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A B S T R A C T   

Simultaneous use of porous media and nanofluids will increase the convective heat transfer multiple times 
compared to non-porous and pure fluid conditions. Heat transfer and flow transport of nanofluids inside porous 
media are usually simulated in large-scale with average properties, which are typically highly uncertain. Pore- 
scale simulation as an alternative approach can capture the characteristics of flow and heat transfer more 
accurately. Only few studies have been conducted to study nanofluid flow through porous media in pore-scale, 
and most of them employed single-phase approach without focus on different affective forces. This paper uses a 
pore-scale approach to investigate the flow characteristics and convective heat transfer of two-phase nanofluid 
flow in open-cell metal foams (OCMFs). Simulation of fluid flow and heat transfer is achieved by Buongiorno’s 
model. Therefore, a computational code through the OpenFOAM library that operates by a direct numerical 
simulation (DNS) approach and the finite volume method (FVM) is used. The momentum, energy, continuity, and 
nanoparticle distribution equations are discretized, and the SIMPLE algorithm is utilized for pressure and ve
locity coupling. In the present study, three OCMFs with a constant porosity (0.86) and various pore densities are 
investigated. Also, variations of pressure gradient, Nusselt number, and Darcy velocity are investigated as a 
function of pore density (as a geometric parameter), nanoparticle diameter, concentration, and Brownian motion 
force. The results indicate that the Brownian force enhances the heat transfer in OCMFs from 2% by up to 14% 
for the nanofluid flowing with 3% nanoparticle concentration. Also, increasing the diameter of nanoparticles 
reduces the Darcy velocity and heat transfer by up to 4%. On the other hand, increasing particle concentration 
from 3% to 5%, increases heat transfer by up to 10% and reduces the Darcy velocity by up to 9%. Finally, 
doubling the pore density demonstrates the complex behavior of the flow patterns, in which the heat transfer 
increases by up to 30% and permeability and velocity are reduced by up to 70%.   

1. Introduction 

Heat transfer and fluid flow in porous media have a wide range of 
theoretical and applied science applications. Some of such applications 
are oil and gas extraction from petroleum reservoirs [1], new combus
tion systems with reduced emissions [2], renewable and solar energy 
systems [3], water resources management [4], underground energy 
storage [5], thermochemical reactors [6], desalination systems [7], 
adsorption [8], filtration [9], fuel cells [10,11], drug delivery in bio
logical systems and many more problems [12]. 

Open-cell foams (OCF) are low-weight porous structures with high 
permeability, which can be used in various energy systems to improve 
their performance. Metallic and ceramic OCFs have been used to 

enhance the thermal and chemical performance of burners [13], heat 
exchangers [14,15], solar collectors [16], thermal energy storage units 
[17,18], and chemical reactors [19]. For instance, in an experimental 
study on shell and tube thermal energy storage units, the pattern of 
annular porous fins is optimized [20]. Also, the melting process is 
studied in another investigation on a thermal energy storage unit filled 
with open-cell metal foams (OCMFs) [21]. It was demonstrated that the 
melting time is considerably dependent on the geometrical parameters 
of the OCMFs, such as the pore density. Busser et al. [22] experimentally 
investigated the hydrodynamics and heat transfer of two-phase flows 
(gas-liquid) with different flow regimes in a thin sheet of highly porous 
OCF. 

Numerical simulation is a common tool to analyze transport phe
nomena in porous media. Darcy-scale or macro-scale analysis of porous 
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media is traditionally used to investigate such problems. However, this 
method of analysis necessitates characterization of the porous medium 
to extract its average properties, such as the Forchheimer coefficient, 
onset of the non-Darcy regime, permeability, and overall heat transfer 
coefficient. These properties can be obtained from experimental in
vestigations, which are expensive. In contrast, pore-scale numerical 
analysis can aid us in characterizing porous media to perform macro- 
scale analyses. The results can be used to suggest improved designs of 
porous materials. In pore-scale analysis, a detailed geometry of pores is 
generated, and the governing equations are solved in the pore structure. 
Pore-scale analysis can be done through two techniques: 1- pore network 
modeling (PNM) and 2- direct numerical simulation (DNS). In the first 
method, a simplified pore-network model represents the detailed porous 
structure, and analytical relations are used to resolve the governing 
equations in pores and throats. While in the second method, the gov
erning equations are solved numerically on the original pore-scale ge
ometry [23]. In the past two decades, much research have been done on 
pore-scale imaging and numerical simulation. Raeini et al. [24] studied 
a new approach of PNM for multiphase flow in a mixed-wet and water- 
wet reservoir. Their results showed that flow characteristics and image 
processing algorithm parameters introduce an enormous difference in 
the calculations of upscaled flow properties. Numerical methods have 
been developed to perform DNS and resolve various physics in pore- 
scale. The finite volume method (FVM) is a powerful numerical tech
nique which is commonly used to solve problems in complex geometries. 
Ramezanpour et al. [25] used the DNS method to investigate nano
particles’ deposition in a microchannel by pore-scale approach. 

Most DNS studies are confined to multiphase flows (in absence of 
thermal analysis) in low-permeability porous rocks, which are used in 
the petroleum industry. A few studies have been done on open-cell 

porous foams to characterize their hydro-thermal properties. Kopani
dis et al. [26] studied heat conduction of high porosity metallic OCFs. 
The study of Moghimi et al. [27] focused on the non-Darcy flow in highly 
porous structures with different degrees of geometrical complexity. Yao 
et al. [28] investigated heat transfer in highly porous OCMFs. Trilok and 
Gnanasekaran [29] computed the flow characteristics and heat transfer 
rate of OCMFs. They illustrated the performance characteristics of foam 
samples to enhance heat transfer and curtail flow resistance. These 
studies are limited to single-phase flows in OCMFs. 

Nanofluids –as a slurry of high-conductive nanoparticles and a base 
fluid– can enhance the heat transfer coefficient. Numerical simulation of 
nanofluid flow and heat transfer have been the topic of many research 
studies. The most common approach for nanofluid flow simulation is the 
single-phase scheme with improved mixture properties [30]. More ac
curate two-phase simulation approaches such as Eulerian-Eulerian 
[31,32], Eulerian-Lagrangian [25,33], two-phase mixture [34], and 
Buongiorno’s model [35,36] are also used in this field. Among these 
models, Buongiorno’s equations efficiently and accurately model the 
most important forces (such as Brownian and thermophoresis) in a 
nanofluid mixture. Since 2006, this method has been used for the nu
merical simulation of nanofluids in different problems. The use of 
nanofluid flowing through a highly conductive OCF has been the subject 
of many recent investigations. For systems employing nanofluids and 
porous media, studying the hydraulic and thermal parameters is essen
tial [37]. Heat transfer problems with free [38,39], forced [40,41], or 
mixed convection [42,43] mechanisms have been analyzed in various 
geometries [44]. The main conclusion of these research works is that 
simulateneous applying porous foams and nanofluid can substantially 
improve heat transfer at the expense of a minor increment in pressure 
loss and pumping power. For instance, Yekani motlgh et al. [45] studied 

Nomenclature 

cp Specific heat capacity, (J kg− 1 K− 1) 
d Molecule diameter, (m) 
dp Pore diameter, (m) 
DB Brownian coefficient, m2s− 1 

h Overall heat transfer coefficient, W/m2K 
J→ Mass flux, (kg m2 s− 1)

Jp Nanoparticle diffusion mass flux, (kg m2 s− 1)

k Thermal conductivity, (Wm− 1k− 1)

K Permeability tensor, (m2) 
kB Boltzmann’s constant, ( Jk− 1)

KD Darcy permeability tensor, (m2) 
KF Forchheimer permeability tensor, (m2)

L Sample length, (m) 
ṁ Mass flow rate, (kg s− 1)

Nud Nusselt number 
p Pressure, (Pa)
T Temperature, (K)

T Average temperature, (K)

Tin Inlet fluid temperature, (K)

Tw Inlet Wall Temperature, (K)

(Tw)inlet Outlet wall temperature, (K)

(Tw)outlet Outlet wall temperature, (K)

q’’ Heat flux, (Wm− 2)

Rek Reynolds number, (ρUKD
1/2/μ)

U Darcy velocity, (m s− 1)

V Velocity, (m s− 1)

∇p Pressure gradient, (Pa m− 1)

Greek Symbols 
ε Porosity 
ρ Density, kg m− 3 

μ Dynamic viscosity, (kg m− 1 s− 1)

β Thermal expansion coefficient, (K− 1)

βF Forchheimer coefficient, 
φ Nanoparticles’ volume fraction, 
ν Kinematic viscosity, (m2s− 1)

Subscripts 
B Brownian Motion 
D Darcy 
F Forchheimer 
eq Equivalent 
i Nanoparticle’s moving direction 
f Fluid 
in Inlet 
out Outlet 
nf Nanofluid 
np Nanoparticle 
p Porous 
s Solid 

Acronyms 
OCF Open-cell foam 
OCMF Open-cell metal foam 
CAD Computer-aided design 
FVM Finite volume method 
WP Weaire–Phelan 
PNM Pore-network modeling 
PPI Pores per inch 
STL Standard triangle language  
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the two-phase flow of nanofluids inside a porous-semi annulus cavity 
with the Buongiorno’s approach. Their results indicated that increasing 
the volume fraction of nanofluids enhances the Nusselt number. Sher
emet and Pop [46] investigated Darcy–Boussinesq model in the porous 
cavity by considering Brownian diffusion and thermophoresis. They 
demonstrated that the heat transfer was enhanced, and convection flow 
was reduced by decreasing the distance between the vertical wall and 
the heat source. In another study, Yekani Motlagh et al. [47] employed 
Buongiorno’s model with Brownian motion and thermophoresis effects. 
Their results indicated that the thickness of the mass boundary layer 
reduced with the decrement of the porosity. Malvandi et al. [48] studied 
thermal performance of the nanofluid in a circular microchannel by 
considering Brownian motion and thermophoresis, numerically. In 
another study by Malvandi et al. [49], the nanoparticle transport phe
nomenon was considered in Buongiorno’s model. Selimefendigil and 
Oztop [50] worked on heat transfer and flow characteristics in a U- 
shaped porous channel under the effect of magnetic fields. Siavashi et al. 
[51] investigated the two-phase nanofluid model by using Darcy- 
Brinkman- Forchheimer’s relation in porous media in a large-scale 
approach. Their results demonstrated the optimum thickness of porous 
layers in partial filling in which heat transfer maximizes. Sheikholeslami 
[52] studied the effect of the Lorentz forces on the natural convection of 
nanofluid in the porous cavity. The results show that the heat transfer 

Table 1 
Comparison of the most recent studies about nanofluid flow through porous 
media.  

Authors Method of 
solution 

Scale Assumptions 

Sheremet and Pop  
[46] 

Finite 
difference 
method 

Large-scale approach Two-phase flow- 
Heat transfer 

Yekani Motlagh 
et al. [47] 

Finite volume 
method 

Large-scale approach Two-phase flow- 
Heat transfer 

Habibi Matin and 
Pop [42] 

Analytical 
method 

Large-scale approach Two-phase flow- 
Heat transfer 

Dickson et al. [43] Analytical 
method 

Large-scale approach Two-phase flow- 
Heat transfer 

Malvandi et al.  
[48] 

Finite volume 
method 

Large-scale approach Two-phase flow- 
Heat transfer 

Malvandi et al.  
[49] 

Finite volume 
method 

Large-scale approach Two-phase flow- 
Heat transfer 

Fazeli et al. [40] Finite volume 
method 

Large-scale approach Two-phase flow- 
Heat transfer 

Selimefendigil and 
Oztop [50] 

Finite volume 
method 

Large-scale approach Two-phase flow- 
Heat transfer 

Sheikholeslami  
[52] 

CVFEM method Large-scale approach Two-phase flow- 
Heat transfer 

Hatami et al. [54] Finite Element 
Method 

Large-scale approach Two-phase flow- 
Heat transfer 

Andarwa et al.  
[55,56] 

Eulerian- 
Lagrangian 
method 

Pore-scale approach 
(microchannel) 

Two-phase flow 

Seetha et al. [57] Eulerian 
method 

Pore-scale approach 
(microchannel) 

Two-phase flow 

Ramezanpour et al. 
[25] 

Eulerian- 
Lagrangian 
method 

Pore-scale approach 
(microchannel) 

Two-phase flow 

Su et al. [61] Eulerian- 
Lagrangian 
method 

Pore-scale approach 
(porous media) 

Two-phase flow 

Moghimi et al.  
[27] 

Eulerian 
method 

Pore-scale approach 
(porous media) 

One-phase flow 

Poureslami et al.  
[64] 

Eulerian 
method 

Pore-scale approach 
(porous media) 

One-phase flow- 
Heat transfer 

Sepehri and 
Siavashi [62] 

Eulerian 
method 

Pore-scale approach 
(porous media) 

One-phase flow- 
Heat transfer 

Minakov et al.  
[59] 

volume of fluid 
(VOF) method 

Pore-scale approach 
(porous media) 

Two-phase flow 

Buonomo et al.  
[63] 

Eulerian 
method 

Pore-scale approach 
(porous media-Kelvin 
cell) 

Two-phase flow- 
Heat transfer  

Fig. 1. Geometry of three OCF samples with a porosity of 0.86. (a), (b), and (c) 
are samples 1,2, and 3, respectively. 

Table 2 
Physical properties of the open-cell foam samples studied in this work.  

Sample 
number 

Porosity Dimensions 
(mm3) 

Pore 
diameter 
(mm) 

Pore 
density 
(PPI) 

Ligament 
diameter 
(mm) 

1  0.86 6 × 6 × 6  1.270 20  0.192 
2  0.86 4 × 4 × 4  0.847 30  0.133 
3  0.86 3 × 3 × 3  0.635 40  0.096  

Table 3 
Thermophysical properties of the nanoparticles, base fluid, and metallic OCF 
used in the simulations.  

Material μ[mPa.s] ρ[kg.m− 3] λ[W.m− 1K− 1] cp[J.kg− 1K− 1]

Base fluid (water) 0.7972 995.7 0.6145 4118 
Alumina (Al2O3) – 3.890 40 765 
Stainless steel 304A – 7850 16.5 500  
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decreases with enhancing the Hartmann number but increases with 
increasing the volume fraction of nanofluid. In another study, Heyhat 
et al. [53] experimentally investigated the effect of nanofluid on the 
thermal performance of the metal foam as an absorption parabolic 
trough solar collector. Their study focused on the effect of different 
volume concentrations on thermal efficiency for different solar ab
sorbers. In another study, Hatami et al. [54] studied the effects of 
different nanoparticles and porosity of absorber tube on the concen
trating parabolic solar collector performance. They investigated the ef
fect of the nanoparticle volume fraction, nanoparticle variety, and Darcy 
and Rayleigh numbers on the heat and mass transfer. According to their 

findings, the maximum heat transfer occurs when the volume fractions 
of nanoparticles and the Rayleigh numbers are at the maximum possible 
values. 

All these research works are conducted with large-scale insight using 
equivalent porous material properties without considering the porous 
foam details, which can be far from the real properties of a porous foam. 
The interaction of nanofluid with the complex structure of porous media 
is another important point that should be considered in thermo-fluid 
simulations which could not be observed in these macro-scale works. 

A few studies focused on pore-scale simulation of nanofluid flow in 
simple geometries, representing pore channels such as a microchannel. 
Andarwa et al. [55,56] studied pore-scale simulation of nanoparticle 
transport in a microchannel. They utilized the lattice Boltzmann method 
coupled with Lagrangian particle tracking to study nanoparticle depo
sition. Seetha et al.[57] conducted pore-scale simulation of nanoparticle 
transport and deposition in a microchannel. They used Eulerian method 
to investigate nanoparticle transport. 

A few recent studies on nanofluids flowing through porous media 
have been performed only to study the flow characteristics. These 
studies analyzed nanofluid flow in porous media to enhance oil recovery 
or nanofluid flow in oil reservoirs [58]. Minakov et al. [59] investigated 
the effect of nanofluid on interfacial tension and wettability of two- 
phase nanofluid flow in a sandstone rock to enhance oil recovery by a 
pore-scale approach. Zhang et al. [60] experimentally investigated the 
effects of a nanofluid on the enhancement of oil recovery in carbonates. 
Su et al. [61] investigated the pore-scale direct numerical simulation of 
particle transport in porous media. They studied the base point- 
increment method to enhance the discrete element approach and eval
uate particle-particle and particle-wall interactions. Sepehri and Siava
shi [62] studied pore-scale simulation of flow and energy transport in a 
non-Darcy flow regime. They investigated coupled thermo-fluid con
vection-conduction analyses performed on Laguerre–Voronoi metal 
foams. In another study, Buonomo et al. [63] investigated the entropy 

Fig. 2. A schematic representation of boundary conditions for the simulation in an OCF.  

Fig. 3. Mesh dependency analysis of the overall Nusselt number (Nud), and the 
x-direction Darcy permeability (Kx) to the total voxels for sample 3 with the 
pressure gradient equal to 20 Pa/m. 

Table 4 
The effect of various grids circumstances on heat transfer and flow results for the three samples.  

Sample number Coarse grid KD[mm2] Nud Medium grid KD [mm2] Nud Fine grid KD [mm2] Nud 

1 1203  10.98  14.90 1503  10.77  14.94 1803  1.78  14.99 
2 1003  4.98  17.37 1203  4.80  17.39 1403  4.78  17.40 
3 903  2.80  21.41 1053  2.69  21.50 1203  2.66  21.54  
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generation of nanofluid in pore-scale. 
A summary of the most recent studies considering nanofluid flow 

through porous media with large-scale and pore-scale insights is listed in 
Table 1. The above literature survey and the information presented in 
Table 1 indicate that most recent studies only investigated hydrody
namics and heat transfer of nanofluid flow in large-scale, using averaged 
properties. Moreover, recent investigations have not investigated the 
hydro-thermal characteristics of nanofluid flow at the pore-scale. 
Furthermore, the pore-scale flow analyses through OCFs have been 
confined to pure fluids or simple geometries, while different influential 
forces of nanoparticle transport can highly affect the hydro-thermal 
performance of nanofluid flow through complex porous media. 

Based on the mentioned contents, a research gap exists on pore-scale 
analysis of nanofluid flow in OCFs, considering the most effective 
nanoparticle transport forces. Interactions of nanofluid and nano
particles with the complex geometry of the OCF considering different 
forces could provide more precise insight into different hydro-thermal 
aspects of nanofluid flow through porous foams, aiding improved pro

cess design. Single-phase mixture nanofluid models could not show 
these effects, while Buongiorno’s model can effectively capture such 
effects. Accordingly, this study investigates the effect of some important 
influencing parameters of nanofluid on heat transfer and hydrodynamics 
of a nanofluid slurry flowing through OCFs with different pore densities. 
The FVM is implemented to resolve the problem, and the three- 
dimensional (3D) numerical code is developed in the open-source li
brary of OpenFOAM. Weaire–Phelan (WP) foam structures with a con
stant porosity (0.86) and various pore densities are constructed to 
perform DNS studies. The nanofluid flow is simulated with Buongiorno’s 
model, and the effect of particle concentration, Brownian motion, 
nanoparticle diameter, and the pore density of OCFs on hydrodynamics 
and heat transfer have been thoroughly investigated. 

2. Problem statement and mathematical model 

2.1. Open-cell foam (OCF) samples 

Kelvin and Weaire–Phelan (WP) unit cells are the most widely used 
structures for OCFs. In this research, the WP structure has been used to 

Fig. 4. Nanofluid flow in a microchannel compared to the published results of Sharaf et al. [80].  

Fig. 5. The non-dimensional velocity profile in the outlet of the microchannel 
height using the present model and comparing with the results of Sharaf et al. 
[80], and Yang and Lai [81]. 

Fig. 6. The non-dimensional temperature profile in the microchannel using the 
present model and compared with the results of Sharaf et al. [80]. 
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produce OCF samples [65]. The WP structure has irregular hexagons and 
six tetrahedrons and has been used in many studies [65]. Cunsolo et al. 
[66] studied hydrodynamics and heat transfer phenomena in Kelvin and 
Weaire–Phelan structures. They demonstrated that the volumetric 
Nusselt numbers were almost identical in the two structures when the 
porosity values were higher than 0.9. However, at a porosity of 0.86, the 
WP illustrates a better performance. Since the samples used in this study 
have a porosity of 0.86, the WP structure is selected [65]. This research, 
employs the same procedure as that of Poureslami et al. [64] to produce 
OCF samples. As depicted in Fig. 1, three foam samples, having a con
stant porosity equal to 0.86 with various pore densities (PPI = 20, 30, 
and 40) are used to conduct simulations. PPI is pores per inch (2.54 cm) 
and is an inverse representation of pore size. The ligament diameter is 
the average of all foam, and the ratio of foam diameter to PPI is 25.4. The 
physical properties of the three samples are summarized in Table 2. 

2.2. Problem definition 

The effect of Brownian motion, nanoparticle diameter, nanofluid 
concentration, and foam pore density on the heat transfer and hydro
dynamic characteristics of the OCF are analyzed under varying flow 
conditions. To consider the effect of these parameters, each foam is 
exposed to different pressure gradients which cover different flow re
gimes. Parallel simulations are performed on a computational server 
(Intel® Xeon® processor v2, with 16 threads, 3.3 GHz frequency, and 
64 GB memory). Each simulation requires between 10 and 15 h to 
converge, depending on the number of computational cells and the 
Reynolds number. Nanoparticles are spherical alumina (Al2O3) and the 
flow is assumed to be incompressible and laminar. Nanofluid enters the 
domain with atmospheric pressure and a constant temperature of 30̊C. 
The OCF is manufactured from 304A stainless steel, and the thermo
physical properties of the nanoparticles, base fluid, and OCMF are given 
in Table 3. 

A schematic of the boundary conditions is presented in Fig. 2. A 
pressure gradient is imposed across the input–output boundaries to 
prevent instability in the solutions. This model was proposed by Guo 
et al. [67]. At the inlet, a constant temperature of 303 K (around the 
room temperature) is set as the input thermal boundary; surrounding 
walls have no-slip condition for velocity and are adiabatic. Also, zero 
mass flux for the volume fraction equation is set at the surface. Heat flux 
is assumed to be constant and equals 25,000 Wm− 2 in the interface of the 
fluid and solid foam, and the no-slip boundary condition, are set at the 
aforementioned interface. 

2.3. Governing equations 

The Buongiorno’s model explores the heat transfer phenomena 
caused by seven slip mechanisms: the Magnus effect, Brownian diffu
sion, fluid drainage, inertia, thermophoresis, gravity, and diffusiopho
resis. These mechanisms produce a relative velocity between the base 
fluid and the nanoparticles. The governing equations as a set of 
nonlinear ordinary differential equations (ODEs) are solved numeri
cally. Brownian diffusion is among the most important slip mechanisms 
in nanofluids [68]. Hence, the effect of Brownian motion is investigated 
in this study. 

The governing equations for nanofluid flow obey the Buongiorno’s 
model [68]. The continuity, momentum, nanoparticle distribution, and 

Fig. 7. Nanoparticle concentration profiles for various simulation times using 
the present model and comparing them with the results of Sharaf et al. [80]. 

Fig. 8. Brownian motion effects on a) pressure gradient versus the Darcy velocity; b) Nusselt number versus Reynolds number, sample 3.  
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energy equations are presented as follows: 
Continuity: 

∇.V = 0 (1) 

Momentum: 

ρnf (V.∇)V = − ∇p+∇.(μnf ∇V) (2) 

Nanoparticle distribution: 

(V.∇φ) =
1

ρnf
∇.( Jp) (3) 

By neglecting thermophoretic effects, only the Brownian force (JB) 
remains, and we have: 

Jp = JB = − ρnpDB∇φ (4) 

In this equation kBis 1.38066× 10− 23 Jk− 1. Mass flux includes forces 
such as Brownian motion, which depends on the density of nanoparticles 

ρnp. Also, the DB is estimated from the Einstein-Stokes equation: 

DB =
kBT

3πμf dnp
(5) 

Substituting Eqs. (4), and (5) in Eq. (3), the nanoparticle distribution 
equation becomes as follows: 

(V.∇φ) = − ∇.(DB∇φ) (6) 

Energy: 
(
ρCp

)

nf (V.∇T) = ∇.
(
knf∇T

)
−
(
Cp

)

npJp.∇T (7) 

In the energy equation, the subscript np indicates the nanoparticle 
properties. 

2.4. Nanofluid properties and boundary conditions 

Different models have been proposed to calculate nanofluid’s 

Fig. 9. 3D contours for sample 3 representing temperature distribution and nanoparticle concentration.  
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thermophysical properties. Gupta et al. [69] had collected various 
models to represent the thermodynamic properties of nanofluids. 
Nanofluid properties can be obtained by the thermophysical properties 
of the nanoparticles and base fluid, as follows [70]. 

ρnf = ( 1 − φ)ρf +φρnf (8)  

(
ρCp

)

nf = ( 1 − φ)
(
ρCp

)

f +φ
(
ρCp

)

np (9) 

Brinkman’s model was developed from the Einstein formula for 
spherical nanoparticles and moderate particle concentration to calculate 
the viscosity of the nanofluid, as follows [71]: 

μnf =
μf

( 1 − φ)2.5 (10) 

Many relations have been introduced to determine the thermal 
conductivity of nanofluid [72-74]. The Hamilton-Crosser method is a 
well-known relation for calculating nanofluid thermal conductivity 
[75]. This model was developed for spherical nanoparticles and is valid 
for alumina nanoparticles: 

knf

kf
=

knp + 2kf + 2φ(knp − knf )

knp + 2kf − φ(knp − knf )
(11)  

2.5. Darcy’s law and Forchheimer’s relation 

Based on the Darcy’s law, the pressure gradient in porous media is 
calculated as follows: 

− ∇p =
μ

KD
U (12) 

Darcy’s law is valid for low Reynolds numbers. Hence for higher 
Reynolds values, the non-Darcy relation proposed by Forchheimer can 
be implemented. 

− ∇p =
μ

KF
U + ρβF |U|U (13) 

The permeability terms in Darcy and Forchheimer laws are slightly 
different [76]. 

2.6. Non-dimensional parameters 

The overall heat transfer coefficient is obtained as follows [64]: 

h =
q’’

(
Tw,i − Tin

) (14) 

Tw,i is defined as follows [64]: 

Tw,i =
(Tw)inlet+(Tw)outlet

2
(15) 

The Nusselt number can be calculated by using Eq. (16) [64]: 

Nud =
hdp

knf
(16) 

The Reynolds number is based on the square root of Darcy perme
ability, and is defined as follows [77]: 

Rek =
ρU

̅̅̅̅̅
kD

√

μnf
(17)  

where 
̅̅̅̅̅
kD

√
indicates the Brinkman screening length [78]. 

3. Numerical solver and grid independence 

3.1. Solver settings 

In this research, the governing equations and boundary conditions 
are solved using object-oriented C++ programming with a FVM, using 
the OpenFOAM library [79]. The SIMPLE algorithm is utilized for the 
coupling of velocity and pressure. For discretization of the diffusion and 
convection terms, the second-order central and the upwind schemes are 
utilized, respectively. To achieve convergence, the residuals should 
meet the minimum value of 10− 7. 

3.2. Mesh refinement study 

In this section, to check the independence of results from the 
computational grid, a mesh refinement analysis is performed for sample 
3. The pressure gradient is 20 Pa/m. The values of the overall Nusselt 
number and the permeability for computational grids from 603 to 1803 

are compared in Fig. 3. As can be seen, the grid with 1203 cells could 
provide the Nusselt number with only 0.04% difference from the most 
refined grid. On the other hand, only 0.37% difference exists between 
the results of this grid and the finest one. Table 4 compares the results of 

Fig. 10. Nanoparticle diameter effects on a) pressure gradient as a function of the Darcy velocity; b) Nusselt number as a function of Reynolds number, for sample 3.  
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different grids for the three samples of OCMF. For further numerical 
simulations, the grids for samples 1, 2, and 3 are 1803, 1403, and 1203, 
respectively. 

3.3. Validation 

For the validation of the numerical solver, nanofluid flow and heat 

transfer through the microchannel is simulated by the pore-scale 
approach. The effects of Brownian, thermophoretic, and lift forces are 
considered in this study (as depicted in Fig. 4). The results are in close 
agreement with those of Sharaf et al. [80], with less than 1% deviation. 

Sharaf et al. [80] investigated particle migration of alumina nano
fluid and its heat transfer by an Eulerian-Lagrangian method. As illus
trated in Fig. 5, the non-dimensional velocity (for Re = 16) across the 

Fig. 11. The pore velocity magnitude, and concentration distributions contours for sample 3 with different nanoparticle diameters (dp = 25, 50, 100 nm), for the 
nanofluid concentration of 3% and pressure gradient 20 [kPa/m]. 
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outlet of the microchannel height is presented. Also, Fig. 6 illustrates the 
non-dimensional temperature on horizontal mid-line along the micro
channel length for Re = 4 and Re = 16. Accordingly, the results are in 
close agreement (less than 1% difference) with those of Yang and Lai 
[81], and Sharaf et al. [80]. 

Moreover, Fig. 7 demonstrates the effect of the Brownian motion 
force on the concentration profile of nanoparticles. The difference be
tween these results is less than 1% and the results are validated with the 
results of Sharaf et al. [80]. 

4. Results and discussion 

The effects of four parameters: 1) Brownian motion, 2) nanoparticle 
diameter, 3) nanofluid volume fraction, and 4) the pore density of the 
metal foam, on hydrodynamics and heat transfer of nanofluid flow, are 
presented in this section. 

4.1. Brownian motion analysis 

The collision of fluid molecules and solid particles cause the Brow
nian motion, which is the random movement of particles in the fluid. In 
nanofluids, heat and mass transfer can be enhanced considerably 
because of the diffusion caused by the Brownian motion of particles in 
the fluid. In this part of the simulation, the effects of the Brownian force 
on heat transfer coefficient and pressure drop in Darcy and non-Darcy 
regimes are investigated. Nanoparticles are usually produced with a 
diameter between 25 and 100 nm. For laminar flows, a nanofluid con
centration of about 1–5% is common, and the volume fraction of 3% is 
more traditional. Since the Brownian motion is more dominant in lower 
nanoparticles’ diameter, it has been assumed that particle diameter has 
a constant value of 25 nm and the nanofluid volume fraction is 3%. 
Other volume fractions and nanoparticles’ diameters will be tested in 
the subsequent sections. 

Fig. 8 (a) and (b) depict the fluid pressure gradient as a function of 

Fig. 12. Nanoparticles’ concentration effects on a) pressure gradient as a function of the Darcy velocity; b) Nusselt number as a function of the Reynolds number, for 
sample 3. 

Fig. 13. The pore velocity magnitude contours for sample 3 with different nanoparticle concentrations (φ = 3%, 5%), for nanofluid diameter of 25 nm and pressure 
gradient of 20 [kPa/m]. 
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the Darcy velocity and Nusselt versus Reynold number for the pure 
water and nanofluid (with and without Brownian effects), respectively. 
Increasing the velocity (or Reynolds number) can increase the pressure 
gradient and Nusselt number. Comparing the pure fluid and two nano
fluid cases (with and without Brownian motion) indicate minor differ
ences in the Darcy regime. However, increasing the velocity (or Rek) 
makes the difference between the studied cases more significant. 
Comparing the pressure gradient and Nud reveals that the role of 
Brownian motion in the heat transfer is more evident than its role in the 
pressure loss. In the Darcy regime, the Brownian motion has a negligible 
effect on the pressure drop, while its role becomes significant in the non- 
Darcy regime. Increasing flow velocity can increase the concentration 
gradient with subsequent increment in Brownian diffusion. Comparing 
the pure fluid with the nanofluid without Brownian effects at constant 
velocity (and Rek) shows a minor increment in the pressure gradient and 
Nud. While when the Brownian force is active, it has a more significant 

effect on the Nud, and pressure gradient. Applying nanoparticles in pure 
water can increase the base fluid thermal conductivity and heat transfer. 
However, the Brownian diffusion of nanoparticles can improve heat 
transfer even more. We can observe that the Brownian motion effects on 
heat transfer are significant. The trend of these results are consistent 
with those obtained by Amani et al. [82] for flows in a channel. 

Fig. 9 (a) and (C) exhibit the role of the Brownian motion on tem
perature distribution contours in the fluid zone for Sample 3. In the 
sample with Brownian motion, enhancement of nanoparticles’ diffusion 
improves the heat transfer. Also, the flow mixing (as is appeared by the 
tortuosity of streamlines) is higher in the sample with Brownian motion 
than in the sample without Brownian effects. Fig. 9 (b) and (d) 
demonstrate the effect of the Brownian motion on concentration dis
tribution contours. As can be observed in concentration contours, in the 
sample considering Brownian motion, the random movement of nano
particles increases, and particles’ accumulation near the walls are more 

Fig. 14. 3D contours of temperature distribution in a section of metal foams and temperature values on flow streamlines. a) Sample 1 (Rek = 0.0207), b) Sample 2 
(Rek = 0.0209), and c) Sample 3 (Rek = 0.0211). 
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significant. Application of a porous medium could enhance the fluid
–solid contact. Accordingly, nanoparticles’ concentration increase in the 
vicinity of the solid walls (with the no-slip boundary condition), in the 
presence of Brownian motion, with subsequent increment in the 
gradient of nanofluid concentration. The fact that can remarkably in
crease the Brownian diffusion role in the heat transfer. 

4.2. Nanoparticle diameter analysis 

This section investigates the effect of nanoparticle diameter on 
pressure drop and heat transfer. Results are presented in Fig. 10 for 
Sample 3, considering three different particle diameters, 20, 50, and 
100 nm. As expected from Eq. (5), the Brownian force is inversely 
related to the diameter of the nanoparticles. Hence with the increment in 
particle diameter, the random motion of nanoparticles decreases for the 
same particle concentration, which reduces the Brownian force. There
fore, decreasing the particle diameter will increase the Nusselt number 
and pressure drop. These changes are more noticeable in the non-Darcy 
region. For instance, by increasing the particle diameter from 25 nm to 
100 nm, the Nusselt number enhances less than 1% in the Darcy region 
and by up to 35% in the non-Darcy region. Additionally, the pressure 
gradient enhances less than 1% in the Darcy region and up to 28% in the 
non-Darcy region. The trend of the results reported in this study are 
consistent with those of Fani et al. [83], who studied Brownian effects in 
a microchannel. 

Decreasing the nanoparticle diameter has two different effects on 
diffusion motions. From one side the fluid viscosity will decrease that 
can reduce the shear stress and pressure losses. While on the other side, 
the Brownian motion will increase that can increase the pressure drop. It 
seems that by decreasing dp from 50 nm to 25 nm, these two mechanisms 
will neutralize each other. Hence, it can be seen that the pressure 
gradient results of dp = 25 nm and 50 nm are very close to each other. 

Fig. 11 (a), (c), and (e) show the velocity contours and streamlines 
for sample 3, considering different particle diameters. Due to the effect 
of Brownian force and its relation with nanoparticle diameter, com
parisons between the results of different diameters show that the case 
with a lower particle diameter has more significant diffusive movement, 
reducing the flowing velocity. The average Darcy velocity of the case 
with 100 nm nanoparticles is 6% higher than that of the case with 25 nm 
nanoparticles. Fig. 11 (b), (d), and (f) illustrate the concentration 

distribution contours for sample 3 regarding different particle di
ameters. It has been shown that due to the significant effect of Brownian 
motion, with nanoparticle diameter reduction, the concentration of 
nanoparticles around the pores rises. Application of a porous OCF can 
substantially increase the fluid-solid contact surface. As can be seen in 
these figures, the gradient of nanofluid concentration near the walls will 
increase with reducing the nanoparticles’ diameter. The fact that can 
boost the Brownian heat transfer. Hence, we should expect to have a 
more evident role of Brownian diffusive heat transfer in a porous me
dium with increased contact surface. 

4.3. Effect of nanofluid volume fraction 

Based on Eq. (10), the nanofluid concentration has an exponential 
relationship with viscosity; accordingly, the viscosity will increase with 
the rise of the nanoparticles’ concentration. The fact that can adversely 
affect the heat transfer and flow velocity. On the other side, by 
enhancing the nanoparticle concentration, the nanofluid thermal con
ductivity and the collision between the nanoparticles will be intensified, 
and this causes an increase in Brownian diffusivity with subsequent heat 
transfer enhancement. In this section, nanoparticle concentrations of 
0%, 3%, and 5% are considered to be studied for foam sample 3. Fig. 12 
(a) demonstrates the effects of different concentrations on the pressure 
gradient versus the Darcy velocity. Also, Fig. 12 (b) depicts the effect of 
various nanofluid concentrations on Nud in different Rek values. As was 
observed in the previous section, these effects are more noticeable in the 
non-Darcy region. For instance, by increasing the nanofluid volume 
fraction from 3% to 5%, the Nusselt number enhances by less than 1% in 
the Darcy region and by up to 33% in the non-Darcy region. Addition
ally, the pressure gradient enhances by less than 1% in the Darcy region 
and up to 30% in the non-Darcy region. The nanofluid concentration 
increment can increase the heat transfer rate because of an increase in 
pressure losses. A remarkable increase in Nud is observed by the rise of 
the volume fraction from 0 to 3%. The further increase from 3% to 5% 
has a lower impact on Nud, reflecting viscosity increment’s adverse ef
fect due to the volume fraction increase. The trend of these results agree 
with those obtained by Amani et al. [82] in a microchannel. 

Fig. 13 (a) and (b) demonstrate the influence of nanofluid volume 
fraction on the velocity contours and streamlines for sample 3. The 
increased volume fraction led to higher viscosity and higher Brownian 

(a) (b)
Fig. 15. Variation of a) heat transfer coefficient and b) Nusselt number as a function of Reynolds number for three metal foam samples with the same particle 
diameter of 25 nm and a concentration of 3%. 
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effects that can adversely affect the fluid velocity. Obviously, the volume 
fraction increase reduces the bulk fluid’s velocity. 

4.4. Pore density analysis 

The pore density of the OCF can remarkably affect the flow mixing 
and subsequently influence the heat transfer rate. In this section, the 
effect of geometric parameters on the heat transfer of flow in three 
OCMF samples is reported. In Fig. 14, temperature distribution contours 
for the three samples are represented. The metal foam has more liga
ments and fluid zone contact area per unit volume in samples with 
smaller pores. Therefore, the solid zone transfers more heat flux to the 
system due to the high conductivity coefficient in metal foams, and 
hence the temperature magnitudes reduce in the fluid zone. On the other 
hand, flow patterns in samples with higher pore density are more 
complex, which improves the heat transfer capacity of the system. The 
results exhibit that in sample 3, with higher pore density, the magnitude 
of the temperature is lower, and the system transfers heat more than in 
sample 2. Another notable fact is that the Reynolds number value of 
sample 3 compared to sample 2 is up to 8% higher. 

Another important mechanism of heat transfer in porous media in 

presence of Brownian motion, is the enhanced fluid–solid contact and its 
role on improved diffusive Brownian heat transfer. As was observed in 
sections 4.1 and 4.2, the nanofluid concentration around the solid lig
aments is higher than other regions. Concentration gradient can magnify 
the Brownian heat transfer. As the consequence, irrespective to the 
improved heat transfer surface, we should expect to have a higher heat 
transfer rate in a porous medium due to the improved Brownian diffu
sive heat transfer around the solid walls, as is caused by the nanofluid 
concentration gradient. 

Fig. 15 (a) depicts the overall heat transfer coefficient for different 
Rek values. The results show that increasing pore density leads to a 
significant rise in the overall heat transfer coefficient. For instance, in 
the approximately same value of Reynolds number (Rek = 0.0207 in 
sample 1, and Rek = 0.0211 in sample 3), the overall heat transfer co
efficient for samples 1, and 3 are 11,910 W/(m2K), and 17,175 
W/(m2K), respectively. The trend of these results are consistent with the 
experimental results of Beer et al. [84] for a pure fluid flow through 
porous media. 

Fig. 15 (b) exhibits the global Nusselt number of different metal foam 
samples. The results demonstrate that for various samples with the same 
diameter and concentration of nanoparticles, Nud is a function of the 

Fig. 16. Fluid flow pattern along the x-axis and 3D contours temperature values on flow streamlines presented for samples1, 2, and 3 of metal foam, shown in (a), 
(b), and (c), respectively. 
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Reynolds number. As a result, Nud is independent of pore diameter, 
which agrees with the published data in the literature [64]. 

The flow patterns of various OCMF samples are shown in Fig. 16 to 
compare the influence of pore density on the velocity and complexity (or 
tortuosity) of flow in different samples. The investigation of flow at the 
pore-scale simulation depicts that the tortuosity of the flow pattern in 
the voids in the high porosity samples is less than the predicted flow 
patterns of the low-porosity rocks. Compring a high-porosity foam (with 
a porosity of higher than 0.8) against a low-porosity rock (with a 
porosity of lower than 0.25) reveals that the high-porosity foam could 
provide more space for flow and reduces the tortuosity of steamlines. 
While, the porosity of rocks are remarkably lower than foams which can 
increase the flow tortuosity and complexity. These results are coherent 
with the research results by Poureslami et al. [64]. 

5. Conclusions and future directions 

The present work investigated pore-scale analysis of two-phase 
nanofluid heat transfer and flow in open-cell metal foams (OCMFs) by 
considering the effect of Brownian motion in the different values of 
Reynolds number by Darcy and non-Darcy flow regimes. The finite 
volume method (FVM) is implemented to resolve the problem, and the 
three-dimensional (3D) numerical code is developed in the open-source 
library of OpenFOAM. Weaire–Phelan (WP) foam structures with a 
constant porosity (0.86) and various pore sizes are constructed to 
perform direct numerical simulation (DNS) studies. The nanofluid flow 
is simulated with the Buongiorno’s model. The effect of Brownian mo
tion, nanoparticle diameter, particle concentration, and the pore density 
of open-cell foams (OCFs) on hydrodynamics and heat transfer have 
been analyzed. The results obtained that:  

• Brownian motion reduces the average Darcy velocity in the Darcy 
and non-Darcy flow regimes. On the other hand, the Nusselt number 
and the heat transfer coefficient increase.  

• Increasing the diameter of nanoparticles reduces the particles’ 
random motion and hence, the Brownian motion force. 

• Increasing the nanoparticles’ concentration rises the viscosity. Ac
cording to the Darcy-Forchhiemer equations, with a constant pres
sure drop and constant geometric parameters, this reduces the flow 
velocity. Furthermore, increasing the concentration of nanoparticles 
increases the heat transfer coefficient and Nusselt number.  

• With a constant porosity, the Nusselt number based on pore diameter 
(Nud) is a function of the Reynolds number (Rek) and independent of 
pore diameter.  

• An important mechanism of improved heat transfer of nanofluid flow 
in porous media is the concentration gradient around solid walls that 
can boost the Brownian diffusive heat transfer. 

Future studies suggest extending the solver for investigating other 
forces such as thermophoresis, the drag force, Saffman lift, and van der 
Waals effects in OCMF samples. Also, the deposition of nanoparticles on 
the surface of porous media can be the subject of future studies. 

CRediT authorship contribution statement 

Hamidreza Khoshtarash: Methodology, Software, Validation, 
Visualization, Writing – original draft. Majid Siavashi: Conceptualiza
tion, Investigation, Resources, Data curation, Writing – review & edit
ing, Supervision, Project administration. Milad Ramezanpour: Formal 
analysis, Methodology, Software, Visualization. Martin J. Blunt: 
Formal analysis, Methodology, Software, Visualization. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 

the work reported in this paper. 

Data availability 

Data will be made available on request. 

Acknowledgment 

The authors are grateful for the financial support of the Iran National 
Science Foundation (INSF) [grant number: 8153]. 

References 

[1] M. Lysyy, G. Ersland, M. Fernø, Pore-scale dynamics for underground porous media 
hydrogen storage, Adv. Water Resour. 163 (2022), 104167, https://doi.org/ 
10.1016/j.advwatres.2022.104167. 

[2] A. Banerjee, D. Paul, Developments and applications of porous medium 
combustion: A recent review, Energy 221 (2021), 119868, https://doi.org/ 
10.1016/j.energy.2021.119868. 

[3] Y. Cao, M. Bezaatpour, H. Ghaebi, Heat transfer and thermodynamic analysis of 
individual and simultaneous effects of revolution, microporous media, magnetic 
inductor, and nanoparticles in concentrating solar collectors, Int. Commun. Heat 
Mass Transf. 129 (2021), 105687, https://doi.org/10.1016/j. 
icheatmasstransfer.2021.105687. 

[4] Z. Wang, J.-M. Pereira, E. Sauret, S.A. Aryana, Z. Shi, Y. Gan, A pore-resolved 
interface tracking algorithm for simulating multiphase flow in arbitrarily 
structured porous media, Adv. Water Resour. 162 (2022), 104152, https://doi.org/ 
10.1016/j.advwatres.2022.104152. 

[5] Y. Zhuang, Z. Liu, W. Xu, Effects of gradient porous metal foam on the melting 
performance and energy storage of composite phase change materials subjected to 
an internal heater: A numerical study and PIV experimental validation, Int. J. Heat 
Mass Transf. 183 (2022), 122081, https://doi.org/10.1016/j. 
ijheatmasstransfer.2021.122081. 

[6] H. Zhang, Y. Shuai, Y. Yuan, B. Guene Lougou, B. Jiang, F. Wang, Z. Cheng, 
Thermal-chemical reaction characteristics of Ni/Al2O3 catalytic porous material 
filled solar reactor for dry reforming of methane process, Appl. Therm. Eng. 180 
(2020), 115901, https://doi.org/10.1016/j.applthermaleng.2020.115901. 

[7] M. Liu, J. Waugh, S.K. Babu, J.S. Spendelow, Q. Kang, Numerical modeling of ion 
transport and adsorption in porous media: A pore-scale study for capacitive 
deionization desalination, Desalination 526 (2022), 115520, https://doi.org/ 
10.1016/j.desal.2021.115520. 

[8] D. Zhang, T. Liu, V. Prigiobbe, Enhanced solute transport in porous media due to 
pH-dependent adsorption and transverse dispersion, Adv. Water Resour. 164 
(2022), 104195, https://doi.org/10.1016/j.advwatres.2022.104195. 

[9] A. Banerjee, S. Pasupuleti, K. Mondal, M.M. Nezhad, Application of data driven 
machine learning approach for modelling of non-linear filtration through granular 
porous media, Int. J. Heat Mass Transf. 179 (2021), 121650, https://doi.org/ 
10.1016/j.ijheatmasstransfer.2021.121650. 

[10] X. Zhang, X. Ma, S. Shuai, Y. Qin, J. Yang, Effect of micro-porous layer on PEM fuel 
cells performance: Considering the spatially variable properties, Int. J. Heat Mass 
Transf. 178 (2021), 121592, https://doi.org/10.1016/j. 
ijheatmasstransfer.2021.121592. 

[11] H. Pourrahmani, J. Van herle, Evaluation Criterion of Proton Exchange Membrane 
(ECPEM) fuel cells considering inserted porous media inside the gas flow channel, 
Appl. Therm. Eng. 203 (2022) 117952. https://doi.org/10.1016/j. 
applthermaleng.2021.117952. 

[12] K. Rajesh, S. Ghosh, A. Islam, M.K. Rangaswamy, S. Haldar, P. Roy, A.K. Keshri, 
D. Lahiri, Multilayered porous hydroxyapatite coating on Ti6Al4V implant with 
enhanced drug delivery and antimicrobial properties, J. Drug Deliv. Sci. Technol. 
70 (2022), 103155, https://doi.org/10.1016/j.jddst.2022.103155. 

[13] N. Dukhan, A.A. Hmad, Thermal management of fuel-cell stacks using air flow in 
open-cell metal foam, Int. J. Therm. Sci. 172 (2022), 107370, https://doi.org/ 
10.1016/j.ijthermalsci.2021.107370. 

[14] P.H. Jadhav, G. n.,, Optimum design of heat exchanging device for efficient heat 
absorption using high porosity metal foams, Int. Commun. Heat Mass Transf. 126 
(2021), 105475, https://doi.org/10.1016/j.icheatmasstransfer.2021.105475. 

[15] P. Samudre, S.V. Kailas, Thermal performance enhancement in open-pore metal 
foam and foam-fin heat sinks for electronics cooling, Appl. Therm. Eng. 205 
(2022), 117885, https://doi.org/10.1016/j.applthermaleng.2021.117885. 

[16] M. Valizade, M.M. Heyhat, M. Maerefat, Experimental study of the thermal 
behavior of direct absorption parabolic trough collector by applying copper metal 
foam as volumetric solar absorption, Renew. Energy 145 (2020) 261–269, https:// 
doi.org/10.1016/j.renene.2019.05.112. 

[17] J.S. Baruah, V. Athawale, P. Rath, A. Bhattacharya, Melting and energy storage 
characteristics of macro-encapsulated PCM-metal foam system, Int. J. Heat Mass 
Transf. 182 (2022), 121993, https://doi.org/10.1016/j. 
ijheatmasstransfer.2021.121993. 

[18] J. Guo, Z. Du, G. Liu, X. Yang, M.-J. Li, Compression effect of metal foam on 
melting phase change in a shell-and-tube unit, Appl. Therm. Eng. 206 (2022), 
118124, https://doi.org/10.1016/j.applthermaleng.2022.118124. 

[19] C. Italiano, G. Drago Ferrante, L. Pino, M. Laganà, M. Ferraro, V. Antonucci, 
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