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o1. If you put an air conditioner in the middle of a building, then the only place
it can dump the waste heat is into the building (rather than outside). Since the waste heat
is always grearer than the heat removed ftom the cold 'teseNoir," the net ellect vr'ou]d be
to raise the temperature inside the building rather than to lower it.

(a) For these extreme temperatures the maximum efrciency would be

" -L  
T  -1-2 j ! ! -  62 tE^
Tr - 773K

(b) With the higher stea$ temperature the maximum eficiency would be

"-r +-' iii[ *,'t
If ihis elficiency is actually attained, then for a given Qr, we would get more work
output than before by a factor of

- : tooo '

that is, we get an additional .069 GW of power. To compute ihe additional profit,
multiply the extra energy by the p ce charged:

ag:(06ex 10,  r /s) (3 16xro ' .7r .1(-1*1* ' ) f -9t :  ) :3 .  107 $
\ r . o  v  1 u "  J /  \ 1 1 { w - t u l

Not bad: we make 30 megabucksl

(c) An eficiency of 40% means that the other 60% of the energy consumed ends up as
waste heat. That's 1.5 times as much as the amo nt that ends up as work- More
generaily, by the defrnition of efiiciency and the first law,

WW' -  
ah- a"+w'

so the wa"ste heat is

/ l  \
a.=w\;  _ 1,  :1  sw:  r .5  cw

In one second, Lhe waste heat dumped to the river is 1.5 r 10e J, and this heat is spread
among 105 kg ofwater, so each kilogram gets 15 kJ With aheat capacity of4186 J/"C,
the water's temperature increases by A? : Q lC : 15000 J 14186 J fC : 3.6C.
Ihe latent heat to evaporate water is 2260 J/g (at 100"C). At room temperaiure
it's about 8% more, as mentioned in Problem 1-54 and Figure 5.11; so I'11 ta-ke I':
2400 J/g. The total a.mount of water that must evaporate each second is then

1.5 x 10e J :6x105g :600kg
2400 J ls

(d )

That's only 0.6 m3, or only 0.6% of the !,'ater in the river.
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Therefore, by the defiDition of COP, 8. : 53W or W : Q./5.9. In each second, this
reiiigerator must remove 300 J of heat from the inside, so the \york requircd is W =
300 J/5.9 : 50 J. In other words, the power drawn ftom the wall couid be as little as 50 W.
(In practice the operation won't be ideal, of course.)

f HYS 2-060 - I ct-o-' --^ T

As computed in the text, an ideal kitchen refrigerator could have a COP

For argon at rcom temperature a,nd atmospheric pressure, the volume per

! ._ r [  
i  138 .  L0 ' ] J /K i i300K,_a .14  t0 .o r - ,

N P 105 N/m'z

06 . (*)
molecule is

while ihe energy per molecule is

The mass of an argon atom is 40 u or 6.64 x 10 '?6

the Saakur-?etrode equation ts

05. The probability ofnnding ary particular gas molecule in the l€ftmost gg%
ol s. container is 99%. So the probabitity of finding ali 100 moiecules in the leftmost gg%
would be

(o.ee)1oo : 0 366.

iD other words, the rightmost 1% of the container will be empty about a third of the time.
If instead there axe 10,000 molecules, however, the probability drops to

(o.sslto ooo - (0.366)100 : 2.25 x 10-a1.

so this will "never" happen. And if there are 1023 molecules, the probability vrould be
unimaginably small,

(0 se)ro^ - 10-14x10:o

f ,  
- i rr- l rr . :a. ro'"r ,K' ,300K,-b.2r r0'z ' |  r .

kg, so the argument of the logaithm in

N(ff i )  
:  t4 '74 tV (4rmu\3/2

N\rNar l 1 0 : ? 6
10-,r r) :  1.02 x 10?.

S: f i [14(1.02 x 10?) +;] :  n118.641 : 155 J/K.

The only relevant difierence between argon aad helium in this calculation is the larger
mass of the argon atom, which increases the argument of the logaxithm by a factor of
(4014)3/' :31.6. The reason why m matters is because fol a given energy, a molecrrie with
more mass has more momentum, resulting in a larger "hypersphere" of allowed momentum
states for the gas and hence a laxger multiplicity.

)" ' "
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(a) When you stil salt into a pot ofsoup, the sodium aDd chlorine ions can roam through
out the entirc volume of the liquid. They catr then have many more possible arrange
ments than when they are locked into crystals. More a[angements means higher
multiplicity and hence higher entropy. And as we all know, it's not at all easy to
reverce the process aid get the salt out of the soup.

(tr) Scrambling an egg mixes the yolk with the white, so that creates mixing entropy as the
"yolk molecules" and 'thite molecules" can mix among each other. ln addition, cook-
ing the egg "denatures" the protein molecules, undoing their special folded patterns
and strctching them out into long chains that can flop a-rornd ra.ndomly.

(c) Humpty Dumpiy's fall itself is revenible (to a good approximation, neglectitrg air
resistance), but when he lands and breaks into many pieces, his eBtropy suddenly
increases because there are maDy more ways for him to be broken than whole. If the
king's ho$es and the king's metr just krew the second law of thermodJ'namics, they
wouldn't have wasted their time tryi[g to put him bark together again!

(d) There are many more ways for the sard to be scattered about than for it to be sculpted
into a sand castle, so the actioll of the v{ave most definitely increases the mrrltip]icity
and entropy of the sand.

(e) You can cut the tree in many places, at many a,ngles, and it carl fall in n]ally directions,
so there are many more ways for it to be cut dovrn than for it to remain standiDg.
Hence i[s entropy has increased. And of coulse, we all know that it's pretty much
impossible to undo the cuttirg.

(f,) When you burn gasoline, trot only do you convert a smaller trumber of relatively la"rge
hydrcc€-ibon molecules into a la,rger number of relatively small exlaust gas mole-
cules, but you also release a great deal of thermal energy (converted iiom ctremical
energy) into the environment. This energy can arrange itself in many ways among the
surounding atoms, so the entropy of the environment increases a great deal as this
thermsl energy spreads farther and farther.
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(a) Assuming all average of eight hours of high-quality sunlight per day, a squaxe meter

of earth's surface receives in one year a total energy of

(1000 J/s)(3600 s/hr)(8 hrs/day)(365 days):1.05 x 1010 J.

The eotropy gaioed by the ealth upon receiving this much enelgy is

^s-*i:8 = = 5.5 x 107 J /K.

Th€ entropy lost by the sun upon emitting this much energy is 20 times sma.ller than
this, since the sun's surface is 20 times hotter than the eaxth's. The net change iu
eDtropy due to this process is therefore 19/20 of the preceding lesult; I'll 1u:1, r-ruutr
it down io 3 x 107 J/K.

(b) On a squs,re meter ofealth, in one year, you might be able to grow a few kilograms of
grass, containiag perhaps 1000 moles ofca.rbon and other atoms. Even ifthis grass has
zero eotropy, the net reduction in entropy upoD assembiing it out of smaller molecules
would oaly be of order

Nh = nR x (1000 moles)(8.3 J/mot.K) - 104 J/K,

about 3000 time€ less thao the entropy created by sudight warmitrg this patch of
$ound. So there's oo violation of the second law here: The grov.th of the gra.ss
merely reduces the itucre1se ia entrcpy by a srnall fta.ction of a percent. A similar
ana.lyEis could be applied to the growth of any other living thing, as well a,s to the
process of evolution, which is claimed (by the so-called ,,scieDtifrc deationists',) to
violate the second law.

1.05 x 1010 J

300 K


