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The study of fluid front in porous media in enhanced oil recovery is important. The 
purpose of this study is to simulate water flooding, and investigate the factors affecting 
the fluid front across a microfracture and simple porous media using Shan-Chen type of 
the Lattice Boltzmann Method (LBM). Various factors, including velocity and dynamic 
viscosity that define the capillary number and wettability are considered. Independently, 
the increase in velocity and dynamic viscosity ratio results in viscous fingering and its 
narrowness. Increasing the wettability of the displacing fluid decreases viscous fingering, 
and as a result, it makes the fluid move in piston form. The lowest sweep efficiency oc-
curs when the displacing fluid has a neutral wettability. Simulation results show the 
strength and accuracy of Shan-Chen type of LBM in fluid front tracking in porous media 
in pore scale.
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Introduction

Fluid flow in porous media has a very import-
ant role in various industries, such as resin transfer 
modeling, filter analysis, groundwater transfer, bio-
mechanics, and oil recovery. Replacing a fluid with 
another fluid for the preferential flow path of inject-
ing fluid, which creates its own unique pattern of 
fluid flow according to the environmental and fluid 
characteristics, is one of the challenging issues in 
industries, especially in oil resource recovery. For 
instance, tongues of water are of limiting parame-
ters in EOR. Fluid front and viscous fingering in 
immiscible oil displacement are very important. 
When a less viscous fluid pushes a fluid with a 
higher viscosity, the interface between the two flu-
ids becomes unstable and the thickness of the fluid 
front oscillates. As a results, it is not always consis-
tent with its estimated value1–3. Disturbances occur 
at the interface of the two fluids in both the labora-
tory and the numerical study2–4. In addition, the sta-
bility of the fluid front, because of the continuous 
development of the flow across the unstable state 
that causes droplets, is very important. The viscosi-
ty of two fluids, surface tension, wettability, the rel-

ative velocity of fluids, porous media structure and 
geometry of grain are the determining factors in 
viscous fingering and fluid front shape5,6.

Cinar et al. have investigated the two-phase 
flow regime and the effect of gravity, viscosity, cap-
illary force and surface tension of two fluids in two 
parallel porous layers by finite difference and 
streamline methods, and they also experimented it 
on glass beads7. Maaref et al. have investigated the 
effect of wettability, heterogeneity, and viscosity 
differences in the process of water and oil displace-
ment in glass micro-model and its numerical solu-
tion with finite element method. The results showed 
a strong correlation between the numerical method 
and laboratory observation, and the increase in EOR 
caused by higher viscosity and wettability of the in-
jecting fluid as well as the decrease in heterogeneity 
in porous media8.

In the absence of any analytical solution for the 
fluid flow, the numerical simulation will work. The 
most noticeable method is discretizing of equation 
by using finite difference and finite element meth-
ods on the macroscopic scale as well as the useful 
Lattice Boltzmann method (LBM) in the mesoscop-
ic scale9. Different Computational Fluid Dynamic 
(CFD) techniques including Volume of the Void 
(VOF) and the Level-set method are used to simu-
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late two-component or two-phase fluids, but their 
interface can only be assessed in large-scale, and 
the information is usually ignored in small scales. 
LBM has recently become one of the most useful 
methods for calculating fluid dynamics. The conve-
nience of using a variety of boundary conditions 
along with intrinsic network has valued LBM for 
simulating flow and heat transfer in complex sys-
tems with special geometrical dimensions10–13. Some 
advantages of LBM are its ability to evaluate the 
factors involved in viscous fingering in the meso-
scopic scale, reduce computational time, perform 
parallel computations, be implemented easily, and 
continuously track the fluid front within the time 
rather than other macroscopic and microscopic 
methods14. The mesoscopic nature of LBM coupled 
with the easy use of the boundary conditions on the 
solid wall has made it a powerful tool for simulat-
ing fluid flow in porous media in small scales. Also, 
this method has the ability to simulate fluids both in 
microscopic and macroscopic scales15. Different 
models of LBM, such as Color Gradient (Roth-
man-Keller) Method, Pseudo-Potential (Shan-Chen) 
Model, Free Energy Model, and Mean-Field Model 
have been developed for two-phase fluid simula-
tion16–19. In the Color Gradient Model, a local gradi-
ent in the phase field is used to separate the phases, 
and the advantages of it are the independent use of 
viscosity ratio, contact angle, surface tension, and 
density ratio14,20. Pseudo-Potential (Shan-Chen) 
Model uses pseudopotential coefficient for particle 
interaction, and its advantages are simplicity and 
computational efficiency. In this method, surface 
tension, density, and viscosity ratios are not inde-
pendent21. In the Free Energy Model, the phases’ 
interaction directly defined by the general equilibri-
um distribution function, which includes the pres-
sure tensor in the collision process. In the Mean- 
-Field Model, the appropriate force is extracted 
from fluid phase behavior. LBM is one of the hot-
test topics in recent years and Shan-Chen Model is 
the main body of simulation in these studies22.

At the time of injecting a low viscous fluid into 
a higher viscous fluid, due to the applied force with 
the instability in the interface of two fluids, fin-
ger-like patterns form, and its shape depends on 
several factors. Tracking and investigating effective 
factors of fluid front in viscous fingering in a mi-
crofracture is the most common model due to the 
existence of their analytical solutions. Various stud-
ies in the Hele-Shaw microchannel, which represent 
the smallest component in complex geometries, 
have been performed experimentally6,23–25 and nu-
merically using LBM26–30. Studies have shown that 
the fingertip is narrowed by increasing the capillary 
number and the viscosity ratio, as wells by decreas-
ing the wettability of the injected fluid. It is promis-

ing that the Shan-Chen Model of LBM has the abil-
ity to study the fluid front31. In addition, the study 
of the fluid front in porous media is also important. 
In recent years, remarkable studies have been car-
ried out in this regard and some parameters includ-
ing the viscosity ratio, velocity, surface tension, and 
adhesive force have been investigated32–38. The pur-
pose of the present study is to use Shan-Chen Mod-
el of LBM and investigate its ability to accurately 
examine the main factors affecting the fluid front in 
a microfracture and a simple porous media.

Lattice Boltzmann method

Lattice Boltzmann equation

LBM can be simplified by the Lattice Gas Au-
tomata (LGA) or by the finite difference solution of 
the Boltzmann equation. Both LBM and LGA can 
be obtained from the Navier-Stokes Equations on 
the macroscopic scale. For the first time in 1964, 
LGA was used to simulate fluid flow39. However, 
this method did not yield good results due to its sta-
tistical noise and its dependence on velocity. Later 
in 1988, LBM was introduced for simulating the 
fluid flow, which apart from the advantages of 
LGA, was numerically more efficient and more ap-
propriate to simulate flow with high Reynolds num-
ber and more applicable in glacier flow40,41. Then, 
LBM was obtained by discretizing and solving the 
Boltzmann equation42.

Shan-Chen model of LBM

Shan-Chen model of LBM is used to simulate 
fluid flow with several phases and components, and 
is known as the Pseudo-Potential model that is 
based on the concept of the intermolecular interac-
tion of fluid particles. Shan-Chen model of LBM 
for each phase is in equation (1), and is updated af-
ter initialization in a cycle consisting of collision, 
streaming, applying boundary conditions, and deter-
mining fluid variable until the stop criterion is 
achieved.
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In this method, it is assumed that the total force 
to one of the phases which consists of the effective 
nearest neighbor, gravity, and adhesion forces  
( f s gF F F Fs s s s= + + ) are as follows43.

		  (4) 
	 1

( ) ( ) ( )
S

f i iX
F x x G w x cs

s ss s
s

ψ ψ
′

=

′= − ∑ ∑

	
( ) ( ) ( )s i s i i

i
F x x w G S x c cs s

sr ′= − +∑
	

(5)

	 ( )gF x gs
sr= 	 (6)

In Equation (4) s  and s  are different fluid 
phases. The amount of Gss  represents the fluid-flu-
id particle interaction or the amount of attraction or 
repulsive force between fluid particles. The zero 
value indicates the miscibility of the phases, and its 
increase causes significant reduction in their misci-
bility. sGs  represents fluid-solid interaction and de-
termines the wettability. The effective density, 
which is introduced by Shan and Chen is as fol-
lows17.
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For densities much smaller than 1, this function 
is equal to the density ( 1 ( )r ψ r r<< ⇒ = ). The 
total force can be used as follows:
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In this equation, u′ is the velocity of all phases 
and is defined as follows:
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By considering intermolecular force, fluid be-
havior will be non-ideal, and the equation of state is 
as follows:
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In this equation, the right term is comprised of 
the ideal and non-ideal fluid behavior, respectively.

Laplace test and surface tension estimation

Among the fluid parameters, the surface ten-
sion is directly related to G and the density profile 
at the interface of the two fluids, and they are ex-
pressed by the equation of state44, but it cannot be 
determined directly and requires simulations. Tak-
ing into account simulation with circle droplets in 
different radii, the surface tension is equal to the 
slope of the inside and outside pressure differences 

of the droplets and the inverse of the radii45. The 
periodic boundary conditions are on the four sides 
of the model, and a simulation is started by consid-
ering a square droplet of the first fluid inside the 
second fluid. After reaching the equilibrium condi-
tion, the radius of the circle and inside and outside 
pressure are calculated. By repeating this simulation 
and calculating the pressure difference in different 
radii, the surface tension is obtained from the slope 
of the pressure difference versus inversion of the ra-
dius. To calculate the pressure, Equation (10) is 
used. To measure the radius graphically, the density 
graph of the two fluids is drawn from the center of 
the network toward the outside direction by radius
of 2 2( / 2) ( / 2)R i L j L= − + −  and the intersec-
tion point is equal to the radius of the droplet. The 
following formulae is also used to calculate the ra-
dius of the droplet in which r  is the average densi-
ty in the entire network for the first fluid, or the 
fluid that forms the droplet46.

	 2 2 2 2
1max 1min( )R L R Lr π π r r+ − = 	 (11)

The variations in the surface tension are depen-
dent on the G and the density of the fluids. Smaller 
G causes and bigger G causes instability. Therefore, 
the size of G must be large enough not only to avoid 
the thickening of the interface, but also to stabilize 
it enough. The results of this simulation for two flu-
ids with a density and relaxation time of 1 and G = 
3 are shown in Fig. 1, and the estimated surface ten-
sion is 0.066.

Laplace test, Contact angle determination

By substitution of surface tension and molecu-
lar adhesion of two fluids in the Yang equation 
(Equation (12)) with the parameters of LBM, the 
Equation (13) is obtained.

F i g .  1  – Laplace test and surface tension estimation
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In equation (13), r1 and r2 are the densities of 
the first fluid and the second dissolved fluid, re-
spectively. For the values of Gads1 and Gads2, differ-
ent intervals exist, but the least error in using this 
equation and LBM simulation occurs when the ad-
hesion parameters of the two fluids are equal with 
opposite signs. The positive and negative signs indi-
cate repulsion and attraction, respectively. The re-
sults of the contact angle determination with vari-
ous G are shown in Fig. 3. In this simulation, a 
rectangular droplet with the size of 4 % of cross-sec-
tional area is placed in 100 × 200 lattice network. 
The density of each fluid is 2 and the density of 
0.06 is considered for dissolved fluid. The viscosity 
of both fluids is 0.1667. The results of this simula-
tion are in complete correlation with the results of 
Huang et al.47

Results and discussion

Grid independence test

The effect of grid size on the simulation has 
been considered with four sizes of porous media. 
The results of this simulation with Reynolds num-

ber of 168 for fluids with surface tension of 0.666, 
which resulted from the G of 3, relaxation time of 
1, density of 1 for both fluids (they are equivalent to 
viscosity ratio of 1), and adhesion coefficient of 0 
or 90 degrees contact angle (they are equivalent to 
natural wettability) are shown in Fig. 4. As it can be 
seen, in four grid sizes of 255×255, 561×561, 
937×937, and 1403×1403, the fluid front only had a 
slightly different shape in grid size of 255×255. 
This deviation can also be seen in Fig. 4(e), in 
which the water saturation is plotted versus dimen-
sionless time (tD = t/tbreakthrough), and there are no sig-
nificant changes in other sizes. Therefore, these fig-
ures suggest that the grid sizes above 561×561 have 
negligible impact on water saturation and fluid front 
shape.

Flow regimes

The fluid front in porous media depends on a 
variety of factors. In this study, the viscous finger-
ing is considered according to three parameters of 
the displacing fluid, including the discharge or cap-
illary number ( /Ca Vrυ s= ), dynamic viscosity 
ratio (µ rυ= ), and surface tension (σ). Fig. 5 shows 
the viscous fingering in a microfracture, in which L 
and H are the fracture’s length and width, respec-
tively. Win is the internal width, Wout is the outer 
width, T is the length, and S is the length of the 
contact line of the viscous fingering.

Various parameters affect the viscous fingering. 
Fig. 6 shows the distribution of the fluid front shape 
with respect to the changes in the viscosity ratio and 
the capillary number that is divided into three dif-
ferent regions48. These results were also obtained by 
Color-Gradient model and Free-Energy model of 
LBM simulation and experimentally later34,49,50.

In the stable displacement region, the main 
force is derived from the viscosity of the displacing 
fluid, and the capillary effect and the pressure drop 

F i g .  2  – Contact angle

F i g .  3  – Simulation results of contact angle determination with different adhesion values
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are negligible. The shape of the fluid front is flat 
with few irregularities and fluid droplets are trapped 
in pore space48.

In the viscous fingering region, the main force 
is applied by the displaced fluid, and the capillary 
effect and the pressure drop are negligible. The vis-
cous fingering is similar to tree branches without 

loops and extends to the entire porous media toward 
the outlet48.

In the capillary fingering region with low cap-
illary numbers, viscosity is not noticeable for both 
fluids, and the main force is due to the capillary ef-
fect with a finger-like pattern, porous media extends 
in all directions, even to the opposite side and to-

F i g .  4 	–	 Grid size effects on fluid front profile at breakthrough time with grid size of (a) 255×255, (b) 561×561, (c) 937×937,  
(d) 1403×1403, and (e) comparison of water saturation for different dimensionless time for grid sizes of star: 255×255, square: 
561×561, circle: 937×937, and diamond 1403×1403
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wards the entrance, which form loops of various 
sizes in which the displaced fluid is being trapped. 
The three boundaries among these three regions are 
dependent on pore size and porous media, but the 
overall shape does not change48.

Several studies have been conducted in this re-
gard. According to the results, for a viscosity ratio 
more than one in low capillary numbers, the fluid is 
displaced by capillary fingering, in which the fluid 
tends to move towards the wider pores in different 
directions, and the fluid may move perpendicularly 
and even backward of the fluid flow direction. By 
the increase in capillary number, the displacement 
becomes stable. For a low viscosity ratio less than 
one in low capillary numbers, the capillary finger-
ing is regenerated, while viscous fingering will pre-
vail in high capillary numbers due to the injection 
of very low viscous fluid into the highly viscous 
fluid. In this case, there are several connected and 
disconnected flow paths toward the outlet in which 
the capillary force and the pressure drop in the fluid 
movement are negligible. The main force of the 
movement is the viscous force. In moderate capil-
lary numbers, both the phenomena are observed and 
the region is known as Crossover Zone34,51,52. The 
simulation of current study takes place in the vis-
cous fingering and in the transient zone of Fig. 6. 
The results of microfracture were consistent with 

Hele-Shaw microchannel results26–30 and the same 
conditions were followed in the simulation of po-
rous media.

Viscous fingering and flow rate

In immiscible displacement, the capillary force 
is dominant in the low discharge, leading to the for-
mation of blobs trapping. By increasing capillary 
number and flow rate, the viscous effects are domi-
nant and cause viscous fingering53,54 and it is effec-
tive in the displacement efficiency at the break-
through time. According to the study of Liu et al., 
the increase in capillary number due to instability in 
the fingers of the fluid front, the injected fluid flow 
is not in a quasi-steady state and the slow decrease 
in displacement efficiency is observed, then, with 
the increase of the capillary number with qua-
si-steady state of flow, the displacement efficiency 
increases linearly32,49.

In this simulation, the Fracture width is 40 lat-
tices, the Fracture length is 200 lattices, and the po-
rosity of porous media is assigned to 90 %. A con-
stant velocity boundary scheme proposed by Zou 
and He was used at both left inlet and right outlet of 
the model55 and the upper and lower and grains’ sol-
id wall was half-way bounce back boundary condi-
tion. The results of this simulation with velocities of 
0.001, 0.005, 0.01, 0.05, 0.1 for fluids with surface 
tension of 0.666, which resulted from the G of 3, 
relaxation time of 1, density of 1 for both fluids, 
which are equivalent to viscosity ratio of 1, and ad-
hesion coefficient of 0 or 90 degrees contact angle, 
which are equivalent to natural wettability, are 
shown in Fig. 7. By applying very low velocities 
equivalent to low capillary numbers, the fluid front 
will have a slight curvature, and by increasing the 
flow rate, this curvature increases and breakthrough 
time decreases. As it can be seen, for better visual-
ization of fluid front of the channel in higher flow 
rate, the contour lines of fluid front are plotted in 
100 time steps instead of 500 time steps used in 
lower flow rate. Therefore, the increases in the ve-
locity will persuade the fluid front from the piston 
form to the viscous fingering. However, as it can be 
seen, the amount of trapped droplets of the saturat-
ed fluid depends on the velocity, and most of them 
are observed at the velocity between the piston form 
front and the viscous fingering.

Viscous fingering and viscosity ratio

In this simulation, the Fracture width was 40 
lattices, the Fracture length was 200 lattices, and 
the porosity of porous media was assigned to 90 %. 
A constant velocity boundary scheme proposed by 
Zou and He was used at both left inlet and right 
outlet of the model55 and the upper and lower and 

F i g .  5 	–	 Fluid flow front and viscous fingering in a microf-
racture

F i g .  6  – Fluid regimes and fluid front48
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grains’ solid wall was half-way bounce back bound-
ary condition. The density of both fluids was 1, and 
the relaxation time of the displaced and displacing 
fluids were 1 and 0.666, respectively. The viscosity 
ratio changed between 1/5 and 1, the capillary num-
ber was fixed at 0.063, the wettability of the fluids 
was neutral (adhesion coefficient of 0 or 90 degrees 

contact angle), and G was determined by the stabil-
ity of the simulation. Due to the changes in G and 
in the viscosity of the displacing fluid, the suitable 
velocity by fixing the capillary number was calcu-
lated and applied (Table 1). If the dynamic viscosity 
ratio, which is the ratio of the displacing fluid to the 
displaced fluid, is greater than 1, the displacement 

Fig. 7. Flow rate effects on 
fluid front profile with the ve-
locities of u = 0.001 (1), u = 
0.005 (2), u = 0.0 1(3), u = 0.05 
(4), u = 0. 1(5) in a microfrac-
ture (a) in the intervals of 500 
time steps (1–3) and 100 time 
steps (4–5), and in porous me-
dia (b) in breakthrough time

F i g .  7 	–	 Flow rate effects on fluid front profile with the velocities of u = 0.001 (1), u = 0.005 (2), u = 0.01 (3), u = 0.05 (4),  
u = 0.1 (5) in a microfracture (a) in the intervals of 500 time steps (1–3) and 100 time steps (4–5), and in porous media (b) in break-
through time
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F i g .  8 	–	 Effects of viscosity ratio on the fluid front profile with capillary number of 0.063 and the viscosity ratio of M = 1 (1),  
M = (1/2) (2), M = (1/3) (3), M = (1/4) (4), M = (1/5) (5) in a microfracture (a) in the intervals of 500 time steps and in porous 
media (b) in breakthrough time

Ta b l e  1 	–	Flow conditions for different viscosity ratios with capillary number of 0.063

Viscosity ratio Relaxation time of displacing fluid Relaxation time of displaced fluid G Surface tension Velocity

1 1.000 1 3.0 0.066 0.025

1/2 0.750 1 2.5 0.037 0.028

1/3 0.666 1 2.0 0.019 0.021

1/4 0.625 1 1.8 0.010 0.015

1/5 0.600 1 1.7 0.010 0.018
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is called “favorable”, and if it is less than 1, the 
displacement is called “unfavorable”48. The results 
of this simulation by various viscosity ratios in the 
fracture and porous media are shown in Fig. 8. Vis-
cous fingering length increases in both fracture and 
porous media. The breakthrough time decreases 
with the increase in the dynamic viscosity differ-
ences. It is important to note that Shan-Chen model 
of LBM is sensitive to the dynamic viscosity ratio, 
and it is unstable in viscosity ratios above 5. Flu-
id-fluid interaction coefficient (G) lower than its 
critical value will yield a stable solution and higher 
values rather than this value rising until numerical 
instability occurs43. By higher density ratios, G must 
be reduced to avoid instability and by Shan-Chen 
model of LBM (equation (7)), this ratio should be 
less than 5. This limitation has been partially re-
moved using different equations of state56,57 and us-
ing different models of LBM, such as phase-field 
model58.

According to the dynamic viscosity ratio, three 
zones are defined. In zone I, in which the dynamic 
viscosity ratio is very low, the viscous force of the 
displacing fluid in comparison to the viscous force 
of the displaced fluid is negligible. In zone II or the 
transitional zone in which the pressure drops, the 
viscosity of both fluids plays an important role. In 
zone III, dynamic viscosity ratio is high, the pres-
sure drop due to the viscosity of displaced fluid is 
negligible and viscous force of the displacing fluid 
is dominant48. In a constant capillary number with 
low viscosity ratio and without gravity force, dis-
placing a wetting fluid by a non-wetting fluid caus-
es a thin viscous fingering pattern and occupies 
only small pore spaces. In some pore spaces, the 
displacing fluid is trapped, and is known as “daugh-
ter bubbles”. By increasing the viscosity of displac-
ing fluid or viscosity ratio, the thickness of the fin-
gers and the daughter bubbles’ size increase. With 
continuous increase, all pores will fill and the dis-
placing fluid will not be trapped in the pores, and 
therefore, the capillary fingering or stable condi-
tions will form49. According to Fig. 6, the simula-
tion of this study takes place in the viscous finger-
ing and in the transient zone. As it can be seen, with 
the decrease in the dynamic viscosity ratio, the vis-
cous fingering becomes very thin and takes up only 
small pore spaces, while the trapped bubbles of dis-
placed fluid decrease.

Viscous fingering and wettability

Considering the adhesion force between the 
fluid and the solid surface, its effects on the fluid 
front are important. Fluid injection, by assuming 
that the fracture and porous media are saturated 
with the second fluid, with different wettability 
equivalent to contact angles of 30, 60, 90, 120, 150 

degrees, is shown in Fig. 9. In this simulation, with 
the dynamic viscosity ratio of (1/3), the density of 
both fluids was 1, and the relaxation time of the dis-
placed and displacing fluids were 1 and 0.666, re-
spectively. The fluid-fluid interaction coefficient 
(G) was 2, the width of the fracture was 40 lattices, 
the length of the fracture was 200 lattices, the po-
rosity of porous media was 90 %, and the injection 
velocity was 0.021. A constant velocity boundary 
scheme proposed by Zou and He was used at both 
left inlet and right outlet of the model55 and the up-
per and lower and grains’ solid wall was half-way 
bounce back boundary condition. As it can be seen, 
contact angle or wettability was another factor af-
fecting the shape of the fluid front due to its effects 
on the capillary force and the non-tendency of non-
wet fluids to enter the pore spaces. By injecting flu-
id with neutral wettability, smaller bubbles of dis-
placed fluid were trapped in the displacing fluid, 
and therefore, the dendritic structures had decreased. 
By increasing the wettability and decreasing the 
breakthrough time, these bubbles were absent and 
the flow regime became stable in piston form. The 
results are consistent with the results of Cottin and 
Liu et al.49,51 Liu et al. showed that in gas injection 
by the viscous fingering mechanism at the break-
through time with different wettability, the sweep 
efficiency of the gas was a function of the wettabil-
ity. By increasing the wettability from non-wet to 
neutral, the sweep efficiency decreased, and from a 
neutral fluid to wet, the sweep efficiency increased. 
In addition, the lowest sweep efficiency occurred 
with neutral wettability. The sweep efficiency ob-
tained from this simulation (Fig. 10) confirmed this, 
and was in accordance with the results of Dong  
et al.32,49

Water flooding in a fracture and porous media 
saturated with Arvandan crude oil

In this simulation, the width of fracture was 40 
lattices, the length of the fracture was 200 lattices, 
porosity of porous media was 90 %, and the dis-
tilled water as the displacing fluid was 1, and the 
density and the dynamic viscosity of Arvandan 
crude oil as the displaced fluid were 0.875 and 6, 
respectively. The contact angle of water droplet on 
glass sheet in the oil-saturated media as the second 
fluid was 55°. A constant velocity boundary scheme 
proposed by Zou and He was used at both left inlet 
and right outlet of the model55 and the upper and 
lower and grains’ solid wall was half-way bounce 
back boundary condition. After converting these pa-
rameters from SI units to the lattice units, the simu-
lation was performed with a capillary number of 
0.063. The results (Fig. 11) showed that the fluid 
front pattern is fingering and some bubbles of satu-
rated fluid remain in the pores.
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Conclusions

The fluid front in EOR process of oil resources 
is important. Along with the experimental results, 
the use of accurate simulations, which are consis-
tent with experimental results, will help petroleum 
engineers to assess petroleum reservoirs. Shan- 

-Chen model of LBM is one of the mesoscopic-scale 
simulation tools by which we can study the fluid 
front in the pore scale.

In this study, the parameters of velocity, dy-
namic viscosity, with which the capillary number is 
defined, and wettability were investigated in forma-
tion of viscous fingering in a microfracture and a 

F i g .  9 	–	 Wettability effects on fluid front profile with injection velocity of 0.021, viscosity ratio of 1/3, G of 2 and the contact angles 
of CA = 30 (1), CA = 60 (2), CA = 90 (3), CA = 120 (4), CA = 150 (5) degrees in a microfracture (a) in the intervals of 500 time 
steps and in porous media (b) in breakthrough time
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simple porous media. Independently, the increase in 
velocity and decrease in dynamic viscosity ratio re-
sulted in the formation of a fingering pattern, while 
wettability reduced it. In addition, the least amount 
of sweep efficiency occured when the displacing 
fluid had neutral wettability.

The results of this simulation show the strength 
and accuracy of the Shan-Chen Model of LBM in 
simulating the multi-component immiscible dis-
placement, EOR, and fluid front tracking in the 
pores of porous media.
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