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Abstract
Quadrant geometry with permeability and wettability contrast occurs in different events, such as faults, wellbore dam-
age, and perforation zones. In these events, understanding the dynamics of immiscible fluid displacement is vital for 
enhanced oil recovery. Fluid flow studies showed that viscous fingering occurs due to viscous instabilities that depend on 
the mobility of fluids and capillary forces. Besides, the porous domain heterogeneity is also effective on the formation of 
fingering. So, the purpose of the current research is to numerically investigate the effect of heterogeneity in wettability 
and permeability, and flow properties in Saffmann-Taylor instabilities. Numerical simulations with different flow rates 
in the permeability contrast model illustrated the nodal crossflow, growth of viscous fingering in the nodal part, and by-
pass flow in the second zone. In the wettability contrast model, a capillary fingering pattern is observed and fluid patch-
es are isolated because of capillary force and the end effects are trapped within the quadrant. Moreover, the consequenc-
es of wettability on apparent wettability that alters the fluid-front pattern and displacement efficiency are shown.
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1. Introduction

Understanding the true fluid movement path and dis-
placement pattern is necessary for efficient hydrocarbon 
reservoir production management (Dawe, 1998). Reser-
voir water/oil displacement in heterogeneous porous me-
dia has been investigated in large and pore-scales, but 
fewer studies are done in mesoscale, i.e. centimetre-scale 
(Kryukov et al., 2013; Mehmani and Balhoff, 2015; 
Yilbas et al., 2017; Golparvar et al., 2018; Shiri et al., 
2018). The evaluation of the nodal flow near the well-
bores is challenging when acids or remedial fluids with an 
overbalanced pressure are pushed into the formation. 
These fluids are pushed through the permeable areas, 
while low permeable areas remain intact. So, the displac-
ing fluid cannot alter the properties of the low permeable 
regions for enhanced oil recovery (EOR) (Wei, 2017; Vu-
lin et al., 2018; Alawi et al., 2020). The current research 
focused on immiscible fluid flow instabilities across the 
nodal part of a heterogeneous porous medium with heter-
ogeneity in permeability and wettability.

A fault is a narrow discontinuity with shear displace-
ment in rock. Based on the magnitude of three principal 

stresses, three tectonic regimes of normal, thrust and 
strike-slip faults were classified (Anderson, 1951; Fos-
sen, 2020). Normal faults occur in extensional tectonic 
systems and usually are formed with two shear breaks in 
rock with angles of around 60o. Cross-cutting (conju-
gate), “X” shape, or “hourglass” fault structures are 
common normal fault systems that occur in any scales 
ranging from centimetres to kilometres (Bretan et al., 
1996; Ferrill et al., 2000, 2009). The quadrant geome-
try with permeability and wettability contrast occurs in 
different events such as faults, wellbore damages, and 
perforation operations (McCarthy, 1991). Conjugate 
faults are those events that brings different geological 
strata towards each other and make heterogeneous po-
rous media. Heterogeneity in wettability and permeabil-
ity depends on rock properties and changes the distribu-
tion of fluid saturations. Heterogeneity in permeability is 
the spatial variation of permeability from one point to 
another and heterogeneity in wettability is the spatial 
variation of wettability from one point to another. Faults, 
especially conjugate faults, are the events that create 
these contrasts: (1) permeability heterogeneity by ad-
joining a high permeable sandstone and a low permeable 
shale and (2) wettability heterogeneity by adjoining oil-
wet limestone and water-wet silica clastic rocks (Woods, 
2015). Taiyuan Formations in the north eastern Ordos 
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Basin and Longtan Formation in south-western Guizhou 
are two cases of conjugate faults with quadrant structure 
in gas fields having heterogeneities in both wettability 
and permeability. This field is developed in swamps/la-
goons in the delta plain and coastal environments. Li-
thology and sedimentary facies, pore spaces, structural 
geometries, and long-term tectonic movements are the 
main factors of shale gas enrichment, hydrocarbon mi-
gration, and entrapment (Wang and Guo, 2020). Para-
dox Basin is another example of silica-clastic rocks con-
tiguous to chemical rocks (e.g. limestone) and evapo-
rates. In this basin, a rapid subsidence, a periodic sea 
level change, and a high evaporation rate led to the for-
mation of 3-km thick sediments consisting of dolomite, 
evaporate, and black organic shale. Salt-core anticline 
and Paradox fault-fold belt are the two main tectonic ac-
tive systems in this region (Torabi et al., 2019). Asmari 
Formation is another case of adjoining silica-clastic 
rocks and chemical rocks. Enormous amounts of folding 
and faulting of nearly 11000 meters of sediments due to 
the subduction of the Arabian Plate underneath central 
Iran’s plate, along with the effects of salt diapirism, 
made this region the most hydrocarbon-rich province of 
Iran. Heterogeneity in permeability and heterogeneity in 
wettability are the most common events in this highly 
active tectonic system. In this region, Dezful Embay-
ment with an area of only 60,000 km2 is one of the 
world’s richest oil provinces containing 8% of global oil 
reserves. The lithology of the Asmari Formation consists 
of highly fractured carbonate rocks, loose terrigenous 
sandstone, interbedded shale and marl, and some evapo-
rate sediments of anhydrite and gypsum (Bordenave 
and Hegre, 2005; Haidari et al., 2020).

One ideal geometry of nodal flow is the quadrant 
structure, in which the end effect boundaries cause fluid 
movement to flow from a low capillary pressure region 
to a high capillary pressure region. This process leads to 
the effect that is correlated with heterogeneity in wetta-
bility and permeability. Nodal flow in quadrant geome-
try is one of the structures of fluid flow mechanisms in 
this geological event that has been a popular research 
topic (Caruana and Dawe, 1996; Yeo and Zimmer-
man, 2001; Silva and Dawe, 2003; Dawe and Gratto-
ni, 2008; Al-Hadhrami et al., 2014; Gomes et al., 
2017). Caruana et al. investigated fluid flow in the quad-
rant model with heterogeneity in wettability and showed 
that capillary end effect was diminished by increasing 
viscous force (Caruana and Dawe, 1996). Silva et al. 
and Dawe et al. experimentally studied the effects of 
wettability and permeability heterogeneity in both mis-
cible and immiscible displacement in a quadrant struc-
ture (Silva and Dawe, 2003; Dawe and Grattoni, 
2008). The results were in agreement with Yeo and Zim-
mermann’s study and showed that different fluid-fronts 
will form in both miscible and immiscible displacement 
(Yeo and Zimmerman, 2001). Also, Al-Hadhrami et al. 
experimentally investigated miscible fluid flow through 

a quadrant model and a porous medium with two discon-
tinuous shale barriers. The results showed the solvent 
moved preferentially through high permeable layers re-
gardless of the amount of permeability. So, the flow path 
is controlled by the relative permeability rather than the 
absolute permeability (Al-Hadhrami et al., 2014). 
Moreover, Gomes et al. modelled multi-phase flow in a 
quadrant model by a force-balanced control volume fi-
nite element method. Their results were in good agree-
ment with experimental results and approved their nu-
merical approach (Gomes et al., 2017).

Fluid flow in a porous medium is a function of both 
local flow conditions and wettability of solid surfaces. 
Wettability is the interaction of two fluids to maintain 
contact with a solid surface. This special characteristic 
of solid surfaces plays an important role in porous me-
dia, such as oil production, soil mechanics, coating, etc. 
Wettability has a vital role in immiscible displacement 
efficiency (Lenormand et al., 1983; Yilbas et al., 2017; 
Rabbani et al., 2018; Avendaño et al., 2019). Yilbas et 
al. studied the influence of droplet size and inclination 
angle of a hydrophobic surface on apparent wettability 
and dynamic properties of a droplet (Yilbas et al., 2017). 
Rabbani et al. studied the effects of pore geometry on 
apparent wettability. They defined a new apparent wet-
tability number based on the chemical properties of a 
solid surface and pore geometry. In addition, they nu-
merically showed that the interface curvature of fluid is 
strongly affected by pore geometry (Rabbani et al., 
2018). Avendaño et al. studied water flooding in water-
wet and oil-wet porous networks constructed by dolo-
mite microfluidics. The results showed uniform fluid-
front displacement and cooperation of capillary force for 
pore filling phenomenon in a water-wet network (Aven-
daño et al., 2019).

When it is not possible to analytically solve fluid flow, 
experimental and numerical simulations are the solutions. 
The most common tasks for numerical simulation are dis-
cretizing the flow equation by finite element methods and 
solving them in macroscopic scales. In these methods, the 
interfaces of fluid can be obtained, but no data in the pore-
scale is available. Another solution is the Lattice Boltz-
mann Method (LBM), a relatively new useful mesoscopic 
numerical modelling in fluid dynamics (Mohamad, 
2011). Using various boundary conditions and capability 
of simulating any complex porous media make this meth-
od favourable for numerical simulations of heat transfer 
and fluid flow (Yilbas et al., 2017; Filatov and Yakimov, 
2018; Zakirov et al., 2018).

Therefore, the main purpose of the current work is to 
show viscous instability numerically in a quadrant struc-
ture with wettability and permeability heterogeneity in a 
mesoscale by LBM, and then to compare the results with 
previous experimental methods. The two main goals of 
the study are: the effect of flow rate on flow instability in 
quadrant model with permeability contrast (section 3.1), 
and a close interaction of viscous force and capillary 
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force on the imbibition process in a quadrant model with 
wettability heterogeneity (section 3.2). A short review of 
flow instability and flow regimes in porous media, the 
quadrant model setup, and two-component pseudo-po-
tential LBM formulation are presented in sections of 2.1, 
2.2, and 2.3, respectively.

2. Material and Methods

2.1.  Fluid Flow through Porous Media and Viscous 
Instabilities

Estimating the initial saturation of oil and gas and the 
production efficiency are challenging for petroleum res-
ervoir engineers. Hydrocarbon production efficiency is 
controlled by combinational forces of viscosity, capil-
lary, gravity, etc. The effects of these forces depend on 
wettability, interfacial tension, viscosity, density, satura-
tion, pressure changes, porosity, and permeability 
(Amyx et al., 1960). In hydrocarbon reservoirs, there 
are several immiscible fluids within pore spaces and 
therefore, capillary pressure is one of the main forces in 
hydrocarbon recovery (Dawe, 1998; Nguyen et al., 
1999). In immiscible water/oil displacement, imbibition 
is the result of an increase in wetting fluid saturation, 
and drainage is the result of an increase in the non-wet-
ting fluid saturation. Spontaneous imbibition happens 
when a wetting fluid displaces a non-wetting fluid only 
with capillary forces (Towler et al., 2017).

There are three types of displacement processes: (1) 
miscible with the first contact, in which two fluids are 
mixed in all their properties; (2) miscible with multiple 
contacts, in which two fluids are not mixed simultane-
ously and miscibility happens by mass transfer during 
the process; and (3) immiscible displacement, in which 
two fluids are separated by an interface and there is no 
chemical interaction between them (Kantzas et al., 
2015). The mobility of the fluids is usually defined as a 
permeability/dynamic viscosity ratio, so the units will be 
m2/(Pa×s). The mobility ratio (M), according to the fol-
lowing formula, is the ratio of the mobility of a displac-
ing fluid to the mobility of the displaced fluid. If M>1, 
then the flow is unfavourable as the displacing fluid is 
more mobile than the displaced fluid. It is identified by 
an early breakthrough, low recovery factor, and viscous 
fingering pattern. If M<1, then the flow is favourable 
and in this condition, if the viscous force is dominant, 
then piston-like displacement occurs. On the other hand, 
if the capillary force is dominant, then the flow regime is 
capillary fingering. For miscible displacement, in which 
fluids are mixed, the mobility ratio is the ratio of the 
viscosity of the displaced fluid over the viscosity of the 
displacing fluid (Lenormand et al., 1988). In the cur-
rent study, the simulations of section 3.1 are in the vis-
cous fingering region and the simulations of section 3.2 
are in the stable front and capillary fingering regions.

2.2. Quadrant Model

The quadrant or checkerboard model is an ideal 2×2 
block geometry, in which any section or region has its 
own properties to illustrate the effects of heterogeneities 
caused by faulting (see Figure 1). As stated in the intro-
duction, heterogeneities occur in both permeability and 
wettability contrasts, e.g. the Asmari Formation in the 
Dezful Embayment in the south-west of Iran (Haidari et 
al., 2020). We investigated two kinds of heterogeneities 
in permeability and wettability models in sections 3.1 
and 3.2, respectively. In section 3.1, we assumed sand-
stone in cell 1 and shale in cell 2 to investigate heteroge-
neity in permeability. In section 3.2, we assumed water-
wet silicaclastic rock in cell 1 and oil-wet carbonate rock 
in cell 2 to investigate heterogeneity in wettability. Other 
assumptions of the quadrant models are as follows: a 
solid boundary condition is set at the top, and bottom 
boundaries and flow boundary conditions are set at both 
the left-inlet and the right-outlet of the model (see Fig-
ure 1). Initially all porous media are saturated with oil 
and then the water imbibes through the porous media. To 
consider the effect of spontaneous imbibition in all sim-
ulations, both the inlet and outlet of the models are sub-
jected to water contact with an initial confined pressure. 
The inlet and outlet pressure gradient of the models are 
different in each of the simulations.

The checkerboard geometry usually exists in petrole-
um reservoirs as a combination of layering and cross-
bedding. The challenging issue for petroleum engineers 
is where the injected fluid tends to flow. This model 
showed heterogeneity in permeability and wettability in 
many cases in petroleum engineering: layers are sub-
jected to faulting; the mud filtrate is invaded through the 
well-bore (in an over-balanced drilling system); the re-
medial fluids are injected into the formation by acidifica-
tion; and permeability changes by any fracturing in the 
damage zone (perforation operation).

Figure 1: The quadrant structure model

In this study, fluids and solid structure are engaged 
with previous studies (Silva and Dawe, 2003; Dawe 
and Grattoni, 2008; Gomes et al., 2017; Christou et 
al., 2019) to compare the results with them. The length 
and width of the model is 2 cm and 1 cm, respectively. 
Fluids are dead oil and distilled water. Two kinds of im-
miscible simulations are done by LBM. The first simula-
tion was run for an investigation of water flooding in a 
quadrant model with permeability contrasts and neutral 
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wettability. In this simulation, cell 1 and cell 2 were 
sandstone (35% porosity) and shale (45% porosity) with 
grain sizes of 1 mm and 0.1 mm and a permeability of 
100 and 4 mD (9.87e-11 m2 and 3.95e-12 m2), respec-
tively. The second simulation was run for an investiga-
tion of water flooding in a quadrant model with wettabil-
ity contrasts. In this simulation, cell 1 and cell 2 had an 
equal grain size of 640 μm (fine grains limestone and 
clastic rocks with 35% porosity) with contact angles of 
60 and 120 degrees, respectively. In LBM, the contact 
angle is control by the fluid-solid interaction coefficients 
and set by the simulation of a droplet on a solid surface. 
These sizes and conditions were chosen to compare the 
results of the simulation with the previous experimental 
results.

2.3. Numerical Method

LBM originates from Lattice Gas Automata and can 
be derived from discretizing the Boltzmann equation. 
Several LBMs exist and in this study, we use a two-com-
ponent single-phase pseudo-potential method with sin-
gle relaxation time or Bhatnagar Gross and Krook 
(BGK) approximation. In this method at any lattice 
node, each fluid acts as a layer of the distribution func-
tion and the energy is transferred by the collisions and 
streaming operations. A detailed description of the LBM 
model is explained by Shan and Chen. The distribution 
functions for each component obey the Boltzmann equa-
tion as follows (Shan and Chen, 1993):

  
 (1)

where:
i  –  index of velocity components,
k  –  two fluid components of a and a’,
fk

i(x,t)  –  distribution function of kth component,
ei  –  the identity vector that indicates the velocity 

direction of different components in a lattice 
node,

τk=1  –  the relation time for each component to 
achieve an equilibrium state,

fk(eq)
i(x,t)  –  the equilibrium state of each fluid distribu-

tion.
The equilibrium state of each fluid distribution for re-

covering Navior-Stokes equation as follows (Shan and 
Chen, 1993):

  
 (2)

In this study, we use a D2Q9 model with discrete ve-
locities (ei) and the weights of the velocity distribution 
functions in the equilibrium state (wi) as follows (Shan 
and Chen, 1993):

 (3)

 
 (4)

where:
a, b, c, d  –  lattice constant,
c = Δx / Δt (lu / ts)  –  the ratio of lattice spacing (in this 

study Δx=1 lu and time step of 
Δt=1 ts),

Fk  –  total force on k fluid (g.lu/ts2),
i  –  node number,
t  –  time (ts),
ρk  –  the density of each phase (gr/lu3),
u’  –  the overall velocity (lu/ts),
uk(eq)  –  the equilibrium velocity of each phase (lu/ts).

In multi-phase/component pseudo-potential model, 
two interactions of fluid-fluid cohesive force and fluid-
solid adhesive force are responsible for modifying the 
macroscopic variables for the component of a. These 
forces are related to their neighbour lattice nodes as fol-
lows (Shan and Chen, 1993):

  (5)

  (6)

where:
Gcoh  –  fluid-fluid interaction coefficients,
Gads  –  fluid-solid interaction coefficients,
s(x+ei)  –  an indicator for identifying the lattice nodes by 

1 value for the solid and by 0 value for the 
fluid,

ψ  –  effective density.
Effective density (ψ) depends on the selection of dif-

ferent equations of state (Yuan and Schaefer, 2006; 
Kupershtokh et al., 2009). Choosing different ψ equa-
tions indicate the range of Gcoh that controls interfacial 
tension. Small values lead to diffuse/transitional inter-
face and larger values lead to a sharp interface. Gads is a 
parameter that controls contact angle and it equals to 0 
for a neutral wet porous medium. The contact angle 
changes by choosing positive values for a non-wet fluid 
and negative values for a wet fluid.
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In all simulations, LBM models are D2Q9 and lattice 
dimensions are 500×1000. A grid size independent test 
showed these lattice dimensions were suitable for the 
simulations. The porous media were initially saturated 
with oil with a viscosity of 0.0015 Pa×s (1.5 cP) and  
a density of 0.8 g.cm-3. Moreover, water was injected 
with a viscosity of 0.001 Pa×s (1 cP) and a density of  
1 g.cm-3. Gcoh is 3 for immiscible displacement and  
the interfacial tension between the two fluids is 0.033  
(N m-1). All of these parameters are in SI units that are 
then converted to lattice units. Time in lattice units is 
time step (ts). Porous media were saturated with oil and 
the left and right boundary conditions were subjected to 
water contact with an initial confined pressure of 1 mu.
lu-3. Constant pressure gradients of 0.2, 1, 0.1, and 0 
mu.lu-3 proposed by Huang (Huang, 2016) were applied 
at the left-inlet and the right-outlet of Figure 2, Figure 
3, Figure 5, and Figure 7, respectively. The upper and 
the lower boundaries and the grains’ solid walls have 
half-way bounce-back boundary conditions.

3. Results and Discussion

3.1.  Water Flooding in Quadrant Model  
with Permeability Contrast

Figure 2 and Figure 3 show water flooding stages 
with different flow rates in an oil-saturated quadrant 
model with heterogeneity in permeability. In this model, 
shale and sandstone rocks are placed in the quadrant ge-
ometry. In these two models, pressure gradients are dif-
ferent and both of them are in the transition zone be-
tween viscous fingering and stable front. The outcome of 
the current simulation is as follows:

• for each case, fluid initially entered both low and 
high permeable sections of the left side but after a 
while, the displacing fluid moved faster in the high 
permeable section. It is due to boundary pressures 
and diffusivities that are caused by large permeabil-
ity gradients. The low adjacent permeability region 
has low saturation or even a stagnant gradient. So, 
the preferential flow pathway is a high permeable 
region and some part of other low permeable re-
gions remain intact;

• after fully saturating the first high permeable re-
gion, the displacing fluid moved toward the node at 
the centre of the quadrant model and entered the 
second high permeable section. In this stage, de-
pending on the flow rates and the cross-sectional 
area of the nodal part, oil was replaced by the dis-
placing fluid with different fingering patterns and 
different degrees of saturation around the node;

• after water passed from the node and entered the 
second high permeable section, it bypassed towards 
the outlet and only pushed a portion of saturated oil 
based on the flow rate and the permeability;

• after the breakthrough, the injected fluid and its 
streamline came to the steady-state condition and 

oil and water saturations in the model remained 
constant.

For more information, the finger’s formation and its 
growth are sensitive to heterogeneity that is induced by 
permeability contrast and also, the pressure gradient that 
increases the flow rate. The pressure gradient value has 
three effects on the fluid flow that can be compared in Fig-
ure 2 and Figure 3: (1) nodal cross-sectional saturation 
(the solid boundaries at the centre of the model) is depend-
ent on the flow rate; (2) The viscous fingering pattern is 
more obvious when the pressure gradient is high; (3) Re-
covery efficiency is reduced when the flow rate increases.

Figure 4(a) shows the conceptual quadrant model 
with heterogeneity in permeability. Figure 4(b) shows 
the results of the present study, which are presented here 
for comparison with other studies, and its explanations 
are provided in the previous paragraphs. The results of 
this section are comparable with the numerical and ex-
perimental results (Silva and Dawe, 2003; Dawe and 
Grattoni, 2008; Gomes et al., 2017; Christou et al., 
2019). The fluid properties and permeability ratio of the 
coarse grain to the fine grain are listed in Table 1.

In the study of Silva et al., intermittent water and oil 
injections were performed experimentally on a sand 
pack (Silva and Dawe, 2003). As shown in Figure 4(c), 
oil almost equally moves the water in two media with 
different permeability. Heterogeneity in permeability 
has little effect on the direction of the injecting fluid. It 
does not show the tendency of the fluid flow in a prefer-
ential path way in a higher permeability layer.

In the study of Dawe et al., oil was displaced by water 
experimentally on a sand pack (Dawe and Grattoni, 
2008). As shown in Figure 4(d), the tongue phenome-
non is obvious in fluid displacement. Nodal flow occurs 
at the centre of the model. The channelling of fluid flow 
is clear when passing through the central node and then 
in the more permeable cell. Also, there is fluid displace-
ment in a low permeable cell, but it is slower.

In the studies of Gomes et al. and Christou et al., the 
displacement of oil by water has been done numerically 
using the CV-FEM method (Gomes et al., 2017; Chris-
tou et al., 2019). As shown in Figure 4 (e,f), the flow 
path and fingering pattern in cell 1 are visible on both 
sides of the node.

The results of the present study are in good agreement 
with the results of the studies of Gomes et al., Dawe et 
al., and Christou et al. Considering that the finger phe-
nomenon is affected by both fluid properties, and hetero-
geneity of porous medium, the slight differences in the 
results of these 4 models are due to the difference in the 
amount of these factors, which are expressed in Table 1.

3.2.  Water Flooding in Quadrant Model  
with Wettability Contrast

In the current simulation by instantaneous imbibition, 
we can evaluate capillary force and wettability heteroge-
neity effects on production performance. Like the con-
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ceptual model of Figure 1, in a quadrant with wettability 
contrast, the lower-left and upper-right sections of the 
quadrant model are considered water-wet regions with a 
contact angle of 60o. The upper-left and lower-right sec-
tions of the model are considered oil-wet with a contact 
angle of 120o. In this model, carbonate and fine grains 
clastic rocks are placed in the quadrant geometry. All 
sections have the same permeability and porosity. For a 
better understanding of the effects of wettability and in-
stantaneous imbibition, in the first model (see Figure 5), 
the pressure gradient is too small and in the second mod-
el (see Figure 7), it is zero.

In Figure 5, the constant low pressure gradient across 
the porous medium and wettability are the two forces 
that affect fluid flow. We discuss five stages of flow: the 

initial stage (see Figure 5(b)), the first cell saturation 
stage (Figure 5(c)), the nodal flow stage (Figure 5(d)), 
the breakthrough stage (Figure 5(e)), and the final satu-
ration distribution (Figure 5(f)).

• In the initial stage, water starts to push oil faster in 
the lower-left water-wet region by the imbibition 
process. In the upper-left region, water enters and 
then moves downward toward the lower-left water-
wet region. These conditions are fixed as water is 
being pumped into the left part of the model.

• After that, in the first cell saturation stage, water in 
the lower-left region pushes oil until it reaches the 
middle boundaries. Then, the fluid-front is inclined 
towards the node at the centre of the model, and 
water is trapped in the lower-left section.

Figure 2: Water flooding stages in the quadrant model with heterogeneity in permeability with constant pressure gradients of 
0.2. The blue colour is water, the yellow colour is oil, and the black colour is solid; the coarse grain is sandstone and the fine 

grain is shale. a) saturation at time steps of 50,000, b) saturation at time steps of 550,000, c) saturation at time steps of 
750,000, d) saturation at time steps of 1,000,000, e) saturation at time steps of 1,600,000, f) saturation at time steps of 

3,500,000.
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• In the nodal flow stage, by filling the lower-left wa-
ter-wet region, water overwhelms the capillary 
pressure contrast in the nodal part. The difference 
of capillary pressure in the nodal part is smaller 
than the difference of capillary pressure between 
oil-wet and water-wet sections’ boundaries. There-
fore, water enters the upper-right water-wet section 
from the nodal part and flows toward the right-out-
let boundary for the breakthrough. As it is obvious 
in this case, the preferential flow pathway is a chan-
nel between two cells because of the simultaneous 
action of wettability force and pressure gradient.

• At the breakthrough, the second water-wet region is 
not fully saturated and the waterfront moves in the 
channel.

• Final saturation distribution shows entrapment of 
three oil patches in porous medium and also, the 
tendency of oil for leaving out from the right-centre 
of porous medium.

Figure 6(a) shows the conceptual quadrant model 
with heterogeneity in wettability. Figure 6(b) shows the 
results of the present study, which are presented here for 
comparison with other studies, and its explanations are 
provided in the previous paragraphs. The results of this 
section is comparable with the numerical and experi-
mental results of Silva et al. and Dawe et al. (Silva and 
Dawe, 2003; Dawe and Grattoni, 2008). The fluids and 
solid properties are listed in Table 2.

In the study of Silva et al., water was displaced by oil 
experimentally on a sand pack. In this experiment, cell 1 

Figure 3: Water flooding stages in the quadrant model with heterogeneity in permeability with constant pressure gradients of 
1. The blue colour is water, the yellow colour is oil, and the black colour is solid; the coarse grain is sandstone and the fine 

grain is shale. a) saturation at time steps of 5,000, b) saturation at time steps of 45,000, c) saturation at time steps of 115,000, 
d) saturation at time steps of 200,000, e) saturation at time steps of 250,000, f) saturation at time steps of 470,000.
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Figure 4: Comparisons of fluid displacement in porous media with heterogeneity in permeability: (a) conceptual model,  
(b) numerical (LBM) results of the current study, the blue colour is water, the yellow colour is oil, and the black colour is solid 

(c) adjusted experimental results of Silva et al. study (2003), (d) adjusted experimental results of Dawe et al. study (2008),  
(e) adjusted numerical (CV-FEM) results of Gomes et al. study (2017), (f) adjusted numerical (CV-FEM) results of Christou  

et al. study (2019) (Silva and Dawe, 2003; Dawe and Grattoni, 2008; Gomes et al., 2017; Christou et al., 2019).

Table 1: Model set-up for in different studies with heterogeneity in permeability

Current 
study

Silva et al.
(2003)

Dawe et al.
(2008)

Gomes et al.
(2017)

Christou et al.
(2019)

Type of analysis Numerical 
(LBM) Experimental Experimental Numerical 

(CV-FEM)
Numerical 
(CV-FEM)

Displacing 
fluid

Type Water Oil Water Water Water
Density (g/cm3) 1 -- 1 1 1
Viscosity, Pa×s (cP) 0.001(1) -- 0.001(1) 0.001(1) 0.001(1)

Displaced 
fluid

Type Oil Water Oil Oil Oil
Density (g/cm3) 0.8 -- 0.79 -- --
Viscosity, Pa×s (cP) 0.015(15) -- 0.014(14) 0.010(10) 0.001(1)

Permeability Medium grain, ×9.8e-10m2 
(=1mDarcy) 100 -- 110 2.5 2.5

Fine grain, ×9.8e-10m2 
(=1mDarcy) 4 -- 44 1 1
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was oil-wet and the oil flow entered the model from the 
left at a very low speed (Silva and Dawe, 2003). As 
shown in Figure 6 (c), the preferred oil path is cell 1 
(oil-wet region). The oil entered the water-wet region at 
the entrance due to the viscous force, but its movement 
in this region stopped and then deviated towards the oil-
wet region. In the nodal part, viscous force is greater 
than the nodal resistance and capillary pressure and the 
oil in the oil-wet region moves towards the output of the 
model.

In the study of Dawe et al., oil was displaced by water 
experimentally on a sand pack (Dawe and Grattoni, 
2008). As shown in Figure 6(d), the predominant force 
in oil movement is the capillary force, and the viscous 
force has no effect on the displacement of oil from the 
water-wet region.

The results of the present study are in good agreement 
with the results of Silva et al. study. The pattern and flu-

id displacement path showed simultaneous roles of both 
capillary and viscous forces in fluid flow in porous me-
dium with heterogeneity in wettability.

In Figure 7, only wettability contrast exists in the mod-
el, and oil-saturated sandstone is surrounded by water 
with an equal amount of pressure in both the left-inlet and 
the right-outlet boundaries. As a result, we can see three 
stages of flow: the initial stage (see Figure 7(c)), first wa-
ter-wet cell saturation stage and nodal stage (see Figure 
7(d)), and the final saturation stage (see Figure 7(e)).

• In the initial stage (see Figure 7(c)), we observed 
the effects of wettability and capillary force on in-
filtration and saturation of oil-wet and water-wet 
cells. In a water-wet region, water starts to push oil, 
and in the oil-wet regions, water enters the large 
pore spaces among the grains and a thin film of oil 
remains on the grains’ surfaces. This film of oil 
plays the main role for oil outflow. These conditions 

Figure 5: Water flooding with constant pressure gradients of 0.1in the quadrant model with heterogeneity in wettability  
(4 cells with different wettability), a) effects of grain geometry and wettability on fluid front shape, b) saturation at time steps 

of 50,000, c) saturation at time steps of 2,700,000, d) saturation at time steps of 3,700,000, e) saturation at time steps  
of 6,700,000, e) final saturation distribution, the blue colour is water, the yellow colour is oil, and the black colour is solid.
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are fixed until the waterfront in the oil-wet regions 
are connected to the waterfront in the water-wet 
sections. Then, water leaves from the large pore 
spaces of oil-wet sections and moves backward to-
wards the water-wet sections.

• In the first water-wet cell saturation stage (see Fig-
ure 7(d)), the instantaneous imbibition process of 
the lower-left region is stopped due to weaker capil-
lary force in comparison of the upper-right water-
wet region. The wettability force of the upper-right 
water-wet region pushes oil until the displacing 
fluid (water) fully saturates the region. After that, 
fluid-front in the lower-left region starts to push oil 
until this region becomes fully saturated. This is 
due to the capillary pressure contrast in each step. 
In the nodal part, the node acts as a barrier and does 

Table 2: Model set-up for in different studies with heterogeneity in wettability

Current study Silva et al.
(2003)

Dawe et al.
(2008)

Type of analysis Numerical (LBM) Experimental Experimental
Displacing fluid Type Water Oil Water

Density (g/cm3) 1 -- 1
Viscosity, Pa×s (cP) 0.001(1) -- 0.001(1)

Displaced fluid Type Oil Water Oil
Density (g/cm3) 0.8 -- 0.79
Viscosity, Pa×s (cP) 0.015(15) -- 0.014(14)

Contact angle o Water-wet 60 -- --
Oil-wet 120 -- --

Figure 6: Comparisons of fluid displacement in porous media with heterogeneity in wettability: (a) conceptual model,  
(b) numerical (LBM) results of the current study, the blue colour is water, the yellow colour is oil, and the black colour is solid 

(c) adjusted experimental results of Silva et al. study (2003), (d) adjusted experimental results of Dawe et al. study (2008) 
(Silva and Dawe, 2003; Dawe and Grattoni, 2008).

not allow the fluid-front from the upper-right water-
wet section to pass through this area.

• Finally, in the final saturation stage (see Figure 
7(e)), water wet sections become fully saturated 
with water and there is a little invasion of water 
through the oil-wet sections.

The instantaneous imbibition simulation time in  
LBM was very long and had 40,000,000 time steps. Due 
to the finite velocity speed of oil exit from the oil-wet 
region, water preferentially enters from the right or left 
of cell 1. As can be seen, the two factors of the node at 
the centre of the model, and very small differences in 
particle sizes and pore throats, cause a change in the 
saturation order of the two seemingly similar cells. Per-
forming this simulation, which shows the importance of 
the central node and the effect of minor heterogeneities 
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in the porous medium, has not been observed in other 
studies to date.

3.3. Effects of grain geometry on fluid front shape

Grain geometry affects the fluid front shape and its 
apparent wettability. Dimensionless apparent wettability 
number is introduced as (Rabbani et al., 2018):

  (7)

where:
θ – static contact angle,
β – capillary angle.

In this equation, capillary angle (β) depends on the 
pore throat geometry. If W>1, then flow is in strict drain-
age and the fluid-front is convex both before and after 
passing through the throats. If W<-1, then flow is in 
strict imbibition and the fluid-front of both inlet and out-
let of the throats are concave. If -1<W<1, then the pore 
geometry controls the apparent wettability and there-
fore, concave and convex interfaces exist simultaneous-

ly. This is a usual phenomenon in contact angle between 
60o to 120o

 (Rabbani et al., 2018). In our study, static 
contact angles are 60o for water-wet regions and 120o for 
oil-wet regions. β is 30o for the porous medium of the 
current study that it is derived from:

  (8)
where:
rb – pore body radius (lu),
rt – pore throat radius (lu).

So, in the current study, the apparent wettability num-
bers are between -1 and 1 (-1≤W≤1). As seen in Figure 
5(a) and Figure 7(b), apparent wettability in the oil/
water-wet regions shows a concave fluid-front before 
passing through the pore throats and convex fluid-front 
in the front of pore throats. The flow rate does not have 
a significant influence on the apparent wettability and 
these fluid-front curvatures are formed as a result of pore 
geometry and contact angle. Apparent wettability is re-
lated to the capillary angle (β) which depends on the 
pore throat geometry. The capillary angle varied from 
the centre of the throats so that the apparent wettability 
changed (see Figure 5(a) and Figure 7(b)).

4. Conclusions

Density and viscosity ratio, and in addition, heteroge-
neity are three factors that are important in immiscible 
fluid flow and fingering formation. In the current study, 
the effects of wettability and permeability heterogenei-
ties in fluid front and preferential flow path way were 
investigated numerically by LBM and compared with 
previous experimental results. The quadrant model is an 
ideal model for fluid flow instability investigation in het-
erogeneous porous media. The main new outcome of the 
current study can be summarized as follows:

• the first evaluation studied the effects of permeabil-
ity heterogeneity on fluid front instability. The re-
sults showed that fingering formation is dependent 
on fluid properties and pore throat geometry of a 

Figure 7: Water saturation (spontaneous imbibition 
process) of the quadrant model with heterogeneity in 
wettability (4 cells with different wettability a) conceptual 
model, b) effects of grain geometry and wettability on fluid 
front shape, c) saturation at time of 10,0000, d) saturation  
at time steps of 22,000,000, e) saturation at time steps  
of 40,000,000, blue colour is water, yellow colour is oil,  
and black colour is solid
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porous medium simultaneously. A little difference 
in each property may weaken or intensify the fin-
gering formation;

• the second evaluation evaluated the effects of wet-
tability heterogeneity on fluid front instability. Wet-
tability contrast between all sections of the quadrant 
model causes oil patches to become trapped in oil-
wet regions. This phenomenon reduces the dis-
placement efficiency by the capillary entrapment 
mechanism. The displacing fluid (water) in the wet-
tability contrast model moves preferentially for-
ward, backward, and bilateral. It depends on the 
amount of wettability force to absorb water mole-
cules through the regions with more capillary pres-
sure, and it also depends on the strength of viscous 
force. In instantaneous imbibition, pore throat size, 
grain geometry and wettability are vital for the pref-
erential flow pathway of the displacing fluid;

• grain and pore throat geometries affect the apparent 
wettability, and fluid front pattern. Here, models 
with a contact angle between 60o and 120o showed 
a co-existence of a concave and a convex fluid-front 
in the inlet and the outlet of the pore throats.
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SažETak

Numeričko istraživanje nestabilnosti protjecanja fluida  
u šupljikavome sustavu s heterogenom propusnošću i močivošću

Geometrija kvadranta s razlikama u propusnosti i močivosti pojavljuje se kod rasjeda, oštećenja pribušotinske zone ili u 
zonama perforacija. kod takvih pojava razumijevanje dinamike istiskivanja nemješivoga fluida bitno je za povećanje 
 iscrpka nafte. Studije protjecanja fluida pokazale su kako se viskozno probijanje događa zbog nestabilne viskoznosti 
fluida, a koja ovisi o mobilnosti i kapilarnim silama. Osim toga, heterogenost šupljikavosti također utječe na probijanje 
fluida. Stoga je cilj bio numerički istražiti utjecaj heterogenosti močivosti i propusnosti te svojstava protoka na Saffmann-
Taylorovu nestabilnost. Numeričke simulacije s različitim protjecanjima i propusnostima prikazale su križni protok i 
porast viskoznoga probijanja u čvorištu modela te zaobilazni protok u susjednoj zoni. kod modela s različitom moči-
vošću uočen je oblik kapilarnoga probijanja i sloj izoliranoga fluida, ovisno o kapilarnoj sili i obliku pojave unutar 
 kvadranta. Na kraju je opisan utjecaj prividne na ukupnu močivost te je prikazana posljedica močivosti na prividnu 
močivost kao silu koja utječe na oblik fronte fluida i efikasnost istiskivanja.

Ključne riječi:
geometrija kvadranta, močivost i propusnost, heterogenost, efekti čvora, metoda Boltzmannove rešetke
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