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A B S T R A C T   

Based on the excellent performance of porous media and the popularity of additive manufacturing technology, 
gradient porous media with unique properties are gradually applied in the increasing fields. In this paper, the 
flow and heat transfer characteristics for fully developed flow in a tube partially filled with gradient porous 
media are investigated by numerical simulation, where the pore-size (dp) and porosity (ε) vary linearly along the 
radius. Keeping average pore-size dpa = 0.007 m and average porosity εa = 0.875, the comparison of four 
configurations, classified by the pore-size and porosity distributions in the radial direction, is performed to 
investigate the difference in flow and heat transfer performance. Subsequently, the parametric analysis under the 
different filling ratios is conducted to learn the combined effect of the gradients of porosity and pore-size. The 
results show that the configurations with pore-size decreasing in radial direction have a better heat transfer 
performance where the effect of porosity arrangement on the flow and heat transfer can be neglected. As the 
filling ratio increasing, the performance is more sensitive to the variation of the gradients. Furthermore, a multi- 
objective genetic optimization coupled Kriging surrogate model is conducted with the consideration of maximum 
Nusselt number Nu and minimum friction factor f as objectives. The distribution of design variables corre-
sponding to the optimal configurations is obtained by weighing two optimization objectives. The optimal results 
show that the flow resistance can be reduced by up to 19.573%, and the heat transfer efficiency can be increased 
by up to 7.088% compared with the homogeneous porous media under the filling ratio rd = 0.7.   

1. Introduction 

Nowadays the problem of energy shortage is becoming increasingly 
serious, the development of new energy and the research of energy 
conservation technology has aroused widespread concern. Heat transfer 
enhancement technology is an effective approach to relieve the energy 
shortage, which is significant to reduce equipment investment and 
improve energy efficiency [1]. The conventional methods of heat 
transfer enhancement mainly include special-shaped structures [2–4], 
extended surfaces [5,6], and various inserts [7–10]. Among them, in-
serts are especially suitable for energy-saving retrofits of heat ex-
changers with the advantages of simple operation, convenient 
maintenance, and low investment cost. 

The porous medium is a material composed of a solid matrix and 
internal pores, which has many superior properties compared to solid 
materials. Firstly, the presence of pores can retain and capture solid 
particles in the fluid, so the porous medium can filter gases or liquids 
and is an ideal material for the preparation of filters, which is widely 

used in water purification and vehicle emission control [11]. Secondly, 
mechanical and acoustic waves are reflected and refracted in the in-
ternal aperture many times, which can play the role of sound insulation, 
heat insulation, shock absorption, etc. Therefore, the porous medium 
has excellent energy-absorbing properties, which is widely used in fire 
prevention, noise control, and collision protection in building and 
automobile manufacturing [12,13]. In the chemical industry, the porous 
medium is widely used as a catalyst carrier with its large specific surface 
area, high strength, and corrosion resistance. In the healthcare industry, 
the harmlessness and good compatibility of porous titanium materials 
make them suitable for orthopedic joint correction and dental implants. 
In addition to the applications in these fields, porous media also have 
many important applications in thermal management systems [14–16]. 
The energy storage efficiency can be improved by embedding porous 
media into phase change materials. And the performance of proton ex-
change membrane fuel cells [17], CPUs [18], photovoltaic modules 
[19], and thermo-electric waste heat recovery systems [20,21] can be 
enhanced by intensifying the heat transfer through the use of porous 
media. 
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In the study of heat transfer enhancement, the porous medium is also 
considered as an excellent insert because it can improve the effective 
thermal conductivity of the fluid and increase the surface contact area. 
Porous inserts have been implemented in different thermal systems and 
numerous studies have been conducted with different shape designs, 
material properties, and insert positions. Tubes are the basic compo-
nents of all kinds of thermal equipment, so the heat transfer enhance-
ment by inserting porous media into tubes has attracted the attention of 
many researchers. Mohamad [22] compared thermo-hydrodynamic 
performance in tubes with fully filling and partially filling porous 
media. He observed that partially filling can increase the rate of heat 
transfer with a reasonable pressure drop, and the optimum radius ratio is 
about 0.6. Mahjoob and Vafai [23] investigated the effects of porous 
media microstructural properties on the heat exchanger performance 
and found that a higher heat transfer and pressure drop can be achieved 
by decreasing the pore size or porosity. Yang and Hwang [24] presented 
the results of numerical simulations to investigate the turbulent heat 
transfer enhancement in the pipe filled with porous media, the para-
metric studies covering Reynolds number, Darcy number, and the 
porous radius ratio were performed additionally. Huang et al. [25] 
further conducted both experimental and numerical studies to discuss 
the integrated impact of the porous insert on heat transfer enhancement 
by the performance evaluation criteria (PEC). The results showed that 
the porosity corresponding to the optimal PEC value is different when 
the flow changes from laminar to turbulent. Teamah et al [26] per-
formed numerical simulation on two shapes of porous inserts respec-
tively. The fluid transport in the porous region was describing. Ge et al 
[27] coupled computational fluid dynamics (CFD) and multi-objective 
genetic algorithm to optimize the configurations of porous inserts and 
the best configuration of porous inserts was obtained by technique for 
order preference by similarity to an ideal solution (TOPSIS). Siavashi et 
al [28] numerically studied the effect of porous layer thicknesses and 
positions based on the second laws of thermodynamics and then the 
effect of porous rib arrays on the heat transfer was investigated [29]. 

Additionally, some researchers focused their views on the heat 
transfer in the microchannels with porous inserts. Huang and Chen [30] 
performed a numerical simulation to investigate the effect of porous- 
covering block on the cooling of the block heater and found that the 
heat transfer rate increases with the dimensionless height of the porous 
cover. Hung et al [31–34] numerically studied the hydraulic and ther-
mal performance of porous inserts with different configuration designs 
and found that the lowest pressure drop was observed for a sandwich 
distribution design. Based on the fact that the Y-shaped porous inserts 
have excellent thermal performance, Shen et al [35] proposed a novel 
design of porous inserts combined with Y-shaped porous blocks and 

porous layers attached to the wall. The research indicated that the 
proposed shape has better overall thermal performance because it pos-
sesses the advantages of mixing fluid flow caused by the Y-shaped 
porous insert and the thin porous layer. 

A double-pipe heat exchanger is also a common arrangement in the 
industry and it is also necessary to study the impact of inserting porous 
media to strengthen the heat transfer in double-pipe exchangers. Du et al 
[36] applied the two-equation model to investigate conjugated heat 
transfer in the double pipe heat exchanger filled with porous media and 
the optimal filling range of porous media was determined. Targui and 
Kahalerras [37] inserted porous baffles into double-pipe exchangers for 
improving thermal performances and the impact of the permeability of 
porous baffles on the flow field and heat transfer efficiency is analyzed. 
Shirvan et al [38,39] numerically investigated the heat exchanger 
effectiveness enhancement in a double pipe exchanger filled with porous 
media and the sensitivity analysis was performed to obtain the effects of 
the three parameters of Reynold number, Darcy number, and the porous 
layer thickness on the heat transfer efficiency. Alhusseny [40] installed 
the porous media in the form of guiding vanes to construct a secondary 
flow for improving the heat transfer performance of double pipe ex-
changers. Siavashi and Miri Joibary [41] employed porous layers with 
different Darcy numbers to investigate the proper porous layer thickness 
and Darcy number for obtaining the maximum PEC value in a double 
pipe exchanger and found that there are three optimal situations to 
maximize the PEC. Miri Joibary and Siavashi [42] focused their research 
on the coupling of Re asymmetry and porous media properties used in 
the inner and outer pipe of the double pipe exchanger to obtain a better 
thermal performance and they found that there exists an optimal Re to 
maximize the PEC value when both pipes are filled with porous media. 

The intensify of heat transfer over the cylinder caused by the 
arrangement of porous media is also a hot issue. Al-Salem [43] inves-
tigated experimentally the effects of porosity and thickness of porous 
sheets over a circular tube on heat transfer enhancement and found that 
the Nusselt number is adversely proportional to the thickness of the 
porous layer. Rasad et al [44] studied the steady mixed convection 
boundary-layer with the insertion of porous media into a stream flowing 
vertically upward through a cylinder. Siavashi and Iranmehr [45] pro-
posed a wedge-shaped porous media to improve the external flow 
structure over the cylinder and the optimal porous region length is 
determined. 

Natural convection enhancement by filling porous media in enclo-
sures is another common subject in the industry. Siavashi et al [46] 
performed their simulation to investigate the effect of the number and 
length of porous fins on the heat transfer performance and analyzed the 
entropy generation variation with the number of fins. Ghasemi and 

Nomenclature 

F inertia coefficient 
f friction factor 
h heat transfer coefficient 
K permeability of porous media(m2) 
L length of computational zone(m) 
L0 length of porous inserts(m) 
Nu Nusselt number 
Qw heat flux applied to tube(W⋅m− 2) 
Re Reynolds number 
r0 radius of tube(m) 
rd filling ration 
rp radius of porous inserts(m) 
Tin inlet temperature of fluid(K) 
Tm bulk temperature(K) 
Tw wall temperature(K) 

U dimensionless velocity 
uin inlet velocity of fluid(m⋅s− 1) 

Greek symbols 
ε porosity 
θ dimensionless temperature 
λ thermal conductivity(W⋅m− 1⋅K− 1) 
Δε difference of porosity 
Δdp difference of pore-size(m) 
Δp pressure drop(Pa) 

Subscripts 
a average value 
e effective 
f fluid phase 
s porous matrix  
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Siavashi [47] investigated the natural convection of the nanofluid in an 
enclosure filled with porous media and revealed that the porous-fluid 
thermal conductivity ratio plays a significant role in heat transfer and 
entropy generation. 

Additive manufacturing technology, also known as 3D printing, is a 
manufacturing technology based on the discrete-cumulative principle 
that uses a layer-by-layer additive manufacturing method to prepare 
structural parts [48]. With the rapid development of additive 
manufacturing technology, it provides a preparation guarantee for the 
arbitrary structures of porous materials, and the excellent performance 
of non-homogeneous porous materials has attracted the attention of 
scholars all over the world. Yang et al [49] applied the gradient metal 
foam into the phase change materials for increasing the phase change 
rate. The temperature field and evolution of melting front with the 
positive and negative gradients for metal foams were compared with the 
uniform metal foam and the results showed that both the positive and 
negative gradients porosity obtain a better temperature uniformity 
compared with the uniform arrangement. Asiaei et al [50] researched 
the mixed convection of nanofluid inside an enclosure filled with multi- 
layer porous foam and the proper arrangement for the maximum heat 
transfer rate is obtained. Maghsoudi and Siavashi [51] optimized the 
pore sizes of porous media in varying regions to improve the mixed 
convection of nanofluid and the optimal pore sizes are obtained by the 
pattern search optimization algorithm. The results showed that the 
optimized arrangement could achieve an 8.3 percent improvement in 
heat transfer performance. Tahmasbi et al [52] performed an optimi-
zation for the multi-block porous foam to enhance the heat transfer rate 
and a maximum 20.4% improvement was obtained by determining the 
pore sizes in different porous blocks. Zheng et al. [53] divided the flow 
region in a circular tube into several layers along the radial direction and 
each layer is filled with porous media with different porosity. They 
found that the optimum PEC of the enhanced tube is related to the 
number of layers of porous inserts and as the number of layers increases, 
the thermal-hydraulic performance can be improved continuously. 
Wang et al. [54,55] analyzed the thermal and fluid flow performance of 
pipes filled with gradient porous media (GPM). The impacts of the 
gradient configurations, both in the axial and radial directions were 
discussed successively. The results showed that the gradient in the radial 
direction has a greater improvement on heat transfer and fluid flow 
performance than the gradient in the axial direction. Siavashi et al. [56] 
carried out numerical investigations of the hydraulic and thermal per-
formance in tubes filled with gradient porous media and multi-layered 
porous media (GPM and MLPM). The results showed that the perfor-
mances are very close between the porous materials with linear 
increasing porosity and stepwise increasing porosity. The optimal MLPM 
configuration was found by the particle swarm optimization (PSO) 
algorithm. 

The above literature review shows that gradient porous media have 
better properties than the uniform porous media, although uniform 
porous media have been able to improve the heat transfer efficiency by 
their high thermal conductivity and large surface area ratio. And the 
gradients of the pore-size and porosity have a great influence on the heat 
transfer and flow performance for gradient porous media. However, the 
effect of the porosity gradient on the performance is studied separately 
from pore-size gradients in the existing literature, and the combined 
effect of the two gradients is worthy of further investigation. Simulta-
neously, in the optimization of the gradient porous media, the single 
objective optimization for maximizing the heat transfer rate is often 
used. In fact, the intensification of heat transfer often causes an increase 
in flow resistance. How to design the gradient configuration to minimize 
the flow resistance with a given heat transfer requirement is often 
considered in engineering. 

The main purpose of this paper is to investigate the performance of 
flow and heat transfer in tubes filled with gradient porous media when 
the gradients of pore size and porosity change simultaneously. The 
configurations with an opposite variation of porosity and pore-size in 

the radial direction are also investigated. Parametric analysis and multi- 
objective optimization are performed to obtain the parameter distribu-
tion corresponding to the optimal performance. Although the original 
aim of this study is the optimization of gradient porous media in tubes 
for better performance, the optimization methods employed in this 
study can be applied to a variety of thermal systems. And the results can 
be used to guide the gradient arrangements of the porous media in other 
thermal devices, such as improving the heat transfer in microchannels, 
increasing the thermal efficiency of Stirling engines, reducing the solar 
energy losses in parabolic trough collector plants, and increasing the 
output power of proton exchange membrane fuel cells. The availability 
of the Pareto solution facilitates engineers to determine the porous 
configurations, which allows them to get the ideal solution by weighting 
their needs. 

2. Computational model and numerical method 

2.1. Physical description of the problem 

The physical problem studied in this paper is illustrated in Fig. 1. A 2- 
D, axisymmetric numerical model for heat transfer of fully developed 
flow in a tube with uniform heat flux, Qw = 200 W/m2, is considered. 
The total length and radius of the computational domain are L = 3 m and 
r0 = 0.1 m, respectively. Here, the core flow of the pipe is filled with 
GPM with the filling radius rp and the filling length L0 = 2 m. The pore- 
size (dp) and porosity (ε) of GPM change linearly with the specific 
gradient along the radius. Different pore-size and porosity gradients 
correspond to different microstructures of GPM, but the averages of the 
gradients remain unchanged. As shown in Fig. 2, keeping average pore 
size dpa = 0.007 m and average porosity εa = 0.0875, the microstructure 
of GPM can be determined by the Δdp and Δε, which can be written as: 

Δdp = dpr − dp0, Δε = εr − ε0 (1)  

Where dp0 and dpr are the pore-size respectively at the axis of the pipe 
and the outmost porous insert r = rp. ε0 and εr are the porosity respec-
tively at the axis of the pipe and the outmost porous insert r = rp. 

The hydrodynamic entry section of the pipe is omitted and the fluid 
flows into the pipe with a parabolic entry velocity. Air is used as the 
working fluid and GPM is comprised of AISI304, the properties of the 
fluid and solid phase are listed in Table 1. To simplify the numerical 
calculation, the assumptions are mainly summarized below: (1) Airflow 
is regarded as incompressible, steady, and laminar flow. (2) The GPM is 
fully saturated with fluid and local thermodynamic equilibrium between 
the solid phase and the fluid phase is considered in the GPM. (3) The 
fluid and solid matrix have constant thermophysical properties. (4) 
Gravity effect and radiation heat transfer are considered negligible. 

2.2. Mathematical formulation 

The Forchheimer-Brinkman extended Darcy model is used to 
describe the flow in the porous region. The governing equations for 
continuity, momentum, and energy can be written as [57]: 

Fig. 1. Schematic description of the computational domain and bound-
ary conditions. 
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Continuity equation: 

∂(ρu)
∂x

+
1
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= 0 (2) 

Momentum equations: 
x-direction: 
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r-direction: 
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Energy equation: 

∂
∂x

(
ρcpuT

)
+

1
r

∂
∂r

(
ρcprvT

)

=
∂
∂x

{

[δ(λe − λ) + λ ]
∂T
∂x

}

+
1
r

∂
∂r

{

r[δ(λe − λ) + λ ]
∂T
∂r

}

Where δ is a parameter that is set to zero or unity when the equation 
applies to the fluid region or porous region, K and F are the permeability 
and inertia coefficient respectively, the calculations are given by Ergun 
[58]: 

K =
dp2ε3

150(1 − ε)2 (6)  

F =
1.75(1 − ε)

ε3dp
(7) 

λe is the effective thermal conductivity of the porous media [59], 

λe = ελf +(1 − ε)λs 

As shown in Fig. 1, the boundary conditions are specified as follows:  

(1) Inlet boundary 

x = 0, u(r) = uin

[

1 −

(
r
r0

)2
]

, v = 0, T(r)

= Tin +
qr0

λf
+

[(
r
r0

)2

−
1
4

(
r
r0

)4
]

(9)    

(2) Outlet boundary 

x = L, p = 0 (10)    

(3) Non-slip wall boundary 

r = r0, u = 0, v = 0,
∂T
∂r

= −
Qw

λf
(11)    

(4) Axisymmetric boundary 

r = 0,
∂u
∂r

= 0, v = 0,
∂T
∂r

= 0 (12)    

(5) Fluid-porous interface boundary 

r = rp, Tf = Ts, − λf∇Tf |n = − λs∇Ts|n (13)  

2.3. Solution methods 

In this study, the governing equations are numerically solved based 
on the finite volume method by the commercial CFD software, ANSYS 
Fluent 18.0[60]. The second upwind scheme is employed to discretize 
the convective terms of the governing equations. The pressure-velocity 
coupling field is obtained by the Semi-implicit technique for pressure- 
linked equations (SIMPLE) algorithm. The gradients of porosity and 
pore-size are realized by interpreting the User Defined Function (UDF). 
The solution process is terminated and considered to be converged when 
the standardized residuals for the continuum equations, momentum 
equations, and energy equations are less than 10− 6, 10− 6, and 10− 8, 
respectively. 

2.4. Data reduction 

The velocity and temperature field can be obtained by numerical 
analysis. The friction factor (f) is selected as indicator to evaluate the 
hydraulic performance, which can be calculated from: 

f =
Δp
L0

2r0

(1/2)ρf u2
in 

(a) the pore-size arrangements of GPMs (b) the porosity arrangement of GPMs 

Fig. 2. the arrangements of gradient pore-size and porosity of GPMs.  

Table 1 
Thermal properties of Air and AISI304.  

Materials ρ(kg m− 3) cp(J kg− 1 K− 1) λ(W m− 1 K− 1) μ(kg m− 1 s− 1) 

Air 1.24 1006.43 0.027 1.9 × 10− 5 

AISI304 7900 485 15.2 –  
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The corresponding Reynolds numbers (Re) is 

Re =
2ρf uinr0

μf 

The Nusselt number (Nu) and dimensionless temperature are 
employed to characterize the thermal performance, which can be 
calculated as 

Nu =
2hr0

λf
(16)  

Where h is the heat transfer coefficient, it is related to the bulk tem-
perature of air inside the pipe, Tm, which can be calculated as: 

h =
q

Tw − Tm
(17)  

Tm =

∫ r0
0 uTrdr
∫ r0

0 urdr
(18) 

Dimensionless temperature can be express as: 

θ =
Tw − T
Tw − Tm

(19) 

PEC is employed to evaluate the comprehensive performance of the 
heat transfer and flow resistance: 

PEC =
Nu/Nusmooth

(f/fsmooth)
1/3 (20)  

2.5. Grid independence and model validation 

To ensure the accuracy of the numerical solution while improving 
the computational speed, the quadrilateral mapped mesh is employed 
which is refined near the wall with a high temperature and velocity 
gradient. Four different grid systems are generated to check the grid 
independence namely 30 × 500, 50 × 1000, 80 × 1700, 100 × 2000 in 
radial and axial directions. The deviation of the Nu number value is less 
than 0.05% when the number of grids exceeds 80 × 1700. Therefore, to 
save computational time, a mesh size of 80 × 1700 is selected for the 
simulations in this study. 

Numerical validations are conducted according to the experimental 
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Numerical results in this paper
Experimental results in [61]
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(a) Comparison of p in present numerical results with experimental data  

1000 1500 2000 2500 3000 3500 4000
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44

46

48

Numerical results in this paper
Experimental results in [61]

T s
a(

ºC
)

Re
(b) Comparison of Tsa in present numerical results with experimental data  

Fig. 3. Comparisons of present numerical results and experimental data obtained by literature [61].  
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data given in the literature [61]. Under the same working conditions, the 
wall temperature and pressure drop are selected as comparison param-
eters. The numerical solutions are compared with the experimental re-
sults as shown in Fig. 3. It can be seen that the numerical solutions are in 
good agreement with the experimental results, which proves that the 
numerical method used in this paper is accurate and effective. 

3. Performance analysis and comparison 

3.1. Four GPM configurations comparison with HPM 

With the same average pore-size dpa = 0.007 m and average porosity 
εa = 0.875, the configuration of GPM is identified by a given Δdp and Δε. 
According to the combination of different arrangements of Δdp and Δε, 
the configurations of GPM can be divided into four types, namely pore 
size decreasing with porosity decreasing (PDSD), pore size decreasing 
with porosity increasing (PDSI), pore size increasing with porosity 
decreasing (PISD), pore size increasing with porosity increasing (PISI). 
In particular, the pore-size and porosity of HPM are as Δdp = 0 and Δε =
0. 

Fig. 4 shows the comparison of friction factor with the increase of Re 
under various porous configurations with the constant filling radius rp 
= 0.05 m. As can be seen from Fig. 4, the trends of friction factor are 
similar with various porous configurations, and the discrepancies 
become smaller with the increasing Re. Especially, there is no consid-
erable difference between PISD and HPM. That is probably caused by the 
effect of the decrease in porosity being offset by increased pore-size. 
Moreover, the flow resistance of PISI is significantly lower than that of 
others with the same Re. 

The effect of the gradient arrangement on the thermal performance is 
investigated as shown in Fig. 5. It can be seen that the thermal perfor-
mances of all configurations increase as Re increases, but the improve-
ment of PDSI and PDSD is inconsiderable. And the differences in the 
thermal performance are more obvious compared to the hydraulic per-
formance of GPM. However, similar to the friction factors, the difference 
of the Nusselt number between PISD and HPM is not sufficiently sig-
nificant. Within the various configurations, the case of PDSD has the best 
heat transfer performance. 

Fig. 6 shows the variations in PEC with Re number under different 
configurations. The higher PEC value is, the more excellent compre-
hensive performance of GPM is. The PEC values of the different con-
figurations all increase and then decrease as Re increases gradually. This 
is attributed to the fast growth of the Nu in the low Re conditions, but the 
slower growth in the high Re conditions. The PEC value of PISI is much 
lower than the others because of the much lower Nu with the variation of 
Re from 250 to 2000. Meanwhile, the PEC under the configuration of 

PDSD is the highest and has the smallest variation in the limited range of 
Re number which is related to the variation of the Nu under the 
configuration. 

Fig. 7 shows the velocity profiles along the radius direction for 
different configurations. Due to the resistance caused by porous inserts, 
part of the air is expelled to the clear fluid region between the porous 
media and the pipe wall, which makes the air velocity near the wall 
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Fig. 4. Variations in friction factor with Reynolds number under four config-
urations of GPM. 

250 500 750 1000 1250 1500 1750 2000 2250
8.2

8.4

8.6

8.8

9.0

9.2

9.4

9.6

9.8

10.0

10.2

N
u

Re

PISI
PDSI
HPM
PISD
PDSD

Fig. 5. Variations in Nusselt number with Reynolds number under four con-
figurations of GPM. 

250 500 750 1000 1250 1500 1750 2000 2250
1.10

1.11

1.12

1.13

1.14

1.15

PE
C

Re

 PISI
 PDSI
 HPM
 PISD
 PDSD

Fig. 6. Variations in PEC with Reynolds number under four configurations 
of GPM. 
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Fig. 7. Fully developed velocity profiles along the radius direction of GPM and 
HPM with rp/r0 = 0.5 at Re = 1305. 
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increase greatly. The velocity profile will be affected when the pore-size 
and porosity are arranged differently. And the influence is also different 
between the clear fluid region and the porous region. Firstly, the con-
figurations of the gradient directly affect the flow in the porous region. 
In the case of PISI, dp and ε increase in the radial direction together, 
which causes greater flow resistance near the axis and smaller in the 
porous-fluid interface. As a result, the velocity increase continuously 
along the radius in the porous region. In the case of PDSD, the simul-
taneous reduction of dp and ε results in the velocity in the porous-fluid 
interface approaching zero. In the cases of PDSI and PISD, the effects of 
changes of dp and ε are mutually offset, which causes the velocity 
variation interval of PDSI and PISD to be smaller than PDSD and PISI. 
Moreover, the velocity distributions of PISD and HPM are approximately 
coincident, which explains why the hydraulic performance of the two 
configurations is relatively similar. In the clear fluid region, due to the 
smaller flow resistance of PISI in the porous region, the maximum ve-
locity of PISI is lower than that of other configurations. 

Fig. 8 shows the dimensionless temperature distribution in the fully 
developed section. For the region with porous media, the equivalent 
thermal conductivity is significantly greater than that of air, so the 
dimensionless distribution has a tiny variation in that region. In the 
region without porous media, the temperature changes significantly 
with a higher temperature gradient. The insertion of porous media is 
similar to constructing an equivalent temperature boundary layer. It can 
be seen from the partially enlarged view that in the porous region, the 
temperature gradient under different configurations are all close to zero, 
and the temperature of PISI is higher than other layouts while of PDSD is 
the lowest. In the porous-fluid interface, the temperature gradient of the 
PISI is the smallest, as a result, the temperature of PISI is lower than 
others in most areas of the fluid region. The varied range of temperature 
of PDSI and PISD is between PDSD and PISI, and the temperature of PISD 
and HPM is also approximately coincident, which explains the similarity 
in heat transfer performance. 

3.2. Parameter study on the effect of the gradient of GPM 

To further understand the impacts of Δdp and Δε on heat transfer and 
flow performance, a parameter analysis is performed by controlling 
other parameters remain fixed and only change the Δdp and Δε of GPM, 
which the ranges of variations are respectively (− 0.012, 0.012) and 
(− 0.15, 0.15). As shown in Fig. 9 and Fig. 10, the increases in Δdp and 
Δε reduce the flow resistance in the pipe, which simultaneously reduce 
the heat transfer performance. And the variations of the f and Nu are 
relatively uniform with the increasing Δdp within the range of Δdp > 0, 
while within the range of Δdp < 0, the change becomes nonuniformity. 
The larger Δdp is, the more obvious decrease caused by the increasing Δε 

is. It can be found also that the variations with Δε is approximately 
linear in the range of Δε < 0, and the variation degree has increased 
significantly in the range of Δε > 0. 
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Fig. 8. Fully developed dimensionless temperature profiles along the radius direction of GPM and HPM with rp/r0 = 0.5 at Re = 1305.  
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Fig. 9. Variations in friction factor with Δdp and Δε under rp = 0.05 m at Re 
= 1305. 

-0.15 -0.10 -0.05 0.00 0.05 0.10 0.15

8.8

9.0

9.2

9.4

9.6

9.8

10.0

N
u

dp=0.012m dp= -0.012m
dp=0.008m dp= -0.008m
dp=0.004m dp= -0.004m
dp=0

Fig. 10. Variations in Nusselt number with Δdp and Δε under rp = 0.05 m at 
Re = 1305. 
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3.3. Performance comparison with different filling ratio of GPM 

Keeping the Δdp and Δε of GPM as fixed values, the influence of the 
filling ratio (rd = rp/r0) of GPM on the thermal-hydraulic performance is 
discussed in this section. Fig. 11 presents the velocity profiles of four 
configurations with different rd. As shown in Fig. 11, the location cor-
responding to the maximum velocity is gradually increasing as the rd 
increases continuously, meanwhile, the maximum velocity is enhanced 
clarity and the increment of the maximum velocity for the rd from 0.5 to 
0.7 is far larger than that from 0.3 to 0.5. Compared with the velocity 
profiles in the case of PISI, the velocity profiles near the axis of the tube 
are approximately coincident. This is attributed to the initial pore-sizes 
and porosities are the same as the different rd. Along with the increase of 
the radius, the influence of rd leads to velocity differentiation, which is 
manifested as the higher the filling ratio is, the higher the velocity near 
the contact surface is. In contrast, the velocity in the porous region in-
creases with the increasing rd in the other three configurations. In the 
case of PDSD, the increasing rd makes the velocity near the axis get a 
significant increase. In the whole porous region, the velocity of rd = 0.7 
is always higher than the others, and the velocity decreases finally to the 
minimum at the outermost porous region. In the case of PDSI and PISD, 
the velocities in the porous region changes slowly under the various rd, 
which suddenly accelerates until in the clear fluid region. It indicates 
that no matter the filling ratio increases or decreases in the cases of PDSI 
and PISD, the effect of gradient under the same Δdp and Δε is not 
obvious. 

By comparing the temperature distribution curves of four 

configurations with different rd shown in Fig. 12, it can be seen that the 
thickness of the equivalent temperature boundary layer decreases 
gradually with the increasing rd, and the isothermal area increases 
continuously. It is worth noting that the equivalent thermal conductivity 
of porous media differs greatly from that of air, so whether the rd in-
creases or decreases, the effect of Δdp and Δε on the isothermal region is 
unconsiderable. By comparing the dimensionless temperature of four 
configurations, it is not difficult to find that the more filling ratio rd is, 
the lower dimensionless temperature in the porous region is. Compared 
with the temperature reductions in the porous region caused by the 
increase of rd, the reduction in PISI is the largest, while the variations of 
the other three cases are relatively close. 

Fig. 13 and Fig. 14 show the influence of Δdp and Δε on the f and Nu 
under different rd. It can be seen that the trend of the f and Nu is quite 
similar, and both decrease with the increase of Δdp and Δε. Moreover, in 
the range of Δdp < 0 and Δε > 0, the variations are obvious than that in 
other ranges. With the increasing rd, both flow resistance and heat 
transfer performance are significantly enhanced, and the more rd in-
crease, the more obvious the performance improvement is. Besides, the 
performance of GPM is more sensitive to the gradient under a larger rd. 
Meanwhile, Δdp has a stronger impact on performance than Δε. 

4. Optimization method and procedure 

4.1. The optimization problem description 

For the interests in the performance of GPM in this work, keeping 

(a) PISI (b) PDSI 

(c) PISD (d) PDSD 

Fig. 11. Fully developed velocity profiles along the radius direction of four configurations of GPM under different filling ratio at Re = 1305.  
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other parameters as constant, a multi-objective optimization design is 
performed by employing Δdp and Δε as design parameters, which con-
siders the maximum heat transfer and the minimum flow resistance as 
the optimization objectives, hoping to get a more ideal preferential so-
lution. The optimization problem can be described as: 

find : X(Δdp,Δε)
minimize : J1 = f , andJ2 = − Nu

subjectto : − 0.012⩽Δdp⩽0.012m, − 0.15⩽Δε⩽0.15  

(a) PISI (b)PDSI 

(c) PISD (d) PDSD 

Fig. 12. Fully developed dimensionless temperature profiles along the radius direction of four configurations of GPM under different filling ratio at Re = 1305.  

(a) Comparison of friction factor (b) Comparison of Nusselt number

Fig. 13. Comparison of friction factor and Nusselt number with various Δε and rd under Δdp = 0.012 m or Δdp = − 0.012 m.  
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4.2. Kriging model 

The Kriging model is a widely used surrogate-model in engineering 
with the high accuracy and flexibility, which can give an unbiased es-
timate for all sample points [62,63]. According to the spatial location 
information and the degree of correlation between the observed points, 
different weights are assigned to different observation points for pre-
dicting the response of unobserved points. It is a semi-parametric 
interpolation technique, which consists of a regression part and a non- 
parametric part as [64]: 

ỹ(x) = F(γ, x)+ Z(x) (21)  

Where F(γ, x) is the polynomial regression term which can be written as: 

(22)  

Where γ is the regression coefficient, and f(x) is the basis function, which 
can be taken as a constant or first-order or second-order polynomial 
function. Z(x) is a random distribution function used to approximate 
local deviation, which has the following statistical characteristics: 

Cov
[
Z
(
xi),Z

(
xj) ] = σ2R

(
θk, xi, xj) (23) 

Here, R(θ, xi, xj) represents the correlation function between any two 
sample points, and θ is the relevant parameter. For different engineering 
problems, the correlation functions used are also different. In this paper, 
the correlation function is: 

R
(
θk, xi, xj) = exp

[

−
∑N

k=1
θk
⃒
⃒xi

k − xj
k

⃒
⃒

]

(24) 

As the sample set [XN×n| XN×1], the response value ̃y(x) at the point x 
can be estimated according to the Kriging model: 

ỹ(x) = f (x)T γ + r(x)T R− 1(Y − yγ) (25)  

Where: 

R =

⎡

⎢
⎢
⎣

R
(
x1, x1) R(x1, x2) ⋯ R(x1, xN)

R
(
x2, x1) R(x2, x2) ⋯ R(x2, xN)

⋮ ⋮ ⋮ ⋮
R
(
xN , x1) R(xN , x2) ⋯ R(xN , xN)

⎤

⎥
⎥
⎦ (26)  

γ =
[
γ1, γ2, γ3,⋯, γp

]T (27)  

f (x) =
[
f1(x), f2(x),⋯, fp(x)

]T (28)  

y =
[
f
(
x1)T

, f
(
x2)T

,⋯, f
(
xN)T

]T
(29)  

r(x) =
[
R
(
x, x1),R

(
x, x2),⋯,R

(
x, xN) ]T (30) 

According to the predicted optimal linear unbiased estimation, the 
undetermined coefficients γ can be obtained: 

γ =
(
yT R− 1y

)− 1yT R− 1Y (31) 

According to the maximum likelihood estimation method, θk is 
calculated by solving the unconstrained optimization problem: 

max
θk>0

[

−
1
2
(
Nlnσ2 + ln|R|

)
]

(32) 

The variance σ2 can be expressed as: 

σ2 =
1
N
(Y − yγ)T R− 1(Y − yγ) (33)  

4.3. Multi-objective optimization 

For the problem of multiple optimization objectives in the optimi-
zation process, a multi-objective genetic optimization algorithm 
(MOGA) can be used to accurately and effectively solve the problem 
[65–68]. The NSGA-II algorithm employed in this paper is developed 
and established by the researcher Deb [69] based on the non-dominated 
sorting genetic algorithm. Compared with other evolutionary strategies, 
the algorithm has good search performance and is suitable for contra-
dictory and extensive targets. The specific steps for the NSGA-II algo-
rithm are described in detail as Fig. 15, and the genetic algorithm 
parameters are shown in Table 2. 

Step 1: Generate randomly an initial population Pt of size N; 
Step 2: Product an offspring population Qt by performing genetic 
operators and combine Pt with Qt to generate a new population Rt of 
size 2 N; 
Step 3: Rank all individuals in the population Rt by non-dominated 
sorting and further calculate the crowding distance if individuals 
have same rank, and then select suitable individuals until obtaining 
the next population Pt+1 of size N; 
Step 4: identify the termination conditions, and perform the above 
steps until the termination conditions are satisfied. 
Dominance relation: An individual X1 dominated an individual X2 
can be described as satisfying any of the following conditions:  
(a) X1 is no worse than X2 in all objectives; 

(a) Comparison of friction factor (b) Comparison of Nusselt number
Fig. 14. Comparison of friction factor and Nusselt number with various Δdp and rd under Δε = 0.15 or Δε = − 0.15.  
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(b) X1 is strictly better than X2 in at least one objective. 
Crowding distance: Crowding distance is used to sort individuals 
under the same non-dominant rank, which is calculated as follows: 

I[i]d =

⎧
⎪⎨

⎪⎩

∞, i = 1, l

I[i]d +
I[i + 1]m − I[i − 1]m

f max
m − f min

m
, i = 2, 3, ..., l − 1

⎫
⎪⎬

⎪⎭

where I[i]d denotes the crowding distance of the i-th individual, I[i + 1]m 

represents the m-th objective value of the i + 1-th individual, and fmmax 

and fmmin are the maximum and minimum values of the m-th objective 
function, respectively. 

4.4. Optimization procedure 

The framework of the optimization procedure combined with the 
Kriging model and MOGA is mainly comprised of five components as 
shown in Fig. 16: identify the optimization goals and design parameters, 
design of experiment, numerical solution, construct surrogate model, 
and multi-objective optimization. As discussed previously, Δdp and Δε 
are selected as design parameters aimed to explore the optimal variable 
distribution weighed the flow and heat transfer performance. Subse-
quently, the experiment needs to be designed to obtain the observation 
points for constructing the Kriging model. Since the accuracy of the 
optimization results is greatly affected by the fitting effect of the sur-
rogate model, considering the small dimensions of the design variables, 
the full-factor experiment is employed that 7 × 7 experimental points 
are uniformly sampled in the variable space and are numerically 
calculated by the CFD software to obtain the corresponding results. With 
the sampled data, the Kriging model can be constructed by seeking the θk 
listed in equation (32). Fig. 17 shows the schematic diagram of the 
constructed Kriging model. The red points are the experimental data 
obtained by numerical calculation and the response surface is built by 
the predictor of the constructed Kriging model. And as depicted in 
Fig. 17, the sample points fit well with the response surface, which 
proves the accuracy of the kriging model established in this work. Lastly, 
the NSGA-II algorithm is utilized to seek the candidate solutions in-terms 
of both objectives. 

5. Optimization results and discussion 

The gradients of GPM are optimized by the multi-objective genetic 
algorithm under the various filling ratio rd, and then the Pareto solutions 
are obtained as shown in Fig. 18. It can be seen from the figure that there 
is a clear conflict between the thermal and hydraulic performance, the 

Initial population P1

Fast non-dominated sorting, 
Crowded distance comparison

Generic operation, 
producing offspring population

Merge the parent population and 
offspring population

Start
Fast non-dominated sorting, 

Crowded distance comparison

Genrate the new parent 
population

Gen≤Genmax?

End

Output Pareto-optimal solutions set

Yes
Gen=Gen+1

No

Fig. 15. Flow chart of NSGA-II optimization.  

Table 2 
Parameters of NSGA-II.  

Parameters Value 

Population size 350 
Crossover fraction 0.85 
Mutation fraction 0.2 
Pareto front population fraction 0.4 
Generations 200  

Fig. 16. A framework for optimizing Δdp and Δε based Kriging model and genetic algorithm.  
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enhancement of heat transfer is at the cost of increasing the flow resis-
tance. The Pareto solutions shown in the figure present a linear distri-
bution. The expressions of the fitting lines are different under different 
rd. In the case of rd = 0.3, the relationship between two objectives, the 
flow resistance J1 and the heat transfer performance J2 can be expressed 
by the linear equation: J2 = − 20.80208× J1 − 3.69062. Within the 
limited variation range of variables, the maximum Nu = 6.9837 is 

3.271% larger than that of HPM and the minimum f = 0.1334 is 9.624% 
smaller than that of HPM. In the case of rd = 0.5, the relationship be-
tween the two objectives can be expressed by the linear equation: J2 =

− 12.39332× J1 − 5.24763, the absolute value of the slope decreases 
compared with rd = 0.3, while the variation range of the optimal f and 
Nu increases obviously. In the case of rd = 0.7, the relationship between 
the two objectives can be expressed by the linear equation: J2 =

(b) rd =0.5 

(c) rd =0.7 

(a) rd=0.3 

Fig. 17. Comparison of the predicted and observed values.  
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− 5.93871× J1 − 7.99205. The absolute value of the slope is further 
reduced, but the variation range of Nu and f is further expanded. The 
flow resistance can be reduced by up to 19.573%, and the heat transfer 
efficiency can be increased by up to 7.088% compared with the homo-
geneous porous media. 

Fig. 19 shows the spatial distribution of the design variables corre-
sponding to the optimal Pareto solution. As shown in the figure, the 
distributions of the optimal design variables under different rp are quite 
similar, and the variation range of optimal design variables is as same as 
the design space, indicating that the flow and heat transfer performance 
keep in conflict in the entire design space. A large number of optimal 
points are distributed in PDSD, PISD, and PISI, and only a small number 
of points are distributed in PDSI. It can be seen that both the flow and 
heat transfer performances of PDSI are not prominent compared with 
the other configurations. 

6. Conclusion 

The present paper mainly investigates the combined effects of the 
gradients of gradient porous media on thermal and hydraulic perfor-
mance. Four different configurations combined with the different gra-
dients of pore-size and porosity are formed and compared with 
homogeneous porous media. The optimal configurations, including 
minimum flow resistance, maximum heat transfer, and different weights 
of the two performances are obtained by parametric analysis and multi- 
objective optimization. The conclusions can be drawn as follows: 

1. The configuration where porosity and pore-size increase simulta-
neously along the radius has the best heat transfer performance, 
while a simultaneous decrease has the minimum flow resistance. The 
configuration with the increasing pore-size and decreasing porosity 
have a similar performance with the homogeneous porous media. 

2. For a given pore-size gradient, both the friction factor and the Nus-
selt number decrease with the increasing porosity gradient, and the 
variation get inconsiderable as the pore-size gradient decreases.  

3. With the increasing filling ratio rd, both flow resistance and heat 
transfer efficiency are significantly enhanced, and the sensitivity of 
both to the gradient variations is also increased.  

4. The optimization results present linear distribution between the two 
objectives, and the slope of the fitting line decreases with the in-
crease of the filling ratio. The configuration with the decreasing 
pore-size and increasing porosity is not outstanding in both flow and 
heat transfer performance. 
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