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Chapter 4

Applications of the second Law of
Thermeodynamics
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THE MATHEMATICAL CONCEPT OF EN TROPY e ]

The Clausius's definition of the entropy S is given by: ds = d?’r “

Where d (@, 1s the heat flow into the system for reversible process, and T 1s the absolute temperature.
When we substitute the precedent equation and the first law of thermodynamic, we obtain, for

reversible process: dU=TdS-PdV dUu=d G -\ 1 '__

LRREVERSIBLE PROCESSES die= 5T AV ¢ T<a7

Consider the following processes and the results observed in
nature: CS. Socans aatlaly o - .
e pPSE) YR 0020 Fluain o 00 wslie s L e Lis
1-A battery will discharge through a resistor, releasing energy.
The reverse will not happen adding energy to the resistor by

heating will Al g oD v SE o.l.d
not cause the battery to charge itself.
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2- Two gases, 1n1t1a11y In separate adjoining chambers, will mix
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IRREVERSIBLE PROCESSES
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A gas in one portion of a chamber is

allowed to undergo a free expansion into
an evacuated section of the chamber.

The gas will not compress itself back into
its original volume.

@ Heat flows from a high temperature
body to a low temperature reservoir in the
absence of other effects.

The reverse process does not take place.
If T2 > T1 initially, the body comes to

temperature T1 \,u w ‘,‘ fi |' w5 &
tj \_,-.. J‘J"; 10, "/‘
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IRREVERSIBLE PROCESSES

In process such as these, the impossibility of
the occurrence of the reverse process was
first encountered in two famous statements:

Clausius Statement: its impossible to
construct a device that operates

in cycle and whose gole effect is to transfer
heat from a cooler body to hotter body.

Kelvin - Plank Statement: It is impossible
to construct a device that operates in a cycle
and produces no other effect than the
performance of work and exchange of heat
with a single reservoir

cold



CARNOT’S THEOREM L _
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No engine operating between two reservoirs can be more efficient than a
Carnot engine operating between those same two reservoirs.

THE AUSI TY AND THE SECOND LAW
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For a Carnot cycle we have seen that: % + % =0 T Cov o'c
1 2
The quantity Q/T is known as the Carnot ratio. From this we deduced the efficiency n =1 — 0 and
1 . . : )} 05¢aS L:
proved that the efficiency of all reversible cycles has this value. n = - @\/‘@
We consider an arbitrary reversible cycle and represent it as a continuous contour m a P-V diagram. 2
dg
- — <
We have: ¢ ;= 0

where the equal sign holds for reversible processes. The precedent equation is
sometimes taken as a statement of the second law.



Finally, we consider the change in entropy in an irreversible process. Let 1--2 be an rreversible

change and 2--1 be any reversible path connecting the two states in the P- V diagram of Flgure
Then the precedent equation becomes:

P
dQ > dQ 1d0Q, Irreversible
b= = + [, =0
-—" it Reversible
Changing the order of intcgration and the sign of the second term we have: v
1
“d d
f _Qi: QT — S;_}_ - S]
T
e
Thus: AS = S, — S, rods = ‘if
For an igolated system: d and dS =0 Or AS=S5,-5 =0

for a finite process. We conclude that:
The entropy of an isolated system increases in any irreversible process and is unaltered in
any reversible process.

This is the principle of increasing entropy. It is to be noted that this statcnlcnt refers to net
entropy changes.
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EXAMPLE 7-1 Entropy Change during an Isothermal Process [

A piston—cylinder device contains a liquid—vapor mixture of water at 300 K.

During a constant-pressure process, Z20 k) of heat is transferred to the S '
water. As a result, part of the liquid in the cylinder ygporizes. Determine the

entropy change of the water during this process.

The system undergoes an internally reversible, isothermal process, and A S o ? ?
thus its entropy change can be determined directly from Eq. 7-6 to be Y
Q 750k)
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Example:
» dR=0
O
Consider f@®~body 1n thermal contact in an &_E;ﬂ:}_aﬁg.cnclnsurc.
If the heat flows from body_A to body B at a lower temperature, with both bodies contained i an
adiabatic enclosure, AS, 1s then negative but: _q._ﬁ' = éﬁ_i + .fj_;S'_B will still be positive

If then, our universe consists of a system and its surroundings, 1t
follows that:

ﬂsunivers — Asﬂystem + ﬂssnurinding >0

Enclosure Adiabatic
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ABSOLUTE TEMPERATURE %2 ) _Te

T2
The Carnot cycle together with Carnot’s theorem can serve_as the basis for defining an absolute
temperature scale. Carnot's theorem shows that the ratiol**/ o \has the same value for all reversible

engines that operate between the same temperatures. The special fact about a reversible Carnot cycle
is that the efficiency is independent of the nature of the wm'kmg substance, It can therefore be used to

define an absolute scale of temperature as follows. FY W My
The detinition of the Kelvin scale is completed by assigning to 77 in Equation: 10 _ Tt T ﬁ
sted cu iy o/ Qzl Ty
the value of 273.16 K, the temperature of the triple pnmf of v water.
a LU N
For a Carnot engine operating between temperatures T and Ty, we have: T = 273, 16 '

The smallest value of Q is zero and the corresponding value of T 1s zero, called L
absolute zero. In a Carnot cycle, heatis transferred durin
Hence, if a system undergoes a reversible isothermal process without heat transfer,
the tervlperature at which the process takes place is absolute zero. This is a
fundamental definition of absolute zero. RV é-”l-‘




COMBINED FIRST AND SECOND LAWS ([ JU = dq_~dW,

We saw early 1n the chapter that for a reversible process, &M = ng - P‘"1 %

dU =.dQ, — dW, =TdS — Pdv (1)
In its most general form, the first law can be written: Jdu = d Q@ +5 - oJW r
— —

dU =d0 —dW (2) (general)
The second law states that: T dS = ji& > d() for an irreversible process.
We can write; _tig;= dQ +(2) (3) £> 0 c)“— — d@ g - ow
G)yIn(l)=> dU=dQ+ & — dW, (4)
From (2) and (4) we have: dW = cilr‘li—_@
We conclude that, the total work done by the system 1s the reversible configuration work (the
useful mechanical work) plus the (negative) dissipative work associated with frictional forces.
dU=dQ —dW = d@Q, — ¢ — (dW, — &)
Or: dU =TdS — Pdv  (general) (35)
The equation (5) 18 most important equation 1 classical thermodynamics

c’-@‘-'?'-"-")\w Mh’*g/\«o};




Calculation of the Entropy @uanges

€RanRery CHANGES IN REVERSIBLE

TR eSS Eadeulation of the cntropy change, we first consider reversible processes:

dQ, = dU + Pd dQ*‘—dU+Pd, — ds
Q, = v or r = 7 t7 v =

We shall examine some special cases.

a) Adiabatic process: dQ,.=0,dS =0and S = constant.

A reversible adiabatic process is an isentropic (constant entropy) process. We note in passing
that an irreversible adiabatic process 1s not 1sentropic.

b) Isothermal process: 5, — § = fdff — %
¢) Isothermal (and isobaric) change of phase: 5, — §,= i

T

[

Here | is the Latent heat of transtformation
d) Isochoric process: We assume that u=u( v, T) in gcn-:ral Since v = -:Dnstant in an 1sochoric process,

u=u(T), as for an idcal gas, dU = c¢,dT. Thus: -85, = -[1 1;,
If ¢, 1s constant over the temperature range T, — Ty, we have: §, — §4 = (EF in :2 >




ENTROPY CHANGES IN REVERSIBLE

PROCESSES

e- Isobaric process: It 1s convenient to use the specific enthalpy n an isobaric process.
Since: h=UFPv and dQ, = dU + Pdv —— dh=dU+ Pdv + vdP
dh = dQ, + vdP —— ds =2 ="2— 7 gp

In general h = h(T, P), here P = constant then h = h(T) _and dh = ¢, dT

Then: AS = 8§, — 8§ = flz L‘pg = CFIH% (.g'f'.-:}z,_is constant)
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ENTROPY CHANGE OF TH E SURROUNDINGS FORA
REVERSIBLE PROCESS

The heat flow into a system from its surroundings in reversible process is shown
in the figure

Thus: dSsystem T d_-_gmmdjnds = dSynivers
As: |dsszstem| = = |dssurrﬂnding| and ..__uds nivers — _...D Surroundings T+dT

In any reversible process, the entropy change of the
universe is always zero. This means that any change in
entropy of the system will be accompanied by an
entropy change in the surroundings equal in magnitude
but opposite in sign.

Entropy is conserved in a reversible process. Of course,
only idealized -processes are reversible; all natural
processes are irreversible, and entropy 1s not conserved

In general. ¢ - -




ENTROPY CHANGE FORAN IDEAL GAS nlT v

pV=
With:  dU= ¢,dT and “E= T +ldv=ds diL =dGy + PJ_JU
Then: - 28 2y =ds —
for a reversible process. bnr an ideal gas.; = E ~ “—%_V\
So: dS = 2=+ 2 dv
If ¢, 1s constant, we have: AS =8, — §; = fvl'ﬂ? +R In?

1 1
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ENTROPY CHANGE IN IRREVERSIBLE PROCESSES

How do we calculate the entropy change for an irreversible process when the entropy is only defined
in terms of reversible heat flow?

We resort again to an earlier argument. The entropy 1s a state yariable. and the entropy diflerence is
the same between any two equilibrium states regardless of the nature of the process.

Thus, we can find AS as for an irreversible process by choosing any convenient reversible path from
the initial to the final state and be certain that it is equal to the change produced by th.e actual

irreversible path. AS = 52 - S F— "N

EXAMPLE “Eh'edf, 06 259 pin  gs Bs M

Suppose that 0.5 kg of water at 907C 1s cooled to 20°C, the temperature of the surrounding room. The

specific heat capacity at constant pressure of water is 4180 JKg~ 1K ~1. The change in entropy of the
(the water) 1s the -:Eﬁngc tEaf would occur if the water were cooled reversibly from:
AbT, = 363 Kand T, = 293 K. » 26

Calculate the change 1n entropy of the system (water) ,the change in entropy of the surrounding and
the change in entropy of the universe. AS
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FREE EXPANSION OF AN IDEAL GAS

in the free expansion of an ideal gas, du = 0 and dQ = 0 so that gW =0 also.
Referring to the figure, we pbserve that the equations describing the equilibrium end states are:

PVznf RT, RT,
(4 ’ Pp= —: dp, = —
V‘ - rt 0 1?[:, “an 1 U]_
A revermble_].mmﬁuu process would be descnbed by the equation wt or Pyvg = Pyvy.
However, the latter equation does ; e free expansion because Py 1s mtially zero and the
rocess 1s 1rreversible. - -
provess 1+ IHewsist Ev=0v
VoTo  ov— v vy, Ty

FE— =
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FREE EXPANSION OF AN IDEAL GAS pv zofy

Nonetheless, the entropy change can be calculated by assuming that a reversible, 1sothermal
cxpansion takes place between the initial and final states of the system. Thus, o A R _ fd 4

dS = ¢, + R « (isothermal >dT =0) Ju=Tols - pov

So: (AS)system = S2 — $1= [FRY=Rmn(Z) 44 ,Js-%ﬂw
(AS) surronding = — (A8)system > 0; the system is isolated (adiabatically insulated).

[n an irreversible free expansion, the available energy levels become more closely spaced lead.ii]‘g to
greater randomness and incrcased. entropy. Js = Cydlr Eﬁ."
For a reversible 1sothermal expansion, the work done would be: e - v

v, v

W, = RTy In| =
-_&n(vl)) DS~ %p\jﬁ
Since: dU = 0; 52; = W, so that: AS = % = RIn (F—E) — Y,

L]
In a free expansion no work 1s done but the change n entropy in the irreversible process 1s as if work
were done in a reversible, 1sothermal process between the same end points.



dUu = d___Q - ﬂ\/

TdS =duxpav
m—
From the combined first and sccond laws cxpressed as:

TdS =dU + P dv
We can obtain some powerful results known as the “TdS equation™.
They envolve writing the specific entropy as function of two independent coordinates, that is, two of
the three fundamental state variable P, T and v. the equations arc: -

TR 1;\/03_*\.-:.)‘;_.'-

aP
TdS = CvdT—}_T(ﬁ)vdv: Cud’r—l—? dv;, §=5(T,v)

The Tds Equations

v N = ¢ = g
TdSchdT—T(E) dP = c,dT —TvBdP; S=S(T,P) v.T T
P N Y o

oP

aT aT Cp c, K
T dS = EF(@) dv+c‘v(—) dP = —dv + dP; S=5(P,v)
4 v - -



The Tds Equations

The Tds equations have a variety of uses: i —

1) they give the heat transferred in a reversihle process .d.gi = TdS.

2) the entropy can be obtained by dividing by T and itegrating.

3) the equations express the heat flow or entropy in terlns of measurable properties such
as:c ,5’ K, T, ect..

4) they can be used to determme the difference in the specific heat capacities L and cv
5) the equations can provide relations bet\veen pairs of coordinates 1 a rgyersible adiabatic process

g Ju= 40PV

Ju:.-CpoIT



ENTROPY CHANGE FOR A LIQUID OR SOLID

The equation of state of a liquid or solid 1s, to a first approximation

‘ v = vyll+ E(T — To) —EI;E;; !

Loy o~ Y d’us‘

The second TdS equation: T dS = ¢p dT — T(ﬂT) /a< /\).> l-l-’ ~
\
: dv
Setting: (—) = pv .
ar -'D . o
o B dT C JI‘"‘"' J

We obtain: dS =[cp — —|Bvo dP o :’

The entropy increases 1f the temperature increases and decreases if the pressure Increases.
e e S e T — e e S

¢ ® ® o » LI
Py BN Al T SR L A R A A



TS &uation
TdS = du + PV
3 (BY) ecdaniot (D
Td S = CydT + -/[gf)cw P= £2P
- ST/ ar
7 dS = Oy oT+ T B dv
v e

Lf oot O

TdS=CpdT - T/AV | P

aT s

“ V:'yp
Tds= CpdT - TVBdP =T

= s(P,v) wald 1 5L D)
TdS = cp(gr),hu- G/AT (dP
av./p

apIr

= Cp dv + CoK dP
pr = Tp -



