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* Apply the second law of thermodynamics to processes.

» Define a new property called entropy to quantify the second-law effects.
« Establish the increase of entropy principle.

« Calculate the entropy changes that take place during processes for pure
substances, incompressible substances, and ideal gases.

 Examine a special class of idealized processes, called isentropic processes,
and develop the property relations for these processes.

» Derive the reversible steady-flow work relations.
» Develop the isentropic efficiencies for various steady-flow devices.

* Introduce and apply the entropy balance to various systems.




ENTROPY

2nd law of thermodynamics leads to expressions that involve inequalities.

An irreversible (i.e., actual) heat engine, for example, is less efficient than a
reversible one operating between the same two thermal energy reservoirs.

Likewise, an irreversible refrigerator or a heat pump has a lower coefficient of
performance (COP) than a reversible one operating between the same
temperature limits.

Another important inequality that has major consequences in thermodynamics is
the Clausius inequality.

It was first stated by the German physicist R. J. E. Clausius (1822-1888), one of
the founders of thermodynamics, and is expressed as

xF o0 =0

T

That is, the cyclic integral of dQ/T is always less than or equal to zero.




ENTROPY

AR Al e R T To demonstrate the validity of the Clausius inequality,

T consider a system connected to a thermal energy reservoir at
S Op a constant absolute temperature of T, through a reversible
cyclic device.
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Formal definition of entropy dS = (BTQ) (kJ/K)
2 SQ
AS =8, — 8§, = v (kJ/K)
I r int rev

The equality in the Clausius inequality holds for totally or just internally reversible
cycles and the inequality for the irreversible ones.

T 4
AS=S,-S,; =04 KI/K

Irreversible
process

) Notice that we have actually defined the
change in entropy instead of entropy itself,

just as we defined the change in energy
instead of the energy itself when we
developed the first-law relation.

Reversible
process

03 0.7 S KI/K

The entropy change between two specified

states is the same whether the process is
reversible or irreversible.




A Special Case: Internally Reversible Isothermal Heat Transfer
Processes

’ 5Q > 8Q | 2
A‘S ) J () - J () T J 8Q it rev
] I int rev I TE) T— T(') ! ( )

A quantity whose cyclic integral is zero (i.e., a property

like volume)
)
%(Q> -1
T int rev

Entropy is an extensive property of a system.

This equation is particularly useful for determining the
entropy changes of thermal energy reservoirs.

Qo

3m

1 m’

=(

cycle

%dU:ﬂU

The net change in volume (a

property) during a cycle is
always zero.




EXAMPLE 7-1

A piston—cylinder device contains a liquid-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
I g | change of water is to be determined.
1] | Assumptions No irreversibilities occur within the system
F=a) K= ganst. boundaries during the process.

TTTTTK The system undergoes an internally reversible, isothermal
process, and

thus its entropy change can be determined directly from

|
|
|
I
| AS, =225k
I
|

0 =750kl

O  750k] )
‘ﬁ‘SS}’S. isothermal o= = 2.3 ]"IXK

T, 300K

Discussion Note that the entropy change of the system is positive, as

expected, since heat transfer is fo the system.




THE INCREASE OF ENTROPY PRINCIPLE

Process 1-2 ’

(reversible or o

irreversible) o

Consider a cycle that is made up of two processes: pro
1-2, which is arbitrary (reversible or irreversible), and
process 2-1, which is internally reversible,

Foiss Process 2-1
oQ oz (internally
? =0 reversible)

int rev
A cycle composed of a

reversible and an irreversible
process.

C}?@EO J'ZS_Q_{_
| . B

B

The equality holds for an internally reversible process and
the inequality for an irreversible process.

I




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?

2 80
ASys =8, =8, = ?L +3
)

gen

the entropy of an isolated system during a process always increases or, in the limiting

case of a reversible process, remains constant. In other words, it never decreases. This
is known as the increase of entropy principle.

AS = ()

“isolated

en 'lgmml - Agwa ¥ i"“S‘.murr =5




(Isolated) Isolated system

boundary

A A
i
e Y |

Subsystem

1 N

ASiota1 = L AS;> 0

Subsystem i=1

2
Subsystem Subsystem

3 N

The entropy change of an isolated system is the

sum of the entropy changes of its components, and
is never less than zero.

‘ASLHG]HW{I =0 A system and its surroundings form an

isolated system.

=0

surr T

S‘gon = 3511{!-1':1[ = ‘351-:;1.;5; —|_ &51

> 0 Irreversible process

— v .A\' ; - ‘v.n . N .
Sgen 0 Reversible process The increase of entropy principle

< 0 Impossible process




Some Remarks about Entropy

Surroundings

mom A
| A,y =2 KUK
|
: SYSTEM :
e | >0
‘ A surr — 3 kI/K /
SEGH = "ﬂ‘stmm = ‘fj‘SS}*s =+ ‘ﬂsﬁurr = 1 kKI/K

The entropy change of a system can be

negative, but the entropy generation
cannot.

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
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.

Solution Heat is transferred from a heat source to two heat

Y ST Source y ) :
f?ﬁ;';* iy sinks at different temperatures. The heat transfer process that is
more irreversible is to be determined.
2000 kJ Analysis Both cases involve heat transfer through a finite
) a ™ | Y g

temperature difference, and therefore both are irreversible. The
magnitude of the irreversibility associated with each process can
be determined by calculating the total entropy change for each
case. The total entropy change for a heat transfer process
involving two reservoirs (a source and a sink) is the sum of the

, : entropy changes of each reservoir since the two reservoirs form
i (b) an adiabatic system.

- Sink A

500 K

(a) For the heat transfer process to a sink at 500 K:

source —2000 kJ sin 2000 kJ
AS . = Osouce _ = —25kI/K AS = Dok _ = +4.0kJ/K
Tsnurce 800 K Ts'mk 500 K

Sgen - "ﬁ‘Smta! - "ﬁ'Ssource s 'ﬁ‘Ssink - (_25 25 ‘1'0) I\J/K = +1.5 ]\'fK

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

AS e = —2.5 KI/K ASy = +2.7 kJ/K

Spen = AS = (—2.5 + 2.7) KJ/K = +0.2 kJ/K

ge

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,,,,, =0.




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.

Pi}s =g
| = Sf@T
Tl I T—% 300 Sawrated
P'3 ¥3 liquid line
Compressed Superheated
- . a —
liquid vapor 5

Saturated
vapor line

® ®

Saturated
liquid—vapor mixture

2 —
X, S5 = .‘;f+x2.5'fg

| | | l I | | |
0 1 2 3 4 3 6 7 &8 s klkegK

Schematic of the T-s diagram for water.

The entropy of a pure substance is

determined from the tables (like other
properties).

AS = mAs = m(s, — 5) (k]/K)




EXAMPLE 7-3

Arigid 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 to 100 kPa. Determine the entropy change of the
refrigerant during this process.

T

f Solution The refrigerant in a
rigid tank is cooled while being
stirred until the pressure drops to

| =5 ko
i Ref::;er;ﬂi_: o i | a specified value. .The entropy
| 1 | change of the refrigerant
| T;=20C ﬁ—'; | is to be determined.
| By=10KPa L | | Assumptions The volume of the
Bl * Heat | i tank is constant and thus v,=v;.
5

1 §

P, = 140 kPa s; = 1.0624 kJ/kg - K
State 1: ; :
1, = 20°C v, = 0.16544 m”/kg
P, = 100 kPa Ve = 0.0007259 m’/kg
State 2: .
(v, = vy) v, = 0.19254 m’/kg
Vo = Ve 0.16544 — 0.0007259
X, = - = (.83

Ve 0.19254 — 0.0007259




5 = 8, + X,8, = 0.07188 + (0.859)(0.87995) = 0.8278 kJ/kg- K

AS = m(s, — 5;) = (5kg)(0.8278 — 1.0624) kI /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 entropy generation S, that cannot be negative.

gen




EXAMPLE 7-4
A piston—cylinder device initially contains 1.5 kg of liquid water at 150 kPa and
20°C. The water is now heated at constant pressure by the addition of 4000 kJ of

heat. Determine the entropy change of the water during this process.
T 3

P, =150 kpa} $; = Sp@arc =0.2965 kI / kg - K
T, =20°C hy = hpgarc = 83.915 kJ / kg

AU+ W, = AH

0, — W, = AU
Q, = AH = m(h, — h))
4000 kJ = (1.5 kg)(h, — 83.915 kI / kg)
h, = 2750.6 kJ / ke

i

=

P, = 150 kPa s, = 17.3674kJ [ kg - K
h, = 2750.6 k] / kg (Tablo A-6, dogrusal oranlama)

AS = m(s, — 5,) = (1.5 kg) (7.3674 — 0.2965) kl/kg - K
= 10.61 kJ/kg




ITSENTROPIC PROCESSES

A process during which the entropy remains constant is called an

Isentropic

;C; S

No heat transfer
(adiabatic)

During an internally reversible,

adiabatic (isentropic) process, the The isentropic process appears as a vertical line
entropy remains constant. segment on a T-s diagram.




EXAMPLE 7-5

Steam enters an adiabatic turbine at 5 MPa and 450°C and leaves at a pressure of 1.4 MPa.
Determine the work output of the turbine per unit mass of steam if the process is reversible.

Solution Steam is expanded in an adiabatic turbine to a & =aNb.
specified pressure in a reversible manner. The work output of hi = Tf’ﬂ = il
the turbine is to be determined. | =" B
Assumptions 1 This is a steady-flow process since there is no e STEAM LN
change with time at any point and thus Am,~=0, AE,=0, and TURBINE —|:
ASc,=0. 2 The process is reversible. 3 Kinetic and potential —=Lr
energies are negligible. 4 The turbine is adiabatic and thus |
there is no heat transfer. W ] i
P, = 1.4 MPa
T4 .'53 = Sl
0 (steady)
Ey, — Eqon = &Esfy/st:n =4
e IS?MID?‘IE Rate of net er;el'g}' transfer Rate of change is? internal, kinetic,
RSO0 by heat, work, and mass potential, etc., energies
\ Ein - Eout
! . .
| mh, = Wy, + mih, (since Q = 0, ke = pe = 0)

=0 )

W m(hy — hy)

ot




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

P, :5MP11} h, :331?,21~(J/kg
State 1. _ _
I, = 450°C §; = 6.8210 k.]/kg- K
P, = 1.4 MPa
State 2: 2 h, = 2967.4 I{J/kg

SEZS]

Then the work output of the turbine per unit mass of the steam
becomes

Wow = hy — hy = 3317.2 — 2967.4 = 349.8 kJ/kg




PROPERTY DIAGRAMS INVOLVING ENTROPY

T 4
T A

Internally le
| reversible Isentropic
| process
| 2 process
|
|
N
| 40 5 T
| [ I
| (. 2 I I
| | |Area =I TdS=0| |
| I ! ! I
| [ |
| L - | -

g 32 = .5] 5

The isentropic process appears

On a T-S diagram, the area under the process
as a vertical line segment on a

curve represents the heat transfer for internally

reversible processes. T-s diagram.
8Qinrey = T dS (kJ) Diaw = | ras (ki)
| 2
Sqmtrev = T'ds (k‘]/kg) Qint rev — J' I ds (k‘]//kg)
1




[
|_

Y

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.

Q'mt rev ?;} AS (I\J)

Yintrev — ﬂ} 'l{’ (I\.]fkg)




EXAMPLE 7-6

Show the Carnot cycle on a T-S diagram and indicate the areas that represent the heat supplied Q,
heat rejected Q;, and the net work output W, ,;0n this diagram.

Solution The Carnot cycle is to be shown on a 7T-S
diagram, and the areas that represent Q,, Q,, and
o — , Wi et out @re to be indicated.

Analysis Recall that the Carnot cycle is made up of two
Wi ! reversible isothermal (T=constant) processes and two
isentropic (s=constant) processes. These four

i gy . ’ processes form a rectangle on a T-S diagram,

Tll.

=]

On a T-S diagram, the area under the process curve
s | represents the heat transfer for that process. Thus
the area A12B represents Q, the area A43B
represents Q,, and the difference between these two
(the area in color) represents the net work since

e

)
I
o
La

Wnei, out — QH _ QL

Therefore, the area enclosed by the path of a cycle (area 1234) on a T-S diagram

represents the net work. Recall that the area enclosed by the path of a cycle also
represents the net work on a P-V diagram.




WHAT IS ENTROPY?

Entropy,

kJ/kg - K

i Pure crystal

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

LOAD

e

Disorganized energy does not create much useful

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

effect, no matter how large it is.




—

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.

80°C

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

this process. the hot body.)

During a heat transfer process, the net entropy increases.
(The increase in the entropy of the cold body more than
offsets the decrease in the entropy of

27




THE T ds RELATIONS

SQ]'“ rev Swi”t rev, out au SQint rev. T dS
amm rev, out — P du

TdS=dU + P dV (kJ)
|
| Closed l =
i o i Tds =du+ Pdv (kl/kg)
the first T ds, or Gibbs equation
Tds=du+ Pdv
Tds=dh-vdP
h=u-+ Pv
The T ds relations are valid for both
reversible and irreversible processes and dh = du + P dv + v dP B
for both closed and open systems. Tds = du + P dv I'ds = dh — v dpP
the second T ds equation
lu P dv '
W, .. Y sio. & dh vdP
T T T T

Differential changes in entropy in terms of other properties




ENTROPY CHANGE OF LIQUIDS AND SOLIDS

Liquids and solids can be approximated as incompressible substances since their specific
volumes remain nearly constant during a process.

dv = 0 for liquids and solids ds = — =

since ¢c. = ¢, =cand du = ¢ dT

P v




EXAMPLE 7-7

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 liquid
phase. The properties of liquid methane at various temperatures and pressures are given in Table
7—-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 actual data for methane and (b) approximating liquid methane as
an incompressible substance. What is the error involved in the latter case?

Solution Liquid methane undergoes a process between two
specifiedstates. The entropy change of methane is to be
determined by using compressed liquid data and by
assuming methane to be incompressible, and the results are
to be compared.

(a) We consider a unit mass of liquid methane. The entropies
of the methane at the initial and final states are

P, =1MPa
P, = 1 MPa s, = 4.875k)/kg-K T. =110 K
State 1: | :
I, =110K £ = 3.471 kl/kg- K
P, = 5 MPa s, = 5.145 k) /kg- K
State 2.
.= 120K Cis — 3.486 kJ/kg- K

As =5, — 85, =5.145 — 4875 = 0.270 k] /kg - K




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

7 120 K
As = ¢, In = = (3.4785kJ/kg -K) In
T 110 K

l

= 0.303 kJ/kg - K

Cot t Cp 3471 + 3.486
(_"' — — ==

i 3.4785kl/kg-K
v = . Jke

Therefore, the error involved in approximating liquid methane as an incompressible
substance is

|ASpcruar = ASigea|  10.270 — 0.303
A'FHCEHE!] 0.270

Error = = (0.122 (or 12.2%)

Discussion This result is not surprising since the density of liquid methane
changes during this process from 425.8 to 415.2 kg/m3 (about 3 %), 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.




THE ENTROPY CHANGE OF IDEAL GASES

From the first T ds relation I From the second T ds relationl
du P dv aw =€, dr dh v dP
dy = + ds = —
T T P = RT/v T T
Wi d h = ¢ —
ds=c,~=+R 7‘0’ dh = c,dl" v = RT/P




: dT Vs I Vs .
§9 — 8§ = EU(T) + Rln — §2 — 81 = Cy v In — + Rln (I\”I\g . K)
T T.
1

U] l IL"Irl

: dT P, 4 P,
S — §; = ATy ——=Rln — §s —§ = = —RKRIn— kl/kg+ K
e Kk L T e

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

. I V
it @—Ezmmm?+Rﬂmf (kJ/mol - K)
1 1
o T P,
S = §; = Cp ay In ~h R, In = (kJ/mol - K)
1 1

=~y

Under the constant-specific-heat assumption,

the specific heat is assumed to be constant at
some average value.




Variable Specific Heats (Exact Analysis)

We choose absolute zero as the reference
temperature and define a function s° as
P T.K s°(T). klkg K

T :
s J cs(T) : :
0 r 300 1.70203
310 1.73498
: dr . ) 320 1.76690
cP(T) —i= 55— 55 - :
1

On a unit—-mass basis The entropy of an ideal gas

depends on both T and P.

P )
5y~ 5, = .,-ig — Sc'-]r —~ Rln il (k]fkg " K) The function s represents
1 only the temperature-
dependent part of entropy.

On a unit—-mole basis

(kJ/kmol - K)




EXAMPLE 7-9

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 compression process by using (a) property values
from the air table and (b) average specific heats.

Solution Air is compressed between two = g

= L P, = 600 kPa 12
specified states. The entropy change of air is s )
to be determined by using tabulated property | ‘
values and also by using average specific ar 7 LA ! _|00¥Pe
heatS COMPRESSOR lI\J— / By~
Assumptions Air is an ideal gas since it is at g (r
a high temperature and low pressure relative | , _ .,

to its critical-point values. Therefore, entropy | 7.=200k
change relations developed under the ideal-
gas assumption are applicable.

(a) The properties of air are given in the air table (Table A—21). Reading s values
at given temperatures and substituting, we find

- P,
S — 8 =85 — 8§ —RIn —
1

600 kP:

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

(Pa

= —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 ¢, value at the average temperature of
37°C (Table A—2b) and treating it as a constant:

> P,
s =6l = Kin
I P,

330K 600 kP

= (1.006 kJ/kg+K) In — (0.287 kl/kg+K) In :

290 K 100 kPa

= —0.3842 kJ/kg - K

Discussion The two results above are almost 90 K
identical since the change in temperature during this
process is relatively small. When the temperature

change is large, however, they may differ
significantly. For those cases, Eq. 7-39 should be
used instead of Eq. 7—34 since it accounts for the
variation of specific heats with temperature.




Isentropic Processes of Ideal Gases

Constant Specific Heats (Approximate Analysis)

15 Vs | .
L= B2l —+RiIa— (kJ/kg - K)
1 Vi |
: . E; Pz):k—nm v\
Setting this eq. equal to zero, we get (ﬁ)s:m,mf (F[_ *(u_)
T W/ Rflr'?u
In E = — K In ol In =2 = In R *ideal gas
T C Y 1; Vs VALID FOR ‘*isentropic process
: < : *constant specific heats

: : o The isentropic relations of
R=c¢, —c,.k=clc, ~ =k —
Y v R/{'V K l ideal gases are valid for the

isentropic processes of ideal

T. v P ( E) (P-} )(a——l};k gases only.
<Tl )szmnat. " ( uﬂ) ‘Tl §=const. P]

R Tv ! = constant
o W " /
(—“ = | — TPURk = constant (ideal gas)
P] F=00nst, Uﬂ
Pv¥ = constant




Isentropic Processes of Ideal Gases

Variable Specific Heats (Exact Analysis)

0 R1 o — LRI Py
= 2@ — 9 O’;: — ¢° .
55 =8 n ) KD n )

Relative Pressure and Relative Specific Volume

% = exp 2 T exp(s°/R) is the relative pressure P.,.
l

R
P, exp(s3 /R)
P exp(sq /R)

(i) B Pf'f'; Pful PEUE Vs .TE PI Tz Pﬂ TQ/P;Q
= — = = —
s=const. Pr'l Ti T*} U; T: PE Ti Prz TE/PFI

T/IP. is the relative

Vi / s=const. Vi SpeCifiC volume V..




Process: 1sentropic
Given: Py, T}, and P,
Find: T,

The use of P, data for calculating the

final temperature during an

Process: 1sentropic
Given: vy, Ty, and v,

Find: T,
L vy
read 2
Iy V=
" T 1
e read v,

The use of v, data for calculating the

final temperature during an

isentropic process.

isentropic process




EXAMPLE 7-10

Air is compressed in a car engine from 22°C and 95 kPa in a reversible and adiabatic manner. If the
compression ratio V,/V, of this piston—cylinder device is 8, determine the final temperature of the air.

Solution Air is compressed in a car engine isentropically. For a given compression 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 developed earlier for ideal gases are applicable.

T,K .

Isentropic
compression

— const

95 ————==

V. Vv _
For closed systems: ?2 — f AL, = 22K v,y = 647.9
1 I

v |
Vo=l = | = (647.9) = ) = 8099 — T, = 662.7K
Vi 8

Il'herefore, the temperature of air will increase by 367.7_




EXAMPLE 7-11

Helium gas is compressed in an adiabatic compressor from an initial state of 100 kPa

and 10°C to a final temperature of 160°C in a reversible manner. Determine the exit
pressure of helium.

T R{

G e . )
/ f_f,,lzamroplk
sikigtirma
]

Assumptions At specified conditions
helium can be treated as an ideal gas
since it is at a high temperature relative

to its critical-point value of 450F.

. . . V) L
Therefore, the isentropic relations /’p;@,-—'
developed earlier for ideal gases are i T
applicable. P, =100kPa

T,=283K 5

e

T\ Kk=1) 1.667/0.667
P, = pl(?) = (l%kpa)(%) = 289 kPa




REVERSIBLE STEADY-FLOW WORK

The work done during a process depends on the path followed as well as on the properties

at the end states. Recall that reversible (quasi-equilibrium) moving boundary work
associated with closed systems is expressed in terms of the fluid properties as

64, = T ds
8¢,., = dh — v dP
I'ds =dh — v dP
— Wyey = V dP + dke + d b .
Wesy Lk Weey = — ' vdP — Ake— Ape (kl/kg)
i
Wy == | VP  (Kl/kg)
-
Weev. in = ' vdP + Ake + Ape
1

W = =[Py = P;) — Ake — Ape (kJ/kg)




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):

(a) Steady-flow system (b) Closed system

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

Reversible work relations for steady-flow

and closed systems.




EXAMPLE 7-12

Determine the compressor work input required to compress steam isentropically from 100 kPa to 1

MPa, assuming that the steam exists as (a) saturated liquid and (b) saturated vapor at the inlet
state.

Solution Steam is to be compressed from a given pressure to a specified pressure
isentropically. The work input is to be determined for the cases of steam being a saturated
liquid and saturated vapor at the inlet.

Assumptions 1 Steady operating conditions exist. 2 Kinetic and potential energy changes
are negligible. 3 The process is given to be isentropic.

P, =100 KkPa P, =100 kPa

o

{a) Compressing (0 Compressing
a liguid a vapor




(a) In this case, steam is a saturated liquid initially, and its specific volume is

Vi = Vg 100kea = 0.001043 m*/kg

W = [ vdP = vy (P, — P,)

rev, in
“1

1 kJ
= (0.001043 m*/k 1000 — 100) kP«
(0.001043 m/ke)( ipa] (—pE)

= "'.[.}'-I' k.laakg

(b) This time, steam is a saturated vapor initially and remains a vapor during the
entire compression process. Since the specific volume of a gas changes
considerably during a compression process, we need to know how v varies with
P to perform the integration in Eq. 7-53. This relation, in general, is not readily
available. But for an isentropic process, it is easily obtained from the

T ds =dh —vdP (Eq. ?-24)} VdP = dh Wev.in = |' vV dP = |' dh = h, — h,
ds = 0 (isentropic process) /1 1




P, = 100kPa) h, = 2675.0 kl/kg
State I: y
(sat. vapor) s; = 7.3589 kl/kg - K
P, = 1 MPa i
State 2: S h, = 3194.5 kJ/ke
2, = &

Wew n = (3194.5 — 2675.0) kl/kg = 519.5 kJ/kg

Discussion Note that compressing steam in the vapor form would require over

500 times more work than compressing it in the liquid form between the same
pressure limits.




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: A reversible turbine delivers more
work than an irreversible one if

both operate between the same
end states.

8.y — OW,y = dh + dke + dpe

8oy — OWpey = dh + dke + dpe | Reversi

Ot — OWyot = Oy — Swl‘ev k Wrev = Wact

Owrev T Dwar:t — Dgrev T Oq'act

S o
agrev =T ds ds = ?Ct \l\
o P29 T2
8. — OW,q = dh + dke + dpe
OWpy — OW o
rev - act = ds — G act = ( awmv = ﬁwac[ Wieay = Waet

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




MINIMIZING THE COMPRESSOR WORK

When kinetic and potential energies are negligible

2
wl‘ev, in J' v dP
|

Isentropic (Pv¥ = constant):

kR(T, — T))

1L:mrm]:-.m e Fos']

_ kRT,
T

W

5

(k—1)/k
b

Polytropic (Pv" = constant):

nR(T, — T,) P,

nRT,

n— 1

14!

{

'Hs:.'m 1, N
Ly [ | IF! . ]

Py

(n—1)/n |
. —t

Isothermal (Pv = constant):

¥
w comp, in

P
= RTIn —
P

l

Isentropic (n = k)
Polytropic (1 <n <k)
Isothermal (n=1)

<Yy

P-v diagrams of isentropic,
polytropic, and isothermal

compression processes between the

same pressure limits.

The adiabatic compression (Pvk = constant) requires the maximum work and the

isothermal compression (T = constant) requires the minimum.
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ISENTROPIC EFFICIENCIES OF STEADY-FLOW DEVICES

The isentropic process involves no
h4  Inlet state

irreversibilities and serves as the ideal
process for adiabatic devices.

Actual process

/ Isentropic process

Pl’Tl P1=T1

ACTUAL L IDEAL _@ﬁ
(irreversible) [
P. 2

(reversible) U

\p

The h-s diagram for the actual and
isentropic processes of an adiabatic
turbine.

Isentropic Efficiency of Turbines -

Actual turbine work W, e 2a
= Nr =

r= : ! -
[sentropic turbine work — w;




EXAMPLE 7-14
Steam enters an adiabatic turbine steadily at 3 MPa and 400°C and leaves at 50 kPa and 100°C. If

the power output of the turbine is 2 MW, determine (a) the isentropic efficiency of the turbine and (b)
the mass flow rate of the steam flowing through the turbine.

Solution Steam flows steadily between specified inlet and exit states. For a specified power
output, the isentropic efficiency and the mass flow rate are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The changes in kinetic and potential
energies are negligible. 3 The turbine is adiabatic.

T.°C
F,=3MPa
T, =400°C

J"\L/f' S

STEAM ""Iﬁﬂ
TURBINE [\ #
H"‘“ﬂ-____ L T -
2
\" “ \

' F |

|

l

P3 = 50 kPa S3p= 8 5
T, = 100°C

Actual process

[sentropic process

(a) The enthalpies at various states are

P, = 3MPA) h, = 3231.7 kJ/kg
State 1:
T, = 400°C | s, = 69235 kJ/kg-K
P, = 50 kP:
State 2a: = 1} h,, = 2682.4 kl/ke
T,, = 100°C




The exit enthalpy of the steam for the isentropic process h, is determined from the
requirement that the entropy of the steam remain constant (s,, = s1):

vy — 5 h — - : .
e s 5 =50kPa 5= 1.0912Ki/kg K
(52, = 51) s, — 1.5031 kl/kg~K
S — § 6.9255 — 1.0912
Xy, = = _ = 0.897
: 5% 6.5019
Iy = hy + Xy, = 340.54 + 0.897(2304.7) = 2407.9 kJ/kg

ly — Hy, 32317 — 26824
e —h,. 39310 0o
(b) The mass flow rate of steam through this turbine is determined from the energy
balance for steady-flow systems:
E, =E,, rithy = W, o + 1ithy, Wa,oue = m(hy — hy,)

= (.667, or 66.7 %

1000 kJ /s + |
2 MW = m(3231.7 — 2682.4) kI /kg
| MW

m = 3.64 kg/s




Isentropic Efficiencies of Compressors and Pumps

[sentropic compressor work — w, Py

ne e e
Actual compressor work W, WA @*aﬁg

When kinetic and potential

. S ;’ Actual
energies are negligible

I process
I
]

W U(Pg e P]) ) Isentropic

w, [
For a pump Wy / process
Hﬁ‘u hf{]‘ S J’I?l | l,
W, ' .
e = o Isothermal efficiency hy —-"———--——7‘!/
a

The h-s diagram of the actual and
isentropic processes of an adiabatic
compressor.




EXAMPLE 7-15

Air is compressed by an adiabatic compressor from 100 kPa and 12°C to a pressure of 800 kPa at a
steady rate of 0.2 kg/s. If the isentropic efficiency of the compressor is 80 percent, determine (a) the
exit temperature of air and (b) the required power input to the compressor.

Solution Air is compressed to a specified pressure at a specified rate. For a given
isentropic efficiency, the exit temperature and the power input are to be determined.
Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas. 3 The changes in
kinetic and potential energies are negligible. 4 The compressor is adiabatic.

(a) We know only one property (pressure) at the exit state, and we need to know one more to
fix the state and thus determine the exit temperature. The property that can be determined with
minimal effort in this case is h,, since the isentropic efficiency of the compressor is given. At the
compressor inlet,

T K4

Py= 800LP1

— J |
AIR Lq Ty

C‘CH\]PRESSUR o

m=02 Ly’a

’/ 285
P = [ﬂ(r kPa
T, =285K

I
f __Actual process

I __Isentropic process
o

wra

1ou
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T, =285K —> h, =285.14kl/ke P, 800 kP |
| ! / , = P,.](—“> = 11584(—‘) = 9.2672
P, 100 kPa

P, =92672 —  hy = 517.05kl/kg

h,, — h, (517.05 — 285.14) kI /kg
ne=—=—21 5 080-=
by, — b (hy, — 285.14) kI /ke

h,, =575.03kl/kg — T, =5695K

(b) The required power input to the compressor is determined from the energy balance for
steady-flow devices,

E'L]'L = EDHE ff?h] G wﬁ."m = r:';?ﬁzﬂ Wﬂ,‘ in = f.;?(hzﬁ — hl)
= (0.2 kg/s)[(575.03 — 285.14) kl/kg] = 38.0 kW

Discussion Notice that in determining the power input to the compressor, we used h,,
instead of h, since h,, is the actual enthalpy of the air as it exits the compressor. The

quantity h,. is a hypothetical enthalpy value that the air would have if the process were
isentropic.




Isentropic Efficiency of Nozzles

Nozzles are essentially adiabatic devices and are used to accelerate a fluid.
Therefore, the isentropic process serves as a suitable model for nozzles.

If the inlet velocity of the fluid is small relative to the i 5 . Vi,
exit velocity, the energy balance is 1™ Ma 7
& 2
~Actual KE at nozzle exit V3,
mt , - [sentropic KE at nozzle exit V3,
1
Inlet state hl e Hla
Then, n;""r'- B —
Actual process H] . hzs
T
V% V% :y/,&%MKmEpﬁm%S S
2 2 | \\ sha\s Py : \\“‘~~.
1 e
My ——-l-——l' ————— - ?tess\l 950 K: Actual nozzle —:—»764 K, 639 m/s
L] I =T X AIR |

| Isentropic nozzle —— 748 K, 666 m/s
|

[ e
\
\

ta

5

: . : A substance leaves actual nozzles at a higher
The h-s diagram of the actual and isentropic temperature (thus a lower velocity) as a result
processes of an adiabatic nozzle. B ction.
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EXAMPLE 7-16

Air at 200 kPa and 950 K enters an adiabatic nozzle at low velocity and is discharged at a pressure
of 80 kPa. If the isentropic efficiency of the nozzle is 92 percent, determine (a) the maximum
possible exit velocity, (b) the exit temperature, and (c) the actual velocity of the air. Assume constant
specific heats for air.

Solution The acceleration of air in a nozzle is considered. For specified exit pressure and
isentropic efficiency, the maximum and actual exit velocities and the exit temperature are to
be determined.

Assumptions 1 Steady operating conditions exist. 2 Air is an ideal gas. 3 The inlet kinetic
energy is negligible. 4 The nozzle is adiabatic.

.!‘.. K &
s
k2
?h_h__.___,_______‘_ QIQI
i -~ N [ — Actual process
P, = 200 kPa AIR ) ] [sentropic process
T, =950 K === NOZ7LE —I-"- P, =80KkPa
V=< V. 1, =0.92 [
1 2 Iw | i N
L
__'_'_;,__-'-"':'_--;_;F- TE.'!TK’ I
L |
|
I -




(a) the maximum possible exit velocity

Ty, ( P )“‘ =L P, \ &1k 0 kPa \ 0-354/1.354
Es e =Ll = (950K)| ——— = 748 K
7 P, : *( P, ) ( )<200 kPu)

Voo = N 2h — hy) = Mo AT, — T

ET-'in — E'n:-nt
V2 V2 = 2 1.099 kJ/ke - K)[ (950 — 748) K (IDOD i 52)
hl+7l:h25'+ 235 Y\ (1. /kg - K)[ (93 ) K] | kI/kg

= 666 m/s

(b) The actual exit temperature of the air will be higher than the isentropic
exit temperature evaluated above, and it is determined from

— (T, — —
= h] hgﬂ _ {fp, m( 1 TZa) U+92 _ 950 TEG‘
hl T hzs CF, El\-'(Tl _ TZS) 950 — 748

T,, = 764 K

Nn

(c) The actual exit velocity of air can be determined from the definition of isentropic
efficiency of a nozzle,

V3 T
Mn = Via — VEH =\ nNVES = 639 ]]]/5
25




ENTROPY BALANCE

The property entropy is a measure of molecular disorder or randomness of
a system, and the second law of thermodynamics states that entropy can
be created but it cannot be destroyed.

The entropy change of a system during a process is equal
ystem to the net entropy transfer through the system boundary

Ein | ‘ ‘ AEypem J Eou and the entropy generated within the system.
s
Sjn o Suut
Seea, 0
Total Total Total Change in the
entropy | — | entropy | + | entropy | = | total entropy
AEsystem=Ein_Em1t . .
ASgtem = Sin— Sout + Sgen entering leaving generated of the system
S — 80 8. = A8

in out gen “system

Energy and entropy balances
for a system.




Entropy Change of a System, ASSystem

Entropy change = Entropy at final state — Entropy at initial state

AS«:}'H[D[H o Shne:l = ‘Sm]luil - ‘S'E E ‘S]

When the properties of the
system are not uniform

the entropy change of steady-flow devices such as nozzles, compressors, turbines,

pumps, and heat exchangers is zero during steady operation.

can be determined by integration from

When the properties of the system are not uniform, the entropy of the system l

St — J' som = J sp dV
v




Mechanisms of Entropy Transfer, S;,and S,

1 Heat Transfer Entropy transfer by work:
' y heat transfer: o

= work o U

2
S = — (T = constant) Sheat = | = = 2,7
D heat COIIS LG 1 T Tk

— M
| transferred
with work
________ 400 K Entropy
= generation
via friction
0=500kJ -CB
Qo
: ‘ 7] Tb
- =1.25kJ/K

No entropy accompanies work as it crosses the
system boundary. But entropy may be generated

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

within the system as work is dissipated into a less
useful form of energy.




Mechanisms of Entropy Transfer, S;, and S,

2 Mass Flow
Entropy transfer by mass:

LS]IlLiRS = ';H'S‘ |— —————————
_Ih | Control volume
m
S

. rith
: ms

When the properties of the mass
change during the process
|

SII’IHSS — J' SPVF! dA{.‘ |
AC
Mass contains entropy as well as energy, and

thus mass flow into or out of system is always
accompanied by energy and entropy transfer.
J' s om = J' S mass A1
At

S mass




Entropy Generation, S,

L

‘S = ‘S ot + ‘S oen o 3‘5 System U\‘]f K)
~ - . N L — N SO
Net entropy transfer Entropy Change
by heat and mass generation in entropy
S in S out T S gen AS system (I\“’ / K

-
Rate of net entropy
transfer by heat
and mass

—_—

— e —
. T

Rate of entropy
ogneration

Rate of change
n entropy

(Sin o SGUE) Lz Sgen = As

(kJ/kg- K)

system

Mechanisms of entropy transfer for a general system.
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=t

oo~

e —
o
F. v

/ / Immediate
/ /| surroundings \
!
/ / \

R

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.




Closed Systems

Closed system: 2& + Sgen = ASgyetem = 52 — 8 (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: T o me—

Svstem + Surroundings: S = 2 AT = A s F B8 siiuisivn

&Ssystem - ”?('?2 o jl} A‘Ss,urr - qurr/Tsun'




Control Volumes

Z% T z’”i‘gi - Emese + Sgen - (S2 o SI)CV Suoendings
k

| ~I—s,
|

| Control

: volume

I

i

|

3 1 :
E—Q; + D nis; — 21,8, + Seen = AScy
k

Steady-flow:

AScy = Q + ;S — My S, + Soen

- T
. . - . Qk Entropy Entropy
Sgn = 2 MeSe = 210 T e
Steady-flow, single-stream: The entropy of a control volume
Q- changes as a result of mass flow as
. . k
Sgen = m(se = Si) _ well as heat transfer.

Sezsi

Steady-flow, single-stream, adiabatic: Nj
S0 = m(s, = s,
oen € i ——
L C

The entropy of a substance always increases (or remains (
S

constant in the case of a reversible process) as it flows through

a single-stream, adiabatic, steady-flow device.




EXAMPLE 7-17

Consider steady heat transfer through a 5-m 7-m brick wall of a house of thickness 30 cm. On a
day when the temperature of the outdoors is 0°C, the house is maintained at 27°C. The
temperatures of the inner and outer surfaces of the brick wall are measured to be 20°C and 5°C,
respectively, and the rate of heat transfer through the wall is 1035 W. Determine the rate of entropy
generation in the wall, and the rate of total entropy generation associated with this heat transfer
process..

Solution Steady heat transfer through a wall is considered. For specified T“’

heat transfer rate, wall temperatures, and environment temperatures, the wall |
entropy generation rate within the wall and the total entropy generation )

rate are to be determined. 21°C | 0°C
Assumptions 1 The process is steady, and thus the rate of heat transfer
through the wall is constant. 2 Heat transfer through the wall is 1-D. ave” [T e

e

T

o "
Rate of net entropy Rate of entropy Rate of change
transfer by heat generation in entropy
and mass

- 0 ; :
in " Pt J+1 Sgen = Asg:a:m (2) = (g) -+ 51 = ()
in 7 out =

OSW _I0SW
203 K 278 K gen gen, wall — Y+

1035 W 1035 W . + | |
300K~ 2k T Semea =0 > S = 0341 W/K




EXAMPLE 7-18

Steam at 7 MPa and 450°C is throttled in a valve to a pressure of 3 MPa during a steady-flow
process. Determine the entropy generated during this process and check if the increase of entropy
principle is satisfied.

Solution Steam is throttled to a specified pressure. The entropy generated during this
process is to be determined, and the validity of the increase of entropy principle is to be
shown.

Assumptions 1 This is a steady-flow process since there is no change with time at any point
and thus Am.,=0, AE,~=0, and AS.,=0. 2 Heat transfer to or from the valve is negligible. 3
The kinetic and potential energy changes are negligible, Ake =Ape=0.

T.C.»

Throttling
i process
450F————————— /

i
il i

F,=7MPa
T, =450°C

|
)
J

I
|
P,=3MPa |
|
I

5 55 S




P, = 7MPa h, = 3288.3 kl/kg
State 1: _ k

T, = 450°C [ s, = 6.6353 kI/kg -K

P, = 3 MPc¢
State 2: ; ; l} s, = 7.0046 kl/kg - K
2 = ?|E

ms; — My + Spen =0
Soen = M(5; — 51)

Seen = §2 — 8 = 7.0046 — 6.6353 = 0.3693 kJ/kg- K

This is the amount of entropy generated per unit mass of steam as it is throttled
from the inlet state to the final pressure, and it is caused by unrestrained

expansion. The increase of entropy principle is obviously satisfied during this
process since the entropy generation is positive.




EXAMPLE 7-19

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 (a) the entropy change of the iron block, (b)
the entropy change of the lake water, and (c) the entropy generated during this process.

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. 4 There are no

work interactions.

(a) Approximating the iron block as an incompressible substance, its entropy change can
be determined from

LAKE 77
285 K ASion = M(s; — §;) = mc,, In -
1
285 K
= (50 ke)(0.45 kJ/ke - K) In
(50 kg) ( /kg - K) 500 K

= —12.65 kJ/K

—




(b) the entropy change of the lake water

_Qm]t = f”{'ew(TE - ‘T])

O = mcy (T, — T,) = (50 kg) (0.45 kJ/kg - K) (500 — 285) K = 4838 kJ
 Que  +4838 K

ASy. = = = 16.97 kJ/K
lake }'iake 285 K 4 /
(c) the entropy generated during this process.
N S'm _vSGut ) +_i& = ﬁS:ri}fstetln _QDHE = Sﬁeﬂ o ﬂswﬂem
Net entropy transfer Entropy Change T = A
by heat and mass generation in entropy b
Q out 4838 kJ |
i = ok Q.SSF.HE,H = —285 K — (12.65kJ/K) = 4.32 Kk]J/K

b

Discussion The entropy generated can also be determined by taking the iron block and the
entire lake as the system, which is an isolated system, and applying an entropy balance. An

isolated system involves no heat or entropy transfer, and thus the entropy generation in this
case becomes equal to the total entropy change,

Seen = ASio = ASgsem T ASie = —12.65 + 16.97 = 4.32kJ/K

which is the same result obtained above.




EXAMPLE 7-20 3.16 kW

Water at 200 kPa and 10°C enters a mixing chamber S "-’f___
at a rate of 150 kg/min where it is mixed steadily with 7, = jp:c= |
steam entering at 200 kPa and 150°C. The mixture 004keg/s | Kangtrma |
leaves the chamber at 200 kPa and 70°C, and heat is | odasi I~ T3=54.4°C
lost to the surrounding air at 20°C at a rate of 190 | P=0.14 MPa |
I

kJ/min. Neglecting the changes in kinetic and -lgey

potential energies, determine the rate of entropy
generation during this process.

0 (stlirekli)

Kiitle dengesi: m, —m, = dmTen/dt =0 — m; + m, = i,
8 g c I 2 3
2 : . . //‘.1 0 (siirekl)
Enerji dengesi: Eg — E; = dE%senl/dt =0

—

\ e -
Birim zamanda 151, 15 ve kiitle Birim zamanda sistemin i¢, Kinetik,
ile gerceklesen enerji gecigi  potansiyel vb. enerjilerindeki degisim

P —F |
+ (W = 0, ke = pe =0 oldugundan)
mih; + myh, = myhy + Q

Qg: = m;h, + myh, — (”;71 it fﬁz)%




el P, =200kPa } hy = hygoc = 42.022 kJ/kg
| =10 5= Sragupe = 01511 kl/kp.K
ol P, =200kPa } h, = 2769.1 kl/kg
' T, =150C s, = 1.2810 kl/kg.K
—— P; = 200kPa } hy = hrg e = 293.07 kl/kg
o T, =70°C 51 = Seqge = 0.9551 kl/kg.K

190 kJ/dk =[ 150 X 42.022 + m, X 2769.1 — (150 + m,) X 293.07] kJ/dk

s )
m2 15+29 kJ/dk ff"ll.'j‘l == ngz — Ff”I3S3 — Q—Q -+ S = D
TEJ liretim
uretim MySy — MySy — NS, + QQ
b
= (165.29 X 0.9551 - 150 X 0.1511 - 15.29 X 7.2810) kJ/dk - K
190kJ/dk
293 K

= 24.53 kJ/dk - K




EXAMPLES

Entropy balance for heat transfer

e B S N
through a wall
Brick
0’ wall
. S o J + 5 Sgen = ﬁSEy/s:m Q -
Rate of n_éfentrcrp}' Rate u}renu‘op}r Rate of change 27°C 0°C
transfer by heat generation in entropy
and mass
Q Q , 20°c”| - 500
=) = (=) +5,=0 il
gen * -
r in i out
N —
Entropy balance for a
throttling process
0 (steady)
: : . i L*C
S in S out = S gen = ‘ﬁssystem Throttling
. - h - o " —— process
Rate of net entropy Rate of entropy Rate of changs 450
transfer by heat generation in entropy *
and mass l Hp=1ka
T, = 450°C
ms; — ms, + Sgep =0 X
: . l P,=3MPa
Sgen = m(SZ - Sl) - R




genheration associated with a heat transfer
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