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Abstract

A new physical quantity, E, = %thT , has been identified as a basis for optimizing heat transfer processes in terms of the analogy
between heat and electrical conduction. This quantity, which will be referred to as entransy, corresponds to the electric energy stored
in a capacitor. Heat transfer analyses show that the entransy of an object describes its heat transfer ability, as the electrical energy in
a capacitor describes its charge transfer ability. Entransy dissipation occurs during heat transfer processes as a measure of the heat trans-
fer irreversibility. The concepts of entransy and entransy dissipation were used to develop the extremum principle of entransy dissipation
for heat transfer optimization. For a fixed boundary heat flux, the conduction process is optimized when the entransy dissipation is min-
imized, while for a fixed boundary temperature the conduction is optimized when the entransy dissipation is maximized. An equivalent
thermal resistance for multi-dimensional conduction problems is defined based on the entransy dissipation, so that the extremum prin-
ciple of entransy dissipation can be related to the minimum thermal resistance principle to optimize conduction. For examples, the opti-
mum thermal conductivity distribution was obtained based on the extremum principle of entransy dissipation for the volume-to-point
conduction problem. The domain temperature is substantially reduced relative to the uniform conductivity case. Finally, a brief intro-

duction on the application of the extremum principle of entransy dissipation to heat convection is also provided.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Designers are always seeking ways to improve heat
transport techniques in many engineering fields because
they can improve the energy utilization efficiency or reduce
the weight and size of the heat transfer equipment. For
instance, adding high heat conductivity materials to the
basis materials can increase the thermal conduction rate
and increasing the fluid velocity or turbulence intensity
can enhance the convection heat transfer rate. There are
various quantities to describe the heat transfer rate, but
there is no concept of efficiency for transfer processes
because in heat transfer problems the input (for example,
high conductivity materials or fluid velocity) has different
units than the output (increased heat transfer rate or
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reduced temperature difference). As a result, a heat transfer
process can be enhanced, but there is no way to know how
to optimize a heat transfer process.

Heat transfer is an irreversible, non-equilibrium process
from the point of view of thermodynamics. Onsager [1,2]
set up the fundamental equations for non-equilibrium ther-
modynamic processes and derived the principle of the least
dissipation of energy using variational theory. Prigogine [3]
developed the principle of minimum entropy production
based on the idea that the entropy production of a thermal
system at steady-state should be the minimum. The integral
expression for the minimum entropy production principle
can be used to derive the partial differential equations for
heat conduction, mass diffusion, viscous flow, etc. How-
ever, both of these principles do not deal with heat transfer
optimization. Bejan [4,5] developed entropy generation
expressions for heat and fluid flows. He analyzed the least
combined entropy production induced by the heat transfer
and the fluid viscosity as the objective function to optimize
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Nomenclature

A surface area

Ce capacitance

Cy heat capacity (thermal capacitance)
Cy specific heat at constant volume

p specific heat at constant pressure
E, electrical energy

E. electrical energy flow

Ee¢ dissipation rate of electrical energy
Ey entransy

Ey entransy flow

Eng entransy dissipation

Eh¢ dissipation rate of entransy

E,. electrical energy in a capacitor

Eye derivative of E,. with respect to time
Eg, entransy stored in an object

Eun derivative of E;, with respect to time
h convection coeflicient

J functional

k thermal conductivity

M mass

0. electrical charge

Q. =1 celectric charge flow (electric current)
Oh heat
gn heat flux

Ohn heat flow (thermal current)

Ghs heat source intensity

Ove electrical charge in a capacitor
Ovn heat stored in an object (thermal charge)
R. electrical resistance

Ry thermal resistance

t time

T temperature

U, electrical potential

U, = T thermal potential (temperature)
14 volume

Greek symbols

0 thickness, variation

n entransy transfer efficiency

€ convergence criteria

&n entransy density

&n entransy flux

A Lagrange multiplier

0 density

u dynamic viscosity

¢ mechanical energy dissipation function
bn entransy dissipation function

Oe electrical energy dissipation function

the geometry of heat transfer tubes and to find optimized
parameters for heat exchangers and thermal systems. This
type of investigation is called thermodynamic optimization
because its objective is to minimize the total entropy gener-
ation due to flow and thermal resistance. For the volume-
to-point heat conduction problem, Bejan [6,7] developed
a constructal theory network of conducting paths that
determines the optimal distribution of a fixed amount of
high conductivity material in a given volume such that
the overall volume-to-point resistance is minimized. This
article introduces a new physical quantity, entransy, which
can be used to define the efficiencies of heat transfer pro-
cesses and to optimize heat transfer processes. The
entransy corresponds to the electrical potential energy in
a capacitor, and is an indication of both the nature of
“energy” and the heat transfer ability.

2. Analogy between heat and electrical conduction

Experimental studies often used the electric conduction
analogy to heat conduction to solve complex steady-state
or transient heat conduction problems [8] in the 1950s
because computers were not well developed and thermal
experiments were cumbersome. The two systems are analo-
gous because Fourier’s law for heat conduction is analo-
gous to Ohm’s law for electrical circuits. In the analogy,
the heat flow corresponds to the electrical current, the ther-
mal resistance to the electrical resistance, temperature to

electric voltage, and heat capacity to capacitance. The anal-
ogies between the parameters for the two processes are
listed in Table 1 from which shows that the thermal system
lacks the parameter corresponding to the electrical poten-
tial energy of a capacitor.

An appropriate quantity, E,,, can be defined for an
object that corresponds to the electrical energy in a capac-
itor based on the often used analogy between electrical and
thermal systems. The quantity E.,y, is defined as:

Ey, :%thUh :%thT (1)
where Q,;, = Mc,T is the thermal energy or the heat stored
in an object with constant volume which may be referred to
as the thermal charge. Uy, or T represents the thermal po-
tential. The next section further discusses the physical
meaning of this quantity.

3. Entransy

The physical meaning of entransy can be understood by
considering a reversible heating process of an object with
temperature, 7, and specific heat at constant volume, c,.
For a reversible process, the temperature difference
between the object and the heat source and the heat added
are infinitesimal, as shown in Fig. 1. Continuous heating of
the object implies an infinite number of heat sources that
heat the object in turn. The temperature of these heat
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Table 1
Analogies between electrical and thermal parameters
Electrical charge stored in capacitor Electrical current (charge flux) Electrical resistance Capacitance
Qve 1 Re Ce= Qve/ U.
[C] [CI/[s] = [A] Q] (F]
Heat stored in a body Heat flow Thermal resistance Heat capacity
th = Mc, T Qh Rh Ch = QVh/T
[J] [J/s] [s K/J] /K]
Electrical potential Electrical current density Ohm’s law Electrical potential energy in a capacitor
U, e ge = —K- d;:: Ee = %Qe Ue
V] [C/m?s] ]
Thermal potential (temperature) Heat flux density Fourier law

_ : _ Uy ?
Uh =T 4dh qh = =K dn
(K] [J/m?s]
50, total quantity of “potential energy” of heat which can be

Fig. 1. Spheric thermal capacitor.

sources increases infinitesimally with each source giving an
infinitesimal amount of heat to the object. The temperature
represents the potential of the heat because the availability
of the heat differs at different temperatures. Hence the
“potential energy” of the thermal energy increases in paral-
lel with the increasing thermal energy (thermal charge)
when heat is added. When an infinitesimal amount of heat
is added to an object, as with the derivation for the electri-
cal energy in a capacitor, the increment in ‘“‘potential
energy” of the thermal energy can be written as the product
of the thermal charge and the thermal potential (tempera-
ture) differential

dEy, = 0,,dT (2a)

If absolute zero is taken as the zero temperature potential,

then the “potential energy” of the thermal energy in the

object at temperature 7 is
T

Eg = ‘/0 th dr (2b)

The word potential energy is quoted because its unit is J K,

not joules. For a constant specific heat
T 1

En= / Me, TdT = EMch2 (2¢)

0

Hence, like an electric capacitor which stores electric charge

and the resulting electric potential energy, an object can be

regarded as a thermal capacitor which stores heat (thermal

charge) and the resulting thermal “potential energy”.

If the object is put in contact with an infinite number of
heat sinks that have infinitesimally lower temperatures, the

transferred out is% wT. Hence the “potential energy” rep-
resents the heat transfer ability of an object. This concept is
called Entransy because it possesses both the nature of
“energy” and the transfer ability. This has also been
referred to as the heat transport potential capacity in an
earlier paper by the authors [9].

The concept of entransy was derived here in terms of the
analogy between electrical conduction and heat conduction
for the heating of an object. Biot [10] introduced a similar
concept in the 1950s in his derivation of the differential con-
duction equation using the variation method. Eckert and
Drake [11] summarized that Biot’s formulation of a varia-
tional equivalent of the thermal conduction equation from
the ideas of irreversible thermodynamics to define a thermal
potential and a variational invariant. The thermal potential
plays a role analogous to the potential energy, while the var-
iational invariant is related to the concept of dissipation
function. However, Biot did not further expand on the phys-
ical meaning of the thermal potential and its application to
heat transfer optimization was not found later except in
approximate solutions to anisotropic conduction problems.

4. Entransy dissipation and balance equation

The concept of entransy dissipation will again be ana-
lyzed by analogy between electric conduction and heat con-
duction. Fig. 2 shows a typical electrical system with two
capacitors and a resistor. The charge and potential on
capacitor 1 before charging are Q.19 and U,.1¢, While those

Q0> Usero Useto > Upeao

QveZO ’ UveZU

Fig. 2. Schematic of the charging/discharging process between two
capacitors.
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on capacitor 2 are Qyero and Uy, With Q.. representing
the charge on the capacitor, Q. the charge flowing through
the resistor and 7 the current at any time after the switch
has been closed, the charge conservation equation is:

. . d d
I = Qe - Qvel - Qvel - QveZ g;ﬂ (3)

During the discharglng/charglng process, the decrease in
electric energy in capacitor 1 is equal to the increase in elec-
tric energy in capacitor 2 plus the dissipation of electrical
energy in the resistor. So, electrical energy balance gives

dUe dU.
Qvel : + Qve2 ds 2

Egs. (3) and (4) can be solved to determine the electrical
system parameters.
Charges on capacitors 1 and 2

+IPR=0 (4)

Qvel = B* + C*(Uelo - UeZO)e_T/ReC: (Sa)
Over = Bl = Cl(Uerg — Ueng)e™ /e (5b)
Current
. d Ueo — Ue R.CF

1=0.= = (R)e e (50)
Potentials of capacitors 1 and 2

B, C: .
Uea = Cell + Cel (Ueto — Uego)e /R (5d)

B, C -
U = Cei - Cez (Ueto — Ueo)e™"/ReC (5e)
Electric energy dissipation rate
. Ueto — Uex)’ .
Ee¢ _ 12Re — ( el0 R 20) e_Zt/ReCc (Sf)

Rate of electric energy lost by capacitor 1 and received by
capacitor 2

I I Ue - Ue
Ecl = Evcl == ( lOR 20)
B —t/R.C: C. _24/ReCE
X |=te ele € Ue _ Ue e /ReCy,
|:Cel + Cur (Uero 20)
(52)
: : (Ueto — Ue)
Ee = Eve =
2 2 Rc
B, —t/R.C c: —RCE
X |=2e ele _ _—C Ue _ U'e e /ReC3
|:Ce2 Cez ( 10 20)
(5h)
where
C = CeCo B — CCl(Qvel() + QveZO)
¢ Cel + CeZ ’ ! Cel + Ce2 ’
C. . .
B; _ Z(gvel(—)’—ZQveZO)7 Eel = Uella EeZ — U32[7
el e2
I dEvel . dEveZ
EVe = ) Eve - .
T dr ST

Egs. (5b) and (5g) show that the charging time for the
charge on capacitor 2 to increase from Qyeo t0 Oyer

depends not only on the potential of capacitor 1, but also
on its capacitance, that is, the larger the capacitance of
capacitor 1 the shorter the charging time is. Hence, the
charging time of capacitor 2 will decrease as the electric en-
ergy stored in capacitor 1 increases. This implies that the
electric energy describes the ability to charge other capaci-
tors or the ability to transfer charge.

The ratio of the electric energy received by capacitor 2 to
the electric energy delivered by capacitor 1 can be defined
as the electric energy transfer efficiency

Ual I’R IR,

e = = 1 — d = 1 — 5i
e =01 Ual Uel Gi)

which shows that the electric resistance determines the elec-
tric energy transfer efficiency for given 7 and U,,.

Now, consider the thermal system shown in Fig. 3,
which is composed of objects 1 and 2 which have very high
thermal conductivities and thermal capacitances and object
3 which has very low thermal conductivity and thermal
capacitance. Therefore, objects 1 and 2 can be regarded
as thermal capacitor without thermal resistance while
object 3 is a thermal resistor without thermal capacitance.

The thermal charge and potential (temperature) for
thermal capacitors 1 and 2 before they touch are Q0.
Ouhaos Unio = T1o, and Upp = To. Let Qyy, represents the
thermal charge in the capacitor, Oy, the heat going through
the thermal resistor from initial state to the final state, and
th the heat flow through the resistor after the three objects
touch While energy flows from the high temperature
object 1 to the low temperature object 2, conservation of
thermal energy (or thermal charge) gives

Qh — th _ dthl _ dthZ (6)
dt dt dt
a Object 1 Object3  Object 2
U= Ui =T
,
Qo = Cnio ! ks }Q Cyizo = Cralno
g
Cn =M \Cy Che =M,C,
Ry
CnsCia >>Cy Ry = 5/(""3*’4)
o, ky >k, &, A: thickness and surface
area of object 3
b Object 1 Object3  Object 2
P
Uan=1 % U=1
Cua = CulT A % k, Opia = CyaT,
vl = Gty / iz = Cpala
%
Cﬁl Rﬁ C’J’ﬂ

Fig. 3. (a) Thermal system before contact and (b) thermal system after
contact.
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Meanwhile there is also an accompanying flow of entransy
from object 1 to object 2 in this thermal system. However,
entransy, unlike the thermal energy, is not conserved dur-
ing the heat transfer process because of entransy dissipa-
tion in the thermal resistor. Hence, the entransy decrease
of thermal capacitor 1 is equal to the entransy increase of
thermal capacitor 2 plus its dissipation in the thermal
resistor

dT, dT7,
vhi gy + O O

where Qfth is the entransy dissipation rate in a thermal
resistor, which is analogous to the electric energy dissipa-
tion rate in a electric resistor. Eq. (7) is then an entransy
balance equation. The solution of Egs. (6) and (7) gives
the instantaneous parameters of the thermal system. The
thermal energy stored in object 1 and object 2

o + QR =0 (7)

Ouni = By + Ci(Tho — Tap)e ™/ (8a)
Our = By = Cy(Tho — Tag)e /M6 (8b)
Heat flow
o dOy Tho—Txn\ _yr,c:
= — —_— 8
0, = = (T T2 )erume; (59
Temperature (thermal potential) of object 1 and object 2
B} C; .
T, ——hl o ~h (p T Ya~!/RC 8d
' = G + Chl( 10 20)€ h (8d)
By C; .
Ty =224 0 (Tyg — Ty)e /MG (8e)
Cro Cn

Rate of entransy delivered by object 1 and received by
object 2

: : Tio— Ty
Evi = En = %
By —umee: , Ch _2/RyC?
x | be /Ml 4 Zh (7)) — Ty)e 2/ RnCh
|:Ch1 + Cul ( 10 20)
(8f)
. . Tiw—T
Ep = Eypn = 7( IORh 20)
% B_l*ﬁe*t/RhC;‘, _ i(Tlo — Tzo)e*Zt/RhClﬁ
Cha Cha
(8g)

Rate of dissipation of entransy in the thermal resistor (ob-
ject 3)

Eng = QiR (8h)
where
Cr = CniCho . _ Chi1 (Qvhio + Ovioo)
b G+ Cry ! Chi + Cna ’
. Cna(Ounio + Ouiao) : : dOu,
By = B =T10h=T ,
: Chi + Ch2 ro 10 dt

dQVh2

Emy=T,0n=T
h2 20h g

Eqgs. (8b) and (8f) show that the heating time to change the
thermal charge on object 2 from Qyp0 to Oyno depends not
only on the temperature, but also on the heat capacity of
object 1. Hence, the larger entransy stored in object 1 re-
sults in less heating time for object 2. Thus the entransy de-
scribes the ability of an object to transfer heat just as the
electrical energy describes the ability of a capacitor to
transfer charge. Since a certain amount of entransy is dis-
sipated in the thermal resistor, an entransy transfer effi-
ciency can be defined as the ratio of the entransy flow
into object 2 to the entransy flow out of object 1

_ThOn 1 _Rh—Q}Zli 1_Rth
T,On T,0On T,
A smaller thermal resistance in the thermal system for a
given heat flow, Oy, results in a higher entransy transfer

rate.

Therefore, as an irreversible process, heat transfer
through a medium is just like fluid flow through a pipe
where mechanical energy is dissipated due to flow friction
or electricity flow through a conductor where electrical
energy is dissipated due to the electrical resistance. Entransy
is also dissipated due to the thermal resistance when heat is
conducted though a medium. The thermal resistance origi-
nates from the entransy dissipation just as the flow resis-
tance originates from mechanical energy dissipation.

Since the internal thermal resistance of an object in gen-
eral is not negligible, an entransy balance equation for a
continuum can also be derived. For heat conduction with-
out a heat source, the thermal energy conservation equa-
tion is

M 9)

oT
pcva:—le:V-(kVT) (10a)
The entransy balance equation is
or . .
TpcVE:—V-(qT)—Fq-VT (10b)

The left term in Eq. (10b) is the time variation of the en-
transy stored per unit volume. The first term on the right
is the entransy transfer associated with the heat transfer
while the second term on the right is the local rate of
entransy dissipation. The entransy balance equation can
then be rewritten as

dgvh

a = V) = (10c)
where &, is the entransy density, the entransy per unit vol-
ume, and &, is the entransy flux. The last term on the right

side of Eq. (10c) is the entransy dissipation function
$h=—4- VT =k(VT)’ (1)

where k is the thermal conductivity and VT is the temper-
ature gradient. The physical meaning is the dissipation of
entransy per unit time and per unit volume. The entransy
dissipation function resembles the dissipation function for
mechanical energy in fluid flow.
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— dn

=

h2

A 4 &

A

o

Fig. 4. Steady heat conduction.

Consider one-dimensional steady-state heat conduction
in a plate with thickness 6 as shown in Fig. 4 where the
input heat flux is equal to the output heat flux,

gn1 = gn2 = gn (12a)
However, the input entransy flux is not equal to the output
entransy flux due to dissipation during the heat transport.
The entransy balance equation is

5
g T :%sz-F/ ¢ndx (12b)
0

where

J J ) dr ) T, )
| o= [aGrar=an [ ar—auri -1y
0 0 dx T,

Eq. (12b) again shows that the input entransy flux is equal
to the sum of the output entransy flux and the dissipated
entransy per unit time and per unit volume. The entransy
transfer efficiency is then
_En—Ew _En_Ts

n g — =
" En Ey Ty

(13)

which is the same as Eq. (9).

Next consider the transient heat conduction in a contin-
uum. Consider two cubic objects with the same volume,
mass, specific heat and thermal conductivity, as shown in
Fig. 5. Their initial uniform temperatures are 77 and 75
with 77 > T,. When the two objects touch heat will flow
from the high temperature object to the lower temperature

T.E, T,.E,
M,c .k M,c, .k
T T,

Fig. 5. Transient heat conduction.

object. The difference between this case and that shown in
Fig. 3 is that the objects in Fig. 5 have distributed thermal
resistances and heat capacities. The internal resistances of
the two objects induce entransy dissipation during the heat
transfer process. The two objects will come to an equilib-
rium temperature, 73, after a sufficiently long time,

T,+T
ry =0 (14)
2

Before touching, the entransies in the two objects are

1 1
B =350mTi = EMcvrf

) | (15a)
Ew =5 0unT> = EMch§

After touching and equilibrium is achieved, the entransy of
each object is

1 1
Ews = EQM Ty = EMCVT,%
Comparison of Egs. (14), (15a) and (15b) shows that the
total entransy of the system decreases after touching. The

entransy balance equation is then

(15b)

Evn + Evny = 2Ew3 + Eng (16)
where

1
Eng = g Mey(T) = T2)’ (17)

is the dissipated entransy which can also be expressed by
integrating the dissipation function over the volumes

Epp = / / k(VT)dedt+/ / k(VT)Ydvde  (18)
0 48] 0 Vs
The entransy transfer efficiency from the initial state to the

equilibrium state is

g w23 (LT (19)
Em +En Ti+T, 2(Ti+T5)

For both the steady-state and transient cases the entransy
transfer efficiency does not depend on the thermal conduc-
tivity as can be seen from Eqgs. (13) and (19). However, lar-
ger temperature differences between the two objects result
in more dissipation and lower entransy transfer efficiency.
Less time is needed for two objects with higher thermal
conductivities to reach equilibrium when the entransy dis-
sipation per unit time is larger. Hence, the entransy transfer
efficiency between the two objects is not a function of the
thermal conductivity.

5. Extremum principle of entransy dissipation and the
minimum thermal resistance principle

5.1. Extremum principle of entransy dissipation
The concept of transfer efficiency and heat transfer opti-

mization have not developed because the ‘input’ and ‘out-
put’ for heat transfer processes do not have the same
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physical parameters. However, the entransy and entransy
dissipation concepts provide a mechanism for the optimiza-
tion of heat transfer processes.

For simplicity consider the optimization of a steady-
state heat conduction problem. Cheng et al. [12,13] started
from the differential form of the conduction equation to
derive a variational statement of the heat conduction using
the method of weighted residuals. They derived a minimum
entransy dissipation principle for prescribed heat flux
boundary conditions and a maximum entransy dissipation
principle for prescribed temperature boundary conditions
that are referred to as the extremum principle of entransy
dissipation.

The least entransy dissipation principle states that for
the prescribed heat flux boundary conditions, the least
entransy dissipation in the domain leads to the minimum
difference between the two boundary temperatures. The
principle can be expressed as

Ond(AT) =6 / %k(VT)de =0 (20)

where ¢ denotes the variation, AT is the temperature differ-
ence, and Q, is the heat flow. The maximum entransy
dissipation principle states that the largest entransy
dissipation in a domain with a prescribed temperature dif-
ference as the boundary condition leads to the maximum
heat flux. The principle can be expressed as

ATOQ, = 5/ %k(VT)de =0 (21)

v

Unlike the Biot’s variational method, the present method
works directly with the differential equation and boundary
conditions. Furthermore, Biot’s variational principle is a
quasi-variational principle, as Finlayson [14,15] indicated,
which applies only to the approximate solution, not neces-
sarily to the exact solution of heat conduction. He also
showed that the Euler equation developed from the theo-
rem of minimum entropy production reduces to the heat
conduction equation only when k7> = constant.

5.2. Minimum thermal resistance principle

The thermal resistance is defined as the ratio of the tem-
perature difference to the heat flux. This thermal resistance
definition, as well as the electrical resistance definition, is
only valid for one-dimensional problems. The thermal
resistance for multi-dimensional heat transfer problems is
difficult to define, especially with non-isothermal boundary
conditions. However, an equivalent thermal resistance can
be defined for multi-dimensional problems with complex
boundary conditions based on the concept of entransy
dissipation.

Consider one-dimensional electrical conduction, where
the electrical energy dissipation per unit time is

(AU)*
R,

EV3¢ = / ¢ch = IzRe = (223)
4

where AU is the potential difference across the resistance
R.. Thus
Ewy (AU)

. 22b
? Evey (220)

R, =

For a multi-dimensional domain with two iso- or non-iso-
potential boundary conditions, the equivalent electrical
resistance can be defined as
AU)? AU)’
Re = u and Re = u

23
Evcr/) Evcd) ( a)

that is, the equivalent resistance is equal to the potential
difference squared divided by the electrical energy dissipa-
tion, where AU is the mean potential difference. For a mul-
ti-dimensional electrical conduction problem with a given
current, I, the resistance can also be expressed as the elec-
trical energy dissipation divided by the current squared

Eve(,/)
[2
As with electrical conduction, the entransy dissipation

per unit time for one-dimensional heat conduction can be
related to the thermal resistance as

R. = (23b)

. . AT)?
Evh(b = ‘/V(]')th = QﬁRh = % (24&)
where
ATY E
Ry = (E y_ QV}? (24b)
vhe h

where Oy is the heat flow at the boundary. For a multi-

dimensional domain with two iso- or non-isothermal

boundary conditions, the equivalent thermal resistance
can be written as

2 AT\2

Ry, = & or R,= (AT)

Eng Eng

(25a)

where AT is the mean temperature difference. The equiva-
lent thermal resistance is the ratio of the temperature
difference squared over the entransy dissipation. For
multi-dimensional heat conduction problems with specified
heat flux boundary condition, the equivalent thermal resis-
tance can be expressed as

Ry = Lo
O
The physics behind the entransy dissipation extremum

principle can be understood from the relation between

the entransy dissipation and the equivalent thermal resis-
tance. According to Eq. (25b), the minimum entransy dis-
sipation results in the minimum equivalent thermal
resistance when the heat flux is prescribed. The maximum
entransy dissipation corresponds to the minimum equiva-
lent thermal resistance for prescribed boundary tempera-
ture according to Eq. (25a). Thus these two principles

(25b)
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can be combined into the minimum thermal resistance
principle which states that for heat conduction problems
with specified constraints (for instance, a limited amount
of high conducting material in the substrate) the heat con-
duction is maximized or the heat conduction is optimized
(maximum heat flux for a given temperature difference or
the minimum temperature difference for a given heat flux)
if the equivalent thermal resistance for the domain is
minimized.

Therefore, optimization of a heat conduction process
minimizes the equivalent thermal resistance for the con-
straints. The minimum entransy dissipation implies the
minimum thermal resistance for a given boundary heat
flux, while the maximum entransy dissipation implies the
minimum thermal resistance for a given set of boundary
temperatures.

5.3. Application of the entransy dissipation extremum
principle (minimum thermal resistance principle)

5.3.1. Application to heat conduction

The volume-to-point conduction problem seeks to effec-
tively remove heat generated in a volume to a point on its
surface. High conductivity material is embedded in the sub-
strate to improve the thermal conduction. The problem is
to optimize the allocation of a limited amount of high con-
ductivity material so that the generated heat can be most
effectively transported to the point to minimize the temper-
ature rise in the domain. Bejan [6,7] developed the con-
structal theory network of conducting paths to optimize
the high conductivity material allocation so as to minimize
the thermal resistance from the ‘volume’ to the ‘point’. The
material allocation in the volume-to-point conduction
problem can also be optimized using the entransy dissipa-
tion concept.

Consider a square domain (two-dimensional) with a uni-
form heat source g, = 100 W/m3, as shown in Fig. 6.
The boundary has a constant temperature section at
T = 300 K. The heat generated in the domain is conducted
to this small section with the other boundaries adiabatic.
The local conductivity in the domain may vary continu-
ously but the volume-averaged thermal conductivity is kept

«—— 1m

—»

Fig. 6. Volume-to-point conduction problem.

constant at k = 1 W/m K. The objective is to optimize the
conductivity distribution to minimize the domain tempera-
ture. The optimization objective is then the conductivity
distribution in the domain that minimizes the entransy dis-
sipation (gives the lowest average temperature of the
domain). The constraint is that the volume-averaged con-
ductivity is constant, i.e., kadV = const = k- V. This is
a typical functional extremum problem.

The constraint is removed by using the Lagrange multi-
pliers method to construct a functional,

J= /V Bk(VT)2+ik] dv (26)

where 4 is a Lagrange multiplier, which is a constant. By
making the variation of the functional, J, with respect to
the thermal conductivity, k, equal to zero, then

(VT)* =24 (27)

This equation demonstrates that the temperature gradient
in the domain should be uniform to minimize the entransy
dissipation. Using Fourier’s law, Eq. (27) can also be writ-
ten that the ratio of the local heat flux to the local thermal
conductivity should be uniform over the domain to mini-
mize the entransy dissipation.

The numerical procedure for finding the optimum distri-
bution of high conductivity material that satisfies Eq. (27)
is as follows:

(1) initially fill the domain with a uniformly distributed
conductivity,

(2) solve the differential conduction equation to obtain
the temperature field and heat flux field,

(3) calculate the new thermal conductivity distribution
using the following equation:

LG8 Wy e (28)
GG 2)

where ¢ is the heat flux, n the iteration step,

| i]n(xvyvz) | = % fV | qn(xayaz) | dV, and kn(xvyaz) =
% Jy ku(x,3,2)dV =1 W/mk,

(4) return to step (2) to recalculate the temperature and
heat flux fields again until the following converging
criterion is satisfied at each location,

(an(xayaZ) - k,,(x,y,z))/k,,+1(x,y7z) <e (29)

where ¢ is a positive value that is much less than one.

kn-H (X»J/az

The numerically optimized thermal conductivity distri-
bution is illustrated in Fig. 7. The constant temperature
boundary section has two peaks that correspond to the
heat flux peaks at each end. The peak value of the thermal
conductivity is almost 200 times the average value, while in
most of the domain the thermal conductivity is very small,
only several percent of the average thermal conductivity.
The temperature field before optimization (uniform ther-
mal conductivity) is shown in Fig. 8, where the average
temperature is 390.2 K, the highest temperature at the



Z.-Y. Guo et al. | International Journal of Heat and Mass Transfer 50 (2007) 2545-2556 2553

200

100

/11111111

Thermal Conductivity / (W K' m™)

o

Fig. 7. Thermal conductivity distribution after optimization for
W =10cm.
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Fig. 8. Temperature distribution with uniform thermal conductivity
distribution for W= 10 cm.
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upper corner is 407.6 K, and the equivalent thermal resis-
tance R, = Evh¢ / Qﬁ = 0.9 K/W. The temperature gradients
are more uniform after optimization, as shown in Fig. 9,
where the average temperature is reduced from 390.2 K
to 337.8 K and the highest temperature is reduced
from 407.6 K to 372.2 K. The thermal resistance R, =
Evh¢ / Qﬁ = 0.38 K/W, which shows that the thermal resis-
tance is reduced by more than half. When the isothermal
section width is reduced from W =10 cm to 2 cm there is
only one thermal conductivity peak at the patch, as shown
in Fig. 10, with a thermal conductivity of about twice that
of the case with W = 10 cm. The equivalent thermal resis-
tance is increased correspondingly.

For the case when a finite amount of highly conductive
material is embedded in the substrate, the numerical proce-
dure for finding the optimum allocation of high thermal
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Fig. 9. Temperature distribution after optimization for W = 10 cm.
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Fig. 10. Thermal conductivity distribution after optimization for
W=2cm.

conductivity material that approximately satisfies Eq. (23)
is as follows:

(1) The finite amount of high thermal conductivity mate-
rial is divided into N portions

N=n¢ (30)

where ¢ is the substrate porosity and 7 is the number
of elements in the numerical model.

(2) Initially fill the domain with the low thermal conduc-
tivity substrate material.

(3) Solve the differential conduction equation to obtain
the temperature field and heat flux field.
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(4) The original substrate material is replaced by a por-
tion of the high thermal conductivity material where
such replacements maximize the entransy dissipation
reduction.

(5) Return to step (3) to recalculate the temperature and
heat flux field again and to step (4) to replace addi-
tional substrate material by another portion of the
high thermal conductivity material, until all N por-
tions of the high thermal conductivity material are
embedded in the substrate.

Consider the volume-to-point conduction problem with
a uniform heat source ¢ = 1000 W/m3, the substrate
material thermal conductivity, ko, being 1 W/m K and the
thermal conductivity of the additional material, kp, being
400 W/m K, for the geometry shown in Fig. 6. The average
temperature in the domain is 986 K while the highest tem-
perature is 1127.3 K when the high thermal conductivity
material is uniformly distributed. Simulations with three
different mesh sizes were conducted to identify the mesh
size effect. The calculated high conductivity materials dis-
tribution are illustrated in Fig. 11. The results for the ther-
mal resistance R, and the average temperature decrease are
given in Table 2. The average temperature decrease for the
finest mesh is 668.8 K, while the equivalent thermal resis-
tance is R, = 0.0178 K/W. Note that the differences in
the average temperature decrease and the thermal resis-
tance from the medium mesh to the finest mesh are very
small. For comparison, the optimized results (second order
assembly construct) using Bejan’s constructal theory net-
work of conducting paths are illustrated in Fig. 12. The

Fig. 11. (a) Construct using the minimum thermal resistance principle
(number of elements: 20 x 20). Temperature decrease: 642.8 K. (b)
Construct using the minimum thermal resistance principle (number of
elements: 40 x 40). Temperature decrease: 668.7 K. (c) Construct for the
finest mesh using the minimum thermal resistance principle (number of
elements: 60 x 60). Temperature decrease: 668.8 K.

Table 2
Heat transfer results for the optimization of a finite amount of high
thermal conductivity material in a uniform heat source material

Mesh size R, (K/W) Temperature decrease
20 x 20 0.0437 642.8
40 x 40 0.0179 668.7
60 x 60 0.0178 668.8

Fig. 12. Second order assembly construct using Bejan’s constructal
theory. Temperature decrease: 667.6 K.

average temperature decrease is 667.8 K and the equivalent
thermal resistance R, = 0.0189 K/W. Therefore, the aver-
age temperature decrease using the minimum thermal resis-
tance principle based on the entransy dissipation concept
for the finest mesh is slightly better than that predicted
by using Bejan’s secondary order assembly construct.

5.3.2. Application to heat convection

The extremum principle of entransy dissipation can also
be applied to the optimization of heat convection pro-
cesses. Consider heat convection in a straight tube with
prescribed wall temperature and inlet fluid temperature.
The objective is to find the optimal velocity distribution
of the fluid in the tube for a fixed mass flow rate and flow
resistance as constraints.

Meng et al. [16,17] used the maximum entransy dissipa-
tion principle to establish the following Lagrange function
using variation calculus:

J:/ {%k(VT)Z +Cop+A4, (VT — pc,U-VT) +C, V- U}dV
V
(31)

where ¢ is the viscous dissipation function and Cy, 4;, C;
are Lagrange multipliers. C, is required to be constant,
while 4; and C; are functions of U, T and position. The
variation of J with respect to the temperature 7T yields

kV?4, + pe,U - VA4, — kV*T =0 (32)

and

/ {[kVT — (kVA, + pc,UA,)|0T +4,0VT}dS =0 (33)
r
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The variation of J with respect to the velocity U gives

2CouV?U + pc,UVA, +VC; =0 (34)

and

/(2cop +C)U - dS =0 (35)
r

where p is the dynamic viscosity and P is the pressure. Eqs.
(32)—(35) can be combined to give

uV?U — pU - VU — VP + (Cyd\VT + pU - VU) =0

(36)
where C, is a constant related to the given flow resistance
(the given viscous dissipation). This is Euler’s equation,

which the fluid velocity field should satisfy to maximize
the heat transfer and the resulting entransy dissipation in

Fig. 13. Optimum flow field for laminar heat transfer in a circular tube
(Re = 400).

Fig. 14. Transverse flow velocities in the discrete double-inclined ribs
tube.

the tube flow. This equation was originally referred to as
the field synergy equation with the entransy referred to as
the heat transfer potential capacity [16].

Meng et al. [16] solved Eq. (36) numerically for fluid
flow in a straight 20 mm diameter circular tube for fully
developed laminar flow, a uniform wall temperature of
310 K and an average inlet fluid temperature is 300 K. A
typical numerical result (at Re =400 and C4 = —0.01)
for the flow field is plotted in Fig. 13, where multiple lon-
gitudinal vortexes appear in the cross section of the circular
tube. The Nusselt number is 313% higher than for fully
developed laminar heat transfer in a circular tube. This
implies that the heat convection in a tube can be optimized
by generating multiple longitudinal vortices in the flow.
Meng et al. [16,17] then developed a discrete double-
inclined ribs tube and an alternating elliptical axis tube to
produce the multiple longitudinal vortex flow. The numer-
ically predicted flow field in the discrete double-inclined
ribs tube is illustrated in Fig. 14, which is close to the

150 T T T T T T T
o DDIR-tube, Experimental
= DDIR-tube, Numerical °
Circular tube ® ®©
= " 0 2069
S 0-50
G— 100 D 3 0.14 o S, ©° _
a Nu‘=1486(RePr7) [&] . o°°
o3 L) \u. [ ] o
@ %o
o
s .
a
S5 50F -
P4
Nt = V/X)(Rt’*]f})ﬂﬂ)f‘r[ (H(QJM]( Pr, ]m.
1+12.7(f/8)" (Pr, 1) L Pr,
0 1 1 " 1 " 1

0.0 5.0x10° 1.0x10" 1.5x10"

Re

Fig. 15. Experimental and numerical results for the heat transfer and flow
resistance in the discrete double-inclined ribs tube.
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Fig. 16. Heat transfer in an alternating elliptical axis tube.
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theoretically optimum flow field shown in Fig. 13. Both
numerical and experimental results show that the enhanced
tube has much better heat transfer performance than the
smooth tube as shown in Fig. 15. Flow through an
alternating elliptical axis tube also generates a multiple lon-
gitudinal vortex flow pattern, as shown in Fig. 14, which
had dramatically enhanced heat transfer, as shown in
Fig. 16.

6. Concluding remarks

(1) A new physical quantity, entransy, is introduced
based on the analogy between heat conduction and
electric conduction that can be used to optimize heat
transfer processes. Without the concept of entransy
heat transfer processes cannot be easily optimized.
An analysis of the heat transfer from an object shows
that the entransy, which corresponds to the electric
potential energy in a capacitor, possesses the nature
of “energy”. Objects can then be described as thermal
capacitors, which simultaneously store heat and
“thermal potential energy”.

(2) The entransy of an object is a measure of its ability to
transfer heat to other object, just as the electrical
energy of a capacitor is a measure of its ability to
transfer charge. Heat transfer is always accompanied
by entransy transfer. However, while thermal energy
is conserved, entransy is not conserved due to dissipa-
tion. The entransy dissipation concept can then be
used to define an efficiency for heat transfer processes
and to optimize heat transfer processes.

(3) The extremum principle of entransy dissipation,
which is equivalent to the minimum thermal resis-
tance principle for heat conduction optimization, is
derived using the method of weighted residuals.

(4) The entransy dissipation extremum principle or the
minimum thermal resistance principle is applied to
optimize the volume-to-point access thermal conduc-
tion problem. With a fixed volume-averaged conduc-
tivity as the constraint, the optimized thermal
conductivity distribution is obtained that greatly
reduces the equivalent thermal resistance and the
average temperature.

(5) The entransy dissipation extremum principle is also
applied to optimize heat convection of tube flow.
With the mass flow rate and flow resistance as con-
straints, the optimum flow field in the tube is
obtained which markedly maximize the heat transfer
rate in the tube for a given temperature boundary
condition.
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