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Thermodynamic Treatise on Thermoelectrics
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The thermal cycle of thermoelectric conversion has been discussed compared with those of ex-

isting engines from a somewhat different point of view. The feasibility of thermoelectric con-

version has been extended based on the porous thermoelectric devices which may lead to an in-

novative power generation system with high power density as well as high efficiency.
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£2 BRI RRAM

Station electric Steam turbine driven Absorption chiller
heat pump turbo heat pump Overall coeflicient of
Q Q. Qs Q. Qs Qs Qs +Qe Q: Qe performance
£Y] (69 \) %) [¢9) (€9} %) ® (€9}
- Qi +@Q)
Summer 100 70.2 122.8 | 215.4 | 161.6 161.6 323.2 232.6 555.8 COPy = — =1. 165
Q) +(Qu)
(Qs) + Q)
Winter 100 87.3 128.4 256. 8 183.8 183. 4 367.2 | —— — C0Py = ————— =].067
Q)+ QD)
Cooling |Primary | Hot Boiler Heat Condenser | Hot Cooling | Cooling
capacity | energy water |primary |pump heat water | capacity | Lower
Item input heat energy heat amount input dissipated
amount amount heat heat
amount

Waste Heat Recovery

Heat Exchanger i 3 ﬁb ﬂ"‘ gf‘ %8[ % ;fﬁ ﬁﬁ

\ Heat pump | Consumed Consumed Total Seasona |

heating electricily |electricity consuaed system

capacity | by heat pump | by supplemenlary | electricity |COP

equipment
(kM/year] | [kWh/year) (kW year) (kWh/year]

When heat pump
utilize waste 70150 16599 2055 18654 | 376
heat (10C) (100) (712) (58) a0 142
all the time i
A case of practical
subway wasle 70150 19635 2180 22415 313
heat recovery (100) (85) 19) (85) (118)
heat pump system
Air-source
heat pump 10150 22973 | 3539 26512 2.65
system (100) aom | (100) (100) (100)
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The Connection Between the First and Second Laws of
Thermodynamics for Processes with Finite Speed

A Direct Method for Approaching and Optimization of Irreversible Processes

Stoian Petrescu
(Bucknell University, PA, USA)

The classical thermodynamics of reversible
processes provides the framework for analysis
of processes occurring in equilibrium. The term
“equilibrium” implies that the processes occur
over infinite time. Engineers, however, are
frequently concerned with the analysis of
processes that are inherently rapid and
processes, moreover, in which speed controls
the deviation of the process from equilibrium
and reversibility. It is the thermodynamic
analysis of these irreversible and, generally,
speed dependent, irreversible processes that is
our central focus.

Heat engines, from their inception, were
conceived as operating with finite speed.
Carnot, for example, referred to power, not
work in his seminal paper [1]. Over the years
theorists have developed methods to optimize
power cycles that include the effects of
irreversibilities and hence, generally, the effect
of operation at finite speed. Methods using
exergy or availability for analysis of
irreversibilities are examples of techniques that
were developed. These are powerful tools for
quantifying irreversibilitics, but these methods
do not relate the irreversibilities to the specific
underlying physical phenomena causing them.
Understanding the connection between
irreversibility and operation at finite speed can
provide insight into irreversible processes and

point to effective methods for improving the

{Z200F %2 Vol.33,No.128

Charles Harman
(Duke University, NC, USA)

operation of thermodynamic cycles.

Losses may be categorized as (1) those
associated with heat transfer through a
temperature difference, (2) those associated
with finite speed and with friction, both
mechanical and fluid and (3) those associated
with the second law of thermodynamics as
applied to reversible heat engines. The first two
of these loss categories are associated with
finite time dependent irreversibilities. The third
category does not include time as a direct
parameter, although the second law losses may
be indirectly influenced by time dependent
losses, as will be shown. When the various
losses produced by real time processes are
introduced and included with the classical
thermodynamic losses the “thermodynamics in
finite time” results.

This aspect of thermodynamics, which
might also be called the “engineering
thermodynamics of irreversible processes”

requires that:

(1) the causes of the irreversibilities that
occur in thermal machines be treated
in a generalized way and introduced
with the fundamental equations, as
was done by Onsager [2] and
Prigogine [31, in the
“Phenomenological Irreversible
Thermo-dynamics”;

(2) The mechanisms of the generation of
these irreversibilities be identified and
the variables in them quantified.



The irreversibilities being referred to are
generated by phenomena such as heat transfer
through a temperature difference, throttling of
gases, diffusion of gases in a mixture and fluid
and mechanical friction. These irreversibilities
in engineering thermodynamics were
generalized by Bejan [4, 5] and are illustrated
using the concept of a triangle domain
involving thermodynamics A, heat transfer B,
and fluid mechanics, C.

The production of power from heat,
illustrated by the processes on the A-B side of
the triangle ABC, has been studied and many
attempts have been made at optimization, taking
into account losses generated due to a finite
temperature difference [8-15]. These studies
conclude that, in order to maximize power,
efficiency must be sacrificed. A Carnot cycle
operating between temperature limits T and T
with the heat source at T}, and a sink at T, may
be used as a simple example. To maximize the

engine power,

P=Qn=k(T,~T)(T-T,)/T (1

we need to maximize the product of Q the rate
of heat transfer, and 1, the thermal efficiency.
If the overall coefficient of heat transfer and the
heat transfer surface are held constant, Q is
increased by increasing the temperature
difference between the source and T, the
temperature at which heat enters the engine, but
increasing this temperature difference decreases
the thcrmal efficiency of the engine. The
power, under the restrictions in this example,
can be readily shown to be maximum for an
optimized temperature: Ty, =yTT,. Of

course, this optimization ignores the possibility

of increasing power by increasing the rate of
heat transfer by other means. This sort of
optimization does not take into account internal
irreversibilities.

The heat addition term in the first law
equation

dU=0Q - oW (2)

includes heat transferred from a source external
to the system, as well as heat generated within

the system.
8Q = 8Qext + 6Qint (3)

the term 0Qex; depends on the overall
coefficient of heat transfer, U, the heat transfer
surface area, A,, and the temperature
difference, AT, according to 0Qext = UoAoATdt.
In the above example, the optimum power was
found based on AT being the variable.

The optimization of the B-C side of the
triangle ABC concerns optimization of engines
or machines utilizing heat exchangers [4, 5].
The A-C side is particularly important for
piston and cylinder machines or engines. These
are the main focus of our attention.
Optimizations on this line have to take into
account not only external irreversibilities but
also internal irreversibilities.

In an attempt to do this the first connection
between Engineering Thermodynamics of
irreversible processes and Phenomenological
Irreversible Thermodynamics was made in 1969
[11, 13]. Using the method of Pheno-
menological Irreversible Thermodynamics, and
expressing the finite speed of the piston as w
the (irreversible) work for compression and
expansion processes has been obtained. The

expression is:
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SW, =p[l+A(T)w]dV (G))
with (+) for compression and (—) for expansion.
The concept of source of entropy has been used
in deriving eq. (4). In other words eq. (4) is a
consequence of the second part of the second
law of thermodynamics.

With the help of the kinetic theory of gases
the following expression for irreversible work

(with finite speed) has been obtained [12, 13]:
dW =p[l xawic+bwic)’x....JdV (5

where p is the instantaneous average pressure in
the cylinder, w is the average piston speed and
¢ =¥ 3RT is the average speed of molecules in
the gas. The plus/minus terms become plus for
compression and minus for expansion. Simple
kinetic theory [12, 13] indicates values of a =2
and b = 5. A Maxwell-Boltzmann model
indicates values of a = 2.764 and b = 3 [14].
The second term is usually not of interest
because piston speeds are usually much lower
than the speed of sound in the gas. In the
application of eq. (5) the Second Law of
Thermodynamics is based on the hypothesis of
[12, 13, 14]. A

phenomoenological model based on pressure

molecular chaos

waves being generated by the piston motion
indicates a value a=v3k of where k is the
specific heat ratio of the gas and the higher
order terms vanish [11]. Using this last

expression, the work term becomes:

SW=p(1+v3Kk w/¥3RT)dV  (6)

where ¥3RT is the average speed of molecules
for the gas in the cylinder. This reduces

equation (5) to:
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SW =p(1+w/¥RT/k)dV
=p(l+aw/c)dV.

The effect of the irreversibilities due to pressure

(7)

waves or speed of sound effects reduces the
work done during expansion and increases the
work required during compression. The Sccond
Law of Thermodynamics has been used to
express eq. (7) based on the hypothesis of a
“finite time of relaxation”. The experimental
verification of eq. (7) has been accomplished
[15, 16].

Other irreversibilities that occur in piston
and cylinder machines are the fluid friction due
to throttling of the gas inside the system, the
mechanical friction between the piston and
cylinder wall and the fluid friction due to the
relative motion of the gas and the cylinder
walls. These may be included by modifying
equation (6) [17] as follows:

SW=p(ltaw/ctbAp,/p ®)
+fAps/ p£Ap,/p)dV
where (bAp; / p) is the pressure drop due to
throttling of the gas inside the machine (for
example in the Regenerator of a Stirling
engine), (fApf / p) is due to the effect of
mechanical friction between the piston and
cylinder walls and (Apy / p) is the pressure drop
due to viscous effects caused by the relative
motion between the gas in the chamber and the
cylinder walls. This form of the equation for
work in a piston and cylinder device points out
the specific loss associated with each

irreversibility and potentially allows
experimental determination of the coefficients
through variation of relevant parameters. Each

of the plus/minus terms in equation (8) is a loss



which, when multiplied by the average pressure
p, becomes a “loss” mean effective pressure.

Equation (8) may be condensed to:

SW=p(l£ZAp,/p)dV 9)

Substituting eq. (3) and eq. (9) in eq. (2), the
first law of thermodynamics, results in:

dU = 8Qy + 8Qjp — p (1 £ ZAp; /p)dV  (10)

This may be rewritten in expanded form as:

dU= [Uvo (Th - T) + Qint] dt—
p(ltaw/c (1D
+bAp,/ptfAp/ptAp,/p)dV

and since dV = wApdt, this can be put in the

form:
dU=|U,A, (T, = T) + Qi dV / wA
—p(l£aw/c£bAp/p (12)
+fAp;/ p £ Ap, / p)dV.

Eq. (12) which contains both the First and
Second Laws of Thermodynamics is useful in

thermodynamic analysis because:

(1) it is general for engines and machines
whose operation may be characterized
using a piston and cylinder model,

(2) the physical source of each loss is
separately identified. This aids in
determining the irreversibility effects
of each loss when operational or
design parameters are varied.

(3) Insight into thermodynamics of finite
time is possible with minimum
complexity, but with sufficient detail
to be wuseful in fundamental
thermodynamics instruction, design
feasibility studies, and optimization of
cycles.

The
Thermodynamics in Finite Time (or with finite

approach of Engineering
speed) based on eq. (12) is much more general
in comparison with what has been done in the
so called “Thermodynamics in finite time” [6-
10], because it takes into account not only
external irreversibilities (generated by finite
AT) but also other losses included in the second
parenthesis (finite speed of the piston, throttling
losses, friction losses and viscosity losses).

Because of that we believe that eq. (12) is
the fundamental equation for “Engineering
Thermodynamics in Finite Time”, or
“Engineering Thermodynamics with Finite
Speed” or “Engineering Thermodynamics of
Irreversible Processes”.

The advantage of using eq. (12) in the
“Engineering Thermodynamics with Finite
Speed ” consists in the fact that it could be
applied “directly” for very many applications,
offering a “direct method” for approaching
irreversible processes and optimizations of

Thermal Machines cycles.
1.  Changes of State with Finite Speed

Changes of state with finite speed could be
studied using eq. (12) [13, 17-21]. For
example, for adiabatic processes with finite
speed we get:

mc,dT =—(1 +aw /¥3RT) pdV (13)
Integrating this equation for perfect gases we

get the equations of irreversible adiabatic

processes with finite speed [22, 23, 26]:
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T,V Loy =T,V oy
k _ kK~ .
Py Vit o =P Vyon; (14)

k-1 1k k-1 1k
T1P2 k olq =T2P1 k (05)

where:

oy =(1taw//3RT;)? o, =(1 £aw//3RT,)’

(in the * expression, + is compression and — is
expansion).

For such processes the variation of entropy
could be expressed as a function of the speed

[13, 17-21];
k-1

aw _ aw | Y2 | k
li‘—cl e, (—Vl) ] (15)

As can be observed, AS > 0 for both processes.

AS =2c,In

So, as we suspected, the second law of
Thermodynamics is “contained” in the eq. (13)
and also in eq. (12), and consequently in eq.
(14).

Eq. (12) could be written in the form:
dU = — BpdV where: (16)

B=[ltaw/ctfAP/pLtAP/pt

UA T Q.
+ o‘*0'h _l + mn
AP /pt wA P (1 Th)_ wApP]

Eq. (16) could be integrated with an average
value of B to obtain the equations of
irreversible polytropic processes with finite
speed (a generalization of eq. (14)):

Tlle(k—l) _ TZVZB(k - D).

- _ an
p V1 #BE=D _ oy 1+ BleD),
B(k-1)
T, _ (P \T+B&D
T, \P,

For more precise computations, eq. (16) could
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be integrated step by step numerically, taking
in B
corresponding to the specific system studied.

into account the variable terms

2. Cycles with Finite Speed

Eq. (12) and the equations based on it could
be used for the study of cycles with finite speed,
taking into account the internal irreversibilities.
The first cycle studied using the finite speed
method was the Otto cycle. Results were
reported in 1965 [22, 13]. The efficiency of the

Otto cycle with internal irreversibilities may be

written as:
Notto,w =1 — kl,l 1+ Z(E:lW 1- k1-1 1/2l

€ 1 €5 A1

v (18)
where e= b A=p3/p,y

V2 -

For the first time the efficiency of a cycle with
finite speed has been expressed as a product of
reversible efficiency, Moo rey=1—1/8"1,

and a Second Law efficiency:

N, irev = 1 _%il—]w[ekal' (8k51 + 1)(7b1/2— 1)]—1
(19)

The Otto cycle with finite speed has
recently been studied, using eq. (12) and taking
into account also the throttling and friction
losses. The optimum speed in terms of cycles
per unit time to maximize the power has been
determined [23, 24].

Optimization of the Carnot cycle with finite
speed has been accomplished recently, based on
egs. (14) and (15) [26, 27]. For example a new
equation that generalizes the well known
Curtzon Ahlborn equation [7], (which take into
account only those external irreversibilities
generated by heat transfer through a finite

temperature difference) has been obtained [27]:



1 4aw

Topt, __daw ¢ 3)
A[”)l!,w - \/T"Th * ¢y(k=1)lnp, / ps (1 T, ] (20)

The corresponding efficiency of a Carnot Cycle

optimized for maximum power will be:

MNew 1 4aw _4 E)
Spt’_l \/Th[ kl)lnpzlpg(1 \/;](21)

The effect of finite speed is to increase the

optimum temperature and decrease the
efficiency [27]. In a similar manner Stirling
cycles with internal and external irreversibilities
could be studied using eq. (12) and optimizing
the temperature, speed and dimensions [23, 24,
25, 28, 29, 30]. For example, the expression for

the efficiency of an irreversible Stirling cycle is:

_(1 Ig) 1
Moi={17T, (1+4/T0/Th)
-1
.[1 x(1—~/TO/Th)] )

C(k-DInV/V,
.[1 __ 3(=AR) wp

VT, / Tyln vV, /vJ =Moo " ML irey

where p=1-V,/3V,and 2AP,= all

internal pressure losses.

For the first time for such a cycle the
expressions for My ;... has been obtained [28].
(12) for

electrochemical devices has been made [28,

A generalization of eq.

25], and a comparison of the method of
optimization of electrochemical devices
(batteries and fuel cells) with thermal machines

also has been achieved on these bases:

ISRi ,__ RT
(OCV)yey. ~ (OCV)q, gF

dU=6Q+[li

i, i)y _RT
iL,a iL,c ~jF(OCV)

rev

(i/io,a + i/io,c)] - AG - dn — pdV (23)

This demonstrates the power of the new
“direct method” for approaching and optimizing
engineering

irreversible processes in

thermodynamics.
3.  Oscillating Systems with Finite Speed
Thermodynamics oscillators have been

studied based on eq. (12) [31].
interesting aspects such as attractor behavior

Some very

and a new cause of irreversibility have been
discovered, which is the difference in phase
thermal

between the mechanical and

interactions.

4. Conclusions

Eq. (12) which combines the first and
second law of thermodynamics, taking into
account the different causes of irreversibilities
(internal and external) proposed here for the
first time in the form of eq. (16), lead to a new,
“direct method” [23,34] for approaching and
optimizing of machine cycles with finite speed
and electrochemical devices in a similar and
unified manner. The advantage of this method
in comparison with so called “Thermodynamics
in Finite Time” [6-8] is due to the fact that the
proposed method takes into account also
internal as well as external irreversibilities.
Therefore it is more general and more powerful.

In addition is also very intuitive because all the
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losses may be expressed in B of eq. (16) in a
similar manner for both compression and
expansion and in eq. (23) for both charging and

discharging electrochemical processes [25, 28].
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1. INTRODUCTION

During the last decade, second law analysis
and optimization has emerged as a self standing
subfield in heat transfer engineering (Bejan,
1982a,b; 1987, 1988a). The method relies on
the simultaneous application of combined heat
transfer and engineering thermodynamics
principles in the pursuit of realistic models for
heat transfer processes, devices and installations.
By “realistic” models we mean models that
account for the inherent thermodynamic
irreversibility of the heat, mass and fluid flow
processes. In engineering, the second law
method is known also as entropy generation
minimization, thermodynamic design and
exergy analysis.

In this paper I review some of the more basic
and recent developments. Overall, the most
important development is the parallel growth of
two second-law analysis currents, one in
engineering, and the other in physics (Bejan,
1994). The physics current is commonly
referred to as finitc-time thermodynamics (e.g.,
Andresen et al., 1984), and its methodology too
is a combination of engineering thermodynamics
and heat transfer principles. The engineering
and physics branches of the field are now
discovering one another (e.g., Gordon and
Andresen, 1992), and together they are
reshaping not only heat transfer engineering but
also thermodynamics.

2. POWER PLANT MODEL WITH HEAT
TRANSFER IRREVERSIBILITIES

The development of the method began with
applications in cryogcnic engineering,
particularly with respect to the optimization of
heat exchangers and thermal insulation systems.
These developments are reviewed in Bejan
(1982a). In the power generation area, the first
work dealt with the regime for the production of
maximum instantaneous power (Novikov, 1957,
LCl-Wakil, 1962), which was rcported also by
Curzon and Ahlborn (1975). 1 outline this
development in some detail because in physics it
is recognized as the start of finite-time
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thermodynamics.

Consider the model outlined in Fig. 1 (right).
The power plant delineated by the solid
boundary operates between the high temperature
Ty and low temperature Ty,. The modeling
challenge consists of providing the minimum
construction detail that allows the outright
identification of the irreversible and reversible
compartments of the power plant.

To see the reasoning behind some of the
features included in this drawing it is worth
recalling that in the traditional treatment of
simple power plant models (e.g. the Carnot
cycle) it is tacitly assumed that the heat engine is
in perfect thermal equilibrium with each
temperature reservoir during the respective heat
transfer interactions. In reality, however, such
equilibria would require either an infinitely slow
cycle or infinitely large contact surfaces between
the engine and the reservoirs (Tyg and Ty ). For
this reason the finite temperature differences
(Tyg - Tye) and (Tpce - Tp) are recognized as
driving forces for the instantaneous heat transfer
interactions,

Quc=(UA)y(T-Txo), Que=(UA) (T -Ty) (1)

The proportionality coefficients (UA)y and
(UA)r are the hot- and cold-end thermal
conductances. In heat exchanger design terms,
for example, (UA)y represents the product of the
hot-end heat transfer area Ay times the overall
heat transfer coefficient based on that area, Up.

Since both (UA)g and (UA)r are
commodities in short supply, it makes sense to
recognize as a constraint the total thermal
conductance inventory, Bejan (1988a,b)

UA = (UA)y + (UA),, (2)

or, in terms of the external conductance
allocation ratio X,

(UA)y=xUA, (UA)L-(1-x)UA (3)

The heat transfer rates that cross the finite
temperature gaps identified above repre-
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Figure 1. Irreversible power plant (left), and a
model with three sources of heat transfer
irreversibility (right), Bejan (1988b).

sent two sources of irreversibility. A third
source sketched in Fig. 1 (right) is the heat

transfer rate Q; that leaks directly through the
machine and, especially, around the power
producing compartment labeled (C). In order to
distinguish this third irreversibility from the
external irreversibilities due to (Tyy - Tge) and

(TLc - TL), we will refer to Q; as the internal
heat transfer rate (heat leak) through the plant.
The internal heat leak was first identified as a
modeling feature of power plant irreversibility
by Bejan and Paynter (1976) [see also p. 44 in
Bejan (1982)].

There are many features of an actual power
plant that fall under the umbrella represented by

Q;, for example, the heat transfer lost through
the wall of a boiler or combustion chamber, the
heat transfer removed by the cooling system of
an internal combustion engine, and the
streamwise convective heat leak channeled
toward room temperature by the counterflow
heat exchanger of a regenerative Brayton cycle.
The simples internal heat leak model that is
consistent with the linear models of Eqgs. (1) is

. Ty —T
Q== (4)

i

where Rj is the internal thermal resistance of the
power plant.

To summarize the three irreversibility
sources that have been discussed, note that the
model of Fig. 1 relies analytically on three
parameters, namely [(UA)yg, (UA)L, Rj] or
(UA, x, Rj). The remaining power plant
“compartment”, which is labeled C, from
Carnot, is assumed irreversibility free. The

second law of thermodynamics states that its
rate of entropy generation is zero, which means
that

Qic

Que
_Que )
Tic Tuc

The analytical representation of Fig. 1 is
completed by the first-law statements

W= QHC - QLC (6)
Qu=Q; + Quc N
QL = Qi + QLC (8)

where W, Quand Q; are the energy rate
interactions of the power plant as a whole,
namely the power output, the rate of heat input
and the heat rejection rate.

Consider now under what conditions the

instantaneous power output W is maximum.
Combining Egs. (3), (5) - (8) leads to

W=(1—X)UATL(E_ )(h_

T, Tic ) ©)

in which the unknown is now the ratio Ty c/TL..
From Egqgs. (5) and (3) we find that

E=1_

T
T, X+X T (10)
where T and tc are abbreviations for
_Ty Tyc
T= TL', Tc = T_LC (1 1)

Taken together, Egs. (9) and (10) yield
W=x(1-x)UA T, (i - 1) (tc-1) (12)
Tc

This expression shows that the instantaneous
power output per unit of external conductance

inventory UA can be maximized in two ways,
with respect to Tc and x. By solving

dW /91: =0 we obtain the optimal temperature
ratio across the Carnot compartment (C),

T T, \1/2
Y HC) _( H)
T =14,  or ={= (13)
Cont (TLC opt \TL
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and the corresponding maximum power,

W, =x(1-x)UAT, (t'2-17% (14)

The optimum represented by Eq. (13) was
first reported by Novikov (1957) and Curzon
and Ahlborn (1975), who used models without
internal irreversibility. The contribution of the
model of Fig. 1 is to show that Eq. (13) holds

even when the internal heat leak Q; is taken into
account (Bejan, 1988b).

3. THE OPTIMAL ALLOCATION OF HEAT
EXCHANGER EQUIPMENT

An entirely new aspect that is brought to
light by the model of Fig. 1 (right) is that there
exists an optimal way to allocate the UA
inventory between the hot and cold ends, such
that the power output is maximized once more.

By solving dW,_,,/dx=0 we obtain the
optimum thermal conductance allocation

fraction

X —

=% o (UA)y=(UA)

(15)
and the corresponding (twice-maximized)
instantaneous power output

< 1

wmax, max ~ 4 UAT, (11/2_ 1) (16)
In conclusion, in order to operate at

maximum power there must be not only a

balance between the thermodynamic

temperature ratios Tc and T, Eq. (13), but also a
balance between the sizes of the hot- and cold-
end heat exchangers. This conclusion was first
reported in Bejan (1988a, b). It can be shown
that Eq. (15) holds also when the total thermal
conductance inventory UA is minimized subject

to fixed power output W (Bejan, 1993a).

I use this opportunity to report the results
that are reached when the total thermal
conductance constraint of Eq. (2) is replaced
with the new constraint that the physical size (or
weight) of the total heat transfer area is fixed,

A=Ag+ A, (constant) (17)
The area constraint can be restated as

Ag=YyA, AL=(1-y)A (18)
ZEdFSE Vol.33, No.128

where y is now the area allocation ratio. By
substituting Eq. (18) into the W expression
derived from Egs. (5) - (8), and solving

odW /9y =0 yiclds the optimal area allocation
ratio,

1
14+(Uy/0L)

Yopt = 75 (A = constant) (19)

Equation (19) is plotted as a solid line in Fig. 2.
This result shows that a larger fraction of the
area supply should be allocated to the heat
exchanger whose overall heat transfer
coefficient is lower. Only when Uyy is equal to
Uy, should A be divided equally between the two
heat exchangers.

It is interesting to compare this last
conclusion with the optimum design represented
by Eq. (15), which was derived based on the
total thermal conductance constraint (2, 3).
Equation (15) is the same as

AH,opt _ 1
A 1+ Uy/ Uy’

(UA = constant) (20)

which is represented by the dashed line in Fig. 2.
The new conclusion made visible by Fig. 2 is
that the optimal area allocation ratio derived
based on the thermal conductance constraint is
qualitatively the same as the ratio recommended
when the total area is fixed. Relative to the area
constraint, the use of the UA constraint tends to
exaggerate the inequality between Ay op¢ and
AL opt- The two constraints are equivalent if Uy
= UL, when Ay opt.

It is worth pursuing the area constraint one

step further. If we substitute Eq. (19) into the W
expression maximized once cf. Eq. (13), we
obtain the twice maximized instantancous power

Ty 1/2 2
T (—ﬁ) —1] 20

UHUL
max,max — (

2 L
Uit + U7

Suppose we have the means to augment one of
the heat transfer coefficients (Uyg or Uyp) by a

certain increment, 0 < €<<I1, such that the
augmented coefficient is (1 + €)Uyg or (1 +¢€)
Upr. The question is where should perform the

augmentation, at the hot end or at the cold end?
Consider the two alternatives. If we replace

Upg by (1 + €)Uy in Eq. (21) we obtain a new

expression called Wy.  Similarly, if we



H,opt

0.1 1 10

Figure 2. The optimal way to divide the total
heat transfer area between the two heat
exchangers of a powerplant: fixed total area
(solid line) vs. fixed total thermal conductance
(dashed line).

substitute (1 + €)Ug, in place of UL in Eq. (21)
we obtain W, . Dividing the two results yields
1 - (Uy /U

Wh_o, € (22)

which shows that Wy; > W when Uy < Up, and

that Wy; < Wy when Ug > Ur. The conclusion
we reach is that the augmentation effort must
always be directed at the heat exchanger with
the lower heat transfer coefficient.

4. REFRIGERATION PLANT MODEL WITH
HEAT TRANSFER IRREVERSIBILITIES

In this section we extend to refrigeration
plants the optimization method used in the
preceding section for power plants. As shown
on the left side of Fig. 3, the refrigeration plant

absorbs the refrigeration load Q) at the

temperature level Tr, and rejects Qy to the
ambient, Tg. The power required to accomplish

this task is W.

On the right side of Fig. 3 we see a model
(Bejan, 1989) that accounts for some of the
features that make the actual refrigeration plant

irreversible. First, there is the heat leak Q;
through the insulation of the machine, from the
ambient Ty to the refrigerated space Tr,. In the
machine of given size, the simplest model for

the internal heat leak is given by an expression
identical to Eq. (4), where R; is the overall
thermal resistance between Ty and Ty,. This
resistance accounts for the actual thermal
insulation sandwiched between Ty and T, the
mechanical supports that connect the cold space
to the room temperature frame, and, in a low
temperature refrigerator, the counterflow heat
exchanger.

Second, the load Q; can be absorbed from
the temperature level Tr only if the working
fluid of the refrigeration cycle is at a
temperature below Tr. On the right side of Fig.
3, that lower temperature is labeled Ty c. We
assume a linear relation between the heat

transfer rate into the cold fluid (Q; ) and the
temperature difference that drives it,

Qre=(UA) (T, - Ty o) (23)

Third, the rejection of Qp to the ambient
temperature Ty is possible only when the fluid
at the hot end of the refrigeration cycle is
warmer than the ambient. Assuming that the
hot-end temperature of the cycle executed by the
working fluid is Tyc, we write that

Qe =(UA)y (Tyc — Ty) (24)

The proportionality factors (UA)y and
(UA)L, are the thermal conductances provided by
the hot end and cold end heat exchangers,
respectively. In heat transfer engineering terms,
for example, the hot end conductance (UA)g
scales as the product between the overall heat
transfer coefficient and the total area of the hot
end heat exchanger(s) [e.g. the battery of
aftercoolers (or intercoolers) positioned between
the stages of the compressor of a liquid nitrogen
or liquid helium refrigerator]. The end
conductances are expensive commodities,
because they both increase with the size of the
respective heat exchangers. For this reason it
makes sense to use as a design constraint the
total thermal conductance inventory, which is
expressed in the same way as in Eqgs. (2, 3).

The remaining components in the model of
Fig. 3 (right) are irreversibility free. The space
occupied by these components is labeled (C),

where Quc/ Tue = Qu/Tic. The analytical de-
scription of the refrigeration plant model is
completed by the energy conservation

statements W=Qpy - Qp, Quc=Qyu+Q;, and
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QLc=QL +Q;.

We are interested in how the imperfect
features identified in the model influence the
overall performance of the refrigeration plant.
The latter is described quantitatively by the
second-law efficiency

. (COP)C
n = COP (25)
where
_ QL (T -
COP = W (COP)C = (_TL — 1) (26)

refrigeration | e—

plant
- Q'L|:>'r,_ ------- r
. ‘4 5 LC

. e
Ty Qy L.
1
actual .y .
(irreversible) . W Q w

L G

Figure 3. Irreversible refrigeration plant (left),
and model with three sources of heat transfer
irreversibility (right), Bejan (1989).

It can be shown that

Ny -1
_a-1 . Q
nu—,ccﬁ_l‘(l + QL) 27)
where
_Ty _ Tye
T—T—L, TC—T—" (28)

Note that T is the actual temperature ratio that is
seen from the outside of the refrigeration plant

(Fig. 3, left), while tc is absolute temperature
ratio across the reversible compartment of the

model (Fig. 3, right). Note further that T¢ is

always greater than T, and that T¢ and T are both
greater than 1.

Bejan (1989) showed that when the total
thermal conductance is fixed, Egs. (2, 3), the
instantaneous refrigeration load for the model of
Fig. 3 is maximum when that is when UA is
divided equally between the two heat
exchangers. More recently, he showed that the

{E#AF9E Vol.33, No.128

same optimization rule applies when the total
inventory UA is minimized subject either to a

specified refrigeration load Qy , or to a specified

power input W (Bejan, 1993a).
Klein (1992) used a refrigerator model
similar to that of Fig. 3, but without the internal

heat leak Q,. He invoked a different heat
exchanger equipment constraint, and showed
that under certain conditions the refrigeration
load is maximized when (UA)g = (UA)L. He
showed further that the same results emerge out
of the numerical optimization of an actual vapo:
compression cycle.

Finally, it can bc shown that if the
UA = constant constraint is replaced by the
A = constant constraint defined in Egs. (17, 18),
the refrigeration load is maximized by dividing
A according to rule (19). Another interesting
new result is that Fig. 2 applies unchanged to the

refrigeration maximization task considered ir
this section.

5. TERRESTRIAL SOLAR POWER PLANT

The method illustrated in the preceding
sections has been applied to the maximization of
power production based on solar collectors. The

simplest model is shown in Fig. 4, where Qq is
the net solar heat transfer rate absorbed by a flat

plate collector, and Qo is the convective heat
loss to the ambient, Tg. Bejan et al. (1981)
assumed the linear heat transfer model

Qo =UA (T —T,), where A is the area in contact
with the atmosphere, and U is the corresponding
heat transfer coefficient.

The power plant driven by the collector can
be viewed as having two compartments, the
collector shown in Fig. 4, and the cycle executed
by the working fluid, which is not shown. We
assume that the cycle is reversible, and note that
the heat input received by this cycle is

Q=Q,-Qy, at the temperature level T. The
instantaneous power output of the plant is

W=[Q-UA(T-Ty)(1-72]  @9)

which is maximum when the collector
temperature T has the optimal value (Bejan et

al., 1981):
Qs 112
UAT,

Topt = T0 (1 + (30)
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Figure 4. Model of power plant driven by solar
collector with convective heat loss (Bejan et al.,
1981).

Howell and Bannerot (1977) maximized the
production of power from solar collectors with
convective and radiative heat loss to the ambient
(see also Bejan, 1988a, pp. 513-514). The
corrcsponding problem in the ficld of
refrigeration i.e. the optimal coupling between a
solar collector and an absorption refrigerator
was solved by Sokolov and Hershgal (1993).

6. EXTRATERRESTRIAL SOLAR POWER
PLANT

The maximization of power production in
space was treated in Bejan (1988a), where it was
assumed that the collector is equipped with an
ideal concentrator. In this section, I outline the
results of the corresponding analysis for a non-
ideal concentrator (Bejan, 1993b) which is based
on a suggestion by DeVos (1990).

As shown in Fig. 5, the working fluid is
heated by the sun (Ty) in the collector (Ty), and
cooled by the cold background (T..) in the
radiator (Tr). All the surfaces (sun, Ag, AL,
background) are modeled as black. The internal
operation of the heat engine cycle (the system
contained between Ay and Ap) is modeled as
reversible. The mass of the power plant, and the
cost of constructing it and placing it in orbit are
influenced strongly by the total surface (mass)
of the collector and the radiator. This means
that the total amount of surface is constrained by
economic considerations,

A=Ag+ AL, (constant) 31

Our objective is to find the best way of

dividing A between Ay and Ay such that the

instantaneous power output W is maximum.

Sun

T Background
Too

Figure 5. Model of extraterrestrial power plant
with heat transfer irreversibilities at the hot end
and the cold end.

Fixed are A, Ts and Te.. The analysis begins
with the first law and the second law for the
internally reversible system (shaded in Fig. 5),

which lead to W= Qy (1 - T /Ty). To calculate

Qy, consider the enclosure with three black
surfaces (T, Te, TH) formed above Ag,

Qu=A pFy,0(T" - Trf) - AFr0(Tii - T.2) (32)

where Fyg and Fyo. are the collector-sun and
collector-background view factors. The relation
between them is Fye = 1 - Fys. Note further
that T:' is negligible relative to Tff, because
Teo= 4K while the expected order of magnitude

of Ty is 103K. With these observations, Eq.
(32) becomes

Qu=0 Ay (Fy T, - Tf) (33)

Similarly, the enclosure with two black surfaces
formed under the radiator Ay in Fig. 5 shows

that Q) = A, (T;* — T.%) in which T.# can be

neglected relative to T,,
Qu=0cA_T (34)

If we express the are constraint (31) in terms
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of the area allocation ratio x,

Al =x A, AL=(1-x)A (35)

we find that the problem statement reduces to

Q=0 AFy TS x (1 - é) (37)

V=g (P
(38)

where { = Fyq (TS/TH)4 . The dimensionless

power output W emerges as a function of two

parameters, { and x. It is found numerically that

W can be maximized with respect to both { and
X, and the result is (Bejan, 1988a)

=0.0414, (39)

Copt = 1.538, x5 =0.35, W oax

In conclusion, in the optimal design the
collector accounts for roughly one third of the
total surface available, which means that Ag is
about half the size of Ar. Furthermore, by
substituting Ts = 5762 K in {ope and Eq. (36), we
find that

Ty opt = (5174 T K, Tp opt = (3423 F4) K
(40)

and since the view factor Fyg 1s of the order of
10-4, the position of the power plant on the
temperature scale is described by TH,opt = 520K

and T, opt = 340 K.
7. POWER FROM HOT DRY ROCK

I close this review by mentioning three
recent areas in which the combined heat transfer
& thermodynamics modelling method led to
interesting discoveries of trade-offs in the design
of power and refrigeration plants. Space
limitations do not permit me to review these
developments analytically.

Lim et al. (1992a) modelled in this way a
power plant that uses as energy source an
underground system of fractured hot dry rock.

{ZEUFSE Vol.33, No.128

They showed that the flowrate of the water
pumped through the rock can be selected
optimally in order to maximize the delivery o~
useful energy (exergy) over the lifetime of the
power plant. In otherwords, there exists an
optimal strategy for the time operation of the
power plant, such that the lifetime averaged
power delivered by the plant is maximum.

8. ENERGY STORAGE BY MELTING

Another interesting development has been
the maximization of power when the heat input
(e.g. stream of hot exhaust from another plant or
process) is stored temporarily in a phase-change
material, which melts. The phase-change
material is later solidified as it drives the power
cycle. The key result is that the power
production is maximized when the melting point
of the phase-change material Ty, has the optimal
value (Bjurstrom and Carlsson, 1985; De Lucia
and Bejan, 1990, 1991)

Tonopt = (T T (41)
where Ty and Ty, are the heat source and
ambient temperatures. This criterion aids the
selection of the optimal phase-change material.

It has been shown also that the power
production can be maximized further by placing
two or more phase-change materials in series,
i.e. along the hot stream that serves as energy
source (Lim et al., 1992b). The melting point o
each material has been selected optimally to
maximize the time-averaged power output of the
power plant.

9. DEFROSTING REFRIGERATORS AND
DEFOULING POWER PLANT
HEAT EXCHANGERS

The same modelling method allowed Bejan
et al. (1994) to determine the optimal on & off
sequence for operating a defrosting refrigerator,
i.e. when to stop the refrigeration cycle in orde:
to remove the frost from the evaporator coils.
They went on to show that this optimization
principle has an interesting analog in the
optimization of power plant operation, namely,
the question of when to remove the scale
(fouling) from the power plant heat exchangers.

10. CONCLUSION

The simple models and results reviewed in
this paper showed that it is possible to account



for the irreversible nature of power and
refrigeration plants by combining heat transfer
with thermodynamics. The resulting models
revealed certain trade-offs (optima) in the design
of each type of plant. If these trade-offs are
visible in models as simple as the ones outlined
in this review, then we can be sure that they
exist beneath (and are worth searching for in)
the much more complex models of actual power
and refrigeration plants that are being optimized
by designers.
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Announcement and Call for Papers
FOURTH INTERNATIONAL HEAT PIPE SYMPOSIUM-TSUKUBA
MAY 16-18, 1994
TSUKUBA SCIENCE CITY, IBARAKI, JAPAN

The Fourth International Heat Pipe Symposium (4IHPS) will be held
at the University Hall of University of Tsukuba, Tsukuba City,
Ibaraki, Japan on May 16(Mon.) through 18(Wed.), 1994. This 4IHPS
symposium 1is sponsored by The Japan Association for Heat Pipes
(JAHP) and co-sponsored by The Heat Transfer Society of Japan.

The registration fee at the meeting reception desk is ¥35,000 Yen
per participant, and the advanced one is ¥30,000 Yen. A reduced
fee of ¥5,000 Yen is applicable to students.
The main topics are as follows;

1. Technological reviews in the global regions

2. Heat pipe theories and experiments

3. Heat pipe applications and systems

4., Heat pipe designs and regulations

For any information regarding the 4IHPS, contact the following.
Prof. Yasunori Kobayashi (Symposium Chairman)
Institute of Engineering Mechanics, University of Tsukuba
Tsukuba, Ibaraki 305, Japan
Telephone: 0298-53-5130, 5059
Facsimile: 0298-53-5207
E-mail: kobaya@kz.tsukuba.ac.jp

“CALL FOR PAPERS”

4TH ASME/JSME THERMAL ENGINEERING
JOINT CONFERENCE

March 19-24, 1995
Lahaina, Maui, Hawaii

The 4th ASME/JSME Thermal Engineering Joint Conference will be held at the Westin
Maui on Kaanapali Beach in Lahaina, Maui, Hawaii. The Conference will include papers
presented in stand-up presentation style, invited session lead papers, panel discussions, open
forum sessions, keynote lectures, film and video sessions, and social inter-activities. It is
anticipated that the proceedings will include approximately 400 technical papers.

The Conference will cover fundamental and applied topics in heat transfer including:
thermal properties; heat conduction; forced convection heat transfer; turbulent heat transfer;
natural convection; condensation; multi-phase flow and heat transfer; thermal problems in space
technology; fluidized bed heat transfer; cooling of electronic equipment; heat and mass transfer
.in porous media; energy storage; boiling heat transfer; measurement and data processing;
cryogenic heat transfer; active techniques for heat transfer augmentation; combustion
fundamentals; combustion technologies; heat transfer in fires; bio-heat and mass transfer; heat
exchangers; heal transfer and fluid flow in manufacturing and materials processing; microscale
heat transfer; energy conversion systems; radiation heat transfer; and, thermal problems in the
environment; general paper.

The Conference is co-chaired by L.S. “Skip” Fletcher for the ASME and Toshio Aihara
for the JSME. For further information, please contact,

Language: English Prof Toshio Aih
Deadline Dates (JSME rofessor Toshio Aihara
adline Dates (JSME) Institute of Fluid Science
March 1,1994 Three Copies of Abstract (500 Words and Title Tohoku University
April 1,1994 Authors Informed  of Topics described above) Katahira 2-1-1, Aoba-ku

June 15,1994 Manuscripts Due Sendai 980, Japan
August 15,1994  Authors Notified 022-227-6200 ext 3337
October 1,1994 Manuscripts on Mats to Chairman 022-215-7196 FAX
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SECOND ANNOUNCEMENT
AND CALL FOR PAPERS

7TH INTERNATIONAL SYMPOSIUM ON
TransPoRT PHENOMENA (ISTP-7)
IN MANUFACTURING PROCESSES

Acapurco, MExico, August 28-31, 1994

ORGANIZED AND SPONSORED BY
THE PAcIFic CENTER OF THERMAL-FLUIDS
ENnGINEERING (PCTFE)

DEADLINES
December 20, 1993  Three (3) copies of the abstract
due to one of the organizers below
Notification of abstract acceptance
Five (5) copies of full-length
paper due for review on mats
Notification of paper acceptance

February 10, 1994
March 30, 1994

May 15, 1994
May 31, 1994 Revised manuscript due
CONFERENCE FORMAT

The conference language is English. The conference will
feature a half-day plenary session and approximately 45
technical sesstons. A number of keynote papers will be pre-
sented in selected topical areas by international authorities.
Panel discussion sessions and forums for selected topics are

also planned.

Topics include, but are not limited to:

Manufacturing Processes
Improvement of Energy Utilization
Thermodynamic Analyses
Thermoeconomical Analyses
Energy Intensive Chemical Processes
Metallurgical Processes

EEEFZE Vol.33,No.128 — 88—

Environmental Impact of Manufacturing

Mathematical Modeling and Optimization

Nuclear Industry
Crystal Growing
New and Advanced Materials
Extrusion
Microstructure Changes
Mass Diffusion
Energy Conservation
Metal Casting
Welding
Waste Heat

Solar Energy s
Photoelectrochemistry
Photovoltaics
Solidification
Semiconductors
Combustion
Heat Diffusion
Stability of Materials

ORGANIZERS

Symposium Chair:
Professor Jaime Cervantes-de Gortari

Faculty of Engineering, UNAM

Mexico, D. F.

04510, MEXICO

Phone: 52-5-622-0882 * Fax: 52-5-616-2894
or: 52-73-14-1863
or: 52-73-14-1662,

e-mail: jgonzalo @ redvaxl. dgsca. unam. mx

jgonzalo @ redvaxl. bitnet

jgonzalo @ unamvml. bitnet

Co-Chairs:

Professor Adrienne Lavine

Mechanical, Aerospace & Nuclear Engineering
University of California, Los Angeles

Los Angeles, CA 90024-1597 « U. S. A.

Phone: 1-310-825-7468 * Fax: 1-310-206-2302

e-mail: lavine @ seas. ucla. edu

Professor G. J. Hwang

Department of Power Mechanical Enginecring
National Tsing-Hua University

Hsinchu, Taiwan ¢ Republic of China

Phone: 886-35-715-131 x 3730 * Fax: 886-35-722-



First Announcement and Call for Papers
The Eighth International Symposium on
Transport Phenomena (ISTP-8) in Combustion,

San Francisco, U.S.A., July 16-20, 1995

Sponsored by the Pacific Center of Thermal-Fluids Engineering (PCTFE)

This multidisciplinary, international conference will provide
a forum for researchers and practitioners to exchange infor-
mation, present new developments, and discuss the future
direction and priorities in the areas of transport phenomena in
combustion. Forward looking into the future, the conference
theme is combustion in the 21st century. Prior ISTP sym-
posia: Honolulu, 1985; Tokyo, 1987; Taipei, 1988; Sydney,
1991; Beijing, 1992; Seoul, 1993; Acapulco, 1994.

. SCOPE:

Papers describing current research on transport phenomena in
combustion from fundamental sciences to applied technolo-
gies are hereby solicited. General transport phenomena
(mass, momentum, heat and energy transfer) in thermal sci-
ences are also welcomed. Those pertaining to modeling, the-
ory, analysis, computational methods, direct numerical simu-
lations, design, experiments, visualization and measurement
techniques are appropriate. Topics include but are not limited
to general transport processes of heat and mass transfer, tur-
bulent reacting flows, combustion in practical systems, low
emission and high efficiency combustion technology, propul-
sion, fire dynamics and modeling, laminar flames, alternate
fuels and environmental systems.

- SELECTION OF PAPERS

Initial screening will be based on the abstracts of approxi-
mately 500 English words. The abstract should contain: 1)
paper title, 2) five keywords in the order of importance, 3)
authors’ names, affiliations and full addresses, and 4) name,

address, phone number, and fax (telecopy) number of the
author to whom subsequent correspondence should be direct-
ed. The abstract should state clearly the objectives, results,
and conclusions to enable the scope and nature of the paper
to be assessed. Final acceptance will be based on review of
the complete manuscript. All accepted papers will be includ-
ed in bound volumes which will be available at the meeting.

" DEADLINE

September 30, 1994
October 15, 1994
December 15, 1994

Four (4) copies of abstract due
Notification of abstract acceptance
Five (5) copies of full-length paper
due for review

February 15, 1995
March 31, 1995

Notification of paper acceptance
Camera-ready manuscript due

Four (4) copies of abstract should be sent by September 30,
1994 to:

S.H. Chan, Wisconsin Distinguished Professor
Department of Mechanical Engineering
University of Wisconsin-Milwaukee

P.O. Box 784

Milwaukee, W1 53201 U.S.A.

Phone:  (414) 229-5001
Fax: (414) 229-6958
E-Mail: shc@convex.csd.uwm.edu

For further information, inquire at the above address or con-
tact: Dr. S.H. Chan as listed above.

fEEUHSE  Vol.33,No.128
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