /t- 1100x10°W
=" 0.146+0.119-(0.146)(0.119)
0 1kg
4.442x10° )
(44210 95) 5

.8x10J

H1

T
e =066 ,= 0.60(1—T—L2j - 0.60{1— ~0.119

H2

= 4.442x10° Jfs

j =158.6 kg/s~|1.6x10° kg/s

29. The coefficient of performance for arefrigerator is given by Eq. 15-6c¢, with temperaturesin Kelvins.

COP—— i _ (-15+273)K 7]

T,-T. (30+273)K—(-15+273)K

H L

30. The coefficient of performance for arefrigerator is given by Eq. 15-6¢, with temperaturesin Kelvins.

COPzTTL - TL=TH( o j=[(24+273)K](£j=259-9Kz

1+ COP

H L

31. The coefficient of performance for arefrigerator is given by Eq. 15-6¢, with temperaturesin Kelvins.
Use that expression to find the temperature inside the refrigerator.

coP——l T T, —> [(29+273)K]%:252K:

LT MIicoP

H™ L

The efficiency of aperfect Carnot engineis given by Egs. 15-4 and 15-5. Equate these two
expressions to solve for the work required.

T W T W T
e=l--+=;e=— > 1-=+=— > W=QH[1——LJ
TH QH TH QH TH
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33.

35.

36.

37.

38.

T 0+273
a) W=Q,|1-—~|=2800J| 1- =[2103
@ Q“( T J ( 22+273) 210

H

() W-Q, [1—}}2800 J(l—ﬂ}

] 22+ 273

The heat to be removed, Q_, isthe latent heat of fusion for theice, s0 Q =ML, =V.,0 10 s -
The work done in one hour is 1.0 kilowatt-hour. The COP for arefrigerator is COP:%, and so

Q =(COP)W. Equate the two expressions for Q_and solve for the volume.
(COP)W :VHZOpHZOLfLs'on -

1.0x10°watt — hour) (3600 S]

(COP)W:(7'O)< 1hour( 1L j:

Puolism  (100x10° kg/m’)(3:33x10° J/kg) \1.0x10°m’®

The COP for aheat pump is COP= % and the efficiency is e= Qﬂ . Thusthey are reciprocals of

H

each other. Soif the efficiency is 0.35, the COPis é =[2.9.

Heat energy is taken away from the water, so the change in entropy will be negative. The heat
transfer isthe mass of the steam times the latent heat of vaporization.
m 0.25kg)(22.6x10° Jk
as=2- b _ ( ) /kg =|-15x10° JK
T T (273+100)K

The heat added to the water isfound from AQ = mcAT . Use the average temperature of 50°C in the
approximate entropy calculation.

Q meAT  (1.00kg)(41863/kg-C’)(100C°)
TT (273+50)K

AS =[1.30x10° J/K

Heat energy istaken away from the water, so the change in entropy will be negative. The heat taken
away from the water is found from AQ = miL, Note that 1.00 m® of water has a mass of

usion *

1.00x10°kg .
1.00x10’kg)(3.33x10° J/k
AS:QZ_M:_( <10°kg)(333- /g)=—1.22><106J/K
T T 273K

There are three terms of entropy to consider. First, thereis aloss of entropy from the water for the
freezing process, AS . Second, thereisaloss of entropy from that newly-formed ice asit cools to

-10°C, AS,. That process has an “average” temperature of -5°C. Finally, thereisagain of entropy
by the “great deal of ice”, AS,, asthe heat lost from the original mass of water in steps 1 and 2 goes
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into that great deal of ice. Sinceitisalarge quantity of ice, we assume that its temperature does not
change during the processes.

(1.00x10°kg)(3.33x10° Jkg)

Ag =2 o Ml _ — ~1.2108x10° J/K
T, T, 273K
xS - Q _ mgAT, (1.00x10°kg)(2100/kg-C* ) (10C°) 7380 K
T, T, (-5+273)K
ASB — % — _Ql _Qz — rTqus’on + nr’lceATZ
-I-S T3 T3
_(100x10%g)[(33310° Jkg) + (21004 kaC)(10C) | K
(-10+273)K

AS=AS +AS, +AS, =-1.2198x10° J/K - 7.8358x10" J/K +1.3460x10° J/K

=4.784x10* JK ~[5x10" J/K

39. Energy has been made “unavailable” in the frictional stopping of the diding box. We take that “lost”
kinetic energy as the heat term of the entropy calculation.

AS=QJT =im¢ [T =1(100kg)(30nys)’ 298K =[0.15/K
Since thisisadecrease in “availability”, the entropy of the universe has increased.

40. Takethe energy transfer to use astheinitial kinetic energy of the rock, because this energy becomes
“unusable” after the collision — it istransferred to the environment. We assume that the rock and the

environment are both at temperature T, .
AS=Q[T — [AS=KE/T,

The same amount of heat that leaves the high temperature heat source enters the low temperature

body of water.

AS=AS +AS, =242 - (i_ 1 } N
Thigh Tlow Tlow Thigh

A 1 1 4.1 1 1

AS_ Q1 =(7.50cd/s) 86J -

t t{Te Tig lcd (27+273)K  (240+273) K

= 4.35><10’2‘]/—K

S

42. The same amount of heat that leaves the high temperature water will enter the low temperature
water. Since the two masses of water are the same, the equilibrium temperature will be the midpoint
between the two initial temperatures, 45°C. The cool water average temperatureis

(30°C+ 45°C)/2 =37.5°C, and the warm water average temperature is (60°C+ 45°C)/2 =525C.

AS=A§+A%=_&+3=mAT(Ti_TAJ

high low low high
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e kg)(4186J/kg.Co)(lw)((37.5+1273) K (52.5+1273) K] e

43. The equilibrium temperature is found using calorimetry, from chapter 14. The heat lost by the

45.

aluminum is equal to the heat gained by the water.
WCat (T =T ) =M G (Ty = Tro) =
My Cay T + M 00T 0
My Cu + M, G0
(38kg)(900J/kg-C’)(30.0°C) + (L0 kg) (4186 kg-C’ ) (20°C)
B (38kg)(200/kg+C*) + (L0 kg) (4186 kgeC?)
The amount of heat lost by the aluminum, and gained by the water, is
Q=m, G0 (T, ~Toyo ) =(1L0kg)(4186 ) kg-C*)(245°C—20°C) =1.9x10"J

In calculating the entropy change, we will need to use estimates for the temperatures of the water and
the aluminum since their temperatures are not constant. We will use their average temperatures.

T.o=(20C+245C)[2=225C T, =(30°C+245C)[2=27.25C
avg

ag

T =

f

=245C

AS=AS, 48, o = =+ =(19x10") - - : =[L1yK
T T (2225+273)K  (27.25+273)K
ag avg

(@) e, =W/Q,=550J)22001=0250 e, =1-T, [T, =1-650K/970 K =0.330
Thus e, /€., =0.250/0.330=0.758 ~|76% of idedl

(b) The heat reservoirs do not change temperature during the operation of the engine. Thereisan
entropy loss from the input reservoir, because it loses heat, and an entropy gain for the output

reservoir, because it gains heat. Notethat Q =Q, —-W =2200J-550J=1650J.
Q. Q 2200J 16507 _

e B ST T To70K T 650K /
(c) For the Carnot engine, the exhaust energy will be Q =Q, (1_ €y ) = QT /T, -
T
AS= Aslnpm +Asoutput =_&+&=_ QH L/ - QH =@
TH TL TH TL TH TH
A numeric calculation might give avery small number due to not keeping all digitsin the
calculation.

When throwing two dice, there are 36 possible microstates.
(@) The possible microstates that give atotal of 5 are: (1)(4) , (2)(3) , (3)(2), and (4)(1). Thusthe

probability of getting a5 is 4/36=(1/9|.
(b) The possible microstates that give atotal of 11 are: (5)(6) and (6)(5). Thus the probability of
getting an 11 is 2/36=(1/18|.
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46. A macrostateis a set of 5 cards from the deck, as given in the problem. For example, four acesand a

47.

48.

king isamacrostate. Two jacks, two gueens, and an ace is amacrostate. A microstate is a specific
set of cards that meets the criterion of a certain macrostate. For example, the set (ace of spades, ace
of clubs, ace of hearts, ace of diamonds, king of spades) is a microstate of the macrostate of 4 aces
and aking. The problem then is asking for the relative number of microstates for the 4 given
macrostates.

(@) Thereareonly 4 microstates for this macrostate, corresponding to the particular suit to which
the king belongs.

Since every card is specified, thereis only 1 microstate for this macrostate.

There are 6 possible jack pairs, (spade/club, spade/heart, spade/diamond, club/heart,
club/diamond, and heart/diamond), 6 possible queen pairs, and 4 possible aces, so there are 6 x
6 x 4 = 144 card combinations or 144 microstates for this macrostate.

There are 52 possibilities for the first card, 48 possibilities for the second card, and so on. Itis
apparent that there are many more microstates for this macrostate than for any of the other listed
macrostates.

Thusin order of increasing probability, we have|(b), (a), (c), (d),.

From the table below, we see that there are atotal of 2° = 64 microstates.

Possible Microstates (H = heads, T = tails)

(b)
(©)

(d)

Number of

Macrostate -
microstates

6 heads, 0 tails

HHHHHH

1

5 heads, 1 tails

HHHHHT

HHHHTH

HHHTHH

HHTHHH

HTHHHH

THHHHH

6

4 heads, 2 tails

HHHHTT

HHHTHT

HHTHHT

HTHHHT

THHHHT

HHHTTH

HHTHTH

HTHHTH

THHHTH

HHTTHH

HTHTHH

THHTHH

HTTHHH

THTHHH

TTHHHH

15

3 heads, 3 tails

HHHTTT

HHTHTT

HTHHTT

THHHTT

HHTTHT

HTHTHT

THHTHT

HTTHHT

THTHHT

TTHHHT

TTTHHH

TTHTHH

THTTHH

HTTTHH

TTHHTH

THTHTH

HTTHTH

THHTTH

HTHTTH

HHTTTH

20

2 heads, 4 tails

TTTTHH

TTTHTH

TTHTTH

THTTTH

HTTTTH

TTTHHT

TTHTHT

THTTHT

HTTTHT

TTHHTT

THTHTT

HTTHTT

THHTTT

HTHTTT

HHTTTT

15

1 heads, 5 tails

TTTTTH

TTTTHT

TTTHTT

TTHTTT

THTTTT

HTTTTT

0 heads, 6 tails

TTTTTT

(@) The probability of obtaining three heads and three tailsis

1fe4|.

(b) The probability of obtaining six headsis

Therequired areais (22

which is about twice the area needed, and so | the cells would fit on the house|. But not all parts of

10°W-h

Im

2

) )

space, and aroof tilted at 30°, would have aroof area of (1000ft2)(

20/64{.

1

Im

2
cos30° j( 3.28ft j

j: 61m°|. A small house with 1000 ft? of floor

=110 m",

the roof would have 9 hours of sunlight, so more than the minimum number of cellswould be

needed.
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49. (a) Assume that there are no dissipative forces present, and so the energy required to pump the
water to the lake isjust the gravitational potential energy of the water.

U,.., = mgh = (1.00x10" kg/s) (10.0 h)(9.80mys’) (135 m) =1.323x10°W-h

~[La2aciown]
(1.323x10°kW=h) (0.75)
e -

50. We assume that the electrical energy comes from the 100% effective conversion of the gravitational
potential energy of the water.
W=mgh —
_ W _ m _ \4 _ 3 3 3 2 _ 7
P = _Tgh = pTgh =(1.00x10 kg/m )(35m /s)(9.8m/s )(45 m) =[1.5x10'W

51. According to the heat figures provided by the inventor, the engine is 50% efficient:
o W _ W/t 150MW

Q, Q/t 300MwW

Theidea engine efficiency at the operating temperaturesis given by Eq. 15-5.

500

T, 215K
e,, —l-+=1-"—"——04%
T 425K

H

Thus hisengineis not possible, evenif it wereideal. So , there is something “fishy” about his
claim. Hisengineis better than ideal.

52. (a) Thework done at constant pressureis W = PAV . 11 P(am) I
W = PAV

=(1.00 am)(1.01x10° Pg/atm)(4.1m" -1.9 m")

=222x10°J~[2.2x10°J
(b) Usethefirst law of thermodynamics. |
AU =Q-W =5.30x10°J-2.22x10°J=|3.1x10°J V(L)
(c) Seethe adjacent graph. 0

0 1 2 3 4 5

53. (a) Work/s=| —2223 (45 CyCIEEj(4 oylinders) = 3.96x10" Is~[4.0x10° I
cyclescylinder s

w

0 e-2 o q-X -t 300
e

e 0.25

=1.584x10° Jfs~|1.6x10° J/5

1.584x10°J

©) (1.0L)(35X106‘]J( 1s j==3.7min

54. (a) The heat that must be removed from the water (Q_)isfound in three parts — cooling the liquid

water to the freezing point, freezing the liquid water, and then cooling the ice to the final
temperatures.
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QL = m(QiquidA-rliquid + LTus'on +C|oeATioe)

4186 J kg-C° ) ( 25C° ) +(3.33x10° J/kg
=(0.50kg)( / )( ) ( / ) =2.367x10°J
+(21009/kg-C*) (17C°)
The Carnot efficiency can be used to find the work done by the refrigerator.
T W w
e:l——:—:
T, Q W+Q
25+ 273)K
w=q |l - (2367x10°) (B+2B)K ) 5 ees.10' s~ [30x10°3
T (—17+273)K

(b) Usethe compressor wattage to calculate the time.

P=W/t — t=W/P=3883x10'J/210W =184.9s~[3.L min|

55. (a) Caculatethe Carnot efficiency for an engine operated between the given temperatures.

(273+4)K

=]l-Lt =1 7 = 0

S =1 T, ! (273+27)K 0ot

(b) Such an engine might be feasible in spite of the low efficiency because of the large volume of
“fuel” (ocean water) available. Ocean water would appear to be an “inexhaustible” source of
heat energy.

(c) The pumping of water between radically different depths would probably move smaller sea-
dwelling creatures from their natural location, perhaps killing them in the transport process.
Mixing the water at different temperatures will also disturb the environment of sea-dwelling
creatures. Thereisasignificant dynamic of energy exchange between the ocean and the
atmosphere, and so any changing of surface temperature water might affect at least the local
climate, and perhaps also cause larger-scale climate changes.

56. Takethe energy transfer to use astheinitial kinetic energy of the cars, because this energy becomes
“unusable’ after the collision —it is transferred to the environment.

10 " s [
AS:g: 2(%mviz) ) (1.1 10 kg){(%k /h)[glekm/hj} R eyweram
T T (20+273)K

57. (a) Theequilibrium temperature isfound using calorimetry, from chapter 14. The heat lost by the
water is equal to the heat gained by the aluminum.

M, oS0 (Tro =T ) =mMuCu (T, ~T) =
My CuTia + M0G0 Tino
MuCar T M0G0
(0.12 kg)(900J/kg+C* ) (15°C) +(0.14 kg) (4186 ) kgeC* ) (50°C)

i (0.12 kg) (9007/kg-C°) +(0.14 kg) (4186 kg:C’ =MD CAHC

(b) Theamount of heat lost by the aluminum, and gained by the water, is
Q=m, G0 (To—T, ) =(014 kg) (4186 kg+C’ ) (50°C- 4455’ C) = 3.194x 10"
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In calculating the entropy change, we need to use estimates for the temperatures of the water
and the aluminum since their temperatures are not constant. We will use their average
temperatures.
T,o=(50°C+4455°C)[2=4726C T, =(15°C+4455°C)[2=2978'C

avg

ag

AS=AS, +AS, o =2 2 = (3194x10"J) t 1
’ wo T (29.78+273)K  (47.26+273)K
avg avg

=05758J/K ~|0.58)K

58. The COP for anideal heat pump is given by Eq. 15-7.

T 24+ 273)K
@ cope_ % _ T _(ARK_ .
W Q-Q T,-T 18K

(b) cop:% S Q, =(W/t)(t)(COP) = (1200 W)(3600 5) (16.5) = 7.128x10" I~ [7.1x10"J]

- o W .
59. Theefficiency is given by e:W/QH =i, and so the input power and the useful power are

Qu/t
needed.
W/t = (25 hp) (746 W/hp) =1.9x10" s

3.0x10°keal |( 1gd \(90km)(4186J)( 1h

Q. ft=| == ( : )( mj( j( j=7.7><104 Ys
lgd 41 km 1h 1kecd )\ 3600s

o W/t 19x10'Js

Q,/t 7.7x10'Js

=0.24 =|24%)

60. Find the original intake temperature T, from the original Carnot efficiency, and then recalculate the
intake temperature for the new Carnot efficiency, T,,, using the same exhaust temperature.

T T T T
€ =1-—-+ - THl =—t € =1-— - TH2 =—=
THl 1_e1 TH2 1_92
1 1 1 1
T,-T,=T|—— =(273K+20 K)(———jz 70K
l-¢ 1-¢ 0.60 0.70

61. Notethat thereis NO work done as the gas goes from state A to state B or state D to state C, because
there is no volume change. In general, the work done can be found from the “area’ under the PV
curve representing the process under consideration.

(a) VVA F:;-\ (Vc _VA )

pc

(b) WA Pc (Vc _VA )

BC —

© W= %(IDC"'RA)(VC_VA)
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62. (a)

(b)

63. (a)

(b)

64. (@
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The exhaust heating rate is found from the delivered power and the efficiency. Usethe
output energy with the relationship Q = mcAT = pVCAT to calculate the volume of air that is

heated.
e=W/QH :W/(QL +W) - Q ZW(]/e_l) -
Q /t=W/t(}/e-1) =(85x10°W)(1/0.33-1) =1.726x10°W

MCAT  PVCAT (Q /1)
= mcAT t=—— = f— V/t
Q > Q/ t T / PCAT

The changein air temperatureis 7.0C°. The heated air is at a constant pressure of 1 atm.
Vi~ (Q/0)t__ (1726x10°W)(864x10"g/day)
pCAT  (1.2kg/m’)(1.0x10° J/kg-C*)(7.0C°)

10°km® j

3

~|18 km*/day

=1.775x10" m3/day(

Im
If the air is 200 m thick, find the area by dividing the volume by the thickness.
Ao Volume 18km®

"~ thickness  0.2km
Thiswould be a square of approximately 6 milesto aside. Thustheloca climate for afew
miles around the power plant might be heated significantly.

90 km®

The exhaust heating rate can be found from the delivered power P and the Carnot efficiency.
Then use the relationship between energy and temperature change, Q = ncAT , to calculate the

temperature change of the cooling water.

T W W T T T
e=]--t=-—= - Q=W—— > Q/t=W[t——=P—

TH QH QL +W TH _TL TH _TL TH _TL

m \%
Q =ncAT — Q/t :TCAT = pTCAT
Equate the two expressions for Q /t, and solvefor AT .
T Vv P T
P——=p—CcAT — AT = -
T,-T t p—CTH -T
t
9.8x10°W 285K

= . =5.303K =|5.3C°

(1.0x10°kg/m’)(37m’/s) (4186 J/kg-C’ ) (625 K — 285 K)
The addition of heat per kilogram for the downstream water is Q, /t =CAT . Weusethe
“average’ temperature of the river water for the calculation: T =T, +< AT . Now the entropy
increase can be calculated.
AQ AT (4186)/kg-C’)(5.303K)

=—= = =77 kg-K
T T, +1iAT [285+(5.303)|K AL

AS

Calculate the Carnot efficiency by e=1-T, /TH and compare it to the 15% actual efficiency.
(SN =1—TL/TH =1—(85+ 273) K/(495+ 273) K =0.534=53.4%
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Thus the engine's relative efficiency is e, , /e, = 0.15/0.534=0.281=

(b) Takethe stated 100 hp as the useful power obtained from the engine. Use the efficiency to
calculate the exhaust heat.

w 746W
P =— =(100 hp) TV _[746x10'W
t lhp

e_W W
Q Q+W

1 1 3600s)( 1
w21 |=pt| =-1]=(7.46x10" Is)(1h = 1
. (e j (e j (746<10" s )( 1h j(0.15 j
_[15x10°3 :(1.5><109J)[ ilz(?J _[3.6x10°kedl

65. The net force on the piston must be 0, and so the weight of the piston must be equal to the net force
exerted by the gas pressures on both sides of the piston. See the free-body diagram.

Z F= Fins'de - Fouts'de -mg=0= Pins'deA_ PoutsideA_ mg =0 F

. : outside
Pa 0.10kg)(9.8m/s /LH\
P =P, 2 =(10 am)(1.01x 10° j+ (010k9)( : s) =
A am 0.080 m = g
inside
=1.0101x10°Pa~1 am ar

We see that the weight of the piston is negligible compared to the ]
pressure forces. 5

When the gasis heated, we assume that the inside pressure does not change. Since the weight of the
piston does not change, and the outside air pressure does not change, the inside air pressure cannot
change. Thusthe expansion is at a constant pressure, and so the work done can be calculated. Use
thiswith the first law of thermodynamics to find the heat required for the process.

U=2nRT=2PV — AU=2PAV=Q-W

Q=AU +W =2PAV + PAV = PAV = £ PAAy = 2.5(1.0x10°Pa)(0.080 m* ) (1.0x10*m)
=

66. (a) Multiply the power times the time times the mass per Joule relationship for the fat.
(95J/s)(36005/h) (24h/d) (1.0 kg fat/3.7x10' J) = 0.2218kg/d ~[0.22kg/d

(b) 1.0kg(10/0.2218kg)=

67. Theradiant energy isthe heat to be removed at the low temperature. It can be related to the work
necessary through the efficiency.

T W W T, T
e=l--+=—-= - W:QL[—H—lj - W/t:QL/t(—“—lj
T, Q W+Q T T

(Wft),,,, =(5300 w)G—H—lj (Wft),,, =(500 W)G—H—lj

L L
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(273+32)K

~1|=[180wW
(273+21)K J

(w/t>,m=(w/t>m—<w/t>m=(ssoovv—soovv)(

68. To find the mass of water removed, find the energy that is removed from the low temperature
reservoir from the work input and the Carnot efficiency. Then use the latent heat of vaporization to
determine the mass of water from the energy required for the condensation. Note that the heat of
vaporization used is that given in chapter 14 for evaporation at 20°C.

T W W T
e=1-Lt-—~= > Q =W—Lt—=m,

TH QH W+Q|_ ) (TH _TL) A
oW T (600W)(36005) (273+8)K =

Lo (T,-T.)  (245x10°Jkg) 17K
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