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The uniformity principle of temperature difference field is very useful in heat exchanger analyses and optimizations.
In this paper, we analyze some other heat transfer optimization problems in the thermal management system of spacecrafts,
including the cooling of thermal components, the one-stream series-wound heat exchanger network, the volume-to-point
heat conduction problem, and the radiative heat transfer optimization problem, and have found that the uniformity prin-
ciple of temperature difference field also holds. When the design objectives under the given constraints are achieved, the
distributions of the temperature difference fields are uniform. The principle reflects the characteristic of the distribution
of potential in the heat transfer optimization problems. It is also shown that the principle is consistent with the entransy
theory. Therefore, although the principle is intuitive and phenomenological, the entransy theory can be the physical basis

of the principle.

Keywords: heat transfer optimization, uniformity principle of temperature difference field, equipartition of

potential, entransy theory
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1. Introduction

Heat exchangers are very important and widely used in
thermal engineering. For the analyses and design of heat ex-
changers, Guo et al.!""?! proposed a parameter, the uniformity
factor of temperature difference field. For a two-stream heat

exchanger, its definition is[!~3!

f= fA|Tl_T2|dA _ fA|AT|dA
VAL (T ~T)*dA /A [, (AT)?dA

where 71 and T, are the local temperatures of the streams,

)]

AT is the local temperature difference, A is the heat transfer
area, and f € [0,1]. When the number of heat transfer units
(NTU) and the ratio of the heat capacity flow rates are fixed,
larger uniformity factor of temperature difference field leads
to larger heat exchanger effectiveness. Especially, AT = const
when f = 1. This is the uniformity principle of temperature
difference field, which has been verified with many cases.[!~8]
For instance, Guo et al.!'! showed the validity of the principle
with theoretical analyses and experiments in two-stream heat
exchangers. Gao et al.>! proved the principle directly in multi-
pressure condenser. Fu and Zhang!®! gave a rigorous proof for
the principle with deductive method.

The principle finds many applications in engineering be-
cause it is very convenient for designing and optimizing heat
exchangers. For instance, if some local temperature differ-
ences in one heat exchanger are obviously higher than other
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places, the principle tells us that our technical design should
decrease the local temperature differences to increase the heat
exchanger effectiveness. However, it should be pointed out
that the principle is not from the viewpoint of the irreversibility
of heat transfer, but is intuitive and phenomenological. There-
fore, the physical basis of the principle should be investigated.
In the entransy theory,®! it has been proved that the concept
of entransy dissipation can describe the irreversibility of heat
transfer.l'%!11 With this theory, Song et al.!®! analyzed one-
dimensional two-stream and three-stream heat exchangers and
proved that the principle holds when the heat transfer rate or
the entransy dissipation rate is fixed. In the analyses of two-
stream heat exchangers, Cheng et al.*! set up the mathemati-
cal relationship between the uniformity factor of temperature
difference field and the heat exchanger effectiveness with the
help of the entransy theory, and found that larger uniformity
factor of temperature difference field always corresponds to
smaller entransy-dissipation-based thermal resistance. There-
fore, larger uniformity factor of temperature difference field
means better heat transfer, and the entransy theory can be the
physical basis of the intuitive and phenomenological principle.

Furthermore, it is obvious that the application scope of the
principle is limited because it can only be used to analyze and
optimize heat exchangers. In this paper, we try to extend the
application scope of the principle, and analyze the applicabil-
ity of the principle to the heat transfer processes in the thermal
management system of spacecrafts. The cooling problem of
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thermal components, the one-stream heat exchanger networks,
the volume-to-point heat conduction optimization for cooling
electronic devices, and the radiative heat transfer optimization
are analyzed. The physical basis of the principle in the new
application cases is also discussed.

2. Cooling of thermal components

In the thermal management system of spacecrafts, the
cooling of thermal components may be simplified to the steady
heat transfer system shown in Fig. 1. There are n thermal
components from which heat is released to the environment at
temperature 7y. For the i-th thermal component, the released
heat flow rate is Q;, and the thermal conductance between the
thermal component and the environment is K;. First, we can
assume that the released heat flow rates are fixed, and the lim-
iting condition is

K= Z:lzl K; = const, 2)

where K is the total thermal conductance. In this case, the
distribution of the total thermal conductance is optimized to
obtain the minimum average temperature of the thermal com-
ponents weighted by released heat flow rate

n
" OT;
T = 72‘4;1 QQll (3)
i—1Yi
Considering the energy conservation, we have
=27 o)
1
Therefore
7 L1 Qi(QiKi+T) ¥, 0} /Ki T 5)
Y Qi Y Qi

To find the minimum value of Eq. (§) with the limitation con-
dition of Eq. (2), a function can be set up

Y, 0i/Ki

F =
i1 Qi

+To+Mh (Y Ki—K), (6)

where A; is the Lagrange multiplier. The variations that lead
to the minimum average temperature should satisfy

JoF 07
— =— M =0. 7
9K &y 0 +4 @)
Then, we can obtain that
K = 9% 8)

VUYL, 0

Substituting Eq. (8) into Eq. (2) gives

A = Y Qi.

= ©)

The distribution of the total thermal conductance is obtained

K = HLK . (10)
i1 Qi
With Eq. (10), the heat transfer temperature difference of
the i-th thermal components can also be obtained
Qz Z?:] Qi

AT;‘:Ti_TO:E:T:COHSt' (11)

When the heat transfer of the system is optimized, it can be
seen that the heat transfer temperature differences of thermal
components equal each other.

® - e

To
Fig. 1. A thermal system with n thermal components.
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Fig. 2. Variations of the average temperature of the thermal components
weighted by released heat flow rate and the uniformity factor of tempera-
ture difference field with the distribution of the total thermal conductance.
(a) Variation of the uniformity factor of temperature difference field. (b)
Variation of the average temperature of the thermal components.

As below, a numerical example is presented. Assume that
there are three thermal components in the system, the heat
transfer rates Q1 = 300 W, Q> = 150 W, and Q3 = 50 W, the
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total thermal conductance K = 20 W/K and the temperature
To = 300 K. For the system, the uniformity factor of tempera-
ture difference field can be defined as

Yo Ki (T —To) .
VEL KB (T - Ty)?

f= (12)

In this case, the variations of the average temperature of the
thermal components weighted by released heat flow rate and
the uniformity factor of temperature difference field with the
distribution of the total thermal conductance are calculated and
shown in Fig. 2. The results show that the uniformity factor of
temperature difference field and the average temperature have
opposite variation tendencies. Especially, when the thermal
conductances K1 = 12 W/K, K, =6 W/K, and K3 =2 W/K, the
average temperature reaches the minimum value, 325 K, and
the uniformity factor of temperature difference field reaches
the maximum value, 1. Therefore, the theoretical analyses
have been verified by the numerical results.

Second, we can assume that the thermal conductance of
each thermal component is given, and the limiting condition is

Q=Y  0i=const, (13)

where Q is the total released heat flow rate. In this case, the
distribution of the total heat flow rate can also be optimized
to obtain the minimum value of Eq. (5). We can also set up a
function for this problem
" Qi2 K
F==="t— IQ / “+Th+k ()Y, 0-0), (14)
where A; is the Lagrange multiplier. The optimized distribu-
tion of the total released heat flow rate should satisfy

o,  20;
00, 0K,

Then, we can obtain that

+ 1 =0. (15)

1
0= —EleKi- (16)

Substituting Eq. (16) into Eq. (13) gives
2

=—— 17
TUILK 0
So, we have
0

P = K;. 18
0=y kK (18)

With Eq. (18), we can also have

0 0
AT, =T,—Th == = = t. 19
i i 0 I{l ;'Ilei cons ( )

The heat transfer temperature differences of thermal compo-
nents also equal each other when the optimal heat transfer is
obtained.

As below, a numerical example can also be presented. We
can also assume that there are three thermal components, the
thermal conductance K; = 6 W/K, K, =3 W/K, and K3 =
1 W/K, the total heat transfer rate Q = 600 W, and the tem-
perature 7y = 300 K. In this case, the variations of the average
temperature of the thermal components weighted by released
heat flow rate and the uniformity factor of temperature differ-
ence field with the distribution of the total released heat flow
rate are calculated and shown in Fig. 3. It is very clear that the
uniformity factor of temperature difference field and the aver-
age temperature have opposite variation tendencies. When the
heat transfer rates Q; =360 W, O, = 180 W, and Q3 =60 W,
the results show that the average temperature reaches the min-
imum value, 360 K, and the uniformity factor of temperature
difference field reaches the maximum value, 1. The theoretical
analyses have also been verified by the numerical results.
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Fig. 3. Variations of the average temperature of the thermal compo-
nents weighted by released heat flow rate and the uniformity factor of
temperature difference field with the distribution of the total released
heat flow rate. (a) Variation of the uniformity factor of temperature dif-
ference field. (b) Variation of the average temperature of the thermal
components.

It can be seen that the theoretical and numerical optimiza-
tion results of the cases above all lead to uniform heat transfer
temperature difference fields. Therefore, the uniformity prin-
ciple of temperature difference field holds in these heat trans-

fer optimization problems.

3. One-stream series-wound heat exchanger net-
works

Heat exchanger networks are widely used in the thermal
management system of spacecrafts. As shown in Fig. 4, we
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can analyze a simple one-stream series-wound heat exchanger
network. In the network, the n thermal components are cooled
by the cold stream with mass flow rate m and inlet tempera-
ture T;,. The specific heat capacity and the outlet temperature
of the stream are ¢ and 75, and the released heat flow rate and
the corresponding heat transfer area of the i-th thermal compo-
nent are Q; and A;, respectively. We assume that the limiting
conditions of the system are Eq. (13) and

A= Zzl

where A is the total heat transfer area. In this case, the dis-

= const, 20)

tributions of the total heat transfer area and the total released
heat flow rate are optimized at the same time to obtain the
minimum value of Eq. (3).

m Ql Ql Qn
-

Fig. 4. A one-stream series-wound heat exchanger network.[13]

For the i-th thermal component, we can assume that!!%13]
ki = km®, @1)

where k; is the heat transfer coefficient, k is a constant, the
value of « is between 0.5 and 0.8 (0.5 and 0.8 correspond to
the laminar flow and the turbulent flow of the stream, respec-

kiA;
o—1

fom Aiﬂ . @)
C

where Tj,_; is the inlet temperature of the stream for the i-th

tively). Therefore, we have

Qi = em(T; — Tin—;) [1 —exp <—

-0 1o -

thermal component

i—1
=1 Qj
7-infi = Tin + . (23)
cm
Then, we can obtain that
i—1
O; Y0
T, = T; . (24
" em[l —exp(—km@14;/c)] i — @4

Based on the entransy theory,”! we have proved that the
minimization of Eq. (3) is equivalent to the entransy dissipa-
tion minimization.!'3! Therefore, we can find the optimal dis-
tributions of the total heat transfer area and the total released
heat flow rate that lead to the entransy dissipation minimiza-
tion below. For the i-th thermal component, the entransy dis-

sipation rate is
Gis—i = Gin—

1
= <Q,T—|— cme l) 2cmT02ut i

i~ Gout i

le:l Qj
2 cm

. 2
1 0]
— —cm <Tin + HQJ)
2 cm

% !

=+ — = 25
1 —exp(—km*—1A;/c) 2]’ 25)

where Gj,—; and Gy, are the inlet entransy flow rate and

outlet entransy flow rate in the heat transfer process of the i-th

1
=QJH—cm<m+

thermal component, and 7Tqy—; is the outlet temperature of the
stream. The entransy dissipation rate of the system is

=YY"  Gaisi
—y ! 1
= 1 cm |1 —exp(—km®~14;/c) 2|

1
—emT?

1
Gdis = Zz 1Q1T+ CmTZ 2 out —

(26)

To find the minimum value of Eq. (26) with the limiting con-
dition expressed by Egs. (13) and (20), a function can be set
up here

F=Gas+M (Y A-A)+4 (Y 0-0), @D

where A3 and A4 are the Lagrange multipliers. The optimal
distribution of the total heat transfer area and the total released
heat flow rate should satisfy

OFy JF, OF, OF,
90 " oA ok o %)

So, the optimal distribution of the total released heat flow rate

gives

O; 1 1 A4
“i =2 —const. (29
1 —exp(—km®1A;jc) 2 p = comst. (29)

The entransy dissipation rate of the i-th thermal component
can be rewritten as

Gais—i = QiAT;, (30

where AT; is the equivalent heat transfer temperature differ-
ence of the thermal component.
(29), we can obtain that

Considering Egs. (25) and

AT — Gdis i Qz 1 B l _ 7@
' 0 1 —exp(—km®~14;/c) 2 2
= const. (3D

From the derivation above, it can be seen that equation (31)
also holds when the heat transfer areas of the thermal compo-
nents are fixed and only the distribution of the total released
heat flow rate is optimized. If the one-stream series-wound
heat exchange network is treated as a heat exchanger, the tem-
perature difference field is uniform. Therefore, the uniformity
principle of temperature difference field is also tenable.

Here, a numerical example can also be presented. As-
sume that there are three thermal components, the heat capac-
ity flow rate cm = 100 W/K, the heat transfer coefficient &, the
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mass flow rate m and the heat capacity ¢ satisfy km*~!/c =
2 m~2, the heat transfer areas A; = 0.5 m2, A, = 0.4 m2, and
Az = 0.1 m2, the inlet temperature of the stream 7j, = 300 K,
and the total heat transfer rate Q = 1000 W. The values of the
parameters above are given according to the relevant values
in the thermal control systems of spacecrafts.!'?! In this case,
the uniformity factor of temperature difference field can be de-
fined as

Y AAT;
V(EL14) X2, 4T

f= (32)

The variations of average temperature of the thermal compo-
nents weighted by released heat flow rate and the uniformity
factor of temperature difference field with the distribution of
the total released heat flow rate are calculated and shown in
Fig. 5. When the distribution of the total released heat flow
changes, the average temperature of the thermal components
and the uniformity factor of temperature difference field also
have opposite variation tendencies. Obviously, the numerical
results can verify the theoretical analyses above.

1.001

(a)

0.999

—— Q1 =490 W
—— Q1=500 W

*~ 0.997

0.995
0_99 1 1 1
8.15 0.18 0.21 0.24 0.27
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(b)
310.38
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= —_— Q=
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310-30 75 0.18 0.21 0.24 0.27

Q3/(Q—Q1)

Fig. 5. Variations of the average temperature of the thermal compo-
nents weighted by released heat flow rate and the uniformity factor of
temperature difference field with the distribution of the total released
heat flow rate for the one-stream heat exchanger network. (a) Variation
of the uniformity factor of temperature difference field. (b) Variation of
the average temperature of the thermal components.

4. Volume-to-point heat conduction problem

In the thermal management system of spacecrafts, there
are many electronic devices that should be cooled, and the
cooling problem may be simplified to be the volume-to-point

heat conduction problem. As shown in Fig. 6, there is an inter-
nal heat source in the two-dimensional region, and the gener-
ated heat can only be transferred to the environment through a
“point” boundary with temperature Ty on one boundary. In or-
der to decrease the average temperature of the region weighted
by heat flow, a certain amount of high thermal conductivity
material can be inserted in the region. As the amount of the
high thermal conductivity material is fixed, we can find an op-
timal distribution of the limited high thermal conductivity ma-
terial to minimize the average temperature of the heated region

_ fV qLTLdV
fV qLdV

where V is the volume, ¢y, is the local inner heat source, and 77,

(33)

is the local temperature. It can be seen the average temperature
weighted by heat flow equals the volume average temperature
when the inner heat source is distributed uniformly.

.E high
2 heat source conductivity
-_g material
&
I
To
Fig. 6. Volume-to-point heat conduction problem. (!4
The limiting condition of the problem is
K. = / ke.dV = const, (34)
\4
0= /ch |[VTL|dV = const, (35)

where K. is a constant, k. is the local thermal conductivity, and
Q is the total heat transfer rate.

With the entransy theory,”! we can find that the entransy
balance of the system is

Guis = Gin — Gou = /V QL TLdV — ( /V qLdV) T, (36)

where Gyg;s is the entransy dissipation rate, and Gj, and Gy
are the entransy flow rates into and out of the system, respec-
tively. As the temperature 7y and the generated heat in the sys-
tem are fixed, it can be seen that the minimization of Eq. (36)
is equivalent to the entransy dissipation minimization.

In heat conduction, the entransy dissipation rate can be
expressed as!®14]

Gais = / ke (VTL)?aV. (37)
\%4

Therefore, to find the minimum value of Eq. (37) with the lim-
iting condition expressed by Eq. (35), we can set up a function

Fy = Gais + As </ch|VTL|dV—Q>
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_ /V (ke (VILY + Ak [VTLI [ 4V = 250, (38)

where As is the Lagrange multiplier. The optimal distribution
of the thermal conductivity should satisfy

0F, oF;
—— = —— =2k |VTL| + Ask
8(|VTL|) (9/15 c| L|+ S5hc
= /kC\VTL|dV—Q:0. 39)
1%
Therefore, we have®14]
A
VI =~ (40)
Then, with Egs. (34) and (39), we can obtain that
20 20
=— =——. 41
T kdV K. “h)
Obviously, there is
|VTL| = Kg = const. (42)

Y

It can be seen that the temperature gradient field is uniform.
Obviously, the local temperature gradient is the expression
of the temperature difference in the micro-body. From this
point of view, the uniformity principle of temperature differ-
ence field also holds here. As the volume-to-point heat con-
duction problem has been analyzed many times, we do not
give any numerical example here.

5. Radiative heat transfer

The optimization analyses of radiative heat transfer pro-
cesses also widely exist in the thermal management system
of spacecrafts. Assume that there are n thermal components
on a flat plate, and the thermal components release heat flow
into the environment at temperature 7y only through radiative
heat transfer. For the i-th thermal component, the tempera-
ture is T;, the released heat flow rate is Q;, the heat transfer
area is A;, and the thermal emissivity is &;, respectively. In ra-
diative heat transfer, the driving potential is oT4,I51 where o
is the Stefan-Boltzmann constant. Therefore, we can find the
optimal design that leads to the minimum equivalent thermal
potential weighted by released heat flow rate

Yi QUi YL O'Q;Y"l-4

U= = 43
Y0 Y0 5)

where U; is the thermal potential of the i-th thermal compo-

nent.
First, we assume that the limiting condition is

E= Z?:l Ei= Z?:] (giA;) = const. (44)
In this case, we have

Qi =E; (Ui —Up), (45)

where Up is the thermal potential of the environment, which
equals GTO4. So,

U,:%'wo, (46)
and
n (0;/E; + U, n 2 /E.
U= ’:1Q’(,,Q’/ i+0o) _ ’:;Q'/ “+Up.  (47)
i—1 Qi i1 Qi

To find the minimum value of Eq. (47) with the limiting con-
dition expressed by Eq. (44), we can set up a function
Y107 /Ei
i1 Qi
The optimal distribution of E; should satisfy

OFs dFs Q7 1 N o
T T Ml S o _E? +26_Zi:lE,—E_O. (49)

F5s= +Uo+4s (Y. Ei—E), (48)

where Ag is the Lagrange multiplier. Then, we can obtain that

Oi
E=—"—E, 50)
' i1 Qi
X0 _
U; = 5 + Uy = const. (@28

Considering the definition of thermal potential, we can see that
the temperatures and the heat transfer temperature differences
of the thermal components are all the same. Obviously, the
uniformity principle of temperature difference field is also ten-
able here.

Furthermore, we can analyze a case in which the val-
ues of E; are fixed, and the limiting condition is expressed by
Eq. (13). In this case, we can also set up a function

_ YL, Q/E
Q

where A7 is the Lagrange multiplier. The optimal distribution

Fg +Uo+A (Y, 0-0), (52

of the total released heat flow rate should satisfy

JdFg _ JdFs 20

+A4=Y" ,0;—0=0. (53

00, 9 QE
Therefore, we can obtain that
E;
= 54
A (54)
Ui= o7 + Uy = const. (55)
i—1 Ei

In this case, the thermal potentials, the temperatures, and the
heat transfer temperature differences of the thermal compo-
nents are also distributed uniformly. Hence, the uniformity
principle of temperature difference field also holds here.

For the two optimization problems discussed above, it can
be seen that the mathematical expressions are very similar to
those in Section 2, and the variation tendencies of the variables
are also similar to each other. Therefore, we do not present nu-
merical examples for the optimization problems of radiative
heat transfer, either.
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6. Discussion

6.1. Consistence between the uniformity principle of tem-
perature difference field and the entransy theory

From the analyses above, it can be seen that the deriva-
tions are related to the entransy theory. As below, the consis-
tence between the uniformity principle of temperature differ-
ence field and the entransy theory is analyzed and discussed.

In the analyses of one-dimensional two-stream and three-
stream heat exchangers, Song et al.!®! proved that a uniform
temperature difference field would lead to the maximum heat
transfer rate with the prescribed entransy dissipation rate and
the minimum entransy dissipation rate with the prescribed heat
transfer rate, respectively. For two-stream heat exchangers,
Cheng et al.*! proved that

f= (56)

1
VKR’
where K is the thermal conductance, and R is the entransy-
dissipation-based thermal resistance. As the heat transfer units
are fixed, K should be constant. It is very obvious that smaller
entransy-dissipation-based thermal resistance always leads to
larger uniformity factor of temperature difference field. With
the entransy theory, the relationship between the uniformity
factor of temperature difference field and the heat exchanger
effectiveness was obtained!*!

1 —1
X = NTU_lf_2+§(l+C*) , (57)
where ¥ is the heat exchanger effectiveness, and C* is the ratio
of the minimum heat capacity flow rate to the maximum heat
capacity flow rate. With Eq. (57), the uniformity principle of
temperature difference field for two-stream heat exchangers
has been directly proved.

In the analyses from Section 2 to Section 3, it can be seen
that the total heat transfer flow rates are all fixed. According
to the entransy theory, the entransy dissipation minimization
leads to the minimum heat transfer temperature difference.

For the system shown in Fig. 1, the entransy dissipation
rate is

Gas=Y, ,0T— (Y, Q). (58)

As the total released heat flow rate is fixed, it can be seen that
the minimizations of Egs. (3) and (58) are consistent with each
other. For the systems shown in Figs. 4 and 6, the consistence
between the optimization objective and the entransy dissipa-
tion minimization has already been proved.!!*!4] For the ra-
diative heat transfer analyzed in Section 5, the entransy dissi-
pation rate is

Gas=Y, ,QUi— (Y Qi) U,

It is also very clear that the entransy dissipation minimization

(59)

gives the minimum value of Eq. (43). When the optimization

objectives in these systems are obtained, we have shown that
the heat transfer temperature differences are uniform. There-
fore, the uniformity principle of temperature difference field
and the entransy theory are consistent in these systems.

It is clear that the uniformity principle of temperature dif-
ference field works for the application cases in the thermal
management system of spacecrafts in this paper, and a more
uniform temperature difference field leads to better heat trans-
fer. The principle is also very intuitive and phenomenological.
Therefore, in the design of the thermal management system in
spacecrafts, if we find that the temperature difference field is
not uniform, we can intuitively conclude that the heat transfer
is not optimal, and then we can change the relevant parame-
ters to increase the uniformity of the temperature difference
field. Correspondingly, the heat transfer performance of the
system can be improved. Hence, the uniformity principle of
temperature difference field can be very useful in engineering.
Furthermore, as the principle is consistent with the entransy
theory, which profoundly reveals the physical nature of heat
transfer and is widely used in many thermal systems, *~*3! the
entransy theory can work as the physical basis of the princi-
ple and provide the corresponding explanations of the physical
mechanisms.

6.2. Balance of driving potential in heat transfer optimiza-
tion

In nature, flows are driven by the corresponding poten-
tials. For instance, the potentials of fluid flow, electrical cur-
rent, conductive heat transfer, and radiative heat transfer are
pressure, voltage, temperature, and radiative thermal poten-
tial, respectively. In the optimizations of these flows, the dis-
tributions of the corresponding potentials are also adjusted to
achieve the optimization objectives. As below, the uniformity
principle of temperature difference field in heat transfer opti-
mization is discussed from this viewpoint.

From a certain point of view, we can say that a heat trans-
fer system is composed of many subsystems which are located
at different positions of the whole system. With specific con-
straints, the change of the heat transfer process in any subsys-
tem can not only affect the heat transfer performance of the
heat transfer process itself, but also affect the performance of
the whole system. Therefore, the heat transfer optimization
under given constraints and objectives can be treated as a re-
sult of competing and balancing the heat transfer processes of
the subsystems. At the same time, the competition and balance
of the heat transfer processes in the subsystems can obviously
lead to the change of the distribution of the driving potential.
Here, the uniformity principle of temperature difference field
just reflects the equipartition of potential in heat transfer.

In two-stream heat exchangers, if the heat exchanger is di-
vided into many parts along the direction of fluid flow, it can be
seen that the heat transfer processes of the parts are connected
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in series, and the heat flows are transferred into the fluid at
different potentials. In this case, the competing and balancing
of the heat transfer processes lead to a uniform potential dif-
ference field. In the one-stream series-wound heat exchanger
network, the thermal components are also connected in series,
and the results also show that the potential differences are uni-
form.

On the other hand, in the systems analyzed in Sections 2
and 5, the heat flows in each system are transferred into the
same cold boundary, so we can say that the thermal compo-
nents are connected in parallel. In these cases, the equipar-
tition of potential can even give uniform potentials for each
thermal component, and the potentials of the thermal compo-
nents are the same. When the components are connected in
parallel, we can further analyze a case shown in Fig. 7. In
the system, the distribution of the mass flow rate of the stream
to the branches can also be optimized, so we have the third
limiting condition

m= er.l:l m; = const, (60)

where m; is the mass flow rate of the i-th branch.

o3y v |

Fig. 7. A one-stream parallel heat exchanger network. 121!

For the i-th thermal component, there is

Qizcmxn—nm{r—wp<—hm>

cm;
= cm; (T; — Tin) {1 —exp <_ka_IAi)] . (6D

So, we have
T, — Qi +Tin, (62)

cm; [1—exp (—kmlq*lA,'/c)]

. Qi :
Zi=1 Ql (Cmi [1 —exp (_kmqulAi/C)} + ﬂn)
Q

To find the minimum value of Eq. (63) with the limiting con-

T — . (63)

ditions expressed by Egs. (13), (20), and (60), a function can
also be set up

Fr=T+2 (Y Ai—A)+4 (Y 0:—0)
+ho (Y mi—m), (64)

where Ag, A9, and Ao are the Lagrange multipliers. The op-
timal distribution of the mass flow rate, the total heat transfer

area, and the total released heat flow rate should satisfy
8F4_8F4_8F4_%_@_8F4_0 65)
8Qi o aA,' - 8m,- o aﬁ.g - &).9 o 8110 e

Therefore, the optimal distribution of the total released heat

flow rate leads to
i T
0 — = 7}9 + in = const. (66)
cm; [1 —exp (—kmf‘ A,-/c)] 2

Considering Eq. (62), we can see that the temperatures of the
thermal components equal each other. Obviously, the compet-
ing and balancing of the heat transfer processes in the branches
lead to a uniform temperature distribution for the thermal com-
ponents.

In heat transfer optimization, when the constraints, the
objectives, or the analyzed system change, maybe the distri-
bution of potential can show some other characteristics, and
the uniformity principle of temperature difference field may
not hold any more. We should not assume that any theory is
omnipotent and always correct.*8] However, when we pay at-
tention to the distribution of potential with the consideration
of the competing and balancing of the local heat transfer pro-
cesses in the subsystems, the uniformity principle of temper-
ature difference field can be obtained in some cases. This is
still important and interesting. It is advised that we can ana-
lyze the characteristics of the distribution of potential in other
heat transfer optimization problems.

7. Conclusions

In this paper, it is found that the uniformity principle of
temperature difference field holds not only for heat exchanger
optimization, but also for some other heat transfer optimiza-
tion problems in the thermal management system of space-
crafts, including the cooling of thermal components, the op-
timization of a one-stream series-wound heat exchanger net-
work, the volume-to-point heat conduction optimization prob-
lem, and the radiative heat transfer optimization. Numerical
examples are also presented, and the results have verified the
theoretical analyses.

The uniformity principle of temperature difference field is
intuitive and phenomenological, and reflects the characteristic
of the distribution of potential in the heat transfer optimization
cases with specific constraints and design objectives. How-
ever, it is shown that the uniformity principle of temperature
difference field is consistent with the entransy theory. There-
fore, the entransy theory can work as the physical basis of the
principle and provide the corresponding explanations of the
physical mechanisms.
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