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This paper is aiming at numerically demonstrating the interrelationship and consistency between field
synergy principle (FSP) via the field synergy number (Fc) and the entransy dissipation extremum princi-
ple (EDEP). Numerical simulation is conducted by using the FLUENT software and the user defined func-
tion programs (UDF) for fin-and-tube surfaces (plain plate and slotted fins) and composite porous
materials. The thermal boundary conditions include given heat flux and given surface temperature.
The flow includes laminar and turbulent. The air properties may be constant or vary with temperature.
Based on the numerical data the analyzed results from the FSP via Fc are totally consistent with the
results analyzed by the EDEP for all the cases studied. Such consistency between the FSP and the entransy
theory can be regarded as a kind of demonstration of the reliability and correctness of both the FSP and
the entransy theory.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

The efficient utilization of energy is an important subject of
researchers around the world. In all the process of natural energy
utilization, about 80% involves thermal energy transmission. So,
the efficiency of the thermal energy transmission plays an impor-
tant role in determining the efficiency of the energy utilization.

In past decades, many enhancement technologies and physical
mechanisms for improving heat transfer performance have been
proposed and applied, such as constructing fin and ribs, imposing
mechanical vibration, appending electromagnetic field, developing
secondary flow and increasing turbulence intensity. However, as
indicated in [1] there was lack of general theoretical analysis and
guidance in the enhancing heat transfer process up to the end of
last century.

In 1998, based on the energy equation of convective heat trans-
fer, Guo et al. [2–5] proposed field synergy principle (FSP) for
revealing the basic mechanism of enhancing convective heat trans-
fer. For the reader’s convenience, the major analysis processes of
[2–5] are described as follows. For two-dimensional laminar
boundary layer, the energy equation of convective heat transfer
can be shown as
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Integrating Eq. (1) along the thermal boundary thickness and
noting that at the outer boundary the fluid temperature gradient
equals zero, yields:Z dt
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where dt is the thermal boundary layer thickness. Noting that
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Following equation can be obtained:Z dt

0
qcpðU � rTÞdy ¼ �k

@T
@y

����
w

ð4Þ

Through non-dimensional treatment, Eq. (4) can be trans-
formed into

Nux ¼ RexPr
Z 1

0
ðU � rTÞdy ¼ RexPr

Z 1

0
ðjUj � jrTj � cos hÞdy ð5Þ

where U ¼ U=U1, rT ¼ rT=½ðT1 � TwÞ=dt �, y ¼ y=d, T1 > Tw, and h
is the angle between velocity vector and temperature gradient
(synergy angle).

Eqs. (4) or (5) is the math expression of the field synergy prin-
ciple (FSP) which indicates that the intensity of heat transfer
depends not only on the temperature difference between flow fluid
and solid wall, flow velocity, but also on the intersection angle
between velocity vector and fluid temperature gradient. There
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Nomenclature

Th temperature of hot porous plate (K)
Tc temperature of cold porous plate (K)
Vw fluid velocity perpendicular to porous plate (m�s�1)
Re Reynolds number
Pr Prandtl number
Nu Nusselt number
q density (kg�m�3)
cp specific heat (J�kg�1�K�1)
T temperature (K)
u fluid velocity in the x direction (m�s�1)
v fluid velocity in the y direction (m�s�1)
d thickness (m)
dt thermal boundary layer thickness (m)
R channel radius (m)
U velocity vector (m�s�1)
U dimensionless velocity vector
T dimensionless temperature
y dimensionless direction vector y
h field synergy angle (�)
Uh heat flux (W)
V volume (m3)
Fc field synergy number
k conduction coefficient (W�m�1�K�1)
S surface area (m2)
a thermal diffusion coefficient (m2�s�1)
at thermal diffusion coefficient of the turbulence (m2�s�1)
Q heat transfer rate (W)
h heat transfer coefficient (W�m�2�K�1)
D characteristic quantity (m)
D dimensionless characteristic quantity
V dimensionless volume
q dimensionless density
cp dimensionless specific heat
l characteristic length (m)
m kinematic viscosity (m2�s�1)

g dynamic viscosity (kg�m�1�s�1)
q heat flux density (W�m�2)
St Stanton number
E entransy (W�K)
DE entransy dissipation (W�K)
DTm heat transfer temperature difference (K)
De entransy flux dissipation (W�K�m�2)
RE equivalent weighted thermal resistance (K�m2�W�1)
A area (m2)
m mass flux (kg�s�1)
d mean cell size of the tetrakaidecahedron unit (m)
Ls length of column framework in the tetrakaidecahedron

unit (m)
ds diameter of column framework in the tetrakaidecahe-

dron unit (m)
e porosity
Dp pressure drop (Pa)

Subscript
w wall
x direction of vector x
1 far-field region
a air
m mean value
E entransy
p per
tr heat transfer
in inlet of calculation area
out outlet of calculation area

Superscript
he heat exchanger
pm porous material
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are three scalars in the above equations: velocity absolute value,
absolute value of temperature gradient and cosine of the angle
between them. If three values are simultaneously large, the heat
transfer process could be greatly strengthened.

Zhao and Song [6] conducted independently an experimental
study where fluid velocity direction coincided with heat flux and
obtained results of Nu proportional to RePr. This is the demonstra-
tion of the best synergy situation. In [7] it was demonstrated by
numerical examples that the existing heat transfer enhancement
mechanisms can be unified by FSP. Ma et al. [8] provided experi-
mental results that when fluid flow velocity is normal to fluid tem-
perature gradient flow velocity is nothing to do with heat transfer,
and that is the worst situation of synergy. A great number of stud-
ies have been published to show the feasibility of FSP [9–13] or the
applicability of FSP in guiding the design of enhanced structures
[14–23].

In 2007 Guo and his co-workers [24] presented a new concept
called entransy whose physical meaning is the ability of a body
to transfer its internal energy to the environment. Due to the ther-
mal resistance, this ability is reduced in the heat transfer process.
In other words, the entransy is dissipated while thermal energy
is conserved in the heat transfer process. Guo et al. [24] further
proposed the entransy dissipation extremum principle (EDEP).
There are the minimum entransy dissipation principle (MinEDP)
and the maximum entransy dissipation principle (MaxEDP) in
the EDEP. The MinEDP means that the temperature difference is
the minimum when the entransy dissipation is the minimum in
the given wall heat flux condition. The MaxEDP means that the
heat flux is the maximum when the entransy dissipation is the
maximum in the given wall temperature condition.

The EDEP indicates that when the entransy dissipation reaches
the extremum the optimum heat transfer performance can be
obtained for the above two boundary conditions. Since the pro-
posal of this concept many studies have been conducted in differ-
ent aspects of thermal science and engineering for optimization
and performance improvement. For interesting readers references
[25–41] can be consulted.

The present paper is concerned with the interrelationship
between FSP and EDEP. What presented above for both FSP and
EDEP can be used to guide convective heat transfer enhancement.
One question may be naturally raised is that for the same problem
when both theories are used are the results consistent? An intu-
itive consideration for FSP and EDEP leads to following conclusion
that synergy between velocity vector and fluid temperature gradi-
ent should have inherent consistency with the dissipation of
entransy. Up to now there are three related papers [42–44]. Before
a brief review on the three papers, one thing should be mentioned,
i.e., the indicator of synergy between velocity vector and fluid tem-
perature gradient. As indicated in [4] for the indicator of the entire
studied domain both the domain averaged synergy angle and the
field synergy number can be used. These two indicators can clearly
show how far the studied situation deviates from the ideal situa-
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tion for which the synergy number should be one (Fc = 1) or the
averaged synergy angle should be zero (fluid heated) or 180� (fluid
cooled). In [43,44] the consistency between FSP and EDEP was
investigated from the view point of synergy angle for several
examples including both laminar and turbulent flow, while in the
present paper it will be studied from view point of field synergy
number. In [42] the authors adopted the variational relations of
the entransy dissipation and the field synergy degree with the lam-
inar heat transfer performance, and some comparisons were made
between FSP and that of the EDEP. Their results show that, for
given temperature boundary conditions, both FSP and EDEP can
lead to maximizing the total heat flow rate. However, for given
heat flux boundary conditions, only the optimization equation
based on the EDEP intends to minimize the heat transfer tempera-
ture difference, while the optimization based on the FSP makes no
sense. It is the present authors’ consideration that for the given
wall heat flux cases the integration of object function in their vari-
ational function is the heat flux which has been specified constant.
Thus no role can be played by FSP. If we discuss from another view
point, that is for the given wall heat flux boundary condition we
solicit for the minimum temperature difference between wall
and fluids, both FSP and EDEP can play a role and the results are
expected to be in consistency, as this has been demonstrated in
[43,44] from the view point of synergy angle.

As indicated above this paper adopts the field synergy number
and applies it to analyze and evaluate the performance of heat
transfer. Through the field synergy number, the connection
between the FSP and EDEP is analyzed deeply via eight numerical
examples, including plain plate fin-an-tube surface, slotted fin-
and-tube surfaces, and six structures of composite porous materi-
als. The given thermal boundary conditions are constant heat flux
and constant wall temperature. The flow includes laminar flow and
turbulent flow. The fluid property covers both constant property
and variable property. From the numerical results and analysis,
the connection between FSP and EDEP is discussed and obtained
through the field synergy number and their inherently consistent
feature is very definitely demonstrated.

In the following presentation, the field synergy number will
first be introduced and its general expression for complicated con-
vective heat transfer case will be derived in Section 2. In Section 3
numerical simulation models and numerical methods will be
briefly presented. In Section 4 numerical results for the two fin-
and-tube surfaces will be presented and connection between FSP
and EDEP is discussed. The results and analysis for the six porous
structures will be conducted in Section 4. Finally some conclusions
are drawn in Section 5.
Fig. 1. Convective heat transfer within a complicated region.
2. Field synergy number and its general computation formula

Guo et al. defined the field synergy number as follows [4]

Fc ¼ Nu
RePr

ð6Þ

For fluid flow and heat transfer over a flat plate they obtained:

Fc ¼ Nu
RePr

¼
Z dt

0

Z
U � rTdy ð7Þ

Here, Fc represents the synergy degree between velocity vector
and fluid temperature gradient of the entire domain. As indicated
by Li and Guo [5] that for most practical convective heat transfer
situations their synergy number are much less than one, indicating
great rooms for enhancement study.

In the following a general expression of the field synergy num-
ber will be derived for convective heat transfer within a compli-
cated region as shown in Fig. 1. For the steady turbulent fluid
flow and heat transfer without inner source in a complicated
region shown in Fig. 1, neglecting the viscous dissipation term,
the energy equation is

U � rðqcpTÞ ¼ rðkrTÞ ð8Þ
By integrating Eq. (8) over the heat transfer region shown in

Fig. 1 and adopting Gauss formula, we have:ZZZ
V
U � rðqcpTÞ
� �
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Z

O

Z
S
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where V is the volume of the studied region and S is its boundary.
Neglecting the diffusion in fluids the boundary integration of the
right hand of Eq. (9) is the heat transfer rate between fluid and solid
wall, and adopting the Newton’s law of cooling we have

hðTwm � TfmÞS ¼
ZZZ

V
½U � rðqcpTÞ�dV ð10Þ

Introducing the characteristic length D (D ¼ 4V
S ) and following

dimensionless variables:

dV ¼ dV
V

; U ¼ U
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; T ¼ T
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where the subscript m stands for the mean values of the fluid or
solid. By some management we have:

QS ¼ hðTwm � TfmÞS
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4
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4
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According to the definition of field synergy number, Eq. (6), we
have

Fc ¼ Nu
RePr

¼ 1
4

ZZZ
V
½U � rðqcpTÞ�dV ¼ QS

qmcpmUmðTwm � TfmÞS ð15Þ

Nu ¼ 1
4
RePr

ZZZ
V
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¼ RePr
QS

qmcpmUmðTwm � TfmÞS ð16Þ

Eqs. (15) and (16) show that from numerical simulation results,
such as Qs, Twm, etc., the correspondent values of Fc and Nu can be
obtained with ease. And the value of Fc is taken as the indicator of
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synergy between velocity vector and fluid temperature gradient of
the entire heat transfer domain.

In the field synergy principle, the field synergy angle refers to
the angle between velocity vector and temperature gradient vector
to evaluate the local synergy degree. The local weak place in the
heat transfer process can be found out through the local field syn-
ergy angle. So, the heat transfer performance can be improved by
setting up enhancing structures such as slots on the weak place
and so on. As for the field synergy number, it is applied to analyze
and evaluate the heat transfer performance from the point of
global view. As it can be observed from Eq. (15), the value of Fc
is actually the volume integration of the dot product of the fluid
velocity and the temperature gradient, which has the inherent
relationship with the domain integration mean synergy angle
defined by [38]:

#m ¼ arccos
P jU!ji � jrTji cos#idViP jU!ji � jrTjidVi

ð17Þ

Thus the field synergy number reexamines the synergy between
velocity vector and fluid temperature gradient for the entire
domain, and it is inherently consistent with the field synergy angle.

In the following the consistency between FSP (via field synergy
number) and EDEP is analyzed for the two typical boundary
conditions:

(1) For given heat flux boundary condition

In the FSP, when giving heat flux boundary condition, then from
Fc ¼ qS=½qcpUðTw � TaÞ� and Nu ¼ RePrqS=½qcpUðTw � TaÞ�, it can be
seen that if the heat transfer performance is the best the field syn-
ergy number should be the maximum and the temperature differ-
ence should be the minimum.

In the EDEP, when giving heat flux boundary condition, accord-
ing to the MinEDP if the heat transfer capability is the strongest the
entransy dissipation should be the minimum and the temperature
difference should be also minimum.

(2) For given temperature difference boundary condition

In the FSP, when giving temperature difference boundary condi-
tion, from Fc¼ qS=½qcpUðTw�TaÞ� and Nu¼RePrqS=½qcpUðTw�TaÞ�,
it can be seen that if the heat transfer is the best then the field syn-
ergy number should be the maximum, and the heat flux should be
the maximum.

In the EDEP, when giving temperature difference boundary con-
dition, according to the MaxEDP if the heat transfer is the strongest
then the entransy dissipation should be the maximum and the heat
flux should be also maximum.

Above analysis reveals the inherent consistence between the
FSP (via Fc) and EDEP.

For the comparison purpose we need to select some indicators
for EDEP. Here we take the same practice as we adopted in [44].
It is briefly described as follow. For the given boundary heat flux
condition, MinEDP says that for the optimum situation the
temperature difference and the entransy dissipation should be
the minimum [5]. Thus we take temperature difference between
wall and fluid, DTm, and entransy dissipation, De, as the indicators.
Obviously, the smaller the DTm and De, the better the heat transfer
process. For the given wall temperature condition, MaxEDP says
when the entransy dissipation is the maximum the heat transfer
rate will be the maximum. Since for this condition the fluid outlet
temperature is the process result and cannot be specified in
advance, we take heat flux, qp, and the entransy dissipation, Dep,
for 1 K temperature difference between wall and fluid as the
indicators. Obviously for this situation the larger the dissipation
and heat flux the better the process. In addition for the both
boundary conditions we also take the equivalent thermal resis-
tance [25], RE, as the indicator for which the smaller the value
the better the process.

For the reader’s convenience all the parameters used in the fol-
lowing presentation are briefly summarized as follows:
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Fc ¼ QS

qcpUðTw � TaÞS ¼ qS

qcpUðTw � TaÞ ð25Þ

DE ¼ DTm � Q ð26Þ

DThe
m ¼ ðDTmax � DTminÞ= lnðDTmax=DTminÞ ð27Þ

DTpm
m ¼ 1

S
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S
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De ¼ DTm � q ð29Þ

DTm ¼ DE
Q
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qp ¼
DE

DTm � Atr � DTm
� DTmp ð31Þ

Dep ¼ DTmp � qp ð32Þ

RE ¼ DE � A
Q2 ð33Þ

m ¼ qV ¼ quinAin ð34Þ
In these formulas, the characteristic length l is the outside diam-

eter of tube in the fin-and-tube surface (plain plate and slotted fins)
and is the equivalent diameter of the tetrakaidecahedron unit in the

porous material; DThe
m is the log-mean temperature difference for

the two fin-and-tube surfaces, DTpm
m is that for the porous material.

3. Physical models and numerical methods

In this paper three types of convective heat transfer configura-
tions will be introduced for which numerical simulation will be
conducted and the relationship between FSP (via field synergy
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number) and EDEP will be searched for. These three types of con-
figurations are plain plate and slotted fins, type 1 porous material
composed of tetrakaidecahedron units with two equivalent diam-
eters, and type 2 porous material composed of tetrakaidecahedron
units with three equivalent diameters. In this section the geomet-
rical parameters of the three configurations and the major features
of their numerical treatments will be presented. The numerical
results will be provided in the next section.

3.1. Physical models of the plain plate and slotted fins

Two types of fin-and-tube heat transfer surfaces are examined:
the plain plate fin and slotted fin, which are shown in Fig. 2 [17].

Because of symmetry and periodic characteristics of the two
fin-and-tube surfaces, only the region shown by the dashed lines
in Fig. 3 is taken as the computational domain, where the boundary
conditions of the six boundaries are also indicated. It should be
noted that ahead and behind of the fin region extensions are
adopted in order that uniform velocity inlet and outflow condition
can be adopted for the inlet and outlet boundaries. The extension
times are 1 and 5 lengths of the fin region for the inlet and outlet,
resppectively.

The heat transfer medium is air and its physical property
parameters are assumed to be constant. The air flow is laminar
and in steady state. The tube wall temperature is assumed to be
constant (Tw ¼ 400 K). The logarithmic mean temperature differ-
ence is adopted as the temperature difference of convective heat
transfer coefficient.

3.2. Physical models of type 1 porous material

The tetrakaidecahedron model adopted is shown in Fig. 4. In
Fig. 4 d is the equivalent diameter of the tetrakaidecahedron unit,
Ls is the length of cylindrical framework, and ds is the diameter of
cylindrical framework. Based on the tetrakaidecahedron structure
characteristics, the following expressions can be figured out:

d ¼ 2:828Ls ð35Þ

e ¼ 1� 9:425
8

ffiffiffi
2

p ds

Ls

� �2

þ 3:33
8

ffiffiffi
2

p ds

Ls

� �3

ð36Þ
(a) Plain plate fin       

Fig. 2. Plain plate and s
In the simulation d ¼ 2:828 mm, then Ls ¼ d=2:828 ¼ 1 mm.
Two equivalent diameters of the tetrakaidecahedron unit are
adopted and two porous models constituted:

(1) Dense porous model (DPM), ds ¼ 0:5 Ls ¼ 0:5 mm,
e ¼ 0:8285.

(2) Sparse porous model (SPM), ds ¼ 0:2 Ls ¼ 0:2 mm,
e ¼ 0:9690.

It is assumed that many tetrakaidecahedron units sit side by
side in order. Then from the symmetry feature of the porous mate-
rial structure, the calculation domain is one circulation region in
the porous material interior. For the models of both DPM and
SPM, the length of three periods is selected as shown in Fig. 5.

Based on the above two porous models, two composite porous
materials can be formed: DPM-SPM (D-S) and SPM-DPM (S-D).
Both of them belong to type 1.
3.3. Physical models of type 2 porous material

In this type of porous material the same tetrakaidecahedron
unit is adopted. However, three equivalent diameters will be taken
and three porous models are formed:

(1) Dense porous model (DPM), ds ¼ 0:6 Ls ¼ 0:6 mm,
e ¼ 0:7637.

(2) Middle porous model (MPM), ds ¼ 0:4 Ls ¼ 0:4 mm,
e ¼ 0:8855.

(3) Sparse porous model (SPM), ds ¼ 0:2 Ls ¼ 0:2 mm,
e ¼ 0:9690.

Again the length of three periods along the flow direction is
selected as the convective heat transfer surface as shown in
Fig. 6. Then six composite porous materials can be constituted:
DPM-MPM-SPM (D-M-S), DPM-SPM-MPM (D-S-M), MPM-DPM-
SPM (M-D-S), MPM-SPM-DPM (M-S-D), SPM-DPM-MPM (S-D-M),
SPM-MPM-DPM (S-M-D). All of them belong to type 2 porous
material.

For the two types of porous materials, taking D-M-S as an exam-
ple (see Fig. 7), the boundary conditions of their calculation region
(b) Slotted fin

lotted fins models.



Fig. 3. Boundary conditions in the plain plate and slotted fins calculation region.

Fig. 4. Model of the tetrakaidecahedron unit.

DPM model SPM model

Fig. 5. DPM and SPM models of three periods.

DPM model MPM model SPM model

Fig. 6. DPM, MPM and SPM models with three periods.
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Fig. 7. Boundary conditions of D-M-S composite porous material.

Plain plate fin                                Slotted fin
(a) Velocity

Plain plate fin                                Slotted fin
(b) Isotherms

Plain plate fin                                Slotted fin
(c) Velocity vector and isotherms
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(d) Field synergy angle

Fig. 8. Velocity, temperature fields and synergy angle of the plain plate and slotted fins.
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are set as follows: the velocity and temperature of the flowing fluid
are specified at the inlet boundary; while the pressure outlet
boundary condition is set for the outlet; the symmetry boundary
condition is adopted for the up, down, front and behind bound-
aries. For the surface of the porous material framework no slip
and no jumping conditions should be satisfied. And its thermal
boundary condition is given constant heat flux or constant wall
temperature.
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Fig. 9. Comparison of FSP and EDEP analyses for the plain plate and slotted fins given wall temperature.
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In the simulation the computational region of the composite
porous material is only the part occupied by air, i.e., the solid part
is not included by given specified thermal boundary condition on
its surface. The giving heat flux or temperature boundary condition
of the porous material framework surface is set as the thermal
boundary condition for the air-occupied regions.

When the air flows through the porous material interior, high
turbulence intensity is developed and its value can be up to 60–
80% [45]. The Rein based on the equivalent diameter of the
tetrakaidecahedron unit is about 100–1100. According to [46,47],
the air flow state is turbulent. Menter et al. [47] predicted the heat
transfer coefficient of such porous material through the SST k�x
turbulent model and obtained satisfactory results. Hence, in this
paper, the SST k�x turbulent model is employed.

The calculation domain is discretized by the tetrahedron ele-
ments and non-uniform grid system is used. The air physical prop-
erties are changed with the air temperature. The convection terms
are discretized by the second-order upwind scheme [48]. The SIM-
PLE algorithm for coupling pressure and velocity is adopted [48,49].

4. Numerical results and discussion

In this section numerical results will be presented. For each
type of configuration the flow and temperature fields will be first
presented, and followed by the discussion on the relationship
between FSP and EDEP.
4.1. Plain plate fin and slotted fin

When Tw ¼ 400 K and Rein ¼ 1369, the velocity field, tempera-
ture field and field synergy angle of the plain plate and slotted fins
are shown in Fig. 8. It is to be noted that if the angle between veloc-
ity vector and temperature isotherm is bigger, the angle between
velocity vector and temperature gradient is smaller. Then the syn-
ergy between velocity vector and temperature gradient is better,
that means the heat transfer performance is improved.

In Fig. 8, we can find the synergy between velocity vector and
temperature gradient is improved through cracking the fin. For
example, in the region of the plain plate and slotted fins labeled
by the red solid line, the averaged synergy angle is 88.7� from
numerical data in the plain plate fin, while it is 86.5� for the slotted
fin. This means that the heat transfer in this region is enhanced for
the slotted fin.

The numerically predicted variations of Nu and field synergy
number Fc with the inlet Rein number are shown in Fig. 9. It can
be seen that the slotted fin has both higherNusselt number and field
synergy number than those of the plain plate fin. The two results are
consistent. Fig. 9 shows that the value range of field synergy number
is 0–0.05, and it is much less than 1. So, there is a great room to
improve the heat transfer performance of the plain plate and slotted
fins

The variation characteristics of field synergy number, heat
transfer heat flux, entransy flux dissipation, equivalent weighted



S-D                                    D-S
(a) Velocity vector plus isotherms

0 200 400 600 800 1000 1200
78

79

80

81

82

q=10000W/m2

D-S
S-D

θ/
°

Rein

(b) Field synergy angle

Fig. 10. Velocity, temperature fields and synergy angle of two composite porous materials.

0 200 400 600 800 1000 1200
10

20

30

40

50
q=10000W/m2

D-S
S-D

N
u

Rein

0 200 400 600 800 1000 1200
0.00

0.05

0.10

0.15

0.20
q=10000W/m2

D-S
S-D

Fc

Rein

(a) Nu vs. Rein (b) Fc vs. Rein

0 200 400 600 800 1000 1200
200

300

400

500

600

700

800
q=10000W/m2

Δe
•1

0-3 /W
•K

•m
-2

Rein

 D-S
 S-D

0 200 400 600 800 1000 1200
0.000

0.002

0.004

0.006

0.008
q=10000W/m2

R
E/K

•m
2 •W

-1

Rein

 D-S
 S-D

(c) eΔ vs. Rein (d) RE vs. Rein

Fig. 11. FSP and EDEP analyses for the two composite porous materials with given heat flux.

Z.-Q. Yu et al. / International Journal of Heat and Mass Transfer 116 (2018) 621–634 629
thermal resistance of heat transfer with the inlet Rein are shown in
Fig. 9. From Fig. 9 the interrelationship between FSP and EDEP can
be clearly observed, i.e., within the entire Reynolds number range
studied, the heat transfer of slotted fin is better than that of the
plain plate fin (Fig.9(b) and (c)). Correspondently the entransy dis-
sipation of the slotted fin is larger than the plain plate fin (Fig.9(d)
for given surface temperature case), while the thermal resistance
of the slotted fin is less than the plain plate fin (Fig.9(e)).
4.2. Type 1 porous material

When q ¼ 10;000 W=m2 and Rein ¼ 177, the velocity field, tem-
perature field and field synergy angle of S-D and D-S composite
porous materials are shown in Fig. 10. Through these figures, we
can find that the synergy between velocity vector and temperature
gradient in the D-S is better than that in the S-D (with the averaged
synergy angle of the labeled region of S-D and D-S being 80.1� and
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79.6�, respectively). That is to say the heat transfer in the D-S is
stronger than that in the S-D.

In the following the numerical results are analyzed by the FSP
and EDEP to show the heat transfer performance of the twomateri-

als. First the results for givenheat flux condition (q ¼ 10;000 W=m2)
are presented in Fig. 11. FromFig. 11,we canfind thatwhen the ther-
mal boundary condition is the given heat flux, theNu of D-S is larger
than that of S-D. And the sequence of the field synergy number Fc is:
D-S > S-D. The orders of Nusselt number and field synergy number
are consistent.

When the given thermal boundary condition is constant heat
flux, from the MinEDP the best heat transfer case should have min-
imum entransy dissipation and minimum equivalent weighted
thermal resistance. The results shown in Fig. 11 are consistent with
this conclusion: the field synergy number Fc is: D-S > S-D. The
entransy flux dissipation De has its sequence as: D-S < S-D. And
the equivalent weighted thermal resistance RE is: D-S < S-D.

Now the results for given wall temperature (Tw ¼ 500 K) are
discussed. The numerical calculation results are shown in Fig. 12.
In Fig. 12 the sequence of Nusselt number and the field synergy
number are both: D-S > S-D.

For the boundary condition of given wall temperature, EDEP
says the entransy dissipation for the best heat transfer case should
be the maximum. The results shown in Fig. 12 are totally agreeable
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with this conclusion: Fig.12(c), (d) show that the entransy dissipa-
tion of D-S is larger than S-D, while the thermal resistance of D-S is
less than S-D.
In conclusion, when heat transfer performance of the two por-
ous materials (D-S vs. S-D) are compared either for given heat flux
or for given wall temperature condition, the order obtained by FSP
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via Fc is fully consistent with that obtained from EDEP, indicating
that the two theories having their inherent consistence.
4.3. Type 2 composite porous material

In this section the numerical results of the six composite porous
materials are presented and analyzed.
4.3.1. Fluid flow and heat transfer characteristics

1. For given heat flux boundary condition
The predicted variation characteristics of Nu, pressure drop Dp,

Nu=Dp and air outlet temperature Tout with the inlet Rein for the
case of heat flux = 10,000 W/m2 are shown in Fig. 13. From
Fig. 13 we can obtain that: the pressure drops of six composite por-
ous materials are almost the same. This is because for the six com-
ponents the three elements are the same, and the difference is only
in their orders. The outlet air temperatures of the six composite
porous materials are the same because of the given constant heat
flux boundary condition. However, the heat transfer performance
of the D-M-S is the best and the one of the S-M-D is the worst.

2. For given wall temperature boundary condition

The variation characteristics predicted for Tw ¼ 500 K are pre-
sented in Fig. 14. It can be seen that for the given wall temperature
condition the D-M-S has the best heat transfer performance and
the S-M-D is the worst.
In conclusion, for both given heat flux and wall temperature
boundary conditions, the heat transfer performance of D-M-S is
the best in the six composite porous materials.
4.3.2. Analyses from FSP and EDEP

1. For given constant heat flux
For given constant heat flux of solid framework of

q ¼ 10; 000 W=m2, the varying tendencies of Nu and field synergy
number Fc with the inlet Rein are shown in Fig. 15. From Fig. 15,
the Nu increases with the inlet Rein, and it is the biggest in the D-
M-S and the smallest in the S-M-D. The field synergy number Fc
is 0.05–0.17 for the six composite porous materials and it
decreases with the inlet Rein. The field synergy number Fc is the
biggest in the D-M-S and the smallest in the S-M-D.

The variations of field synergy number, heat transfer tempera-
ture difference, entransy flux dissipation, equivalent weighted
thermal resistance with the inlet Reynolds number are shown in
Fig. 15. For given heat flux condition, from the FSP, the stronger
the heat transfer, the bigger the field synergy number and the
smaller the heat transfer temperature difference. From the
MinEDP, the stronger the heat transfer, the smaller the entransy
flux dissipation and the smaller the equivalent weighted thermal
resistance. From Fig. 15, the results of these evaluation indicators
agree with each other very well. So, for given heat flux boundary
condition, the results evaluated from FSP via Fc and EDEP are
consistent.
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2. For given constant wall temperature

Fig. 16 shows the predicted variations of Nu and field synergy
number with the inlet Rein for Tw ¼ 500 K. From Fig. 16 it can be
seen that for both Nusselt number and Fc the D-M-S is the biggest
and S-M-D is the smallest. The values of Fc is 0.06–0.20 for the
given constant wall temperature condition.

In Fig. 16 the results analyzed from the FSP and EDEP are pre-
sented. For given wall temperature condition, from the FSP the bet-
ter the heat transfer performance the bigger the field synergy
number and the bigger the heat flux. From the MaxEDP, the bigger
the heat transfer heat flux the larger the entransy flux dissipation
and the smaller the equivalent weighted thermal resistance. The
curves shown in Fig. 16 are totally agreeable with the above state-
ments: for the field synergy number, the biggest one is in the D-M-
S and the smallest one is in the S-M-D. For the entransy flux dissi-
pation the biggest one in in the D-M-S and the smallest one is in
the S-M-D. The equivalent weighted thermal resistance has its big-
gest one in the S-M-D and its smallest one in the D-M-S.
5. Conclusions

In this paper, the field synergy number is adopted to analyze the
synergy between velocity vector and temperature gradient for the
entire domain. For a number of situations, including the plain plate
fin, slotted fin and composite porous materials, flows of laminar
and turbulent, thermophysical properties of constant and variable,
and thermal boundary conditions of constant heat flux and con-
stant wall temperature, the analyzed results from the FSP via Fc
are totally consistent with the results analyzed by the EDEP. Thus
the inherent connection and consistency between FSP via Fc and
EDEP is once again revealed. Such consistency between the FSP
and the entransy theory can be regarded as a kind of demonstra-
tion of the reliability and correctness of both the FSP and the
entransy theory.
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