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® 8.1 Introduction

o Definition of exergy — is a property
that enable us to determine useful
work potential of a given amount of
energy at some specified state.

o Also called as availability or
available energy.

o Another definition — maximum useful
work that can be obtained from the
system.

Recall, in energy analysis, we know that
work,

work = f (initial state processpath, final state)
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In exergy analysis, initial state is
specified.

Work output = f ( processpath, final state)
Processpath — reversible process
Finalstate - Dead state,(P,; T, )
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What is Dead State?
System is at thermodynamic equilibrium with

the environment;

P = P, (mechanical equilibrium)
T =T, (thermal equilibrium)
AKE =APE =0

Exergy = Availability = 0

Note:

Dead state are denoted by subscript zero.
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i Py =101 kPa
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FIGURE 8-1

A system that is in equilibrium with its
environment is said to be at the dead
state.

FIGURE 8-2
At the dead state, the useful work
potential (exergy) of a system is zero.

i special permission of King

Conclusion

o A system will deliver the maximum
possible work as it undergoes a
reversible process from the specified
initial state to the final dead state.

o This work represents useful work
potential of the system at the specified

State.

o This useful work potential is called

EXERGY.
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8.1.1 Exergy of Kinetic
Energy (KE)

Kinetic energy = Form of mechanical energy
Exergy of KE=TheKE itself

xke=ke=%\72 (k3 /kg)

where:V = velocity of system
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8.1.2 Exergy of Potential
Energy (PE)

Potential energy = Formof mechanical energy
Exergy of PE = The PE itself
X, = pe=0z (kJ/kg)
where: g = gravitational acceleration
z =elevation of thesystem
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Example 8-2 (page 427)

Consider a large furnace that can
transfer heat at a temperature of 1100 K
at a steady rate of 3000 kW. Determine
the rate of exergy flow associated with
this heat transfer. Assume an
environment temperature of 25 °C.
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Example 8-2

FIGURE 8-7

Unavailable energy is the portion of
energy that cannot be converted to
work by even a reversible heat engine.
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8.2 Reversible Work &
Irreversibility — Reversible Work

o Reversible work is defined as the
maximum amount of useful work that can
be produced (or the minimum work that
needs to be supplied) as a system
undergoes a fully reversible process
between the specified initial and final
states.

o When the final state is the dead state,
W,., = Exergy of system.
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8.2 Reversible Work &
Irreversibility - Irreversibility

o Any difference between the reversible
work, W, and the useful work, W, is due
to the irreversibilities present during the
process is called irreversibility, | (exergy
destroyed).

I =W, g 00 ~W, 0 (Work producing devices) or

I =W, —W,

u,in rev.in

(work consuming devices)
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o | is equivalent to “exergy destroyed”.
o For totally reversible process,

W, =W,

rev,out

=W

rev,in

:WJ out
W ' Sen =0

u,in

so that, | = 0.
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o | is a positive quantity for all actual
processes.

W ot 2W, o (Work producing devices)

W in SW,;, (work consuming devices)

o | can be viewed as:
- wasted work potential
- lost opportunity to do work.
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SYSTEM
Initial state

o Performance of a
system can be

improved by
minimizing I.
sys:Wrev:W
'
SYSTEM
State 2 (reversible) Final state
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SYSTEM
Final state

State 2 (actual)

| = irreversibility

8.2 Reversible Work &
Irreversibility

Initial
state
Actual process
S W, < W,
3 u rev

Reversible Final state

process
Wiy

1= W= W,
FIGURE 8-10
The difference between reversible
work and actual useful work is the
irreversibility.
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8.2 Reversible Work & Irreversibility -
Useful Work & Surrounding Work

Closed System
o Useful work, W, is expressed "
as /,.f “7_\ i

| 3
7 Atmospheric |
1 ! #

W=,

s

" R
; Atmospheric
/ air !

surr

o This equation has significance SYSTEM
SYSTEM —

only for systems whose volume v Y

changes during the process

(such as piston-cylinder device).  FIGURE 8-8

. . As a closed system expands, some
o Surrounding Work, Wi : The work needs to be done to push the

work needed to push the atmospheric air out of the way (W, ).

atmospheric air during an

expansion process in a closed —

system. Work done by SYSTEM,
Wew = Po(V, — V) W, (boundary work)

Open System (CV)

For cyclic devices and
system whose boundaries
i remain fixed during a
process such as rigid tanks
and steady-flow devices, the
useful work equals the work

K ﬁi@z done by them, i.e.

Steady-flow
= devices

g

FIGURE 8-9

For constant-volume systems, the total W j— W
u Sys

actual and useful works are identical
(W, =W).
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° Example 8-3 (page 429)

A heat engine receives heat from a
source at 1200 K at a rate of 500 kJ/s
and rejects the waste to a medium at
300 K. The power output of the heat
engine is 180 kW. Determine the
reversible power and the irreversibility
rate for this process.
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° ‘ Example 8-3

Source 1200 K

0y, = 500 kls
\si': 180 kW
” %

Sink 300 K

FIGURE 8-11
Schematic for Example 8-3.
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8.3 Second-Law Efficiency, n,

o The first-law efficiency alone is not a
realistic measure of performance of
engineering devices.

o To overcome this deficiency, a
second-law efficiency 7, is defined.

o 7, is the ratio of the actual thermal
efficiency to the maximum possible
(reversible) thermal efficiency under
the same conditions.

25

Various definitions of 7, are as follows:
i. Heat engines

— Th

Ul
,7th,rev AR V...

Low-temperature reservoir

FIGURE 6-13

Schematic of a heat engine.
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ii. Work-producing devices

Note: n, < 100% and W, = actual work
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i Work-consuming devices
For a compressor,

28
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iv. Refrigerators and Heat pumps

n, = COP
I COP,,
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The n, of a system during a process can
be generally expressed as:

_ Exergyrecovered
= Exergysupplied
or
=1 Exergydestroyed

! Exergysupplied

30
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In reversible processes, exergy recovered = exergy
supplied, thus exergy destroyed = 0.

n,= 0, when the exergy destroyed = exergy supplied.

Exergy can be recovered or supplied in the form of
work, heat, ke, pe, internal energy and enthalphy.

For a heat engine,
Exergy supplied = (X of Q, — X of Q,)
Exergy recovered = W,

For a refrigerator or heat pump,
Exergy supplied = W,
Exergy recovered = (X of Q,) refrigerator
= (X of Qy) heat pump

Example 8-6 (page 434)

A dealer advertises that he has just
received a shipment of electric resistance
heaters for residential buildings that have

an efficiency of 100 %. Assuming an indoor

temperature of 21 °C and outdoor
temperature of 10 °C, determine the
second-law efficiency of these heaters.

32
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° Example 8-6 (page 434)

10°C

R
Resistance
heater

—_—

FIGURE 8-19
Schematic for Example 8—6.
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8.4 Exergy Change of A System —
Closed System

o The exergy of a closed system of mass,
m at any given state is:

\/ 2

X=(U-U)+R~)-T(s-8)rm* +mz (k)

o Where U, V and S are internal energy,
volume and entropy respectively. V is
velocity of the system and z is the
elevation relative to the surroundings.

34
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o U, V,, and S, are the properties of the
system evaluated at the dead state.

o P, and T, are pressure and temperature
of the surroundings (dead state),
respectively.

o On a unit mass basis, the closed system
exergy, @is expressed as:

\/ 2

p=(u-u)+Rv-v)-T(s-5)+ oz (kg

35

o @can also be written as:

p=(e-e)+P(v-v,)-T,(s-s,) (kikg)

Note:

At the dead state, ¢= 0, since u = u,, V=V,
and s = s,, when ke = pe = 0.

36
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Exergy Change

Exergy change for a closed system,

AX =X, - X,

\/ 2
2

=0, -0+ R V)T (s, -5 ) e (2, -2) (k)

I.e.

AX =(E,~E)+ RV, -V)-T,(S,-8) (k)
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On a unit mass basis,

Ae=¢-¢

= -0+ R )T s, - 5)+ Y 4z, - 2) (ko)

\/ 2

l.e.

Ag=(e,-e)+Pv,~v)-T,(s, ~5)(kdkg)

38

19



Note

o Exergy (X, is a property. So AX =0 and Ap=0 if
the state of system does not change during a
process.

o Exergy of closed systems (X or ¢ is either positive
or zero. It is NEVER negative.
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8.4 Exergy Change of A System

Exergy change of a closed or a fluid stream
represents the maximum amount of useful work
that can be done (or the minimum amount of
useful work that needs to be supplied if it is
negative) as the system changes from state 1 to
state 2 in a specified environment, and represents the
reversible work, W,

40
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Question 8-35 (page 472)

An insulated piston-cylinder device contains 2 L of
saturated liquid at a constant pressure of 150 kPa. An
electric resistance heater inside the cylinder is turned on,
and electrical work is done on the water in the amount of
2200 kJ. Assuming the surroundings to be at T, = 25°C
and P, = 100 kPa, determine,

a)  The reversible work input during this process [kJ];

by  The exergy destroyed during this process [KJ].

41

Question 8-35 (page 472)

%
Sarated R
Licuid E‘—‘_
H;0 N W,
P=150 kPa=}
E—.-—

42
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Question 8-29 (page 472)

A piston-cylinder device contains 5 kg of refrigerant-134a
at 0.7 MPa and 60°C. The refrigerant is now cooled at
constant pressure until it exists as a liquid at 24°C. If the
surroundings are at 100 kPa and 24°C, determine,

a) The exergy of the refrigerant at the initial and the
final states;

by  The exergy destroyed during this process.
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Question 8-29 (page 472)

R-13dna
0.7 WPa
P = consi 0

44
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Question 8-28 (page 472)

A piston—cylinder device initially contains 2 L of air
at 100 kPa and 25°C. Air is now compressed to a
final state of 600 kPa and 150°C. The useful work
input is 1.2 kJ. Assuming the surroundings are at
100 kPa and 25°C, determine

(a) the exergy of the air at the initial and the final
states,

(b) the minimum work that must be supplied to
accomplish this compression process, and

© the second-law efficiency of this process.
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Question 8-28 (page 472)

AIR

V,=2L
P, = 100 kPa
T, =25°C
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Question 8-33 (page 472)

A rigid tank is divided into two equal parts by a
partition. One part of the tank contains 1.5 kg of
compressed liquid water at 300 kPa and 60°C and
the other side is evacuated. Now the patrtition is
removed, and the water expands to fill the

entire tank. If the final pressure in the tank is 15
kPa, determine, the exergy destroyed during this
process. Assume the surroundings to be at 25°C
and 100 kPa.

a7

Question 8-41 (page 473)

An insulated rigid tank is divided into two equal
parts by a patrtition. Initially, one part contains 3 kg
of argon gas at 300 kPa and 70°C, and the other
side is evacuated. The partition is now removed,
and the gas fills the entire tank. Assuming the
surroundings to be at 25°C, determine the exergy
destroyed during this process.
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Example 8-11 (page 449)

A piston-cylinder device contains 0.05 kg of steam at 1
MPa and 300°C. Steam now expands to a final state of
200 kPa and 150°C, doing work. Heat losses from the
system to the surroundings are estimated to be 2 kJ
during this process. Assuming the surroundings to be at
T, = 25°C and P, = 100 kPa, determine,

a)  The exergy of the steam at the initial and the final
states;

by  The exergy change of the steam;
¢ The exergy destroyed;
d)  The second-law efficiency for the process.
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Example 8-11 (page 449)

Py= 100 kPa
Ty=25°C

Steam

Py=1MP Py=200 kPa
T =300C g > T,=150°C
I 2k

State 1 State 2

FIGURE 8-37

Schematic for Example 8-11.
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Question 8-32 (page 472)

A well-insulated rigid tank contains 3 kg of
saturated liquid-vapour mixture of water at 250
kPa. Initially, three quarters of the mass is in
the liquid phase. An electric resistance heater
placed in the tank is turned on and kept on
until all the liquid in the tank is vaporized.
Assuming the surroundings to be at 25°C and
100 kPa, determine,

a) the exergy destruction and

b) the second-law efficiency for this process.

51

Question 8-32 (page 472)

H-0
250 kPa
W

P

e R L T R T TS
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8.4 Exergy Change of A System —
Open System

o Flow (or stream) exergy at any given state, is given
by

—2

w=(h-h)-Ts-s)+-+az (kg

where h, s and V are specific enthalpy, specific
entropy and velocity of the system respectively.

o h,and s, are enthalpy and entropy of the stream
measured at the dead state.

53

Exergy Change

When a fluid stream undergoes a process
from state 1 to state 2, the exergy change
Ay =y,-y,

= (h,—h)-T,(s,-5)+ 2 ;Vlz +9(z, - z) (kikg)

If Ake = Ape =0
Ay =(h,—h)-T,(s, - ) (kIkg)

54
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Note:

Exergy of a fluid stream can be negative at
pressures P < P,
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Question 8-53 (page 475)

Air is compressed steadily by an 8 kW
compressor from 100 kPa and 17 °C to 600 kPa
to 167 °C at a rate of 2.1 kg/min. Neglecting the
changes in kinetic and potential energies,
determine,

a) theincrease in the exergy of the air

b) The rate of exergy destroyed during this
process. Assuming surroundings to be at
17 °C

56
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° Question 8-53 (page 475)
N
AlR & |
"
° Question 8-61 (page 475)

Steam enters an adiabatic turbine at 6 MPa,
600°C,and 80 m/s and leaves at 50 kPa,
100°C, and 140 m/s. If the power output of
the turbine is 5 MW, determine

(a) the reversible power output and

() the second-law efficiency of the turbine.
Assume the surroundings to be at 25°C.

58
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° Question 8-60 (page 475)

Air is compressed steadily by a compressor
from 100 kPa and 17°C to 700 kPa and
247°C at a rate of 10 kg/min. Assuming the
surroundings to be at 17°C, determine the
minimum power input to the compressor.
Assume air to be an ideal gas with constant
specific heats, and neglect the changes in
kinetic and potential energies.
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° Question 8-62 (page 476)

Steam is throttled from 9 MPa and 500°C to
a pressure of 7 MPa. Determine the
decrease in exergy of the steam during this
process. Assume the surroundings to be at
25°C.

60
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Question 8-69 (page 476)

Air enters a compressor at ambient conditions at
100 kPa and 17 °C with a low velocity and exits
at to 1 MPa, 327 °C and 105 m/s. The
compressor is cooled by the ambient air at

17 °C at a rate of 1500 kJ/min. The power input
to the compressor is 300 kW. Determine,

a) the mass flow rate of air;

b) the portion of power input that is used just to
overcome the irreversibilities.

61

° ‘ Question 8-69 (page 476)

105 m/s
1 MPa
327°C

1500 kJ/min
38

L0k kPa
17C

62
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Question 8-73 (page 476)

A hot-water stream at 70°C enters an adiabatic
mixing chamber with a mass flow rate of 2 kg/s,
where it is mixed with a stream of cold water at
20°C. If the mixture leaves the chamber at
45°C, determine

@ the mass flow rate of the cold water and

(b) the exergy destroyed during this adiabatic
mixing process.

Assume all the streams are at a pressure of 350

kPa and the surroundings are at 25°C.
63

8.4 Summary of Exergy Change of A System

FIGURE 8-23
64 The energy and exergy contents of
(a) a fixed mass and (b) a fluid stream.
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8.5 Exergy Transfer

» Heat, Q

Exergy transfer
to or from the
system

Work, W

-» Mass Flow, m

65

By heat transfer, Q

Heat transfer, Q, at a location at absolute
temperature T is always accompanied by exergy
transfer X, in the amount of, Carnot efficiency —
represents the fraction of Q that can be converted
into work, during a reversible process.

66
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° 8.5 Exergy Transfer

—_—

FIGURE 8-26

The Carnot efficiency i, = | — T,/T
represents the fraction of the energy
transferred from a heat source at
temperature 7 that can be converted
to work in an environment at
temperature T},

67

o WhenT >T,, Q into the system
increases exergy of the system, and
Q from the system decreasing it.

o When T < T,, the opposite happens.
oWhenT =T, the X, = 0.

68
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° 8.5 Exergy Transfer

MEDIUM | MEDIUM 2
Wall
7,
\ "
"
Heat 3
transfer e e v>
Entropy
generated
I\
¥
=== 0
Entropy o T
transfer T, i
V
Exergy
destroyed
Exergy ]
transter 4 3 J
T, (1 —To\o
1-Tojo 1-1olo
e (t-7)e
FIGURE 8-27

The transfer and destruction of exergy
during a heat transfer process through
69 a finite temperature difference.

By work, W
o Exergy transfer by work can be expressed as:

Y - (W -W,,, ) for boundary work
vork = 1\ for other formsof work

o where,

M/surr = PO(VZ _Vl)l

o In which P, is atmospheric pressure, V; and V,
are initial and final volumes of the system.

70
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By mass, m

o When mass in the amount of m enters or leaves
a system, exergy in the amount of m¥
accompanies it, i.e. exergy transfer by mass,

X e = MY

mass

where,
\ / 2

p=(h-h)-Ts-s)+-+z

71

Note:
0 Xpeat = 0, for adiabatic system.
0 Xiass = 0, for closed system.

0 Xioia = O for isolated systems, since they do
not involve Q, W and m transfer.

72
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8.6 The Decrease of Exergy Principle
and Exergy Destruction

Exergy Destruction

o Anything that generates entropy will destroy
exergy.

o Irreversibilities — friction, chemical reactions
etc. — always generates entropy.

o So, exergy destroyed,

Xdeﬁtroyed = ToSgen - O

0 Xgestroyed IS POSItive for actual processes,

and zero for a reversible process.
73

8.7 Exergy Balance — Closed
System

Exergy balance for any system undergoing
any process can be expressed as:

Xin_xout - Xdestroyed :Asttem (k‘])l

net exergytransfer  Exergy distruction  changeof
by heat, work, and A exergy of the
Exergy destruction,
74 Xd&ﬁroyed =ToSgen
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X X
in System —*L
Mass AXsymcm Mass
Heat p—
Work i crto yed Tt
FIGURE 8-32

Mechanisms of exergy transfer.
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It can also be expressed as,

X

heat Xwork . Xdestroyed = AXsysteml

That is,

Z(l_%)Qk _[\N - R)(Vz _Vl)] _Tosgen =X, =X, (k‘])

76
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Where,
o Q = heat transfer through the system

boundary at temperature T,, at location k.

o W = work done by or on the system
o P, (V,-V,) = surroundings work

0 Sgen = €ntropy generation during the
process, within the system

77

The exergy balance equation can be
expressed in a rate form as,

To . _ ._ _ _ . =dx_sys
Z(l_?ij |:W PO(VZ V1)} T, Sgen at

(kJ)

78
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Note:

oW= Wrev when Xdestroyed = ToSgen =0.

0 Xgestroyed FEPresents exergy destruction
within system boundary only.

o For areversible process, Sy, = 0, thus,
Xdestroyed = 0- Therefore AXy g, = EXErgY
transfer.

79
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