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In thermal radiation, taking heat flow as an extensive quantity and defining the potential as temperature T or the black-
body emissive power U will lead to two different definitions of radiation entransy flow and the corresponding principles
for thermal radiation optimization. The two definitions of radiation entransy flow and the corresponding optimization prin-
ciples are compared in this paper. When the total heat flow is given, the optimization objectives of the extremum entransy
dissipation principles (EEDPs) developed based on potentials 7 and U correspond to the minimum equivalent temperature
difference and the minimum equivalent blackbody emissive power difference respectively. The physical meaning of the
definition based on potential U is clearer than that based on potential 7', but the latter one can be used for the coupled
heat transfer optimization problem while the former one cannot. The extremum entropy generation principle (EEGP) for
thermal radiation is also derived, which includes the minimum entropy generation principle for thermal radiation. When
the radiation heat flow is prescribed, the EEGP reveals that the minimum entropy generation leads to the minimum equiv-
alent thermodynamic potential difference, which is not the expected objective in heat transfer. Therefore, the minimum
entropy generation is not always appropriate for thermal radiation optimization. Finally, three thermal radiation optimiza-
tion examples are discussed, and the results show that the difference in optimization objective between the EEDPs and the
EEGP leads to the difference between the optimization results. The EEDP based on potential T is more useful in practical

application since its optimization objective is usually consistent with the expected one.
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1. Introduction

Great attention has been paid to the field of heat trans-
fer enhancement under the background of the global energy
shortage.l!! The traditional heat transfer enhancement tech-
niques originated mainly from engineering practices rather
than theories, and the extra costs (such as the power con-
sumption, the heat transfer area, etc.) increase rapidly with
the enhancement of heat transfer.!?! Therefore, the concept
of heat transfer optimization has aroused the interest of re-
searchers and the relevant theories for the optimization are ur-
gently needed.

From the non-equilibrium thermodynamic viewpoint,
Bejan!3! presented the entropy generation minimization to op-
timize heat transfer processes. This principle has been widely
used in heat transfer optimizations.[4‘8] However, when it
was used to analyze balanced counter flow heat exchangers,
the “entropy generation paradox” was noted.*! The heat ex-
changer effectiveness does not always increase with entropy
generation number decreasing.

Based on the energy equation of the convection heat trans-
fer, Guo et al."”) introduced a new viewpoint of the physical
mechanism of heat convection, and found that the essence of
heat convection is heat conduction with an inner heat source.
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With this perspective, they developed the field synergy princi-
ple, which has been well used in various convective heat trans-
fer processes.[10-131

In recent years, Guo et al."¥ introduced the concept of
entransy based on the analogy between heat and electric con-
ductions. For an object with internal energy E and temperature
T, its entransy is

1
G=-ET.

: (M)

Entransy has a nature of “energy”’, which is the potential of the
internal energy, and represents the total ability for the object to
release heat. In any heat transfer process, energy is conserved,
but entransy is always dissipated because of the irreversibility
of heat transfer.!'*!3] The expression of the entransy dissipa-

tion rate per unit volume is!*!

¢ =—q VT =k(VT)?, )

where ¢ is the heat flux, VT the temperature gradient, and k
the thermal conductivity. Guo et al. " also proposed the ex-
tremum entransy dissipation principle (EEDP), which states
that the extremum entransy dissipation corresponds to the op-
timal heat transfer performance when the total heat flow or the
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equivalent temperature difference is prescribed. Furthermore,

the EEDP can be generalized into the minimum equivalent

14,161 The entransy the-

[17-22]

thermal resistance principle (METRP).!
ory has been used in various heat transfer optimizations,
and relevant studies show that the entransy theory is more ap-
propriate for optimizing the heat conduction and convection
than the entropy generation minimization in many cases.[?3-2]
Research also shows that the entransy theory is superior to the
field synergy principle in heat transfer optimization with a pre-
scribed boundary heat flux. [26]

Thermal radiation is another kind of basic heat transfer
process, and its mechanism is intrinsically different from heat
conduction and convection. Some studies were carried out
to develop the entransy theory for thermal radiation. For in-
stance, Wu and Liang!>”! and Wu!?¥! defined the radiation po-
tential as temperature (7'), and utilized the same definition of
entransy flow as that for heat conduction and heat convection.
They developed the radiation entransy theory, and applied it
to the optimization of a radiation system composed of three
infinite parallel-plates. Cheng et al.!*’! found that the con-
cept of “entransy” exists universally in nature. For a system in
which a transfer process occurs and there is only one extensive
quantity, entransy can be described as the product of the exten-
sive quantity and the corresponding intensive quantity, where
the intensive quantity is the potential of the extensive quantity,
and then the entransy theory can be developed. According to
the Stefan—Boltzmann law, the total heat flux from a radia-
tion surface is in direct proportion to the fourth power of the
temperature, so Cheng and Liang[*°! thought that the potential
of thermal radiation is not the temperature, but the blackbody
emissive power,

U=oT?*, (3)

where o is the Stefan—Boltzmann constant. With this consid-
eration, Cheng and Liang[*! defined the entransy flow anew,
developed the radiation entransy theory correspondingly, and
applied it to some radiation optimization problems.

There is no definite conclusion on the entransy theory for
thermal radiation at the moment. In the present paper, the radi-
ation entransy theory under two different entransy flow defini-
tions and the entropy generation optimization principle are an-
alyzed for optimization of the thermal radiation problem. The
differences between the optimization principles are discussed.

2. Optimization principles for thermal radiation
and discussion

2.1. Definitions of entransy flow and the corresponding ex-
tremum entransy dissipation principles (EEDPs)

In heat conduction and heat convection, the entransy flow
is defined as!'¥!

Gr=Q.T, “)

where Q. is the heat flow.

Currently, there are two different definitions of entransy
flow for thermal radiation. The first definition was proposed
by Wu and Liang.[?”) They continued to use the definition of
Eq. (4) for thermal radiation. According to the total net ra-
diation heat flow Q and the equivalent temperature difference
AT for an enclosed radiation heat transfer system composed
of multiple surfaces, they defined the entransy dissipation rate,
Gais—1, as!?’

Gais—1 = QAT. )

It can be seen that the minimum equivalent temperature differ-
ence corresponds to the minimum entransy dissipation rate for
prescribed total net radiation heat flow, while the maximum
total net radiation heat flow corresponds to the maximum en-
transy dissipation rate for prescribed equivalent temperature
difference. This is the EEDP for thermal radiation. Further-
more, they defined the equivalent radiative thermal resistance

Rr as (28]

Rr =AT/Q = Gais_1/0%. (©6)

The EEDP for thermal radiation can be generalized into the
METRP for thermal radiation based on Eq. (6).

The second definition was proposed by Cheng and
Liang.3%1 They considered that the essence of the entransy
flow is the product of the heat flow and the driving poten-
tial. In heat conduction and convection, the driving potential is
temperature. However, the driving potential of the thermal ra-
diation is the blackbody emissive power. Hence, the entransy
flow was redefined as!*’!

Gy = QU. (N

For an enclosure composed of multiple diffuse grey surfaces
as shown in Fig. 1, the total net radiation heat flow 0 and the
equivalent blackbody emissive power difference AU are de-

fined respectively as!>!

Q = Z Qnetfin = Z Qnetfouta (8)
AU =Y (Onetin)iUi/ O+ Y (Onet—ow) jU;/ Q. (9)

i J
where the subscript i and j are the indexes of surfaces that ab-
sorb heat flow Qnet_in from the system and release heat flow
Ohnet—out to the system respectively. The radiation entransy dis-

sipation rate, Gis_u, isPY

Gais—u = QAU. (10)

Then the EEDP for thermal radiation based on Eq. (7) was ob-
tained, which states that the minimum equivalent blackbody
emissive power difference corresponds to the minimum en-
transy dissipation rate for prescribed total net radiation heat
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flow, while the maximum total net radiation heat flow cor-
responds to the maximum entransy dissipation rate for pre-
scribed equivalent blackbody emissive power difference. Sim-
ilarly, they defined the equivalent radiative thermal resistance

Ry asl?0!

Ry =AU/Q = Gais_v/Q* (11)

Based on Eq. (11), this new EEDP for thermal radiation can
also be generalized into the corresponding METRP for ther-
mal radiation.

Fig. 1. An enclosed radiation heat transfer system. 3]

2.2. Comparison between the two entransy flow definitions
for thermal radiation

The basic difference between the two definitions is the ra-
diation potential. One is the temperature T, and the other is the
blackbody emissive power U.

For the physical mechanism, heat conduction is due to the
collisions and diffusion in gases and liquids, or the vibra-
tions of the lattices in solids, and heat convection involves
the combined effects of conduction and fluid motion.*!) The
heat fluxes of heat conduction and convection are linearly re-
lated to the temperature difference in most cases. However,
thermal radiation is due to the electromagnetic radiation. Ac-
cording to the Stefan—Boltzmann law, the radiation heat flux is
linearly related to the difference of the fourth power of temper-
ature, but not to the temperature difference. Thus, in essence,
the physical meaning is clear when U is defined as the radi-
ation potential. However, the units of the radiation entransy
flow and the entransy dissipation rate both are W2/m? in such
a case, while those for heat conduction, and heat convection
processes both are W-K. Therefore, the optimization principle
expressed in Eq. (10) cannot be applied to the coupled prob-
lem which involves thermal radiation, heat conduction as well
as heat convection because of their unit inconsistency, i.e., di-
mension inconsistency. If the definition of Eq. (4) is adopted,
the dimensions of entransy flow and entransy dissipation for
thermal radiation, heat conduction, and heat convection will
be the same, so that the coupled problem can be analyzed.

In addition, when the radiation potential is defined as U,
we can obtain the minimum principle of entransy loss for ther-
mal radiation by derivation,?%! which means that the realistic

radiation heat transport makes the radiation entransy loss mini-
mized. However, the same conclusion cannot be obtained with
T defined as the potential. This also illustrates that there will
be more abundant physical connation when U is defined as the
radiation potential.

The optimization objectives of the two potential defini-
tions are different, which can be seen from the comparison of
the EEDPs for thermal radiation under different entransy flow
definitions for prescribed total net radiation heat flow. The
minimum entransy dissipation based on 7' corresponds to the
minimum equivalent temperature difference, while the mini-
mum entransy dissipation based on U corresponds to the min-
imum equivalent blackbody emissive power difference. The
optimization results of the two principles are the same if the
variation tendencies for the equivalent temperature difference
and the blackbody emissive power difference are the same.
Alternatively, the optimization results are different from each
other if the variation tendencies are not the same.

Finally, the equivalent radiative thermal resistance de-
fined in Eq. (11) has the same dimension as the radiative ther-
mal resistance in a general sense, but the equivalent radiative
thermal resistance defined in Eq. (6) does not.

Overall, the physical meaning of the entransy flow defi-
nition based on U is clearer than that based on 7. However,
the entransy flow definition based on T is considered to be
more useful in practical applications, because it can be used
for optimizing coupled heat transfer problems, and the mini-
mum equivalent temperature difference is usually the expected
optimization objective for prescribed heat flow, which is con-
sistent with the objective of the EEDP based on 7.

2.3. Extremum entropy generation principle (EEGP) for
thermal radiation

Entropy generation is a measure for the irreversibility of
physical processes, and it is widely applied to heat transfer
optimization.*! We briefly discuss the entropy generation of
surface radiation heat exchange in this subsection.

The energy balance equation of surface j in Fig. 1 is?%]

Onetj ZQj—ZQiBij, (12)
i=1

where Q ; 1s the rate of emitted thermal energy from surface j,
Qnet,j the net heat flow leaving from the surface, B;; the ab-
sorption factor which is the fraction of total heat absorbed by
surface j from the emitted energy of surface i though direct
incidence and various paths of reflection. The energy balance

requires!??!

n
Bij=1. (13)
j=1
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Dividing Eq. (12) by T}, the temperature of surface j, re-
sults in

n
Oner—i/Tj = 0;/Tj — Y QiBi;/T;. (14)
i=1
Equation (14) can be changed into
n
Ones/T; = 03/ | Y 0(1/7,-1/1)
i=1
L .
+ZQiBij/Ti}. (15)
i=1
Summing Eq. (15) over all the surfaces gives

Y Owe i/ T; = Y. 0,/7,— ¥ [ 0:8,(1/T, ~1/T)
j=1 J=1 1

j=1 Li=
+ZQ’,-Bi,~/Ti}. (16)
i=1

According to Eq. (13), equation (16) can be simplified into

n

Y Y oB;(1/T;,—1/Ty), (A7)

j=li=1

n
- Z Qnet—j/Tj =
j=1

where the left term is the total net entropy flow out of all the
surfaces, and the right term is the total entropy generation rate
due to the irreversible heat transfer in the enclosure. So equa-
tion (17) is the entropy balance equation for the radiation heat
transfer in the enclosure.

Denoting the total entropy generation rate by Seen, we
have

n n
Sgen:ZZQiBij(l/ijl/Ti) (18)
j=li=1
The total net radiation heat flow Q is the same as that in Eq. (8),
and the equivalent thermodynamic potential difference AP is
defined as

AP = — Z(Qnetin)i/Ti‘f'Z(Qne[()ut)j/Tj] /Q (19)
J

i
Combining Egs. (17)—(19) leads to
Sgen = QAP (20)

It can be seen that the minimum equivalent thermodynamic
potential difference corresponds to the minimum radiation en-
tropy generation rate when the total net radiation heat flow
is prescribed, while the maximum total net radiation heat flow
corresponds to the maximum entropy generation rate when the
equivalent thermodynamic potential difference is prescribed.
This is the extremum entropy generation principle (EEGP) for
thermal radiation.

The EEGP for thermal radiation includes the minimum
entropy generation principle for thermal radiation and it also

illustrates the physical essence of the entropy-generation-
based optimization, that is, the minimum entropy generation
corresponds to the minimum equivalent thermodynamic po-
tential difference when the total net radiation heat flow is
given.

The objectives of the two different EEDPs are the min-
imum equivalent temperature difference and the minimum
equivalent blackbody emissive power difference respectively
when the total net radiation heat flow is given. Hence, the
objectives of the entropy-generation-based optimization and
the entransy-dissipation-based optimization under two differ-
ent entransy flow definitions are not the same, and the opti-
mization results of the EEDPs and the EEGP may be different.
This problem will be discussed and analyzed in the next sec-
tion.

3. Examples of the thermal radiation optimiza-
tion

3.1. Thermal radiation system composed of three infinite
parallel-plates

Now we come to consider a steady thermal radiation sys-
tem composed of three infinite parallel-plates as shown in
Fig. 2, where plate 3 has a higher thermal potential, and plate
1 and plate 2 each have a lower potential. Heat radiates from
plate 3, and finally transports into the environment through
plate 1 and plate 2. The temperatures of plate 1 and plate 2,
T; and T, the emissivity of plate 3, €3, and the environmental
temperature, 7p, are given. In order to enhance the heat trans-
fer, a certain quantity of the high emissivity material is to be
coated on plate 1 and plate 2, and the limiting condition is that
the sum of the emissivities of plate 1 and plate 2 is constant,
that is, € + & = C. The objective of this problem is to find
the optimal distribution of the emissivity between plate 1 and
plate 2 which can lead to the best heat transfer performance.
This problem has been considered in Refs. [27] and [30]. In
the present report, the EEGP is also applied to the optimiz-
ing process, and the optimization results of the EEDPs and the

EEGP are compared.
2 3 1
Ty 9432 qs2 q31 q31 Ty
U{] U(]

Fig. 2. Thermal radiation system composed of three infinite parallel-
plates. 3]

Assume that ¢ is the total heat flux that is released from
plate 3, and ¢3; and ¢3; are the heat fluxes from plate 3 to plate
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1 and plate 2, respectively. According to the theory of thermal
radiation and the energy conservation, there are

6731:(U3—U1)/(1/83+1/81—1), 21D
Q32=(U3—U2)/(1/83+1/82—1), 22)
4 =431 t432, (23)

where U; is the blackbody emissive power of plate i and ¢&; is
the emissivity of plate i. Then the entransy dissipation rates
per unit area under two different entransy flow definitions and
the entropy generation rate per unit area can be calculated by

gdis-1 = 4(T1 — T), (24)
gais-u = q(U1 — Uy), (25)
SgenZQ(l/To_l/Tl)a (26)

where 7; is the temperature of plate i .

In the first case, it is considered that the net radiation
heat flux is prescribed. Let g = 12 kW/m?, T; = 680 K,
T, =400 K, Ty = 300K, &5 = 0.4, and & + & = 1. The varia-
tions of the equivalent temperature difference (AT), the black-
body emissive power difference (AU), the thermodynamic po-
tential difference (AP), the entransy dissipation rates per unit
area (ggis—1 and g4is—y ) under two definitions, and the entropy
generation rate per unit area (Sgen) With the emissivity of plate
1 (&1) are obtained and shown in Fig. 3. It can be seen that
8dis—r and AT are minimized simultaneously when & = 0.35,
and gqis—y and AU are also minimized simultaneously. The
results illustrate that the minimum entransy dissipation princi-
ples based on the two different entransy flow definitions both
can be applied to the optimization of this system. Moreover,
Sgen and AP also reach their minimum values at the same €1,
so the minimum entropy generation principle can also be used
for optimizing this case.

g’dis‘T/QXlOs W-K-m~2
AP/8x10-5 K1

AT/(QO K)v 'égcn/w'rﬂ‘z'Kgl

AU/9X102 W~m‘2, g’ding/lo7 W2~m"1,

Fig. 3. (color online) Variations of AT, AU, AP between plate 3 and the
environment, and ggis—7, &dis—U» Sgen With €1.

Another case is with a prescribed temperature condition
in which 73 = 850 K, Tp = 300 K, 71 = 680 K, T, = 400 K,

€3 = 0.4, C = 1. The relevant parameters are calculated,

and the results are shown in Fig. 4. It can be seen that
8dis—T» &dis—U» and Sgen are maximized simultaneously when
€1 = 0.36, and the radiation heat flux released from plate 3
reaches its maximum value at the same time. Therefore, when
the boundary temperatures are prescribed, the maximum en-
transy dissipation principles based on the two definitions and
the maximum entropy generation principle both can be used to

optimize this system.

= ow . . . . 14

X

. m 1‘

o 3
é ~ 412

X | ~

|

e = {11 =
Lt :
2 F {10 E
-~ 2 5
L3 19
s - = - Jdis—T t.

S 16 L L L L A7
= 0 0.2 0.4 0.6 0.8 1.0

& €1
&

Fig. 4. (color online) The variations of ¢ and gqis—7, &dis—v» Sgen With
€.

For the system shown in Fig. 2, the optimization results
based on the EEDPs and EEGP are the same because AT, AU,
and AP always have the same variation tendencies. Hence,
the objectives of the minimum AT, AU, and AP become the
same when the heat transfer rate is given. When the bound-
ary temperatures are given, AT, AU, and AP are fixed too, the
optimization objectives of these theories are all the maximum

heat transfer rate.

3.2. Thermal radiation within a two-dimensional triangu-
lar enclosure

Figure 5 shows, the radiation heat exchange in an enclo-
sure composed of three surfaces which are diffusive and gray.
The depth of the enclosure in the direction normal to the paper
is L, and the lengths of the three sides are /1, /5, and /3, respec-
tively. Assume that L > [y, I, I3, and the end effects on the
heat transfer can be neglected. Surface 1 and surface 2 each
has a higher thermal potential, and release heat fluxes ¢; and
¢» respectively. Surface 3 has a lower thermal potential, and
absorbs the heat from the other surfaces. The temperature and
the emissivity of surface 3, 73 and &3, are given. Similarly,
the limiting condition is that the sum of the emissivities of the
surface 1 and surface 2 is constant, that is, € + & = C. The
objective of this problem is to find out the optimal distribu-
tion of the emissivity between surface 1 and surface 2, which

corresponds to the optimal heat transfer performance.
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surface 1

P33 P,

surface 2

Fig. 5. Sketch of the enclosed thermal radiation system composed of
three surfaces.

For the above radiation heat transfer process, the total net

radiation heat flow of the system is

On=qg1liL+g25L. 27)

The entransy dissipation rates under the two entransy flow def-

initions and the entropy generation rate can be calculated by

Gais_1 = G111 LT} + 2L LTy — On T3, (28)
Gais—u = ¢1l1LUy + ¢21bLU> — OpUs, (29)
Seen = On/Ts — 1l1L/ Ty — oo L/ T, (30)

where T7; is the temperature of surface i, and U; is the black-
body emissive power of surface i.

Letl; =0.02m, [, =0.10m, I3 =0.09 m, L=1 m,
g1 = 12 kW/m?, ¢ = 8 kW/m?, T3 = 300 K, &3 = 0.3, and
C = 1. According to the radiation network method and the
above formulas, the variations of AT, AU, AP, Ggis—7, Gdis—u»
and Sgen with €; are obtained and shown in Fig. 6. It can
be seen that AT and Ggis_r have the same variation tenden-
cies, and AT and Ggjs_7 are minimized simultaneously when
£1 = 0.36. AU and Ggjs,_y have the same variation tenden-
cies, and AU and Ggjs_y are minimized simultaneously when
€1 =0.40. AP and Sgen have the same variation tendencies,
and AP and Sgen are also minimized simultaneously when
€1 =0.32.

20

z 7
s .
X 5
K [e=}

2% 124 =
>~ X

R 5
£ T -
-0 -2 8 T
v o =
g M

=g ! g
< ~ 5]
S K .
%z < 0 . . . . 90
a 0 0.2 0.4 0.6 0.8 1.0

5 “

Fig. 6. (color online) Variations of AT, AU, AP, and Ggis_7, Gais—u»
Sgen With £1.

Since the optimization results from the numerical method
based on the EEDPs and EEGP are close to each other, the-

oretical analysis is carried out to verify the numerical results.

In this problem, 77 and 7, each are a function of €, and U is
a function of T as shown in Eq. (3). Therefore, the first order
derivatives of Egs. (28)—(30) with respect to € are

Guis_r(€1) = iliLT{(€1) + g2 LT; (£1), (3D
Glis_y(&1) = 46411 LT; (&)T{ (&)
+46¢2LLT5 (e1)T5 (&1), 32)
. T/(&1) T)(&1)
Sten(81) = @i +dohL>—. (33
gen( 1) q1h T12(81) q2t2 T22(£l) (33)

Assume that Ggis_ reaches its minimum value when

€1 = €&, at this point there must be
Gais—r = @il LT (&) + 421 LT3(€) = 0. (34)

If the optimization results of the EEDPs and EEGP are the

/

same, Géist and S‘gen should also be equal to zero when
€1 = €. Hence, combining with Eq. (34), the following equa-

tions should be satisfied
Glis_u(€) = 40qi L LT{(e)[T7 (€) — T5 (€)] =0, (35)

Seen(€) = q1LLT{ () [lel(g) - T;(S)} =0. (36)
From the thermal radiation theory, it can be found that 77 (g;)
always decreases with €| increasing under the prescribed heat
flow condition. So we have T/(g) < 0. Then, equations (35)
and (36) lead to T;(€) = T»(g). However, Ti(€) = Tr(€) and
equaltion (34) cannot be satisfied at the same time for most
cases. In the present case, equation (34) can be satisfied when
€ = 0.36, and the corresponding temperatures 77 and 7T are
1050.4 K and 933.0 K respectively, i.e., T} = 1050.4 K and
T, =933.0 K. It means that the optimization result from the
EEDP based on potential T is different from the results from
the EEDP based on potential U and the EEGP.
Furthermore, assume that Ggis_y reaches its minimum

value when €| = &, at this point there must be
Glis_u(€0) = 4411 LT} (€0) T (£0)
+@bLT; (80)T3(80) =0. (37

If the optimization results from the EEDP are based on the def-

inition of potential U, the following equation must be satisfied

1 T} (&)
TP (g0) T5(e0)
Since T} (€y) < 0, equation (38) leads to 7} (&) = T>(&). How-
ever, Ti (&) = T» (&) and equation (37) cannot always be satis-

Sgen(€0) = 4111 LT} (&) {

} =0. (3%)

fied simultaneously for most cases, either. In the present case,
equation (37) can be satisfied when & = 0.40, while the cor-
responding temperatures 71 and 7> are 1037.5 K and 937.5 K
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respectively, i.e., 71 = 1037.5 K and 7> = 937.5 K. It means
that the optimization results from the EEDP based on potential
U and the EEGP are not the same.

From the above analysis, the optimization results from
the EEDPs and the EEGP for this problem are different. This
is because the optimization objectives of these principles are

inconsistent.

3.3. Thermal radiation system composed of four infinite

parallel-plates

Shown in Fig. 7 is another case in which the thermal radi-
ation system is composed of four infinite parallel-plates. Plate
1 and plate 2 each have a higher potential, and the plates on
both sides each have a lower potential. Heat fluxes are released
from plate 1 and plate 2, and finally absorbed by the outside
plates of blackbody. The quantity of the high emissivity ma-
terial coated on plate 1 and plate 2 is limited, so the limiting
condition is that the sum of emissivities of plate 1 and plate
2 is constant, i.e., £ + & = C. The optimization objective is
to find out the optimal emissivity distribution between plate 1

and plate 2 which leads to the best heat transfer performance.

1 2
U, U,
Uo1 Uo2
T] TQ
TO 1 TO 2
q1 q2

Fig. 7. Thermal radiation system composed of four infinite parallel-
plates.3%!

Assume that the heat fluxes released from plate 1 and
plate 2 are ¢; and ¢, respectively. Based on the thermal radi-
ation theory, the heat transfer equations of the above problem

are30]

(Ui —Uon)+ (U —U)/(1/e1+1/ea=1) =¢q1, (39)
&2 —Up)+(U2—U1)/(1/e1+1/ea—1) =¢2, (40)

where U; and U, are the blackbody emissive powers of plate 1
and plate 2, Uy and Uy, are the blackbody emissive powers of
the outside plates, respectively. The entransy dissipation rates
per unit area under two different entransy flow definitions and
the entropy generation rate per unit area can be calculated by
8ais—1 = €1(U1 —Un )(Th — Tor) + (({1/;%1(/22_?)
+& (U2 — Un) (T2 — Ton), (41)
(U1 - Ua)?
l/eg+1/e—1

gais-v = €(U1—Up)*+

+ & (U — Up)?, (42)

Sgen = €1(U1 —Un)(1/To1 —1/T1)
(U —0:)(1/T> —1/Th)
l/eg+1/e—1
+82(U2 —U()Q)(l/Tog— l/Tz). 43)

Let Ty1 =300 K, Tp, =200 K, ¢ = 80 W/m?, ¢, = 100 W/m?,
and C = 1. The variations of AT, AU, AP, g4is_T, £dis—U, and
Sgen With €1 are shown in Fig. 8. It can be seen that AT and
g4is—r are minimized (AT = 70.71 K) when €; = 0.81, while
AU and ggis—y are minimized (AU = 274.28 W/mz) when
€1 =0.24. AP and $g, are minimized simultaneously when
€1 = 0.89. Therefore, when the EEDPs under the two different
entransy flow definitions and the EEGP are used to optimize
this problem, the three optimization results are totally different
from each other, which results from the different objectives of
these principles.
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Fig. 8. (color online) Variations of AT, AU, AP, and ggis 7, 8dis—U> Sgen
with €.

Figure 8 also shows that there are two extremum points if
the EEDP based on potential 7 is applied, while there is only
one extremum point with the EEDP based on potential U ap-
plied. For a complex optimization problem, it might be hard
to find the global optimal result because the numerical results
may be not globally optimal, but are locally optimal points
when some numerical optimization methods are used.

For a practical heat transfer problem, whether a princi-
ple can be used for optimizing an objective is mainly deter-
mined by whether the optimization objective of the principle
is consistent with the expected one. For the case with pre-
scribed heat flow, the expected objective is usually the mini-
mum temperature difference for the heat conduction and heat
convection problem, so the EEDP is effective to be used in this
case. For a thermal radiation problem, owing to the fact that
the optimizing objectives of the EEDPs under two different
definitions are not the same, the EEDP based on potential U
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is expected to be used if the anticipated objective is the min-
imum equivalent blackbody emissive power difference, while
the EEDP based on potential T is expected to be used if the
anticipated objective is the minimum equivalent temperature
difference. However, the EEDP based on potential 7 would
always be more recommendable than the other one in general
application, since the expected objective is usually the mini-
mum equivalent temperature difference. Moreover, when the
heat flow is prescribed, the EEGP usually is not suitable to the
optimization of the radiation heat transfer because the objec-
tive of the entropy optimization principle is always different

from the expected one.

4. Conclusions

The two definitions of the radiation entransy flow and the
corresponding optimization principles are compared, and the
applications of the entransy dissipation and the entropy gen-
eration to the thermal radiation optimization are analyzed and
discussed with specific examples. The major findings are sum-
marized below.

(i) When the radiation potential is defined as the black-
body emissive power U, the physical meaning of entransy flow
definition is clearer than the potential definition of temperature
T. However, the latter one can be used to optimize the coupled
heat transfer problem while the former one cannot. The objec-
tives of the EEDPs for thermal radiation developed based on
potentials 7 and U are different when the radiation heat flow is
prescribed, which correspond to the minimum equivalent tem-
perature difference and the minimum equivalent blackbody
emissive power difference, respectively.

(ii) The EEGP for thermal radiation is derived. The EEGP
includes the minimum entropy generation principle for ther-
mal radiation and illustrates the essence of the minimum en-
tropy generation principle, that is, the minimum entropy gen-
eration leads to the minimum equivalent thermodynamic po-
tential difference with prescribed heat flow. The result re-
veals that the minimum entropy generation principle may not
be suitable for the optimization of the thermal radiation, and
clarifies the physical mechanism of the fact that the thermody-
namic optimization method is not always appropriate for the

heat transfer optimization.

(iii) The optimization results of the EEDPs under two dif-
ferent entransy flow definitions and EEGP could be different
because the optimization objectives of these principles are dif-
For the cases with prescribed heat flow, the EEDP

based on potential 7 would be more recommendable in the

ferent.

practical optimization, since its objective, i.e. the minimum
equivalent temperature difference, is usually consistent with
the expected one.
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