Applications of the Second Law
(Lecture 7)

1st semester, 2021
Advanced Thermodynamics (M2794.007900)
Song, Han Ho

(*) Some materials in this lecture note are borrowed from the textbook of Ashley H. Carter.
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Applications of the Second Law

Entropy Changes in Reversible Processes

> To evaluate the entropy changes in reversible processes, we combine
the first and the second laws.

du=0q.—ow, = og. =du+ow, =du+ Pdv
oq. du P

— = — + —dv = ds (by Clausius' definition)
r T T

> For some special cases,

1. Adiabatic process: og. =0,ds =0, s = const
(reversible adiabatic process = isentropic process)
2. Isothermal process:

20, 4,
S, =81 = T :T
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Applications of the Second Law

Entropy Changes in Reversible Processes

> Continue on.
3. Isothermal and isobaric change of phase:
20q, g, _ !
S~ — 5, = =
* jl T T T
where oq. =du+ Pdv=dh—vdP = dh
q,. = h, —h, =[ (latent heat)

4. Isochoric process:

T T LT A
if const lnT2
c. = , S, =8 =c, In—=
’ 2 T du:(é—uJ %_{8_11) dT =c,dT
ov ), oT ),
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Applications of the Second Law

Entropy Changes in Reversible Processes

> Continue on.

5. Isobaric process:
oq, =du+ Pdv=dh—vdP
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Applications of the Second Law

1 Ty 2
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A Y
4 < 3
T, '

Temperature-Entropy (T-S) Diagrams

> Fora Carnot cycle, we can draw T-S diagram for the processes.
1 -> 2: rev. isothermal Qg (heat addition)
2 -> 3: rev. adiabatic Working Fluid : Ty,—T,
3 -> 4: rev. isothermal Q_ (heat rejection)
4 -> 1:rev. adiabatic Working Fluid : T, —Ty

s s 2(5@”) G _ Qi (g 5 0)
: T rev TH TH
4( 00, Qi34 0,
S, —S, = n | _Fmid_ XL (05
! : 3 ( T jrev TL TL (QL )
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Applications of the Second Law

the heat transfer during the process.

i
1 Ty 2
S
A v
4 < 3
T I
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a b S

Q,=T,(5,-S§,): area 1-2-b-a-1

Q, =-T,(S,—S,): area 3-4-a-b-3 :>
Ww.=0,—-0Q,:area 1-2-3-4-1

Temperature-Entropy (T-S) Diagrams

is-(%2
T rev

%0,., =TdS
Jo0.. =|Tas

> The area under the REVERSIBLE process in T-s diagram represents

/4

net

_area 1-2-3-4-1

Ny =

0, area 1-2-b-a-1
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Applications of the Second Law

Entropy Generation associated with Heat Transfer

Consider a heat transfer process between a finite temperature difference.
For the boundary B with no change of state in time,

Energy Eq.: dE=0=601—060,=60,=380,=460
5 %)
Entropy Eq.: dS =0 = —Q — —Q + 0S0en B
1y T :
50 80 1 1
0Seenp=— — — =00 =——] >0
=TT Q(T TO)

The second law tells 0Sg, > 0 for an irreversible process:
If To>T, dQ > 0.
If To<T, 0Q<0.

A:systemat T
The second law tells 0S4, = 0 for a reversible process: B: boundary at steady state

C: surrounding at T

If 8Q#0, T,=T.
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Applications of the Second Law

Entropy Changes of the Surroundings for a Reversible
Process

> In a reversible process in which there is a reversible flow of heat

between a system and its surroundings, temperatures of both are
essentially equal, differing only by dT (= 0). surroundings

T +dT

d universe dS system + dS surroundings
Here, dg, > 0
—d —d d
surroundzngs q” ~ q” - q” = _dS system
T+dT T T
0

— ds

universe

“In any reversible process, the entropy change of the universe is always zero.
Any change in entropy of the system will be accompanied by an entropy change
in the surroundings equal in magnitude but opposite in sign.”
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Applications of the Second Law

Entropy Change for an Ideal Gas

> For the same initial and final equilibrium states, you can use Gibbs
equation for entropy change in both reversible and irreversible processes.

dS:@+Pdv
I T
For ideal gas, du =c, dT and £_£
T v
Then, ds=c, d—T+Rﬂ
T %

S, sl—jc —-I-jR——C n—+Rln

T 1 V|

If ¢, is constant




Applications of the Second Law

Entropy Change for an Ideal Gas

10

> The final equation implies the followings (which holds for all solids,

liquids, and gases, in general):

T 1%
s,—s,=c,In-=+ RIn—=
1 1%
1 1

1. The higher the temperature rise, the greater the increase in entropy
2. The larger the volume expansion, the greater the increase in entropy

> For example, for isentropic expansion of a gas (ds=0),

gas expansion - temperature decrease > entropy decrease <] gcel

gas expansion - volume increase - entropy increase <1 each other




Applications of the Second Law

TdS Equations

> Gibbs equation can be expressed as a function of different variables:

11

Tds = du + Pdv =

Tds =c dT+T(an dv=cdT +
oT ),

dh

—vdP

1( ov

1

ﬂ K=— —(Qj (isothermal compressibility)
OP ),

_1({ov it
p . (8T ]P (expansivity)

T—dv, s=s(T,v) Y
K

Tds = c,dT — T( g;j dP =c,dT —TvfdP, s=s(T,P)
P

Tds—cp(aTj dv+c (8Tj dP =-£
P aP v

ov

pv

1. It can be used to calculate the heat transfer during a reversible process.

2. Entropy can be obtained by dividing by T and integrating. (EOS for entropy!)
3. Reversible heat flow or entropy is expressed in terms of measurable properties.
4. The equations provide relations between pairs of coordinates in an isentropic

process.
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Applications of the Second Law

TdS Equations

> Continue on. Let's derive the following TdS equation.

Tds = c,dT - T( g;] dP = c,dT —TvpdP, s=s(T,P)
P

Gibbs equation becomes, Cp

TdS:dh—vdP:(a dT+(ahj dP —vdP

T), oP ).,

N dszi(%j ar+L (%j v |ap
T\oT ), T|\oP),

Since dS is exact different,

2@ -242) -]

After carrying out the differentiation, the equation becomes,

(%j =—T(QJ +v=-TvB+v
OP ), »

oT
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Applications of the Second Law
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Entropy Change in Irreversible Processes

> To calculate the entropy change in irreversible process, we choose any

convenient reversible process having the same initial and final states,

and evaluate the associated entropy change. (entropy is state variable!)

> (First example) Thermal equilibrium with a heat reservoir at constant P

irreversibility — finite temperature difference between the body and the reservoir

initial state — body at T4, reservoir at T,

final state — body at T,, reservoir at T,

choice of reversible path — there are series of thermal
reservoir between T, and T,, which conduct the heat
to the body reversibly.

|_—body = system

P

©Q

T,

(I, >Ty)

\reservoir = surroundings




Applications of the Second Law

Entropy Change in Irreversible Processes

> Continue on.

The first and second laws for the body in a reversible process become,
&, =Tds = cp,dT —vdP = c,dT (" isobaric)

|_—body = system

ar I
ds = 5% =C,
¢
T,
Then, (As), w =Cp ln( J (when ¢, : const) -
/
(
T reservoir = surroundings
(As)reservmr - =—Cp 2— (When Cp - COHSt) ,
T 5 T,

Fina”y’ (AS )universe = (AS )body + (AS )7”€S€"V0i”

:C{m(z]_n—ﬂ}
L) T
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Applications of the Second Law

Entropy Change in Irreversible Processes
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> (Second example) Free expansion of an ideal gas
irreversibility — rapid expansion of a gas
initial state — gas at T, vy, Py

final state — gas at T, v4, P4
choice of reversible path — reversible, isothermal expansion from v, to v,

Gas

V
acuum (To, V1, Pq)

Applying the Gibbs equation to a reversible path of an ideal gas,

ds=c, dar +R dv_ R v (. isothermal)
T 1% 1%

(85), 0 = Rh{ﬁ] () (50)

Vo




Applications of the Second Law

Entropy Change in Irreversible Processes

> Continue on.

In a free expansion, we know that
ow=0, ou=0, and og =0

In a reversible, isothermal expansion,

w. = RT, ln( j Au=0, andg, =w,
Vo

As=9r — Rin| 1
1, Vo

In a free expansion, the entropy change is as if work were done in a reversible,
isothermal process between the same initial and final thermodynamic states.
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Applications of the Second Law

Entropy Change for a Liquid or Solid

> Let’s calculate entropy change for a liquid or solid. We assume

1( ov .
V= VO (ConSt‘) and ﬂ; CP ~ COIlSt. B E;(G—ij (expansivity)

By using Gibbs equation in terms of T, P (from previous slide),

1ds = c,dT —1TvpdP = c,dT —Tv,dP

— ds =cPd7T—v0,BdP

Integrating,

S—S,=Cp ln(%)—voﬂ(P—PO)

0

1. Entropy increases with temperature
2. Entropy decreases with pressure
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