Heat Engines, Enfropy, and
the Second Law of
Thermodynamics

ANSWERS TO QUESTIONS

First, the efficiency of the antomobile engine cannot exceed the
Carnot efficiency: it is limited by the temperature of burning fuel and
the temperature of the environment into which the exhaust js
dumped. Second, the engine block cannot be allowed to goovera
certain temperature. Third, any practical engine has friction,
incomplete buining of fuel, and limits set by timing and energy
transfer by heat

No Any heat engine takes in energy by heat and must also put out
energy by heat The energy that is dumped as exhaust into the low-
temperature sink will always be thermal pollution in the outside
environment. So-called “steady growth” in human energy use cannot
continue.

A higher steam temperature means that more energy can be extiacted from the stearn For a
constant temperature heat sink at T,, and steam at T, the efficiency of the power plant is

determined by Lot =1- I and is maximized for a high T, .

No. The first law of thermodynamics is a statement abont energy conservation, while the second is a
statement about stable thermal equilibtium. They are by no means mutually exclusive For the

particular case of a cycling heat engine, the first law implies lQh] =W +{QC
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,and the second law

Take an automobile as an example Accor ding to the first law o1 the idea of ener gy conservation, it
must take in all the enetgy it puts out. Its ener gy source is chemical energy in gasoline During the
combustion process, some of that ener gy goes into moving the pistons and eventually into the
mechanical motion of the car Clearly much of the energy goes into heat, which, through the cooling
system, is transferred into the atmosphere. Moreoves, there are numerous places where friction,
both mechanical and fluid, turns mechanical ener gy into heat. In even the most efficient internal
combustion engine cars, less than 30% of the energy from the fuel actually goes into moving the car.
- The rest ends up as useless heat put into the atmosphere.
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Heat Engines, Entropy, and the Second Law of Thermodynamics

Suppose the ambient temperature is 20°C. A gas can be heated to the temper ature of the bottm_'h of
the pond, and allowed to cool as it blows through a tuibine. The Carnot efficiency of such ah engine
80

- == =——=22%
is about e, T, 373 o

No, because the work done to run the heat pump represents energy transferred into the house by
heat

A slice of hot pizza cools off Road friction brings a skidding car to a stop. A cup falls to the floor and
shatters Yow cat dies Any process is itreversible if it locks funny ot frightening when shown in a
videotape running backwards. The free flight of a projectile is nearly reversible.

{a) When the two sides of the semiconductor are at different temperatures, an electric potential
{voltage) is generated across the material, which can diive electric current through an
external circuit. The two cups at 50°C contain the same amount of internal energy as the pair
of hot and cold cups But no energy flows by heat through the convertes bridging between
them and no voltage is generated across the semiconductors.

® A heat engine must put out exhaust energy by heat. The cold cup provides a sink to absorb
output or wasted energy by heat, which has nowhere to go between two cups of equally

warm water

The rest of the Universe must have an entropy change of +8.0J/K, or more.

(a) For an expanding ideal gas at constant temperature, AS= % =nR hl(%}
1

{s)] Tor a reversible adiabatic expansion AQ =0, and AS=0 Anideal gas undergoing an
irreversible adiabatic expansion can have any positive value for AS up to the vahie given in

part (a)

Toincrease its entropy, raise its temperature To decrease its entropy, lower its temperature.
“Remove energy from it by heat” is not such a good answer, for if you hammer on it or 1ub it with a
blunt file and at the same time remove energy from it by heat into a constant temperature bath, its

entropy can stay constant.

An analogy used by Carnot is instructive: A waterfall continuously converts mechanical energy into
internal energy. It continuously creates entropy as the organized motion of the falling water tuins
into disorganized molecular motion We humans put turbines into the waterfall, diverting some of
the energy stream to our use. Water flows spontaneously from high to low elevation and energy
spontaneously flows by heat from high to low temperature Into the great flow of solar radiation
from Sun fo Earth, living things put themselves They live on energy flow, more than just on energy.
A basking snake diverts energy from a high-temperature source (the Sun) through itself temporarily,
before the energy inevitably is radiated from the body of the snake to a low-temperature sink (outer
space). A tree builds organized cellulose molecules and we build libraries and babies who look like
their grandmothers, all out of a thin diverted stream in the universal flow of energy crashing down
to disorder. We do not violate the second law, for we build local reductions in the entropy of one
thing within the inexorable increase in the total entropy of the Universe. Yow roommate’s exercise
puts enexgy into the room by heat.
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Either statement can be considered an instructive analogy. We choose to take the fizst view All
processes require energy, either as energy content o1 as energy input. The kinetic ener gy that it
possessed at its formation continues to make the Eaith 50 around Energy released by nuclear
reactions in the core of the Sun drives weather on the Earth and essentially all processes in the
biosphere The energy intensity of sunlight controls how lush a forest or jungle can be and how
warm a planet is. Continuous energy input is not requited for the motion of the planet. Continuous
energy input is required for life because energy tends to be continuously degraded, as heat flows
into lower-temperature sinks The continuously increasing entropy of the Universe is the index to
eneigy-tiansfers completed.

Shaking opens up spaces between jellybeans. The smaller ones more often can fal} down into spaces
below them. The accumulation of la ger candies on top and smaller ones on the bottom implies a
small increase in ordes, a small decrease in one contribution to the total entropy, but the second law
is not violated. The total entropy increases as the system warms up, its increase in infernal energy
coming from the work putinto shaking the box and also from a bit of gravitational eneigy loss as the -
beans settle compactly together.

P181

*P18.2

Section 18.1 Heat Engines and the Second Law of Thermodynamics

Weng 2507
@ e ey <0089 ] o
®) Q] =[Q4f~Weng =3607-2507=[335] |

(a) The input energy each hour is

60 min
1h

(789 10° Jjrevolution}(2500 rev/min) =118x10° J/h

, o 1L —
implying fuel input {118 x10° /hj -———— |=[204 1/h
plying fuel input L P /
{b) Qn =Werg +]Q£[ For a continuous-transfer process we may divide by time to have

Qi _Weng 0]

At At At
WEH
Useful power output = ——2 = Q[
At Af At
3 13 .
_ 7.89x19 ] 4.58><1[.) ] ZSOOILeV Lmin oo 105 W
revolution . revolution | 1min 605

“1hp
- 5 -
g = 138510 W(mew}" 185 hp
Tng _ 138x10° J/s ( 1rev ]
Popg = TO=>T=—& = =1527 N m
© e (2500 rev/60 s)\ 277ad

w

3
@) |_Q_CJ:4.58x1g ] ZSOOIEV)z T
At revolution 60 s
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Weng _ [Qnl-10:] . [Q.]
Q] 10, (o

with |Q, |=8000 J, we have |Q,| :

B W =] ~[Q.|=2667]

P183 (@) We have e= =1 =0.250

W, 2667
, we have Af= L 667

#5000 J/s =[05335].

*P18.4 The engine’s output work we identify with the kinetic energy of the bullet:

and from #=—28

[S)

1 2
Wong =K =mw® = 20002 4Kg(320 mys)’ =123 ]
y

__eng 123]
Q== 011
Qh = Weng + ’Qc

[}

e

=

=112x10*J

The energy exhaust is

I0u) = Qs ~Wig =112x10* J-123T=1 10x 10 ]
Q =mcAT

Q  L10x10* Tkg°C
_ g

me 180kg448] =[137°C]

Al =

Section 18.2 Reversible and Irreversible Processes
Section 18.3 The Carnot Engine

Pr18s I =703K I, =2143 K

a S i
O

®)  |Qu]=140x10% ], W,,, =0420/Q,]

Weng _ 5.88)(104 ] _

=| 58 8 kW
Af 1 s -

¥ =
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P18.9

W, Worg
Whene=¢,, I—L"-= eng and_ﬁw_:l_.l;c
Ty 1Oy % T
( J _(150x10° W3 600 5)
{a) l hl" T 1293
7 773

104 =8.70x10° 7= 870 M] |

b JQ]=lu~ [ e“g}zst 87010 -

Isothermal expansion at T, =523 K
Isothermal compressionat T, =323 K

Gas absorbs 1 200 ] during expansion

~{150x10%)(3 600) =330 x 10% ] = W

@ o =[Q,1][;_;J 1200 J( 323)_

®)  Wang =[Qul-(Qc] = (1200-741) J =

Weuse - g =1-—5t

as 0.300=1- E?—K

h

From which, T, =819 K=} 546°C
The Carnot summer efficiency is

And in wintey,

Then the actual winter efficiency is

20
:1__{&21__(2‘_73:&:0530

s T T T 2B B0 K

w1~~%~8~§=0546
623

C

0320[0546J— 0330 jor | 330%
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N 278 4 =2
=1-£=1-22-519%102% =512
PI810 (a)  max =1 T, 1= x ]j%.}

W,
(b) @:%:75.‘0x106 I/s

Therefore, Weng =(75.010° J/s)(3 600 s/h)=2.70x 10" J/h

Wen Wen ) n ' -
From e=—=% we find 0y = —2n8. - 27010 J/h=5,z7><10Iz J/h=[5.27 Tj/i |

04] e 512x1072

(©) As fossil-fuel prices rise, this way to use solar energy will become a good buy.

Weng1 + Wengo = aQu ey,

& Qn
Now Qy, =0y, =0 _Werlgl =0 —eQus .

e +e — e
So g= 191 Z(Qlk 1Q1k) :”
O

*P18.11  (a) e=

T T; T, i . T L T T, 7

The combination of reversible engines is itself a reversible engine so it has the Carnot
efficiency, ’
Wengl +Weng2 _ zwengl =
= =af
Qi Qi

©  With W =W,y , =

1-deoqfy T
T, T
ot 4 2T

T, Ty

@ aTesi-g=i-r
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P1812 (&) First, consider the adiabatic process D— A:

PV =P, V] s0

nRIA ) 1RT
Also — JV? =( 4 JV”

. A o0 %[ 100)¥°
or =T, =720 K| —— =
DAy, [IS.OJ -W

Now, consider the isothermal process C — D: I.=Ip={549K |

v, v. Y i(v P.VY
P = PD[?QJ=[P,4(?4~] }[V-D): —A-4 2
C D c) VVj
1400 kPa(10.0 L)%
PC = 2/3 = 445 l(Pa
2401L(150 L)

Next, consider the adiabatic process B—C: P, Vi =PV}

7

V,Ve 100 1(240L)

Hence, P,| -2 [V} =| —4°4__ V7 which reduces to V, =
Al Ve T Ve B

B VeVE™ Vp 150L
v 100L
Finally, P, =P,| -4 (=1400 kP "’_J= 875 kPa |.
inaly 7= {2 |- 1400 1201
State | PPa) | V(L) | I(K)
A 1400 10.0 720
B 875 16.0 720
C 445 240 549
D 712 15.0 549

(b) For the isothermal process A — B: AR =nCy AT = @

Vi

1%
EaVa from above. Also considering the isothermal process, Py =P, (%J ‘

vy Y 10017
PD :PA F"‘ "—'1400 kPa[ES.O*L] =712 kPa .
D

B

-]

16.0
50 Q=-W =nRT h{v—] =234 mol(8.314 J/mol K)(720 K)ln(mJ = .

A

For the adiabatic process B> C: Q= @

. 3 0n
AEy =nCy (T —T5)=234 mol[z (8314 J/mol- K)](549 ~720)K =

and W =—Q+AEy, =0+(-498 k)= 4981 |.

continved on next page
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Fot the isothermal process C — D: AE;  =nC AT = @
vy, : - 150 —=
Finally, fot the adiabatic process D — A: Q= @

‘ 3 an : ;
AEy =nCy (T, -Tp)=234 mol[E(S 314 J/mol K)}(?ZO ~549) K =

and W =-Q+AE,, =0+498 K] =[+498 k] |

Process QN W(K]) AE; (K])
A—E +658 -6 58 ]
B—C 0 498 498
C-D ~-5{2 +502 0
Do A 0 +4.98 +4.98

ABCDA +156 -156 0

The wotk done by the engine is the negative of the work input. The output work W, is

given by the work column in the table with all signs reversed

W, “Wagen 156K
_eg _ —Nagep L -
{c} e= I hl = o = o5 i (0.237 ot | 23.7%

T 549
e, :17;?:1—%:0237 ot

Section 18.4 Heat Pumps and Refrigerators
*P1813  COP(refrigerator)= %—C«

(a) £, =120] and COP =5 00, then

(b) Heat expelled = Heat removed + Work done,

Q, =0, +W=120}+2.4]=




*r18.14

P18.15

P18.16

P18.17

Chapter 18 499

oF
3.00

COP=300= %V“ . Therefore, W =

The heat removed each minute is

%: (00300 kg)(4186 J/kg°C)22.0°C)+(0.0300 kg)(333x10° J/kg)

+0.0300kg)(2 090 J/kg °C)(20 0°C)=140x10* J/min
or, % =233 J/s.

233 Jfs =
Thus, the work d 9= =[778W].
us e WOl one per sec 3 00
Btu (1055 ]) 1h Y1w
a 10.0 =293
@ ( h WJ(I Btu {36005][1 J/s]

(©) Coefficient of performance for a reftigerator: I (COP), efrigerator
1
()  WithEERS5,5 o 10000 Btwh, o=10000 Bt/h 5 o0 w=2.00 1w
h w 7 28
Energy purchased is PAL=(200 kW)(1500 h)=3.00x10> kWh

Cost =(3.00x 10> kWh)(0 100 $/kWh)=$300

With EER 10, 10 ot 10000 Bw/h, 10000 Btu/h oo w100 kw
h-W 7 Wb
Energy purchased is PAt = (100 kKW)(1500 h) =150 x 10> kWh

Cost=(150x 10° KWh}(0.100 $/kWh)=$150

Thus, the cost for air conditioning is ’ half as much with EER 10 f
I, 270
COP) .. =—S=——=/900
(COP e AT 300
_ Q)
(a) For a complete cycle, AE;, =0 and W =0 -[Q.)=]Q.| o -11.
We have already shown that for a Carnot cycle (and only for a Carnot cycle) {—gifl = —;{‘— :
[3 [4
Therefore, W= ,QC I[M
T, |

continued on riext page
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We have the definition of the coefficient of performance for a refrigerator, g W

(b)

T

[

Using the result from part (a), this becomes COP =y T T
: T

Q|+w 1, 295
(COPhyeatpump = 7= 37 = 25 =L 118

COP =0 100COPc et cyete

or lQhI =0, 100[%@

1
={) 100[ — J
Carnot cydle Carnot efficiency

lQ”l = 0100 —Tb__ :0.100(—:—3&}117
T,-T. 293 K 268 K

FIG. Pi8 19

Thus, f 117 joules of energy enter the room by heat for each joule of work done ]

e=£=0.350 W =03500,
h
Qy=W=Q, Q. =0650Q,
Q. 06500,
COP(refrigerator )= 28 = =k .| 184
(refrigerator) == 3500, =/ 186

I, _ 400 IQ |
(COP)Camotrefrig A—% 289 =00138="2

W=|72.2] | per 1] energy removed by heat

lkWh]]( s ) [$1.00x 107 /min |.

(a) The TV set uses enetgy at the rate 400 ]/s($0'15J(

KkWh / 3.6 x10°
(b) An air conditioner is a refrigerator:
QCJ
ol 5
COP= W Hf

continued on next page
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This is the rate at which extra electric enexgy is required by the air conditioner to keep the
room cool, with cost

$0.15Y k 1h
88 9W =1 $222 %10/
’ (kth 000](60 minJ $2.22 107 fmin

(c) Your father blames his extra output of 170 W —120 W =50 W on the TV set It must be
pumped out of the room by the air conditioner, with power expenditure

w10 |at 50W{${).15J[ k ) 1h ) ~
At COP 450 \kWh \ T 000 [60 min

Section 18.5 An Alternative Statement of the Second Law

No problems in this section

Section 18.6 Entropy

Section 18.7 Entropy and the Second Law of Thermodynamics

i I T
P1823  As=[_(medl_ ln(—fJ

IT 4T T,

oy (353 ~
AS =250 g(1.00 cal/g- ()h{ﬁj_%ﬁ cal/K =195 J/K

P18.24  For a freezing process,

g (0500 kg)(333x10° J/kg) )
AS= T 273 K - :

*P1825  (a) The process is because it takes place under constant atmospheric pressure As

described by Newton’s third law, the stewing syrup must exert the same force on the air as
the air exerts on it The heating process is not adiabatic (energy goes in by heat), isothermal
(I goes up), isovolumetic (it likely expands a bit), cyclic (it is different at the end}, or
isentropic (entropy increases) It could be made as neatly reversible as you wish, by not
using a kitchen stove but a heater kept always just inctementally higher in temperature
than the syrup. The process would then also be eternal, and impractical for food production.

(b) The final temperature is

106-0°C
212-32°F

220°F =212°F +-8°F:'1DO°C+8°P( J=104°C

continied on ﬁex_t page




502  Heat Engines, Entropy, and the Second Law of Thermodynarnics -

P18.26

For the mixfure,

Q=myc AT +myc, AT =(900 g 1 cal/g°C+930 g 0299 cal/g °C)(1044°C - 23°C)

=959%10* cal =| 402x10° |

{c) Consider the reversible heating process desciibed in part (a):

AS= f@z ]f (myeq +myey)dT
o T . "

i i

I
T =(mq f"mzfz_)ln‘f”

Tannr o 4186 1Y 1°CY, (2734104
=[900(1)+930(0 299)](cal/ C)( T J[ < Jln( 73103 J
(

4930 J/K)0.243=[120%10° J/K

We take data from Tables 17.1 and 17 2, and we assume a constant specific heat for each phase As
the ice is warmed from —12°C to 0°C, its entropy increases by

1l

.f‘dQ WK 4T K 273K
AS:JT: f %:msice IT_ldT=mCicelnT|za1f<
I. 261 K 261K

AS=00279 kg{2090 j/kg°C)(In273 K -1n261 K)=0027 9 kg(2 090 J/kg QC)(II{%D

AS=262 J/K
As the ice melts its entropy change is ,
ml, 00279 kg(333x10° J/kg
As=R "1 ( / )=340]/K
T T 273K

As liquid water warms from 273 K to 373 K,

373

f mcﬁqm-ddf 373
273

AS=|

i

T
= MCyguia h‘(TfJ =0.0279 kg(4186 ]/kg"C)hl( ): 365 J/K

!

As the watet boils and the steam warmns,

I
AS = mTL” +ME o, ]n(}f—}

0.027 9 kg2 26 x 10° J/k
AS = g( / g) +00279 kg(2010 J/kg °C)1n(£8~
373K 373

)-_—169 J/IK+221 J/K

The total entropy change is

(262+340+365+169+221) /K= .

For steam at constant pressute, the molax specific heat in Table 173 implies a specific heat of

(354 J/mol K)(

1 mol

0018 ke ng =1970 J/kg K, nearly agreeing with 2010 J/kg K.
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P18.27 (a) A 12 can only be obtained way: 6+6

(b)  A7canbe obtained [ six | ways: 641,542, 4+3,3+4, 245, 146

P18.28 (a) The table is shown below. On the basis of the table, the most probable result of a toss is
@leads and 2 tails ]

(b) The most ordered state is the least likely state. Thus, on the basis of the table this is
Leither all heads or all tails , ‘

{c) The most disordered is the most likely state. Thus, this is [iheads and 2 tails

Resuit Possible Combinations Total
All heads HHHH 1
3H, 11 THHH, HTHH, HHTH, HHI1T 4
2H, 21 ITHH, THTH, THHI, HITH, HTHT, HHTY 6
1H, 31 HITI, THTIT, TTHI, TTIH 4
All tails ITTT 1
Pi829 (a) Result Possible Combinations Total
All red RRR 1
2R, 1G RRG, RGR, GRR _ 3
1R, 2G RGG, GRG, GGR 3
All green |GGG 1
{b) Resuit Possible Combinations Total
All red RRRRR 1
4R, 1G RRRRG, RRRGR, RRGRR, RGRRR, GRRRR 5
3R, 2G RRRGG, RRGRG, RGRRG, GRRRG, RRGGR,
RGRGR, GRRGR, RGGRR, GRGRR, GGRRR 10
2R, 3G GGGRR, GGRGR, GRGGR, RGGGR, GGRRG,
GRGRG, RGGRG, GRRGG, RGRGG, RRGGG 10
1R, 4G RGGGG, GRGGG, GGRGG, GGGRG, GGGGR 5
Allgreen |GGGGG 1

Section 18.8 Entropy Changes in rreversibie Processes

| Q, Q (1000 1000
P1830 AS==2_=L_ /-7 k=327 /K
7 3 500 Y

P1831  The car ends up in the same thetmodynamic state as it started, so it undlergoes zero changes in
entropy. The original kinetic energy of the car is transferred by heat to the surrounding air, adding
to the internal energy of the air Its change in entropy is

1mv®  750(20.0)°
AS=2"_ - K=[102 /K
TV
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PI832 ¢y =448 J/kg °Ci Caer = 4186 J/kgC
400 kg(4 186 J/kg °C)(T, 10 0°C) = (100 kg)(448 J/kg °C)(T, -900°C)

Qcold = —Qhot :
which yields T §= 332°C=3062K
306, 6.2 K
AS = 6J‘zK CwatermwaterdT + o J‘z CironmirondT
283 K T 1173 X T
306.2) 306.2
AS= Cwatermwa'ter ln( 283 )+ Ciron Mlyon ln[l 173 )

A3 =(4186 J/kg K)(400 kg)(0.078 8)+(448 J/kg K)(100 kg)(1.34)

P18.33  Sitting here writing, I convert chemical energy, in ordered molecules in food, into internal energy
that leaves my body by heat into the toom-temperature surroundings My rate of energy output is
equal to my metabolic 1ate,

3
2500 keal/d = 2500 % 10° cal (4.186 ])= 20W.
86 400 s 1 cal

My body is in steady state, changing little in entropy, as the environment increases in entropy at the
1ate

AS Q/T Q/NF 120W TWK] -

When using powezful appliances ot an automobile, my personal contribution to entropy production
is much greater than the above estimate, based only on metabolism.

V
= ———f = =
P1834 AS=xR In( v J RIn2=;576 J/K

L

There is Lno change in temperatu@ :

FIG. P18.34

1%
P1835 AS=uR ln[i/_i] = (0044 0)(2)RIn2 —[

1

- : _ 0.044d mol | 0.044 mol
A5=0.0880(8314)In2 =] 0.507 J/K H, O,

FIG. P18.35
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Section 18.9 Context Connection—The Atmosphere as a Heat Engine

P18.36  The Earth presents a circular projected area of 7:(6 37 %108 m) perpendicular to the direction of
energy flow in sunlight The power incident on the Eatth ; is then

?=1A={1370 W/mz)[;,r(s 37 x10° m)2]=175><1017 W

The power absorbed in the atmosphete is 0 64(1.'75 x 10" W) =11x10" W. The mechanical wind

power is 0.008(1 1x10% W) = ‘

P18.37  (a) The volume of the ait is 7+ 2k and its mass is m = PV =prr*h Then its kinetic energy is

K:—émvz =}—p372h02
60 000 m
K= 2(1 20 kg/m? )[;r(soo 000 m)*(11 000 m )](m)

K’:[ 52x107 ¥

) We can suppose the light shines petpendlculaﬂy down onto the hurricane. Tts intensity is

E E  52x10Y T m? ¢ 5
I-_= Af=—= =|1.8x10" s
AT M .

#(3x10° m) (10° J)

Additional Problems

T, =750 K
P1838  For the Cawnot engine, ¢, = 1—5{;— 1-_328112 =0600. g lQh ]
We“g Camot
Alsor b= ]th ' Engme Weng=150]
. Weng 150
' = =——==2507T.
% [ e, 0600 I [0, [
T, = 300K
and 19.|=1Q4] ~ Wi =250 7-150 F=100 ]
FIG. P18.38
Werg 150 T,= 750K
(@ [l e, 0700 214] 214] ﬁzi]w
= =2147-150 64 37 | Carnot
IQ l IQ}![ eng I- I= - Engine
“Weng = 150] d
®) Qe =214]-250 ] =
64. 3] 1007

th et :64‘3J*IUUI= T, =300K

The net flow of energy by heat from the cold to the hot FIG. P18.38(b)
_ reservoir without work input, is impossible.
continued on next page
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(c) For engine S: IQ I_IQ-‘!, eng . ::g .“Weﬂg

100
o Wy =42 - 20 557]
£3

700
and IOk =10, ]+ W, =233 +100 = W
(d) ’Qh net| 333 J-250 ]—m  T,=750K

333] 250

W, =233 IT'ISO J= } U@not

83.3 ]<-':—‘ s —>1507T Engine
IQc,net[ = @

The output of 83 3 ] of energy from the heat } ﬁ
engine by work in a cyclic process without any 100] 100],
exhaust by heat is impossible,

FIG. P18.38(d)

{e) Both engines operate in cycles, so ~ ASg = A8, =0.

Ith and AS, —+iQCI

h [4

83.3] 0
Thus, ASye = ASg +AScyne +AS, +AS, =0+0-——2 4 — [ 0111 J/K |.
U8 A2 1ota] $ Carnot h c 750K 300 K

A decrease in total enfropy is impossible.

For the reservoirs, AS,,

P18.39  Asin Section 6.6, let Iy; represent the energy hansferred by electrical ransmission. Then

(a) Prectric =—+ s0 if all the electric energy is converted into internal energy, the steady-state

condition of the house is described by T,; =|Q)|

Q
Therefore, Felectric = A =I 5000 W

T, 295K
(b) For a heat pump, (C )Camot Z]: = W =1092

L

|th IQhVAf
1 2,
Actual COP = 06(109 }=6.55= W W/At

Therefore, to bring 5 000 W of energy into the house only requires input power

W _[Q.l/at 5000 W
Feat pump = At COP | 656 _
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I'he conversion of gravitational potential energy into kinetic enet gy as the water falls is reversible.
But the subsequent conversion into internal energy is not. We imagine arriving at the same final
state by adding energy by heat, in amount mgy, to the water from a stove at a temperature
infinitesimally above 20 0°C. Then,

. 5000 m*{1000 ke/m®Y(9.80 2)(500
O e R T T

T T 203 K

l-.]

,Qc | =mcAT +ml +mcAT =

[Qc|=0500 k(4186 J/kg °C)(10°C)+0500 kg(333x10° J/kg)+0500 kg(2090 J/kg °C)(20°C)
Q. [=208x10° ] | 1

Ig—‘i[ =COP, (refrigerator ) = L
5% Th - Tc

ez, -1.) (208x10° JJ200°C - (~200°C)] )
A (273-200) K =[3294]

£

‘ . . 14
(2) Let state 1 represent the gas before its compression and state f afterwards, Ve :? For a

C
diatomic ideal gas, C, =§R, C.P =§R, and }/=C—P= 140. Next,

v

RV! =BV}

v i
P;=PB| | =r8'* =184p,

Vi

RV, =nRT,

PV, = 184RV. _ 230PV; =2 30nRT; =nR1I,

so Iy =230T;
5 N5 5
AE;, =nCyAT =nER(If -T) =~ R130T; =—130RV,

=§1.‘30(1‘.013 x10° N/m? )0 12x10° m®=3947
Since the process is adiabatic, § =0 and AE,, =Q+W gives W=[39.47 ]

(b)  The moment of inertia of the wheel is I :%MRZ = %5 1kg(0.085 m)” =0.018 4 kg - m? We
want the flywheel to do work 39 4 ], so the wotk on the flywheel should be ~39 4 T:

continued on next page
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h - Krcati +W£-Krutf

1

2

23047
@;=|~ | =[654 rad/s |
’ (0018 4kgm2] (634 s

(c) Now we want W =005K,,

I} -394]=0

39 4]:005%0 018 4 kg m’@’

y2

2(7897) ,
= — " =1 293 rad/s
[Wkg mz]

P Tsother
P1843 (a) For an isothermal process, Q=nRT 111(%} psrzceilsgal
1
. O
Therefore, Q; =nR(31;)In2 ® AL
1
and =nR(T }In| -
I
Foi the constant volume processes, Q, =AL, ; = %nR(I; -31)) : (3) » L
| 1
3 v T
and Qi =AE, 4 =EnR(31“; -1}
FIG P18.43
The net energy by heat transferred is then
Q=+ + Q5+,
ot Q={2nRT;In2
(b) A positive value for heat represents energy tr ansfeired into the system.
1herefore, {Qh| = +Q, =3RRI (1+1In2)
Since the change in temperature for the complete cycle is zero,
AL =0 and W,,, =Q
' W, Q 2in2
Therefore, the efficiency is g, == =% _[g373
' Q104 3{1 +In2)
P1844 AS,, = 10007
600 K
47507
cold 50 K

(@) ASy=ASyy +AS =[0476 J/K

continued on next page
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T
(b} g, =1--2-=0417
TZ
Weng = .03/ = 0417(1000 J}=[417] ]
@ W, =417]-250]=167]

I1AS,; =350 K(0 476 /K)=[ 167
1 5]

W,

i) :l_izwmlg:%: @: 59 _ ?Ih
T Mok Th-
= . ‘Qﬂl _ IQh! _ Weng
IQ}I!_Weng""Qc'- _—A_f-F _EE_
@: 27T, g 2T,
At T,-T, T,-T,
IQC[=H’ECAI: M=(A—mJCAI= gDIc
At LAt T, T,
am___ 9L
At A(Tk_Tc)CAT
Amt (100x10° W)300 K) !
AF =| 5. 0* k
At 200 K(4186 J/kg °C)(6.00°C) | 597x10% kg/s |
. -1 Tc B N S
C
B TR
19 _{1edd)_,_ <t
Af At T,-T,

|0, |=mcAT, where c is the specific heat of water,

Therefore, IQ—C| [ Arm )cAI i IE
A LA T,-T.
Am FT,
and e S—
A (T, ~T)eAT

We test for dimensional correctness by identifying the units of the right-hand side:

.0 k
wre = O/ =Kg/s, as on theleft hand side Think of yourself as a power-company

°C(J/kg °C)C I

engineer arranging to have enough cooling water to carry off your thermal pollution If the plant
power ¢ increases, the required flow rate increases in direct proportion. If environmental
regulations requite a smaller temperature change, then the required flow rate increases again, now
in inverse proportion. If you can run the reactor core or firebox hotter, since T, is in the bottom of
the fraction, the required flow 1ate decreases! If the turbines take in steam at higher temperature,
they can be made more efficient io reduce waste heat output.
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We want to evaluate . for the function implied by PV =nRT = constant, and also for-'the different

P18.47
function implied by PV” =constant We can use implicit differentiation:
From PV = constant P av + ViiE =0 (EEJ -
- dv o dv AV Jiotherm V.
From PV7? = constant Py ar_ 0 _ (EBJ -2
dv AV adiabat |4
Therefore, (fgi) = y{ EJ . The theorem is proved.
adiabat av isotherm
*P18.48  (a) 35.0°F =g-(35 0-320)°C=(167+27315) K=27482 K
98.6°F = 2(98‘6 —-320)°C=(37.0+27315) K=31015 K
dQ 815 g1 310.15J
AS,, =|—=(4536 g)(100 cal/g K)x —=45361n| - = 5486 cal/K
e = | = (4556 8)100 calfs ) [ Frwassoin( T2 )-5456 cay
0] (310.15 - 274.82)
AS =- =—{453.6)(100)———————=_5167 cal/K
body T ( X ) 31015 a/

body

ASqystem = 54865167 =319 cal/K

(b (453.6)(1)(1'; - 274‘82) = (70 Ox 103)('1)(310‘15 —-T;)
Thus,

(70.0+0453 6)x 10°T; =[(70.0)(310.15) + (0.453 6)(274.82)|  10°

and Iy =30992 K =3677°C = 98.19°F

, 309.92
A5 voater = 453.6 ln(mJ =5452 cal/K
310.15

s —— 3
AS}oay =—{700x10 )h{ 2095

AS{y =5452-5193=| 2.59 cal/K | which is less than the estimate in partt (a).

J= -5193 cal/K




P18.49 (a)

(b)

(©)

(d)
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For the isothermal process AB, the work on the gas is Platm)
A
5 -
Wap =-PsVy ln[g—BJ }Ifg[g-,:smaj
A I ~

L 5 -3 3 50.0 T
Wap =-5{1013x10° Pa)(10.0x10 m )ln(ﬁ) i
W,z =—-815x10"| ¢ 3
where we have used 100 atm=1.013x10° Pa 10 50 Viliters)
and 100 L=100x10"% m® FIG. P18.49

Wpe =—P,AV =—{1013x10° Pa)[(100-500)x107 |m® =+405x 10° |
BC

Wea =0 and W, =W — Wy =411x10% J=[ 411 K]

Since AB is an isothermal process, AE;, 45 =0

and Qup =-W 5 =815x107J
For an ideal monatomic gas, Cy= %5 and Cp =%

By, (1013x10°)(50.0x107) 5055 03
nR R TR

Ip=1,=

v, {1013x10°)(100x10%) 1 g1510°
TR R TR

3 Y 505%x10° - 1.01x 103
4 =nCyAT =100l =R
Qcr =nCya1 =100 ]( -

Also, I

) =608 kJ
so the total energy absorbed by heat is Q45 +Qcq =815 KJ+6 08 kJ = :

. 5 5
QBC = HLPAI = E(HRAI) = E PBAVBC

Osc =—§—(1.013x105)[(10 0-500)x 10-3] =-101x10%J=

W __ W, 1x10° | 269% |
s eng AIIXIONT oo o [389%

e= = = .
I0h  Qap+Qeca 142x10%)
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Like a refrigeratot, an ait conditionet has as its purpose the removal of energy by heat from the cold

reservoil.
. _ I. 280K
Tis ideal COP is COPrarnot = T-T = ﬁ =140
. < R L
Its actual COP is 0400(140)=560 = e Lo L R
X = oT Tl o
560 Qh[ 5,601 I )%
5.60(10.0 kW)zs.eolgﬂ and Qa/= 848 kW j
At At
(b) |Qt] = Weng +/Q.]: Weng _ | ~2|_100 kW-848 kW=[152 kW
= e +1Q4]: Tat T lar| Tar| 7100 KW -8 48 kW = [TS2 KW |

() The air conditioner operates in a cycle, so the entropy of the working fluid does not change.
The hot reservoir increases in entr opy by
12,] (100x10% 1/5)(3 600 5)

= =120x10° J/K
T, 300 K

The cold room decreases in entropy by
o) (848x10° I/s)(3600 5)

=-109x%10° J/K
280 K i/

4

The net entropy change is positive, as it must be:

+120x10° J/K-109x10° J/K =[ 109x10° J/K

. 1 IC
(d) The new ideal COP is COP- ot = Th 7 = 3

We suppose the actual COP is 0.400(112)=448

As a fraction of the otiginal 5 60, this is ;g% = (1800, so the fractional change is to

drop by 20.0% |.
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Pi8.51  Atpoint A, PV, =nR], and # =100 mol
At point B, 3RV, =nRI, so Tz =37,
AtpointC, (3R)(2V;)=nRI;, and T, =6T,

At point D, P(2V;)=nRIp, so  Ip=2I

The heat for each step in the cycle is found using Cy, =? and

5R
CP =7:
Quc =nCp(6T; ~31,)=750nRT,

Qcp =nCy (2 ~6T,)=-6nRT,

Qpp =nCp(T, —2T,) =2 50nRT,

Qememg =[Qu = Qus +Qpc =

(a) Therefore,

(b) Qleaving ZJch =|QCD +QDA| =| 8.50nRT,
sl-10]
=12 = 3190
=g 0]

I I

(©) Actual efficiency,

(d) Carnot efficiency,

f foo-
P18.52 AS:J@= J’HC;dI

i i i
PVy nR
AS=uC, ln[-—rép—vi) =[#Cpin3

The ideal gas at constant temperature keeps constant
internal energy. As it puts out energy by work in
expanding it must take in an equal amount of energy
by heat Thus its entropy increases Let P, V;, I
represent the state of the gas before the isothermal
expansion. Let P, V., I, tepresent the state after this
process, so that BV, =F. V.. Let B, 3V, T  represent
the state after the adiabatic compression.

P1853 ()

Then P.VI =B(3V,)

BV

SuBstituting F- - v
c

continued on next page

f T
=nCp [T7T =nCpInIl =nCp(InI, —mri):ncpm[?f]

i

~d
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F1G. P18.51

FIG. P18.53
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gives Pi:VrVC -1 _ P (SJIVI}‘)

Vit = 3?'1/1"’71 and —I:}Q= 37/l-1)

3

Then

The wotk output in the isothermal expansion is

C C
W = [PdV =nR1, [V™'dV =nRT,In Ye =nRT, (377 V)=nR7{ L |In3
i i Vi y=1

This is also the input heat, so the entropy change is

AS=g=nR( ”Jlns

T ¥
Since Cp=yCy=C,+R
R
we have (y-1)Cy =R, Cy =——
y—1
and szy_R]

Then the result is AS=nCpIn3

(b) The pair of processes considered here carry the gas from the initial state in Problem 18 52 to
the final state there. Entropy is a function of state Entropy change does not depend on path
Therefore the entropy change in Problem 18 52 equals AS, gt +AS, 4 in this
problem. Since AS, ;.4 =0, the answers to Problems 18.52 and 18 53 (a) must be the same.

*P1854  Simply evaluate the maximum (Carnot) efficiency.
AT 400K
== =| 00144
T TR [00144]

The proposal does not merit serious consideration

P1855 (a) Use the equation of state for an ideal gas P
_nRI

P
1.00(8.314)(600

v, =—~(—)(—5): 197x107% m?® D
25.0(1013x10°)

_ 1.00(8.314)(400) a3
S otaxaes L2810 m FIG. P18.55
Since AB is isothermal, PV, =PV

and since BC is adiabatic, PV =PV

continued on next page
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7 Pl 328x107% m?
Combining these expressions, Vg = (ﬁ—cj%‘_} C o= (_;SOgJ( ‘ : )3
A} Va 197x107 m

Vp=|119%x107° m®

~—

’ Y 3 3
¥ 197 %10
Similatly, Vp = fé-JKA— = (@)L_ﬂ)_
' B Ve 100) 328x1073 13

o1 Vp=|544x107% m°

Since AB is isothermal, PV, =Py
vV 1.97x107° m3
and Pg=Py| -4 |=250 atm) =227 T | 4.14 at
7 A(VBJ (119><10“3 m3]
|2 32.8x107° m? ,
Also, CD is an isothermal and Py =F.| X |=100 atm| 222X~ M| s
omerm D C(VD] (544><103 m3J
Solving pait (c) before part (b):
I 400K
For this Carnot cycle, =l =1 —— =1 0333
() or tnis Carnot cycle e, 7, GO0 K
(b) Energy is added by heat to the gas during the process AB. For the isothermal process,
AEiIlt =0.
and the fixst law gives Qap =-Wap =nRI, ln( %;B—]
A
119
or Q4 =045 =1.00 mol(8.314 J/mol K)(600 K)In 5 )" 8.97 kJ
W
Then, from g=——85
Q4
the net work done per cycle is Weng =€, IQh, =0333(8.97 kJ)={ 299 k] |.
1A
———==COP; {refrigerator ) =-—¢ _ - _4
w  COFc liefigeator) =2 =
0150 W 260 K
i 400K

At

W 400K
P=—=0150 W ——— =] 231 mW
2 (S22 )= [imw]

1,40 7(1/0 400)

1 4p 2(H/0 200)
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P1857  Define I; = Temp Cteam=500°C =278 K. Define I, = Temp Coffee=600°C =333 K . The final
_ (200 g)T; +(200 g1

Pi8.58

temperature of the mixture is: I, = g =550°C =328 K. The enfropy change due
Iy cydl 1, cpdT
to this mixing is AS =(20.0 g) ]'Tlf EKT_ (200 g)JTzf Cy

AS=(840 J/K) m(%i} (840 _]/K)ln[;—;] - (840 K/])ln@i?g)+ (840 I/K)ln(%)

1

No energy is transfeired by heat during the adiabatic processes. Energy (J, is added by heat during
process BC and energy |Qh| is exhausted during process DA. We have Q;, = nCy{T: —Ty) and

|Qc | =nCy (I ~14). So e=1- rgc | =1- ;D :;”‘  For the adiabatic processes, B.V,* = B,V,” and
Kk c 1B
PBVZJ’ =PAV1?.‘
From the gas law P = ART. Py= nRIp
v, 7
py KTy p, RLs
VZ VI

. 71
Then nRI, V," ! =nRI,V,?" and IgVy "t =1,V,71 Thus, ]{—C:(B—] =y and
D 2

: -1 \
i= N =1"! Thene=1- Ip=1I4 =] 1 1—17
T, \W h

P18.2

ris4

P15.6

P18.8

P18.10

Pig12

() 294 L/h; (b) 185 hp; (c) 527 N m; (b)Process Q) WD) AE. (kD

(@) 191x10° W A—B 6.58 —6.58 0
B—C 0 —498 498

13.7°C C—-D 502 502 1]
D—A 0 498 498

(a) 870 MJ; (b) 330 MJ ABCDA 156  -156 0

546°C P1814 778 W

(@) 512%; (b) 527 1}/h; P18.16 9.0

(¢} As conventional energy sources become

Imore expensive, o1 as theit true costs are P18.18 118

recognized, alternative sources become

economically viable, P18.20 185

{a) State P{kPa) V(1) 1 (K) 8/ -4 .

P18. 00 ; 2.22 %10 n;
A 1400 100 0 8.22  {a) $1.00x10 /mm (b) $2.22x /mm

875 160 720 (c) $2 78 x107° /min

B
C 445 240 & 549
12, 712 150 549 Pi824  -610 J/K




