Copyright © The McGraw-Hill Companies, Inc. Permission required for reproduction or display.



ENTROPY
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cyclic
device

Combined system
(system and cyclic device)

The system considered in
the development of the
Clausius inequality.

OWiey

jj; 80 _ SW. =604 — dEc
T
8 & 50
%—7 6WC—TR7Q_(1EC
80
e 1,422
" 80 i
{30 _, Clsiue
T inequality
)
%<Q> _ 0
T int rev
50 Formal
dsS = (T) (kJ/K) definition
ntrev of entropy

>
A
|
A
S
I
A
I

-1
| T int rev

The equality in the Clausius inequality holds
for totally or just internally reversible cycles
and the inequality for the irreversible ones.
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This equation is particularly useful for determining
the entropy changes of thermal energy reservoirs.




EXAMPLE 7-1 Entropy Change during an Isothermal Process

A piston—cylinder device contains a liguid—vapor mixture of water at 300 K.
During a constant-pressure process, 750 kJ of heat is transferred to the
water. As a result, part of the liquid in the cylinder vaporizes. Determine the
entropy change of the water during this process.

Solution Heat is transferred to a liquid—vapor mixture of water in a piston—
cylinder device at constant pressure. The entropy change of water is to be
determined.
Assumptions No irreversibilities occur within the system boundaries during
the process.
Analysis We take the entire water (liquid + vapor) in the cylinder as the
system (Fig. 7-4). This is a closed system since no mass crosses the system
boundary during the process. We note that the temperature of the system
remains constant at 300 K during this process since the temperature of a
pure substance remains constant at the saturation value during a phase-
change process at constant pressure.

The system undergoes an internally reversible, isothermal process, and
thus its entropy change can be determined directly from Eq. 7-6 to be

Q 750Kkl

T,, 300K

ﬂssys,isodwmal = — 2.5 l'\-”]{

Discussion Note that the entropy change of the system is positive, as
expected, since heat transfer is fo the system.

FIGURE 7-4

Schematic for Example 7-1.



THE INCREASE OF ENTROPY PRINCIPLE
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. o C S 2 o 1y g
(reversible m'\?#__--"" < % o¢ =0 l % + l (0_Q> <0
irreversible) . J > N T Jintrey

2 50 2 o
[ %€ 5 -5, =0 5_,_5,>[ o0
T 2 T

vI v]

50 The equality holds for an internally

Process 2—1

(internally (S = —— reversible process and the inequality

NP for an irreversible process.

reversible)

..2 -
A cycle composed of a e e e |TeQ
. AS.. =5, — 85, = — + San

reversible and an . - )T ~
iIrreversible process. : T T T _

p *S gen - ASTOT:II - A*S Sys + A*S.ﬁurr = ()

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?
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Some Remarks about Entropy

Surroundings

AS

=3 kI/K

surr —

Sgen = ASiota = ASys + ASgyy = 1 KI/K

gen = e

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 2 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.



EXAMPLE 7-2 Entropy Generation during Heat Transfer
Processes

A heat source at 800 K loses 2000 kJ of heat to a sink at (a) 500 K and (b)
750 K. Determine which heat transfer process is more irreversible.

Source Source
800 K 800 K
| | |

| 2000 kJ

(a)

FIGURE 7-9

Schematic for Example 7-2.



The entropy change for each reservoir can be determined from Eq. 7-6
since each reservoir undergoes an internally reversible, isothermal process.
(@) For the heat transfer process to a sink at 500 K:

_ Qsoun:u: - ZD{}G kJ

AS = = = —25kJ/K
T e 800K /
O 2000 k]
AS = = = +4.0kl/K
sink T;Jnk Sm K J'/

and
ng = AS g = AS e T ASgy = (—2.5 + 4.0)kI/K = L.5K]J/K

Therefore, 1.5 kJ/K of entropy is generated during this process. Noting that
both reservoirs have undergone internally reversible processes, the entire
entropy generation took place in the partition.

(b) Repeating the calculations in part (a) for a sink temperature of 750 K,
we obtain

ASeuee = —2.5kJ/k

AS., = +27kI/K

sink —
and
Sgen = ASyy = (—2.5 + 2.7) KI/K = 0.2 kJ/K

The total entropy change for the process in part (b) is smaller, and therefore
it is less irreversible. This is expected since the process in (b) involves a
smaller temperature difference and thus a smaller irreversibility.

Discussion The irreversibilities associated with both processes could be
eliminated by operating a Carnot heat engine between the source and the

sink. For this case it can be shown that AS,;;, = O.



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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liquid
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vapor

@
®

Saturated
liquid—vapor mixture

TE —
X, 8 = Sf+.x'23fg

wY

The entropy of a pure substance
IS determined from the tables
(like other properties).
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liquid line
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Schematic of the T-s diagram for water.

Entropy change
AS = mAs = m(s, — §,) (kJ/K)
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EXAMPLE 7-3 Entropy Change of a Substance in a Tank

A rigid tank contains 5 kg of refrigerant-134a initially at 20°C and 140 kPa.
The refrigerant is now cooled while being stirred until its pressure drops fo
100 kPa. Determine the entropy change of the refrigerant during this process.

N FIGURE 7-12
__{5___1_____: Heat Schematic and 7-s diagram for
T Example 7-3.
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Solution The refrigerant in a rigid tank is cooled while being stirred. The

entropy change of the refrigerant is to be determined.

Assumptions The volume of the tank is constant and thus v, = v,.

Analysis We take the refrigerant in the tank as the system (Fig. 7-12). This

is a closed system since no mass crosses the system boundary during the

process. We note that the change in entropy of a substance during a process

is simply the difference between the entropy values at the final and initial

states. The initial state of the refrigerant is completely specified.
Recognizing that the specific volume remains constant during this

process, the properties of the refrigerant at both states are

P, = 140kPa)| s, = 1.0624kJ/kg-K
State 1: :
T, = 20°C v; = 0.16544 m’/kg
= = 3
State 2- P, =100 kPa} Ve D.GDO’}'ZSQEm /kg
(V2 =) v, = 0.19254 m*/kg

The refrigerant is a saturated liquid—vapor mixture at the final state since
Ve < v < v, at 100 kPa pressure. Therefore, we need fo determine the
quality first:

V; = Vr  0.16544 — 0.0007259

Ve 0.19254 — 0.0007259

X, = — 0.859

Thus,
5, = 8¢+ X8, = 0.07188 + (0.859)(0.87995) = 0.8278 kJ /kg- K
Then the entropy change of the refrigerant during this process is
AS =m(s, — 5;) = (5kg)(0.8278 — 1.0624) kIl /kg-K
= —1.173 kJ/K

Discussion The negative sign indicates that the entropy of the system is
decreasing during this process. This is not a violation of the second law,
however, since it is the enfropy generation S, that cannot be negative.

12



EXAMPLE 74

Entropy Change during a Constant-Pressure
Process

A piston—cylinder device initially contains 3 |bm of liquid water at 20 psia
and 70°F. The water is now heated at constant pressure by the addition of
3450 Btu of heat. Determine the entropy change of the water during this

process.

| H,0 |
| P,=20psia |
iy
' T, =T70°F

Y
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Solution Liquid water in a piston—cylinder device is heated at constant
pressure. The entropy change of water is to be determined.
Assumptions 1 The tank is stationary and thus the kinetic and potential
energy changes are zero, AKE = APE = 0. 2 The process is quasi-equilibrium.
3 The pressure remains constant during the process and thus P, = P,.
Analysis We take the water in the cylinder as the sysfem (Fig. 7—13). This is
a closed systemn since no mass crosses the system boundary during the
process. We note that a piston—cylinder device typically involves a moving
boundary and thus boundary work W,. Also, heat is transferred to the system.
Water exists as a compressed liquid at the initial state since its pressure is
greater than the saturation pressure of 0.3632 psia at 70°F. By approximat-
ing the compressed liquid as a saturated liquid at the given temperature, the
properties at the initial state are

P, =20 psia} §1 = Spa 700k = 0.07459 Btu/lIbm-R

State 1:
we TI = T0°F h| = h__,f@ TO°F = 38.08 Btujlbm

At the final state, the pressure is still 20 psia, but we need one more prop-
erty to fix the state. This property is determined from the energy balance,

Ein - Eoul = ﬂlE|s.3.rst|:11'||
.
Net energy transfer Change in internal, Kinetic,
by heat, work, and mass potential, etc., energies

Qi — W, = AU
Qi = AH = m(h, — hy)
3450 Btu = (3 Ibm) (h, — 38.08 Btu/1bm)
h, = 1188.1 Btu/Ibm
since AU + W, = AH for a constant-pressure quasi-equilibrium process. Then,

P, = 20 psia 5, = 1.7761 Btu/Ibm - R

State 2:
are h, = 1188.1 Bu/lbmJ  (Table A-6E, interpolation)

Therefore, the entropy change of water during this process is
AS = m(s; — 5;) = (31bm)(1.7761 — 0.07459) Btu/Ibm R
= 5.105 Btu/R

14



ISENTROPIC PROCESSES

A process during which the entropy remains constant is called

an isentropic process.

Steam
5

No 1rreversibilities
. (internally reversible)

No heat transfer
(adiabatic) #
During an internally

reversible, adiabatic
(isentropic) process, the

entropy remains constant.

As =0 or s,=s, (kl/kg-K)

T A
le
Isentropic
process
2
|
|
|
|
I
I -
So =84 s

The isentropic process appears as a

vertical line segment on a T-s diagram.
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EXAMPLE 7-5 Isentropic Expansion of Steam in a Turbine

Steam enters an adiabatic turbine at 5 MPa and 450°C and leaves at a pres-
sure of 1.4 MPa. Determine the work output of the turbine per unit mass of

steam if the process is reversible.

|
: Woy = 7
STEAM j S—-_
TURBINE :—t;
|
|
P, = 1.4 MPa

FIGURE 7-15

Schematic and T-s diagram for

Example 7-5.
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The power output of the turbine is determined from the rate form of the
energy balance,

0 (steady)
Ein — Eou = "-;lrfl'_:sy.'stli:m"'rdI =0
Rate of net energy transfer Rate of change in internal, kinetic,
by heat, work, and mass potential, etc., energies

Eiﬂ = Enul
rith, = W, + mh;, (since Q = 0, ke = pe = 0)
Wout = m(h] o hl)

The inlet state is completely specified since two properties are given. But
only one property (pressure) is given at the final state, and we need one
more property to fix it. The second property comes from the observation that
the process is reversible and adiabatic, and thus isentropic. Therefore, s, =
s,, and

Pi=5 MPa} hy = 3317.2 k) /ke
State 1:
T, = 450°C| s, = 6.8210kl/kg-K
P, = 1.4MP
State 2: 2 a} h, = 2967.4 kJ /kg
Fa = §)

Then the work output of the turbine per unit mass of the steam becomes
Wy = Ny — by, = 33172 — 2967.4 = 349.8 k] /kg

17



PROPERTY DIAGRAMS INVOLVING ENTROPY

T A h A
Internally I
reversible O_n aT-S "\ A
N\ process T diagram, the \
| aa =
| _ 50 area under the Y Ah
| | process curve “
| W represents the N2y
| ] ) *  heat transfer for %‘
| | |Ara=[Tds=0! internally < As
| [ I .
| N | reversible
s processes. >
§
-2 For adiabatic steady-flow
0Qiirey = 1 dS Q. = J T ds devices, the vertical distance Ah
|

on an h-s diagram is a measure
) of work, and the horizontal
Tds ¢ = J T ds distance As is a measure of
1 irreversibilities.

&Zim rev

Qim rev 7—('-) AS Gintrev — 7—('_) As
Mollier diagram: The h-s diagram



WHAT IS ENTROPY?

Entropy,
kJ/kg-K

. Liquid |
% y

//"‘\\ N - _,/"/
( Solid \J

)

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

Pure crystal

r=0K
Boltzmann Entropy = 0
relation
S=klnp

k = 1.3806 X 10723 J/K

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

Disorganized energy does not create much
useful effect, no matter how large it is.
19
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OO YOouU REALIZE You ARE
INCREASING THE ENTROGPY

EVERY TIME YOU DO

SOMETHING IN THIS
HOWUSE ??

In the absence of
friction, raising a
weight by a rotating
shaft does not
create any disorder
(entropy), and thus
energy is not
degraded during this
process.

FIGURE 7-26
The use of entropy (disorganization,
uncertainty ) 1s not limited to
thermodynamics.

Hot body PR
ea

80°C

(Entropy
decreases)

Cold body
20°C

(Entropy
increases)

o
/7 \

W%h
A
b_d / ./
)"

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
increase Iin the
entropy of the cold
body more than
offsets the decrease
in the entropy of

the hot body.) 20



FIGURE 7-27

As in mechanical systems, friction in
the workplace 1s bound to generate
entropy and reduce performance.
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THE T ds RELATIONS

Closed
system

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.

6Q)«int rev. BVVint rev,out - dU
6C),int rev I ds

vaint rev,out — P dV

T dS =dU + P dV (kJ)

T ds=du+ P dv (kJ/kg)

the first T ds, or Gibbs equation

h=u+ Pv

th =du + P -+

dh du dv + v dP} T ds = dh — U dP
Tds =du+ P dv

the second T ds equation

du P dv
=7 1 Differential changes
Jh u 4p nentropy interms
ds = T of other properties

22



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(7T) ' = (e ID T (kJ/kg - K)
| !
For and isentropic process of an incompressible substance
1

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

T
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EXAMPLE 7-7 Effect of Density of a Liquid on Entropy

Liquid methane is commonly used in various cryogenic applications. The
critical temperature of methane is 191 K (or —82°C), and thus methane
must be maintained below 191 K to keep it in liguid phase. The properties
of liquid methane at various temperatures and pressures are given in Table
/-1. Determine the entropy change of liquid methane as it undergoes a
process from 110 K and 1 MPa to 120 K and 5 MPa (a) using tabulated
properties and (b) approximating liguid methane as an incompressible sub-
stance. What is the error involved in the latter case?

FIGURE 7-29

Schematic for Example 7-7.
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Solution Liquid methane undergoes a process between two specified
states. The entropy change of methane is to be determined by using actual
data and by assuming methane to be incompressible.

Analysis (a) We consider a unit mass of liquid methane (Fig. 7-29). The
properties of the methane at the initial and final states are

P, =1MPa s; = 4.875kl/kg-K
State I:

T, = 110K cp1 = 3.471 kl/kg-K

P, =5MP = 5145 k] /kg- K
State 2: : a} %2 /ke

T, = 120K cpr = 3.486 kl/kg- K
Therefore,

As = s, — 5, = 5.145 — 4.875 = 0.270 k] /kg - K

(b) Approximating liguid methane as an incompressible substance, its
entropy change is determined to be

7 120 K
AS = €ape In =2 = (3.4785 kJ /kg - K) 1
$ = Cagln o= ( /keg-K)In 90

= 0.303 kl/kg - K

since

Gt o 3471 + 3.486
Cavg _ A _ -

i s

— 3.4785kJ/kg-K

Therefore, the error involved in approximating liquid methane as an incom-
pressible substance is

|ASuewa — ASigea|  10.270 — 0.303
AS el 0.270

Discussion This result is not surprising since the density of liquid methane
changes during this process from 425.8 to 415.2 kg/m? (about 3 percent),
which makes us question the validity of the incompressible substance
assumption. Still, this assumption enables us to obtain reasonably accurate
results with less effort, which proves to be very convenient in the absence of
compressed liquid data.

Error = = 0122 (or 12.2%)

25



EXAMPLE 7-8 Economics of Replacing a Valve by a Turbine

A cryogenic manufacturing facility handles liquid methane at 115 K and 5
MPa at a rate of 0.280 m3/s . A process requires dropping the pressure of
liquid methane to 1 MPa, which is done by throttling the liquid methane by
passing it through a flow resistance such as a valve. A recently hired engi-
neer proposes to replace the throttling valve by a turbine in order to produce
power while dropping the pressure to 1 MPa. Using data from Table 7-1,
determine the maximum amount of power that can be produced by such a
turbine. Also, determine how much this turbine will save the facility from
electricity usage costs per year if the turbine operates continuously (8760
h/yr) and the facility pays $0.075/kWh for electricity.

TABLE 7-1

Properties of liquid methane

Specific
Temp., Pressure, Density, Enthalpy, Entropy, heat,
I K P, MPa p, kg/m? h, kl/kg s, kllkg - K ¢, klkg - K
110 0.5 425.3 208.3 4.878 3.476
1.0 425.8 209.0 4 875 3.471
2.0 4126.6 210.5 4.867 3.460
5.0 429.1 215.0 4.844 3.432
120 0.5 410.4 243.4 5.185 3.5561
1.0 411.0 244.1 5.180 3.543
2.0 412.0 2454 5.171 3.528
5.0 415.2 249.6 5.145 3.486
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Solution Liquid methane is expanded in a turbine to a specified pressure
at a specified rate. The maximum power that this turbine can produce and
the amount of money it can save per year are to be determined.

Assumptions 1 This is a steady-flow process since there is no change with
time at any point and thus Am., = 0, AEy = 0, and ASy = 0. 2 The tur-
bine is adiabatic and thus there is no heat transfer. 3 The process is
reversible. 4 Kinetic and potential energies are negligible.

Analysis We take the turbine as the system (Fig. 7-30). This is a contro/
volume since mass crosses the system boundary during the process. We note
that there is only one inlet and one exit and thus m; = m, = m.

The assumptions above are reasonable since a turbine is normally well
insulated and it must involve no irreversibilities for best performance and
thus maximum power production. Therefore, the process through the turbine
must be reversible adiabatic or isentropic. Then, s, = s; and

h, = 2323 kJ/k
P,=5MPa] ke

State 1: r o5k [ 5= 49945Kl/kg-K
: p; = 422.15 kg/s

P,=1MP

State 2: : a} hy = 222.8 kJ/kg
§r = §

Also, the mass flow rate of liquid methane is

m = pV, = (422.15 kg/m*)(0.280 m*/s) = 118.2 kg/s

27



Then the power output of the turbine is determined from the rate form of the
energy balance to be

/ 0 (steady)
Eiy — Eou = dEsy‘stcn?de =0
Rate of net energy transfer Rate of change in internal,
by heat. work, and mass kinetic, potential, etc., energies
E,=E

in oul

tith) = W,y + mh; (since O = 0, ke = pe = 0)
Wout = m[:h] - h?)

= (1182 kg/s)(232.3 — 222.8) kl/kg

= 1123 kW

For continuous operation (365 x 24 = 8760 h), the amount of power pro-
duced per year is

Annual power production = W,,, X At = (1123 kW) (8760 h/yr)
= 0.9837 % 10" kWh/yr
At $0.075/kWh, the amount of money this turbine can save the facility is
Annual power savings = (Annual power production) (Unit cost of power)
= (0.9837 % 107 kWh/yr)($0.075/kWh)
= $737.800/yr

That is, this turbine can save the facility $737,800 a year by simply taking
advantage of the potential that is currently being wasted by a throttling
valve, and the engineer who made this observation should be rewarded.
Discussion This example shows the importance of the property entropy since
it enabled us to quantify the work potential that is being wasted. In practice,
the turbine will not be isentropic, and thus the power produced will be less.
The analysis above gave us the upper limit. An actual turbine-generator
assembly can utilize about 80 percent of the potential and produce more
than 900 kW of power while saving the facility more than $600,000 a year.

It can also be shown that the temperature of methane drops to 113.9 K (a
drop of 1.1 K) during the isentropic expansion process in the turbine instead
of remaining constant at 115 K as would be the case if methane were
assumed to be an incompressible substance. The temperature of methane
would rise to 116.6 K (a rise of 1.6 K) during the throttling process.

28



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, at | p v dh = c,dT v = RT/P
T v
2 2
- dT Vs - dT P,
SQ_SIZJI (?V(T)7+Rln71 SQ—SIIJICP(T)T_RIHPI

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

—rz‘(T)gHelﬁ—» =c 1£+Rl2

A S = ) Cy T n Vl 52 Sl — ("V.E.l\-’g n 7] n Vl
_ _ F2 (T g — Rl & _ T2 P2
) S — J ('p( ) T n Pl —> 52 - S] — (":” ave ln _] - Rl _]
kJ/ke - K

(k1/ke - K)

Entropy change of an ideal gas on a
unit—mole basis

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

Cpave

S5 = S| = Cpave In 7= — R, In — (kJ/kmol - K)

Under the constant-specific-
heat assumption, the specific

» heatis assumed to be constant
at some average value.

30



Variable Specific Heats (Exact Analysis)

We choose absolute zero as the reference T K s°, kl/kg-K

temperature and define a function s° as -

T
T
s° = J (TP(T) €

. T 300 [.70203
, 310 [.73498
IT 32 166
| T
On a unit—-mass basis
p (Table A-17)
S, =8 =85 — 87 —Rln— (kJ/kg+K) The entropy of an ideal
: gas depends on both T
On a unit—=mole basis and P. The function s°
) represents only the
S, — 85 =55 —s7 —R,In F (kJ/kmol - K)  temperature-dependent
' part of entropy.
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Air

T, =290 K
T,=330 K

= —0.3844 kJ/kg'’K

T !
22 _pnl2
T, Py
= —.3842 kakg‘K

$2=51=Cp avg In

FIGURE 7-35

For small temperature differences, the
exact and approximate relations for
entropy changes of ideal gases give
almost identical results.
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Isentropic Processes of Ideal Gases

Constant Specific Heats (Approximate Analysis)

1, Vs
Sy — 8] = CyaveIN —— + RIn — SEniiaaiaen iy
ave Tl Vl r”"‘”—"-’_‘——-‘“— ;
 \(k—=1)/k =1
Setting this eq. equal to \ (E) e (&) < (ﬂ)
zero, we get \ 1y Je=const N Va
1 R Vs |
In —= — In— ' :
T, c, Vi ! +ideal gas
T, U\ Ries | Valid for +isentropic process
In —= = In | = *constant specific heats &
Tl %) *ﬂ\ ? 5
R = Cp = Cu k = Cp/cv The isentropic relations of ideal
and thus R/c, = k — 1 gases are valid for the isentropic
T o\ k-1 processes of ideal gases only.
: _ (X
( 1 )\conat. ( Vo ) Tv*~! = constant

(Tf) - ( P )“W (P 2) _ (Vl )A TPU =k = constant
77] s=const. Pl Pl §=const. V? ’

Pv¥ = constant

33



Isentropic Processes of Ideal Gases
Variable Specific Heats (Exact Analysis)

0=353 —s —Rln— = 55 =s9 —I—Rln?

|

Py

|

Relative Pressure and Relative Specific Volume

The use of P, data

P, s — s exp(s°/R)is /
P — Xp R the relative for calculating the

1 - pressure P.. f_inal temperature
Py _ exp(s3 /R) during an isentropic
P, exp(s] /R) process.
5)_ -t

PI s=const. P#I
Plvl P2V2 Vz T2 Pl T2 P,"l TZ/P}Q

py —_ — = — —
T, T, vw T,pP, T, P, T/P,

( %) ) Via
VI s=const. V!‘I

T/P, is the relative
specific volume v..

The use of v, data for
calculating the final
temperature during an
Isentropic process

Process: isentropic
Given: Py, Ty, and P
Find: T,

T, read P P
read

TI —_—

Process: isentropic
Given: v, T{. and v,
Find: T,

- Yy
T, read U,y =2
. . T |
read
TI Ur 1



EXAMPLE 7-9 Entropy Change of an ldeal Gas

Air is compressed from an initial state of 100 kPa and 17°C to a final state
of 600 kPa and 57°C. Determine the entropy change of air during this com-
pression process by using (a) property values from the air table and (b) aver-
age specific heats.

UIIHPIUI nr ]

T ) &%g?"’“
P> =600 kPa v FIGURE 7-34
— I, =330K Schematic and 7T-s diagram for
1t L Example 7-9.
AIR AN

COMPRESSOR :b—

e

o
17

P, =100 kPa -
T =29K
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Solution Air is compressed between two specified states. The entropy
change of air is to be determined by using tabulated property values and

also by using average specific heats.

Assumptions Air is an ideal gas since it is at a high temperature and low
pressure relative to its critical-point values. Therefore, entropy change rela-
tions developed under the ideal-gas assumption are applicable.

Analysis A sketch of the system and the T7-s diagram for the process are
given in Fig. 7-34. We note that both the initial and the final states of air

are completely specified.
(a) The properties of air are given in the air table (Table A-17). Reading s°
values at given temperatures and substituting, we find

5§, — 85 =57 — 5§ —Rln —

600 kPa
100 kPa

= [(1.79783 — 1.66802) kJ/kg - K] — (0.287 kJ/kg-K) In
= —0.3844 kJ/kg- K

(b) The entropy change of air during this process can also be determined
approximately from Eq. 7-34 by using a c, value at the average temperature
of 37°C (Table A-2b) and treating it as a constant:

2 PE
Sl_.ﬁ']={fp1a,_.gln?l_RlﬂFl
330 K 600 kPa
— (1.006 kJ/ke - K) 1 — (0287 KJ/ke-K) 1
( /kg-K)In oo = ( /kg-K)In o0 pa

— —0.3842 kJ/kg - K
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EXAMPLE 7-10 Isentropic Compression of Air in a Car Engine

Air is compressed in a car engine from 22°C and 95 kPa in a reversible and
adiabatic manner. If the compression ratio V;/V5 of this engine is 8, deter-
mine the final temperature of the air.

'
T.K N
o>
[sentropic
compression
_ comst:
295 T T ==
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Solution Air is compressed in a car engine isentropically. For a given com-
pression ratio, the final air temperature is to be determined.

Assumptions At specified conditions, air can be treated as an ideal gas.
Therefore, the isentropic relations for ideal gases are applicable.

Analysis A sketch of the system and the T7-s diagram for the process are
given in Fig. 7-38.

This process is easily recognized as being isentropic since it is both
reversible and adiabatic. The final temperature for this isentropic process
can be determined from Eqg. 7-50 with the help of relative specific volume
data (Table A-17), as illustrated in Fig. 7-39.

For closed syst i _ Y
Qr CIOS sSVsiems. = —

! v, Vi
AtT, =295 K: v, = 647.9

v ]
From Eq. 7-50: v, = u,](u—l) = [64’?.9)(5) =8099 - T, =662.7TK
|

Therefore, the temperature of air will increase by 367.7°C during this
process.
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REVERSIBLE STEADY-FLOW WORK

0q,.y — OW,, = dh + dke + dpe

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

—O0W,, = V dP + dke + dpe

~

v dP — Ake — Ape

Y1

When kinetic and

Wy = — | VAP potential energies
R are negligible

a2

= v dP + Ake + Ape

Wiy = —V(P, — P) — Ake — Ape

I'c

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):

LJ% _ V:
(P, — P,) + ———1

) St g —)=0

} 0¢..y = dh — v dP

V dP

1

VdpP
!

The larger the
specific
volume, the
greater the

work

produced (or
consumed) by
a steady-flow

device.

(£) 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;1cl - 5"’1"‘1".‘1 = 5‘71‘0\-‘ - 5“'?113\-’

OWpey — (Swacl = O(ey — (S(facl

Oy = T ds 4o = Oact

T
OWpey — OW 0

T

act

= ds — = (0

dwrcv = 0.""'“"as:l

Wiey =

rev 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,

v

Turbine f?

v

P,. T,

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

2 When kinetic and PA
Wievin = J v dP potential energies
1 are negligible
Prr———o———¢——————
Isentropic (Pvk = constant): ] Isentropic (n = k)
kR(T, — T)) kRT, P\ (k=1)/k Polytropic (1 <n < k)
Weomp.in = - = [ ( _) — 1 ] Isothermal (n=1)
k— 1 k— 10\ P,
Polytropic (Pv" = constant):
~ _uR(,—T,) _ nRT, [(P3>(”'}’f 1] ) T
4 comp,in n— 1 - n— 1 P| .
v
Isothermal (Pv = constant): P-v diagrams of isentropic,
P, - :
Weompn = RTIn — polytroplc,. and isothermal
P, compression processes between

the same pressure limits.
The adiabatic compression (Pvk = constant)

requires the maximum work and the
iIsothermal compression (T = constant)
requires the minimum. Why?
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Multistage Compression with Intercooling

The gas is compressed
in stages and cooled
between each stage by
passing it through a
heat exchanger called
an intercooler.

Work saved
Pob—~x4+—-A———————

Polytropic

Intercooling

P-v and T-s
diagrams for a two-
stage steady-flow !
compression
process.

[sothermal Intercooling

Y

<Y

W =W + w

comp,in comp Lin comp ILin

HRTI [( )n 1)/n } HRTI [<P2>(nl)/n 1}
n—1 n—1L\P,

. P, P, To minimize compression work during two-stage
P.= (P\P,)"* or p» ~ p compression, the pressure ratio across each
' stage of the compressor must be the same.
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EXAMPLE 7-13

Work Input for Various Compression Processes

Air is compressed steadily by a reversible compressor from an inlet state of
100 kPa and 300 K to an exit pressure of 900 kPa. Determine the compressor
work per unit mass for (3) isentropic compression with k = 1.4, (b) polytropic
compression with n = 1.3, (c¢) isothermal compression, and (d) ideal two-
stage compression with intercooling with a polytropic exponent of 1.3.

P, = 900 kPa
AIR
COM PRESSDR]zl:
Weomp
P, =100 kPa
T,=300K

P, kPa/l

900

100

___Isentropic (k= 1.4)
Polytropic (n =1.3)
Two-stage

Isothermal

oy

FIGURE 7-47

Schematic and P-v diagram for
Example 7-13.
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Assumptions 1 Steady operating conditions exist. 2 At specified conditions,
air can be treated as an ideal gas. 3 Kinetic and potential energy changes are
negligible.
Analysis We take the compressor to be the system. This is a control volume
since mass crosses the boundary. A sketch of the system and the 7-s diagram
for the process are given in Fig. /-47.

The steady-flow compression work for all these four cases is determined by
using the relations developed earlier in this section:
(a) Isentropic compression with k = 1.4

(e
wcm'np.in - E— 1 PI

(1.4)(0.287 kJ/kg - K) (300 K) Kgm kpa)u.4_11n.4 1 }
14— 1 100 kPa

— 263.2 kJ/kg

(b) Polytropic compression with n = 1.3:

3 FIRT] l(&){n—l};n B 1j|
wcm'np.in - n— 1 PI

_ (1.3)(0.287 KJ/kg - K) (300 K) Kgm kpa)(|-3—11f1-3 1}
- 13— 1 100 kPa

— 246.4 k] kg

(c) Isothermal compression:
P, 000 kPa
compin = RI In — = (0.287 kl/kg-K)(300K) 1
Weampia = RTIn == (0287 kI/kg - K)(300K) In {50
= 189.2 kJ/kg

(d) ldeal two-stage compression with intercooling (n = 1.3): In this case, the
pressure ratio across each stage is the same, and its value is

P, = (P,P;)"? = [(100 kPa)(900 kPa)]"* = 300 kPa 44




The compressor work across each stage is also the same. Thus the total
compressor work is twice the compression work for a single sfage:

_ e _ 5 nRT, [(Px){u—llwl_ ]:|
H’cnmp.in _ "M’cnmpl.in _ n— 1 PI

~ 2(1.3)(0.287 ki /kg - K) (300 K) [(30{] kpﬂ)m_u_n.a ]]
B 13 — 1 100 kPa

— 2153 kJ/kg

Discussion Of all four cases considered, the isothermal compression requires
the minimum work and the isentropic compression the maximum. The
compressor work is decreased when two stages of polytropic compression are
utilized instead of just one. As the number of compressor stages is increased,
the compressor work approaches the value obtained for the isothermal case.
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ISENTROPIC EFFICIENCIES OF STEADY-

FLOW DEVICES o e

Actual N Ideal -
(1irreversible) -@ (reversible) _@

The isentropic process involves no
irreversibilities and serves as the ideal
process for adiabatic devices.

; :
Isentropic P, |
Efficiency h A Inlet state - .A.{:l?ulht‘urt‘.rrnde. mnk . W,
of [sentropic turbine work — wy
Turbines |1} % [sentropic process _ /I] — hzd

nT N hl - hz\

The h-s diagram for

the actual and

isentropic

processes of an

adiabatic turbine. 46




Isentropic Efficiencies of Compressors and Pumps

[sentropic compressor work

Wy

¢ Actual compressor work Cw, TPQ
o A
h», — h, When kinetic and h
Me=""_ h potential energies g z_a
- are negligible Al
We V(P2 — P]) For a ;’1'25 i {//plﬂi.i.,‘ﬁ
UV
LL.(I 112” — II] pump N IHLn““[“L
a
_ " Isothermal _ Wy process
Ne = The h-s diagram

w, efficiency

_-—
-—

Compressor

= :@:

!

Cooling

Air

water

of the actual and
isentropic  h, F¥--Y-——_=
processes of an
adiabatic
compressor. 25 =

P,

Inlet state

A

Compressors

are sometimes

intentionally
cooled to
minimize the
work input.

Can you use isentropic efficiency for a
non-adiabatic compressor?

Can you use isothermal efficiency for
an adiabatic compressor?




Isentropic Efficiency
of Nozzles

Actual KE at nozzle exit V3,

N — . . "
[sentropic KE at nozzle exit V3,

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

o _ The h-s diagram #,,
energy palance Is of the actual and

Vs, isentropic
hy = hy, + 5 processes of an
adiabatic nozzle.
Then,
. h] _ hZu
nT o hl _ hz\

A substance leaves 950 K
actual nozzlesata Air
higher temperature
(thus a lower velocity)
as a result of friction.

Y

Actual nozzle —>» 764 K. 639 m/s

[sentropic nozzle —— 748 K, 666 m/s
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ENTROPY BALANCE

Total Total Total Change in the
entropy | — | entropy | + | entropy | = | total entropy
entering leaving generated of the system

Sin o Sout T Sgen - ASsystem

Entropy Change of a
System, ASgystem

AS — Sﬁlliﬂ o *Siniliall — *SJ o *Sl

system

When the properties of the
system are not uniform

S system = J s om = J sp dV
v

Energy and entropy
balances for a system.




Mechanisms of Entropy Transfer, S;, and S

1 Heat Transfer

out

Entropy transfer by heat transfer: Surroundings

0

Steat = P (T = constant)

N o ey o)
‘Sheat — 7 - ?
1 k

Entropy transfer by work:
S work — ()

Entropy is not
transferred
with work

Entropy
generation
via friction

T, =400 K
Q =500kl
Q

sy - <
heat Tb
= .25 kl/K

I
System i |I
¢l
<

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. sg



2 Mass Flow

Entropy transfer by mass:

S

- mass

= ms

When the properties of the mass
change during the process

S = | spV,dA,

~mass
YA,

\) = | som = S dt

~mass ~mass *
YAr

:Control volume
1 ) mh

| s
|
|
|

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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Entropy Generation, S,
Sin T S(,m + Sgcn - ﬁLS*.%}_--‘.a'lcnl (kJ/K)

o P _ _
Net entropy transfer Entropy Change
by heat and mass generation in entropy
5 ~ 5 10 i
LSin \ out + \ gen o ds s}-'xlcm/dr (k A /K)
Rate ol“ncl entropy Rate of entropy Rn_lc of change
transfer by heat generation in entropy

and mass

(Sin N Sout) T Seen = ASS}"st.em (k]/kg * K)

Mechanisms of entropy transfer for a
general system.

Entropy generation
outside system
boundaries can be
accounted for by
writing an entropy
balance on an
extended system that
Includes the system
and its immediate
surroundings.

e Tsun'

- --..-._--_ s
7 Immediate ‘*/

surroundings \




Closed Systems

“ gen = gystem

| O -
Closed system: 27 + S5 =AS =5, — 5, (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

~gen adiabatic system

System + Surroundings: Seen = E AS = AS yem T ASuroundings
Assystem - n?'(S_Z o Sl) AS - qurr/T

surr surr
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),
2% + D mys; — Do
|

165e + Seen = (S2 = S1)ev (kJ/K)

), :
2% + 2 ns; — 2 MeS, + Sgep = dScy/dt (kW/K)
.

Q
Steady-flow: Seen = 2 MmyS, — 2 m;s; — —
& ']}\_
Steady-flow, single-stream. Seen = M(s, — 8;) — T
J;\_
Steady-flow, single-stream, adiabatic: Seen = (s, — ;)
5,28

The entropy of a
substance always
iIncreases (or

L

—@ remains constant in

B the case of a
reversible process)
as it flows through a
single-stream,

adiabatic, steady-
flow device.

Control Volumes

Surroundings
__________ Mg
| | 5
| |
| |
|
| Control :
: volume :
| |
i, ool 4
—
B §| ________ I—

0
AScy = T +ms;—m,s,+ ng

Em;o-p}r 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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EXAMPLES

Entropy balance for heat
transfer through a wall

/ () (steady)
Sin - Soul + Sgen - dSsystv.:m/dr
- 4
Rate of net entropy Rate o}fenlmpy Rate of change
transfer by heat generation in entropy

and mass

(9),~(9) +s--
T in T oul

Entropy balance for
a throttling process

/O (steady)
Sin - Soul + Sgen = dSsystv.:m/dr
~~ = ~~ - —_—
Rate of net entropy Rate of entropy Rate of change P, =7MPa
transfer by heat eneration in entropy _ o
y g Py T, = 450°C

and mass
ms;, —ms, +S,.,, =0 &

: : P, =3 MPa
Seen = (s, — 5y)

r‘—J*‘—'

I
27°C

/V

20°C

T, °C |

450

Brick
wall
-Q
<30 cm—>» 0°C
5°C
L
Throttling

process

= Congy,

Y
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Entropy Generated when a Hot G _g T S — AS
Block Is Dropped in a Lake I system
Net entropy transfer Entropy Change
by heat and mass generation in entropy
Qc-ut
Lake N T T Sg‘m ~ ASSFStem
£
285K ’
Air
20°C
P
32°C *@ ~ — 3
or ASMHI Assystem + Ashke ; i
Steam @D & — —)
35°C ——
10,000 kg/h f/
Entropy Generation in a Heat Exchanger @" 30°C
0 (steady)
- - - _ /f
Sin — Yout + Sgen - R svstem .
Rate of n_;(entmpy Rate Dﬁantmpy Rate Df change
transfer by heat generation in entropy
and mass
rhstemusl + m aird3 l“’;"t:'!stmaam*gz — m air¥4 + SEED =0

Sgen = msteam(SZ -

51) + ”?’ur( 53)
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Entropy
generation

assoclated with
a heat transfer

process

System Surrounding

T |

S¥E

Boundary—" |

TSIJIT
Heat I
ed
transfer E@
|
Entropy —x i
transfer N % Sgen

> | 2
¥ Tsﬁ I L J

(@) The wall is ignored

Sin o Sout + Sgen = ASsysl{em
~ - H/—J \__V_J l
Net entropy transfer Entropy Change . :‘600 kJ
by heat and mass generation in entropy
Qout
o T + Sgen _ A‘Ssysem
b Ty = 25°C
Wall Wall
T | T

ST

gL

|
} Q Q> Location of ) ¢ Q >

| entropy generation

> A _Q
¥ T‘i}'i I

i(b) The wall is considered ic) The wall as well as the variations of
temperature in the system and the
surroundings are considerad

Graphical representation of entropy generation during a heat transfer process
through a finite temperature difference. o>/



EXAMPLE 7-19 Entropy Generated when a Hot Block Is Dropped
in a Lake

A 50-kg block of iron casting at 500 K is thrown into a large lake that is at a
temperature of 285 K. The iron block eventually reaches thermal equilibrium
with the lake water. Assuming an average specific heat of 0.45 kJ/kg - K for
the iron, determine (&) the entropy change of the iron block, (b) the entropy
change of the lake water, and (c) the entropy generated during this process.

LAKE
285K

FIGURE 7-67
Schematic for Example 7-19.
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Solution A hot iron block is thrown into a lake, and cools to the lake
temperature. The entropy changes of the iron and of the lake as well as the
entropy generated during this process are to be determined.

Assumptions 1 Both the water and the iron block are incompressible
substances. 2 Constant specific heats can be used for the water and the iron.
3 The kinetic and potential energy changes of the iron are negligible, AKE =
APE = 0 and thus AE = AU.

Properties The specific heat of the iron is 0.45 kJ/kg - K (Table A-3).
Analysis We take the jron casting as the system (Fig. 7-67). This is a closed
system since no mass crosses the system boundary during the process.

To determine the entropy change for the iron block and for the lake, first
we need to know the final equilibrium temperature. Given that the thermal
energy capacity of the lake is very large relative to that of the iron block, the
lake will absorb all the heat rejected by the iron block without experiencing
any change in its temperature. Therefore, the iron block will cool to 285 K
during this process while the lake temperature remains constant at 285 K.
(a) The entropy change of the iron block can be determined from

T
ASiron = m(sl - SI) = MCyyy In ?]

285K

= (50kg)(0.45k]/kg-K) 1
(50 ke) (045 kl/kg - K) In S5

= —12.65kJ/K
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(D) The temperature of the lake water remains constant during this process at
285 K. Also, the amount of heat transfer from the iron block to the lake is
determined from an energy balance on the iron block to be

Ein _ Eout = "jEsysts:m
—
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc., energies

—Qon = AU = mceyy(T; — Th)
or
Qo = My, (Ty — T) = (50kg)(0.45 kI /kg-K) (500 — 285) K = 4838 kJ
Then the entropy change of the lake becomes

le +4838 klJ ,
AS. = = 16.97 kKJ/K

(c) The entropy generated during this process can be determined by applying
an entropy balance on an extended system that includes the iron block and
its immediate surroundings so that the boundary temperature of the extended
system is at 285 K at all times:

Sin - Sout + Sgun = j‘Ssvstl:m
Met entropy transfer Entropy E‘h:l.nge
by heat and mass generation in entropy
Qnul
'I;:.- + 5 ‘lssystcm
or
(™ _ 4838kl :
Soen = + AS = — (12.65kJ/K) = 4.32 k]J/K
£en Tl, S‘p'STl::ITi 285 K ( / ] lllr‘
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