Chapter 7
ENTROPY



CLAUSIUS INEQUALITY
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RESULTS OF CLAUSIUS INEQUALITY

For internally reversible cycles For irreversible cycles
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RESULTS OF CLAUSIUS INEQUALITY
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dS = (tg) (kJ/K)  Formal definition of entropy
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Entropy is an extensive :
property of a system. 1 | |
| Reversible ;
| process !

|
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The entropy change between two
specified states is the same whether
the process is reversible or irreversible.
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THE INCREASE OF ENTROPY PRINCIPLE
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50  The equality holds for an internally

Process 2-1 (S = —— reversible process and the inequality
(internally for an irreversible process.
reversible)
A cycle composed of a -2 50
reversible and an AS =S8, — S, = , o S
. : =t qyg 29 o “gen
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Some entropy is generated or created during an irreversible process,
and this generation is due entirely to the presence of irreversibilities.

The entropy generation S, is always a positive quantity or zero.
Can the entropy of a system during a process decrease?




THE INCREASE OF ENTROPY PRINCIPLE
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Some Remarks about Entropy

Surroundings
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AS,, . =-2 kJ/KI
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Sys —

|

|

!

: SYSTEM :
|

|

AS e =3 kI/K

Surr

Sgcn - ASloml - AS.\‘ys + ASsurr =1 kJ/K

The entropy change of a
system can be negative,
but the entropy generation
cannot.

1. Processes can occur in a certain direction

only, not in any direction. A process must
proceed in the direction that complies with
the increase of entropy principle, that is,
Sgen = 0. A process that violates this
principle is impossible.

Entropy is a nonconserved property, and
there is no such thing as the conservation of
entropy principle. Entropy is conserved
during the idealized reversible processes
only and increases during all actual
processes.

. The performance of engineering systems is

degraded by the presence of irreversibilities,
and entropy generation is a measure of the
magnitudes of the irreversibilities during that
process. It is also used to establish criteria
for the performance of engineering devices.



ENTROPY CHANGE OF PURE SUBSTANCES

Entropy is a property, and thus the
value of entropy of a system is fixed
once the state of the system is fixed.
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P3 §3
Compressed Superheated
liquid vapor
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Saturated
liquid—vapor mixture
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The entropy of a pure substance
Is determined from the tables
(like other properties).

T,°C
500
Critical
400 —
300~ sawrated
liquid line
200
Saturated
vapor line
100 —
| | | | | | | |
0 1 2 3 4 5 6 7 8 s klkg+K

Schematic of the T-s diagram for water.

Entropy change
AS = mAs = m(s, — (kJ/K)
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ISENTROPIC PROCESSES

A process during which the entropy remains constant is called
an isentropic process.

As =0 or s,=s, (kI'kg-K)

Steam /I

Isentropic

A |
| No irreversibilities : - / process
| (internally reversible) :‘-
L
|
| 2e
2 |
|
No heat transfer 1 |
|
(adiabatic) S,= 8 | ‘
During an internally Sy =8 s

reversible, adiabatic
(isentropic) process, the
entropy remains constant.

The isentropic process appears as a
vertical line segment on a T-s diagram.



PROPERTY DIAGRAMS INVOLVING ENTROPY

T A

Internally
reversible
process

dA =TdS
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|

|

OnaT-S
diagram, the
area under the
process curve
represents the
heat transfer for
internally
reversible
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For adiabatic steady-flow
devices, the vertical distance
Ah on an h-s diagram is a
measure of work, and the
horizontal distance As is a
measure of irreversibilities.

Mollier diagram: The h-s diagram
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WHAT IS ENTROPY?

Entropy,
kJ/kg « K

Disorganized energy does not create much
useful effect, no matter how large it is.

The level of molecular
disorder (entropy) of a
substance increases as
it melts or evaporates.
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WHAT IS ENTROPY?

Pure crystal

A pure crystalline substance at absolute zero
temperature is in perfect order, and its entropy is
zero (the third law of thermodynamics).

12



Wsh

.......

S| Il I

sh

/ \
/ \\ h

The paddle-wheel work done on a gas increases the

level of disorder (entropy) of the gas, and thus energy
IS degraded during this process.

During a heat
transfer process, the
net entropy
Increases. (The

In the absence of
friction, raising a Q
weight by a rotating | HOT BODY )\ g.4¢ f/COLD BODY *

shaft does not

create any disorder 80°C | " 20°C ?;:trriaseoifntrt]r;ecmd
(entropy), and thus | (Entropy bod F:rxllore than
S 2 D _ ' decreases) y

degraded during this 2 offsets the decrease
process. in the entropy of

the hot body.) 13



THE T ds RELATIONS ,

Tds=du+ Pdv
Tds=dh—-vdP

The T ds relations are valid for
both reversible and irreversible
processes and for both closed
and open systems.

intrev BVVint rev,out — dU
6C),int rev Tds
SW, = P dV

int rev,out

TdS=dU+Pdv  (K))

T ds = du+ P dv (kJ/kg)
the first T ds, or Gibbs equation

h=u-+ Pv
dh = du + P dv + v dP
T ds
T ds =du+ P dv
the second T ds equation

=dh — v dP

du P dv _
ds = + Differential changes
in entropy in terms
ds = dh- v dP " of other properties
T T
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ENTROPY CHANGE OF LIQUIDS AND SOLIDS

go = du P dv Liquids and solids can be
| T T approximated as
Incompressible substances
Since dv =0 for liquids and solids since their specific volumes
du ¢ dT remain nearly constant
ds =~ =~ during a process.

cdT

since ¢, = ¢, = ¢ and du

o : . dT T,
Liquids, solids: S, — 8§ = c(T) ' = (e ID T (kJ/kg - K)
| 1
For and isentropic process of an incompressible substance
1

Isentropic: Sy = 8] = Cayg In—=0 — TL=T,

T
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THE ENTROPY CHANGE OF IDEAL GASES

From the first T ds relation From the second T ds relation
du Pdv du = c,dT dh v dP
(./.\' — + (_/_\- — _—
T T P = RTlv T T
T lv — _
ds = c, ar e v dh = c,dT v = RT/P
T v
2 2
- dT Vs - dT P,
SQ_SIZJI (?V(T)7+Rln71 Sz—sllecp(T)T—RlnPl

A broadcast
from channel 1G.
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Constant Specific Heats (Approximate Analysis)

STk n 24 R 2
S =851 = | c(T) n— Sy — 81 = Cyave IN — n—
2 I I} v T v, 2 I v,avg le Vl
& dT P, T, P,
ss,=851=| ¢(T) ——Rln—= — 5, — 5, =¢,,..In — — Rln —
/1 r P, re 1 1
(kI/kg - K)
»} Actual Entropy change of an ideal gas on a
@ unit—mole basis

Average ¢,

C/),avg _____ -..K =

T, %)
§3 = 81 = Cyaye In ?“ + R,In — (kJ/kmol - K)

P,
ave IN = — R, In — (kJ/kmol - K)

heat assumption, the specific
. heat is assumed to be constant
e I3 I at some average value.

|
I
|
| Under the constant-specific-
|
|
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Isentropic Processes of Ideal Gases
Constant Specific Heats (Approximate Analysis)

5 Vs

S5 = 8] = CyaveIN =— + RIn —
52 51 Cy,a g Tl Vl
Setting this eq. equal to
zero, we get

I, R V
In —= — In —

1 Cy Vi

R=c,—c,k=c)lc,
and thus R/c, = k — 1

5 -

Tl s=const. V;

( T, ) (p., )(A /K ( P,
Tl s=const. N P[ Pl

) §=const.

()

I
3 f “

7, P, (k —1)/k Vi k-1
(Tl )s = const‘_ (Pl) P (V)

*1deal gas
*Isentropic process
*constant specific heats

VALID FOR

> 3

The isentropic relations of ideal
gases are valid for the isentropic
processes of ideal gases only.
TVt =
TPk —

Pv¥ = constant

constant

constant
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REVERSIBLE STEADY-FLOW WORK

0q,.y — OW,, = dh + dke + dpe

8¢,y = T ds (Eq. 7-16)
Tds =dh —vdP (Eq.7-24)

—O0W,., = V dP + dke + dpe

rev

-7

v dP — Ake — Ape

(]

When kinetic and
v dP potential energies
R are negligible

v dP + Ake + Ape

Wey = —V(P, — P;) — Ake — Ape

For the steady flow of a liquid through a
device that involves no work interactions
(such as a pipe section), the work term is
zero (Bernoulli equation):

V2 — V:
(P, — P,) + ———1

) 5 +¢(z,—2,) =0

} 0q,.y = dh — v dP

ey

w=-| VdP

1
)

J VdpP
The larger the
specific
volume, the
greater the
work
produced (or
consumed) by
a steady-flow
device.

(b) Closed system
Reversible work
relations for
steady-flow
and closed

systems.
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Proof that Steady-Flow Devices Deliver the Most and Consume
the Least Work when the Process Is Reversible

Taking heat input and work output positive:

8Guer — W, = dh + dke + dpe Actyal

act
B(frcv - (Swrcv = dh + dke + dPe Rever8|b|e
5‘7;101 - 5"’1'"11;‘1 = B(frcv - 5“"?11:\-'

OWpey — (Swacl = O(ey — (S(facl

Oy = T ds ds = Oqac

T
OWpey — OW 0

T

act

= ds — = (

dwrcv = 0.""'“"as:l

y = y
Wiev = Wact

Work-producing devices such as
turbines deliver more work, and work-
consuming devices such as pumps
and compressors require less work
when they operate reversibly.

P, T,

k\\/ WreV > "Va

TURBINE [T

L

P,, T,

A reversible turbine delivers more
work than an irreversible one if
both operate between the same
end states.

ct
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ISENTROPIC
EFFICIENCIES OF
STEADY-FLOW DEVICES

The isentropic process involves no
irreversibilities and serves as the ideal

IDEAL =
(reversible) [

\p

(irreversible)

ACTUAL _@.‘

process for adiabatic devices. P,
Isentropic P,
.. h4 Inlet state
Efficiency
f Actual process _Actual turbine work W,
O hiba——p—== ) I [sentropic turbine work — wy
Turbines 1 _T $ Isentropic process
P h] _ h"’u
W, . 2 ~ <
W Nr =
‘l hl _ hz\
7] A
X The h-s diagram for
} the actual and
} isentropic
: processes of an
S25 = S s adiabatic turbine.
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Isentropic Efficiencies of Compressors and Pumps

[sentropic compressor work W, P
e Actual compressor work W, I @;\ <
., — h, When kinetic and 2a
Me =, potential energies By Fg———————————= y
2 ' are negligible 7 __-Actual
07 B process
w,  V(P, = Pi) Fora |
e - ) ! Isentropic
W h, — h pump W . ¢ p
u . | g W, / process
The h-s diagram I
I
of the actual and P,
processes of an : Irtlltet
adiabatic ] SRl _
Compressor. S25 = S| s

Can you use isentropic efficiency for a
non-adiabatic compressor?
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Isentropic Efficiency
of Nozzles
_Actual KE at nozzle exit V3.,

Iy [sentropic KE at nozzle exit V

h’l

2s

If the inlet velocity of the
fluid is small relative to
the exit velocity, the
energy balance is

h2a

The h-s diagram %2
of the actual and

5. isentropic
hy = h,, + —
1 2a > processes of an
adiabatic nozzle.
Then,
hy — hy,
Nr =
hl _ //12\

A substance leaves
actual nozzles at a
higher temperature

(thus a lower velocity)
as a result of friction.

AIR

h

Inlet state

950 K, ,

T T \ Isentropic process
V%a V22.s / _—
2 2 A J \\ Bx'\t P:;_
e
__l——J; —————— S
—————————— 2a
: 2s !
|
I
I
|
l s
Sos = 8 3

ErRsr e g

iy
Actual nozzle —:—» 764 K, 639 m/s

!
: Isentropic nozzle — 748 K, 666 m/s

—
—
—
e
—
g
—
—
—
—
—
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ENTROPY BALANCE

Total Total Total Change in the
entropy — | entropy | + entropy = total entropy
entering leaving generated of the system
LSin o LSnul T ‘S gen - AS system

- - - —— \_\,_/
Net entropy transfer Entropy Change
by heat and mass generation In entropy

LSin o LSnul T LS;___fcn - dks H}-’chm/dr

Rate of net entropy Rate of entropy Rate of change
transfer by heat generation In entropy

and mass

(Sin o Sout) T Sgen = ASS)"SIGIH

Entropy Change of a
System, ASgystem
AS.em = St — S

=S5, — S
system *final *~ initial ~2 ~




Mechanisms of Entropy Transfer, S,n and S

1 Heat Transfer

out

Entropy transfer by heat transfer: A
) ’ il A
Sheat = © (T = constant) y
T ‘.,‘
2 : |
Y O A N .
y = — = — Rt e e T,=400 K
Shcat Jl T T,:\, : 7;,/ b
! | ‘!
| | & 0=500k]
Entropy transfer by work: { SAESLEM ‘:
_ ‘ | _ | O
S\\ml () e g She?t"= Tb
7 =125KK

Entropy is not

transferred
Eiitopy with work
generation
via friction
v

Heat transfer is always
accompanied by entropy transfer
in the amount of Q/T, where T is
the boundary temperature.

No entropy accompanies work as it crosses
the system boundary. But entropy may be
generated within the system as work is
dissipated into a less useful form of energy. o5



Mechanisms of Entropy Transfer, S,, and S

2 Mass Flow

Entropy transfer by mass:

A\

mass

= ns

| Control volume

I;n'z : t‘ n:’zh

ms
I

Mass contains entropy as well as
energy, and thus mass flow into or
out of system is always
accompanied by energy and
entropy transfer.
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Closed Systems

)
Closed 5.\-’51‘@7”: 2(} i Sgel“l — ASTS)’stem - S" o Sl (kJ/ K)
;'\,

The entropy change of a closed system during a process is equal to the sum
of the net entropy transferred through the system boundary by heat transfer
and the entropy generated within the system boundaries.

Adiabatic closed system: Seen = AS diabatic system

System + Surroundings:

ben 2 AS - Asqurem AS
ASsystem - ﬂ’l(S2 a Sl) ASeurr o qurr/T9

surr

surroundings
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).
2% + 2 m;s; — 2 MeS, + S‘Qu‘n - (83 o S|)CV
k

), .
2% + DS — DS, + Spn = dScy/dr (kW/K)
i

Steady-flow:

Steady-flow, single-stream:

Steady-flow, single-stream, adiabatic:

SeZSl'

il

A

Seen = 2 m,S, — 2 m;s; — 7
;\_
O

Sgcn - ’h(-'f,? - .‘)";) — ?
X

Seen = 11(s, — ;)

The entropy of a
substance always
increases (or
remains constant in
the case of a
reversible process)
as it flows through a
single-stream,
adiabatic, steady-
flow device.

(KJ/K)

Control Volumes

Surroundings
i_—_—____—___ll_ m,
| /:”.__‘se
|
| Control :
| volume |
| |

m : " Q
i — I
| e S

AScy = TQ + M;S;— MyS, + Sgen

Ent;(;py Entropy
transfer transfer
by heat by mass

The entropy of a control
volume changes as a
result of mass flow as well
as heat transfer.
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