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Objectives

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.



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 energy.

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

!
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Alr
V=0 Py =101 kPa
z=0

FIGURE 8-1

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



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.
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FIGURE 8-2

FIGURE 8-3

The immediate surroundings of a hot

The atmosphere contains a tremendous
amount of energy, but no exergy.

potato are simply the temperature
gradient zone of the air next to the
potato.



Exergy (Work Potential) Associated
with Kinetic and Potential Energy

Exergy of kinetic energy:
Xpe =pe =gz (kl/kg)

Exergy of potential energy:

V?
X = ke = o (kJ/kg)
Unavailable
energy
Total
energy
FIGURE 8-6

Unavailable energy is the portion of
energy that cannot be converted to
work by even a reversible heat engine.

The exergies of kinetic and
potential energies are equal to
themselves, and they are entirely
available for work.

L

FIGURE 84

The work potential or exergy of
potential energy is equal to the
potential energy itself.



Wsurr - PO(VZ o Vl) : .
Reversible work W,,: The maximum amount of
W,=W-—W,,=W-—Py(V, — V) useful work that can be produced (or the
. o~ minimum work that needs to be supplied) as a
;’ Amﬂsphe;i;“ H ,'f Mmﬂspher;c“‘ . system undergogs a process bgtween the
/ air ) air / specified initial and final states.
N ) o R » As aclosed
system expands, I'= Wivou = Wiou
some work needs =W . — W_ .
to be done to push = Sl
the atmospheric
air out of the way
(Wisur)-
) Initial
The difference between (e
reversible work and “se— %Ct‘flﬂlfmcess
actual useful work is the s,
irreversibility. 4
For constant-volume Final state

Reversible

process
W

ey

systems, the total
actual and useful
works are identical

=W, -
(W, =W). rev



Source 1200 K

0., =500 kl/s

The Rate of Irreversibility of a
Heat Engine

W . (l Tsink ) .
rev.out nm,rev Qin o T Qin

source

(l — )(SDO kW) = 375 kW
1200 K

I = Weyou — Wyow = 375 — 180 = 195 kW



Irreversibility during the Weey = Moy 0Qin = (1 - TTS'""‘ )SQm — (1 - %) 50,
Cooling of an Iron Block
W = J(l - 5) 50.
ev T mn

source

oFE in aEnut - dEsysr.em
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc., energies

_SQuul =dU = m’cavng

SQin,J:mat engine - Squ[,s}rsmm = _mC“ng
T, Tﬂ TI
Wrev = - T )T M dT) = mcy (T = Ty) — mey, I In T,
T, 0
473 K
Surroundings = (500 kg)(0.45 kJ/kg-K)| (473 — 300) K — (300 K) In — 0

ZHC

= 8191 kJ

Surrounding air

FIGURE 8-12 P Heat
An irreversible heat transfer process

can be made reversible by the use of a
reversible heat engine.

Ty=27°C



My = (heat engines)

nth,rev

Wu . .
M =y, (work-producing devices)

vvrev . .
= (work-consuming devices)

= OF (refrigerat d heat )

M= o OP_ refrigerators and heat pumps

60%

FIGURE 8-15

Second-law efficiency is a measure of
the performance of a device relative
to its performance under reversible
conditions.

FIGURE 8-14

Two heat engines that have the same
thermal efficiency, but different
maximum thermal efficiencies.



Source 1000 K

General definition of exergy efficiency:

Exergy recovered | Exergy destroyed
M = = 1=
Exergy expended Exergy expended
Heat
Hot ~
water Atmosphere
80°C 25°C
FIGURE 8-17
The second-law efficiency of naturally
FIGURE 8-16 occurring processes is zero if none of
Second-law efficiency of all reversible the work potential is recovered.

devices i1s 100 percent.
10



Second-Law Efficiency of Resistance Heaters

" o Xrecm-'ered Xheat
ILelectric heater - .
‘ X, %%
g& T expended €
01 ~ TyTw _ Ty
Resistance 5 : : = : =1 — —
1 heater 10°C QE = WE W, T,
l |
COPyp rev = = — 26.7
* | — T,/T,, 1 — (10 + 273K)/(21 + 273 K)
COP 1.0
Ny = = = 0.0370r3.7%
COP., 267
Iy (10 + 273)K
) . =] —-———=1— = 0.037 or 3.7%
I1electric heater TH { 21 + 2?3)1{
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Exergy of a Fixed Mass: Nonflow
(or Closed System) Exergy

oE in OF out = dE system
n—v—d
Net energy transfer Change in internal, Kinetic,
by heat, work, and mass potential, etc., energies
— 80 — W = dU

SW=PdV= (P~ P))dV + Py dV = 8W, e + Po dV

Ty Ty
Wy = (1 —?) 50 = 80 — 150 = 30 — (~T,dS) —

OWiotat usefus = OWhg + SWb,useful = —dU — PydV + T, dS

V2

Exergy of a closed system

FIGURE 8-19

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.



V2
b= (u—uy) + Py(v—v,) — Ty(s — s0) + 5 + ¢z Closed system
exergy per unit

= (e — ¢y) + Py(v—vy) — Tpy(s — s,) mass

AX =X, =X, =m(p, — ) = (B, — E)) + Po(V, = V)) = T(5, — §))

y2— 2 Exergy
= (U, = U) + Po(Va = Vi) = To($5 = $,) + m——— 4+ mg(z; = z;)  change of
a closed
Vi— Vi system
Ap =y =y = (uy —uy) + Po(va = vy) = To(s, — 1) + % +g(2—21) ‘
= (e, — €;) + Py(v, — vy) — Ty(s, — 5y) Atmosphere
Ty =25°C

When the properties of a system are
not uniform, the exergy of the system is

Work
output

Heat

Xsysln:m = J ¢ om = J (,bp dVv
engine

v

FIGURE 8-20

The exergy of a cold medium is also
a positive quantity since work can be
produced by transferring heat to it.

NColimedindl
T=3°C




Exergy of a Flow Stream: Flow (or Stream) Exergy

xt'lowing fluid — xnonﬂowing fluid + Xlow

2

V

2

v
:(H+PV)_(H0+POV0)_T0(S_So)+_+gz

V2

2 Exergy of flow energy
Xpow = PV — Pyv = (P — Py)v

Flow v
= (h— hy) — To(s — s9) + —— + g2
exergy 2
V% - Vl
Exergy change of flow Ay =y, — 4, = (b, — 1)) + T)(s, — 5,) + — e -
Imaginary piston
(represents the
fluid downstream)
Flowing
fluid FIGURE 8-21
The exergy associated with flow
Atmospheric energy 1s the useful work that would
air displaced be delivered by an imaginary piston in
Pv = PyV + Wypaty the flow section. 14



Energy:

e€=1u-+

Exergy:

r'2

b= W—uy) + Py(V= ) — Ty(s —5o) + %‘+gz

(a) A fixed mass (nonflowing)

Energy:

o=h+V’
—h+—+gz
1 2 g

Exergy:

$=(h—hy) - Tys—s,) + ‘2 + gz

(b) A fluid stream (flowing)

FIGURE 8-22
The energy and exergy contents of
(a) a fixed mass and (b) a fluid stream. 15



| Work Potential of
S S S Compressed Air in a Tank

Compressed
air

1 MPa

X, = mao,

[ 0 VZ;"'G 0
m

{H] - HD}‘F + PD{UI - Vﬂ.) T T(}(SI o :jl]:J + 7] + g*’{

= m[Py(V, — Vy) — Ty(s; — 5]

P ) =P (RTI RT”) RT (P‘J 1) (since T, = T))
V., — V — — = —_— = since =
1l | 0 0 Pl PD 0 Pl 1 0

T P, P .
Ty(sy — sp) = T\ ¢, ln?ﬂ — RIDFG = _RTGIHFD (since T, = T,)

RT(PD l)+RT1P1 RT(I P1+P” 1)
= KB, g, ~ Ko\"p, T P, e 16



Ty =20°C Exergy Change During a

r =>0°C Compression Process
P,=0.8 MPa

t

?: z?.]l[]igqpﬂ Winmin = b, — ¢ = 38.0 kJ/kg

0
Vi— v/ 0

Ay =, — ¢, = (hy — hy) — Ty(s, — 5) + 5 + g(z, — 31)/1

= (h, — h)) — T,(s, — s,)

17



EXERGY TRANSFER BY
HEAT, WORK, AND MASS

Exergy by Heat Transfer, Q

B I Exergy transfer
Xheat - (1 o T)Q by heat

B Iy When temperature is
Kear = J(l B T) °C not constant

Heat Source

FIGURE 8-25 Temperature: T

The Carnot efficiency n. = 1 — T,,/T Energy transferred: E

represents the fraction of the energy :
transferred from a heat source at Exergy =(1 _51] E

temperature T that can be converted : r.
to work 1n an environment at
temperature T, Ty

Medium 1 Medium 2

Heat
transfer
Entropy
cenerated
Entropy
transfer
destroyed
Exergy
transfer

FIGURE 8-26

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



Exergy Transfer by Work, W

Y = {W — W (for boundary work )
ok 14 (for other forms of work)
Wsurr =P 0( V2 o V])

Exergy Transfer by Mass, m

X

mass

Xmass = J' U_’I,OV” dAc Xmass = J' "!" S'm = J' Xmass dt

A, Ar

FIGURE 8-28

Mass contains energy, entropy, and
exergy, and thus mass flow into or out
of a system is accompanied by energy,

entropy, and exergy transfer.

]ndf l/f = (/2 — /?()) - T()(S B 50) T T

FIGURE 8-27

There 1s no useful work transfer as-
sociated with boundary work when the
pressure of the system is maintained
constant at atmospheric pressure.



THE DECREASE OF EXERGY PRINCIPLE
AND EXERGY DESTRUCTION

0 0 No heat, work
o DA D _n _ at,
Energy balance: E; Eu AEjgem— 0 = E, — E, o e o e
/‘IO /‘IO |
Entropy balance: Sin. — Sout 1 Sgen = ASgem = Sgen = S2 — S |
Multiplying the second relation by 7, and subtracting it from the first one
gives
_ [solated system
_Tos‘n_[ = EE - E - TU(S2 - Sr ) (8—29)
gen : : AXisolated < 0
From Eq. 8-17 we have (or Xgestroyed = 0)
A0
Xo =X, = (E; = E) + Po(V, = Vi)' = To(S, = §)) (8-30)
= (B, = Ey) = To(S; — S))
since \/, = V, for an isolated system (it cannot involve any moving bound- ) F!GURE 3-29
ary and thus any boundary work). Combining Eqs. 8-29 and 8-30 gives The isolated system considered in the
development of the decrease of exergy
Ty Se =X, — X, =0 (8-31) ' . [CXCISY
i principle.

since T, is the thermodynamic temperature of the environment and thus a

positive quantity, Sy, = 0. and thus 7S, = 0. Then we conclude that

A‘)(l\'ulnl{'l_l = [){:' - ‘X'l)lh'l.'lh[{'d =0 (8_32)

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. 20



Exergy Destruction

X destroyed - 7;_) S gen =0
> 0 Irreversible process
Xesoyed § = 0 Reversible process

< 0 Impossible process

Exergy destroyed is a positive quantity for
any actual process and becomes zero for a
reversible process.

Exergy destroyed represents the lost work
potential and is also called the
irreversibility or lost work.

Can the exergy change
of a system during a
process be negative?

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

FIGURE 8-30

The exergy change of a system can be
negative, but the exergy destruction
cannot.

21



EXERGY BALANCE: CLOSED SYSTEMS

Total Total Total Change in the

cXergy - CXCrgy - cXergy = total CXergy The exergy Change Of
entering leaving destroyed of the system a system durin ga

process is equal to the

General: Xin — Xou — Xgestroved = AX aier kJ .
SlLE— lestroyed T System, (KJ) difference between the
Net exergy transfer Exergy “hange
by hul;ll. \\'Jr'l\'.luml Im:m '.Iu.xlru;l;tm II(I 1:xclh'g,\' net exergy tranSfer
, , : through the system
General, "‘(HG.T'-(”‘”"" ‘Xlii o }(uul o ‘XtICHlI'U}’Cd = d‘){.\,\'xlunr’fdr (k\\) boundary and the
Rlalk:l of net k:;IL-r}_:'\_- llmnhlk:r I{_ll.lil uxu'g;' Rate of change exe rgy destroyed
by heat, work, and mass destruction in exergy

: ey . . . within the system
Xheat = (I = TO/T)Q Xwork = Wuseful’ and Xmass = }TH,{I boundaries as a result
of irreversibilities.

General, unit-mass basis:  (Xj, — Xou) = Xdeswoyed = AXgysiem (kJ/kg)
‘Xdc.\ll'u}’utl = 7;}‘3‘}_:'&'!] or ‘thk'ﬁli'tl)'&?tl - 7;}‘5'1_‘-'011 Xil] XDLI.[
f_‘;"\ S . ,—-'_"*_‘\
stem
Mass Y Mass
AX...
Heat system Heat
Work Work

X

destroyed

FIGURE 8-31

Mechanisms of exergy transfer.



Closed system: Xieat = Xwork — Xdcslmycd = A‘Xvs)e's'.lem
The heat transfer to

a system and work

done by the system

Y X are taken to be
-‘*f“"“‘“) — Ty Syen = :;;‘“‘“ positive quantities.

S _ I, o
Closed system: > | 1 — - O — [W—=Py(V, = V)] = TS = X5 — X,
k

1\ . .
Rate form: >, (l - _T_O)Qk - (W - Py
k

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

Xwork
T Outer
surroundings
Exergy EACkay (environment)
balance for _destroyed
I 0 Chee outside system
system boundaries can
whesies be accounted for
transfer is by writing an
to the exergy balance
, system and on the extended
_______ mm———  the work is system that
) fromathe includes the
X SySiar syst_em anql its
i y immediate
Xheat — X work — Xdestroyed = AXsystem Surroundings.




General Exergy Balance for Closed Systems

= AE

system

Energy balance: E_— E

n ot

Entropy 5. 6Q

balance:

Closed | J 1

system

r2 T[}
J (] _?>3Q_[W_PD(U2_U1)]
1 b

.2 3Q
Q o Tl} T - W- Ti}Snan _ EQ -
1 T boundary

-2
3Q — TDJ (?) _ W TDSEEI] - XE —
1 boundary

—~Q-W=E,—E

Snut + Scran — jSE}'SlEm — J (_) + Snan — SQ o Sl
; 1 T boundary ;

E] o Tﬂfsz - SI}

oen

XI o Pu{uz o UI}

=X, — X,

24



Exergy Destruction during Heat Conduction

. . . /11] (steady) -’__.
X, — X — X = dX dt =0 i —
in out l d&stm}feq l system] , .—_7
R f net transfer Rate of exer Rate of change y 5 7
ate of net exergy trans ergy _ I /
by heat, work, and mass destruction in exergy ‘

. T, . T, . - Al

Q(] _ ?)jn _ Q(] — ?)wt o Xdestro}red =0 ;

273 K 273 K , — 0 '/

(1035 W) 1 — — (1035 W) 1 — === ) — Xyegroyea = 0 i/

203 K 278 K ﬂ/
. w7 g
demﬁd - 0w 20°C <« 3() cm—"';’//
/

To determine the rate of total exergy destruction during this heat transfer
process, we extend the system to include the regions on both sides of the
wall that experience a temperature change. Then one side of the system
boundary becomes room temperature while the other side, the temperature of
the outdoors. The exergy balance for this extended system (system + imme-
diate surroundings) is the same as that given above, except the two boundary
temperatures are 300 and 273 K instead of 293 and 278 K, respectively.
Then the rate of total exergy destruction becomes

73 K) = 93.2W

73K

2

. 273K
X gesroyed o = (1035 W}(] — m) — (1035 W](] —

25
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Exergy Destruction During Expansion of Steam

P, = 100 kPa
T{} = 25:|C

The exergy balance applied on the extended
system (system + immediate surroundings)

whose boundary is at the environment
temperature of T, gives

Xin o Xﬂui

Steam o Xdcslruycd - ‘lXS}'SlUJTI
~ ; \ y ; ——

MNet exerzy transfer Exergy Change

Pl =1 MPa PE =200 kPa by heat, work, and mass destruction in exergy

T, =300°C g T, = 150°C 0
2kl _Xwnrk,uu[ - thm.uul - Xdcslm}'n‘d — XE - Xl
State | State 2 Xdustrﬂ}';‘d - Xl - XE o WH,GUI
X, =m|(u, — u,) — To(s, — 5, + P(v, — v,)]

] l 0 o 0 ol 0 Exergy recovered W,
X, = ml(uy, — ug) — Ty(s, — 59) + Py(vy, — vyl i Exergy expended X, — X,
Wu =W - w&;urr - Wb,uu[ - P{}{UQ o ||"”Irl\] - Wh,ﬂul - Pﬂm{UZ o 1"”r]:'

- Ein o Enul — iEs;yslcm
Alternatl_ve methOd Of exergy MNet energy transfer Change in internal, kinetic,
destruction calculation: by heat, work, and mass  potential, elc., energies
. . qurr —Qou — Wb,ﬂui = AU
Xdcstm}'od o T'[]'Sgcn o Tl] m(s, — S]] + T
0 Wb,ﬂm - out —\U - _QGL][ o .??'.'-{.Hz o lf"":l]



Dropping a Hot Iron Block into Water

E in E out - A Esystem
—_——
Net energy transfer Change in internal, kinetic,
T() =20°C by heat, work, and mass  potential, etc., energies
P, =100 kPa )
0 0= AU

0 = (-l'iU}irgn + (&U}water
0 = [MET, — Tlyeq + [me(T, — T))

Iron

iron water

T;=350°C
4 Skg
) 0

/}I‘
X=(U-=1U) — TS — S, + P(V = V,)

T
= me(T — Ty) — Tyme In—— + 0

T[}
T
=mc| T — T, — Tyln—
I
Xin o Xnut o Xdﬁtm}'a:l - ‘iXsystﬂm
" F) s, - ; % - )
Met exergy transfer Exergy Change

by heat, work, and mass destruction in exergy
0— Xdestm}fed =X, — X

Xdﬂstm}fﬂd =X, — X3
27



Work Potential of Heat Transfer Between Two Tanks

S —S. + S/ —AS

Zen system

—_— ——— —_——
Net entropy transfer Entropy Change

by heat and mass generation in entropy

0 0
A
0+ SEE“ - 5“Srtank,s::-uruz.‘o: + J‘Stemk sink + 'ishgat engine

"—\"Stankfsnurce + —\Stank sink 0
1T+ Rluzﬂ) +( IT+R1UE) 0
mc, In_—- m n— mc,, In _—- m n—— =
TI U] sOurce Tl UI sink
I, T,
In———=10 5 =T,,T
’ Ty 4T p 7 AL
=Y\ TI,ATLB
quurcaiout - mCU{TLA o TE}

OQsinkin = mc(Ty — T p)

Wma:(fﬂut - QH o QL - Qsourcc.out o Qsink, in

28



EXERGY BALANCE: CONTROL VOLUMES

thal - Xwork + Xmass.in - Xmass,mul - Xdcslmycd = (XZ - XI )CV

T
E (l o %)Qk o [H_ P EH;U_ EHIL L| stroyed — (Xl o XI)(_"\-’
k

in out

dVey dX oy

in out ' (fr

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.

Control

volume

FIGURE 8-41

Exergy 1s transferred into or out of
a control volume by mass as well as
heat and work transfer.



Exergy Balance for Steady-Flow Systems

Most control volumes encountered in practice such as turbines, compressors, 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 dXc,/dt = O for such systems.

1)\ . . :
Steady-flow: 2 (l - ?O)Qk - W+ 2 My — 2 M = Xgesiwoyea = 0
k

in out

T\ . . .
Single-stream: 2 (l — %)Qk — W+ m (i!" 1 ‘!"z) — X destroyed — 0

k

Vi— V3
by — = (hy — hy) — Ty(sy — 55) + 5 + g(z1 — 22)

Per-unit Ty
2 (1 o ?)qk —w+ (lpl - LI}Q) - xdestroyed =0

mdass. s

~ —Heat
FIGURE 8-42 X, ) Work
The exergy transfer to a steady-flow Mass
system is equal to the exergy transfer

from it plus the exergy destruction
within the system.




Reversible Work

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= W, when X j.qroyea = 0
Single stream: W., =, — ) + E ( | — ) P (kW)
Adiabatic, single stream: W., = m(p, — )

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.

31



Second-Law Efficiency of Steady-Flow Devices

The second-law efficiency of various steady-flow devices can be determined from its
general definition, n, = (Exergy recovered)/(Exergy expended). When the changes in
kinetic and potential energies are negligible and the devices are adiabatic:

W hy — h Iys -
M = —— =12 or _ 1 — """ Turbine
ILturb , — T turb —
Wey U — U Uy — ¥,
So — S2 — Sl
Wrev.in Lbz o 'wb'l 1 TOSgen e
oy = - or =1 ——
nII.Lomp W hz o hl nII,Comp hz o hl Compressor
; T,
n o 'yncold('vbﬁ o 'vb3) Heat 0
ILHX — .
}’ﬂhot(lbl B wz) exchanger 1 [Tbl—H:\_] """" : 2
- Hot =+ Sl 7' ﬂ o C3+
N — Iy Sgc“ stream i e - :
mHx — 1 — 7 , |
Mg (Y1 — ) 4 (M N | 3
= 4 _ ; _ Z_~_T_T_T I Cold
Sgen = Myoi(Sy = 81) + Ml1q(Sy = 83) st
m L
M = ~— 3 Mixing FIGURE 8-43
my + myp, chamber A heat exchanger with two unmixed
\ fluid streams.
];JSgen
Mimix — o

f’j’lli,b'l + f’j’lzwz Sgen — ﬂ13S3 - ﬂ’lzsz — ﬂ’llsl
32



Second-law analysis of a steam turbine

() (reversible) () (steady)
. . , A e 3 MPa
X in qut - X destroyed T ":ﬂ{:-;]gfsLlr:m"IIr dt 450°C 300 kW
L. " e w 4
Rate of net exergy transfer Rate of exergy Rate of change
by heat, work, and mass destruction in exergy
X in Xtﬂ.lt v
A
0 .
. r r f -
mﬂbl o wrcv,uut +X heat T m¢2
HI'Jnif_".',u::ut - m([bl - ‘1&2}

| 0 0
= m[(h, — hy) — Tys;, — s,) — Ake” — Ape” |

= WDL]L
n ; u o
Wren.-,um Xdes[mynd _ Wrﬂ,uut 1Lli#ru::ut
() (steady)
B B /ﬂ — {:]
Ei|1 o Euut _ ":}]I‘E:-':.y'sLem"Ir dr
— — , - r
Rate of net energy transfer Rate of change in internal, kinetic,
by heat, work, and mass potential, etc., energies
Ein - Enul
”Ihl - Wnul + Qum + mhg {Sln{:e ke = pe = 0)

W, = mh, — h) — Q

out



190 kJ/min

Exergy Destroyed During Mixing
of Fluid Streams

0(steady)

. . - f{](mversible} A _—
X in X out X destroyed - sj.fstem‘ldf
R ——— b " - i . "]
Rate of net exergy transfer Rate of exergy Rate of change
by heat, work, and mass destruction in exergy
Xin - Xnut
. . ,ﬂﬂ
ml'-;"l + m2¢’2 - Wrev,nut + Xhﬂat+ mEqu
: . , . 0
Wrev,nut = iy + gy — fsls : . . A :
Xdestmyed - Wmvfout o Wu - TDSgﬂn
0(steady) Xdﬂstm}.f&d — Wrev,uut
’ . A . . .
Mass balance: My, — Moy = dmgg o /dt =0 — my + my = m;
O{steady)

Energy balance: E;, — E,, = dEg/di =0
L — ! y ;
Rate of change in internal, kinetic,

Rate of net energy transfer
by heat, work, and mass potential, etc., energies
E,=E out

shy + Q. (since W = 0, ke = pe =0)
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Charging a Compressed Air Storage System

O{rcversib]e}
Xin - Xout - th:stm},rad — 5‘XS},rs'Lf:m |
: : : y ; . . :
Net exergy transfer Exercy Change : Adr
by heat, work, and mass destruction in exergy | V=200 3
_ — _ | = m
Xin Xout o X’L‘ Xl |
0 0 1100 kPa — 1 MPa
I
A _ A
Wrcnin + m]ﬂbl T m2¢2 m1¢'] J___:EUP_K__
— s
Wreviin o m2¢2
| 2,0
ﬁol{mnce T,=T,) Vs /[]'
by = (uy — up) + Py(vy = Vg) — To(sy — 59) + — + 824

RT, RT, P, )
Pyv, — vy = P, = = RT,| — — 1 (since T, = T,)

P, Py P,
0
T P, P,
Ty(s, — 59 = T, ¢, ln?u — R InPT:I = —RT, lnFu (since T, = T)
RT(P“ 1) + RT, 1 5 RT(I B! 1)
b, = DPE ﬂ“PD— 0 “Pﬂ P,

Compressor

l

100 kPa
300K
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Summary

Exergy: Work potential of energy
v' Exergy (work potential) associated with kinetic and potential energy
Reversible work and irreversibility
Second-law efficiency
Exergy change of a system

v Exergy of a fixed mass: Nonflow (or closed system) exergy
v' 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
v Exergy balance for steady-flow systems

v Reversible work
v' Second-law efficiency of steady-flow devices
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