THE SECOND LAW OF THERMODYNAMICS

20.1.

20.2.

20.3.

20.4.

. w
IDENTIFY: For a heat engine, W = |QH| —|QC|. e= Q_ 0,>0, O.<0.

H

SETUP: W =22001]. |Q.|=4300J.
EXECUTE: (a) O, =W +|0.|=6500J.

22007

65007
EVALUATE: Since the engine operates on a cycle, the net O equal the net 7. But to calculate the efficiency we
use the heat energy input, Q.

() e =0.34 =34%.

IDENTIFY: For a heat engine, W = |QH| —|QC|. e= QZ 0,>0, O.<0.

H

SETUP:  |Q,|=90001J. |O.|=6400J.

EXECUTE: (a) W =9000 J—6400 J =2600 J.
(b) e:K: 2600 J
O, 90007J
EVALUATE: Since the engine operates on a cycle, the net O equal the net 7. But to calculate the efficiency we
use the heat energy input, Q.

IDENTIFY and SET UP:  The problem deals with a heat engine. W =+3700 W and Q,, =+16,100 J. Use
Eq.(20.4) to calculate the efficiency e and Eq.(20.2) to calculate |QC|. Power =W /t.

work output W 37007]
heat energy input - Q_H - 16,100 J -
(b) W =0=[0,[-|0|
Heat discarded is |Q.| =|Qy| - =16,100 1-3700 J =12,400 J.

=0.29=29%.

EXECUTE: (a) e= 0.23 =23%.

(¢) O, is supplied by burning fuel; O, =mL, where L, is the heat of combustion.
_ 0Oy _ 16,1007

L, 4.60x10* J/g

(d) W =370017 per cycle

In £=1.00 s the engine goes through 60.0 cycles.

P=wW/t=60.0(3700 J)/1.00 s =222 kW

P =(2.22x10° W)(1 hp/746 W) =298 hp

EVALUATE: (. =-12,400 J. In one cycle O, =0, + 0O, =3700 J. This equals W,

=0.350 g.

for one cycle.

ot

IDENTIFY: W =|0,|—|0.|. ezQZ. 0y >0, O <0.
H

SETUpP: For 1.00s, W =180x10" J.

W 180x10°J
EXECUTE: a ==
@) O e 0.280

(b) |O|=|0u|-W =6.43x10° ] -1.80x10° J =4.63x10° J.

=6.43x10° J.

EVALUATE: Ofthe 6.43x10° T of heat energy supplied to the engine each second, 1.80x10° J is converted to
mechanical work and the remaining 4.63x10° J is discarded into the low temperature reservoir.

20-1
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20.5.

20.6.

20.7.

20.8.

20.9.

20.10.

IDENTIFY: W = | QH| —| QC|. e :QK. 0, >0, O.<0. Dividing by ¢ gives equivalent equations for the rate of
H
heat flows and power output.
SETUP: W /t=330 MW. |Q,|/t=1300 MW.
w Wi/t 330 MW

EXECUTE: (a) e=—=——=—""-"—""—=0.25=25%.
O, 0O,/t 1300 MW

(b) |Oc| =|0u|~W s0 ||/t =|0y|/t =W /£ =1300 MW —330 MW =970 MW.

EVALUATE: The equations for e and /¥ have the same form when written in terms of power output and rate of
heat flow.

IDENTIFY: Apply e:l—i e:p@

s |QH|.
SET Up: In part (b), O, =10,000 J. The heat discarded is |QC|.

EXECUTE: (a) e=1—- =0.594 =59.4%.

9.500.40
(b) |Oc| =|0x| (1) = (10,000 T)(1-0.594) = 4060 J.
EVALUATE: The work output of the engine is W =|Q,,|—|O.| =10,000 J — 4060 J =5940 J

1

IDENTIFY: e=1———.
r!

SETUP: y=1.40and e=0.650.

EXECUTE: %:1—e:0.350. - 5 and r=13.8.
r

EVALUATE: e increases when r increases.

IDENTIFY: e=1-7""

SET UP: ris the compression ratio.

EXECUTE: (a) e=1-(8.8)"* =0.581, which rounds to 58%.

(b) e=1-(9.6)"* =0.595 an increase of 1.4%.
EVALUATE: An increase in 7 gives an increase in e.
IDENTIFY and SET UP:  For the refrigerator K =2.10 and Q. =+3.4x10" J. Use Eq.(20.9) to calculate |W| and

then Eq.(20.2) to calculate Q.

(a) EXECUTE: Performance coefficient K =Q,./ |W| (Eq.20.9)
[7|=0./K =3.40x10* J/2.10=1.62x10* J

(b) SET UpP: The operation of the device is illustrated in Figure 20.9

EXECUTE:

W= Qc + QH

Oy =W-0.

0, =-1.62x10* J-3.40x10* J=-5.02x10* J
Q.=0 (negative because heat goes out of the system)

Figure 20.9

EVALUATE |QH| = |W| + |QC|. The heat |QH| delivered to the high temperature reservoir is greater than the heat

taken in from the low temperature reservoir.

IDENTIFY: K:@ and |Q,|=|0.|+||.

w
SETUP: The hea|t rlmoved from the room is |QC| and the heat delivered to the hot outside is |QH|.
|| = (850 J/s)(60.0 5) =5.10x10* J.
EXECUTE: (a) |O.|=K|W|=(2.9)(5.10x10" 1)=1.48x10° ]
(b) |Oy|=|Oc|+|W|=1.48x10° T+5.10x10* T =1.99x10° J.
EVALUATE:  (¢) |Q,] =|0c|+ ||, so |04|>|0c|.
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20.11. IpENTIFY and SET UP:  Apply Eq.(20.2) to the cycle and calculate |W | and then P = |W |/ t. Section 20.4 shows
that EER = (3.413)K.
(a) The operation of the device is illustrated in Figure 20.11.

EXECUTE:
0. =+9.80x10* J

0,=-1.44x10"J

Q.=0
Figure 20.11

W=0.+0,=+9.80x10* ] -1.44x10° ] =-4.60x10" J
P=W/t=-4.60x10" J/60.0 s =-767 W
(b) EER =(3.413)K
K =|0.|/|W|=9.80x10" 1/4.60x10* J =2.13
EER =(3.413)(2.13)=7.27
EVALUATE: W negative means power is consumed, not produced, by the device.
10ul =[] +]Oc]-
20.12.  IDENTIFY: |Q,|=|0.|+|W|. K = %
SETUp: For water, ¢, =4190 J/kg-K and L, =3.34x10° J/kg. For ice, ¢, =2010 J/kg-K.
EXECUTE: (a) Q=mc AT,
0= (1.80 kg)([2010 J/kg-K][-5.0 C°]-3.34x10° J/kg +[4190 J/kg-K][-25.0 C°]) =-8.08x10° ]
0=-8.08x10° I. Qs negative for the water since heat is removed from it.
o _8.08x10° 1
K 2.40
(0) |0, =8.08x10° T+3.37x10° J =1.14x10° I.
EVALUATE: For this device, Q. >0 and O, <0. More heat is rejected to the room than is removed from the
water.
20.13. IpENTIFY: Use Eq.(20.2) to calculate |W| Since it is a Carnot device we can use Eq.(20.13) to relate the heat

—mL; + mc AT,

(b) |Q|=8.08x10° I. W =3.37x10° .

flows out of the reservoirs. The reservoir temperatures can be used in Eq.(20.14) to calculate e.
(a) SETUP: The operation of the device is sketched in Figure 20.13.

\ T“ = 500K /

Q,=0

EXECUTE:

W=0
W =-335J+550)=2151]

)
)

Figure 20.13

2] :% (Eq.20.13)

Q] T

T. :TH@=620 K(%}m K

1l
(c) e(Camot)=1-T7,./T, =1-378 K/620 K =0.390 =39.0%
EVALUATE: We could use the underlying definition of e (Eq.20.4):
e=W/Qy =215 1)/(550J) =39%, which checks.

(b) For a Carnot cycle,
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20.14.

20.15.

20.16.

20.17.

IDENTIFY: |W|:|QH|—|QC|. 0.<0, g,>0. e:QK. For a Carnot cycle, %:—i.

H H H

SETUP: T.=300K, T, =520K. |Q,]|=6.45x10"J.

T 300 K
EXECUTE: (a) Q. =-0,| =< |=—(6.45x10° J)| —— |=-3.72x10° I.
(b) || =|0,| -|Oc| = 6.45%10° 1 =3.72x10° 1 =2.73x10° J

W 273x10° ]
© e=—=——-+—
0, 6.45x10°7J

EVALUATE: We can verify that e=1-1, /T, also gives e=42.3%.

=0.423=42.3%.

T,
IDENTIFY: ¢ :1 for any engine. For the Carnot cycle, O =--=,
H H TH
SETUP: T, =20.0°C+273.15K =293.15K
4

Execute: (a) O, = =200 4 oavi0t s

0.59
b) W=0,+0. 50 Q. =W —Q, =2.5x10* ] -4.24x10* ] =-1.74x10* J.

4
T, =12 - 0315 k) 220 T 714k —agrec,
0. ~1.74x10* J

EVALUATE: For a heat engine, W >0, O, >0and Q. <0.

IDENTIFY and SET UP: The device is a Carnot refrigerator.
We can use Egs.(20.2) and (20.13).
(a) The operation of the device is sketched in Figure 20.16.

T, =24.0°C=297 K
T,=0.0°C=273K

g.=0
Figure 20.16

The amount of heat taken out of the water to make the liquid — solid phase change is

Q=-mL, =—(85.0 kg)(334x10’ J/kg) =—2.84x10" J. This amount of heat must go into the working substance of
the refrigerator, so Q. =+2.84x10" J. For Carnot cycle |QC|/|QH| =T./T,

EXECUTE:  |Q,|=|0.|(T;,/T.) =2.84x107 (297 K/273 K) =3.09x10" J

(b) W=0.+0, =+2.84x107 J-3.09x10" J=-2.5x10° J
C H

EVALUATE: W is negative because this much energy must be supplied to the refrigerator rather than obtained
from it. Note that in Eq.(20.13) we must use Kelvin temperatures.

IDENTIFY: |QH|=|W|+|QC|. 0,<0, O.>0. K:Q. For a Carnot cycle, &=—i.
i 0 T
SETUP: T.=270K, T, =320K. |Q.|=4151].
T 320K
EXECUTE: (a) O :—[—“JQ :—(—j(415 1)=-492].
S S R (15
(b) For one cycle, [W|=|0,|-|0.|=4921-4151=77J. P:%:ZU w.
S
(©) k10| _4151 =54.
| 771

EVALUATE: The amount of heat energy |QH| delivered to the high-temperature reservoir is greater than the

amount of heat energy |QC| removed from the low-temperature reservoir.
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20.18.

20.19.

20.20.

20.21.

20.22.

T, . .
IDENTIFY: |W| = |Q11| - |QC|. For a Carnot cycle, Qe = —T—C, where the temperatures must be in kelvins.
H H

SETUP: -10.0°C=263.15K, 25.0°C=298.15K, 0.0°C=273.15K and -25.0°C=248.15 K.
EXECUTE: (a) The heat is discarded at a higher temperature, and a refrigerator is required. |QH| = | QC|(T /T

and | W |=| 0. | (T, /T.)~1) = (5.00x10° J)((298.15 K/263.15 K ) ~1) = 665 J.

(b) Again, the device is a refrigerator, and | W |= (5.00x10° I)((273.15 K/263.15K)—1)=190 J.
(¢) The device is an engine; the heat is taken from the hot reservoir, and the work done by the engine is
[ W |=(5.00x10° J)(1—(248.15 K/263.15 K)) =285 J.

EVALUATE: For a refrigerator work must be supplied to the device. For a heat engine, there is mechanical work
output from the device.

. . L T: ; .

IDENTIFY: The theoretical maximum performance coefficient is K, =—~— K = @ |QC| is the heat
T, - T, 4

removed from the water to convert it to ice. For the water, |Q| =mc AT +mL,.

SETUP: T.=-5.0°C=268K. T, =20.0°C=293K. ¢, =4190 J/kg-K and L, =334x10* J/kg.
EXECUTE: (a) In one year the freezer operates (5 h/day)(365 days)=1825 h.
_ 730 kWh

P=—""—=0.400 kW =400 W.
1825 h

(b) Koy =——BK 197
293 K-268 K
(¢) || = Pt=(400 W)(3600 s) =1.44x10° J. |Q.|=K|W|=1.54x10" J. |Q| = mc AT + mL, gives
o] 1.54x107 J
¢, AT +L, (4190 J/kg-K)(20.0 K)+334x10° J/kg

EVALUATE: For any actual device, K < K.

=36.9 kg.

|QC| is less than we calculated and the freezer makes less ice in

arnot ?

one hour than the mass we calculated in part (c).

IDENTIFY: The total work that must be done is W,
O _ L

Carnot cycle, =——
" T

H

SETUP: T,=373K, T, =773K. |Q,|=2501.

=mgAy. |W|=|04|-|Qc|- Oy >0, W >0 and Q. <0. Fora

H 773 K
one cycle. W, =(500 kg)(9.80 m/s*)(100 m) = 4.90x10° J. The number of cycles required is
W 490x10° ]

tot _

|W| 129 J/cycle

T . .
Qe = —T—C, the temperatures must be in kelvins.
H H

w O O

T T
IDENTIFY: e=—=1-=%. Fora Carnot cycle, =~ =—-—Sand e=1---.
H H H H H

SETUP: T,=800K. O.=-3000J.

EXECUTE: For a heat engine, O, =-0./(1-¢)=—(=3000 J)/(1-0.600) =7500 J, and then

W = eQ, = (0.600)(7500 J) = 4500 J.

EVALUATE: This does not make use of the given value of 7;,. If 7, is used,

then 7. =T, (1-€) =(800 K)(1-0.600) =320 K and Q,; =—Q_T, /T, which gives the same result.

O

T . . ..
IDENTIFY: W =Q.+(Q,. Fora Carnot cycle, === —T—C. For the ice to liquid water phase transition, Q =mL,.
H H

EXECUTE: Q. =-0, (%) =-(250 J)(373 Kj =—1211J. [W|=250 11211 =129 J. This is the work done in

=3.80x10° cycles.

EVALUATE: In

SETUP: For water, L, =334x10° J/kg
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20.23.

20.24.

20.25.

20.26.

20.27.

EXECUTE: Q. =-mL, =—(0.0400 kg)(334x10° J/kg)=~1336x10" J. % = —% gives

H H

Oy =—(T,/T.) 0 :—(—1.336x104 J)[(373.15 K)/(273.15K)]=+1.825x10* I. W =0, +Q, =4.89x10° I.

EVALUATE: For a heat engine, Q. is negative and Oy, is positive. The heat that comes out of the engine
(0 <0) goes into the ice (0 >0).

. . . . . T.
IDENTIFY: The power output is P = ? The theoretical maximum efficiency is e, =1 —T—L. e= QK
H H
SETUP: @, =1.50x10*J. T.=350K. T;,, =650 K. 1hp=746 W.
T, 350K 4 3 .
EXECUTE: e, =1-—=1-—-—-=0.4615. W =eQ, =(0.4615)(1.50x10" J) =6.923x10° J; this is the
T, 650 K
. W (240)(6.923x10°
work output in one cycle. P=—= (240)(6.923x10" J) =2.77x10* W =37.1 hp.
t 60.0 s
EVALUATE: We could also use O _ I to calculate Q. =— T Oy = —(—350 Kj(l.SOx 10* 1) =-8.08x10° J.
- Ty T, 650 K

Then W =Q.+Q, =6.92x10° J, the same as previously calculated.
T T

IDENTIFY and SETUP: ¢, =1-=5. Ko =—
Ty Ty -T.
T,(1-e) —e

EXEcUTE: (@) I.=T,(1-¢). K=—"———F"—=——,
@ Te=Tul=e) T,-T,(1-e) e

EVALUATE: (b) When e >1, K —>0. When e >0, K — oo.
e—1 when |QC| << |QH|. |QC| is small in this limit. That is good for an engine since |QC| is wasted. But it is bad

for a refrigerator since |QC| is what is useful. e > 0 when |QC| - |QH| and |W| is very small. That is bad for an

engine but good for a refrigerator.
IDENTIFY: AS= Q for each object, where 7 must be in kelvins. The temperature of each object remains constant.

SETUP: For water, L, =3.34x10° J/kg.
EXECUTE: (a) The heat flow into the ice is Q =mL, =(0.350 kg)(3.34x10° J/kg) =1.17x10° J. The heat flow

5
occurs at 7 =273 K, so AS = Q :M =429 J/K. Q is positive and AS is positive.
T 273K
5
(b) O=-1.17x10° T flows out of the heat source, at T =298 K. AS = % = % =-393J/K. Qis

negative and AS is negative.

() AS,, =429 JJK+(-393 J/K)=+36 J/K.

EVALUATE: For the total isolated system, AS >0 and the process is irreversible.

IDENTIFY: Apply O, ..., =0 to calculate the final temperature. Q =mcAT. Example 20.6 shows that

tot

AS = mcIn(T,/T,) when an object undergoes a temperature change.

SET UpP: For water ¢ =4190 J/kg-K. Boiling water has T =100.0°C =373 K.

EXECUTE: (a) The heat transfer between 100°C water and 30°C water occurs over a finite temperature
difference and the process is irreversible.

(b) (270 kg)c(T, —30.0°C) +(5.00 kg)e(7, —100°C)=0. T, =31.27 °C=304.42 K.

30442 K 304.42K

303.15K 373.15 Kj

AS =4730 J/K +(—4265 J/K) =+470 J/K.

EVALUATE: AS >0, as it should for an irreversible process.

system

(¢) AS =(270 kg)(4190 J/kg- K)ln( j+ (5.00 kg)(4190 J/kg - K)ln[

Y

IDENTIFY: Both the ice and the room are at a constant temperature, so AS = T For the melting phase transition,

O =mL,. Conservation of energy requires that the quantity of heat that goes into the ice is the amount of heat that
comes out of the room.
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20.28.

20.29.

20.30.

20.31.

20.32.

SETUp: Forice, L, =334x10’ J/kg. When heat flows into an object, Q >0, and when heat flows out of an
object, 0 <0.

EXECUTE: (a) Irreversible because heat will not spontaneously flow out of 15 kg of water into a warm room to
freeze the water.

. AS =+1250 J/K.

_ml,  —mL, _ (150 kg)334x10° Vkg)  ~(15.0 kg)(334x10° J/kg)
v T 273K 293K

EVALUATE: This result is consistent with the answer in (a) because AS > 0 for irreversible processes.
IDENTIFY: O =mcAT for the water. Example 20.6 shows that AS = mcIn(7,/T}) when an object undergoes a

(b) AS =AS,_ +AS

temperature change. AS = Q/T for an isothermal process.
SET Up: For water, ¢ =4190 J/kg-K. 85.0°C=358.2 K. 20.0°C=293.2 K.

2932 K
3582 K

EXECUTE: (a) AS= mcln(%] =(0.250 kg)(4190 J/kg - K)ln(

J =-210 J/K. Heat comes out of the
1
water and its entropy decreases.

(b) O =mcAT =(0.250 kg)(4190 J/kg-K)(—65.0 K) = —6.81x10* J. The amount of heat that goes into the air is

4
% = % = 4232 J/K. AS, .., =-210 J/K+232 JK =+22 JKK.

EVALUATE: AS > 0 and the process is irreversible.

system

+6.81x10* J. For the air, AS =

IDENTIFY: The process is at constant temperature, so AS = % AU =Q0-W.

SET UpP: For an isothermal process of an ideal gas, AU =0 and Q =W. For a compression, AV <0 and W <0.

EXECUTE: Q=W =-1850J. AS= Z18507 —6.31J/K.

293 K
EVALUATE: The entropy change of the gas is negative. Heat must be removed from the gas during the
compression to keep its temperature constant and therefore the gas is not an isolated system.
IDENTIFY and SET UP: The initial and final states are at the same temperature, at the normal boiling point of
4.216 K. Calculate the entropy change for the irreversible process by considering a reversible isothermal process
that connects the same two states, since AS is path independent and depends only on the initial and final states.
For the reversible isothermal process we can use Eq.(20.18).
The heat flow for the helium is Q =-mL,, negative since in condensation heat flows out of the helium. The heat of

vaporization L, is given in Table 17.4 and is L, =20.9x10° J/kg.

EXECUTE: Q=-mL, =—(0.130 kg)(20.9x10° J/kg) =—2717 J
AS=Q/T=-2717J/4.216 K =—-644 J/K.

EVALUATE: The system we considered is the 0.130 kg of helium; AS is the entropy change of the helium. This
is not an isolated system since heat must flow out of it into some other material. Our result that AS <0 doesn’t
violate the 2nd law since it is not an isolated system. The material that receives the heat that flows out of the
helium would have a positive entropy change and the total entropy change would be positive.

0

IDENTIFY: Each phase transition occurs at constant temperature and AS = T O=mL,.

SETUpP: For vaporization of water, L, =2256x10° J/kg.

0 _mL, _(1.00 kg)(2256x10° J/kg) _ 3
T- T (73.15K) =06.05x10

entropy of the water as it changes to steam.

(b) The magnitude of the entropy change is roughly five times the value found in Example 20.5.
EVALUATE: Water is less ordered (more random) than ice, but water is far less random than steam; a
consideration of the density changes indicates why this should be so.

EXECUTE: (a) AS= J/K. Note that this is the change of

IDENTIFY: The phase transition occurs at constant temperature and AS = % O =mL,. The mass of one mole is
the molecular mass M.

SETUp: For water, L, =2256x10° J/kg. For N,, M =28.0x10~ kg/mol, the boiling point is 77.34 K and
L,=201x10" J/kg. For silver (Ag), M =107.9x10~ kg/mol, the boiling point is 2466 K and L, =2336x10’ J/kg.
For mercury (Hg), M =200.6x10" kg/mol, the boiling point is 630 K and L, =272x10° J/kg.
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20.33.

20.34.

20.35.

3 ,
EXECUTE: (a) As =@ _mL, _ (18.0x10"kg)(2256x10 J/kg)
r T (373.15K)

(28.0x107° kg)(201x10° J/kg)

=109 J/K.

(107.9x10° kg)(2336x10° J/kg)

(b) N,: =728 /K. Ag: =102.2 J/K.
(7734 K) (2466 K)
-3 3
e Q006x107 ke)272x10" Vhkg) _ o0 e
(630 K)

(¢) The results are the same order or magnitude, all around 100 J/K.

EVALUATE: The entropy change is a measure of the increase in randomness when a certain number (one mole)
goes from the liquid to the vapor state. The entropy per particle for any substance in a vapor state is expected to be
roughly the same, and since the randomness is much higher in the vapor state (see Exercise 20.31), the entropy
change per molecule is roughly the same for these substances.

IDENTIFY: During the phase transition the gallium is at a constant temperature equal to the melting point of
gallium. Your hand is at a constant temperature of 98.6°F =37.0°C =310.1 K. Heat |Q| =mL, flows out of your

Y

hand and into the gallium. For heat flow at constant temperature, AS = T

SETUp: For gallium, Z, =8.04x10* J/kg and the melting point is 29.8°C =303.0 K.
EXECUTE: |Q|=mL; =(25.0x107 kg)(8.04x10* J/kg) =2.01x10° J. For your hand,

Q0 -2.01x10°1J . . . .
AS = T = 301K =-6.48 J/K. Heat flows out of your hand, Q is negative, and AS is negative. For the
gallium, AS = 303Q() < The temperature of the gallium is less than that of your hand and |Q| is the same, so the

magnitude of the entropy change of the gallium is greater than the magnitude of the entropy change of your hand.
EVALUATE: For the gallium, AS >0, so AS >0 and the process is irreversible.

system
IDENTIFY: Apply Eq.(20.23) and follow the procedure used in Example 20.11.

SET Up:  After the partition is punctured each molecule has equal probability of being on each side of the box.
The probability of two independent events occurring simultaneously is the product of the probabilities of each
separate event.

EXECUTE: (a) On the average, each half of the box will contain half of each type of molecule, 250 of nitrogen
and 50 of oxygen.

(b) See Example 20.11. The total change in entropy is

AS = kN,In(2) + kN,In(2) = (N, + N,)k In(2) = (600)(1.381x 107 J/K) In(2) = 5.74x 10 ' J/K.

(¢) The probability is (1/2)™ x (1/2)'* = (1/2)** =2.4x10™"*', and is not likely to happen. The numerical result for
part (c) above may not be obtained directly on some standard calculators. For such calculators, the result may be
found by taking the log base ten of 0.5 and multiplying by 600, then adding 181 and then finding 10 to the power
of the sum. The result is then 10™"*' x10**" =2.4x107"*",

EVALUATE: The contents of the box constitutes an isolated system. AS >0 and the process is irreversible.

(a) IDENTIFY and SET UP: The velocity distribution of Eq.(18.32) depends only on 7, so in an isothermal process
it does not change.

(b) EXECUTE: Calculate the change in the number of available microscopic states and apply Eq.(20.23).
Following the reasoning of Example 20.11, the number of possible positions available to each molecule is altered
by a factor of 3 (becomes larger). Hence the number of microscopic states the gas occupies at volume 3V is

w, =(3)"w,, where N is the number of molecules and w, is the number of possible microscopic states at the start
of the process, where the volume is V. Then, by Eq.(20.23),

AS = klIn(w, /w) = kIn(3)" = NkIn(3) = nN,kIn(3) = nRIn(3)

AS =(2.00 mol)(8.3145 J/mol-K)In(3) =+18.3 J/K

(c) IDENTIFY and SET UP:  For an isothermal reversible process AS =Q/T.

EXECUTE: Calculate 7 and then use the first law to calculate Q.
AT =0 implies AU =0, since system is an ideal gas.
Thenby AU=Q-W, Q=W.

For an isothermal process, W = I: pdV = I: (nRT/V)dV =nRT In(V,/V))

Thus QO =nRTIn(V,/V,) and AS =Q/T =nRIn(V,/V,)
AS =(2.00 mol)(8.3145 J/mol -K)In(3V,/V}) =+18.3 J/K
EVALUATE: This is the same result as obtained in part (b).
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20.36.

20.37.

20.38.

20.39.

IDENTIFY: Example 20.8 shows that for a free expansion, AS =nRIn(V,/V)).
SETUP: V,=240L=240x10" m’

3
EXECUTE: AS =(0.100 mol)(8.314 J/mol-K)In 425—123 =10.0 J/K
240x107 m
EVALUATE: AS,, >0 and the free expansion is irreversible.
IDENTIFY: e, =1 —i. W=0,+0.. e :K.
Ty Ou
SETUP: pV =nRT; the 300 K isotherm lies below the 400 K isotherm in the pV-diagram.
EXECUTE: (a) eq,,, =1 _400K _ 0.200 = 20.0%.
500 K
(b) O, I :% =10,000 J. |Oc|=|0y|~|W|=10,000 J—2000 J =8000 J.
e .

(c) The 500 K and 400 K isotherms and the Carnot cycle operating between those isotherms are sketched in
Figure 20.37.

(d) The 300 K isotherm and the Carnot cycle operating between the 500 K and 300 K isotherms are also sketched
in Figure 20.37.

(e) The cycle with 7, =300 K encloses more area than the cycle with 7, =400 K.

(f) Less work is done on the gas during the compression at lower temperature, so less heat is ejected to keep the
internal energy and temperature constant.

EVALUATE:  For T, =300 K, ec,,,, =0.400. W =eQ, =(0.400)(10,000 J) = 4000 J. |O.|=6000J.
p

500 K
= 400 K
300K
Vv
Figure 20.37
IDENTIFY: W =Q.+Q,. Since it is a Carnot cycle, 23 = —T—('. The heat required to melt the ice is O =mL,.
H H

SETUP: For water, L, =334x10’ J)kg. O, >0, O.<0. Q.=-mL,. T, =527°C=800.15K.

EXECUTE: (a) O, =+400J, W =+300J. O.=W -0, =-1001J.

T. = ~T,,(O./Oy) = —(800.15 K)[( ~ 100 J)/(400 J)] = +200 K = ~73°C

(b) The total Q. required is —mL, =—(10.0 kg)(334><103 J/kg) =-3.34x10° J. Q, for one cycle is =100 J, so

_ 6
the number of cycles required is 3341077 =3.34x10* cycles.

—100 J/cycle

EVALUATE: The results depend only on the maximum temperature of the gas, not on the number of moles or the
maximum pressure.

=1 —i, where 7. and T}, must be in kelvins.
H

SETUp: T.=-90.0°C=183 K.

T . For ¢=0.400, T, =ﬂ:305 K. For e=0.450, T, =ﬂ:333 K. T,
—e 1-0.400 1-0.450

must be increased 28 K =28 C°.

(b) T. =(1-e)T;; =(1-0.450)(305 K) =168 K. T, must be decreased 15 K =15 C°.

EVALUATE: A Kelvin degree is the same size as a Celsius degree, so a temperature change AT has the same
numerical value whether it is expressed in K or in C°.

IDENTIFY: ¢

Carnot

EXECUTE: (a) T} =1
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20.40.

IDENTIFY: Use the ideal gas law to calculate p and V for each state. Use the first law and specific expressions for
O, W,and AU for each process. Use Eq.(20.4) to calculate e. O, is the net heat flow into the gas.

SETUP: y =140
C, =R/(y —1)=20.79 J/mol-K; C,=C, +R=29.10 J/mol-K. The cycle is sketched in Figure 20.40.

p
2

T =300 K
T, =600 K
1.00 atm{- | 3 T,=492K
| {
Figure 20.40
EXECUTE: (a) point 1
p,=1.00 atm =1.013x10° Pa (given); pV =nRT;
V= nRT, _ (0.350 mol)(8.3145 J/smol-K)(300 K) —8.62x10° m’
3 1.013x10° Pa
point 2

process 1 —> 2 at constant volume so ¥V, =V, =8.62x10”° m’

pV =nRT andn, R, V constant implies p, /T, = p,/T,

P, = p(T,/T)=(1.00 atm)(600 K/300 K) = 2.00 atm = 2.03x10’ Pa
point 3

Consider the process 3 — 1, since it is simpler than 2 — 3.

Process 3 — 1 is at constant pressure so p, = p, =1.00 atm =1.013x10° Pa
pV =nRT and n, R, p constant implies V,/T, =V, /T,
V,=V,(T,/T)=(8.62x10" m’)(492 K/300 K) =14.1x10" m’

(b) process 1 > 2

constant volume (AV =0)

O =nC,AT =(0.350 mol)(20.79 J/mol - K)(600 K —300 K) =2180 J

AV =0 and W =0. Then AU=Q-W =21801]

process 2 — 3

Adiabatic means Q =0.

AU =nC,AT (any process), sO

AU =(0.350 mol)(20.79 J/mol - K)(492 K — 600 K) =-780 J

Then AU =Q-W gives W =Q—-AU =+780 J. (It is correct for /¥ to be positive since AV is positive.)
process 3 — 1

For constant pressure

W =pAV =(1.013x10° Pa)(8.62x107 m* —14.1x107 m*) =560 J

or W =nRAT =(0.350 mol)(8.3145 J/mol-K)(300 K —492 K) =-560 J, which checks. (It is correct for W to be

negative, since AV is negative for this process.)

O =nC,AT =(0.350 mol)(29.10 J/mol - K)(300 K —492 K) =-1960 J

AU =0-W =-1960 J - (=560 K)=-1400J

or AU =nC,AT =(0.350 mol)(20.79 J/mol-K)(300 K —492 K) =—-1400 J, which checks

© W =W_,+W, ;+W, ,=0+780J-560J=+220J

d 0,.=0,,+0, ,+0,,,=2180J+0-1960 J =+220]

© ez work output :K _ 2207
heat energy input @, 2180)J

e(Carnot) =1-T7./T,, =1-300 K/600 K = 0.500.

=0.101=10.1%.
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20.41.

20.42.

20.43.

EVALUATE: Foracycle AU =0, soby AU =0—-W itmustbethat O , =W, foracycle. We can also check
that AU, =0: AU, =AU, +AU,_ ,;+AU,, =2180J-1050J-1130J =0

1-2 23 31

e < e(Carnot), as it must.
IDENTIFY: pV =nRT, so pV is constant when T is constant. Use the appropriate expression to calculate Q and

. w
W for each process in the cycle. e=—.
H

SETUp: For an ideal diatomic gas, C, =3R and C, =7R.
EXECUTE: (a) p,V,=2.0x10"J. pV,=2.0x10°J. pV =nRT so p,V,=pV,says T,=T,.
(b) For an isothermal process, Q =W =nRT In(V,/V,). ab is a compression, with ¥V, <V, so O <0 and heat is

C
rejected. be is at constant pressure, so O =nC AT = T” PpAV. AV is positive, so Q >0 and heat is absorbed. cd is

C . . L
at constant volume, so Q =nC,AT = ?VV Ap. Ap is negative, so O <0 and heat is rejected.

3
() T, =Po_ 20x10'J ik =20 o7 _a41k
nR  (1.00)(8.314 J/mol-K) nR
3
_pV. _ 40%10° J 481K

nR  (1.00)(8.314 J/mol-K)

3
mj —_1.39x10° J.

v,
d) O, =nRTIn| - |=(1.00 mol)(8.314 J/mol -K)(241 K)In
@ Q,=n (VJ ( X )(241 K) [00101113

a

0,. =nC,AT = (1.00)(2)(8.314 J/mol - K)(241 K) = 7.01x10° J.
0., =nC,AT = (1.00)(3)(8.314 J/mol - K)(- 241 K) =-5.01x10* I. 0,, =0, +0, +0Q,, =6101.
Wncl = anl = 610 J

w 6107
(€ e=— ="
O, 7.01x10°J
EVALUATE: We can calculate W for each process in the cycle. W, =0, =—1.39x10° J.
W,, = pAV =(4.0x10° Pa)(0.0050 m’)=2.00x10* J. W, =0. W, =W, +W, +W, =610 1], which does equal

bc net ab

Qnet :

(a) IDENTIFY and SET UP: Combine Eqs.(20.13) and (20.2) to eliminate 0. and obtain an expression for O, in
terms of W, T, and Tj,.

W=1001J, T.=268.15K, T,,=290.15K

For the heat pump Q. >0 and O, <0

=0.087=8.7%

EXECUTE: W =(Q.+Q,; combining this with QI gives Oy = v 1.00J

= =1321]
Oy T, 1-T./T,, 1-(268.15/290.15)
(b) Electrical energy is converted directly into heat, so an electrical energy input of 13.2 J would be required.
(c) EVALUATE: From part (a), O, = % 0, decreases as 7. decreases. The heat pump is less efficient as
“fc’m

the temperature difference through which the heat has to be “pumped” increases. In an engine, heat flows from 7},
to 7. and work is extracted. The engine is more efficient the larger the temperature difference through which the

heat flows.
IDENTIFY: 7, =T and is equal to the maximum temperature. Use the ideal gas law to calculate T,. Apply the

appropriate expression to calculate Q for each process. e = K AU =0 for a complete cycle and for an
H

isothermal process of an ideal gas.
SET Up:  For helium, C, =3R/2and C, =5R/2. The maximum efficiency is for a Carnot cycle, and

eCarnot = 1 _TC /TH
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EXECUTE: (a) 0, =0,+0,.. 0,.=0.,. T..=T,=T =327°C =600 K.

2o 2o g Py~ LigooK)=200K.
T, 1 3

a b b

nRT, (2 moles)(8.31 J/mol-K)(600 K)

30%10° =0.0332 m’.
Py .0x10° Pa

pV,=nRI, =V, =

—p}Vb _2e Ly _y P (0,033 mﬁ[%} =0.0997 m* =7,
b

c c

0., =nC,AT, =(2 mol)(%j(&ﬂ J/mol - K )(400 K) =9.97x10° J
O, =W, = pav =jb‘¥d1/ =nRT, In ; =nRT, In3.
b

0,. =(2.00 mol)(8.31 J/mol-K)(600 K)In 3=1.10x10" J. O, =0,, +0,. =2.10x10" J.
5
0,, =0.,=nC AT, =(2.00 mol)[aj(SSI J/mol - K ) (400 K) =1.66x10* J.

() O=AU+W =0+W ->W =0, -0,,=2.10x10* J-1.66x10* J=4.4x10’ J.

4.4x10° ]
e=W/Q =——— " =021=21%.
/C 2.10x10* J ’
_ 1 T . 200K _ e
(C) emax_eCamot_l T _1 600K—067—67A)

H
EVALUATE: The thermal efficiency of this cycle is about one-third of the efficiency of a Carnot cycle that
operates between the same two temperatures.

20.44. IDENTIFY: For a Carnot engine, Q_ I Couma =1 I [|=|04|-|Oc|- Qu>0, O.<0. pV =nRT.
QH TH TH
SET UpP: The work done by the engine each cycle is mgAy, with m=15.0 kgand Ay=2.00 m. 7, =773 K.
0, =5001J.
EXECUTE: (a) The pV diagram is sketched in Figure 20.44.

(b) W =mgAy =(15.0 kg)(9.80 m/s*)(2.00 m) =294 J. |O.|=|0,|—|#|=5001-294 1=206J, and Q. =-206 .

T.=-T, [%) =—(773 K)[_206 JJ =318 K =45°C.

B 500 J

(c) emi-te 1 318K sg9-58.9%.
T, K

(d) |0 =206 1.

(e) The maximum pressure is for state a. This is also where the volume is a minimum, so
_ nRT, (2.00 mol)(8.315 J/mol-K)(773 K)

— =2.57x10° Pa.
5.00x10”° m

V,=500L=500x10"m’. T,=T,=773K. p,

a

. W .
EVALUATE: We can verify that e =— gives the same value for e as calculated in part (c).
H
P a

Oy

Oc ¢

Figure 20.44
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20.45.

20.46.

IDENTIFY: ¢ =1-T./T,. e:K: W/t. W=0,+0. so K:%+& For a temperature change
O, 04/t tt t

max — €Camot

O =mcAT.

SETUp: T, =300.15K, T.=279.15 K. For water, p=1000 kg/m’, so a mass of 1 kg has a volume of 1 L. For
water, ¢ =4190 J/kg-K.

. _1_279.15K _~ 09
EXECUTE: (a) e=1 30015 K 7.0%.

w

) LB _2106W 500w Ze ZGu 5w 210 kw = 2.8 MW.
t e 0.070 t t t

© " |0:|/t  (2.8x10° W) (3600 s/h)
t AT (4190 J/kg-K) (4 K)
EVALUATE: The efficiency is small since T, and T, don’t differ greatly.

IDENTIFY: Use Eq.(20.4) to calculate e.
SET UpP: The cycle is sketched in Figure 20.46.
p

=6x10" kg/h=6x10" L/h.

L]
]

2py T >
A J C, =5R/2
for an ideal gas C,=C, + R=TR/2
Pyt 1 < 4
I —V
Yo 2V
Figure 20.46

SET Up: Calculate Q and W for each process.

process 1 - 2

AV =0 implies W =0

AV =0 implies Q =nC,AT =nC,(T,-T,)

But pV =nRT and V constant says pJ' =nRT, and p,V =nRT,.

Thus (p, — p))V =nR(T, —T1)); VAp =nRAT (true when V is constant).

Then Q =nC,AT =nC,(VAp/nR)=(C,/R)VAp =(C,/R)V,(2p,— p,) =(C,/R)p,V,. O>0; heat is absorbed by
the gas.)

process 2 — 3

Ap=0 so W =pAV =p(V,-V,)=2p,(2V, =V,) =2pV, (W is positive since V increases.)

Ap =0 implies O =nC AT =nC (T,-T))

But pV =nRT and p constant says pV, =nRIT, and pV, =nRT,.

Thus p(V,=V))=nR(T, -T1,); pAV =nRAT (true when p is constant).

Then Q=nC,AT =nC,(pAVInR) =(C,/R) pAV =(C,/R)2p,(2V, -V;) =(C,/R)2p,V;,. (Q>0; heat is absorbed by
the gas.)

process 3 — 4

AV =0 implies W =0

AV =0 so

Q=nC AT =nC, (VAp/nR) = (C,/R)2V,)(py = 2py) = =2(C,/R) p ¥,

(Q <0 so heat is rejected by the gas.)

process 4 — 1

Ap=0 so W =pAV =p(V,-V,)=p,V,—2V,)=—p,V, (W is negative since V' decreases)

Ap=0 so Q=nC AT =nC, (pAVInR)=(C,/R)pAV =(C,/R)p,(V;, =2V}) =—(C,/R)pV;; (<0 so heat is
rejected by the gas.)
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total work performed by the gas during the cycle:
W =W + W, s+ W, + W, =0+2pV, +0-pV, =plV,

tot 1-2 23

(Note that W, equals the area enclosed by the cycle in the pV-diagram.)

lOl

total heat absorbed by the gas during the cycle (Qy):
Heat is absorbed in processes 1 — 2 and 2 — 3.

C, C, C, +2C,
0,y=0,+0, ;= PoV +2—- po T P

C, +2(C, +R) 3C, +2R
% OVOZ[VTJPOV

o
total heat rejected by the gas during the cycle (Q,):
Heat is rejected in processes 3— 4 and 4 — 1.

C, CP 2C, + CP
Oc.=0s,,+0,, = _z?poVo _?poVo =- T oV,

But C,=C, +R so Oy =

But C,=C, +R so QC:_M Vv :_(36',,R+Rj v

R

efficiency
w _ PV — R - R _2

"0, (BC, +2RV/R)(pV,) 3C,+2R 3(5RI2)+2R 19’
¢=0.105=10.5%

. R 2R
EVALUATE: As a check on the calculations note that Q. + 0, = —( 3CVR+ j PV + (%‘%j pVo=pV, =W,

as it should.

20.47. IpENTIFY: Use pV =nRT. Apply the expressions for Q and ¥ that apply to each type of process. e = QK

H

SETUp: For O,, C, =20.85J/mol-K and C, =29.17 J/mol-K.
EXECUTE: (a) p, =2.00 atm, V;=4.00L, 7, =300 K.

p=200am. 2=La y (L (450Kj(4OOL) 6.00 L.
T, T 300 K

1

vi—600L. L2-bs | L], (2501(](200 atm)=1.11 atm
T T, 450 K

v, 6.00 L
V,=400L. pV.=p,V,. 1.11 atm 1.67 atm.
4 PiV3 =PV Py = pz[mJ ( )( OOLJ

These processes are shown in Figure 20.47.

by 0=V (2.00 atm)(4.00 L) 0395 ol
RT  (0.08206 L -atm/mol - K)(300 K)

process 1 — 2: W = pAV =nRAT =(0.325 mol)(8.315 J/mol - K)(150 K) =405 J.
Q=nC,AT =(0.325 mol)(29.17 J/mol - K)(150 K) =1422 J.
process 2 =3 W =0. Q=nC,AT =(0.325 mol)(20.85 J/mol -K)(-200 K) =-1355 J.

] =(0.325 mol)(8.315 J/mol - K)(250 K)ln(z'gg i) = 2747.

process 3—>4: AU =0 and Q=W =nRT, ln[%

3

process 4 >1: W=0. Q=nC,AT =(0.325 mol)(20.85 J/mol-K)(50 K) =339 J.
(¢) W=405J-274J=1311J

d) e= w___ Bl 0.0744 = 7.44%.
0, 14227+3391]
T 250 K

eCamot :l_T_CZI_

H

€camoe 18 much larger.

=0.444 = 44.4%;
K
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EVALUATE: Q,, =+1422 J+(-1355))+ (=274 J)+339 J =132 J. This is equal to ¥, ,, apart from a slight

difference due to rounding. For a cycle, W, =Q,,, since AU =0.

P (u[m}
300K 450K
2.00 -
1.67
250K
111
250K
1 1 vV (LJ
4.00 6.00
Figure 20.47

20.48. IDENTIFY and SET UP:  For the constant pressure processes ab and cd calculate /# and use the first law to
calculate Q. Calculate Q,, and use that W, =Q,, for a cycle. The coefficient of performance is given by

Eq.(20.9); Q. is the net heat that goes into the system. The cycle is sketched in Figure 20.48.
P

condenser

Ap =0

0=0
COMPressor
=0
expansion
valve

< ap=0 ¢

evaporator

Figure 20.48

EXECUTE: (a) process c —>d
AU =U,-U,=1657x10’ J-1005x10° J =6.52x10° J
W = I:[ pdV = pAV (since is a constant pressure process)

W =(363x10° Pa)(0.4513 m® —0.2202 m’) = +8.39x10* J (positive since process is an expansion)
AU=0Q-W so Q=AU +W =6.52x10° T +8.39x10* J=7.36x10° J.

(Q positive so heat goes into the coolant)

(b) process a —> b

AU =U, -U,=1171x10° ] =1969x10’ J =-7.98x10° J

W = pAV =(2305x10’ Pa)(0.00946 m* —0.0682 m’) = -1.35x10° J
(negative since AV <0 for the process)

Q=AU +W =-798x10° ] -1.35x10° J=-9.33x10° J

(negative so heat comes out of coolant).
(¢) The coolant cannot be treated as an ideal gas, so we can’t calculate ¥ for the adiabatic processes. But AU =0

(fOr CYCIG) SO VVncl = anl'
0 =0 for the two adiabatic processes, so O, =0,, +0,, =7.36x10° J-9.33x10° J =-1.97x10° J

Thus W, =-1.97x10° J (negative since work is done on the coolant, the working substance).

net
(d) K =0./|W|=(+7.36x10° 1)/(+1.97x10° J) =3.74.

EVALUATE: W, <0 when the cycle is taken in the counterclockwise direction, as is the case here.
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20.49.

20.50.

20.51.

IDENTIFY: Use AU = Q—W and the appropriate expressions for O, Wand AU for each type of process.

w . .
pV =nRT relates AT to p and V values. e=——, where Q, is the heat that enters the gas during the cycle.
H

SET Up: For a monatomic ideal gas, C, =3R and C, =3 R.
(a) ab: The temperature changes by the same factor as the volume, and so

0 =nC,AT = %pa(Va ~¥,)=(2.5)(3.00x10°Pa)(0.300 m*) =2.25x 10°].

The work pAV is the same except for the factor of 2, so W =0.90x10° J.

AU=0Q-W =135x10"J

bc: The temperature now changes in proportion to the pressure change, and

(0] =%(pC - p,)V, =(1.5)(=2.00x10° Pa)(0.800 m*) =—2.40x10° J, and the work is zero
(AV =0).AU=0-W =-2.40x10" ].

ca: The easiest way to do this is to find the work done first; /¥ will be the negative of area in the p-J plane
bounded by the line representing the process ca and the verticals from points a and c. The area of this trapezoid is

1(3.00x10° Pa+1.00x10° Pa)(0.800 m® —0.500 m’) =6.00x10* J and so the work is —0.60x10° J. AU must
be 1.05x10° J (since AU =0 for the cycle, anticipating part (b)), and so Q must be AU +W =0.45x10° J

(b) See above; Q=W =0.30x10° I, AU =0.

(c) The heat added, during process ab and ca, is 2.25x10° J+0.45x10° J =2.70x10° Jand the efficiency is

S
S _030x10° _ g 112111,
0, 2.70x10

EVALUATE: For any cycle, AU=0 and Q=W.

IDENTIFY: Use the appropriate expressions for O, Wand AU for each process. e=W/Q, and e, =1-T./T,.
SET Up: For this cycle, T, =7, and T. =T,

EXECUTE: (a) ab: For the isothermal process, AT =0 and AU =0.

W =nRT ln(Vb/Va) =nRTIn(1/r)=-nRTIn(r) and Q =W =—-nRT] In(r).

bc: For the isochoric process, AV =0 and W =0. Q=AU =nC,AT =nC,(T,-T)).

cd: As in the process ab, AU =0 and W = Q =nRT,In(r).

da: As in process bc, AV =0 and W =0; AU =Q=nC, (T, -T,).

(b) The values of Q for the processes are the negatives of each other.

(c) The net work for one cycle is W, , =nR(T, —T})In(r), and the heat added (neglecting the heat exchanged during

the isochoric expansion and compression, as mentioned in part (b)) is O, = nRT, In(r), and the efficiency is

W . . . .
e=—2%=1—(T,/T,). This is the same as the efficiency of a Carnot-cycle engine operating between the two
cd
temperatures.
EVALUATE: For a Carnot cycle two steps in the cycle are isothermal and two are adiabatic and all the heat flow
occurs in the isothermal processes. For the Stirling cycle all the heat flow is also in the isothermal steps, since the
net heat flow in the two constant volume steps is zero.

m+w,

IDENTIFY: The efficiency of the composite engine is ¢, = , where Q,, is the heat input to the first engine

H1
and W, and W, are the work outputs of the two engines. For any heat engine, W = Q.. + Q,;, and for a Carnot engine,

Qlow - _ Tl’ow

, where O, and O, are the heat flows at the two reservoirs that have temperatures 7, and 7}

low high *
thgh high
. ’
SET UP' thgh,Z Qlow 1" low 1 T ’ Tl’*ligh 1 T Tl’ow 2= T and Thlgh 2 T
Wi+ W, Ot t Oowt T Ouignr ¥ Qowr s 9
EXECUTE: ¢, =———2 = =tehl Zlowl ZWeh? Flow? Gince 0. =-0,,,, this reduces to ¢, =1+—=2
gh, ow,
QHI thgh 1 thgh 1
T\ T.
low 2 _ low 1 ‘c s : _ C :
Owr = nghz Qlowl thghl p— thghl -. This gives e, =1——-. The efficiency of
Z;uth ];ughl T TH T TH

the composite system is the same as that of the original engine.
EVALUATE: The overall efficiency is independent of the value of the intermediate temperature 7”.
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20.53.

w . .
IDENTIFY: e=—. 1 day=28.64x10"s. For the river water, Q = mcAT, where the heat that goes into the water
H

is the heat Q. rejected by the engine. The density of water is 1000 kg/m’. When an object undergoes a
temperature change, AS =mclIn(7,/T,).

SETUpP: 18.0°C=291.1K. 18.5°C=291.6 K.

EXECUTE: (a) O, :K so P :P—W :M
e e 0.40

b
(b) The heat input in one day is (2.50x10° W)(8.64x10* s) =2.16x10"* J. The mass of coal used per day is
2.16x10" J
2.65x107 J/kg
© |Ou| =7 |+|0c|- |0c|=|0ul-|W|- P.=PB;-P, =2.50x10° MW —1000 MW =1.50x10" MW.

(d) The heat input to the river is 1.50x10° J/s. O =mcAT and AT =0.5 C° gives

=2.50x10° MW.

=8.15x10° kg.

9
m= 9 _ 1.50x10°J =7.16x10° kg. ¥ =22 =716 m®. The river flow rate must be 716 m*/s.
c¢AT (4190 J/kg-K)(0.5 K) P
(e) In one second, 7.16x10° kg of water goes from 291.1 K to 291.6 K.

AS = meln| 2 |2 (7.16x10° kg)(4190 J/kg-K)ln(291'6szS.lxlO" JK.
T 291.1K

1

EVALUATE: The entropy of the river increases because heat flows into it. The mass of coal used per second is huge.
(a) IDENTIFY and SET UP:  Calcualte e from Eq.(20.6), Q. from Eq.(20.4) and then W from Eq.(20.2).
EXECUTE: e=1-1/(#")=1-1/(10.6"*)=0.6111

e=(0y +0.)/ 0, and we are given O, =200 J; calculate O

O.=(e—-1)0, =(0.6111-1)(200 J) =-78 J (negative since corresponds to heat leaving)

Then W =0, +0, =-78J+200 ] =122 J. (Positive, in agreement with Fig. 20.6.)

EVALUATE: Q,, W >0, and Q. <0 for an engine cycle.

(b) IDENTIFY and SET UP:  The stoke times the bore equals the change in volume. The initial volume is the final
volume ¥ times the compression ratio ». Combining these two expressions gives an equation for V. For each

cylinder of area 4 = z(d/2)* the piston moves 0.864 m and the volume changes from »¥ to ¥, as shown in

Figure 20.53a.
A A

T v I . LA=rV
) LA=V

l IB(}.—‘L mm and
I, —1,=86.4x 10° m

Figure 20.53a
EXECUTE: [ A-LA=rV -V and ([, -L,)A=(r—-1V
(,-1)4 (86.4x10”° m)7(41.25x10”° m)’
r—1 10.6-1
At point g the volume is 77 =10.6(4.811x10”° m*)=5.10x10"* m’.

(c) IDENTIFY and SET UP:  The processes in the Otto cycle are either constant volume or adiabatic. Use the O,

y— —4.811x10° m®

that is given to calculate AT for process bc. Use Eq.(19.22) and pV =nRT to relate p, V and T for the adiabatic
processes ab and cd.
EXECUTE: pointa: T,=300K, p,=8.50x10* Pa, and ¥, =5.10x10"* m’

point b: ¥, =V, /r=4.81x10" m’. Process a — b is adiabatic, so T,V =T,/ .
vy =Ty

T,=Tr""' =300 K(10.6)** =771 K

pV =nRT so pV /T =nR=constant, so pV /T, =pV,/T,

P, =p.V, IV XT,/T,)=(8.50x10* Pa)(»V /V)(771 K/300 K) =2.32x10° Pa
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point ¢: Process b —> ¢ is at constant volume, so ¥, =V, =4.81x10”° m’

0, =nC,AT =nC,(T, —T,). The problem specifies Q,, =200 J; use to calculate 7. First use the p, V, T values at
point a to calculate the number of moles .
_pV _(850x10* Pa)(5.10x10™* m*)
RT (8.3145 J/mol - K)(300 K)
Oy 20017]
Then 7, -T, = = =5613K, and 7. =7, +561.3 K=771 K+561 K =1332 K
nC,  (0.01738 mol)(20.5 J/mol - K)

p/T =nR/V =constant so p,/T, =p /T,
p.=p,(T./T,)=(2.32x10° Pa)(1332 K/771 K) =4.01x10° Pa
pointd: ¥, =V, =5.10x10" m’

=0.01738 mol

process ¢ —d is adiabatic, so T,V =TV

Levy =Ty

T,=T /r" =1332 K/10.6** =518 K

PV AT = pV, /T,

2, =p.V IV T, IT)=(4.01x10° Pa)(V /rV)(518 K/1332 K)=1.47x10’ Pa
EVALUATE: Can look at process d — a as a check.

0. =nC,(T,—T,)=(0.01738 mol)(20.5 J/mol - K)(300 K — 518 K) =—78 J, which agrees with part (a). The cycle
is sketched in Figure 20.53b.

P

p o= 401 % 10° Pa

p,= 232 X 10°Pa

p =147 X 10°Pa

d

po= 850 X lU4 Pa
a

|
V =y = V=V =
b < a d
481 X 1077w 510 X 10 *m?

Figure 20.53b

(d) IDENTIFY and SET UP: The Carnot efficiency is given by Eq.(20.14). T}, is the highest temperature reached
in the cycle and 7. is the lowest.

EXECUTE: From part (a) the efficiency of this Otto cycle is e=0.611=61.1%.

The efficiency of a Carnot cycle operating between 1332 K and 300 K is

e(Carnot) =1-T7./T,; =1-300 K/1332 K =0.775=77.5%, which is larger.
EVALUATE: The 2nd law requires that e < e(Carnot), and our result obeys this law.

IDENTIFY: K= % | QH| = |QC| + |W| The heat flows for the inside and outside air occur at constant 7, so
AS=Q/T.

SETUP: 21.0°C=294.1K. 35.0°C=308.1K.

EXECUTE: (a) |O.|=K|W|. P.=KP, =(2.80)(800 W)=2.24x10" W.
(b) By =P.+P, =224x10" W+800 W =3.04x10° W.

Oy _1.094x10"J
T 308.1K

H

(©)In 1h=3600s, Q,=Pit=1.094x10"1J. AS, = =3.55x10" J/K.
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20.56.

20.57.

(d) Q. =P.t=8.064x10° J. Heat Q. is removed from the inside air.

_ _ 6
_ 0 _BOXIOTT ) 0410 K. AS,, =S,
204.1K

EVALUATE: The increase in the entropy of the outside air is greater than the entropy decrease of the air in the
room.

IDENTIFY and SET UP:  Use Eq.(20.13) for an infinitesimal heat flow dQ,; from the hot reservoir and use that

ASin -
T

C

+AS, =8.1x10° J/K.

expression with Eq.(20.19) to relate AS};, the entropy change of the hot reservoir, to | QC|

(a) EXECUTE: Consider an infinitesimal heat flow dQ,; that occurs when the temperature of the hot reservoir is 7":
dQ. =—~(T.IT')dQ,

_ o [90
Jdo.=-1.| =2
0| =T J.d%{ = Tc[ASy|

(b) The 1.00 kg of water (the high-temperature reservoir) goes from 373 K to 273 K.
0, = mcAT =(1.00 kg)(4190 J/kg - K)(100 K) =4.19x10° J

AS, =mcIn(T,/T,) = (1.00 kg)(4190 J/kg-K)In(273/373) =-1308 J/K

The result of part (a) gives |Q.| = (273 K)(1308 J/K) =3.57x10° J

Q. comes out of the engine, so Q. =-3.57x10° J

Then W =Q.+Q, =-3.57x10° J+4.19x10° J =6.2x10" J.

(c) 2.00 kg of water goes from 323 K to 273 K

0, = —mcAT =(2.00 kg)(4190 J/kg-K)(50 K) = 4.19x10° J

AS,, =meln(T,/T)) = (2.00 kg)(4190 J/kg-K)In(272/323) =-1.41x10* J/K
O =T, |AS,|=-3.85x10° I

W=0.+0,=34x10"]J

(d) EVALUATE: More work can be extracted from 1.00 kg of water at 373 K than from 2.00 kg of water at 323 K
even though the energy that comes out of the water as it cools to 273 K is the same in both cases. The energy in the
323 K water is less available for conversion into mechanical work.

IDENTIFY: The maximum power that can be extracted is the total kinetic energy K of the mass of air that passes
over the turbine blades in time .

SETUP: The volume of a cylinder of diameter d and length L is (7d”/4)L. Kinetic energy is +mv’.
EXECUTE: (a) The cylinder described contains a mass of air m = p(zd’ / 4 )L, and so the total kinetic energy is

K= p(n/ 8)d’Lv*. This mass of air will pass by the turbine in a time ¢ = L/v, and so the maximum power is

K . .
P == p(x/8)d*v’. Numerically, the product p,, (z/8)~ 0.5 kg/m’ =0.5 W -s*/m’. This completes the proof.

®) VZ(P/(;) :[ (3.2><10: WS)/(o.zs)zj 14 m/s=50 km/h,
kd (0.5 W-s*/m*)(97 m)

(¢) Wind speeds tend to be higher in mountain passes.
EVALUATE: The maximum power is proportional to v*, so increases rapidly with increase in wind speed.

IDENTIFY: For a Carnot device, I _ —& W=0,+0..
L Oy
SETUP:  (Q.=100017J. 10.0°C=283.1K. 35.0°C=308.1 K. 15.0°C=288.1K.
308.1K

EXECUTE: (a) O, = —[%JQC = _(M

j(lOOO J)=-1.088x10° J. W =1000J +(-1.088x10> J) =88 J.

288.1K
b) No = 2
(b) Now O, (283.1K

(¢) The pV-diagrams for the two Carnot cycles are sketched in Figure 20.57.

j(lOO() 7)=-1.018x10° J. W =1000 J+(~1.018x10° J)=—18 J.
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EVALUATE: More work must be done to move the heat energy through a greater temperature difference.
P

S
[elele]
=00n0n

Figure 20.57

20.58. IDENTIFY and SET UP: First use the methods of Chapter 17 to calculate the final temperature T of the system.
EXECUTE: 0.600 kg of water (cools from 45.0°C to T)
QO =mcAT = (0.600 kg)(4190 J/kg - K)(T —45.0°C) = (2514 J/K)T —1.1313x10° J

0.0500 kg of'ice (warms to 0°C, melts, and water warms from 0°C to 7T')

0 =mc, (0°C—(~15.0°C)) + mL, + mc,,, (T —0°C)

0=0.0500 kg[(ZlOO J/kg - K)(15.0°C) +334x10° J/kg + (4190 J/kg - K)(T — 0°C)}
0=1575T+1.67x10" J+(209.5 J/K)T =1.828x10* J +(209.5 J/K)T

O, pem =0 gives (2514 J/K)T —1.1313x10° J+1.828x10* T +(209.5 J/K)T =0
(2.724x10° I/K)T =9.485x10* J

T =(9.485x10" 1)/(2.724x10* J/K) = 34.83°C =308 K

EVALUATE: The final temperature must lie between —15.0°C and 45.0°C. A final temperature of 34.8°C is
consistent with only liquid water being present at equilibrium.
IDENTIFY and SET UP: Now we can calculate the entropy changes. Use AS =Q/T for phase changes and the

method of Example 20.6 to calculate AS for temperature changes.

EXECUTE: ice: The process takes ice at —15°C and produces water at 34.8°C. Calculate AS' for a reversible process
between these two states, in which heat is added very slowly. AS is path independent, so AS for a reversible process
is the same as AS for the actual (irreversible) process as long as the initial and final states are the same.

AS = I]ZdQ/ T, where T must be in kelvins

For a temperature change dQ =mcdT so AS = .[TT (mc/T)dT = mecIn(T, /T).

For a phase change, since it occurs at constant 7,
AS=[’dQIT=Q/T =4mL/T.

Therefore AS,, =mc,,In(273 K/258 K)+mL, /273 K + mc,,,, In(308 K/273 K)
AS,., = (0.0500 kg)[(2100 J/kg - K)In(273 K/258 K) + (334 x10° J/kg)/273 K + (4190 J/kg-K)In(308 K/273 K)]
AS,..=593J/K+61.17 JK+2527 J/K=92.4J/K
water: AS,_ .. =mcln(T,/T,)=(0.600 kg)(4190 J/kg-K)In(308 K/318 K) =-80.3 J/K
For the system, AS =AS,, +AS,,.. =924 J/K-803 /K =+12 J/K
EVALUATE: Our calculation gives AS >0, as it must for an irreversible process of an isolated system.
20.59. IDENTIFY: Apply Eq.(20.19). From the derivation of Eq. (20.6), 7, =#""'T, and T, =+""'T,.
SET UP: For a constant volume process, dQ =nC,dT.

EXECUTE: (a) For a constant-volume process for an ideal gas, where the temperature changes from 7 to 7,

AS =nC, I:dTT =nC, ln(%j. The entropy changes are nC,In(7,/7,) and nC,In(T,/T,).
' 1
(b) The total entropy change for one cycle is the sum of the entropy changes found in part (a); the other
processes in the cycle are adiabatic, with Q=0 and AS = 0. The total is then
y-1

AS = nCVlnL+ nCVan =nC,In LL . LI, _r T1, IT"T"

T, Ly LT, ) LT, rTT,
(c) The system is not isolated, and a zero change of entropy for an irreversible system is certainly possible.
EVALUATE: In an irreversible process for an isolated system, AS > 0. But the entropy change for some of the

components of the system can be negative or zero.

=1. In()=0, so AS=0.
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20.60.

20.61.

20.62.

Y

IDENTIFY: For a reversible isothermal process, AS = T For a reversible adiabatic process, Q =0 and AS =0.

The Carnot cycle consists of two reversible isothermal processes and two reversible adiabatic processes.

SET Up: Use the results for the Stirling cycle from Problem 20.50.

EXECUTE: (a) The graph is given in Figure 20.60.

(b) For a reversible process, dS = %, andsodQ=TdS, and Q= de = JT dS, which is the area under the curve
in the 7S plane.

(¢) Oy is the area under the rectangle bounded by the horizontal part of the rectangle at 7}, and the verticals. | O, |

is the area bounded by the horizontal part of the rectangle at 7. and the verticals. The net work is then O,—| Q. |,

the area bounded by the rectangle that represents the process. The ratio of the areas is the ratio of the lengths of the

. . . . . w  T,-T.
vertical sides of the respective rectangles, and the efficiency is e=—= %

H H
(d) As explained in Problem 20.50, the substance that mediates the heat exchange during the isochoric expansion
and compression does not leave the system, and the diagram is the same as in part (a). As found in that problem,
the ideal efficiency is the same as for a Carnot-cycle engine.
EVALUATE: The derivation of e,y using the concept of entropy is much simpler than the derivation in
Section 20.6, but yields the same result.
T

isothermal
Ty
adiabatic adiabatic
Ty ;
isothermal
h
Figure 20.60

0

IDENTIFY: The temperatures of the ice-water mixture and of the boiling water are constant, so AS = T The heat

flow for the melting phase transition of the ice is O =+mL;.
SETUP: For water, L, =3.34x10° J/kg.

EXECUTE: (a) The heat that goes into the ice-water mixture is
Q=mlL, =(0.160 kg)(3.34x10° J/kg) =5.34x10" J. This is same amount of heat leaves the boiling water, so

_ 4
S:%:%:—MS JK.
4
(b) AS:%:%:H% JK

(¢) For any segment of the rod, the net heat flow is zero, so AS =0.

(d) AS,, =-143 J/K+196 J/K =+53 J/K.

EVALUATE: The heat flow is irreversible, since the system is isolated and the total entropy change is positive.
IDENTIFY: Use the expression derived in Example 20.6 for the entropy change in a temperature change.

SET UP: For water, ¢ =4190 J/kg-K. 20°C=293.15K, 65°C=338.15K and 120°C=393.15K.
EXECUTE: (a) AS=mcln(T,/T))=(250x10"" kg)(4190 J/kg-K)In(338.15 K/293.15K)=150 J/K.

— p— 73 . —
by As = —"eAT _ ~(250x107 kg)4190 I/kg-K)B38.A5 K ~293.15K) _ o0
e 393.15K

(c) The sum of the result of parts (a) and (b) is AS_ ., =30 J/K.

ystem
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20.64.

EVALUATE: (d) Heating a liquid is not reversible. Whatever the energy source for the heating element, heat is
being delivered at a higher temperature than that of the water, and the entropy loss of the source will be less in
magnitude than the entropy gain of the water. The net entropy change is positive.

IDENTIFY: Use the expression derived in Example 20.6 for the entropy change in a temperature change. For the
value of T for which AS is a maximum, d(AS)/dT =0.

SETUP: The heat flow for a temperature change is O = mcAT

EXECUTE: (a) As in Example 20.10, the entropy change of the first object is m,c,In(T/T,) and that of the second
is myc,In(7T"/T,), and so the net entropy change is as given. Neglecting heat transfer to the surroundings,
0,+0,=0, me/(T —T,)+ myc,(T' —T,) = 0, which is the given expression.

(b) Solving the energy-conservation relation for 7" and substituting into the expression for AS gives

T T T . e . . o
AS =mcIn| — |+ m,c,In| 1 EULUR Differentiating with respect to 7" and setting the derivative equal to
T me,\T, T,
. -T, . T+ T, . .
0 gives 0 :%4‘ (s, )(mey o)V T,) . This may be solved for T' =GR TGS Using this value for T’

T T m,c, +m,c
[1_(mlcl/mzcz)[T2_T;]] o 2

myc, T} +myc,T,

in the conservation of energy expression in part (a) and solving for 7" gives 7' = 2. Therefore,

mc, +m,c
-1 2%2
T =T'when AS is a maximum.

EVALUATE: (c) The final state of the system will be that for which no further entropy change is possible. If
T <T', it is possible for the temperatures to approach each other while increasing the total entropy, but when

T =T', no further spontaneous heat exchange is possible.
IDENTIFY: Calculate O.and Q, in terms of p and V at each point. Use the ideal gas law and the pressure-volume

o]

relation for adiabatic processes for an ideal gas. e=1 —m.
H

SETUP:  For an ideal gas, C, =C, + R, and taking air to be diatomic, C, =7 R, C, =5R and y =1.

EXECUTE: Referring to Figure 20.7 in the textbook, O, =nZR(T, -T,)=2(p.V. - p,V,). Similarly,

O.=niR(pV, - p,V,). What needs to be done is to find the relations between the product of the pressure and the

r.rV. _ Y,
T

c b

. . T, . . .
volume at the four points. For an ideal gas, so pV.=pJV, [FLJ For a compression ratio 7, and given

a

7-1 y-1
that for the Diesel cycle the process ab is adiabatic, p,V, = p,V, (%J =pJV ", Similarly, p,V, =p.V. (%J .
b

Note that the last result uses the fact that process da is isochoric, and V, =V ; also, p, = p, (process bc is isobaric),
T
andso V, =V,| =
T

a

j. Then,

V. LV, L TV, L (v '\r) _T,
VoLV, L LY, _L V. _L,
vV, T, 7,

8

~0.56
by e—1- L] 5:002)r 0401
14| (3.167)—r"

e=0.708 =70.8%.
EVALUATE: The efficiency for an Otto cycle with »=21.0and y =1.40is e=1—7""7 =1—(21.0) "% = 70.4%.
This is very close to the value for the Diesel cycle.

}, where % =3.167 and y =1.40 have been used. Substitution of »=21.0 yields

a



