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A B S T R A C T

Al2O3 nanofluids flow has been studied in etched glass micromodel which is idealization of porous media by
using a pseudo 2D Lattice Boltzmann Method (LBM). The predictions were compared with experimental results.
Pressure drop / flow rate relations have been measured for pure water and Al2O3 nanofluids. Because the size of
Al2O3 nanoparticles is tiny enough to permit through the pore throats of the micromodel, blockage does not
occur and the permeability is independent of the nanofluid volume fraction. Therefore, the nanofluid behaves as
a single phase fluid, and a single phase LBM is able to simulate the results of this experiment. Although the flow
in micromodels is 3D, we showed that 2D LBM can be used provided an effective viscous drag force,
representing the effect of the third dimension, is considered. Good qualitative and quantitative agreement is
seen between the numerical and experimental results.

1. Introduction

As a new type of particulate fluids, nanofluid has great potential
advantages and applications in key fields such as heat exchangers,
thermal management and control, medical, transportation, micro and
nano electromechanical systems (MEMS&NEMS), etc [1–11].

Due to small sizes of nanoparticles, nanofluids can flow through the
micro and nano scale throats [12,13]. Therefore one of the interesting
applications of nanofluids is using them as working fluid in the porous
media. Fluid flow through porous media has considered scientific and
technological interest [14–17].

To describe flow at the pore measure, it is appropriate to use easy
representations of porous media such as physical network models
which can be made in the form of 2D networks. These models are a
network of pores and throats which are prepared using the standard
photolithography technique on a silicon, polymer or glass substrate.
Glass network models are one of the most important tools for research
and study about the flow in complicated geometries such as filters and
oil reservoirs.

Nanoparticles have been considered as good operator for resolving
reservoir engineering concerns in the place of projects. Nanofluids have
been employed in oilfields for enhancing the injection procedures by
altering porous media wettability, incrementing the viscosity of inject-
ing fluid and diminishing the interfacial tension between reservoir and
injection fluid [18].

One of the challenges for this novel approaches includes propagat-
ing these suspensions through a porous media. Compared to the
emulsions stabilized by colloidal particles, nanofluids have better
specifics. Nanoparticles are very smaller, and emulsions stabilized by
them can pass a longer space through the pore throats. The solid
nanomaterials can be irreversibly joined to the oil-water boundary and
form an inflexible nanomaterial monolayer on the droplet surfaces,
which make very stable emulsions [19]. Furthermore, emulsions
stabilized with nanomaterials can stand out the conditions of high-
temperature reservoir for long times. This can significantly expand the
range of reservoirs to which Enhanced Oil Recovery (EOR) can be
applied. Lastly, nanomaterials can transmit extra functionalities such
as super paramagnetism and reaction catalysis. The former could allow
transport to be organized by employing of magnetic field. The latter
could enable in situ reduction of oil viscosity [20].

Using the nanofluids in porous media has two opposite effects on
relative permeability and absolute permeability. Binshan et al. [21]
mentioned that Nanofluids based on polysilicon materials could change
the porous surfaces wettability. The mechanism of augmenting water
injection is through improving relative permeability of the waterphase
by altering wettability made by sorption of polysilicon on the porous
surface of sandstone. On the other hand, the sorption on the porous
surface and plugging at the small pore throats of the polysilicon may
lead to reduce the absolute permeability (k) and porosity of porous
media. Nonetheless, Yu et al. [22] showed that SiO2 nanoparticles
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could effortlessly pass through the sandstone core without varying the
core's permeability. Therefore, deposition and sorption of nanoparti-
cles at surface pores causes the blockage in pore throat of porous media
and reduces the permeability. Hence, the success degree in well
treatment is specified by the nanoparticles size and pore throat of
porous media.

Some particular nanoparticles types that probably are used include
Alumina, Zinc oxide, Magnesium oxid, Iron oxide, Zirconium oxide,
Nickel oxide, Tin oxide and Silica. It is consequently vital to discover
the effect of these oxides of nanoparticles on oil recovery since this is
the main purpose of the oil industry [23].

Recently, the Lattice Boltzmann Method (LBM) has been positively
used in the investigation of flow in porous media at the pore scale such
as micro-models. The flow field in micro-models is three-dimensional
(3D) while the effective destabilization of the flow can be described in
the two-dimensional (2D) plane. Flekkoy et al. [24] suggested that the
third dimension can be taken into account using the following effective
viscous drag force:

f ν
h

u= − 8
d 2 (1)

where u is the flow velocity, ν is the fluid viscosity and h is the distance
between the walls of the third dimension. This expression originates
from approaching the velocity at the centerline of the Hele-Shaw cell
with the maximum velocity of Poiseuille profile. The drag force takes
the expression used by Grosfiles et al. [25] if the average velocity of the
Poiseulle profile is used,

f ν
h

u= − 12
d 2 (2)

Using the above drag force, Venturoli and Boek [26] compared 2D
and 3D LBM of fluid flow in a pseudo-2D micro-model and showed that
2D Lattice Boltzmann simulations can be employed to calculate the
field of average velocity in 3D systems.

The aim of this paper is to evaluate the ability of the pseudo 2D
LBM for simulation of nanofluid flow in a micro model as porous
medium. To do this, the LB method is used for numerical simulation of
the flow of nanofluid and obtained numerical results are compared with
the achieved experimental data.

2. The Lattice Boltzmann Method

The base of LBM is the discretization of the Boltzmann equation.
The Boltzmann equation is written as follows [27,28]:

f ξ f Q f f∂ + (
→

. ∇) = ( , ′)t (3)

in which f t x ξ( , →,
→

) denotes the probability of finding a molecule at

position x→ with velocity of ξ
→

at time t, and Q f f( , ′) represents an
integral of nonlinear collision term with f ′ and f being the post and pre
collision probability distribution functions, respectively. because of the
complicated nature of the collision integral, direct solution of the
Boltzmann equation is very difficult [29]. In order to solve the
Boltzmann equation, Bhatnagar et al. [30] suggested a easy model for
the collision term well-known as the BGK model:

Q f f
λ

f f( , ′) = 1 ( − )eq
(4)

where λ is the relaxation time, f eq is the equilibrium distribution
function estimated as Maxwellian form given by Eq. (5):
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πRT
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→

− →)
2

eq
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(5)

in which R denotes the gas constant. Moreover, u→, ρ and T are
respectively velocity, density and temperature. The density and velocity
are calculated by the moments of the distribution function as follow:

∫

∫

ρ fdξ

ρu fξ dξ

=
→

→ =
→ →

(6)

In the Lattice Boltzmann Method, the BGK-Boltzmann equation is
discretized in momentum and physical spaces as well as in time. The
evolution of the discrete particle distribution function f x t(→, )i is
determined using the following equation:

f x c Δt t Δt f x t Q x c Δt t Δt Q x t(→ + → , + ) − (→, ) = 1
2

( (→ + → , + ) + (→, ))i i i i i i

(7)

In the present study, D2Q9 model is employed to discretize
momentum space for the computations [31]. In this model, the discrete

Nomenclature

c Lattice velocity
cs lattice speed of sound
Da Darcy number
Dp Obstacles length
f Non-dimensional pressure drop
fi probability distribution function
fd effective viscous drag force
h depth
I Node number in x direction
J Node number in y direction
k permeability
L inlet to outlet distance of the porous medium
p pressure
Q f f( , ′) Collision function
R Gas constant
t time
T temperature
u flow velocity in x direction
u Average velocity
U the volumetric flow rate per unit cross-sectional area of

porous medium

v Flow velocity in y direction
V Total volume

Vs volume of the solid blocks
Δx Lattice spacing
Δt Time spacing
ρ density
ν Kinematic viscosity

ξ
→

Particles velocity

µ Dynamic viscosity
φ Volume fraction
ε porosity
τ Non-dimensional relaxation time
λ relaxation time

Subscripts and superscripts

B lattice units
bf Base fluid
eq equilibrium
n nano particle
nf nanofluid
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velocity field c c c→ = ( , )i ix iy is:
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where c Δx Δt= / . Δx and Δt are lattice spacing and time step,
respectively. Using BGK collision operator, (Eq. (7)) gives:

f x c Δt t Δt f x t
τ

f x t f x t(→ + → , + ) − (→, ) = − 1 [ (→, ) − (→, )]i i i i i
eq

(9)

where τ λ Δt= / is the non-dimensional relaxation time and fi
eq is the

discrete equilibrium distribution function. This function can be com-
puted by a second order Taylor series expansion of the Maxwell
distribution function, Eq. (5), followed by a discretization of the result
on the D2Q9 lattice [32], which results in:
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The flow parameters are then calculated in terms of the particle
distribution function f x t(→, )i , by:

ρ f u
ρ

c f

P ρc c RT c

= ∑ , → = 1 ∑ →
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=0
8
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8
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(11)

where cs is the lattice speed of sound and P is the pressure. In the
standard LBM, the kinematic viscosity υ is shown to be proportional to
the relaxation time, as given below and is a constant value.

υ c Δt τ= ( − 0.5)s
2 (12)

3. Materials and methods

3.1. Theory

For a fluid moving with a slow steady velocity (Re < 1) the pressure
drop (Δp) through medium and the volumetric flow rate per unit cross-
sectional area of porous medium (U) are related through the empirical
Darcy law:

U k
μ

Δp
L

=
(13)

where k is the permeability, μ is the dynamic viscosity of the fluid and L
is the inlet to outlet distance of the porous medium. According to the
Eq. (13) the velocity is a linear function of the pressure gradient.

3.2. Preparation and properties of nanofluids

In the present work, a two-step method was used to produce
uniform and stable nanofluids by adding the spherical Al2O3 nanopar-
ticles (PlasmaChem GmbH) with a nominal average particle diameter
of 40 nm and the density 3.9 g/cm3 to distilled water. The process of
preparation of Al2O3-water nanofluids is as follows: (1) weigh the mass
of Al2O3 nanoparticles by a digital electronic balance; (2) put Al2O3

nanoparticles into the weighed distilled water gradually and agitate the
Al2O3-water mixture; (3) sonicate the mixture continuously for 1 h
with an ultrasonic probe (UP400S, Hielscher GmbH) at 400 W and
24 kHz to produce uniform dispersion of nanoparticles in distilled
water.

The nanofluids were made in different volume fractions, φ, (0.1%,
0.5%, and 1%) and no surfactant or pH changes were used.

Fig. 1 shows the field emission scanning electron microscope

(FESEM) image of the nanoparticles after dispersing in water.
The density of nanofluids can be calculated from the mixing theory

as follows [33]:

ρ φρ φ ρ= + (1 − )nf n bf (14)

where ρnf , ρn and ρbf indicates the density of nanofluid, nano particles
and buffer fluid (water) respectively.

The kinematic viscosity of the nanofluids was measured using a U-
tube (reverse-flow) capillary viscometer (Petrotest ® Instruments
GmbH&Co. KG) and then converted to the dynamic viscosity by
multiplying the measured kinematic viscosity by the density of the
nanofluid.

The density and measured dynamic viscosity of nanofluids with
0.1%, 0.5% and 1% nanoparticle volume concentrations at room
temperature are shown in Table 1.

3.3. Micromodel construction

The model used in this work consists of a glass substrate in which
patterns, i.e. arrays of rectangular capillaries, have been etched. The
dimension of the main pore network is (length × width) L×W= 96 mm
× 48 mm. Corel-Draw software was used to draw network pattern. The
matrix network, shown in Fig. 2a consists of a pattern which has been
reproduced by repetition of the cell shown in Fig. 2b. In this figure the
black areas are the pores and white areas are the solid blocks. Glass
model was created using standard photolithography technique. The
manufacture of this micromodel has been described in detail in
previous papers [34]. The etch depth, h, depends on the reaction time
of the acid and is more difficult to control. The average depth of the
model capillaries, measured using a confocal microscope, is h=
0.1 mm. The etched glass was then fused to an unetched glass plate
in a furnace.

3.4. Experimental setup

The main parts of experimental setup are a syringe pump (JMS-
SP500), a differential pressure transmitter (Smar-LD 301) and the
constructed micromodel as porous medium. The schematic of the
experimental setup is shown in Fig. 3. In all experiments, the model
was saturated with working fluid carefully to be assured that there
wasn’t any trapped air bubbles in the micromodel. The accuracy of the
volumetric flow rate produced by the syringe pump is ± 0.1 mlit/h,

Fig. 1. FESEM image of Al2O3 nanoparticles.
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while that is ± 50 Pa for the differential pressure transmitter. Thus the
relative uncertainty of the permeability was obtained 0.03.

4. Results and discussion

In the present work, the LBM results will be compared with these
experimental data to verify the accuracy and effectiveness of the LBM
for nanofluid flow in porous medium. The inlet and outlet pressures are
imposed using the method proposed by Lim et. al. [35]. At the inlet and
outlet nodes, the unknown velocities u and v are computed from
interior fluid nodes according to the extrapolation method as follows:

u J u J u J
v J v J v J
u NI J u NI J u NI J
v NI J v NI J v NI J

(1, ) = 2 × [ (2, ) − (3, )]
(1, ) = 2 × [ (2, ) − (3, )]
( , ) = 2 × [ ( − 1, ) − ( − 2, )]
( , ) = 2.0 × [ ( − 1, ) − ( − 2, )] (15)

where I is the node number in the x direction varies from 1 to NI and J
is the node number in y direction.

After the extrapolation the unknown distribution functions are
computed according to the equilibrium distribution functions.

The mean velocity of fluid versus the pressure drop through the
micromodel has been depicted for water and alumina water nanofluids
at various volume fractions in Fig. 4. One can observe that achieved
experimental results place on a straight line by a reasonable precision
and the slopes of the linear fitting lines for different sets of data are
very close to each other. This means that the Al2O3-water nanofluids
follow Darcy's law and behave like a Newtonian fluid. Moreover, the
permeability of the porous medium has been evaluated by applying Eq.
(13) to experimental data. Obtained results have been represented in
Fig. 5. It can be concluded that for this experiment, because the size of
pore throat is larger than the size of the nanoparticles, blockage is not
occurred and the permeability is independent of the fluid volume
fraction.

The corresponding non-dimensional permeability (Darcy number),
calculated using the following relation:

Da k
D

=
( )p

2 (16)

is presented in Table 2.
The non-dimensional pressure drop, f, and the modified Reynolds

number of porous media are defined as [36]:

f ΔP
L

D
ρU

ε
ε

=
1 −

p
2

3

(17)

ρUD
μ ε ε

Re =
(1 − )

= Re
(1 − )m

p

(18)

Table 1
The density and measured dynamic viscosity of working fluids at room temperature.

Property

Material Density (kg/m3) Dynamic viscosity
(Pa.s)

Pure water (base fluid) 999.001 0.001003
Al2O3-water nanofluid with

φ=0.001
1002.563 0.001022

Al2O3-water nanofluid with
φ=0.005

1014.165 0.001095

Al2O3-water nanofluid with
φ=0.01

1028.666 0.001215

a

b

Pressure inlet 
Pressure outlet 

Periodic boundary condition 

Periodic boundary condition 

Fig. 2. a- Porous structure. b, Pattern of repetition cell.

Fig. 3. Schematic representation of the experimental setup. Fig. 4. Mean velocity of fluids versus the pressure drop of that through the micromodel.
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where porosity ε represents the fraction void volume in the porous
structure defined as ε V V V= ( − )/s , where V is the total volume, and Vs
is the volume of the solid blocks and Dp is the square obstacles length.
In the present study ε=0.75 and Dp=0.002 m. Fig. 6 shows the non-
dimensional pressure drop in the micromodel versus the modified
Reynolds number for different volume fractions. It can be seen that by
increasing the volume fraction, the non-dimensional pressure drop
increases due to the increase in the fluid viscosity. By increasing the
Reynolds number, the effect of volume fraction on the non-dimensional
pressure drop decreases. This phenomenon shows that by increasing
Re the effect of vortices on pressure drop is more important than the
friction effects. On the other hand f decreases as Rem increases.
Therefore f is proportional to 1/Rem.

The network of micro model used in this work consists of a pattern
which has been reproduced by repetition of the cell shown in Fig. 2 as
the geometry of solution process. The calculated Darcy number under
mesh refinement is shown in Table 3 which indicates that the lattice
120×120 is sufficient.

The periodic boundary condition is imposed at the top and bottom
boundaries while the pressure difference is specified between the inlet
and outlet. For the solid boundaries the bounce back boundary
condition is used.

The BGK lattice Boltzmann method has some defects such as
numerical instability and viscosity dependence of boundary locations.
The viscosity dependent boundary conditions cause the permeability to
become viscosity dependent, while it should be a characteristic of the
physical properties of porous medium [26,37,38]. The results of Pan
et al. [37] shows that this problem vanished only for the case τ = 1.
Therefore in all cases the relaxation parameter was kept constant at
τ = 1, because the permeability is independent of viscosity and nano-
fluid concentration.

Fig. 7 shows the viscous drag effect of Eq. (2) on the mean velocity
of flow at the outlet of the cell. The subscript B indicates the LBM units.
It can be seen from this figure that using the viscous drag causes the
reduction of the mean velocity. For lower pressure differences the mean

velocity increases linearly with pressure difference which is in agree-
ment with Darcy's law (see Fig. 8), while for higher pressure differences
the relationship is no longer linear and shows the Forchheimer flow
regime.

The permeability can be calculated by solving for the slope of the
straight line which equals to k μL/3 . The permeability with and without
the viscous drag is k = 2.46 × 10−11 and k = 2.73 × 10−11 respectively.
The estimated permeability using the viscous drag is in good agreement
with the experimental results. This agreement shows that although the
flow in micromodels is 3D, 2D LBM can be used if the effective viscous
drag force of Eq. (2) is considered.

Figs. 9 and 10 show the pressure contours and streamlines For
Δρ = 0.001B and Δρ = 0.1B , respectively. High pressure stagnation
regions near the obstacles edges can be observed. Because imposing
the periodic boundary condition on top and bottom walls, the

Fig. 5. Permeability versus volume concentration.

Table 2
Da versus volume fraction.

Volume fraction φ = 0 φ = 0.001 φ = 005 φ = 0.01

Da 6.15×10−6 6.10×10−6 6.10×10−6 6.125×10−6

Fig. 6. Non-dimensional pressure drop versus modified Reynolds number.

Table 3
Darcy number under mesh refinement.

lattice Da

200×200 5.89×10−6

120×120 6.17×10−6

Fig. 7. The viscous drag effect on the mean velocity of flow at the outlet of the cell.
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streamlines and pressure contours are symmetric. For high pressure
gradients a pair of vortices appears between the adjacent obstacles.
These vortices create dead zones behind the obstacles which lead to
straight streamlines on the centerline. The pressure decreases from left
to right. For Fig. 9 the curved streamlines indicate the variable pressure
gradient, dp dx/ , in such a way that the pressure gradient in the entrance
region (between square obstacles) is higher, while for Fig. 10 the
straight streamlines indicate the constant pressure gradient. For
Δρ = 0.001B the streamlines show the creeping flow which is corre-
sponding to the Darcian flow regime that the velocity is a linear
function of pressure gradient, while for Δρ = 0.1B streamlines show the
Forchheimer flow regime that the velocity-pressure gradient relation
remains no longer linear due to the pressure drop because of the
vortices.

5. Conclusion

In this paper, we have measured pressure drop/flowrate relations
for pure water and Al2O3 nanofluids. The objective of this work is to
investigate the flow behavior of alumina nanofluid through a porous
medium and evaluation of the effect of nanofluid on the permeability.
To do this, the LB method is used for numerical simulation of the flow
of nanofluid and obtained numerical results are compared with the
achieved experimental data. The main findings of this work can be
summarized as follow:

• The size of Al2O3 nanoparticles is small enough to pass through the
pore throats of the micromodel. Therefore blockage does not occur
and the permeability was unchanged.

• Without the blockage effects, the lattice Boltzmann method is able to
simulate nanofluids flow.

• We can use 2D LB simulations in 3D micromodels by introducing
the viscous drag force into LB equations.
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