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Examine the performance of engineering devices in light of the
second law of thermodynamics.

Define exergy, which is the maximum useful work that could be
obtained from the system at a given state in a specified environment.

Define reversible work, which is the maximum useful work that can be
obtained as a system undergoes a process between two specified
states.

Define the exergy destruction, which is the wasted work potential
during a process as a result of irreversibilities.

Define the second-law efficiency.
Develop the exergy balance relation.
Apply exergy balance to closed systems and control volumes.
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EXERGY: WORK POTENTIAL OF ENERGY

The useful work potential of a given amount of energy at some specified
state is called exergy, which is also called the availability or available energ

A system is said to be in the dead state when it is in thermodynamic
equilibrium with the environment it is in.

i

AIR
25°C )
101 kPa To=25°C
e P, =101 kPa
z=0

A system that is in equilibrium with its At the dead state, the useful work

environment is said to be at the dead state. potential (exergy) of a system is
zero.
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A system delivers the maximum possible work as it undergoes a reversible process from the
specified initial state to the state of its environment, that is, the dead state.

This represents the useful work potential of the system at the specified state and is
called exergy.

Exergy represents the upper limit on the amount of work a device can deliver
without violating any thermodynamic laws.

HOT
POTATO

N -
Immediate”™ —"———————

surroundings 25°C

Environment

The immediate surroundings of a hot potato are

simply the temperature gradient zone of the air The atmosphere contains a tremendous
next to the potato. amount of energy, but no exergy.
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Exergy (Work Potential) Associated with Kinetic and Potential Energy

Exergy of kinetic energ;l

.=pe=gz  (kI/kg)

The exergies of kinetic and potential The work potential or exergy of

energies are equal to themselves, and potential energy is equal to the

they are entirely available for work. IR EnErEy itself

Unavailable
energy
Unavailable energy is

the portion of energy

that cannot be S
converted to work by Total .
even a reversible heat cenergy
engine.
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EXAMPLE 8-1 101w

A wind turbine with a 12-m-diameter rotor, is to be installed at a location where
the wind is blowing steadily at an average velocity of 10 m/s. Determine the
maximum power that can be generated by the wind turbine. i s

Solution A wind turbine is being considered for a specified location.
The maximum power that can be generated by the wind turbine is to be
determined.

Assumptions Air is at standard conditions of 1 atm and 25°C, and thus
its density is 1.18 kg/m3.

Vi (10m/s)y Lklks
ke, = — = (10 m/s) ( /; 2) = 0.05 kJ/kg
2 2 1000 m~/s
‘ D> . (12 m)? )
m = pAV, = p V, = (1.18 kg/m”) : (10 m/s) = 1335 kg/s

/

Maximum power = rmi(ke;) = (1335 kg/s)(0.05 kJ/kg) = 66.7 kW

A conversion efficiency of 25 %, an actual wind turbine will convert 16.7 kW to electricity.

Discussion Betz’s law states that the power output of a wind machine will be at maximum
when the wind is slowed to one-third of its initial velocity. Therefore, for maximum power the
highest efficiency of a wind turbine is about 59 %. In practice, the actual efficiency ranges
between 20 and 40 % and is about 35 % for most wind turbines.
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EXAMPLE 8-2

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.

Solution Heat is being supplied by a large furnace at a specified temperature. The rate of
exergy flow is to be determined.

Analysis The furnace supplies heat indefinitely at a constant temperature. The exergy of
this heat energy is its useful work potential, that is, the maximum possible amount of work
that can be extracted from it. This corresponds to the amount of work that a reversible heat
engine operating between the furnace and the environment can produce.

The thermal efficiency of this reversible heat engine is

ik T 208 K
= w1l —=1——=1—-—"—=(L729 (or72.9%
T)th.max MNih.rey TH TH 1100 K ( )
1".1/ITI.'1}-{ = rev = Tflh.rev Qill = (0729)(3000 kW) - 2187 lt“ U ik
navatlable
Discussion Notice that 26.8 percent of the heat transferred ‘*‘-"‘i"%‘f*’
from the furnace is not available for doing work. The portion - o —

of energy that cannot be converted to work is called /
unavailable energy. Unavailable energy is simply the ( Total
difference between the total energy of a system at a

e Exergy /
specified state and the exergy of that energy. \ / \ B /
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REVERSIBLE WORK AND TRREVERSIBILITY

Reversible work W__ : The maximum amount of useful work that can be produ

rev*

the minimum work that needs to be supplied) as a system undergoes a proces
between the specified initial and final states.

e R LI e, Cyclic
/ Bt e ™ devices
| ; \ Atmospheric
/7 Atmospheric | I,J ﬂi[r .
\ air 4 \ / i
\ |
b Py 4 Steady-flow |
\l l l 1 1 l i devices |
= O A N ' e :
h:- e
:__ -
SYSTEM i 7 '
Rigid -
SYSTEM Y : tangks lq__.
2 | |
Vi N

As a closed system expands, some work For constant-volume systems, the
needs to be done to push the atmospheric total actual and useful works are

air out of the way (W) identical (W, = W).
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Initial surroundings work
state

Actual process

‘\\/Wu < Wiey Wi = PD(VE o Vl)
N

\
S Useful work W,

Reversible Final state W,=W-—-W,.=W-=Py(V, — U])
process
Wrev

=W W irreversibility /

rev. ""u

The difference between reversible

g = H'Ilu out w.f ot or g H'r.f in W

rev, in

work and actual useful work is the
irreversibility.

Irreversibility can be viewed as the wasted work potential or the lost
opportunity to do work. It represents the energy that could have been
converted to work but was not. The smaller the irreversibility associated with
a process, the greater the work that will be produced (or the smaller the work
that will be consumed). The performance of a system can be improved by
minimizing the irreversibility associated with it.
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EXAMPLE 8-3

A heat engine receives heat from a source at 1200 K at a rate of 500 kJ/s Source 1200 K

and rejects the waste heat to a medium at 300 K. The power output of the 5 SSEET
heat engine is 180 kW. Determine the reversible power and the irreversibility -

rate for this process.

W= 180 kW
Solution A heat engine operating between a specified source and a HE 5:;:?;B
specified sink. The reversible power and the irreversibility rate ﬁ
associated with this operation are to be determined.
Analysis The reversible power for this process is the amount of

power that a reversible heat engine, such as a Carnot heat engine
would produce when operating between the same temperature limits.

Sink 300 K

Wy = O = (1 _ Lsn ) )= (1 — ﬁ)(%ﬂﬂ kW) = 375 kW
rev. 7’h11. rev in L'm T 1200 K - — JiJa

.];DIJI'CE'.

[ =W oot — Woon = 375 — 180 = 195 kW

i, out

Discussion Note that 195 kW of power potential is wasted during this process as a result

of irreversibilities. Also, the 500 375 125 kW of heat rejected to the sink is not available for
converting to work and thus is not part of the irreversibility.
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EXAMPLE 8‘4 Surrounding ai
A 500-kg iron block is initially at 200°C and is allowed to cool to 27°C by Py
transferring heat to the surrounding air at 27°C. Determine the reversible work £ 1roN 4 7 _27¢
and the irreversibility for this process. (mmoc \\

ok
. : ) . ; . 27°cl
Solution A hot iron block is allowed to cool in air. The reversible work N )

and irreversibility associated with this process are to be determined.
Assumptions 1 The kinetic and potential energies are negligible. 2 The
process involves no work interactions.

o o Tsink o ?;Z]I o
au’}ev = Tth. rev ajQ'm = = T bQin = I = aQin

source T
T, —00Q = dU = mC,, dT
Wiev = J(l — _) 60, R
T a'Qm, heat engine = SQnut, system = _mcnv dT
. T, 7
W, = I — = (—mC, ef) =me  (h — L)~ mC, T In —
7 . To
473 K
= (500 kg)(0.45 kJ/kg-K)| (473 — 300) K — (300 K) In 300 K
= 8191 k]
The irreversibility for this process is B B -
determined from its definition, =YW, — W, = sl8l — U= 8191 K]
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EXAMPLE 8-5 -
The iron block discussed in Example 8—4 is to be used to maintain a house
at 27°C when the outdoor temperature is 5°C. Determine the maximum a

amount of heat that can be supplied to the house as the iron cools to 27°C. 27°C

Solution The iron block discussed before is considered for heating
a house. The maximum amount of heating this block can provide is
to be determined.

Heat

I 1

= = 13.6
| — T,/Ty; 1 — (278 K)/(300 K)

COP,pp =

This heat pump can supply the house with 13.6 times the energy it consumes as work. In our
case, it will consume the 8191 kJ of work and deliver 8191x13.6=111,398 kJ of heat to the

house. Therefore, the hot iron block has the potential to supply of heat to the house.

(30,734 + 111,398) kJ = 142,132 kJ = 142 M

13 Prof. Dr. Ali PINARBASI Chapter 8 EXERGY: A MEASURE OF WORK POTENTIAL




Mth ; — | — i =1 — 300K = 50
N = W (heat engines) Nrev,A = Tuli 00K
i 300 K
W Trev, B = (1 o _L> Pl 5 = T70%
Ny = F’ (work-producing devices) Ty /s 1000 K
e Source
W 1000 K
Ny = ﬁ (work-consuming devices)
COP

Oy = (refrigerators and heat pumps)
COP..

Nin = 30% .
i Neey = 0% =002 e ™ o

Two heat engines that have the

Second-law efficiency is a measure of the

performance of a device relative to its
performance under reversible conditions.
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same thermal efficiency, but
different maximum thermal
efficiencies.
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| _ Exergy recovered N Exergy destroyed General definition of

Exergy supplied Exergy supplied exergy efficiency
Source
1000 K

Heat

N =70% Hot
i Moy = 70% S water  \
80°C Atmosphere
25°C
Sink

300K

Second-law efficiency of all
reversible devices is 100%.
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occurring processes is zero if none of the
work potential is recovered.




EXAMPLE 8-6
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. }
Solution Electric resistance heaters are being considered for ——

G

Resistance
heater

residential buildings. The second-law efficiency of these heaters is
to be determined.

Analysis Obviously the efficiency that the dealer is referring to is
the first law efficiency, meaning that for each unit of electric
energy consumed, the heater will supply the house with 1 unit of
energy (heat). That is, the advertised heater has a COP of 1.

A reversible heat pump would have a coefficient of the performance of

1 1
| — T,/Ty; 1 — (283 K)/(294 K)

(::OPHP., rev = 2(1?

The second-law efficiency of this resistance heater is

— = i = (.037 or 3.7 %
Cop.. = 267 = 037 or37%

T —

The dealer will not be happy to see this value. Considering the high price of electricity, a

consumer will probably be better off with a “less” efficient gas heater.

1026
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EXERGY CHANGE OF A SYSTEM

Exergy of a Fixed Mass: Non flow (or Closed System) Exergy

oE;, — SEout = dE system
- . ——
Net energy transfer Change in internal, Kinetic,
by heat, work, and mass potential, etc., energies
— 80 — 8W =dU

SW =PdV= (P — Py)dV + Py dV = W, yetu T Py dV

T, A
SWyg = (1 ——“) 50 = 80 ——aQ =80 — (~T,dS) — 8Q

= SWHE - T‘D ij

81'/{’;rmrtal useful — S‘W?HE 5% SWE:, useful — G P'D dv + TD ds

"thai useful — (U o UID) g PD(V o VD) o Ti}(‘s o ‘SD)

V2
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The exergy of a specified mass at a specified state is the useful
work that can be produced as the mass undergoes a reversible
process to the state of the environment.
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"

ra

exergy per unit mass
= (e — &) + Po(v — V) — To(s — o)
Exergy change of a closed system

AX =X, =X, =m(p, — ¢;) = (E, — E|) + Po(V, = V) — T(S, — §))

v2_ y2
= (U, = U)) + Pp(V, = V) = T(S, — ) + m— - -+ mg(z, — 2,)

Vi — V3
Ad =, — &) = (uy = uy) + Py(vy = vy) — Ty(s, — 5) +T
+ 8(2, — 24)
= (e =€) + Po(v; — v;) — To(sz — )
When the properties of a system are not X g sem = |' b om = |' pdV
uniform, the exergy of the system is _

"V

19 Prof. Dr. Ali PINARBASI Chapter 8 EXERGY: A MEASURE OF WORK POTENTIAL




Atmosphere
Ty=125°C

Work

output

y Cold medium N
k“uh T=32C /r

The exergy of a cold medium is also a

positive quantity since work can be
produced by transferring heat to it.
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Exergy of flow energy

of a Flow Stream: Flow (or Stream) Exerg

Flow exergy

IﬂDw:PV_PGU: (P—PG)U

Iﬂﬂwing fluid — 'r:mnﬂﬂwing fluid + A flow

)

(=) . Pollt = W) — b5 8g )k 7“ ek (P Bn

(u + Pv) — (uy + PyYp)

- TQ(S - Sﬂ) +

£

5 8

= (h — hy) — Ti(s

" '{"1}) + 3 + 22

72

21
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Exergy change of flow At/l =, —
= 2 1
2 %

1% V
= (h, _hl) Sk 76(52 = Sl) + 22—

Imaginary piston
(represents the
fluid downstream)

Flowing
fluid

Atmospheric
air displaced

PV =PV + Wehasy

The exergy associated with flow energy is the useful

work that would be delivered by an imaginary
piston in the flow section.
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-

d=(m—ug) + Py(v— V) — Tols —59) + %+gz

(@) A fixed mass (nonflowing)

T
w

The energy and exergy contents of (a) a fixed mass (b) a fluid stream.




EXAMPLE 8-7 . ]
A 200-m3 rigid tank contains compressed air at 1 MPa and 300 K. | COMPRESSED :
Determine how much work can be obtained from this air if the l AIR |
environment conditions are 100 kPa and 300 K. : | MPa :
| 2 |

Solution Compressed air stored in a large tank is considered. | 300K : ﬁ

The work potential of this air is to be determined. | |

Assumptions 1 Air is an ideal gas since it is at a high s pemene e

temperature and low pressure relative to its critical point values.

2 The kinetic and potential energies are negligible.

PV (1000 kPa) (200 m*)
m; = = = 2323 kg

RT,  (0.287 kPa-m*/kg-K) (300 K)

The exergy content of the compressed air can be determined from

X = mo,
= m (Hl - Hﬂ) + PD(U] - Uﬂ) - TD(SI - SD) + 7 + gf:[

= m[Po(v; — Vo) — To(sy — So)]
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RT, RT, P, ‘
P{](U] T U{]) — Pﬂ. = = RTE R l (hll’]CB .Tf = T{})

P, Py P,
| T, P, Fy ‘ |
To(s; — sp) = To| ¢, ln?ﬂ — R ln;G = —RT, ln;ﬂ (since T, = T,)
. Po P, Py, Py
¢, = RT, E_l +RT{;,111FG:RTG IHP_{;,JFE_I

1000 kPa 100 kPa
= (0.287 kJ/kg - K) (300 K){ In + ~ 1

100 kPa 1000 kPa
= 120.76 k] /kg

X, = mp, = (2323 kg)(120.76 kI /kg) = 280,525 k]

Discussion The work potential of the system is 280,525 kJ, and thus a maximum of

280,525 kJ of useful work can be obtained from the compressed air stored in the tank in
the specified environment.
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EXAMPLE 8-8 Ty=20°C

Refrigerant-134a is to be compressed from 0.14 MPa and 10°C to 0.8 MPa Lk
and 50°C steadily by a compressor. Taking the environment conditions to be s
20°C and 95 kPa, determine the exergy change of the refrigerant during this \I 4 L
process and the minimum work input that needs to be supplied to the ' N
compressor per unit mass of the refrigerant. COMPRESSOR _-:'|;
"‘u'l

Solution Refrigerant-134a is being compressed from a specified inlet state
to a specified exit state. The exergy change of the refrigerant and the —]
minimum compression work per unit mass are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The kinetic and P, =0. 14E MPa
potential energies are negligible. T, =-10°C

P, = 0.14 MPa h, = 246.36 kJ/kg
Inlet state:

T, = —10°C s, = 09724 kJ/kg - K

Exit state:

P, = 0.8 MPa) h, = 286.69 kJ/kg
s, = 0.9802 kJ/kg -K

T, = 50°C
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Ay =, — ¢y = (hy — hy) — To(s, — ) +

= (hy — 1) — Tp(s, — 1)
= (28669 — '246.36) kJ/kg — (293 K)[(O,QSDZ - 0,9?'24)1(J/kg- K}
= 38.0 kJ/kg

The exergy change of a system in a specified environment represents the reversible work
in that environment, which is the minimum work input required for work-consuming devices

such as compressors. Therefore, the increase in exergy of the refrigerant is equal to the
minimum work that needs to be supplied to the compressor:

Win min = ‘1}’"2 o l.!’ri = 38.0 k'lﬂ\g

Discussion Note that if the compressed refrigerant at 0.8 MPa and 50°C were to be
expanded to 0.14 MPa and -10°C in a turbine in the same environment in a reversible
manner, 38.0 kd/kg of work would be produced.
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EXERGY TRANSFER BY HEAT, WORK, AND MASS

MEDIUM 1 MEDIUM 2
2 Wall

Exergy by Heat Transfer, €

h

Ty
T :

Xieat = (1 - ;>Q Exergy transfer by heat
::ﬁll’cr > ¢ e >

1, ' :
X, = J(l B Tg) 50 When temperature is

not constant

Entropy
generated
V-
T
i = - o
Entropy 2 T
HEAT SOURCE transfer > 1T
Temperature: T
Exero
Energy content: E By

Exergy =( - %)E

Excraoy ; J - h
iramsler A N >

Ty

The Carnot efficiency 17.=1-T, /T represents the The transfer and destruction of
fraction of the energy transferred from a heat
source at temperature T that can be converted to

work in an environment at temperature T,,.

exergy during a heat transfer
process through a finite
temperature difference.




Transfer by Work, W

Y = {W sl . (for boundary work )
work T

|14 (for other forms of work)

W, =PV, — V)

SUIrT

Py /Weightless

piston

|
|
‘J”" Heat

There is no useful work transfer associated with boundary

work when the pressure of the system is maintained
constant at atmospheric pressure.
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Exergy Transfer by Mass, m

= nmips

MAass

l// — (/I - /1()) - T; (.\. — S(,) T ey -+ g:

), J WpV, dA, and X = J W dm = j X mass @t
A Ar

| Control volume
I o
h | mh !
s » o Mass contains energy, entropy, and
v my exergy, and thus mass flow into or out of a

I

| system is accompanied by energy,
| entropy, and exergy transfer.
|
|
|
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THE DECREASE OF EXERGY PRINCIPLE AND EXERGY DESTRUCTION

/,0 /,0
Energy balance: Er = Eai = AEen—0=E,— F;
: /'O 7
Entropy balance: S S T =S e e =05
No heat, work
_Tﬂ Sgen = EE o E] — TG(S:Z s Sl) Or mass transfer\
Vi 0 Isolated system
Xz — Xl = (Ez — El) + PG(VZ — ul) — TG(SE - Sl)
AX‘soate =0
= (B, — E) — To(S> — S)) o
(or X destroyed =0
_TﬂSgen =X, =X, =0
The isolated system considered
in the development of the
3“Xm'sluteo.n:l - (XE i Xl)]:-:t‘rl':il'ed =0 decrease of exergy principle.

The exergy of an isolated system during a process always decreases or, in the limiting
case of a reversible process, remains constant. In other words, it never increases and
exergy is destroyed during an actual process. This is known as the decrease of exergy
principle
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Exergy Destruction

X

=T.5. .20

gen ==

destroyed

X destroyed

> 0 Trreversible process S
=4 = 0 Reversible process
< 0 Impossible process

Exergy des

Exergy des

any actual process and becomes zero for a
reversible process. 0

potential and is also called the
irreversibility or lost work.

troyed is a positive quantity for

troyed represents the lost work des

Can the exergy change of a system during S —

Consider

compare

a process be negative? e Of 5 svstem can be

heat transfer from a system to its surroundings. How do you
exergy changes of the system and the surroundings?

32
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EXERGY BALANCE: CLOSED SYSTEMS

The nature of exergy is opposite to that of entropy in that exergy can be destroyed, but it
cannot be created.

Therefore, the exergy change of a system during a process is equal to the difference between
the net exergy transfer through the system boundary and the exergy destroyed within the

system boundaries as a result of irreversibilities.

X, X
i System ot
Mass Mass
AXsystem
Heat Heat
Work X destrayed Work
Mechanisms of exergy transfer.
Total Total Total Change in the
exergy | — | exergy | — exergy = | total exergy
entering leaving destroyed of the system




Toeneral: — = = 4
Gene ”‘rf* Xm qul Xd-:«:[['u}-'cd ‘—\‘X syslem
5 h'a F P —— i % W i
Net energy transfer Exergy Change
by heat, work, and mass destruction in exergy
in the rate form
reneral: L — = =
General. Xm Xoul Xdcstroyed AX.\}'.\lem
V" = — D
Rate of net energy transfer Rate of exergy  Rate of change
by heat, work, and mass destruction in exergy

Xheat = (l o TO/T)Q

X work = W

useful®

(KJ)

(kW)

X .= iy

mass

General, unit-mass basis:  (Xy, — Xout) — Xgestroyed = AXsystem

X destroyed -~ ?;} 5 en or X destroyed - 7}.' 5 gen
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Closed system: Xpgi— Aok ™ Xdestt‘oyed = AXsystem

I;
(.-:.‘r“.ﬂ‘{.)ff -TT.QH.’F”: E (] = ?)QR — [Hr = P{.(V} = V]):I == ?E. Sgl;".[] =5 Xg —_— X]
k

7;) . . dVS}f'Sle]'[] . dXS)’SlC]'[]
Rate form: D | 1 — = 0,— | W— P, = — T Sgen = %
k

Q, is the heat transfer through the boundary at temperature T, at location k.

Xwork -

! unding :
% The heat transfer to b o eiate
B 1 a system and work e
L oa done by the system E
| | are taken to be
I S J positive quantities. ‘

0
that

X heat — X work — Xdcslmycd = AXS}fstcm
Exergy destroyed outside system boundaries can be

accounted for by writing an exergy balance on the
extended system that includes the system and its

Exergy balance for a closed system when

heat transfer is to the system and the
work is from the system.

immediate surroundings.
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EXAMPLE 8-9

Starting with energy and entropy balances, derive the general exergy balance relation for a closed
system

I\ R | o
2 (I B ?)Q o [H - JUla{l'/_“- T Vl}] o -;;351.'_—1'3“ - '5‘/;‘ S f‘i.]

1.
it

Eﬁf”:?."'; balance: Ein - EDLLE = ‘ﬁES}’stem o Q = = EE - El
. iy
Entropy 1 L “ (00 1 |
bﬁ?k?ﬁ("'ﬁ“ Sm ; Sm” i *Sgen - ﬁ&s}mn K /i + *Sgen - ‘52 - Sl
R boundary

"1

o 2 SQ |
Q—%lﬂ;) ~ W = TpSpa = E; — E; — I(S; — §))
N boundary

O
( Q) _WI_?EI'S%[]:XE_XI_P'D(UE_Vl)
r boundary ;

FSQ——%[E

-1 I

2 T
[ (1 _T_D) ol — [W - Pﬂ(uz - Vl)] - TDSgen = X3 — X

*1 b

Discussion The exergy balance relation above is obtained by adding the energy and entropy balance

relations, and thus it is not an independent equation. However, it can be used in place of the entropy
balance relation as an alternative second law expression in exergy analysis.
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EXAMPLE 8-10

Consider steady heat transfer through a 5-m x 6-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 exergy
destruction in the wall, and the rate of total exergy destruction associated with this heat transfer
process.

Solution Steady heat transfer through a wall is considered. For specified
heat transfer rate, wall surface temperatures, and environment conditions, Flck
the rate of exergy destruction within the wall and the rate of total exergy L ¥
destruction are to be determined. o
Assumptions 1 The process is steady, and thus the rate of heat transfer P ———
through the wall is constant. 2 The exergy change of the wall is zero
during this process since the state and thus the exergy of the wall do not -y Npso

change anywhere in the wall. 3 Heat transfer through the wall is 1-D.

30 em

U (steady)

Xin — & o - Xdestrcry‘ed = ‘ixsystem =10
. » . et

Rate of net energy transfer Rate of exergy Rate of change
by heat. work, and mass destruction in exergy

Q(l T“) Q(l T“) X =0
T . i ot destroyed

, 273K , 273K . +
(1035 ‘W) | = 703 K - (1035 Tw) I = 778 K - Xdestmyed =1 Xdesn'nyed =520 W
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the rate of total exergy destruction

X = (10?5W)(I—ZT3K> — (1035 W) - 228 Cgsaw
destroyed, total = 300 K e 73 K = JJ.

The difference between the two exergy destructions is 41.2 W and represents the exergy
destroyed in the air layers on both sides of the wall. The exergy destruction in this case is
entirely due to irreversible heat transfer through a finite temperature difference.

Discussion We could have determined the exergy destroyed by simply multiplying the
entropy generations by the environment temperature of T7,=273 K.
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EXAMPLE 8-11

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 7,=25°C and P,=100
kPa, determine (a) the exergy of the steam at the initial and the final states, (b) the exergy change
of the steam, (c) the exergy destroyed, and (d) the second-law efficiency for the process.

Solution Steam in a piston—cylinder device expands to a

Py= 100 kPa specified state. The exergies of steam at the initial and final
Ty=257C states, the exergy change, the exergy destroyed, and the
second-law efficiency for this process are to be determined.
Assumptions The kinetic and potential energies are negligible.

Steam

P =1 MP | P, =200 kPa (a the exergy of the steam at the initial and the final states, :
T, = 300°C
2k u, = 2793.7 kl /kg
State 1 State 2 P| = | MPa 3
State 1: v, = 0.25799 m”/kg
T, = 300°C o
s; = 7.1246 kI /kg - K
u, = 2577.1 kl/k
P, =200kPa] ke
State 2: v, = 0.95986 m”/kg
T, = 150°C
- s, = 7.2810 kl/kg - K
Uy = Uppose = 104.83 kl/k
Py = 100kPa) 0 _ /@€ } K/ke
Dead state: e Vo = Vr@asc = 0.00103 m°/kg
o S0 = Sopn— 036D kifks-K
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Xy =m[(uy — ug) — To(s;y — o) + Po(vi — W)]
= (0.05 kg){(2793.7 — 104.83) kI /kg
— (298 K)[ (7.1246 — 0.3672) kI /kg - K]
+ (100 kPa)[ (0.25799 — 0.00103) m’/kg]}(kJ/kPa - m’)

= 35.0 k1
Xy = m[(u; — ug) — To(s2 — 80) + Po(V2 — V)]
= (0.05 kg){(2577.1 — 104.83) kl/kg
— (298 K)[ (7.2810 — 0.3672) kl/kg - K]
+ (100 kPa)[ (0.95986 — 0.00103) m*/kg]}(kJ/kPa - m?)
= 254 K]

(b) The exergy change for a process is simply the difference between the exergy at the
initial and final states of the process,

AX =X, — X, =254 —350 = —9.6K]

That is, if the process between states 1 and 2 were executed in a reversible manner, the

system would deliver 9.6 kJ of useful work.
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(c) The total exergy destroyed during this process can be determined from the exergy
balance applied on the extended system (system + immediate surroundings) whose
boundary is at the environment temperature of T0 (so that there is no exergy transfer
accompanying heat transfer to or from the environment),

0
_X o Xheal,crut/ o X = XE o Xi

work, out destroyed

Xdestmyed = Xl o XE o "/Vu, out

By writing an energy balance on the system, the total boundary work done during the

process is determined to be

B Eou — AES}'SH!H
: 3 i
Net energy transfer Change in internal, Kinetic,
by heat, work, and mass potential, etc., energies

~Qout — mr,ﬂlﬂ =AU
Wfr,nut — _Qm!t — AU = _Quut S m(“ﬁ B H])
= — ('2 k.]) — (0.05 kg)(257?,1 — 27’93?) kJ/kg
= 8.8 kJ
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The useful work is the difference between the two:

Wu =W — Wsm'r = wfr,mﬁ o PD(VE o Vi) - WE:-_.mit o Pﬂm(uﬁ o i""l)

| kJ
= 8.8 kI — (100 kPa)(0.05 kg)[ (0.9599 — 0.25799) 1'1'13/kg]( — ?> = 5.3KI
(rd - 1m-

The exergy destroyed is determined to be

X estroyed = X1 — X3 = Wy o = 35.0 — 254 — 53 = 4.3K]

The exergy destroyed could also be determined from

Q SUIT }

0

Xciestmyed = Tﬂsgen — ?E,|:F?’I(S2 i Sl) =

2 kI
= (298 K){(DJB kg)[(7.2810 — 7.1246) k] /kg- K] + - } = 4.3kl

(d) The second-law efficiency for this process can be determined from

Exergy recovered W, 35

M —

Exergy supplied ; X, — X, B 35.0 — 254 B

That is, 44.8 percent of the work potential of the steam is wasted during this process.

492 Prof. Dr. Ali PINARBASI Chapter 8 EXERGY: A MEASURE OF WORK POTENTIAL




EXAMPLE 8-13

A 5-kg block initially at 350°C is quenched in an insulated tank that contains 100 kg of water at
30°C. Assuming the water that vaporizes during the process condenses back in the tank and the
surroundings are at 20°C and 100 kPa, determine

(a) the final equilibrium temperature,

(b) the exergy of the combined system at the initial and the final states, and

(c) the wasted work potential during this process.

Solution A hot iron block is quenched in an insulated tank by
water. The final equilibrium temperature, the initial and final
;uif‘{}:}‘f@ exergies, and the wasted work potential are to be determined.

0 Assumptions 1 Both water and the iron block are
incompressible substances. 2 Constant specific heats at room
temperature can be used for both the water and the iron. 3 The
system is stationary and thus the kinetic and potential energy
changes are zero, AKE=APE=0. 4 There are no electrical, shaft,
or other forms of work involved. 5 The system is well-insulated
and thus there is no heat transfer.

WATER
Tf = 3(JOC HC‘([I'

l |
[ |
| |
[ |
: |
| 100ke }
| \ |
i |
| |
[ |

“ IRON
T, = 350°C

i T

(a) Noting that no energy enters or leaves the system during the process, the application
of the energy balance gives

0 =AU
K, — K - AE
1 out system
L, v : s 0= (‘QU)imn + (AU)wmer
Met energy transfer Change in internal, Kinetic,
by heat, work, and mass potential, efc., energies 0= [ m(;(']} —_ ?:) ]imn + [ H?C(?} — j‘:’)]wwter
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By using the specific-heat values for water and iron at room temperature (from Table A-3),
the final equilibrium temperature T, becomes

0 = (5kg)(0.45kJ/kg-°C)(T; — 350°C)
+ (100 kg) (4.18 kI/kg - °C) (T — 30°C)

i clibeih

(b) the exergy of the combined system at the initial and the final states,

—
X = (U-U) — TS — Sp) +PG(V_V0)

I T
:mc(T—?ﬁ)—%mcln?wLD = mc T—?}}—Tﬂln?

0 0

623 K
X1 ion = (5 kg)(0.45 kI /kg - K){ (623 — 293) K — (293 K) | }

n
293 K
= 2452kl

303K
X, waer = (100 kg)(4.18 kJ/kg-K){ (303 — 293) K — (293K) In ]

2935 K

= 69.8 kJ
X1 ool = X1 iron + Xt aier = (245.2 + 69.8)kJ = 315 kJ
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the exergy at the final state is

X =05k
X u =952 1

XE, total — Xl i XE,waEer = 0.5 +95.2 = 95.7Kk]

the exergy of the combined system (water + iron) decreased from 315 to 95.7 kJ as a result
of this irreversible heat transfer process.

(c) the wasted work potential during this process.

Xin Xout Xdestmyed o "AXsystem
X i ;
Net energy transfer Exergy Change
by heat, work, and mass destruction in exergy

i Xdestmyed = X5 = X,
Xoid — &1 — &, =313 — 7= 213.3Kk)

Discussion Note that 219.3 kJ of work could have been produced as the iron was cooled

from 350 to 31.7°C and water was heated from 30 to 31.7°C, but was not.
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EXAMPLE 8-14

A frictionless piston—cylinder device, initially contains 0.01 m?3 of argon gas at 400 K and 350 kPa.
Heat is now transferred to the argon from a furnace at 1200 K, and the argon expands isothermally
until its volume is doubled. No heat transfer takes place between the argon and the surrounding
atmospheric air, which is at T,=300 K and P,=100 kPa. Determine (a) the useful work output, (b) the
exergy destroyed, and (c) the reversible work for this process.

T{} - ‘?‘0“ K
Py=100 kPa

Solution Argon gas in a piston—cylinder device expands
isothermally as a result of heat transfer from a furnace.
The useful work output, the exergy destroyed, and the
————— !——l reversible work are to be determined.

| Assumptions 1 Argon at specified conditions can be

| treated as an ideal gas since it is well above its critical

| temperature of 151 K. 2 The kinetic and potential energies
| are negligible.

|
Furnace | :
Tr=1200K S |

400 K.

(a) The only work interaction involved during this isothermal process is the quasi-equilibrium
boundary work, which is determined from

-

W=W,= J PdV =PV, n

I

= 243 kPa-m® =243kl

V, 0.02 m?
— = (350 kPa)(0.01 m®) In——
v ) (001 M) I

5
W = Pﬂ(‘u’2 — VI) = (l{][} kPu)[(0,0Z - [}.[}l) 1'113]( q) = 1kl
| kPa-m-
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The useful work is the difference between these two:

W,=W-—W,, =243 — 1 = 1.43k]J

Ein o Enut = AEsvstem /HG
. - : - 0 “]Er,out =t = me‘ﬁT =0
Net energy transfer Change in internal, Kinetic.
by heat, work, and mass potential, etc.. energies Qiu = Wb, out = 243 k]
(b) the exergy destroyed LS in SDutJ s gen AS system
' e ——
Net entropy transfer Entropy Change
by heat and mass generation in entropy
2y ¢ = AS 9 ¢ Q0 Q 243kl 243kl .
gen system = o — = = LN
Tg Loy =T, 1, 40K 1200K

X gestroyed = ToSgen = (300 K)(0.00405 kJ/K) = 1.22 k]J/K

(c) the reversible work for this process

/ D (reversible)
IXin = Ao Xdestmyed = "ﬁXsystem
V ! L™ . A
Net energy transfer Exergy Change
by heat, work, and mass destruction in exergy
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1y
= = Q o Wrex-;crut = Xﬂ o X!

= (Ez — E:) i Pﬂ(uz = Vi) - I:}(Sz = Si)

Q
=0+W,. —To—
Surt 0 j‘;}fs
_ 1y
wi'ev, out TIDT— o Wsurr i ]~ ? Q
SY'S R

2.43 kJ 300 K
= (300 K) SR REL = (2.43 kJ)
400 K 1200 K

2.65 k]

Therefore, the useful work output would be 2.65 kJ instead of 1.43 kJ if the process were

executed in a totally reversible manner.
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Exergy balance for an air tank

‘ - 0 (reversible)
X in X out X destroyed = system
: . . _ _— AIR
Net exergy transfer Exergy Change
by heat, work, and mass destruction in exergy 2000 — 5400
Weevin = X2 — X
/_10 A,
- (E.?_El) +P0(V2_ V]) - T()(Sz_S]) y h
= (U, — Uy) — Ty(S, — S)) 20.6 kd
’—\ Wietin= 1
— 90° . - Reversible L — -
T, = 20°C W in=AU=20.6 kJ i J./u__
Qo = | Wrev,in =1 kJ —
| AIR : _
| m=1kg | 1 19.6KkJ
| | Ll
' I Ambient air
: P; =140 kPa 20°C
} Ty =20°C : U The same effect on the insulated tank
e | W system can be accomplished by a reversible
pw heat pump that consumes only 1 kJ of
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EXERGY BALANCE: CONTROL VOLUMES

Xheat o me'k + Xmass, in Xll]ﬂSS, out X-:lestmyed = (XE o X])CV

2( )Q [ Pﬂ + EH!H"’J’ L E"Hcl:— Xdl.. stroyed — (X T2 Xl){ v

),

To \ - dyv, :
2(1 _?:)Qk - (W Py dcv) +2mi4’i— Eme'/fe _Xdestroyed =7

The rate of exergy change within the
control volume during a process is
equal to the rate of net exergy transfer
through the control volume boundary
by heat, work, and mass flow minus the

rate of exergy destruction within the
boundaries of the control volume.

Exergy is transferred into or out of a
control volume by mass as well as heat
and work transfer.
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Exergy Balance for Steady-Flow Systems

Steady flow

Most control volumes encountered in
practice such as turbines, compressors, % vH;OTk Work > X,
nozzles, diffusers, heat exchangers, pipes,
and ducts operate steadily, and thus they
experience no changes in their mass,
energy, entropy, and exergy contents as
well as their volumes. Therefore, dV/dt =
0 and dX_,/dt=0 for such systems.

X

destroyed

The exergy transfer to a steady-flow
system is equal to the exergy transfer

from it plus the exergy destruction within

the system.

. %o \ s . ; : :

LS.T{’{I{'{T-‘}L?(J'L{: E A ? Qr‘( = W E'F”firfjf B E 'F”{"F.-'ffr‘ ig: X{li_‘.‘xl['i’#‘:r'{ml -
: |

. I\ . AN :

Single-stream: 2 j T Qr — W+ m(y — ¥) = Xgestroyea = 0
k
Vi V3
Uy — by = (hy = hy) = To(sy — 55) + 5 + g(z1 — 2)
er-unit 1y
mass: 2\ 1 T )BT (=) ~ Fewea =0 (K/ke)
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Reversible Work, W

The exergy balance relations presented above can be used to determine the
reversible work W, by setting the exergy destroyed equal to zero. The work W
in that case becomes the reversible work.

General: W= H']e‘» when X destroved — 0

T 17 . ];} L :

Single stream: Wiev = m(ry — W) + 2 [ - = O (kW)
k

Adiabatic, single stream: W, = m(b, — ,)

The exergy destroyed is zero only for a reversible process, and reversible
work represents the maximum work output for work- producing devices such
as turbines and the minimum work input for work-consuming devices such as
COMPressors.
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The second-law efficiency of various steady-flow devices can be determined from
its general definition, n, = (Exergy recovered)/(Exergy supplied). When the

changes in kinetic and potential energies are negligible and the devices are
adiabatic:

Turbine
W fi’l e hg | E]Sgen
ML b = = or  Mmwb = I —
Wrev by — i by — iy
Compressor
Wiev, in l,f"z = lf*"l | TDSgen
I, comp = = Or N comp = 1 —
comp H'J']]'t ;'!?2 - ;‘c?] COmE hz - r‘c?l
Heat exchanger
fi?ccr]d(ﬁﬁ o i.f"riﬂ) 1 TDSgen
N, ux = . or Mpux = 1 7~
mhcrt(iaff] o {.I;E) "”hnt(i:fﬁ o l.f*‘z)
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1| . 2
ot ———AAAMA———
stream [ :

' |
4 | o 3
: | stream

e ———— ———— —

A heat exchanger with two
unmixed fluid streams.

Mixing chamber

Fi’?BllfIS TDSgen

M, mix = . : Of Numx=1—
, MiX m]l!;l " ”'?21,!"2 , MiX

My + My,

where my = n1y + My and Sy, = 1S3 — M8, — 1Sy,
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EXAMPLE 8-15

Steam enters a turbine steadily at 3 MPa and 450°C at a rate of 8 kg/s and exits at 0.2 MPa and
150°C. The steam is losing heat to the surrounding air at 100 kPa and 25°C at a rate of 300 kW,
and the kinetic and potential energy changes are negligible. Determine (a) the actual power output,
(b) the maximum possible power output, (¢) the second-law efficiency, (d) the exergy destroyed, and
(e) the exergy of the steam at the inlet conditions.

ii["aff:::j 300 kW Solution A steam turbine operating steadily between specified inlet
| and exit states is considered. The actual and maximum power
| L/ : outputs, the second-law efficiency, the exergy destroyed, and the
i+ I inlet exergy are to be determined.
T%EEﬁEE ‘ :|; 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
AX-,=0. 2 The kinetic and potential energies are negligible.

Iy =25°C ~ \"' -
Py=100kPa |9 I"

0.2 MPa
Enac = 3 g 1, = 3344,
PYC T milet state: P MP 1} h, 44 9 kI/ke
T, = 450°C s, = 7.0856 kJ/kg-K

, P =12 MPH} h, = 2769.1 kl/kg
Exit state.

T, = 150°C s, = 7.2810kl/kg-K

Dead state:

Il

P, = 100 kPu} ho = hyasec = 104.83 kJ/kg
Sro 25c = 0.3672 kl/kg - K

T, = 25°C So
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(a) The actual power output of the turbine;

Ein = .L‘T:_,'Om ﬁ?hl = Wuut T QD[H i mhg (HiIlCE‘, ke = pe = 0)
Wﬂm = 'if?(h‘l o hﬁ) _ Quut
= (8 kg/s)[(3344.9 — 2769.1) kl/kg] — 300 kW

= 4306 KW
(b) the maximum possible power output

LY

*

: ; . = A :
Xin — X.;.m ml.ffl = Wrev, out o+ Xheat = ”“.!"‘2

erv, out m(dfl o 1!{;2)

0 0
=m[(h, — hy) — To(s; — 8,) — Ake” — Ape” ]

= (8 kg/s)[(3344.9 — 2769.1) kI /kg
— (298 K)(7.0856 — 7.2810)kI/kg - K] = 5072 kW

W,

rev, out

(c) The second-law efficiency of a turbine is the ratio of the actual work delivered to the
reversible work,

WDM 4306 kW | ] That is, 15.1 percent of the
— = 0.849 or 84.9% work potential is wasted during
this process.

e W SOT2KW

56 Prof. Dr. Ali PINARBASI Chapter 8 EXERGY: A MEASURE OF WORK POTENTIAL




(d) The difference between the reversible work and the actual useful work is the exergy
destroyed, which is determined to be

X gostroyed = Weey, ot — Wouwr = 5072 — 4306 = 766 kW

(e) The exergy (maximum work potential) of the steam at the inlet conditions is simply the
stream exergy, and is determined from

0

| 0
= (h, )_%(-9[_5{})4'% + 82
= (hy — hp) — Tp(5; — 5p)
= (3344.9 — 104.83)kJ/kg — (298 K)(7.0856 — 0.3672 k] /kg - K)
= 1238 kJ/kg

That is, not counting the kinetic and potential energies, every kilogram of the steam
entering the turbine has a work potential of 1238 kJ. This corresponds to a power potential

of (8 kg/s)(1238 kJ/kg)= 9904 kW. Obviously, the turbine is converting 4306/9904=43.5 %
of the available work potential of the steam to work.
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SUMMARY

Exergy: Work potential of energy
Exergy (work potential) associated with kinetic and potential energy

Reversible work and irreversibility
Second-law efficiency
Exergy change of a system
Exergy of a fixed mass: Nonflow (or closed system) exergy
Exergy of a flow stream: Flow (or stream) exergy
Exergy transfer by heat, work, and mass
The decrease of exergy principle and exergy destruction
Exergy balance: Closed systems
Exergy balance: Control volumes
Exergy balance for steady-flow systems
Reversible work
Second-law efficiency of steady-flow devices
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