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144 3 THE TWO LAWS COMBINED: THE DESTRUCTION OF EXERGY

8T, AT temperature difference (Table 3.1)

AP pressure drop

7 first-law efficiency [eq. (3.20)]

i second-law efficiency [egs. (3.19), (3.24), and (3.27)]
13 specific nonflow exergy [J/kg], [eq. (3.32)]

= nonflow exergy [J], [eq. (3.32)]

T dimensionless pressure [defined under eq. (3.38)]

o function [eq. (3.76)]

T dimensionless temperature [defined under eq. (3.38)]
()s  high

¢ ia inlet

e low

( Vour outlet

€ ey reversible

) per unit time

()w properties of the fluid reservoir
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PROBLEMS

3.1

3.2

3.3

Consider a thermal insulation device sandwiched between a cold space
(T,.) and the ambient (T), i.e., between the same entities that border
the refrigerator of Figs. 3.8 and 3.9. Heat leaks from (T}) to (T,.)
through the device, at exactly the same rate that it is removed from the
cold space by the refrigerator. Show that the exergy delivered by the
refrigerator to the cold space is destroyed fully in the thermal insu-
lation.

Show that exergy deposited in the cold space (7', ) by the refrigerator
of Fig. 3.9 can be retrieved as useful work. Show also that the exergy
deposited into the building (7T,,) by the heat pump of Fig. 3.10 can be
retrieved as useful work.

Show that -sufficiently close to the standard environmental state
(T,, P,), the lines of constant nonflow exergy for an ideal gas have an
elliptical shape. Show also that the axes of each ellipse form an acute
angle B with the 7= T, and P = P, axes, and that B is a function of
only ¢,/R.
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140 3 THE TWO LAWS COMBINED: THE DESTRUCTION OF EXERGY

d

- FpU. = % (3.64)
) as

Sgen= —; =0 (3.65)

The incremental changes in the fluid reservoir’s internal energy and entropy
are related by (Table 4.3):

dU=T_dS — P_dV (3.66)
where (T, P,.) are the temperature and pressure of the reservoir, respec-

tively, and where dV = 0. Eliminating dU and dS between eqs. (3.64)—(3.66)
yields

o Sgen =~ (3.67)

In conclusion, an external flow configuration that is characterized by a net

drag force F, and a relative (so-called ‘‘free-stream’’) velocity U, is also the

locus of thermodynamic irreversibility. The rate of entropy generation is

proportional to the mechanical power invested in dragging the object
through the fluid reservoir, F,U,, that is, to the rate of lost work.

A third class of system design features that consistently serve as sources of

= =m=entropy generation can be loosely grouped together under the general title
of “mixing processes.’”” The examples of mixing are as diverse as the number
&nd type of dissimilar entities that are being mixed. Even when the mixing
process involves only two substances, there can be two types of mixing

" ™=apparatuses that can be modeled as adiabatic and zero-work, namely, a
nMoé: device in which two streams are mixed and a ‘““nonflow’ device in
which mixing occurs between two batches. Furthermore, the two substances

. . . . ﬁ..
J ,H,:m: engage in this relatively simple subset of mixing processes can be

dissimilar’”” because of their respective temperatures, or pressures, Or
edn::om_ constitution (chemical potentials), or any combination of these
roperties. The examples alluded to in Table 3.2 illustrate the diversity of
&:&:m processes, hence, the impossibility of covering the entire domain in

e limited space that is provided by the present treatment.
Consider as an example the mixing of two streams that carry the same
bstance into a third, mixed stream. At the joining of the three streams is a
Omsﬁo_ volume with two inlets labeled (1) and (2) and one outlet labeled
hwv. The control surface is obviously a zero-work transfer surface; assuming
rther that the surface is also adiabatic, the steady-state statements for

mass conservation and the first law and the second law are

I
=
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TABLE 3.2 The Diversity of Adiabatic and Zero-Work Mixing Processes That
Can Be Constructed with Two Nonreacting Dissimilar Substances

Type of Type of Dissimilarity

Mixing

Device Thermal Mechanical Chemical
Nonflow o Ref. 6, p. 17

Flow e Problem 3.6 ® Treated in the ® Ref. 6, p. 40

® Treated in the present subsection

present subsection

m, + m, = m, (3.68)
mhy + myhy, = msh, (3.69)
Sen = —1,S) — Mys, + mys, (3.70)

How the entropy-generation rate depends on the degree of dissimilarity
between the two inflowing streams becomes visible if we place the analysis
in the limit of small changes or ‘“‘marginal mixing” (AT <T, AP<P,
Av < v, etc.). In other words, we are assuming that a differential form like
dh = T ds + v dP can be integrated to obtain an approximate linear relation-
ship between the enthalpy changes that appear in the first law (3.69) and the
entropy changes that add up to the entropy-generation rate (3.70). For
example, between states (1) and (3), we can write approximately

hy—h, = T(s3 —s,) +v(Py— Py) (3.71)
so that, taken together, eqgs. (3.68)—(3.70) yield

—_— wmnzm\«_HW (hy — hy) — mn leﬁ_vw_

\3u
A-D| Rt - L -] G2

Is this last expression, x represents the fraction contributed by the /7, stream
to the final mixed stream rm,:
m ’
x=— hence 1l—x=-2 (3.73)
my "y
'_
Two special applications of eq. (3.72) are particularly instructive, the case
where the mixing streams carry the same ideal gas (or ideal gas mixture)
with known constants R and cp:
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136 3 THE TWO LAWS COMBINED: THE DESTRUCTION OF EXERGY

Heat Transfer Across a Finite Temperature Difference

Consider the first drawing shown in Fig. 3.16, in which two ‘m.«‘,m‘”o._:u, of
different temperatures (7, 7', ) experience the heat :m:mmnm E,ﬁngrSOj mun
An important observation is that the two sysiems ro. ao” rM‘Bn.E%UMWn
directly, because if they did, they .;,,.:r:,: have & comimon 30.:: r::‘f rmﬂm:)w
T, =T, (review the message of ﬁ_m. 1.2). Sandwiched w@;mwn the mv\m n
(T,) and the system (7.) is a third system called the ‘‘temperature gap. '
The heat transfer Q enters and leaves the temperature gap system un
diminished, which is why the temperature gap is not nmnom:_N.oa as a
separate Smnaoavﬁmawo system in the field of heat transfer engineering.

With reference to the temperature-gap system, the second law shows that
the entropy generated by the system is finite as long as the temperature

difference T,, — T, is finite:

s Hblb”lphﬂmlﬂrvwo (3.52)

If T, happens to be greater than Ty, then the physical direction of Q must
be nww opposite of the direction in Fig. 3.16, so that the second-law S, =0

is always satisfied.
We can also view the temperature-gap system as a closed system that

operates steadily while in communication with two :nmﬂ. reservoirs. wowpm-
nating (7, ) as reference (ambient) reservoir, eq. (3.15) in this case reduces
to

(3.53)

W, nAT%wvm.
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Figure 3.16 The destruction of useful work in the temperature gap crossed by a
heat transfer interaction [22].
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or, in view of eq. (3.52), W,,,, = u;h,wmn? The physical meaning of eq. (3.53)
is illustrated in the second and third drawings of Fig. 3.16 [22]. We see that
the transfer of heat from T, to T, is thermodynamically equivalent to a
reversible engine that operates between (T,;) and (T,) and dissipates its
entire work output into a brake, which in turn rejects heat either to (Ty) or
(T,). The work output of the reversible engine occupies the right side of eq.
(3.53). Putting all these observations together, we conclude that the heat
transfer across a finite temperature gap always contributes to the destruction
of useful work in the greater system that contains the temperature gap.

This is an appropriate place for repeating an observation made back in
1982 [Ref. 6, p. 99], namely, that the simple entropy generation expression
(3.52) has the power to unify the two seemingly antagonistic sectors of
thermal design practice. In very broad terms, the contemporary thermal
design problems fall into two large categories:

(1) heat transfer augmentation problems, and
(2) thermal insulation problems

The first category contains problems in which the heat transfer rate is
usually prescribed by design, whereas the objective is to minimize the tem-
perature difference between the heat-exchanging entities, AT = T,—T,.
According to eq. (3.52), however, this effort of enhancing the thermal
contact is essentially an entropy-generation minimization effort.

In a thermal insulation problem, on the other hand, the objective is to
minimize the heat leak O when the temperature difference AT is usually
fixed. Unlike heat transfer augmentation problems, in thermal insulation

TABLE 3.1 The Two Main Problems in Thermal Design, as Two Distinct
Approaches to Entropy Generation Minimization [6]

Temperature Heat Transfer Entropy
Difference, Rate, O.n:nnm:.oz Rate,
Problem AT e} Sien=QATIT?
pr22222222223
1. Heat transfer JI . T )
augmentation AT Q 7 Reduced Fixed Reduced
(thermal contact | =t 4
enhancement)
Z %
2. Thermal T e
insulation ar @m@ ; Fixed Reduced Reduced
(heat leak 1 4
minimization) 777
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next flow component, me, 5, and partly amm@ov\wa due to the 5:9,.03
irreversibility of boilers (we concentrate on this feature mn:a on the mini-
mization of power cycle irreversibilities in chapters m.w:a 9). .

In the corresponding analysis of the Eag:.o, we find that the roum: :mu:m om
exergy terms Am‘ov_. are all zero, because turbines are mao@cm:ﬂ% ncvnomr”:wo
by the adiabatic steady-flow system model [however, even in cases cwma ‘
the turbine leaks heat at a significant rate Q, to the ambient, the exergy flow
associated with Q, would be by definition zero, eq. Aw.ﬁﬁ. The right side oM
the exergy flow diagram of Fig. 3.14 shows that the turbine converts part o
its exergy input me, , into shaft work:

m..s\ = @w\. i \}Nk.u - sv‘“Nk.b - NAorm,mnn...::‘v:._n AWAOV
The remaining fraction is either passed on to the no:.anan or is lost
through irreversibility. Clearly, the fraction W,/me, , is nn::.oa to ,:6
classical concept of turbine efficiency, W,/W, ,: we examine this relation-
ship in greater detail in chapter 8. o . ) .
As a steady-flow component, the condenser distinguishes itself as having
the simplest exergy flow equation:

O = mek.a - \}N&L - N‘crw.wn?no:no:uon AW&QV

because the heat transfer exergy term associated with Q, is by ‘amm:.:zo:
G 1O The condenser destroys a significant portion of the stream’s exergy,

primarily as a result of the heat transfer across the finite temperature
difference between the condenser tubes and the atmosphere. Even though

: the theoretical job of the condenser is to bring the stream to thermal

£quilibrium with the ambient, the exit temperature n.um the oonamsm.w"m (T))
is, in general, greater than T,, which is why the exit exergy e, is shown

. wfinite in the exergy wheel of Fig. 3.14.

Finally, by going through the pump, the me, , stream is augmented

nmonsoé:mﬁ by the exergy put into the circuit as vﬁav.ioaw‘ m3 = .IS\m, and
returned to the heater. The pump, of course, adds its own contribution to

S ethe overall destruction of exergy through the circuit; however, in order to

keep the exergy-flow diagram of Fig. 3. 14 simple, 50.@:5@ ﬂo,.wﬁ: contribu-
ezos is not shown. Another decision aimed at making the a_mmnw.a more
readable was to exaggerate the width of the (—Ew,) arrow: in Muo_mﬁ
Sm:me-Ezuw:n cycle calculations, the pump power no@cmanaw_.: w%:&wvm
i ibili 3 i i orres
S:nnﬁwnm:u::% (ToSgen pump) BTE minuscule compared with the ¢ P g
quantities for the turbine. o .
As a summary, it is useful to compare the exergy diagram of m—m. w.w»
with the power cycle exergy diagram of Fig. 3.7, and to nooomw:Nn the
m agreement between the two diagrams with regard to .,:M mkﬂw:n anw_\mN
i i - . 2 Y. The exergy analysi ach steady-flo
interactions E, and Ey (=ny£Ep,). The exergy u:m_.«.w& of e b :.v\o: "
component of the power cycle allows us to determine the distribu
irreversibility among the cycle components.

I
=
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The component-by-component contribution to the destruction of exergy
shown in the refrigeration cycle of Fig. 3.9 can be determined similarly.
Figure 3.15 shows the internal circulation and successive destruction of
exergy in a vapor-compression cycle: seen from the outside, this exergy-flow
diagram is analogous to the right side of Fig. 3.9. An internal examination
of the refrigeration cycle shows that the destruction of exergy is the
combined effect of four irreversible steady-flow components, the compres-
sor, the condenser, the expansion valve, and the evaporator. The detailed
study and minimization" of the irreversibility associated with each of these
components forms the subject of chapter 10. '

The flow exergy analyses that led to Figs. 3.14 and 3.15 could have been
carried out just as well in terms of flow availability, that is, based on eq.
(3.39). The use of flow exergy offers a special advantage in connection: with
a generic question in the thermodynamics of power engineering, namely,
“What is the available work (exergy) content of a stream that is not in
thermal and mechanical equilibrium with the environment?”’ Note that this
question is the steady-flow counterpart of the nonflow exergy questions
answered in Figs. 3.12 and 3.13. The answer.is simply :

Ame.\v_.nfﬂ.o only = SNN Aw&mv 5

because the would-be outlet flow exergy re, , is by definition zero, eq.
(3.43). It is assumed that the environmental temperature reservoir is the

'l use this opportunity to draw attention to an important document on research needs in
thermal systems engineering [17], to which I was honored to contribute early versions of Figs.
3.14 and 3.15. This document is a summary of an extensive study initiated by the American
Society of Mechanical Engineers and the National Science Foundation [18]. Of interest here is

that the topic of Thermodynamic Optimization and Design Methodology was identified as an
important research priority:

Research should be done on methods of applying second-law analysis to achieve
thermodynamic optimization of thermal systems. An analysis of all major systems and
components to identify ideal targets for thermodynamic optimization should be under-
taken. Development of a design methodology for thermal systems, similar to that for
mechanical systems, is necessary. These methods should be primarily concerned with
thermal processes, as well as with alternatives that take into account economic and first-
and second-law constraints on thermal performance. Such methodology is important for

both the evaluation of existing systems and the development of new thermal processes
[Ref. 17, p. 46].

Another priority item identified in this document is the research on Modeling, Simulation, and
Optimization: ) '

Innovative methodologies are needed in the design, operation, and adaptive control of
thermal systems, all of which could lead to:improved forecasting of loads and resources.

The methodologies should explicitly include the second law in optimizing systems and
subsystems [emphasis added; Ref. 17, p. 45].
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The nonflow exergy of an ideal gas depends on both temperature and
pressure in a way that, in three dimensions, resembles a bucket-shaped ¢
surface whose minimum (¢ =0) is located at T= T, and P = P,. The ideal
gas system possesses positive nonflow exergy anywhere else in the (T, P)
domain. For example, if we set 7= T, in eq. (3.37), we arrive at an
exergy—pressure relationship that is analytically similar to the exergy—
temperature relationship for an incompressible substance, eq. (3.35). Con-
mo@:.nz:vr in Fig. 3.12, we can relabel the ordinate as ¢/RT, and the
abscissa as P,/P and use the same graph as an illustration of the nonflow
exergy of an ideal gas whose temperature is the same as the environmental
temperature, §(7,, P). A potential for doing useful work is therefore
present at both above-atmospheric and below-atmospheric pressure levels.
We draw similar conclusions if instead of holding T constant in eq. (3.37),
we set P equal to P,.

The convexity of the three-dimensional surface &(T, P) can be shown
analytically by considering the limit (7 — T,, P— P;) in which eq. (3.37)
becomes

§ _ 2 R
o.cw.,olﬂ +m

u

2

(m=17)° (3.38)

where 7= (T~ T,)/T,, and 7 = (P — Py)/P,. Near point (T,, P,) in the

¢ /R = 152 (helium)

v

pe of constant nonflow exergy lines for an ideal gas.in the limit
Mﬁlw Tss mvlv Py. All curves correspond to £/c,T, =107 Note also the- dimension-
¢€ss notations 7 = (7' — T,)/T, and = = (P — P) 1Py
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(T, P) plane, the lines of constant nonflow exergy constitute a family of
ellipses whose axes of symmetry are inclined relative to the T—P system of
coordinates (Fig. 3.13). The complete nonflow exergy diagram for a particu-
lar ideal gas, £(7, P), can be drawn using eq. (3.37) directly, as shown in
the case of air (cp/c, = 1.4) by Brodianskii [15] and Moran [16].

STEADY-FLOW PROCESSES

By far the most frequent engineering application of the two laws is in the
realm of ‘“‘steady-flow processes,” that is, in the analysis of installations that
can be modeled as open systems, operating steadily or periodically, if the
period-averaged behavior does not change from one period to the next. For
such systems, the ‘“‘combined” law (3.9) reduces to

E, = M (Ep), + 2 mb — 2 mb — TyS,., (3.39)

i=1 in out

where the new property (B, b) is the flow availability measured at each port
[11]:

B=H°—T,S

3.40

b=h°—Tys ( )

Since in many cases the bulk methalpy 4° of each stream is equal to the bulk

enthalpy A, it is important to bear in mind the difference between the flow

availability property h — T,s and the specific Gibbs free energy h — Ts

(chapter 4). Equation (3.39) states that the available work or exergy (E,;)

delivered by the flow system is equal to the net flow of exergy into the

system (via heat transfer and fluid flow) minus the exergy destroyed through
thermodynamic irreversibility.

As a first application of eq. (3.39), consider the class of systems in which
the streams 77 do not mix as they flow through the apparatus. The simplest
examples of this kind are the single-stream shaft work components encoun-
tered in power and refrigeration cycles, namely, expanders, turbines,
pumps, and compressors. Two-stream or multistream heat exchangers in
which the streams do not mix also belong to this special class of systems. By
attaching the subscript ( ), to the inlet/outlet properties of each of the r
unmixed streams, eq. (3.39) can be rewritten as

r

Ew=3 (Eg)i+ S (b = (7B)oudk — ToSeen (341

i=1 k=1

hence,



Nt . 1T

- hossel

r

-pinbi ojqissardwodul UE Jo \Bizxe mopuou oygdads 2yl TI't anslg

‘L

1C

00U

o

: Jd AV ANE i;..,lkhE%lqul_,F:HJHw
weo (o m-1-(5g)( ) e+ )
urelqo am ‘np = ap

{ [ hsie S uneal
uieSe Surwinsse pue “sjueisuod se ()72 pue (L) 2 sweay oyads ayy Suneal]

) R \kit % = Ssp
g~ LIPS
Yy = ap
(9€°€) (T )

p o =np

‘suone|al sed [Eapl 241 {iw (Ty'g) uoniuyap o 3uuiquiod
%D\Awuoxu Eocco:A oymwads oY) 2IBNILA2 Ay SUONIPUOD [e1UDWUOIIAUD

oy woiy 1ayyip ainssaid pue ainjelodund o/.o:.z, sD3 K.c,d:q .:chu:%EOu
JBY) W2ISAS SSEW-PIXY B JO IX2IUOD U3 Ul oNsst aules a2yl wEES@:m u u\w/ﬁoﬁ
‘woaysAs plod 2yl ul A319X2 nsodop 0% 5 EoEEm,v.:)H jo eyl ww «\mC
st jeyy 2anjeradwal e O} Ewgmmm e Sm:u:_wo.ﬁ o1 “o._n‘ NEMMLM%ME..GLME‘
o) £q pakoauod a8ewl Y} U3 335 A\ “( 1) 110A19831 21N} . Ewach,m?w,o:_
oy} woiy 1eay sqiosqe 1eyl 324 surdua-jeay e 01 110A13s3l wp)ﬂ e
B se oalas ued 31 ‘A[[edona10ayl ‘asnedaq lom sjgejieae vEECMu -
PIOD B ‘9SIMIMIT] "II0A19S31 (°L) 2y oy 1eay s1oafal jey) 304D qu:om wm>m
B 0} 110aIosol ainierodwo)-ysiy e S 94195 UED 3l um:muwpw jiom o_ﬂouﬂ.:om
suleluO> wWolsAs ssew-paxy 104y v °L # [ SE 3uo| se K Sxoxww .
e SB 2AI9S uBd 2dueisqns o[qissardwosut YL ‘arnmjeradwa) uo AB19X3 u

-uOU u2oMm1aq dIYSUONE[aI 2Y) WIO SSIUOISUIWIP UL SMOUS ZT'¢ 21n31g
4 o,N CyN o & :

(se°€) .AHE|TH¥%uw

LT1 SASSdD0Yd MOTANON

sp1atA (zge'g) ‘ba ‘np = ap 1eyy pue jueisuos si o jey 3urwnssy
aimjeradwal Jo uondouny B ‘3s9q 3B ‘St 0 3BaY oymads suo| oY) aloym

L _
Ip= =sp
Lpo=np

soueisqns s[qissardwoour ue 10y jeys Juiesar £q paureiqo

St 3 AB19Xxo mopuou oyioads 2yJ, '2)e)S pesp pPoIOIIISal S} SOUOBII WIISAS

oY1 yomym £q ssaooid ojqisiaast sy Sutrapisuod £q ‘st jeys ‘(ze'¢) pue (1¢°¢)
'sba wo1y pauruIajop sI qIom J[QE[IBAER JO ,,90INOS,, SB 9AI9S UBD wWoIsks
Paso[d sy} yoIym 03 3uaIxa oY, O = 4 pue °f s J 1eyy yons ‘g ainssaid pue
L 21nje1adwa) e 2ouvisqns 2]qissasdwodur Jo ssewl paxy e Jurrapisuod £q
st suone[nofed £319x0 moyuou jo Juiueow 23y} jensnipt o) Aem odwis v
‘suone[no[ed A319x9 2ININJ [[e 10] 31v)S
[DIUWUOLIAUZ pDPUDIS Y} SB popledal 9Qq UEBD SIUBISUOD 2a0qQe oY) ‘[p7]
doysyiom sorueulpourray) Jusdar B JO SUOHEBPUIWWOIAI 3] 0) SUIPIOIDY

(g€7¢) BAW SZETOT'0="°d  Pue M SI'86C ="

10 ‘une 1 pue .67
‘Alowreu ‘[¢1] suonipuods ouraydsouwje pIepuRlS YIIm POJBIDOSSE U33Q 9ABY
Alreuonipen 1eyy ssoyy aie Apuenboiy jsow pasn usaq 9ary IBY) SIUBISUOD
(°q °r) syl 'A13unoo 03 £11Unod wWoiy pue 1eak 03 1eak woJy 23ueyd jou op
S9N[BA [BOLISWNU PIJB[NO[ED Y} 1BY) 2INSUD O '2°'1 ‘sa181axe JO uone[noed
9yl 9zIplepuels 03} pasu Fuuossuidus ue s1 arayl °y pue °j sjueISUOD
9y} 01 paudisse sonjes [eolrownu oyl uo spuadop (7 ‘UOnOIS IxOU SY) Ul
umoys se ‘pue ‘= ‘©7) sonnuenb  A315Xs,, JO UOHEN[BAD [EOLISWINU OYL,

‘wnuqinbs jeonweyos yo uononporuy
Jewroy oYy 1233k ‘G 193deyd ul pazijesousd oq [[Im 93elS peap pue wnuqimbo
jo sydoouoo ayy (°f = 1 ‘°4 = 4) 21eydsounye ay3 yim wnuqmnbs [ewIsy)
pue [ediueyoow AJUO JO 21BIS B SI 2)BIS pPBIP  POIOLIISAI,, Yl ‘Swolsks
PosO[d jo jusunjeany jussaid ay) U] "wWIISAS SU) JO 2JviS pvap paidlsad dY)
pajred st ‘°( ) ‘sroydsoune ayi yym wnuqimbo jo ajeis [Ruy sy ‘slqe[ieAt
1toarasar sinjeradwoay Luo oayj st (°7) sroydsowie oyl yorym ur sseooxd
e Sunnp walsds SSEW-paxy e £q PoISAIPpP IOm O[qISISAdI 2y st AF1ous
moyuou ay3 ‘(1¢°¢) ‘ba yo opis 3391 ay3 uo uoneiou syl £q paIEdIPUL SY
(a2 —-a)°g + (s -7 —% —2=CD_p=3
(zee)
CA-)°d+(Cs -1 -°T-aq="V -V =E

‘(2 ‘=) 1oquiks ay) uoaId pue wolsAs
2y3 jo [z1] A8uax2 Mmopfuou oy paweu us2q sey %y — 7 00USIDJJIP OYL

ADYEXT 40 NOLLONYLSIA FTHL :AINIFINOD SMVT OMmL IHL € o




ossel nt .1r

124 3 THE TWO LAWS COMBINED: THE DESTRUCTION OF EXERGY

The mamﬂ term on the right side of eq. (3.26') represents the exergy
“deposited by the heat-pump cycle into the (7,,) space. This exergy term can
be _w.va_na (—£,,,) as done on the right side of Fig. 3.10: this notation is
consistent mS% the E, definition (3.14), in which Q is considered positive
when entering the system. Note that (—E, ) is positive and so is (—E,,).

The second-law efficiency of the rmm”-vca\v cycle is calculated by &Sawﬂm
the minimum work requirement by the actual work:

My = Almcr\v:( o Almnwtv

gen

(—Ew)  (—Eg)+ 1,8 (3.27)

Since (- E, ) and T, S,_, are positive quantities, the n,, ratio takes values in

the interval [0, 1]. The seond-law efficiency is to be distinguished from the

classical coefficient of performance of the heat pump:

Qn _ T

cop=58 - T
W T 1-7,/T, (:28)

which can vary from 0 to (1-7,/7,,)"".
A mnm.ﬁ?n summary of the first-law and second-law figures of merit of
heat engines, refrigerators, and heat pumps is presented in Fig. 3.11. The

COP,
refrigerators

e Sgen
increases

T Ty

igure w..: The range of values taken by the first-law and second-law nwmnpn:amnm of
at engines, refrigerators, and heat pumps.

A

I -

NONFLOW PROCESSES 125

top figure was drawn after Radcenco et al. [10]. In each case, the upper
boundary of the domain represents the limit of reversible operation. The T
denominator in the abscissa is the ambient temperature, with which all the
devices referred to in the figure are assumed to be in contact (i.e., Ty =T,
in heat engines and heat pumps, and T, = T, in refrigerators).

The bottom of Fig. 3.11 shows the range of values taken by the
second-law efficiencies of refrigerators, heat engines, and heat pumps. The
upper boundary in this second drawing (n,, =1) is the common limit of
reversibility for all these devices. It is clear from this figure and from eqgs.
(3.20), (3.25), and (3.28) that the second-law efficiency is a way of
normalizing the traditional figures of merit so that they all equal 1 in the
limit of reversible operation.

NONFLOW PROCESSES

Consider next a process (1)— (2) executed by a closed system while in
contact with n + 1 temperature reservoirs (r,, i=0,1,..., n).. Special
among these reservoirs is (7,), because its heat transfer interaction Qg is
assumed to vary in response to changes in the degree of irreversibility of the
process, S,.,. The available work E,, delivered by the closed system during
the process (1) — (2) is obtained by integrating eq. (3.9) from t =1, to £ = 1;:

Ey=A,—A,+ M AMDY - N,Orm.wn: (3.29)

i=1
where the nonflow availability (A, a) is shorthand notation for [11]

A=E—T,S+ PV
(3.30)

Il

a=e— Tys+ Py
The available work terms (E,), associated with the heat transfer interactions
other than Q, have been defined in eq: (3.14). The nonflow availability A is
a thermodynamic property of the system as long as T and P, are fixed.
The most frequent application of eq. (3.29) is in the evaluation of the
most work that would become available as the closed system comes to
thermal and mechanical equilibrium with the atmosphere, during a process
in which the atmosphere is the only temperature reservoir with which the
system can interact. By replacing the subscript *2” with “0" to indicate the
final state, and noting that the last two terms drop out from eq. (3.29), the
maximum available work reduces to '

Am_ﬁv-nfﬂoo:? =A—- A, (3.31)
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120 3 THE TWO LAWS COMBINED: THE DESTRUCTION OF EXERGY

The same statements are made graphically by the triangular diagram [9]
presented twice in Fig. 3.6. Next, we apply the lost-work theorem (3.15) by
identifying 7, as the temperature that plays the role of T, or Q, as the
energy interaction that “‘floats” as W changes [review the assumption that
preceded eq. (3.3)]. Equation (3.15) reduces to

T

Wi = Eg, — Ey = m:f - .w«wv -~ W (3.18)

Equation (3.18) is the subject of the second triangular diagram of Fig.
3.6: the lost-work theorem, W, = T, S,cn, is an integral feature of this
drawing, as the destroyed work increases in proportion to the departure
from the limit of reversible operation. The “efficiency’’ of the work-
producing device is related, of course, to the destruction of available work
inside the device. We define the relative efficiency (or utilization factor) as

(2] ,

. m.:\ _ N;h,m,mn:
L Am:\v_‘n< -1 AM«QV—&«\ AwHCV

The value of m; increases from 0 to 1 as the engine approaches its reversible
limit. The indicator defined by eq. (3.19) is recognized also as the second-
law efficiency of the heat engine. The subscript “II"’ is used to draw
attention to the difference between this newer figure of merit and the
traditional (““first-law”) efficiency:

Figure 3.7 The relationship between the first-law efficiency (also called ‘‘heat-
engine” efficiency) and the second-law efficiency during a heat-engine cycle.

I
—_ = i T - [hv 3.20
n .
h O 1 Ta ( )
: whose range is O0=mn, =< (1— T,/7T,). A comparative view of the first-law
« and second-law efficiencies is presented in Fig. 3.7. In particular, the shaded
Heat
S engine
S Heat engine
@ ¢ |
I

r

CYCLES 121

area in the right side of Fig. 3.7 shows the destruction of exergy during the
heat-engine cycle. The same drawing also shows that the exergy transfer
associated with Q, is always zero.

Refrigeration Cycles

According to the simplest model, a refrigeration cycle is analyzed as a closed
system in communication with two heat reservoirs, namely, the cold space
(T,) from which the cycle extracts the refrigeration load (QL), and the
room-temperature ambient (7T,) to which the refrigerator rejects heat
(Qx). In the drawing on the left side of Fig. 3.8, the arrows indicate the
physical sense of the energy interactions, therefore, W, Qu, and Q,
represent positive numerical values. The laws of thermodynamics require

Q,—Qy+W=0 (3.21)

s _Q94_0Q
gen &J: N}N&

=0 (3.22)
The triangular diagrams of Fig. 3.8 show graphically the content of the two
laws [9], in particular, the fact that in refrigerators, the work requirement
and the rejected heat increase as the entropy generation increases. The
identification of Q,, as the heat transfer interaction that “floats” as W and
Sgen are minimized is the preliminary step in using the lost-work formula
(3.15); we obtain

Wies = Eg, = Eyy = QPT - va —(=W) (3.23)

>om

[ T

—pe Refrigerator

ol
q  Llg ]

Wedge of
minimum @, 1

Absolute zero 0

Figure 3.8 Triangular diagram showing the occurrence of lost available work and
entropy generation during a refrigeration cycle (after Bejan [9]).
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116 3 THE TWO LAWS COMBINED. THE DESTRUCTION OF EXERGY

Finally, in the reversible limit, we can identitfy an algebraic ceiling value
for the available work transfer rate,

; 4 dv
(Ew)rev = Weew = Po - (3.10)

which can be evaluated by combining the definition (3.10) with eq. (3.4):

M ATDVN

. d
ﬁm_<v~n< = IN Am + NUO<| NIOrm..v o

i=1 T,
Maximum Accumulation Exergy transfer
delivery of of nonflow via
useful (available) exergy heat transfer

mechanical power

+ 2, 1(h° = Tys) — 2 m(h® = T,s) (3.11)
in out
Intake of Release of
flow exergy flow exergy
via mass tlow via mass flow

Under each of the five types of terms in eq. (3.11) is the terminology usually
attached to them in modern engineering thermodynamics. This terminology
is introduced on a case-by-case basis in the next three sections. The
algebraically maximum rate of available work delivery (£, )., emerges as

rev

Environment (T, Ry
" — i Maximum delivery of
in
| useful (available)
o | mechanical power,
E
—_— | Accumulation of dZ Ewrev
Intake of nonflow exergy. g
" — flow exergy |
via mass flow, |
m T
Lme,
N

m,b_ E,
via mass flow,

Figure 3.3 The exergy accounting “*balance’ that rules the open system of Fig. 3.1
in the reversible operation limit.

S Exergy transfer via heat transfer Release of flow exergy
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the difference between the net flow of exergy into the control volume and
the net flow of exergy out of the control volume. This state of exergy
“balance,” which exists only hypothetically in the reversible operation limit,
is illustrated in the exergy accounting diagram of Fig. 3.3. Note that Fig, 3.3.
is the exergy flow network that rides on top of Fig. 3.1 in the reversible
operation limit.

The concept of lost available work—defined already as the difference
between the ceiling value W,,, and the actual work transfer rate W—can be
defined alternatively as the difference between the corresponding available
work quantities, Fig. 3.4,

Eoﬂ = AM%V~«< - mg . ANW««\V_Oﬂ AWHNV

The relationships between work, available work, and lost available work (or
lost exergy) are summarized geometrically in Fig. 3.5, where it has been
assumed that all the work quantities (not just W,,,,) are positive.

Equations (3.11) and (3.12) point out two important directions in en-
gineering thermodynamics:

(1) the estimation of the theoretically ideal operating conditions of ‘a
proposed installation, in particular, the maximum mechanical power
output for engines or the minimum mechanical power requirement
for refrigerators, eq. (3.11), and

(ii) the estimation and minimization of lost available work or entropy
generation through improved thermal design, eqs. (3.12) and (3.7).

The first direction is the common thread of all ‘“‘exergy analyses,” as
illustrated in this chapter and chapters 5, 7 to 11. The second direction is a
relatively new point of view in applied engineering thermodynamics, a
modern brand of thermal design that would be better named ‘‘entropy
generation minimization”’ or ‘“thermodynamic design.’” The growth of this
activity forms the subject of a 1982 monograph [6] and chapter 11 in the
present treatment.

Lme
in %

(Ey)

rev

dE/dt

L me,

out

Figure 3.4 Alternative to the exergy accounting of Fig. 3.3, showing how the lost
exergy ruins the balance between exergy inflow and exergy outflow.
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112 3 THE TWO LAWS COMBINED: THE DESTRUCTION OF EXERGY

WOmH AVAILABLE WORK (LOST EXERGY)

It is for the sake of conciseness that we begin by deriving the lost-work
theorem in a general setting, rather than traveling again on the road from
simple to complex as we did in the treatment of the second law (chapter 2).
The physical meaning of the general results is illustrated in the latter parts of
this chapter by focusing on simpler and more familiar classes of systems and
processes.

Consider first the multiport system in Fig. 3.1. At a certain point in time,
the system can be in thermal contact with any number of heat reservoirs of
temperatures 7, (i =0,1,2,...,n). We will soon see that a special role in
the functioning of an engineering installation is played by the armosphere,
which in Fig. 3.1 is represented by the temperature and pressure reservoir
(Ty, Py). The work transfer rate Sm represents any combination of possible
modes of work transter (P dV/dt, W,ye.., Weieciricats Wanagnetic)- One possible
work transfer interaction of the P dV/dr type is the work done against the
atmosphere, while the atmosphere acts as a pressure reservoir, P, dV/dt:
this possible mode is illustrated in Fig. 3.1 because it is essential to the
discussion that concludes this section.

With reference to the open system defined in Fig. 3.1, the first law and
the second law are written as

dE S .
— - ol o x
e I.M Q,— W+ 2 mh°— 2, mhe (3.1)
i=0 in out
— ) ds & O
-— 1 - .
,wms_lMIM lu.llecer:aWo (3.2)
i=0 i in out
I
Atmospheric
| | temperature and
pressure reservoir
(T, Ry)
I §
w
c i
in (All modes of
. ’E work transfer)

5

'
'

m M—w_:.o w.wOﬁn:mwmﬁoa50053:3025:«555@ mﬁaomnsnnmmzazma&:o:ﬁ
at reservoirs.

r
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where the methalpy mwado_ h° is shorthand notation for the generalized
enthalpy group (h + V2 + gz), eq. (1.23).

Next, we consider the possibility of changing the design (the internal
functioning) of the system for the purpose of maximizing the work transfer
rate W. Of long-term engineering interest is the common characteristic of all
the changes that consistently lead to increases in W. We must recognize,
however, that since the First Law of Thermodynamics is an equation, the
wish to see changes in W means to allow the variation of at least one other
term in eq. (3.1). Let us assume that the heat transfer interaction with the
atmosphere, Q,, varies as W is maximized. In other words, let us assume
that all the other interactions that are specified around the system (heat
transfer rates Q,, ..., Q,, inflows and outflows of methalpy and entropy)
are fixed by design, and that only Q, ‘“floats’ in order to balance the
changes in W. The choice of Q, as the interaction that floats in the wake of
design changes is consistent with the role that is assigned traditionally to the
rate of heat rejection to the atmosphere in design of power and refrigeration
systems.

If we eliminate O, between the first law (3.1) and the entropy generation-
rate definition (3.2), we find that the work transfer rate 144 depends explicitly
on the degree of thermodynamic irreversibility of the system, S,.,,

v _ 4 g a.m|bv.
B =-— (£ ﬂow:..uMHH T 0,

+ 2 m(h® = Tys) — 2 mi(h® = Tos) = ToS

out

(3.3)

gen

Furthermore, since according to the second law (3.2), the entropy genera-
tion rate wmns cannot be negative, the first four terms on the right side of eq.
(3.3) represent algebraically an upper bound for W. This upper bound is
reached when the system operates reversibly m,ww; =0). In this manner, we
identify the first four terms on the right side of eq. (3.3) as the work transfer
rate in the limit of reversible operation:

n - N.bv )
2 (1-£)o

+ 2, iih® — Tos) — 2, ilh® = Tos) (3.4)

out

. d
Weey = =7 (E = TpS) +

re

Equation (3.3) can be rewritten briefly as

W=W,, — T,S,.. (3.5)
or, invoking the second law (3.2) one more time, as
W, = W=TeS,..=0 (3.6)



Nt . 1T

r- hosse

ITI

‘siskjeue 243 jo ied e osfe
st me[ PUOd3s oyl ssajun 2[dwodul st jI0M SIY eyl Hm.:mcm, oy3 Surpuruwal
ur 2AN9)30 b st sis{[eue mej-pudses,, Wia) 3y ‘12A2M0Y ‘I5UDS pIpuANUL
9.: Ul pooISISpUM) UOHEBIVUIT {donus jo uoneziwu 2y UO pue ‘y1om
S]Qe[IBAE 1SO{ JO UOHEN[EBAD I} UO paoeid ualjo St .Fru,,:,i.,n.:acm AEB]-pUODSS,,
[2qe] 9yi AQ paIndsqo 2q 01 Spud) 2Imed] juenrodwll SIYJ “ME[ puodIs
oUyl puB ME[ ISIY 9y} JO UONBDOAUL Snoaupjnuis 343 ur uiduo I19Y3 2aey
1o1deyo syl Jo 102(qns oy) wioy ey s3doouod oy, ‘mEB| puodas 3yl a1oudl
01 SN $211AUl 1Byl UONIpe:n gurajos-wojqord 2yl jo 21ds ur ‘A[snosueinuils
uondUNy SME[ OM1 SYl 1BY) SN JO [[B Spullial I0M a[qe[reae pakolssp
j0 1doouod ayy ‘[2A9] [BOHAIOY) B 1Y ‘oonpoead ur 1souidus oyl £q pade]
swro[qold [ea1 931 pue WOOISSE[D 3} Ul JUapnis 3y} £q paIsjunodus swajqoid
oyl uoomiaq .ded a3 sagpuq diysuone(ar syl ‘2Io0wWILAYIIN] ‘sorureudp
-owrayy jo suonedidde Suuosuidus paje[arun A[SuUrLds dYl 91B[2110d
0] YOIYA\ Uilm 1USWINIISUL [E9PD UB SI 3IOM I[QE[IBAE 1SO| pue uoneauad
Adonjus uoomiaq dnt epor o oasg ponoesd syl 3y 9SIN0Od padsueape
ue Ul Woloal]: NI o] o3 B Ryt 10 SUOSESl [RUCHIPPE 21k 219U L
. - Kousmng oneizuald Adasiud jo s L Ul paanseawl 9q ued
sosso] oy ‘Junsouidus AF12Ud JO poy oyl Ul IBY: ST WoIody siyy Jo o3essowr
Sunse| 9yl ~WAIO3Y} [BI2UIT U0 JO suonEIsIIUBL [ewads ueyy aI1ow
Suryiou o1e sassa00ld puE $ID1AIP SNOLIEA JO Apnjs ayj ur pauled| s9[nI uon
_BZIWIXBW-AOUSIOYJ2 AUBLL 943 1BY3 295 [{lv oM c1ovdeys sty yim Suruuideg
‘uorssassod 1no ur Apeaife sI 1BUl JI10m 1) Yl isow ay) Surysiidwoodoe
ut vcm §92IN0S SNOLEA WO ylom Junsenxs ur ‘siduexs 10y ‘Ayrpowurod
B SB IOA,, UI 1S213jUl ine JO 3[Nsat dU) st solweuApowIayl 3urieauidus jo
PIoY 9Y1 9snedaq [e1uassd si diygsuc 31 SIYL YI0A S|YE]IRAE JO uoIONIISAP
Kem-suo oy pue (uonersuald Adonus) ANMIGISISAIIL UIIMIIQ SISIXD 1Bl
diysuone[ar 950> 9yl ‘A[fWeU ‘MOU [UN PISSNISIP SME] solwBUApOwIay}
a3 Jo uoneordurr SulraauIdus [E1IUISSI ISOW Y3 UO SNJ0J am ‘193deyo siy3 ujg

A£8J9X7] JOo uondNISI  AY 1,
:pauIquIO)) SMeTT OM T, dY]J,

¢

*(°) 110A19s01 JUSIqQUWE Ul pUB WIsAS SIy} usamiaq (°%) uon
-OBI21UI I9JSUBI] JEDY B0} 2Y) OS[e 2ie[nd[e)) ‘ssoo01d unji| uoisinoxs
-oyuy e Juunp 31 opisur paersuad Adormus oyi ojenore) ‘a1ndy
ay) ur xoq paysep a9yl Aq paredsipur woisks uado oyl IOpPISUO))

p1°7d 21n31y

[T —

\L T —
wayshg _ “ w

| s |

€0} a T _ o %
@ .
U ]
| -

07 o3 1enba pue jueisuod st srnjeroduwo)
S1I ‘3[NS21 B SB ‘puB judIque 9yl YA UONEIIUNUWIWOD [eWIdY] Ul SI
I9pUI[AD 2] 9PISUT SOPISAT JBY) Ik o] "' g ‘J[9sI peo[ 9y} Aq Iopurko
oyl ur paurejurew si jeyy ainssaid oyy o) ¥g woay e Surmopur oy3
Jo 21nssaxd 9yl 19MO0[ 03 ST 9A]BA 9U) JO UOIIOUNJ Y], "9A[BA € yFnoiys
IapuifAo oy ojul pantwpe Juraq st 1re passardwod ssadoid Junjy sy
noy3noiy ], "I192puljdd ay) JO wolloq Y3 sayono) uoisid oy a3els [enIUL
oyl uy %7 ormjerodwoy ouoydsounye pue ¥y ornssord JO I10AI9SOI
9y) ur pai1ols I1re passaxdwod oyl Suisn £q 3ySrom e 3J1] 03 s1 Suimelp
syl ur umoys smeredde uoisid pue ropurdo 2yj jo uonduny oyj,

*2[qQISIoADI
st ssa001d oyl 1oylaym aulwIalop pue ‘(g + V) woisks o1edoidde
oy3 £q painoaxa (7)<« (1) sseooid oyl 01 me| puodss ay) A(ddy (p)
a4+ v
Ioquieyd) Ire padden oyl [e £q pojussardar wolsAs paso[o o1ed
-2133e a1 £q poouarrodxs UONDBIDIUL IDJSUBI} YIOM DY} dUIULISIS(] (9)
"V 1squeyd url paddern; e oyl Aq pojuasardar waishs pasold
oyl Aq poousnradxs uOnOBIZIUI IDJSUBI} NIOM oYl 2UINUIS( (q)

SOINVNAJQOWYIHL 40 MV ANODIS dHL ¢

vl

or




r-hosseint.Ir

Advanced Engineering
Thermodynamics

Adrian Bejan

Department of Mechanical Engineering
and Materials Science

Duke University

Durham, North Carolina

WILEY
A WILEY-INTERSCIENCE PUBLICATION

JOHN WILEY & SONS

New York - Chichester - Brisbane - Toronto - Singapore




	0001
	0002



