CHAPTER 5

5.1 The GaylLussaeJoule Experiment

ﬁee Cxpanrsion /s onreé where ﬁe,g /s no
0”703/:1 pressure . /fenc€ Mo arlc dowe by
?35 N expPansron, o= R0

Lrmmerse  chamber oA 7% r water batl
ﬁpﬁh Udﬁ/{’ 7[0 2//5«) /((56 7o cox/:awd /1/’/ {OVJ(L{?/é'(-/

Chamb er. |
C&rf’ﬂz[ P S e bE f70E7TS /}.C/rr‘:acfé He (42”?/’6 e T tor jas ov
wz'teh ftence AT o Znd (D=0
Assume r%:s i5 pmperﬂy o’f on /len/ FLL

_ but PJ,,« =0
e B 2o de s d{ Pdv' o

Aence | a 1S con;l ane

[( )-o (/'Je://“) (>-1-1)

bl nof dor a vancer e J“
De(:iue %u‘f Cﬁffﬁ‘fiﬁhti 7(/ as . 512

/2T
L= SV )u.

Aoer %}T __f_;é'_.,)k {_;59_:7___4, _
(5 - = (U

© 5.1-3
ﬁv

' ﬂ/d/, o
8&71’ G FO Z”CJ (27794,_14 —p eeperime ‘s S

\(2%?,)7 - 0 (5.1-4)

‘/Z:LW"M/L fﬁbm,ﬁ»—%, “, e eyl i indep o wot,




Therefore, the internal energy of an ideal gas is a function of its temperature only.

That is, the internal energy, is the same, regardless of the pressure or the volume. This
agrees with kinetic theory, wher¥ is the sum of the kinetiand potentiaénergies of all the atoms or
molecules comprising the system. In an ideal gas, there are no particle interactions and therefore no

potential energy stored in the gas.

In a free expansn, P decreases but T remains the same. P decreases because there are fewer
atomic collisions with an imaginary or real surface in the gas per second.

In an isothermal compression, work is done on the gas and themeftraust be removed at
the sameate for T to remains the same. P increases because there are more atomic collisions per
second wth a surface, real or imaginary, not because the atoms are moving f&8tederive later

that P = ¢ & , where n is the number density.
Hence, for an ideal gas — , rather than a partial derivative, athd= ¢dT, or
6 6 | wQvY

Here, u = yat T, and is unknown. Thermodynamics does not predict a value for absolutdfageo.
assume gis constant, then

6 6 w'Y Y (5-15)

In the above diagram, u is the area under the curve. The diagram below shows the energy surface for
an ideal gas in uFgpace, with the assumption thaisconstant. The partial derivatives of u are the
slopes of the tangent lines to the curve paiatuvT on the curve. The fact thatis constant means

that the curve connecting the points b, a, and c is a straight line lying in the planar enewagy surf

At t he pwoul)nis thefslape of th(s line or.c That is ¢ = tana = du/dT. Also (pu/pv)T at
the fiado is the sl ope of t he zecomhnah miots dlongghistifee poi



This is because this line is parallel to thaxs (though it does not appear so in the diagram). Hence,
u does not vary with v when T is held constant.

5-2. The Difference ofSpecific Heats for an Ideal Gas

From equation (46) we have:

comc, * [P+ (/o ) T
For an ideal gagpu/uT), = 0.0, so

cP¢ Cv = P(dv/dt)P
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5.3 Adiabatic Processes
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adiabatic equations as
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We can find 2 other adiabatic equations involving two other independent variables. For
example PV= constant. What is xStart with(5.3-2 and substitute T=PVv/R:
(PVIRY @ Multiply both sides by R and combine the powers of v:

00 o (5.3-3)

If we had started with) 7  ¢hwe would had to have worked a little harder.
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Example Problem
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The figure represents a cylinder with thermally insulated walls containing a movable
frictionless thermally insulated piston. On each side of the piston are 2 moles of an tdeal
gas. . The initial pressure Py, volume V), and temperature T, are the same on both sides of
the piston. The value of » for the gas is 1.50, and ¢, is independent of temperature. By
means of a heating coil in the gas on the left side of the piston, heat is supplied slowly to the
gas on this side. It expands and compresses the gas on the right side until its pressure has
increased to 27 Py/8. Interms of n, ¢, and T, (a) how much work is done on the gas on the
right side? (b) what is the final temperature of the gas on the right? (c) what _is the final
temperature of the gas on the left? (d) how much heat flows into the gas on the left?

(a) The gas on the right undergoes an adiabatic compression. So:

Buls BV Ve Ve (B )R

Butg= 1.5 and Ig= 2/3. Then Y= (8/27f3V,= 4/9 V..

From the fi iW.t | Saiwn, c epUvo=r kQ i s done on the gas, W

Sincethe process&sdi abati c, Q = O0But TdWri=f+oMfa anidgdlgasiNowV.
find T¢ from the ideal gas law.

T: = BV¢/nR. Substitute here the valug#(27/8)R, and the value fov; found above and we get
T = (27/8P,(4/9)Vy/NR . But from the ideal gas lawe also have tha&,V/nR = T,
Hence,T; = (3/2)To. ThereforepU  5(T:inT¢) = nG(3/2To 1 Ty).

U = WI/2 Buat emember, this work is negative.
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5.4

[/l/ar/< olone /'n an ﬁo//'aé)aé/c expgms/'oh '(LY Gh
Tdeal g =S

gt
o2 e /Dc/’u-
A
From (5.3-3) P= K’U'“Y
Y2
Se = K| v Vdv
'V- -
! 1(;
(ko)
(=Y
v
N l =Y _ K’wl-?’)
M - -—l—:'Y—— (K'v;. !

g“/ sihee F'IIY"KI at upper //'m/'{} AT ’:"{y
and al lower [jnnt K= r;‘—y,-y. g/ -

i - -y
cr s T [(ReN) R - (R

AN /_,.Y [r!'u;-‘P‘wJ (5.4-1)

A(ﬁa, since J'grﬁ y AT & [/'-Z(Z -Fram /S{ Lzu~

wdon €,: const sz e (T-5) (5.4-2)



55
CARNOT CYCLE (Sadi Carhol 1§24)

delianct M&,;._/M,meé e e

U A oegood alele
7The work:'ng 5ués'faﬁc€ can e Soleed,
/t'gcu'c{) or ya; ot JAy 7‘//,,- and Yhere lhd)/

even e a change ot phrse,

FJ {
CQ‘;_ (S ik How and +
CQ[ ‘S Ou{‘{‘[(]q/ a»e[ ~—
lSa‘t{wfvms
1, | U
fgl. T 0 e v
. W . Jo Vigtow push .
CA RNOT ENGIVE I’I’S'*ﬁh i 0 "ﬁﬁ‘o isﬂﬂ"‘ﬁ/:r P(:,fau rus‘d
pushed up by gas \t Cow pression cloar
WORKING ' 2F povd ¢ J{
Gas T fort
ry T
Tz HO?." Adiakatic l 'C oup Q diabadic
€ v ‘
a —~>b T:“E_r:’ C Oumpressio
lSaH-uMJ eYpunsisn b e G - e‘ Jd—=a

i:\i)’ — }?}J'U"_



C ARROT CYCLE §yr Ivual Gz
Fov Y [F rcoermal /pl ‘«—7b (<-r;¢mslln) YR

-_./'II@ PY X 4 AU ZTO o0
Work done by yas5 = freal @, zbseresd so from (4-1.1):

Q= W RT, Lo (G4 (5.5-1)
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Now equate the two above expressions for efficiency, n -
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5.6 The Need for aSecond Law

Some processes do not happen in reverse even though there is no
violation of the First Law. The following are some examples of processes
that do not happen in reverse.

1. Two blocks of different temperature are brought into contact.
Experiment shows that heat does not flow from the block of lower
temperature to the block at higher temperature. Heat only flows from
higher to lower temperature.

2. If friction is applied to a rotating wheel, @ventually stops and the
kinetic energy othe wheel is converted into heat. If we heat a wheel,
it will not start rotating.

3. If a gas undergoes a free expansion, it will not undergo a free
compression. Work must be done to compress the gas.

There must be some other law which dictates divection of all
processesWhat do these processes have in common to indicate this law.

It cannot be the internal energy, U, because energy is always conserved,
even if it is converted to heat. Saimeg different is neededomething
about the syem that is different at the end of the process than at the
beginning and is a function of the state of the syst&his was invented or
devised by R. J. Clausius (18221888) and callead:ntropy. Entropy is
designated by the letter S and can be intenas/well as extensive.

In terms of entropy, the"2Law is: In every pocess taking place in an
isolatedsystemthe entropy either increases or remains constant.

Or, processes in which the entropy of an isolated system decreases do
not occur.



In a reversible process, the entropies of the two reservoirs are opposite.
Therefore, S = 0.0 for the wuniver s

If the entropy of a system is at a maximum when a system is in a
particular state, no further change in the eystcan occur. This is a
necessary condition for equilibrium to occur.

All systems spontaneous undergo a process that maximizes the entropy;
then equilibrium is established.

From Kkinetic theory rfatter is made of particles that are constant
motion) we find that S is a state of randomness, namely, the equilibrium of
the molecular velocity distribution.

There are other ways of stating th& 2law; we shall develop the
mathematical foundation of these other ways.

5.7 The Mathematical Development of the 2 Law

We startby considering any arbitrary reversible analaal process in
the Rv plane, as shown in the diagram below:
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This process can be closely approximated as closely as desired by
performing a large number of adjacent, small, carnot cycles, all of which are
traversed in the same sensd&his is shown as the loops in the above
diagram. The results of all the adiabairocesses cancel and what remains



are the isothermal processes. We can make this zigzag curve converge to
the smooth curve by increasing the number of cycles, N.
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In the limit, as N goes to infinity, Q goes to d4pd the summation
becomes an integral. Hence, we have

v

where the subscript r reminds us that this is for a reversible process that is
entirely arbitrary. The circle on the integral sign means over all cycles.
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This is the 2nd Law according to Clausius,
Simi Im-'y J:’,? -'cerd =dJdU 1st taw

S is called the entropy dié system. In MKS or Sl system, the units of S
areJoules per Kelvin (J/K). Entropy can be extensive or intensive as usual.

At this point, only differences in
not a specific value for S or s.



5.8 Characteristics of the Entropy Function

1. Sis defined for equilibrium states only.

2. Only changes in entropy can be calculated.

3. Entropy is function of state variables only and is independent of the

past history of the systenThatis S = S(p, v, T)

Changs in entropy can only be computed for reversible processes.

. Change in entropy for an irreversible process from one equilibrium
state to another may be computed by several methods. One method
is to devise a reversible process between the same two eaumlibri
states.That is

oA

PS  APo, By, To) T Si(Py, V1, Ta)

5.9 Calculation of Changes in Entropy

A. Reversible Adiabatic Processes:

d'Q =0, thereforepS = 0. Iiseiltlodicprocess. an
B. Reversible isothermal process.
T = 0. Hence T constant an
S = -.Q0 — (5.9-1)

An example of a reversible isothermal process is the change in
phase of a system and constant pressuhe. hEat absorbed by
a system per mole (or unit mass) dquahe heat of

transformation,l. Hence;:
WY - Q0 - (5.9-2)

C. When T is not constant, T must be expressed as a function of
T or Q as a function of T to o out theintegration in (5.2).

For example, consider an i soc
d 6 g dFK. Therefore,



I S (5.9-3)

To carry out the integration we must know the specific heat as
a function oftemperature.

For an i sobaric pr@lgebkens, @P =

~

P H— (5.9-4)

If a process is not reversible, wevise a process were wee
a large number ofeservoirs to slowly changie temperature of
the system from Ito T, so that each stage is a reversible and
Isothermal process.

The change in entropy of a system depends on only on the end
points and not on how the system go there.

5.10 Change in Embpy in an Irreversibl®rocess
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5.11 Other Statements of th8%2 aw

clausius Sta‘tement
Tt s ;wFoSSié/e to extract /)ea‘f,?y.(}-om 2
low tewp. 2nd de/iver ,'éji"o a

Feservoir at a
f?mp. wit et o/a/'?y afyl_‘é/’,

resevvoir 2t 2 /),;Mer

f/se /n the pre cess. l=tis C\')z # Q,
# Tc< T;\ b e WLV
T |
g w
Ke/vin-P’anck S‘La‘(’emen{
Gh 4 It s inos:iMe to ex‘f}'act hest
7 ”,e"J"W R, fron 2 reserveir @t a s/»//:
toha and «s€ all of this heat
= =~ This woull be
to Proe!uce u)orl’. /S wou, e
Q0 1 c perpeéaa/ At ion machme of 2
kind.
Tﬁese are esu,-ya/e.‘é .s‘fz?‘rmm?’s/ which mzy be proven
b showina a vielalion of both simaltaneouslhy € Ot
a a Bt‘jl'n wi‘f& vielztion o K-P 3"3{.3-\0,(,“{
l : \ [ a/t ext racted Lrowm het ves ) {;-J tuTls
? r,f':\ C’wjihe that cowverls 2/ o+ @ teo
g G » . woerk.
e >N )refﬂa 2 use werk te run 2 rp(rag. whiel
i 6‘7«74?(7/9 @, '(Iﬁ»u cold FeS. 2ud
r 1 delrvers @,4@21,0 he res
G]. ‘ 3. Use @, From (G,"@,S to feed
nTo fﬁe’éj&gme to oo 2l werk
‘S added to /70{

2j_:.'lu w’/;//e &L

res. !
Fhe end recult /s Hal & is transderd e il res .a/f‘/ rg other
C”f//'/’(y or et eflect ¢S done Tlia Welales c(Bas/vs



5.12

5.13T-S Diagrams

The state of a system can be specibgdS and
one other TD variable such as T. Then every point in
the T-S plane is a state of the system and any curve in
the plane is a reversible process.

For a Carnot cycle, the curve is a rectangle.
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The area under the isothermacd is the heat flow out of the system. So the net heat flow into the

system is the difference between the two areadbe latter is shown as the area @ithin the
rectangle.



