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A B S T R A C T   

Background: Nanoparticle deposition in a subsurface environment decreases the amount of material in the bulk 
fluid, increases surface roughness, and affects nanofluid flow. Nanoparticle transport in porous media is a 
complex, multiscale phenomenon. Its macroscopic behavior is determined by phenomena at the pore-scale. 
Hence, it is necessary and of interest to study the transport and deposition of nanoparticles in porous media 
using a pore-scale approach. 
Methods: A computational solver is developed using an Eulerian-Lagrangian approach within the OpenFOAM 
library. A Berea sandstone and three open-cell metal foams with porosities of 0.8, 0.85, and 0.9, constructed by 
Laguerre-Voronoi tessellation, were analyzed to study nanoparticle behavior in water. 
Significant findings: Nanoparticle deposition on solid surfaces is influenced by porosity, double layer thickness 
(NDL), surface potential magnitude (NE1), and nanoparticle diameter. Brownian motion that has a significant 
impact on nanoparticle transport and deposition is also examined. For nanoparticles with 20 nm diameter, the 
fraction of particles deposited in foam with 0.8 porosity is about 17 % more than the foam with 0.9 porosity. This 
difference decreases with nanoparticle diameter. For the particles with 100 nm diameter and more, the effects of 
Brownian motion on nanoparticle deposition becomes negligible.   

1. Introduction 

A nanofluid is a liquid-nanoparticle mixture with particles usually 
defined to be smaller than 100 nanometers in diameter. Nanofluids (a 
mixture of nanoparticles with Newtonian and non-Newtonian fluids) 
have been used in various engineering fields in recent decades [1–3]. 
Due to the high surface-to-volume ratio of nanoparticles, it has 
improved heat transfer properties compared to pure fluids in energy 
devices [4]. Hence, nanofluids have extensive applications in solar 
systems [5–7], energy devices [8,9], pharmaceutics and medicine [10] 
and the automotive industry [11]. 

Furthermore, due to their unique properties, nanofluids have 
extensive applications in enhanced oil recovery (EOR) [12,13]. Nano
fluids can lead to EOR by various mechanisms, including the reduction 
of interfacial tension between water and oil, and viscosity and wetta
bility alteration [14,15]. Moreover, deposition (sometimes called 
retention or attachment) of nanoparticles to the solid surface during 
flow in porous media is also important. For instance, subsurface colloids 

with a strong absorption ability carry harmful contaminants that 
threaten human health [16,17]. Solvents consisting of particles and fluid 
often have low solubility and are usually denser than water, which 
means that they sink and deposit at the base of aquifers, impacting the 
purity of groundwater for decades [18]. On the other hand, the nano
fluid injection can be used to help improve oil recovery in subsurface 
hydrocarbon reservoirs if the deposited particles alter the surface 
wettability [19]. 

Nanoparticle transport in porous media is a multiscale and complex 
phenomenon. Its effects at the large scale depend on its pore-scale 
behavior. Pore-scale modeling of the complex interaction of structure 
with the multiphase flow and reactive transport has been the subject of 
several studies over the past few decades [20,21]. Experimentally, in the 
context of enhanced oil recovery, Kuang et al. [22] investigated water
flood recovery using nanofluid injection. High-resolution three-dimen
sional X-ray imaging was used to characterize the pore space of dolomite 
and Berea sandstones. Zhang et al. [23] studied oil recovery in car
bonates using carbon nanosheets. The effect of nanosheets on different 
parameters, such as wettability alteration and interfacial tension, was 
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investigated. Pak et al. [24] also used X-ray imaging to examine the 
effect of silica nanoparticles on oil removal from porous media in a 
pore-scale study. They concluded that nanofluid injection successfully 
remobilizes the trapped oil. Other applications in enhanced oil recovery 
include nanoparticle-assisted surfactant flooding [25], nanoparticle- 
stabilized microemulsions [26], and nanoparticle-stabilized foam dur
ing CO2 injection [27]. 

While experiments are valuable, the complexity of the fluid systems 
and the pore geometry often make it difficult to determine the key pa
rameters affecting the behavior, and then predict other situations, 
particularly as the number of experiments that can be performed in a 
reasonable time is limited. In particular, the deposition of nanoparticles 

is important, since this is the mechanism by which, in oil recovery ap
plications for instance, the surface wettability changes, potentially 
increasing the amount of oil produced [28]. An alternative approach is 
to use numerical models to predict behavior trends and quantify nano
particle flow and deposition. 

Several approaches have been used to study pore-scale flow and 
transport of nanoparticles. The Colloid Filtration Theory (CFT) has been 
extensively employed to examine the retention coefficient of particles 
under different circumstances and conditions [29]. In CFT, the porous 
medium is represented by spherical collectors. Then, their contact effi
ciency is computed in a fluid environment containing nanoparticles 
immersed in the solution. Using this method, researchers have devel
oped a model to calculate the aggregation of particles of different sizes 
[30], studied the transfer and retention of nanoparticles in porous media 
at the pore-scale [31], and calculated the kinetic retention coefficient 
[32]. However, for realistic results, it is imperative to incorporate actual 
pore-space geometries in the simulations. In this regard, direct simula
tion methods that incorporate the pore space in the computational mesh 
offer broader applicability compared to CFT. 

Particle-based simulation, such as the lattice Boltzmann method 
(LBM) has been widely used to study transport in porous media [33–35]. 
For example, Zhang et al. [36] modeled solute transport in unconsoli
dated packed beds. Parvan et al. [37] simulated particle clogging and 
the resultant impact on permeability. Furthermore, machine learning 
has been used to predict the results of LBM simulations of colloid 
transport [38]. The study incorporated models for attachment, detach
ment, and clogging. Along with the LBM, molecular simulation methods 
such as molecular dynamics (MD) [39] and Monte Carlo (MC) methods 
[40,41], have also been used to study transport at the pore scale. 

In addition, grid-based and hybrid methods have been used to 
simulate nanofluid flow: the Eulerian method computes concentration 
changes in a fixed mesh [42,43], while the Lagrangian method tracks 
individual particles through space [44–46]. The Eulerian framework has 
been used extensively to investigate nanofluid heat transfer in porous 

Nomenclature 

AH Hammaker’s constant for a spherical nanoparticle 
Ai Random numbers for Brownian motion force calculation 
Cc Cunningham slip correction factor 
dp Nanoparticle diameter (nm) 
F Force per unit mass (Nm− 1) 
FB Buoyancy force per unit mass (Nm− 1) 
FBr Brownian motion force per unit mass (Nm− 1) 
FD Drag force per unit mass (Nm− 1) 
FEDL Electrostatic double layer force per unit mass (Nm− 1) 
FG Gravity force per unit mass (Nm− 1) 
FSL Saffman lift force per unit mass (Nm− 1) 
FVDW Van der Waals force per unit mass (Nm− 1) 
FW Wall force per unit mass (Nm− 1) 
kb Boltzmann constant (equals 1.3806 × 10− 23m2kg/(s2K)) 
Kn Knudsen number 
m Mass (kg) 
np Number of nanoparticles in a computational cell 
NE1 Magnitude of surface potentials 
NE2 Ratio of surface potentials 
NDL Ratio of particle radius to double layer thickness 
rp Nanoparticle radius (nm) 
Sm Momentum transfer between the nanoparticles and fluid 
T Fluid temperature (K) 
U Velocity (ms− 1) 
Z Nearest distance between the wall surface and the 

nanoparticle (nm) 

Greek Symbols 
μ Dynamic viscosity, (kgm− 1s− 1) 
ρ Density, kgm− 3 

δV Computational cell volume, m3 

ςi Zero-mean, Gaussian random number 
Δt Time-step 
λ Mean free path of molecules 
ψ Surface potential 
ε Dielectric constant of the solution 
κ Inverse of the Debye-Huckel length, m− 1 

ε0 Permittivity of vacuum 

Subscripts 
f Fluid 
P Particle 
s Solid 

Acronyms 
OCF Open-cell foam 
LVT Laguerre-Voronoi tessellation 
VT Voronoi tessellation 
FVM Finite volume method 
WP Weaire–Phelan 
PPI Pores per inch 
EL Eulerian-Lagrangian 
VDW Van der Waals 
EDL Electrostatic double layer  

Table 1 
The properties of the OCF samples used in this study. PPI is pores per inch cubed 
where 1 inch is 25.4 mm, an inverse representation of the pore size.  

Sample Length 
(mm) 

Width 
(mm) 

Height 
(mm) 

Pore density 
(PPI) 

Porosity ( 
%) 

OCF-1 9.84 4.9 4.88 30 80 
OCF-2 9.84 4.9 4.88 30 85 
OCF-3 9.84 4.9 4.88 30 90  

Table 2 
The physical characteristics of the fluid and nanoparticles.  

Parameter Value 

ρf 998.21kg/m3 

ρp 7870kg/m3 

dp 20–100 nm 
μf 1.002 × 10− 3kg/(m.s) 
Hammaker constant, AH 0.4 × 10− 20 

Boltzmann constant, kB 1.38 × 10− 23J/K 
Characteristic wavelength of water, λ 100nm  
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media [47–50]. Despite its limitations, this approach remains a preva
lent technique for modeling nanofluid flow within porous media, 
particularly in the context of heat transfer [51]. Regardless its wide 
applications, single-phase nanofluid flow simulation cannot predict the 
complexity of the interaction between nanoparticles and the base fluid. 
Eulerian two-phase methods show better results in nanofluid flow 
behavior prediction when compared to single-phase methods. In one of 

these studies, Seetha et al. [52] modeled nanoparticle transport in a 
single pore considering Brownian, VDW, and EDL forces in an Eulerian 
framework. Moreover, a recent work investigated heat transfer and 
transport of nanofluids in porous media [53]. Buongiorno’s model was 
assumed and an Eulerian approach was used to study the effect of the 
Brownian motion on the heat transfer. 

Although Eulerian methods have their advantages, Lagrangian 

Fig. 1. Solution procedure for the modified solver used in this study.  

Fig. 2. A schematic representation of two microchannels: (top) the microchannel with 10 μm height and 250 μm length; (bottom) the microchannel with 6.76–13.34 
μm height and 250 μm length with a representation of the computational mesh used. 
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methods can achieve greater accuracy in solving problems because they 
allow for the tracking of individual particles. Thus, in recent years, the 
advancement of hardware infrastructure has made the utilization of 
Lagrangian methods more appropriate. Hence, in simulating flow of 
nanoparticles and the base fluid, most simulation studies have used a 
combined Eulerian-Lagrangian (EL) approach: the flow field is solved on 
a fixed mesh, while nanoparticles are then tracked through the 
computational domain in a Lagrangian framework [54]. The EL 
approach was used to investigate the dispersion of nanoparticles in air, 
for instance [55,56]. Furthermore Andarwa et al. [57,58], used the EL 
method to study nanoparticle transport and deposition in air in a 

microchannel. In their simulation, the effect of the dominant forces 
between nanoparticles and air were considered. However, since air was 
the base fluid, the effects of parameters related to electrostatic double 
layer (EDL) force were neglected. Continuing the previous studies in 
nanofluid flow simulation in a microchannel, Sharaf et al. [59] analyzed 
the convective heat transfer of nanofluids. Furthermore, developing the 
EL approach for particle-fluid flow simulation, Sadeghnejad et al. 
investigated the retention of micro-particles in a packing of glass beads 
[60]. An overlooked aspect in previous studies on simulating nanofluid 
flow using the EL method is the omission of forces between the solid 
surface and particles. To quantify the deposition of particles to the solid 
walls of a porous medium, electrostatic double layer (EDL) and Van der 
Waals (VDW) forces need to be considered, as well as the effect of 
Brownian motion [54]. 

As mentioned above, there has been significant progress in the 
simulation of nanofluid flow in porous media. Although Eulerian 
methods have the advantage of faster solution speeds, they do not allow 
for particle tracking and the investigation of individual particle 
behavior. Furthermore, in the studies utilizing Lagrangian methods, 
certain forces, particularly those between nanoparticles and the wall, 
have been overlooked, or the impact of different parameters on nano
particle behavior, particularly in intricate geometries, has not been 
explored. Hence, developing a computational solver based on the EL 
method that can model the impact of various forces on nanoparticles is 
an area that has potential for further exploration. Hence, this study 
addresses the necessity of developing a computational solver capable of 
simulating nanofluid flow. 

In the present investigation a solver is developed in an open-source 
library to effectively simulate the dynamics of nanofluid flow within 
realistic porous media at the micrometer scale. This work builds upon 
the authors’ prior investigation [61], which primarily focused on a 
straightforward geometric framework. The present study has examined 
the impact of all effective forces acting on nanoparticles, with particular 
emphasis on the forces acting between nanoparticles and the solid sur
face; including the drag, Brownian motion, EDL, and VDW forces. 
Furthermore, the flow, transport, and attachment of nanoparticles in 

Fig. 3. Nanoparticle deposition ratio as a function of nanoparticle diameter 
(nm) in two microchannels compared to the results of a previous study [61]. 

Fig. 4. Nanoparticle deposition ratio as a function of double-layer thickness, NDL in two microchannels.  
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complex three-dimensional structures of the Berea sandstone and 
open-cell foams (OCFs) with different porosities have been simulated. 
The nanofluid examined in this work was deemed to be dilute, so the 
interaction and contact between nanoparticles were disregarded. The 
effect of parameters such as porosity, double-layer thickness, surface 
potential, and nanoparticle diameter on retention has been investigated. 

2. Porous media construction 

To accurately simulate the flow of nanofluid in a porous medium, it is 
crucial to employ appropriate geometries that accurately represent 
those present in representative applications. A typical instance of one of 
these geometries is Open-cell foams (OCFs). OCFs are porous structures 
with low density and high permeability. Ceramic and metallic OCFs 
enhance the chemical and thermal performance of thermal energy 
storage units [62,63], heat exchangers [64,65], burners [66], solar 
collectors [67], and chemical reactors [68]. Various methods can be 
used to construct model representations of these foams. Weaire–Phelan 
(WP) and Kelvin unit cells have been widely used to represent the 
structure [69]. An alternative and more flexible method, Voronoi 
tessellation (VT) and Laguerre-Voronoi tessellation (LVT) algorithms 
have been developed to construct the foam with the appropriate quality 
[70,71], following the approach below [72,73]:  

• Spheres are produced with specified sizes.  
• Distribute the spheres to fill the internal space of the cube; the sphere 

radii are not constant, without overlap between the spheres.  
• The LVT algorithm is applied.  
• The OCF struts are constructed.  
• The final geometry is corrected. 

In this study, using the LVT approach, three OCFs were constructed 
using the method of Sepehri and Siavashi [72]. The properties of OCFs 
used are shown in Table 1. 

In addition, to represent a rock sample, a high-resolution X-ray 
image of Berea sandstone used in the work of Dong and Blunt [74] 
provides another representation of the pore space. The image porosity is 
19.6 %, and the voxel size is 5.345 μm. A 1 × 1 × 1 mm3 section of the 
microtomography image was selected for the simulations. 

3. Theoretical background 

Nanofluid flow was solved using the Eulerian-Lagrangian method, as 
discussed in the preceding sections. It is assumed that the flow is 
incompressible and the temperature is constant. The governing equa
tions are as follows for steady-state flow (see [75]). The first is conser
vation of mass: 

Fig. 5. Deposited nanoparticles on the microchannel surfaces with the rectangular microchannel: top, nanoparticles with diameter dp=30 nm; and bottom, nano
particles with diameter dp =100 nm. 

Fig. 6. Deposited nanoparticles on the microchannel surfaces in the microchannel with throat: top, nanoparticles with diameter dp =30 nm; and bottom, nano
particles with diameter dp =100 nm. 
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∇.
(
ρf Uf

)
= 0 (1)  

where the Uf, and ρf are the velocity and density of the fluid, 
respectively. 

The second equation applies conservation of momentum using the 
steady-state Navier-Stokes equation: 

ρf
(
Uf .∇

)
Uf = − ∇p +∇.

[
μf
(
∇Uf +∇Uf

T)
]
+ Sm (2)  

where Sm is the source term (momentum transfer between the nano
particles and fluid) computed as follows [54]: 

Sm =
1

δV
∑np

p=1
mpFp (3)  

where mp is the mass of the particle. 
The EL approach calculates the force between nanoparticles and the 

fluid. The concentration of nanoparticles is such that the solution is 
considered dilute. Hence, particle-particle collisions and interactions are 
neglected. Also, due to the negligible effect of nanoparticle transport on 
fluid flow, the one-way coupling method is utilized. Consequently, to 
compute the force exerted on nanoparticles by the Lagrangian approach, 
Newton’s second law is used as follows [54]: 

mp
dUp

dt
= Fp (4)  

Fp indicates all forces exerted on an individual particle in the nanofluid 
flow. This force includes nanoparticle-fluid and nanoparticle-wall 
forces. 

We reviewed previous work to determine the principal forces 

Fig. 7. Three samples of OCFs: left (a, b, and c), geometries of samples 1, 2, and 3 from top to bottom with 80 %, 85 %, and 90 % porosity; and right (d, e, and f), the 
mesh created for each sample. 
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affecting nanoparticle flow. Marshall and Li [76] provided a scaling 
study for micrometer-scale particle flows, while Buongiorno [77] and 
Savithiri et al. [78] provided scaling analyses for nanofluids. Based on 
this work we can reach the following conclusions [54]:  

1. Fluid drag remains the most significant factor, however, the inertia 
reduces fast as the particle size decreases.  

2. Lift forces are insignificant for nanoparticles of small diameter, but 
becomes more important as the nanoparticle radius increases.  

3. The Brownian motion force and thermophoretic effects in nanofluid 
are comparable to the drag force. 

Hence, we consider drag, buoyancy and gravity, Saffman lift, and 
Brownian motion [52,57–59]. Also, EDL and VDW are the main forces 
between the nanoparticles and the solid. Hence Eq. (4) is rewritten as 
follows [54,57]: 

mp
dUp

dt
= FBr + FD + FSL + FG + FB + FW (5) 

Brownian motion, the random movement of particles and their col
lisions, is dominant in nanofluid flow. It is modeled as Gaussian white 
noise [79]: 

FBr,i = mpςi

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
216μf kbT

πρp
2dp

5CcΔt

√

(6)  

where, i shows the direction of Brownian motion force, T is the tem
perature, dp is the nanoparticle diameter, kb is the Boltzmann constant 
(equals 1.3806 × 10− 23m2kg/(s2K)), and Δt is the time-step. This force is 
calculated at each time step. At first, a time step is chosen, and a 
sequence of random numbers (between 0 and 1) are generated. In the 
following, the pairs of random numbers are transformed into pairs of 

Fig. 8. Mesh dependence of nanoparticle deposition and permeability for different numbers of simulation voxels.  

Fig. 9. The initial and boundary conditions in a two-dimensional schematic picture of an OCF.  
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zero-mean Gaussian random numbers with unit variances by ς1 =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
− 2ln(A1)

√
cos(2πA2) and ς2 =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
− 2ln(A1)

√
sin(2πA2). In this equation, 

A1 and A2 are random numbers between 0 and 1. Additional details of 
this approach are provided in [80]. These values are put in Eq. (6) to 
calculate the Brownian motion force. 

Drag is another decisive force in nanofluid flow problems. This force 
is exerted against the particle movement due to the relative motion of 
the particle with respect to the fluid [57]: 

FDrag = m
18μf

ρpdp
2Cc

(
U − Up

)
(7) 

The Cunningham slip correction factor (Cc) has been developed 
empirically [81]. Since the no-slip condition is not valid for nano
particles, this parameter is used to modify the drag force. Cc is calculated 
as follows [81]: 

Cc = 1 + Kn
(

α+ βexp
(
−

γ
Kn

))
(8)  

where α, β, and γ are 1.165, 0.483, and 0.997, respectively. Also, the 
Knudsen number (Kn) is defined as the ratio of the mean free path of 
fluid molecules (λ) compared to the particle radius (rp), Kn = λ/rp. 

Drag and Brownian motion forces, which are in the same order of 

magnitude, are the main forces between the fluid and nanoparticles 
[54]. 

Saffman lift is a force that is perpendicular to the direction of par
ticles in a shear flow, which is calculated as follows [82]: 

FSaffmann = 6.46rp
2(U − Up

)
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

ρμ
⃒
⃒
⃒
⃒

(
∂U
∂y

)⃒
⃒
⃒
⃒

√

Sign
(

∂U
∂y

)

ey (9) 

The sum of buoyancy and gravity forces is represented as [54]: 

FBouyancy + FGravity =

(

π dp
3

6

)
(
ρf − ρp

)
g (10) 

Nanoparticle deposition on solid surfaces depends on the forces be
tween the particles and the wall, which is very large close to the solid 
(nanometer scale). The DLVO theory was developed as a computational 
model to study the stability of colloidal dispersions [83]. EDL and VDW 
forces were considered in the DLVO theory. Hence, FW in Eq. (5) can be 
written as follows: 

FW = FVDW + FEDL (11) 

The VDW force is attractive between solid surfaces and nano
particles. This force is noticeable at distances of several 10 s nm [84]. 
The VDW force between a particle and a surface is calculated as follows 

Fig. 10. Magnitude contours of the pore velocity for (a) sample 1: PPI30, porosity =80 % and (b) sample 2: PPI30, porosity =85 %.  
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[85]: 

FVDW =
AH

6

[

−
rp

(
z − rp

)2 −
rp

(
z + rp

)2 +
1

z − rp
−

1
z + rp

]

(12)  

where AH is the Hammaker constant for a spherical nanoparticle. 
Moreover, the EDL force is also significant at nano-scale distances in 

liquids with a high dielectric constant; an EDL forms around the ionized 
particles [86]. The EDL force between various surfaces is calculated 
using the Hogg-Healy-Fuerstenau (HHF) formulae as follows [86]: 

FEDL = 2κπεε0rp
(
ψ1

2 +ψ2
2)

⎡

⎢
⎢
⎣

2ψ1ψ2
ψ1

2+ψ2
2 − exp(− κz)

exp(κz) − exp(− κz)

⎤

⎥
⎥
⎦ (13)  

where κ is the inverse of the Debye-Huckel length, ε is the dielectric 
constant of the solution, ε0 is the permittivity of a vacuum, and ψ1, and 
ψ2 are the surface potential of particles and solid surfaces. In calculating 
the EDL force, three dimensionless parameters are introduced [87]: 

NE1 =
πεε0rp(ψ1

2 + ψ2
2)

kBT
(14)  

NE2 =
2ψ1ψ2

ψ1
2 + ψ2

2 (15)  

NDL = κrp (16)  

where NE1 and NE2, show the magnitude and ratio of surface potentials, 
respectively and NDL represents the ratio of particle radius to double 
layer thickness. 

Using Eqs. (14)-(16), Eq. (13) is rewritten as follows: 

FEDL = 2κkBTNE1

[
NE2 − exp( − NDLz∗)

exp(NDLz∗) − exp( − NDLz∗)

]

(17)  

where z∗ = z
rp
. The physical characteristics of nanoparticles and fluids 

are presented in Table 2. The primary focus of this study was on iron 
nanoparticles. 

3.1. Solver development 

The EL solver is based on the open-source library of the OpenFOAM. 
The details of the solver specifications are provided in the previous study 
by Ramezanpour et al. [61]. Using the finite volume method (FVM), the 

Fig. 11. Number of deposited nanoparticles with 20 nm diameter as a function 
of time (s). 

Fig. 12. Nanoparticle deposition ratio as a function of nanoparticle diameter for different samples with porosities of 80, 85, and 90 percent.  
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Fig. 13. The deposition ratio of nanoparticles with 20 and 70 nm diameters in OCF with 85 % porosity as a function of (a), NDL, and (b), NE1.  

Fig. 14. The deposited and moving nanoparticles in OCF-2 (with 85 % porosity) are shown in blue and red, respectively. Left (a, c), t = 0.05 s, and right (c, d), t = 0.4 
s. The bottom pictures show the nanoparticles without the solid. 
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Lagrangian solver is paired with the PIMPLE algorithm (a combination 
of PISO and SIMPLE algorithms). 

The particle locations and velocities are obtained from the 
Lagrangian solver and are then transmitted to the Eulerian part of the 
code. Calculating the particle volume fraction inside each cell is the next 
procedure. The fluid forces (drag, lift, etc.) acting on each particle are 
computed using the particle and fluid initial velocities as well as the 
particle volume fraction by the use of Eqs. (5)-(17). Then momentum 
exchange terms between particles and fluids are computed by Eq. (3). 
The updated velocity and position of the nanoparticles are determined in 
the following step. The flow field and the fluid pressure and velocity are 
calculated in the Eulerian section using Eqs. (1)-(3). The solution process 
is depicted in Fig. 1. A central difference scheme with second-order 
accuracy is used to discretize the pressure gradient. The first-order 
Euler scheme discretized time derivatives [88]. Algebraic and geo
metric multi-grid preconditioning for pressure and the Gauss-Seidel 
smoothing for velocity are used to solve the results of the Eulerian dis
cretized system by a conjugate gradient solver. 

The solver settings are such that deposition of nanoparticles occurs 
when the attractive forces with the solid surfaces of the porous medium 
are greater than repulsion: when the distance from the center of the 
nanoparticle to the nearest solid surface is less than the radius of the 
nanoparticle, the nanoparticle is deposited [57,89]. Moreover, the 
following assumptions are made in all problems of this study.  

• Nanoparticles are injected over a short time (about 10− 7 s) at the 
beginning of the simulation process.  

• The entry velocity of the particles is 80 % of the fluid velocity [57].  
• The distribution of nanoparticles in the inlet of the porous media is 

random.  
• The simulation of nanoparticle migration continues until the last 

particle deposits or escapes.  
• Drag, Saffman lift, Brownian, buoyancy, gravity, VDW, and EDL are 

the forces that affect nanoparticles. 

The simulations were executed parallel on a workstation equipped 
with 2 Intel® Xeon® CPUs, each consisting of 16 threads operating at a 
frequency of 3.3 GHz, and 64 GB of computational memory. 

4. Results and discussion 

In this section, the simulation of nanoparticle flow in various ge
ometries is conducted using the solver function developed in the pre
vious section, based on the governing equations of the Eulerian- 
Lagrangian method. The results of these simulations are then pre
sented. The results will be presented in three sections: 1) microchannel 
with different cross sections, 2) three OCFs, and 3) Berea sandstone. In 
all three sections, the water is the base fluid. 

We build upon our previous study [61] to investigate the accuracy of 
the computational solver while examining the dynamics of nanoparticle 
flow in complex porous medium geometries. Furthermore, the impact of 
different forces and particle size on the flow characteristics of nano
particles will also be examined. 

4.1. Nanoparticle deposition in microchannels 

This section investigates nanoparticle transport and attachment in 
two microchannels with different geometric characteristics. The first 
microchannel has a length of 250 μm and a height of 10 μm. The length 
of the second microchannel is 250 μm, the same as the first one, but its 
height variates from 13.34 μm to 6.76 μm (similar to two pores con
nected by a narrower throat). However, both microchannels have the 
same surface area. A schematic representation of these microchannels is 
shown in Fig. 2. 

The ratio of deposited nanoparticles to injected nanoparticles is 
defined as the nanoparticle deposition ratio [61]. This parameter is 
calculated for the nanoparticles with different diameters in Fig. 3, with 
NE1 and NE2 equal to 1 and NDL being 25. The number of injected par
ticles is 1000. This number is chosen for computational efficiency and to 
ensure that the solution remains dilute in that the particles do not 
interact with each other. It is shown that the deposition ratio decreases 
by approximately 60 % with an increase in nanoparticle diameter from 
30 nm to 150 nm, as a result of a 55-fold reduction in Brownian motion, 
Eq. (6). 

In addition, the deposition ratio in the microchannel with a throat is 
approximately 20 % more than the rectangular microchannel, since the 
restriction provides a greater surface area to volume ratio. The results 
for the rectangular channel are almost identical to previous work by 
Ramezanpour et al. [61]. 

Furthermore, the influence of the ratio of the particle radius to the 

Fig. 15. The geometry of Berea sandstone (a) accompanied by mesh created (b).  
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thickness of the double layer, NDL, on the deposition ratio for the two 
microchannels is shown in Fig. 4. It has been assumed that NE1 is 50 and 
the particle diameter is 30 nm. With an increase in NDL, the double layer 
around two surfaces will be compacted for a constant nanoparticle 
radius. Hence, EDL’s repulsive force decreases, enhancing nanoparticle 
retention. This fact is shown in this figure that agrees with previous 
studies in the literature [52]. As in Fig. 3, the deposition ratio in the 
microchannel with a throat is higher than in the rectangular 
microchannel. 

Deposition with 30 and 100 nm diameter particles in the two 
microchannels is depicted in Fig. 5 and Fig. 6. For better visualization, 
the dimensions of the nanoparticles are magnified. At t = 0.04 s, all the 
nanoparticles injected in the microchannel have deposited or escaped. 
The number of deposited nanoparticles with a diameter of 30 nm is 111 
% greater than those with a diameter of 100 nm in the rectangular 
microchannel. This increase in the deposition ratio with a decrease in 
nanoparticle diameter is also apparent in the microchannel with a 
throat. 

4.2. Nanoparticle deposition in OCFs 

The previous section demonstrated that the deposition ratio of 
nanoparticles in a microchannel with a throat is greater than that in a 

rectangular microchannel, despite both microchannels having the same 
area. This outcome suggests that the intricacy of the geometry will 
directly impact the enhancement of nanoparticle deposition. Neverthe
less, the geometry examined in the preceding section is simpler in 
comparison to porous media characterized by an intricate geometric 
configuration. Hence in this section, the transport and attachment of 
nanoparticles in three OCFs were studied. The structure of the OCF 
samples with the mesh created on them is shown in Fig. 7. The OCF 
samples have a constant pore density equal to 30 PPI with various po
rosities (80, 85, and 90 %). The physical properties of the samples are 
listed in Table 1. 

The meshes were generated using the snappy HexMesh (SHM) tool (a 
mesh generation method in OpenFOAM). To determine the sensitivity to 
grid resolution, simulations were run with seven mesh resolutions 
(number of voxels). Fig. 8 shows the results in terms of deposition ratio 
and permeability: once we have 3.5–4 million voxels, the results appear 
to be independent of resolution. As a result, this value is considered for 
the number of voxels in the mesh. 

The initial and boundary conditions are depicted in a schematically 
two-dimensional picture of an OCF in Fig. 9. A pressure gradient is 
imposed along the input-output boundary to prevent instability in the 
solutions. The input thermal boundary at the inlet is set to a constant 
temperature; also, there are no-slip conditions for velocity along the 

Fig. 16. The sandstone’s velocity contours and streamlines in three dimensions and two two-dimensional cross-sections  
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surrounding walls. 
In this study, the one-way coupling method is used. Hence, we first 

solve for single-phase flow. Then, the nanoparticle trajectory is calcu
lated by the Lagrangian approach in the fluid flow field. The conver
gence of each simulation is dependent on the pressure gradients and the 
number of computational cells, typically necessitating a duration of 

12–15 h. For convergence, the time step was selected to be smaller than 

the particle relaxation time (τm =
ρpDp

2Cc
18μF

), as reported in references [57, 
59]. Distinct time steps were taken into account based on the various 
solution conditions. However, the values primarily ranged within the 
order of 10− 9 − 10− 10s. 

Fig. 10 demonstrates the effect of porosity on the velocity contours 

Fig. 17. The deposited and moving nanoparticles in Berea sandstone are shown in blue and red, respectively, and – for the top row – the rock in gray. (a) dp = 20nm, 
(b) dp = 50nm, and (c) dp = 70nm. The bottom pictures show the deposition of nanoparticles without the solid. 

Fig. 18. Nanoparticle deposition ratio in Berea sandstone for dp=20 nm and different values of (a) NE1 and (b) NDL.  
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and streamlines for samples 1 and 2, for constant pore density. The 
findings show that the flow patterns in the low porosity voids are more 
tortuous than the high porosity sample’s projected flow patterns. The 
OCF offers additional flow space in the sample with high porosity, 
resulting in higher velocities. 

The solution process in this problem continues until the last particle 
deposits or escapes through the system. In Fig. 11, the retention of 
nanoparticles is evaluated and compared at different times for samples 1 
and 3. Ten thousand nanoparticles are injected into the porous media: 
again this number is chosen for computational efficiency and to ensure 
that the particles remain in a dilute regime. As is evident in this figure, 
for the geometry with 80 % porosity, more nanoparticles deposit than 
the foam with 90 % porosity. It is also found that, for the sample with 80 
% porosity, after about 0.27 s, only a few particles (less than 2 %) de
posit. This time is about 0.15 s for sample 3 with 90 % porosity. The 
velocity of nanofluid flow in OCF with 90 % porosity is higher than 80 % 
porosity. Hence the velocity of nanoparticle migration is higher, and the 
ultimate deposition ratio occurs in a shorter time. Furthermore, it should 
be noted that for t < 0.1 s, the deposition ratio in OCF with 90 % 
porosity, occurs in a wider range of geometry. Hence the deposition ratio 
is slightly more than that of the OCF with 80 % porosity since initially 
the faster flow allows the nanoparticles to encounter more of the pore 
space. 

The deposition ratio for the three OCF samples is calculated as a 
function of nanoparticle diameter in Fig. 12. It has been assumed that 
NE1=50, NDL=10, and NE2=1. The OCF with 80 % porosity has the 
highest deposition ratio since it has a larger surface area. The deposition 
ratio of 20 nm diameter nanoparticles in OCF with 80 % porosity is 
almost 0.1 greater than in OCF with 90 % porosity. This difference de
creases to 0.03 for nanoparticles with a 70 nm diameter; it becomes close 
to zero for a diameter of 100 nm. Hence, in OCFs with high porosity, the 
effect of porosity on the retention of nanoparticles with a diameter of 
less than 70 nm is significant but can be neglected for larger 
nanoparticles. 

The deposition ratio of nanoparticles with 20 and 70 nm diameters as 
a function of NE1 and NDL is investigated in Fig. 13. As stated in the 
explanation of Fig. 4, for a constant nanoparticle radius, increasing NDL 
has a direct effect on retention. The deposition ratio increases from 0.56 
to 0.6 when NDL is increased from 5.1 to 10 with constant values of 
NE1=50 and dp=20 nm. However, a further increase in this parameter 
does not have a noticeable effect. This is also seen for nanoparticles with 
a diameter of 70 nm when NDL reaches to 50. 

With an increase of NE1 the surface potential increases such that the 
repulsion between nanoparticles and the solid becomes larger. Conse
quently, the attachment of nanoparticles decreases. For NDL=5.1 and 
dp=20 nm, the deposition ratio decreases from 0.59 to 0.56 with a rise of 
NE1 from 1 to 50. Nevertheless, further reduction of this parameter leads 
to a decrease of less than 0.01 in the deposition ratio. This phenomenon 
also exists for particles with a diameter of 70 nm when it reaches to 
NE1=100. Hence, it can be concluded that there are threshold values for 
the effect of the EDL force, in agreement with other studies in the 
literature [90]. 

The movement and deposition of nanoparticles are illustrated in 
Fig. 14. The moving nanoparticles are red, the deposited nanoparticles 
are blue, and the foam environment is gray. 

4.3. Nanoparticle deposition in Berea sandstone 

Berea sandstone has much lower porosity than the OCFs examined in 
the previous section and is representative of geometries in subsurface 
flow applications, for instance for EOR The geometry of Berea sandstone 
(red and blue show the solid and pore, respectively) and the computa
tional mesh are shown in Fig. 15. 

Fig. 16 illustrates the sandstone’s velocity contours and streamlines. 
As depicted in this diagram, the application of a pressure gradient results 
in fluid flow with a velocity of 1.5 m/s in certain areas, owing to the 

rock’s low porosity. However, in numerous locations, the flow remains 
stagnant or moves at least an order of magnitude slower. This demon
strates the more complex behavior of the Berea sandstone in contrast to 
previously examined geometries. 

As before, 10,000 particles were injected into the system. The 
deposition ratio decreases with increasing nanoparticle diameter. For 
instance, when NDL=10, and NE1=50 the deposition ratio of nano
particles with a 20, 50, and 70 nm diameter is 0.78, 0.73, and 0.47, 
respectively. Fig. 17 illustrates how the nanoparticles move and are 
deposited. As for the OCFs, the moving particles are shown in red, and 
the deposited nanoparticles in blue. Here we can see that a significant 
fraction of the particles has deposited at the late time. However, due to 
the low speed of the nanofluid flow in some areas of the pore, some 
particles are neither deposited nor removed from the environment. 

The influence of NE1 and NDL on the deposition ratio is similar to 
those of OCFs. The increase of NE1 from 1 to 100 when the NDL=10, 
results in a drop in the deposition ratio of nanoparticles with a 70 nm 
diameter from 0.82 to 0.61. Moreover, the deposition ratio increases 
from 0.74 to about 0.78 by increasing NDL from 5.1 to 25 when NE1=50. 
The parameters NE1 and NDL have limited effect, as shown in Fig. 18. 

4.4. Discussion 

This study has investigated the effects of nanoparticle diameter, 
surface potentials, and Debye-Huckel length (the size of the EDL) on 
nanoparticle deposition ratio in various geometries: a microchannel, 
three OCFs, and Berea sandstone. The effects of these parameters on 
particle behavior have also been considered in numerical and experi
mental studies. When comparing the outcomes of transport and depo
sition of nanoparticles in the specified geometries, it is important to 
consider the following factors: 

1- In the microchannel, which has a less complex structure compared 
to Berea sandstone and OCFs, the deposition ratio of nanoparticles is less 
than one third of the deposition ratio seen in the aforementioned porous 
media. 

2- Berea sandstone has a lower porosity in comparison to foams, 
resulting in increased complexity in the flow field. Some nanoparticles 
entered effectively stagnant regions of the pore space of Berea and were 
neither deposited nor swept out of the pore space. 

Although nanoparticles exhibit varying behavior in diverse envi
ronments, the overall trend of the deposition ratio remains consistent 
across multiple parameters. In this section, the results of our study will 
be compared to previously published papers. 

4.4.1. The effect of surface potentials 
As stated in Eq. (14), NE1∝(ψ1

2 + ψ2
2). Hence, as the surface potentials 

ψ1 and ψ2 rise, NE1 increases which enhances the repulsive electrostatic 
double-layer force. Increasing NE1 decreases the deposition ratio of 
nanoparticles. The trends of retention as a result of increasing surface 
potential were also studied by Sadeghi et al. [90] for virus particles in 
porous media and Seetha et al. [52] for deposition in a single pore. 
Moreover, Bai and Tien [91], frome column experiments, found a rela
tion between the attachment efficiency of colloids (of micron-size) to 
surface potentials as (ψ1

2 + ψ2
2)− 0.3121. Hence, our results are qualita

tively consistent with these published results. 

4.4.2. The effect of double layer thickness 
NDL has an inverse relationship with the Debye-Huckel length (the 

strength of the EDL). The Debye-Huckel length rises with decreasing 
ionic strength. Hence, an increase in the ionic strength decreases the 
EDL force leading to the enhancement of nanoparticle deposition. As 
expected, our simulations showed that retention increases with NDL. The 
deposition of clay particles as a function of solution ionic strength was 
investigated experimentally by Compere et al. [92]. The results are 
qualitatively consistent with our simulation. Moreover, the effect of 
solution ionic strength variations and the Debye-Huckel length on 
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particle deposition in porous media, was also investigated in other 
studies which are consistent with our study [52,91]. 

5. Conclusions and future directions 

Nanoparticle deposition in a subsurface environment decreases the 
content of attainable material in the bulk fluid, increases surface 
roughness, and affects the flow of nanofluid. The effect of deposition and 
transport of nanoparticles at the large-scale depends on their behavior in 
the pore-scale, which we investigated in this paper. This study used a 
numerical solver based on the open-source library OpenFOAM to 
investigate the deposition and transport of nanoparticles in different 
porous media, including Berea sandstone and open-cell foams (OCFs) 
with different porosities. The Eulerian-Lagrangian method was utilized 
to study the effects of nanoparticle diameter, porosity, surface potential, 
and double layer thickness. It has been assumed that the nanofluid is 
dilute and the interaction between particles is disregarded. Hence, this 
study does not take into account the accumulation of particles. 
Furthermore, the study did not consider the detachment of particles 
from the solid surfaces. Given the assumption indicated above, the 
outcomes are as follows:  

• Higher porosity leads to lower retention. For instance, the deposition 
ratio of nanoparticles with 20 nm diameter in the foam with 80 % 
porosity is about 0.1 more than the foam with 90 % porosity.  

• Brownian motion is significant: the random movement of particles 
allows them to encounter the solid walls, which otherwise they 
would avoid as close to the solid the flow is stagnant. Hence, nano
particle attachment decreases with nanoparticle diameter and be
comes negligible for diameters around 100 nm and greater.  

• With an increase in NDL, the diffuse double layer around two surfaces 
(particle and solid surface) become thinner. Hence the EDL repulsive 
force becomes smaller, enhancing nanoparticle retention. The 
interaction of nanoparticles with solid surfaces is made more repul
sive by an increase in NE1.Hence, the attachment of nanoparticles 
decreases. Beyond a threshold nanoparticle diameter, there is little 
retention, and varying NDL and NE1 have little effect on the behavior. 

The significance of this work is that the amount of deposition can 
now be quantified in complex three-dimensional porous media. The 
simulations can therefore be used as a platform to predict the filtration 
behavior of nanoparticle transport and to design porous media and the 
flow regime to either enhance or suppress retention as required, for a 
variety of applications. 

Based on the aforementioned situations, this research can be used as 
a foundation for further investigations into the behavior of nanofluid 
flow in porous media. By incorporating features such as nanoparticle 
aggregation, accumulation, desorption, and other similar scenarios that 
were previously overlooked due to the dilution of the nanofluid or 
simplification of the model, the proposed model can be enhanced. 

In future work, the code could be extended to multiphase flow and a 
range of other porous media, potentially with different surface in
teractions. We could consider deposition rates under steady-state con
ditions and comparison with experimental results. 
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