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ABSTRACT

The application of nanoparticles to a fluid improves heat transfer and hydrodynamics, especially in por-
ous media. To analyze the flow of nanoparticles and heat transfer in porous media at the pore scale, sim-
ulation in micro-scale channels of porous media is necessary. One concern is the deposition of
nanoparticles to solid surfaces, which reduces the amount of material available in the bulk fluid. Also,
in porous media, the nanoparticle deposition increases the surface roughness of pore surfaces, affecting
the volumetric flow rate of nanofluid. Nanoparticle transport and deposition in a microchannel (as a rep-
resentation of pore) are investigated numerically. The open-source library of OpenFOAM is used, and the
Eulerian-Lagrangian (EL) approach is employed to simulate nanoparticles interacting with the base fluid
and the surfaces of the microchannel. Integration of all forces exerted on nanoparticles, from base fluid
and also microchannel’s surfaces are considered simultaneously. Brownian motion, drag, buoyancy, grav-
ity, and Saffman lift forces are considered between nanoparticles and the base fluid. Van der Waals and
electrostatic double-layer forces based on DLVO theory are considered between nanoparticles and
microchannel surfaces. The deposition ratio of nanoparticles (the fraction of nanoparticles that deposit
on the solid surface) is analyzed by the variation of nanoparticle diameter, fluid velocity, temperature,
surface potentials, and double-layer thickness. It is assumed that the nanofluid is dilute, and the collisions
between the nanoparticles are neglected.

The results of nanoparticle deposition ratio are validated through comparison with available data in the
literature. It has been shown that the nanoparticle deposition ratio decreases from 0.98 to 0.4 when the
nanoparticle diameter increases from 30 to 150 nm. The effect of Van der Waals force on the enhance-
ment of nanoparticle deposition ratio is about 1.6 %. Next, the deposition of nanoparticles is studied
for different Reynolds number values, surface potential, nanoparticle radius, and double-layer thickness.
Brownian motion dominates the behavior; increasing temperature and decreasing nanoparticle diameter
will increase nanoparticle deposition. The magnitude of the nanoparticle and surface potentials and the
double layer thickness are the two essential parameters that control the electrostatic double-layer force;
its effect on deposition is also investigated. It has been concluded that the rise of the surface potential
value decreases the deposition ratio.

© 2022 Elsevier B.V. All rights reserved.

1. Introduction

experimental and numerical studies have been performed on
different applications of nanofluids. The properties of nanoparticles

A nanofluid is the suspension of particles of size less than
100 nm in a liquid [1]. Over the years, nanotechnology has been
used as an efficient tool in various engineering fields, and many
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are significantly different from those of larger particles because the
fraction of atoms on the particle’s surface increases as it reaches
the nanometer dimension. Also, nanoparticles have a high
surface-to-volume ratio, leading to a wide range of nanofluid appli-
cations, such as energy devices, solar systems, the automotive
industry, and enhanced oil recovery [2]. Some applications of
nanofluids are shown in Fig. 1.

One of the applications of nanofluids is the enhancement of
cooling or heating functions in energy devices [3-5]. By introducing
nanoparticles into the liquid, the heat transfer properties of the
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Fig. 1. Some common applications of nanofluids.

nanofluid are improved compared to the pure fluid, which
increases the system’s efficiency [6]. For instance, nanofluids are
commonly used in cooling systems [7,8]. It has been shown exper-
imentally that the existence of ZnO nanoparticles in different con-
centrations in the base fluid increases the heat transfer
characteristics of an automobile radiator compared to the pure
fluid [9]. In addition, for the same reasons, nanofluids are used in
circular tube heat exchangers [10], plate heat exchangers [11],
shell and tube heat exchangers [12], and also in tube and pipes
[13,14]. Due to nanofluid’s function in enhancing heat transfer,
numerical studies are of interest in the literature [15,16]. For
instance, in a study by Rostami et al. [17], an artificial neural net-
work (ANN) was developed and used to predict the thermal con-
ductivity of multi-walled carbon nanotubes-CuO/water nanofluid.
In another study, ANN was used to predict the viscosity of Silver/
Ethylene glycol nanofluid at different temperatures and volume
fractions of nanoparticles [18].

Solar thermal collectors act as heat exchangers to transform the
energy from solar radiation into the internal energy of the trans-
port medium [19]. Enhancing the performance of solar systems
with nanofluids due to their high thermal conductivity compared
to a pure fluid is another application of nanofluids. In a study by
Said et al. [20], carbon nanotubes-based nanofluids as an absorbing
medium were used to evaluate the increase in heat transfer,
entropy generation, and pressure drop in a flat-plate solar collec-
tor. Using carbon and metal oxide-based nanoparticles in a flat-
plate solar collector was experimentally investigated by Akram
et al. [21]. The use of single-walled carbon nanohorn-water nano-
fluid as the working fluid in a direct absorption solar collector and
porous receiver accompanied by nanoparticle addition to working
fluid in a parabolic solar collector were studied by Siavashi et al.
[22,23]. It has been shown that by increasing the nanoparticle vol-
ume fraction to 0.015 in nanofluid, the thermal efficiency increases
12%. To enhance the thermal energy storages in solar systems, the
numerical approach was used in a study by Bhatti et al. [24]. They
investigated the unsteady flow confined by parallel rotating plates
in the porous media with nanofluid. They concluded that the tem-
perature distribution increases with the rise of Brownian and ther-
mophoretic forces parameters.

Nanofluid flow in porous media is also of interest in the litera-
ture [25-28]. One of the applications of nanofluid in porous media
is related to the petroleum industry for enhanced oil recovery
(EOR) [29,30]. Nanofluids can reduce the interfacial tension
between oil and water, which aids the displacement of oil from
the pore space [31]. Wettability and viscosity alteration [32,33]
can also enhance oil recovery. In recent years, researchers have
conducted various laboratory and numerical studies on nanofluid
flooding in EOR [19,20]. It has been concluded that flooding of
engineered carbon nanosheets in brine with only 0.1 wt% resulted
in incremental oil production of 20% [34].

One concern in all these applications is the deposition of
nanoparticles to the solid surfaces of the device. This removes par-
ticles from the bulk fluid, reducing the efficiency and effectiveness
of heat transport or other processes and clogging of flow channels.
In addition to the importance of particle deposition in industrial
applications, this issue is also crucial in the subjects related to
human health [35].

Nanoparticle transport and deposition in porous media depend
on events that occur on the pore scale. Colloid filtration theory
(CFT) is the most common model to predict particles’ retention
coefficient on the surface for a wide range of conditions [36]. In this
method, the contact efficiency of spherical collectors as a porous
medium saturated by the base fluid is determined by a mechanical
approach that traces the nanoparticle trajectories. The calculated
contact efficiency in the continuum method is upscaled into the
kinetic retention coefficient [37]. Chatterjee and Gupta [38] devel-
oped a model based on colloid filtration theory which accounts for
the possibility of aggregation of the particles. The agglomeration of
particles of different sizes was studied in this model. In another
study on CFT, Molnar et al. [39] investigated the retention and
transport of nanoparticles in porous media by employing X-ray
computed microtomography. In the study of Molnar et al. [39], it
was determined that silver nanoparticle concentrations are signif-
icantly lower near grain-grain contacts.

Despite the extensive studies in CFT, this approach has some
limitations, principally the simplification of the porous medium
to equivalent collectors. Hence, other methods based on direct sim-
ulation to study the transport and deposition of nanoparticles in



M. Ramezanpour, M. Siavashi, A.Q. Raeini et al.

porous media have been considered in recent years. Eulerian-
Eulerian (EE) and Eulerian-Lagrangian (EL) numerical approaches
are used in the literature to simulate nanoparticle transport in por-
ous media and microchannels. In the EE approach, continuity and
momentum equations are solved to simulate the fluid flow and
nanoparticle transport as separate phases. The volume-of-fluid
(VOF), mixture, and Eulerian models are the main methods in the
EE approach [40]. Eulerian models can be used for dense fluids in
which the concentration of nanoparticles is such that the nanopar-
ticles can be considered as a continuous phase. However, the EL
approach is used for dilute nanofluids to investigate the nanopar-
ticle transport and fluid flow simulation. The Navier-Stokes equa-
tions are solved for fluid flow in the EL approach, and Lagrangian
particle tracking is employed to model nanoparticle transport.
The EL approach is more accurate than the EE approach, but its
computational cost is higher [40].

The utilization of the Lagrangian approach to study particle
deposition in the microchannel is of interest in the Literature
[41]. Ghafouri et al. [42] used the Lagrangian approach to investi-
gate the deposition and dispersion of micro-scale particles over
the triangular cylinders in a two-dimensional channel. The effect
of Brownian, gravity, Saffman and Drag forces were also considered
between particles and fluid. They concluded that particle deposi-
tion enhances with the rise of fluid velocity.

In a numerical study by Malvandi et al. [43], the thermal perfor-
mance of an alumina-water nanofluid in a circular microchannel
was investigated. The flow was assumed to be fully developed,
and Buongiorno’s model [44], considering Brownian motion and
thermophoresis forces, was employed to solve the flow. In another
work by Malvandi et al. [45] using the previously-mentioned
model, nanoparticle migration was considered to study the trans-
port phenomena of titania-water and alumina-water in a conden-
sation film.

In another study, the forced convection flow of alumina-water
nanofluid in a two-dimensional baffled flow was numerically
investigated by Fazeli et al. [46]. The Navier-Stokes and nanofluid
transfer equations were solved by considering Brownian motion
and thermophoresis forces. The effects of nanoparticle concentra-
tion, Reynolds number, and nanoparticle diameter on the heat
transfer coefficient, nanoparticle distribution, velocity, and tem-
perature fields were investigated.

Nanoparticle transport and deposition in a microchannel to rep-
resent pore-scale phenomena was simulated by Seetha et al. [47].
It was assumed that fluid flow was fully developed, and the advec-
tion-diffusion equation was solved for nanoparticle transport. The
effects of Brownian diffusion, electrostatic double layers, and Van
der Waals forces were also considered. The deposition of nanopar-
ticles was influenced by the variation of nanoparticle diameter,
pore channel width, and the parameters related to the forces
between the nanofluid and surface walls, such as surface potentials
and double layer thickness.

Nanoparticle transport and deposition were also investigated in
various numerical studies by the EL approach. Heat transfer and
dispersion of nanoparticles in a microchannel were studied by
Nayinian et al. [48]. The effects of drag, Saffman lift, Brownian
motion, and gravitation forces are included in the Lagrangian part
of the equation. The working fluid was assumed to be air under a
slip flow regime. An analytical method was also used to determine
nanofluid flow in a microchannel by Afshar et al. [49]. In addition,
nanoparticle transport in a microchannel considering near-wall
corrections was studied numerically by Andarwa et al. [50,51].
The lattice Boltzmann method coupled with Lagrangian particle
tracking was solved to investigate nanoparticle deposition. The
effect of pressure gradient and nanoparticle diameter considering
Saffman lift, drag, Brownian motion, gravitational, and Van der
Waals forces were investigated in that study. In another study,
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Sharaf et al. [37] used a two-way coupling EL approach to investi-
gate nanoparticle migration and convective heat transfer in a
microchannel. The effect of Brownian and thermophoresis forces
on the deposition ratio of nanoparticles on microchannel surfaces
was also investigated.

In a study, the nanoparticle deposition for flow through a chan-
nel with a constant heat flux was investigated numerically [52].
The Lagrangian approach was used in that study. The effects of por-
ous permeability, Reynolds number, volume concentration, and
different particle forces on particle deposition were studied. The
effects of drag, Brownian, thermophoresis, gravity, and Van der
Waals forces were considered in that study.

In these previous studies, the behavior of nanoparticles in a
microchannel or porous medium was investigated by considering
the different forces at play. Some research concentrated on the
forces between nanoparticles and fluid, including Brownian
motion or thermophoretic forces. Other studies have focused on
the behavior of nanoparticles in interaction with the wall surfaces
(a summary of some of the published papers in the literature is
listed in Table 1). However, a complete study of the effect of all
forces affecting the deposition of nanoparticles on the surface has
not been addressed comprehensively. Hence, it is essential to study
the deposition of nanoparticles on the surfaces of porous media. It
is necessary to provide a mathematical model that can integrate
the effects of different forces, including the forces between
nanoparticles and base fluid, and between nanoparticles and the
wall surfaces, which is lacking from previous studies.

Using the OpenFOAM finite open-source library, a numerical
solver is developed to investigate nanoparticle transport and depo-
sition in microchannels. Due to the dominant effect of Brownian
motion on nanoparticle deposition, the impact of this effect is con-
sidered in this study. Moreover, drag, buoyancy, gravity, and Saff-
man lift forces are considered between nanoparticles and the
base fluid. In addition to the forces between the nanoparticles
and the fluid, Van der Waals and electrostatic double-layer forces
between the nanoparticles and the microchannel surfaces based
on DLVO theory are also accounted for. The deposition of nanopar-
ticles is studied for different values of four parameters: Reynolds
number, magnitudes of the surface potentials, the ratio of nanopar-
ticle radius to double layer thickness, and nanoparticle radius. Also,

Table 1
Summary of previous studies in the literature.

Authors Approach and effective forces

Chatterjee and
Gupta [38]

colloid filtration theory (CFT)

Molnar et al. [39]

Ghafouri et al.
[42]

Malvandi et al.
[43]

Malvandi et al.
[45]

Fazeli et al. [46]

Seetha et al. [47]

Nayinian et al.
[48]
Afshar et al. [49]

Andarwa et al.
[50,51]
Sharaf et al. [37]

Albojamal and
Vafai [52]

colloid filtration theory (CFT)

Lagrangian approach -micro-scale particles- Brownian,
gravity, Saffman, and Drag forces

Buongiorno’s model —-nanofluid- Brownian motion and
thermophoresis forces

Buongiorno’s model -nanofluid- Brownian motion and
thermophoresis forces

Eulerian -nanofluid- Brownian motion and
thermophoresis forces

Eulerian -nanofluid- Brownian diffusion, electrostatic
double layers, and Van der Waals forces

Lagrangian -nanofluid- drag, Saffman lift, Brownian
motion, and gravitation forces

Eulerian -nanofluid- drag, Saffman lift, Brownian
motion, and gravitation forces

Lagrangian —nanofluid- drag, Saffman lift, Brownian
motion, gravitation, and Van der Waals forces
Lagrangian —nanofluid- drag, Saffman lift, Brownian
motion, and gravitation forces

Lagrangian —nanofluid- drag, Brownian, thermophoresis,
gravity, and Van der Waals forces
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the effect of the temperature variation of the nanofluid mixture on
particle deposition is examined.

2. Theoretical background

The EL approach is employed to simulate the nanoparticle
behavior in interaction with the base fluid and microchannel sur-
faces. The following assumptions are made:

e The nanofluid is dilute, nanoparticles do not aggregate, and col-
lisions between nanoparticles are neglected. Hence, a one-way
coupling assumption is used, and the effects of nanoparticles
on fluid flow are ignored.

e The temperature in the microchannel environment, including
the surfaces and the fluid, is considered constant.

To simulate the transport and deposition of nanoparticles in the
base fluid, a two-dimensional microchannel with a rectangular
cross-section (with H as the height and L as the length of the
microchannel) is used (see Fig. 2).

2.1. Governing equations

In the EL approach, the base fluid is considered continuous, and
the continuity and momentum equations are solved for fluid flow
[40]:

V.(pUr) =0 M

pr(Uy V)Uy = =Vp + V. [ (VU; + VU )| + S, 2)

where p; is the fluid density, y, is fluid viscosity, Uy is the fluid
velocity, and S, is the source term indicating the momentum trans-
fer between the fluid and nanoparticles. S,, is calculated using [40]:

55
Sn=-— Y m,F 3)
oV 2T

The subscript p represents the particle, m, and F, indicate the
particle’s mass and the particle’s total force on the fluid (per unit
mass), respectively. 6V is the computational cell volume, and n,
is the number of nanoparticles in a computational cell. The force
between the particles and the fluid is the sum of all the forces
between the particles and the fluid.

In this simulation, it has been assumed that the fluid flow is
fully developed, and the continuity and momentum equations
can lead to the following analytical solution to present the velocity
profile [49]:
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in which H is the height of the microchannel, y is the distance from
the channel centerline,s is the tangential momentum accommoda-
tion coefficient and is assumed to be 1, and Kn., = 4/H is the chan-
nel’s Knudsen number [49,50].

Newton’s law for nanoparticle transport in the Lagrangian
method is [40]:

m %
Podt
As mentioned above, F, in Eq. (5) is the sum of the forces
between the nanoparticles and the fluid. In addition to the forces
between nanoparticles and fluid, interparticle forces and the forces
between nanoparticles and the wall are also affect the behavior.
As previously mentioned, the effect of interparticle forces and
the collision of nanoparticles are neglected due to the low concen-
tration of the nanofluid. Hence, only the forces between the
nanoparticles and the fluid and the nanoparticles and the wall
are considered. Therefore, Eq. (5) can be rewritten by considering
drag, Brownian, Saffman lift, buoyancy, and gravity as the most
dominant forces between the base fluid and nanoparticles. Besides,
Van der Waals (VDW) and electrostatic double layer (EDL) forces
are accounted as the forces between microchannel surface and
nanoparticles, and Eq. (5) is written as follows [40,50,51]:

_F, (5)

du,
b gr = Fp

= FDrag + FBrownian + FSaffman + FBouyancy + FGmm‘ty + FVDW
+ Fepp (6)

2.1.1. Drag force

Due to the relative motion between the nanoparticles and the
fluid, the drag force is applied in the opposite direction of the
nanoparticles’ motion. The drag force is given by [50]:

18u
FDrag =m 2f

ppd,, C.

C. is the Cunningham slip correction factor, and d, is the
nanoparticle diameter. When the particle radius decreases to the
nanometer scale, the no-slip assumption is no longer valid. Hence,
the drag force expression will be corrected with the Cunningham
slip correction factor. Based on the empirical study of Kim et al.
[53] on the calculation of Cunningham slip correction factor for
temperatures in the range of 300 K, C. is as follows:

(U-U,) )

Ce=1-+Kn(x+fexp (f%)) 8)

U — H* dp 2y 2 82 — GK 4 where «, 8, and y are 1.165, 0.483, 0.997, respectively. In the above
f= @(75)( " \H + T Neh) (4) equation, Kn is the Knudsen number, defined as the ratio of mean
free path of base fluid molecules (1) to the nanoparticle radius
(rp), Kn = A/rp.
A
H

Fig. 2. A schematic representation of microchannel.
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2.1.2. Brownian motion

As a result of the collision between the base fluid molecules and
the particles, a Brownian force is created, which causes the random
motion of particles. This force increases with decreasing particle
size and, therefore, dominates the transport behavior.

Due to the random nature of the Brownian motion, it is modeled
as a Gaussian white noise random process. The components of the
Brownian force at each time step is calculated with the following
relation [54]:

TS
FBrownian.i = MyG; A_;) (9)

¢; is the zero-mean, independent Gaussian random number
with unit variance, At is the time-step, and Sy is the spectral inten-
sity given by [54]:

21674k, T
So= -t

S b 10
0= 2p 205G (10)
k, = 1.3806 x 10~2m?2kg/(s°K) is the Boltzmann constant, and
T is the fluid temperature.
For the calculation of the Brownian motion, a procedure pro-
posed by Abouali et al. [55] is used:

e Choose a time-step (At)

e Generate a sequence of uniform random numbers (A;)

e Transform these random numbers to pairs of zero-mean Gaus-
sian random numbers with unit variance:

G; = 1/ —2In(A;)cos(271A,) (11)

¢, = \/—2In(A;)sin(27A,) (12)

e Calculation of Brownian force by Eqs. (9)-(12).

2.1.3. Saffman lift force

Tiny particles in a shear flow are subjected to a force perpendic-
ular to their direction [56]. Saffman [57,58] proposed a relation for
calculating this force, which is called the Saffman lift force:

/ U\ |.. (oU
FSaffmann = 6-46rp2 (U - Up) p/l’ <a—y> Sign (W) ey (13)

2.1.4. Buoyancy and gravity forces
The sum of gravity and buoyancy (obtained from Archimedes’
law) forces is represented as [40]:

d 3
FBouyancy + FGravity = (TC %) (pf - Pp>g (]4)

2.1.5. Van der Waals (VDW) force

The interaction between nanoparticles and microchannel sur-
faces is significant at distances of a few nanometers. A theory
was developed by Derjaguin, Landau, Verwey, and Overbeek to
explain the stability of colloidal dispersion, which is called the
DLVO theory [59,60]. Based on the DLVO theory, the VDW and
EDL forces act as attractive and repulsive forces: how they are
incorporated into the model is described below.

VDW is an attractive force between small particles and surfaces
[59]. This force is significant at short distances between two sur-
faces from the atomic range to more than 10 nm [61]. The VDW
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force is only considered between nanoparticles and the microchan-
nel surfaces [62]:

Ay Tp Tp 1 1
Fyppw =— |- 7~ 5+ —
6 (z—1,)° (z+471p)° Z-Tp Z+T1p

(15)

where Ay is the Hammaker’s constant for a spherical nanoparticle,
and z is the nearest distance between the nanoparticle and the wall
surface.

2.1.6. Electrostatic double layer (EDL) force

Due to the existence of ions in the base fluid, solid particles in a
liquid with a high dielectric constant will be charged, and an elec-
tric double layer is created around the charged particles [60]. By
the using of Hogg-Healy-Fuerstenau (HHF) formulae [63], the
energy of electrostatic interaction between two different surfaces
is as follows [60]:

Egpr = meeor, (2

+95%) 221//1% > In (1 + exp(—KZ)) +In(1 — exp(—2k2))
A 1 —exp(—kz)
(16)
The force of the electrostatic double layer is calculated as:
—dE
Fep, — dZEDL
b2, exp(—Kz)
o 2 2y | v +n?
= 2KTegorp (1" + ¥y”) [exp (K2) — exp (—=12) (17)

where , and y, are the nanoparticle and surface potentials, x is the
inverse of Debye-Huckel length, ¢ is the dielectric constant of the
solution, and & is the permittivity of vacuum.

In the study of Rajagopalan and Kim [64], three dimensionless
parameters are introduced for the calculation of electrostatic dou-
ble layer force, which are:

 megolp(Yi” + 9,7
N1 = T (18)
2y1y,
Npp = ——17= 19
. ¥? + (19)
NDL = KIp (20)

Using Eqgs. (18)-(20), Eq. (17) can be written:

NE2 — eXp(—NDLZ*)
exp (Nprz*) — exp (—Nppz¥)

Fep, = ZKkBTNE] (2])

where z* = Z The physical properties of fluids and nanoparticles are
listed in Table 2.

Table 2

The physical properties of nanoparticles and fluids.
Parameter Value
The density of air,p; 1.184 kg/m?
The density of water,py 998.21 kg/m?
The density of nanoparticle,p, 7870 kg/m3

The viscosity of air, i
The viscosity of water, i,

1.1849 x 107° kg/(m.s)
1.002 x 1072 kg/(m.s)

The characteristic wavelength of air,/ 67 nm
The characteristic wavelength of water,. 100 nm
Hammaker constant for air,Ay 1x1020
Hammaker constant for water,Ay 0.4 x 10720

Boltzmann constant,kg 1.38 x 1072 J/K
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2.2. Solver development

A numerical solver using the OpenFOAM finite open-source
library is modified to model the transport and deposition of
nanoparticles in a base fluid flowing in a microchannel. The finite
volume method (FVM) is used to solve the equations of the fluid
phase. This solver comprises the Lagrangian source code coupled
with the PIMPLE algorithm to solve the Eulerian section. The
Navier-Stokes equations and average volume continuity are solved
with the PIMPLE algorithm. In this solver, through the calculation
of momentum exchange and local particle volume fraction, the
fluid velocity is calculated.

The discretization is performed by the second-order central dif-
ference scheme and first-order Euler scheme for the pressure gra-
dient and time derivative, respectively [65]. A conjugate gradient
solver solves the result of Eulerian discretized systems with geo-
metric, algebraic multi-grid preconditioning for pressure and a
smooth solver with Gauss-Seidel smoothing for velocity, which is
available in OpenFOAM.

The code developed in this study can calculate all the forces
introduced in the previous section between the base fluid and
nanoparticles and between the wall surface of microchannel and
nanoparticles.

The base fluid flow has been assumed to be fully developed (Eq.
(4)). Hence, Lagrangian particle tracking is implemented in a one-
way coupling method using the calculated flow field. The numeri-
cal solution process is as follows:

e The information of all nanoparticles is stored in a data structure.

e Velocities and positions of all nanoparticles are calculated and
passed to the Eulerian section.

e The positions of all nanoparticles are determined within the
Eulerian mesh.

e Nanoparticles’ volume fractions are computed in each cell of
Eulerian mesh.

e The forces acting on the nanoparticles —from the fluid and the
wall- are calculated.

e The nanoparticle velocity field for the next time step is
calculated.

3. Results and discussion

The deposition of nanoparticles on microchannel surfaces may
lead to clogging with subsequent effects on flow and transport,
as well as a loss of nanoparticles in the bulk fluid. When the dis-
tance of the center of spherical nanoparticles to the surfaces of
microchannels is equal to or less than the nanoparticle radius,
deposition occurs [50,66]. It has been assumed that the microchan-
nel in this study is two-dimensional. Nanoparticles are randomly
distributed in the inlet of the microchannel. They are injected with
a constant velocity equal to 80 percent of the mean velocity of the
fluid [50]. These particles can be escaped from the opposite
microchannel surface (outlet) or deposited on the top and bottom
surfaces. One thousand nanoparticles are injected into the
microchannel. These conditions are kept constant for all simula-
tions done in this study. In addition, some results are repeated
for 2000, 3000, and 5000 nanoparticles. However, the difference
in the results is negligible.

The results will be presented as the deposition ratio of nanopar-
ticles in different circumstances in two sections. The nanoparticle
deposition ratio is defined as the ratio of the number of deposited
nanoparticles on the surface of microchannels to the number of
injected nanoparticles. First, the deposition in the air is investi-
gated. EDL is important in liquids like water, with a high dielectric
constant [60] but of less importance for a gas. Hence, in this sec-
tion, the effect of the EDL force is ignored [50]. In the second sec-
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tion, water is considered as the base fluid, and the effects of the
EDL force are considered. The simulation time continues until the
last nanoparticle leaves the microchannel or deposits on the
microchannel surfaces. The range of physical parameters used in
the simulation is listed in Table 3.

3.1. Validation

In this section, the microchannel height (H) is equal to 4 um,
and its length (L) is 1 mm. Fig. 3 shows the deposition ratio for four
values of nanoparticle diameter: 30, 50, 100, and 150 nm. The sim-
ulation is performed with and without considering the VDW force.
The attractive VDW force increases the amount of deposition from
0.5 to 1.6% for different nanoparticle diameters. As is stated in Eq.
(10), the Brownian motion force is inversely proportional to dg.
Hence, due to the dominant effect of Brownian motion at the
nanoscale, there is less deposition of larger particles.

Also, the results are validated with the study of Andarwa et al.
[50]. As shown in Fig. 3, the difference between the values calcu-
lated in this study and the previous research is minimal. This slight
difference could be caused by the difference in the number of
injected nanoparticles in the microchannel and the difference in
injection method. In this study, it has been assumed that all of
the nanoparticles are injected randomly from the inlet of the
microchannel in about 107 s.

3.2. Air as the base fluid

Transport and deposition of nanoparticles with a 30 and 150 nm
diameter are indicated in Fig. 4 and Fig. 5, respectively. Due to the
length of the microchannel, the size of nanoparticles is magnified
by a factor of 7. The results are displayed at the microchannel inlet
after 0.0002 s.

As shown in these figures, the nanoparticle deposition ratio on
the microchannel surfaces at t = 0.0002 s for nanofluid with 30 nm
nanoparticles is 0.6, which is higher than the nanofluid with
150 nm nanoparticles with a 0.19 deposition ratio.

The effect of pressure gradient on nanoparticle deposition ratio
for four values of nanoparticle diameter is calculated and depicted
in Fig. 6. Since the flow is fully developed, an increase in the pres-
sure gradient simply increases the velocity of the fluid in propor-
tion. As shown in this figure, the nanoparticle deposition ratio
decreases with a rise of pressure gradient from 10 to 50 MPa/m.
With an increase of fluid velocity, the Re number increases, and
based on the definition of Peclet number Pe = Re.Sc, which indi-
cates the ratio of advective transport to diffusive transport, this
ratio increases. Hence the nanoparticle transport to the microchan-
nel surfaces decreases, and the nanoparticle deposition ratio falls.

Brownian motion acts as the dominant interaction between
particles and fluid on the nanoscale. Based on Egs. (9), (10),
increasing the temperature amplifies this effect. As exhibited in
Fig. 7, when the temperature increases from 300 K to 600 K, the
deposition ratio for nanoparticles with 50 nm diameter increases
from 0.62 to about 0.83.

Table 3

The range of physical parameters used in the simulation.
Parameter Value
Particle diameter,d, 30 - 150 nm
Pressure gradientd? 10 - 50 MPa/m
Temperature,T 300 — 600K
particle radius to the double layer thickness ratio,Np; 1-100
The magnitude of the surface potentials,Ng; 1-150
Reynolds number,Re 1,5, and 10
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Fig. 4. Transport and deposition of nanoparticles with d, = 30 nm at t = 0.0002 s (black nanoparticles are deposited on the surfaces).

The dominant effect of Brownian motion force on nanoparticle
deposition is compatible with the data published in the literature.
In a study by Albojamal and Vafai [52], it has been reported that
the Brownian motion is the most dominant force with a 48%
increasing effect in the relative deposition when individually
omitted.

3.3. Nanoparticle transport in water

In this section, the height of the microchannel (H) is set to 10
um, its length (L) is 250 pum, and water is used as the base fluid.

Water has a high dielectric constant and is an explicit solvent for
ions. Hence, the surfaces in water are mainly charged. Surface
charges cause an electric field that attracts counter-ions. The layer
composed of surface charges and ions is called the EDL, which is
included in the analysis of this section [60].

In Fig. 8, the nanoparticle deposition ratio for different values of
Ng; and Np; is investigated. It has been assumed that the Reynolds
number is 1, Np=1, and the radius is 15 nm for all injected
nanoparticles. As mentioned in section 2.1.6, Ng; and Np, are two
non-dimensional parameters. Ng; represents the magnitude of
the nanoparticle and microchannel surface potentials, and Np;
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shows the ratio of the particle radius to the double layer thickness.
As shown in this figure, with a rise of Np;, the nanoparticle deposi-
tion ratio increased. For instance, when Ng; = 5, with an increase of
Np, from 1 to 100, the nanoparticle deposition ratio increases from
0.03 to 0.19. Also, for a constant Np;, with a rise in Ng; value, the
deposition ratio decreases. For instance, whenNp; = 50, with an
increase of Ng; from 5 to 150, the nanoparticle deposition ratio
drops from 0.18 to 0.049. As Ng; increases, the magnitude of sur-
face potential increases, leading to a rise in the repulsion force
between nanoparticles and microchannel surfaces, which this
result is also compatible with the published data in the literature
[67]. But, with the rise of Ny, when the nanoparticle radius remains

constant, the diffuse double layer around the nanoparticle and the
surface of microchannels get compressed, which reduces the repul-
sive force and thus increases the nanoparticle deposition ratio.

Transport and deposition of nanoparticles with the 30 nm
diameter and different values of Ng; in the microchannel are
shown in Fig. 9 and Fig. 10. The size of the nanoparticles is magni-
fied 7 times, and the results are displayed at the microchannel inlet
after 0.001 s. As shown in these figures, the deposited nanoparti-
cles on the microchannel surfaces are much higher for the nano-
fluid with Ng; = 5 compared to the nanofluid with Ng; = 150. The
deposition ratio for Ng; = 5, is 0.094 and for Ng; = 150 is approxi-
mately 0.01.
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In Fig. 11, the effect of Re number on deposition in water, con-
sidering the effect of the EDL force, is investigated. It is assumed
that the nanoparticle radius is 15 nm. An increase in velocity and
consequently the Peclet number leads to superior advective trans-
port relative to diffusive transport, which reduces the nanoparticle
deposition ratio. In this figure, for three values of Re number
(Re =1, 5, and 10) and two values of Ng; (Ng; = 10 and 50), the
nanoparticle deposition ratio as a function of Np; is calculated.
The maximum value of nanoparticle deposition ratio between all
circumstances is for Ng;; = 10 and Re = 1, and the minimum value
is for N;; =50 and Re = 10. For Np, =50 and Ng =10, the
nanoparticle deposition ratio for Re = 1, 5, and 10 are respectively
0.177, 0.0945 and 0.0756.

The nanoparticle deposition ratio for different values of
nanoparticle diameter is depicted in Fig. 12. For three values of
nanoparticle diameter (d, = 30, 60, and 100 nm), nanoparticle
deposition ratio as a function of Ng; is calculated. With an increase
of nanoparticle diameter, Brownian motion decreases, leading to a
decrease in deposition ratio. ForNg; = 10, Np; = 1 and Np; = 25, the
nanoparticle deposition ratio for nanoparticle diameters of 30, 60,
and 100 nm are respectively 0.168, 0.133 and 0.0716.

3.4. Discussion

In this section, the data trends are compared to experimental
and numerical studies on particle deposition in the literature.

10

Ng1, as a non-dimensional parameter, shows the magnitude of
the nanoparticle and surface potentials. With increased surface
potential, the EDL repulsive force between particles and surfaces
increases, decreasing particle deposition. Hence, ; and v, defining
the surface potentials have a direct effect on deposition. In an
experimental study, Sadeghi et al. [67] evaluated the effect of sur-
face potentials on the deposition of virus particles in porous media,
considering the variation of pH of the solution. They concluded
that an increase in surface potential increases deposition. In a
numerical study by Seetha et al. [47], the effect of the combined
parameter 1, + ,> on the deposition of nanoparticles in a pore
was studied. An increase in surface potential decreases the amount
of deposition, consistent with the results of this study. The model
of Seetha et al. [47] also agreed with the column experiments of
Bai and Tien [68], which showed that attachment efficiency of sub-
micron and micron-sized colloids in porous media is proportional
to (Y, +,%) "', Also, other studies show that the trend of
nanoparticle deposition by the variation of Ng; in this study is con-
sistent with numerical and experimental studies in the literature
[69,70]. In a study by Tufenkji and Elimelech [70], it has been
shown that the attachment efficiency of colloidal particles is pro-
portional to (y,2 +y,2) . While in the study by Seetha et al.
[47] the nanoparticle attachment efficiency was proportional to
% +¢22)_n, where n for different conditions had values from
0.084 to 0.762. As stated in Eq. (18), Ng; o (42 -+ ,%); hence in
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this study consistent to numerical and experimental studies in the
literature, by the increase of Ng; from 1 to 10 for Np. = 25, the
nanoparticle deposition ratio decreases from 0.19 to 0.168. Also,
by the increase of Ng; to 150, the nanoparticle deposition ratio
leads to about 0.003.

Evaluation of the effects of Np, on particle deposition is also of
interest in the literature. As mentioned earlier, Np; is a dimension-
less parameter which is the particle radius divided by the Debye-
Huckel length, which in turn is related to the ionic strength of
the solution. With an increase of ionic strength, the electric double
layers around the particle and the surfaces shrink, decreasing the
EDL force and increasing particle deposition. In this simulation, it
has been shown that the increase of Np; can enhance the attach-
ment efficiency of nanoparticles for different conditions from
0.01 to about 0.19. In an experimental study, Compere et al. [71]
investigated the effect of solution ionic strength on the deposition
of clay particles. Their conclusion on the impact of solution ionic
strength on particle deposition was compatible with the results
of this study. Also, in the proposed correlation equation by Bai
and Tien [68], it was shown that the colloid attachment rate coef-
ficient at Darcy-scale is proportional to solution ionic strength by
the power of 0.676, which shows that this study is qualitatively
consistent with the published data in the literature.

In a column experiment by Wang et al. [72], the retention and
transport of silica nanoparticles in porous media were investigated.
Deposition of nanoparticles 8 nm in diameter was higher than that
of nanoparticles with 52 nm diameter. This fact is also compatible
with correlation equations in the literature [47,68]. In this study, it
has been predicted that the amount of deposition decreases with
particle diameter. As shown in this study, the diffusive flux to
the surfaces decreases by increasing the average flow velocity.
Therefore, the number of deposited nanoparticles decreases. This
agrees with the literature’s column experimental and numerical
results [47,73].

4. Conclusions and future directions

The deposition of nanoparticles to solid surfaces reduces the
amount of material available in the bulk fluid. Also, the nanoparti-
cle deposition increases the surface roughness of microchannel
surfaces, affecting the volumetric flow rate of nanofluid. A numer-
ical solver is developed and used in this study to achieve the effects
of parameters that enhance nanoparticle deposition. In this study,
an Euler-Lagrange (EL) approach is used to investigate the trans-
port and deposition of nanoparticles mixed in a fluid in a
microchannel to represent flow in porous media. A numerical sol-
ver using the OpenFOAM finite open-source library is developed,
and the EL approach is used to simulate the nanoparticle behavior
in interaction with the base fluid and microchannel surface. Brow-
nian motion, drag, buoyancy, gravity, and Saffman lift forces are
considered between nanoparticles and the base fluid. The simula-
tion process of nanoparticle deposition on microchannel surfaces
was performed in this study, considering all these forces between
nanoparticles and the fluid. Also, Van der Waals (VDW) and elec-
trostatic double layer (EDL) forces based on the DLVO theory are
considered between nanoparticles and microchannel surfaces.

Brownian motion has a dominant effect on nanoparticle deposi-
tion. With an increase of nanofluid temperature, Brownian motion
is more significant, leading to the rise in nanoparticle deposition
rate. With a decrease of nanoparticle diameter, the deposition rate
increases due to greater Brownian motion.

The attractive VDW force has a negligible effect on enhancing
nanoparticle deposition, with a change of only 0.5-1.6% for
different-sized nanoparticles in air. On the other hand, electrical
double layer forces are important: larger nanoparticle and surface
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potentials lead to less deposition. The nanoparticle deposition rate
increases with an increase of Np; as the dimensionless ratio of the
particle radius to the double layer thickness.

The methods used in this study can be the basis for future stud-
ies investigating the deposition of nanoparticles on the surface of
porous media with different structures. The developed solver with
some modifications can be the basis of the simulation of nanopar-
ticle transport and deposition in two-phase fluid flow to enhance
oil recovery with wettability alteration.
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