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ABSTRACT

This lecture outlines the basis for the entropy generation
minimization method. and a series ol key applications in
power generation, refrigeration, and energy conservalion.
The lecture beging with a review of the concept of
wreversibility, entropy generation, or exergy destruction
The proportionality between exergy destruction and entropy
generation is used in the search for improved thermodynamic
performance subject to finite-size constraints and specified
environmental conditions. Examples are drawn from
refrigeration, energy storage systems for sensible heat and
latemt hear, solar energy, and the generation of maximum
power by using a sircam of hot gas. It is shown that the
physical structure of the system springs out of the process of
global thermodynamic optimization subject to global
constraints. This principle generates structure not only in
engineering but also in physics and biology (censtructal
theary).

INTRODUCTION

In this lecture | review some of the changes that have
accurred in engineering thermodynamics, and the
applications that s1and 10 bemefit from these changes. The
focus is on the increasingly imponiant role played by
thermodynamics (especially the second law) in problem
formulation. modeling and design optimization.

The methods of exergy analysis (EA), entropy generation
minimization (EGM) and thermoecanomics (TE) are the most
established changes that have taken place in modern
engineering thermodynamics (Bejan et al,, 1996. Moran and
Sciubba, 1994; Feidt, 1987; Stecco and Moran, 1990, 1992;
Valero and Tsatsaronis. 1992: Boehm, 1997; Faghri and
Sunden, 1998; Bejan, 1996a,b; Bejan and Mamut, 1999).
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The emphasis is now on identifying the mechanisms and
system components that are responsible for thermodynamic
losses (EA), the sizes of these losses (EA). minimizing the
losses subject to the global constraints of the sysiem (EGM),
and minimizing the tatal costs aseocisted with building and
operating the energy system (TE).

The method of thermodynamic optimization or entropy
generation minimization {EGM) established itself as a
distinct field of activity at the interface between hem
transfer, engineering thermodynamics, and fMuid mechanics.
The position of the ficld is illustrated in Fig. 1. which is
reproduced from the first book published on this method
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Figure 1: The interdiseiplinary field covered by the method
of thermodynamic optimization, cntropy gencration
minimization, or finite time thermodynamics (Bejan, 1982).
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(Bejan, 1982). The method relies on the simultaneous
application of principles of hent and mass transfer, fluid
mechanics, and engineering thermodynamics, in the pursuit
of realistic models of processes. devices, and installations,
By realistic models we mean models that account for the
inherent irreversibility of engineering systems.

Thermoedynamic optimization may be used by itself
(without cost minimization) in the preliminary stages of
design. in order (o identily trends and the existence of
optimization opportunities. The optima and structural
characieristics idemtified based on thermodynamic
oplimization can be made more realistic through subsequeni
refinements based on global cost minimization.
Thermodynamic optimization may be used especially in areas
where the total cost of the installation is dominated by the
low temperatures, where the power requirement is substantial
cost due to thermodynamic irreversibility. The classical
cxample of this kind is cryogenics, or refrigeration at very
and proportional o the entropy generated in the cold space.
Many other applications are found in power generation and
energy conservation, as shown by the examples collected in
this paper.

THERMODYNAMICS COMBINED WITH HEAT
TRANSFER AND FLUID MECHANICS

Here is why in thermodynamic optimization we must rely
on  heat transfer amnd fluid mechanics, not  just
thermoedynamics.  Consider the most general system-
environment configuration, namely a system thal operates in
the unsteady state. lis instantaneous inveniories ol mass,
energy, and entropy are M. E. and 8. The sysiem
experiences the nel work transfer rale W, heat transfer rates

Qg. Q.. ..Q“] with n + | temperature reservoirs (Tg,

1vTa), and mass flow rates (Mg, Mgy ) through any
number of inlel and outlet ports. MNoteworthy in this array of
interactions is the heat transfer rate between the system and
the environmental (atmospheric) temperature reservoir, Q.
on which we focus shortly.

The thermodynamics of the system consists of accounting
for the first law and the second law [13],

%=i¢,_w+2mh-2mn M

sm.l}":‘- 3'-zms+zm:au (2)

where h is shorthand for the sum of specific enthalpy. kinetic
energy, and potential energy of a particular stream at the
boundary. In eq. (1) the total entropy generation rate S,,. is
simply a definition (notation) for the entire guantity on the
lefi-hand side of the inequality sign. We shall see that iu is
advantagenus to decréase 'SF‘. this can be accomplished by

chaﬁging at least one of the quantities (properlics,
interactions) specified along the system boundary.

We select the environmental heat transfer Qg as the
interaction that is allowed to float as ﬂm varies.
Historically, this choice was inspired (and justified) by
applications to power plants and refrigeration plants,
because the rejection of heat to the atmosphere was of little
consequence in the overall cost analysis of the design,
Eliminating {:‘ﬂ between eqs. (1) and (2) we obtain

w--i{E--Tus}+i[l-ﬂJth.+

i=l Ti

E i (h - Tﬁs}-z m(h=Tos) = ToSpen (3

The. power output in the limit of reversible operation
(Sgen = 0) is

TR

im]

> (b= Tos)= 3 m(h - Tes) 4

In engineering thermodynamics each of the erms on the
right-hand side of ¢q. (4) 15 recognized as an exergy of one
type or another [2, 11-13], and the calculation of W,‘., 15
known as exergy analysis. Subtracting equation (3) from eq.
{4) we arive at the Gouy-Stedola theorem,

W, =W=TgS,, {s)

In eq. (5) W, is fixed because all the heat and mass fMlows
{other than ﬂlu'_l are fixed.

Pure thermodynamics (e.g.. exergy analysis) ends, and
EGM begins with eq. (5). The lost power (W, - W) is
always positive, regardless of whether the system is 3 power
producer (e.g.. power plant) or a power user (¢.g.
refrigeration plant). To minimize lost power when W is
fixed is the same as maximizing power outpul in a power
plant, and minimizing power input in a refrigeration plant.
This operation 15 also equivalent o mimimizing the toial rate
of entropy generation. If W ., is not held fixed while the
system design is being changed, then eq. (3) and the
calculation of ."Sl,. lose their usefulness.

The critically new aspect of the EGM method—ihe aspect
that makes the use of thermodynamics insufficient, and
distinguishes EGM

from exergy analysis—is the
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minimization of the calcelated entropy generation rate. To
minimize the irreversibility of a proposed design, the
analyst must use the lemperature
differences and heat transfer rates, and between pressure
differences and mass flow rates. The analyst must éxpress the
thermodynamic nonideality of the design Sﬁ as a function
of the physical characteristics of the system, namely to
finite dimensions. shapes, materials, finite speeds. and
finite-time intervals of operation. For this the analyst must
rely on heat cransfer and fluid mechanics principles. in
addition to thermodynamics. Only by varying one or maorg
of the physical characteristics of the svsiem. can the analyst
bring the design closer o the operation characterized by
minimum ¢ntropy generation subject to size and time
constrainis.  ‘We illustrate this rechnique by means of a few
very basic models.

relations between

HISTORY:
TION

To appreciate the engincering origins of the
thermodynamic optimization method (EGM), it is useful to
recall that the field of low temperature refrigeration was the
first where irreversibility minimization became an
established method of optimization and design. As @ special
application of eq. {5). it is easy to prove that the power
required (o keep a cold space cold is equal to the tomal rae of
entropy generation times the ambient temperature, with the
ohservation that the entropy generation rate includes the
contribution made by the leakage of heat from Ty into the
cold space (Bejan, 1982, 1988). The structure of a cryogenic
system is in fact dominaled by components thar leak heat,
c.g., mechanical suppons, radiation shields, clectric cables,
and counterflow heat exchangers (Fig. 2). The minimization
of eniropy gencration along a heat leak path consists of
optimizing the path in harmony with the rest of the
refrigerator of liquifier.

Figure 3 shows a mechanical support of length L that
connects the cold end of the machine (Ty) to room
temperature {Ty). The rate of entropy generation inside the
support shown as a vertical column is

LOW TEMPERATURE REFRIGERA-

T"Q.

5 (6)
T T

pen T

where it is important to note that the heat leak Q is allowed
1o vary with the local temperature T. The origin of the
inlegrand in eq. (6) is the infinitesimal element Ili-hi‘ld:d mn
Figure 3). in which the rate of entropy generation is dSg
QIT+aQIT - (Q+ .;pq_};rrfm = QdT/T?. The focal
heat leak decrement dQ is removed by the rest of the
installation, which is modeled as reversible. The heat leak is
also related 1o the local temperature gradient and conduction
cross-section A,

Q = kA 1L (7
dx

where the thermal conductivity k(T) decreases toward low
temperatures. Rearranged and integrated from end to end, eq.
{7} places a sire constraint on the unknown function Q(T),

(B}
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According o variational calculus. the heat leak funclion that
minimizes the S‘m integral (6) subject to the finite-size
constraint (8) is obtained by finding the extremum of the
aggregate integral jT FdT whose integrand F is a lincar
combination of the m:r.gran-:ls of eqs. (6) and (7), F= Q/T?
+ 3k/0y and X is a Lagrange multiplier. The Euler equation
reduces in this case to dF/@Q = 0, which yiclds Qm =
(AK)'?T. The Lagrange multiplier is determined by
substituting Qgp into the constraint (8). The results are

. A Ty ".”:
Qm'[tfn?
Ty L2 z
[ o)

. T

Equation {6} was provided by thermodynamics and eq. (7)
by hem transfer:

:rr] kit (9

. A
Sp_m 'r[ (10}

together they prescribe the optimal design
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Figure 2: Intermediate cooling of the main counterflow heat
exchanger of a helium refrigerator (Bejan, 1982).




(9, 10), which is characterized by a cemain distribution of
Q(T). will generate more entropy and will require more
power in order (0 mamtan the cold end of the suppon & Ty,
Quantitative and alder examples are given in Bejan (1982,
1996a, 1997). An imponant example is the main
counterflow heat exchanger of any low-lemperature
refrigeralion machine, which must be cooled optimally at
intermediate temperatures (e.g., Fig. 2)

Together, eqs. (6) and (B) illustrate the backbone of the
method of thermodynamic optimization subject to a physical
constrainl, as il was practiced in engineering before Bejan
and Smith (1974) (this work was reviewed in the first book
about the method: Bejan, 1982). In physics, the first
application of the method is traced to Curzon and Ahlbomn
(1975), who rediscovered an optimization problem that had
been solved 18 years earlier in engineering by Novikov
(1957} and Chambadal (1957). Additional notes on the
history of the method in both engineering and physics can
be found in Bejan (1996¢) and Bejan and Mamut {1999).

SENSIBLE HEAT STORAGE

The opportunity for minimizing the destruction of exergy
during encrgy storage becomes evident of we cxamine the
system shown in Fig. 4. The storage system (the lefi side of
the figure) contains a batch of liquid (m, ¢). The liquid is held
in an insulated vessel. The hol-gas stream m enters the
system through one port and is gradually cooled as it flows
through a heat exchanger immersed in the liquid bath. The
spent gas is discharged directly into the atmosphere. Az lime
passes, the bath temperature T and the gas outlet temperature
Ty approach the hot-gas inlet iemperature, T...

If we maodel the hot gas (steam, products of combustion) as
an ideal gas with constamt specific heat cp, the tlemperature
history of the storage system is expressed in closed form by
the equations

T - Te
—_—m |- =
Ta =Ta PR e
L Ty I
I
.
| @+ |
I If Aivarsible
wtdy, THdT == T
% FT=— ]
| | T
| |
I | ﬂ
| |
0% 1 |

Figure 3: Mechanical support with variable heat leak and

intermediate cooling effect (Bejan and Smith, 1974).
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where v and the dimensionless time 8 are delined as

y=l-exp(-Ny) Ny = E.ﬂ. B = EL t (13
mep me

In these equations, Ay, is the tolal heat-exchanger surface
scparating the stream from the liquid bath, and Eb is the
overall heat transfer coefficient based on Ap. Built into the
model 15 the assumption that the liguid bath is well mixed,
i.e., that the liquid temperature (T) is a function of the time (1)
only. As expected, both T and T,,, approach T.
asymptotically—the higher the Ny value, the faster.

Turning our attention 1o the irreversibility of the energy-
storage process, Fig. 4 shows that the irreversibility is
divided between two distinet parts of the apparatus. First,
there is the fimite-AT irreversibility associated with the heat
transfer between the hot stream ana the cold liguid bath,
Second. the stream exhausted into the atmosphere 15
evenually cooled down 1o Ty, again by heat transfér across a
finite AT.  Meglected in the present model is the
irreversibility due to the pressure drop across the heat
exchanger traveled by the stream m.

The combined effect of the competing irreversibilities
noted in Fig. 4 is a characteristic of all sensible-heat storage
systems. Because of i, only a fraction of the exergy cantent
of the hot stream can be siored in the liquid bath. In order 10
se¢ this, consider the instantancous rate of enlropy
generation in the overall system delineated in Fig. 4,

$u.=mcplnll+gﬂ- +—d-{mc!n1"} (14)
T.... o dt

T

where Qg = Mcp [Tow - Ty). More important than Sgen i3
the entropy generated during the entire charging-time

Extrnal

Figure 4: Two sources af irreversibility in the heating phase
af a sensible-heat exargy-storage process (Bejan, 1982).
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interval O - 1, which, using egs. (11)-(14), can be put in
dimensionless form as

1r = Jo »
- Lsmd:-ﬂ[ln =t r]+|n (1+1m;)-1m, (15)

where the first-law elficiency 1 is shorthand for the right
side of eq. (11), and where T = (T. = Tg )/ Ty,

Multiplied by Ty, the entropy-generation integral
[ Spendt calculated above represents the bite taken by
irreversibilities out of the total exergy supply brought into
the system by the hot stream:

E, =tE, =tmepIn[Tu = Tg - ToIn (T /Tp)] (16)

On this basis, we define the entropy-generation number Ng as
the ratio of the lost exergy divided by the total exergy
mnvested during the time interval 0 = 1

Ta 1
N (0.5.N,) = 22 _Ls“.d: -

= In {1+ 1my)

5 ﬁl't =In{l + 1) i

This entropy-generation number takes values in the range 0-
1, the Ng = 0 limit representing the elusive case of reversible
operation. Note the relation Mg = 1 - 0y, where 1y is the
second-law efficiency of the installation during the charging
process.

Charts of the Ng(8, T, M) surface {Bejan, 1982) show that
Ng decreases steadily as the heat-exchanger size (Ng,)
increases. This effect is expected. Less expected is the fact
that Mg goes through a minimum as the dimensionless ime 8
increases. For example, the oplimal time for minimum Ny
can be culeulated analytically in the limit © << |, where eq.
{17) becomes

Ng -1—[! - exp (- yﬂ]lzfﬂ (18)
The solution of the equation N0 =0 is
Bgpt = 1.256 [1 = exp (- Ny)]™! (19)

In other words, for the common range of Ny, values {1-10},
the optimal dimensionless charging time is consistently a
number of order 1. ‘This conclusion continues to hold as T
takes values greater than |,

Away from the optimal charging time (i.e., when 8 — O or
8 = ), the entropy-generation number Ng approaches unily.
In the shori-time limit {8 << @, ), the entire exergy content

of the hot stream is destroved by heat transfer to the liquid
bath, which was initially sl atmospheric temperature Ty In
the long-time limit (8 »> 8,,), the external irreversibility
takes over. In this limit, the used stream exits the hea
exchanger as hot as it enters (T, = T.) and its exergy
content 15 destroyed entirely by the heat transfer (or mixing}
with the Ty atmosphere. The traditional (first-law) rule of
thumb of increasing the time of communication between heat
source and storage material is counterproductive from the
point of view of avoiding the destruction of exergy.

LATENT HEAT STORAGE

A simple way to perform the thermodynamic optimization
of the latent heat storage process was proposed by Lim et al,
(1992}, Fig. 5. The hot stream of initial temperature T,
comes in comtact with a single phase-change material
through a finite thermal conductance UA, assumed known,
where A is the heat transfer area between the melting materal
and the siream, and U is the overall heat wansier coelficient
based on A. The phase-change material (solid or liquid) is &
the melting point Tgy. The stream is well mixed at the
temperature T, which iz alse the temperature of the siream
exhausted into the atmasphere (Tp).

The “steady” operation of the installation of Fig. 5
accounts for the cyclic operation in which every
infinitesimally short storage {(melting) stroke is followed by
a short energy retrieval m is stopped, and the recently
melted phase-change material is solidified 1o its original
state by the cooling effect provided by the heal engine
positioned between Ty, and Ty. In this way, the sieady-staic
model of Fig. 5 represents the complete cycle—ithat is,
storage followed by retrieval,

To

Figure 5: The steady production of power using a single
phase-change material and a mixed stream (Lim et al,, 1992}

Tpiss (=1 B Sl
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The steady cooling effect of the power plant can be
expressed in two ways:
Qum =UA(Tou =Tw) Qp =ricp (T = Tow) (20

By eliminating T, between these two equations we oblain

N

Qn = mep (Ta = Tl 21

| Lt

in which Ny, 15 the number of heal transfer umis of the heat
exchanger surface,

LA

Ny = — 22

" her (22)

_DI interest is the maximum rate of exergy. or useful work

(W in Fig. 5) that can be extracted from the phase-change

material, For this, we model as reversible the cycle executed

by the working fluid between T, and T,

il Ta
W=Q. [I-T—J

m

(23)

and, after combining with eq. (21). we aoblain

: N i T
W= mep —= (T, - Tg)|1 - =2 (24)
L T,

By maximizing W with respect to T,—that is, with respect
to the type of phase-change material, we obtain the oplimal
melting and solidification temperature:

Tanops = (T-Tp) 12 (25)

The maximum power outpul thal corresponds to this oplimal
choice of phase-change material is
P
Ty
l=|= 26
() 1 26

The same results, eqs. (25) and (26), could have been
obtained by minimizing the total rate of entropy generation,
as in the preceding section. One way 1o improve the power
outpul of the single-clement installation of Fig. 5 s by
placing the e¢xhaust in contact with one or more phase-
change elements of lower temperatures. This method is
illustrated in Lim et al. (1992).

N
1+ My,

W gy = mcpT,,

SOLAR COLLECTORS
The optimization of solar energy conversion has been
studied under the banners of two fundamental problems. One
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is concerned with establishing the theorerical limits of
converting thermal radiation inte work, or caleulaiing the
exergy content of radiation. The other problem deals with
the delivery of maximum power from a solar collector of
fixed size (Bejan et al., 1961). This problem has also been
solved in many subsequent applications (Bejan 1996a,
1997a). which are united by an important design feature: the
collector operating lemperature can be optimized.

This optimization opportunity is illustrated in Fig. 6. A
power plant 15 driven by 3 solar collector with convective
heat leak 1o the ambient. The heat leak is assumed to be
proportional to the collector-ambicnt temperature difference,
Qg = (UA) (T, = Tg). The internal heat exchanger between
the collector and the hot end of the power cycle (the user) is
moedeled similarly, Qg = (UA}(T, - T,). There is an optimal
coupling between the collector and the power cycle such that
the power output is maximum. This design i1s presented by
the optimal collector temperature (Bejan, 1982)

T 172
copt _ Om + ROpyy
Tu 1+R

(27)

where R = (UA)/(UA); and B,y = Tp may/Tp is the maximum
{stagnation) temperature of the collector. This optimum has
s ongin n the trade-ofl between the Carnot efficiency of
the reversible part of the power plant (1 - Ty/T,) and the
heal loss to the ambient. Qy. The power oulput is the
produst Q- To/Tu). When T, < T, op the Carnot factor is
too small. When T, = T, the heat input Q3 drawn from the
collector is too small, because the heat loss to the ambient
Qg is large.

Corresponding optimal couplings have been identified in
solar-driven power plants of many power-cycle designs,
extraterrestrial power plants, and refrigeration systems
driven by solar power (Bejan 1996a, 1997a).

collector T,
[a]
user Ty ==
o rearsible
[ piland
ambient Tg ==temme - m———

Figure 6: Solar power plant model with collector-ambient
hear loss and collector-power cycle heat exchanger (Bejan el
al., 1981).
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DISTRIBUTION OF HEAT TRANSFER AREA

Heat transfer principles combined with thermodynamics
shed light on why energy systems are imperfect, and why
they possess geometric structure—why their hardware js
arranged in cemain amounts, and in cerain ways in space. A
power plant owes its irreversibility to many factors, one of
which is the wansfer of heat acrofs finite lempériture
differences. This effect has been isolated in Fig. 7. The
power plant 13 the vertical segment marked hetween the high
temperature Ty and the ambient temperature Ty, The heat
input Qy (fixed) and the rejected heal Q. must be driven by
temperature differences: the temperature gaps Ty - Tye and
Tre = Ty, account for some of the space occupied by the power
plant. Heat transfer surfaces reside in these spaces. The rest
of the space is reserved for the rest of the power plant: for
simplicity, this inner space is assumed to be irreversibility
free,

(28)

All the irreversibility of this power plant model is
concentrated in the two temperature gaps. The simplest heat
transfér model for these is the proportionality bétween heal
current and temperature difference.

Q=Cy(Tu-Tuc) QL=CL(Tc-Ty (29, 30}
Each thermal conductance (Cy, Cp) is proportional 1o its area
for heat transfer. This is why the simplest way 1o account for
the finiteness of the heat transfer surface available to the
power plant i3 o recognize the constraint (Bejan, 1988)

T Wy (max]

Dl:" : ] ‘:ﬁ: N
IEEE

Figure 7: Model of power plant with two heal transfer
surfaces, and the maximization of power output subject to
fixed heat input (Qy) and fixed total heat transfer surface (C).
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Cy+C . =C (21
where C is fixed. This constraint is adequate when the averall
heat transfer coefficients of the two surfaces are equal. More
general constraints, wvalid for wnequal heat transfer
coefficients, can also be used.

The analytical model is completed by the first law, written
for the power plant as a closed system operating 1n steady
state or in an integral number of cycles, W = Qy - Q.
Combining this with the preceding relations, we obtain the
power output as a function of the conductance allocation
fraction x = C/C,

2 Dy T, /Ty {32)
Qn - Qu [1+ l ]
TyClx 1-=-x

This expression can be maximized with respect to x, and the
result is xgp, = 112, or
C"-W" = 'CL opd {33)

In conclusion, there is an optimal way 1o allocale the
consirained hardware (C) (o the iwo ends of the power plant.
that is, if the maximization of power output subject to fixed
heat input (Qy) and fixed size (C) is the purpose. Equation
(33) alse holds for refrigerating machines modeled in the
same way.

The maximization of W is shown graphically in Fig. 7.
Small conductances strangle the flow of heat, and demand
large temperature differences. The power output is large when
the temperature difference across the reversible compartment
is large. The first and third frames of Fig. 7 show that when
the two conductances are highly dissimilar in size, large
temperature gaps are present, and the power output is small.
The best irreversible performance is somewhere in the
middle. where the conductances are comparable in size.

EXERGY EXTRACTION FROM A STREAM OF HOT
GAS

Thermodynamics alone provides an unambiguous answer
to the question of the maximum power that is thearétically
avpilable from a stream solely in the presence of the
atmospheric temperature reservoir (Tg): thal answer is the
‘flow exergy' of the stream (Moran, 1989). [t iz helpful 1o
review this result while looking at the upper part of Fig. 8
and assuming thal the stream is single-phase, for example,
an ideal gas. If the hot stream ( m, Ty) makes contact with a
reversible device while reaching thermal equilibrium with the
ambient before it is discharged, and if the pressure drop along
the srream is assumed negligible, the power output is
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. ; Tu TH]
W, =me,Ty|=H-1-mn=H (34)
= P“[Tn To

The actval power output will always be lower than Wm
because of the irreversibility of the heat transfer between the
bt stream and the rest of the power plant. A first step in the
direction of accounting for the heatl transfer irreversibility is
the model of Fig. 8, where the heat transfer surface has the
finme size A = pl.. and p is the heat transfer area per umil of
Mow path length. The power producing compartment is a
succession of many reversible compartments of the kind
shown in the center of the figure. The infinitesimal power
output is

AW = [I i J‘ﬁ_]dqu (35)
wh_rr-: the temperature is plotted on the vertical in Fig. 8, and
dy = me,dT. The heat transfer through the surface A is
assumed proportional o the local temperature difference,
dQy = [T(x) - T,(x)] Updx (36)
where 1] iz the averall heat transfer coefficient, which i=
Combining these eguations and

integrating from x = 0 1o x = L (= A/p) we arrive an the wotal
power outpul and the limite-area constraint:

assumed constant.

. TH T,
Woa 1 - =2 |the dT 37
‘[Tﬂl[ Tl] b { }

Tw  dT A
=—aN, 38
-{T,.T-T. e B

An alternate route to calculating the power output W ois to
apply the Gouy-Stodola theorem (5) to the larger sysiem
{extended with dashed line) in Fig. B. The reversible-limit
power output W ey corresponds (o the reversible cooling of
the stream from Ty all the way down to Ty, The entropy

To

L] L
Figure §: Power plant model with unmixed hot stecam in
contact with a nonisothermal heat transfer surface (Bejan and
Errera, 1998).

generation rate *m is the total amount associated with the
larger system, and is due 1o two sources: the temperature
difference T - T,. and the finite wemperature difference required
by the external cooling rate 'I::ll,lc = m:P{Twl - TD}' These
twa contributions are represented by the two terms in the
expression

™1 1 Ty . Q
3 = —— — L B i
Sgen -[T,‘[T T]mcpd'[‘-t [m.cpln T +TUJ1H:

H

To maximize W is equivalent to minimizing Sge.
because W ey is fixed. The entropy generalion rale (39) is
subject to the size constraint (38). There are two degrees of
freedom in the minimization of S'_: the shape of the
surface lemperature function Ty(x), and the place of this
function on the temperature scale (i.e., closer to Ty or Tyl
The second degree of freedom is alternately represented by
the value of the exhaust temperature T,y The optimization
of the function Ty(x) is accomplished based on variational
calculos (Bejan and Errera, 1998):

X T
Tl.m“ﬂ' = uTy exp [— E In ﬁ] (a0}
Pom ] o —y e (41}
Nlu Tﬁl.ll
Ty (%)= Ty oxp| = = 1y =l | & (42)
ol L. T ) b E
. ’ T, T 1 T
Wiy = Hig, Ty | = - =2 - —p =L (41)
FD[Tn To K Tu]

At any x, the emperature difference (T = Ty) is proportional
to the local absolute temperature. This optimal distribution
of temperatures is illustrated in Fig. 9.

The second step of the minimization of exergy destruction
consists of maximizing numerically the expression (43) with
reapect to Ty, The result is the twice-maximized power
OULPUl W ey mae TEPOTIEd in dimensionless form in Fig. 10,

Wonn = W gy mas /[ ME,Tg) 144)
It can be venfied that this rate of exergy production
approaches the reversible limit (34) as the surface size (N,,)
increases.

The deduced proportionality between (T - T,) and T (or T,)
means that this optimal configuration can be implemented in
practice by using a single-phase stream [rru:l,]I in place of
the T,{x) surface: this stream runs in counterflow relative o
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Figure 9: The optimal distribution of temperature along the
stream and the heat transfer surface of Figure 8 (Bejan and
Errera, 1998).

the hot siream m. The counterflow is characierized by a
cenain. aptimal imbalance (the ratio between the capacity
fMow rates of the two streams), which s the result af
thermodynamic optimization. and is reported in Fig. 11.

Tﬂu-t = TMIM

il

Mo Bl
]
=
g

Figure 10: The twice maximized power output corresponding
1o the model of Figure 8 (Bejan and Errera, 1998),

Ll -1
L]
F;n [
5E
et
TulTo
Figure 11: The optimal imbalance of the counterflow heat

exchanger used in conjunction with the model of Figure 8
{Bejan and Errera, 1998).

GEOMETRY SPRINGS OUT OF THERMO-
DYNAMIC OFTIMIZATION

In the’ preceding section, the maximization of exergy
extraction {w]n subject 10 fixed size (A) led o the physical
structure of the flow system: the counterflow heat exchanger,
and its optimal imbalance. The alternative is 1o minimize A
subject o specified {:W}. and in this case the optimal
structureé turms out 1o be the same. In all the examples
reviewed im this paper, the physical result of global
optimization of thermodynamic performance was siruciure.
This structure-generating principle deserves to be pursued
further, in incressingly more complex system
configurations. The generation of structure in engineering
has been named constructal method. the thought that the
same principle accounts for the generation of shape and
structure in natural flow systems is constructal theory (Bejan,
20007,

The principle of organizing structure for the purpose of
exiracting and using maximum exergy from a hol stream is
particularly relevant to the integrative conceptual design of
encrgy flow systems for aircralt. The same principle applies
to systems in which all the functions are driven by the
exergy drawn from the limited fuel installed on hoard:  ships,
automobiles, military vehicles, environmental-control suits,
portable power Wools, ¢tc. Additional suppon for this view is
provided by the record on powered flight, engineered and
natural. Figure 12 shows the cruising speeds of insects, birds
and airplanes, next to the theoretical speed oblained by
minimizing the power (exergy rate) destrayed during flight
{Bejan, 2000).



A, Baejan: Entropy generacon minimization: the method and its apphcations

i . * "
. " ig i
PN : Egégi
g e ar B3t __—2 [°e.
; 35 g ég 2%3 'l iiig
m AL e SHLO e gt
?/" AL I P T
Eoopd it pol
) IR
e e WA g |mm1u of 100 10t 100 108

Figure 12: Cruising speeds of insects, birds and airplanes, and the theoretical speed for minimum rate of exergy destruction

during Might (the solid line) (Bejan, 2000).

The performance record of the natural and engineered flow
systems (e.g... Fig. 12) suggesis that the construcial
panciple 15 important nol only in engineenng bul also in
physics and biology in general. In this theoretical
framework the airplane emerges as a physical extension of
man, in the same way that the body of the flying animal
le.g.. bat, bird) developed its own well adapted extensions,
All such exiensions are evolulionary, discrete marks on a
COMNAUOUS tiMmeé axis thal points toward the better and the
mare complex. This theoratical line of inquiry is explored in
a new book [(Bejan, 2000).
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