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A B S T R A C T

The impact of micro-heterogeneity on non-Newtonian two-phase flow is the focus of the present study. The
direct numerical simulation of non-Newtonian fluids (modelled using shear stress-dependent Meter model)
displacing oil in 3D Mt. Simon sandstone and 2D heterogeneous porous media were considered over a range of
wettabilities (strong imbibition to strong drainage), capillary numbers and viscosity ratios. This study suggests
that heterogeneity of the porous medium can potentially lead to an unstable fluid flow front (even after use
of polymer). Therefore along with capillary number and viscosity ratio, heterogeneity is the governing factor
for controlling viscous and capillary fingering, and it is crucial to account for the microscale heterogeneity of
porous media to design polymer solution injection.
. Introduction

Immiscible multiphase flow in porous media involving polymeric so-
utions has many applications specifically for enhanced oil recovery [1–
], and remediation of subsurface non-aqueous phase liquid (NAPL)
ontaminants [3,4]. Polymeric solutions, which have non-Newtonian
heology, is commonly utilised to displace NAPL or crude oil in the sub-
urface. The heterogeneity of the porous medium and shear-dependent
heology of non-Newtonian fluids make the multiphase flow more
omplex. The effectiveness of polymeric solutions to displace oil depend
n physical and chemical parameters of oil, polymeric solutions and
ubsurface materials which vary spatially with time [5]. Although core-
lood experiments on larger samples have been used to study polymeric
acroscopic sweep efficiency [1], these experiments can hardly be used

o gain pore-scale insights on the microscopic displacement of invading
nd displacing fluids.

Wettability, which is the fluid’s ability to adhere to the solid surface
n the presence of another fluid, is one of the key factors in two-
hase flow dynamics in the porous medium. The contact angle (𝜃)
etween the fluid–fluid interface and the solid surface determines
hich fluid (displaced or displacing) has a tendency to adhere to

he solid surface. For example, in a porous medium wetted by water
𝜃 < 90◦), the polymer fluid will adhere to the solid surface, while
n a porous medium wetted by oil (𝜃 > 90◦), the oil will adhere to
he solid surface. Although fluid–fluid interactions during multiphase
low are influenced by the wettability of the solid surface [6], less
ttention is paid to the multiphase flow involving non-Newtonian
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E-mail address: masoud.babaei@manchester.ac.uk (M. Babaei).

fluids. Hatzignatiou et al. [7] conducted a polymer flood experiment
on water and oil-wet Bentheim and Berea sandstone. They suggested
that rock wettability strongly affects the polymer retention in the
porous medium and influences the polymer front velocity. The authors
postulated that the physical adsorption of polymer to the rock surface
causes entrapment of polymer in the sandstone as they observed higher
polymer retention in the water-wet Berea sandstone compared to the
oil-wet Berea sandstone. Broseta et al. [8] reported reduction in the
polymer adsorption in an oil-wet micromodel compared to a water-wet
one. Jamaloei and Kharrat [9] reported that the displacement front’s
stability during polymer flooding depends on pore-morphology and
wettability in a porous medium. Using magnetic resonance imaging
technique, Romero-Zerón et al. [10] investigated the effects of wetta-
bility in water-wet and oil-wet rocks and reported higher oil recovery
in strongly water-wet rocks using partially hydrolysed polyacrylamide
solution. Ameli et al. [11] observed that salinity reduces the efficiency
of oil recovery during polymer flooding, and the water-wet system
gives favourable oil recovery compared to the oil-wet system. Eslami
and Taghavi [12] demonstrated that the wettability affects the viscous
fingering pattern formations and flow efficiency of the displacement
using two-phase microfluidic experiments wherein Newtonian fluid was
used to displace non-Newtonian fluid in a rectangular Hele-Shaw cell.
Li et al. [13] visualised oil saturation in the oil-wet and water-wet rocks
using magnetic resonance imaging and suggested that the polymer
stripping mechanism dominates in an oil-wet rock.
vailable online 9 August 2021
377-0257/© 2021 Elsevier B.V. All rights reserved.

ttps://doi.org/10.1016/j.jnnfm.2021.104628
eceived 28 May 2021; Received in revised form 26 July 2021; Accepted 2 August
 2021

http://www.elsevier.com/locate/jnnfm
http://www.elsevier.com/locate/jnnfm
mailto:masoud.babaei@manchester.ac.uk
https://doi.org/10.1016/j.jnnfm.2021.104628
https://doi.org/10.1016/j.jnnfm.2021.104628
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jnnfm.2021.104628&domain=pdf


Journal of Non-Newtonian Fluid Mechanics 296 (2021) 104628T. Shende et al.
Meybodi et al. [14] experimentally examined the effect of micro-
scopic heterogeneity on West Paydar crude oil-recovery using poly-
meric partially hydrolysed polyacrylamide fluid. They found that
water-wet and mixed wet porous medium could recover higher oil
compared to oil-wet porous medium in most of the experiments;
however, they also reported that the effects of micro-heterogeneity
and porous medium’s wettability on polymeric fluid-based oil recovery
are case dependent [14]. Rodríguez de Castro et al. [15] studied the
effect of xanthan gum concentration (0–2000 ppm) on silicon oil-
displacement over a range of capillary numbers and mobility ratios
in a heterogeneous hydrophilic 2D micromodel of porosity 60% and
pore size distribution of 29 - 160 μm. The authors reported an increase
in oil recovery with an increase in polymer concentration; however,
they observed heterogeneity dependent viscous fingers in the 2D micro-
model porous medium during polymer flooding over a range of xanthan
gum concentration [15]. De et al. [16] experimentally investigated
two-phase displacement of silicon oil using xanthan gum, hydrolysed
polyacrylamide (HPAM) solution and viscoelastic surfactant fluid in
a hydrophilic pillared (regularly arranged) micro-channel of porosity
75%. They reported the highest oil recovery using viscoelastic surfac-
tant and HPAM compared to xanthan gum solution over a capillary
number range. They suggested that the micro-sweep mechanism plays
a vital role in non-Newtonian fluid-based oil displacement in the porous
medium. Similarly, Nillson et al. [5] found that visco-elastic fluid and
shear-thickening nanoparticle fluid displace more oil compared to the
shear-thinning fluids. Parasa et al. [17], using confocal microscopy
visualised HPAM polymer displacing oil in a 3D porous micromodel of
porosity 45% and suggested that a non-Newtonian fluid’s elastic turbu-
lence leads to the additional oil recovery during polymer flooding. The
recent studies of oil recovery with the aids of microfluidic experiments
suggested micro-sweep of oil by polymeric solutions play a crucial role
during polymeric flooding [16,18–20].

Although pore-scale wettability alteration simulation studies for the
flow of Newtonian two-phase flow using Lattice Boltzmann [21] and
Volume-of-fluids methods [22] are available in the literature, wetta-
bility effects on pore-scale non-Newtonian two-phase flow have not
been carefully studied. Shi and Tang [23] carried out a two-phase
flow simulation of a Newtonian fluid displacing a power-law fluid
using the Lattice Boltzmann method in a porous medium composed
of staggered square blocks. This study was carried out using power-
law fluids, ignoring the Newtonian plateau at low shear values. Based
on numerical simulation, Zhang and Yue [24] reported that visco-
elasticity, the flow field, and the stress field determine the sweeping of
an oil present in the dead-end by polymeric solutions. Zhong et al. [25]
conducted two-phase simulations using the volume-of-fluid method in
OpenFOAM to study the effects of elasticity on oil recovery. They
concluded that elasticity of the non-Newtonian fluid enlarges sweep
area and increases displacement efficiency. Using the same approach,
Zhong et al. [26] investigated the effect of non-Newtonian fluid (based
on the cross model) on the displacement of oil and reported that
the polymeric solutions increase displacement efficiency by 8%–20%.
Tsakiroglou [3] developed an inverse modelling numerical scheme to
determine macroscopic flow parameters for two-phase flow where non-
wetting shear-thinning fluid (modelled using Meter model) displaced
Newtonian fluid in a porous medium and validated the same using
unsteady two-phase experiments conducted on pore-network.

1.1. This study

Most of the studies reported above were carried out in simple
homogeneous porous media; it is unlikely that such geometries will
take into account micro-heterogeneity and true complexities as ob-
served realistically. Pore-scale micro-heterogeneity significantly affects
the microscopic displacement of fluid in the porous media. Only few
studies [15–17,27,28] considered effects of micro-heterogeneity on
2

polymeric fluid-induced oil displacement. The pore size in the real and
heterogeneous porous medium can vary up to 2 orders of magnitude;
thus, pore-scale velocity and viscosity in the porous media also vary
significantly. This spatial variation of viscosity and velocity in the
pore-spaces and capillarity govern the flow’s stability. Thus, the main
objective of this work is to determine how microscale heterogeneity and
wettability of the porous medium govern the stability of polymeric fluid
flow even for favourable viscosity ratios where the flow is stable. For
this purpose, we utilise the volume-of-fluid based ‘interFoam’ solver of
OpenFOAM for two-phase flow involving shear-stress dependent Meter
model fluids. Meter model captures S-shaped rheology (i.e. power-
law behaviour at intermediate shear values and Newtonian plateau at
low and high shear values) of most of the shear thinning and shear
thickening polymeric non-Newtonian fluids [29].

We validate the numerical approach adopted in the present work
for the two-phase flow of the Meter model fluid using microfluidic
experimental observation of air displacing non-Newtonian fluid in the
Hele-Shaw cell. We study the effects of wettability alteration on the
displacement behaviour of oil and a polymeric non-Newtonian fluid
(polyacrylamide) over a range of porosities (with different heterogene-
ity levels), capillary numbers, polymer concentrations, and viscosity
ratios in 2D and 3D porous media. The results substantiate that the
complex interplay between pores geometry, rheology of the fluid, and
capillary force regulate the stability of the two-phase fluid transport.

2. Numerical simulation

The Volume-of-Fluid (VoF) method, implemented in OpenFOAM
[30] using interFoam solver, is used to simulate immiscible and in-
compressible two-phase fluid flow in a porous medium involving non-
Newtonian fluids. The details of the VoF method implemented in
OpenFOAM for two-phase flow displacement can be found at [26,31–
35]. The shear viscosity (𝜂) of the polymeric non-Newtonian fluid is
defined using shear stress-dependent Meter model (Eq. (1)) [29,36,37],

𝜂 = 𝜂∞ +
𝜂0 − 𝜂∞

1 +
(

𝜏
𝜏𝑚

)𝑆 (1)

where, 𝜂0 [Pa s], 𝜂∞ [Pa s] and 𝜏𝑚 [Pa] are the zero-shear viscos-
ity, the infinite shear viscosity, and the critical shear stress of the
non-Newtonian fluid at which viscosity of the fluid drops to 𝜂0+𝜂∞

2 ,
respectively. 𝑆 is the shear stress-dependent exponent of Meter model,
which represent slope [29,37]. The characteristic time (i.e. longest
relaxation time, 𝜆) of the non-Newtonian fluid is 𝜆 = 𝜂0+𝜂∞

2 𝜏𝑚
[29,36]. For

carrying out numerical simulation, Meter model is written as a function
of shear rate as described in [37]. This is obtained by substituting
𝜏 = 𝜂𝑚 𝛾̇ in Eq. (1), where 𝜂𝑚 = 𝜂0+𝜂∞

2 is the viscosity of the fluid at
𝜏𝑚. The exponent of Meter model changes to 𝑆−1:

𝜂 = 𝜂∞ +
𝜂0 − 𝜂∞

1 +
(

𝜂0 + 𝜂∞
2 𝜏𝑚

𝛾̇
)𝑆−1

(2)

2.1. Numerical scheme and the solver

We used PIMPLE (i.e. merged PISO-SIMPLE) algorithm for coupling
of pressure and velocity [38]. Patankar et al. [39] proposed the Semi-
Implicit Method for Pressure-linked equation (SIMPLE) algorithm to
estimate steady-state solution, however, SIMPLE algorithm neglect ve-
locity correction term. The Pressure-Implicit Splitting Operator (PISO)
algorithm proposed by [40] consider velocity correction term. We
refer to [38–41] for details on PIMPLE, SIMPLE, and PISO algorithms.
The second-order implicit backward method was used to discretise
the time scheme of the governing equations. The gradient term and
divergence term were discretised using Gauss linear scheme. The Gauss
linear uncorrected scheme was employed to discretise Laplacian term of

governing equations. The pressure field and velocity field were solved
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Table 1
The Meter model parameters of Separan AP30 fluid of [44] and
polyisobutylene mixed in mineral oil (PIB) of [42] used for the numerical
experiments.

Parameter Separan AP30 concentration PIB

0.50% 0.05% 500 ppm

𝜂0 [Pa s] 4.350 0.260 0.055
𝜂∞ [Pa s] 0.001 0.001 0.033
𝜏𝑚 [Pa] 0.718 0.339 0.079
𝑆 1.471 1.190 3.8
𝜆 [s] 3.030 0.384 0.9

using GAMG solver and smoothSolver of the OpenFOAM. The conver-
gence criterion of 10−7 was implemented for pressure and velocity
fields. The average time-step was adjustable between 10−5 - 10−6 s to
have a Courant number below 0.5. The Courant number is 𝐶 = 𝑢 𝛥𝑡

𝛥𝑥 ,
here, 𝛥𝑡 is the time step and 𝛥𝑥 is length interval.

2.2. Initial and boundary conditions

Three sets of two-phase numerical simulations were conducted in
the present work.

• Simulation of two-phase flow in square Hele-Shaw cell to validate
the model against the experimental data of [42] for air displacing
a non-Newtonian polymeric solution (500 ppm polyisobutylene
mixed in mineral oil) in a partially saturated square Hele-Shaw
cell at a constant pressure.

• Simulation of two-phase flow in three-dimensional Mt. Simon
sandstone of [43] to study the effect of wettability on two-phase
flow dynamics.

• Simulation of two-phase flow in homogeneous and heterogeneous
polydisperse two-dimensional porous media.

SnappyHexMesh utility of OpenFOAM was used to generate meshes
on porous media domain. No-slip boundary conditions were applied
to the walls. For the first set of experiment, Hele-Shaw cell (square
geometry of 150 mm length and gap spacing of 100 μm, porosity (𝜙) =
1) was partially saturated with 500 ppm polyisobutylene (PIB) fluid at
the centre with a volume of 100 𝜇L (diameter of 0.025 m). Air was
injected with a constant injection pressure at the centre and allowed
to flow along the radial direction. The inlet has an inner diameter of
2.4 mm. We note that White and Ward [42] used a plastic shim to
keep the desired spacing between two plates. We could not identify
the geometry and exact location of the plastic shim in the experimental
Hele-Shaw cell. Furthermore, an initial drop of PIB fluid placed at the
centre of the Hele-Shaw fluid by [42] has slightly deviated from the
centre; thus, PIB fluid was not uniformly distributed around the centre.
Thus, the present simulation is not a replica of the experimental work
of [42] as we could not implement the plastic shim spacer geometry
and exact spatial saturation of PIB solution in the simulation setup. We
modelled shear stress-dependent rheology of 500 ppm polyisobutylene
mixed in mineral oil (PIB) using Meter model (see Fig. 1 and Table 1).
We considered density of PIB as 𝜌 = 920 kg∕m3. The interfacial tension
(IFT) and contact angle between PIB and air were considered as 0.03
N/m and 60◦ due to absence of the same in the work of [42]. The
density of viscosity and density of air were taken as 1.81 × 10−5 Pa s
and 1.225 kg/m3, respectively.

For the second and the third sets of numerical experiments, the
domain was fully saturated with silicon oil. Inlet injection velocity
and constant pressure with zero gradients were applied to the porous
medium domain’s left and right boundary. Polyacrylamide solution
(Seperan AP30 fluid, see Table 1 for Meter model parameter and
Fig. 1) of Park et al. [37,44] was injected into the 3D domain of Mt
Simon sandstone [37,43], and 2D domain of porous medium saturated
with silicon oil (density: 970 kg/m3, dynamic viscosity: 0.02 Pa s).
3

Fig. 1. Experimental shear viscosity–shear stress of 0.5% and 0.05% Separan AP30
fluid of [44] and PIB solution of [42] modelled using Meter model (MM) Eq. (1).

The details of 2D and 3D porous media domains used for simulations
are given in Fig. 2 and Table 2. The interfacial tension between the
polyacrylamide solution and silicon oil is 0.029 N/m [15]. We used
ParaView 5.7.0 [45] to post-process the simulation data. Table 2 shows
an average computation time for each simulation for the 2D and 3D
domains along with the number of mesh points in the domain. We used
32 CPU cores in parallel and 16 CPU cores in parallel for the 3D and
2D simulations, respectively. Each CPU cores had a memory of 4GB.
The simulations were computationally expensive as the number of grid
points were larger than 3 million, and the time-step was between 10−5

to 10−6 s.

2.3. Capillary number, viscosity ratio and Weissenberg number

Capillary number is the ratio of viscous forces to the surface tension
forces. Most of the literature uses the Darcy velocity of the injected
fluid [22,33,46] instead of pore-scale velocity to estimate the Capillary
number of a Newtonian fluid flow. The use of Darcy velocity to estimate
Capillary number is widespread due to two reasons. Firstly, it is easy
to measure experimentally compared to the pore velocity. Secondly,
macroscopic properties of fluid flow in a porous medium are easy to
analyse using Darcy’s law for all practical purpose. However, since the
interaction between capillary force and viscous forces during two-phase
flow occurs at pore-scale. The capillary number must always be deter-
mined using pore-scale fluid flow properties (i.e., velocity, viscosity,
interfacial tension) to ensure that the capillary number represents the
actual ratio between viscous forces and capillary forces.

In present work, the capillary number (𝐶𝑎N) of a two-phase New-
tonian fluid displacing Newtonian fluid flow is estimated using 𝐶𝑎N =
𝑈i 𝜂i
𝜎

[35,47]. The viscosity ratio (𝑀N) for two-phase Newtonian fluids

displacement is defined using 𝑀N =
𝜂d
𝜂i

[35,47]. Here, 𝜂i [Pa s] is the
viscosity of the invading fluid, 𝜂d [Pa s] is the viscosity of the displaced
fluid, 𝑈i [m/s] is the invading fluid’s average velocity in the porous
medium domain, 𝜎 [N/m] is the interfacial tension between invading
fluid and displaced fluid.

The shear viscosity of the non-Newtonian fluid in a porous medium
varies spatially, thus, we define capillary number (𝐶𝑎NN) of non-
Newtonian fluid displacing Newtonian fluid as 𝐶𝑎NN =

𝑈i 𝜂eff
𝜎

, and the

viscosity ratio (𝑀NN) using 𝑀NN =
𝜂d
𝜂eff

[4,5,16,48,49]. Here, 𝜂eff [Pa s]
is the effective viscosity of the non-Newtonian fluid for a given set of
flow conditions [29,37].

The Weissenberg number (𝑊 𝑖) is the ratio of the elastic forces to
the viscous forces. 𝑊 𝑖 for the flow of non-Newtonian fluid through con-
fined space is defined as the product of the longest relaxation time (𝜆) of
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Fig. 2. Geometry of (a) segmented Mt Simon sandstone of size 842.8 μm ×842.8 μm ×842.8 μm, (b) heterogeneous 2D porous medium having duel-porosity, (c) homogeneous 2D
porous medium having porosity 55%, (d) heterogeneous 2D porous medium having porosity 40%, and (e) heterogeneous 2D porous medium having porosity 50%. No-slip condition
at solid surfaces and boundaries (except at inlet and outlet).
Table 2
Type of porous medium domains and computation time for the second and third numerical experiments.

Type Porosity
(𝜙)

Domain size Pore size
distribution

Mesh points CPU time
(h)

Mt Simon Sandstone
(3D)

0.24 842.8 μm × 842.8μm
× 842.8 𝜇m

5–120 μm 1,21,12,247 1,176

Homogeneous (2D) 0.55 25 mm × 12 mm 350 μm 43,19,174 168
Heterogeneous (2D) 0.54 25 mm × 15 mm 30–710 μm 3,,19,743 336
Heterogeneous (2D) 0.50 25 mm × 15 mm 8.1–685 μm 38,00,823 168
Heterogeneous (2D) 0.40 25 mm × 15 mm 6.6–418 μm 30,79,048 672
the polymeric solution and the shear rate (i.e. 𝑊 𝑖 = 𝜆 𝛾̇) [5,50,51]. The
shear rate of the fluid flow in a porous medium depends on the pore-
morphology and fluid rheology, and varies significantly in the porous
medium domain. Thus, we defined Weissenberg number (𝑊 𝑖) for the
flow of polymeric solution in the porous medium as [5,50,52,53],

Wi = 𝜆 𝛾̇avg (3)

here, 𝛾̇avg is the volume-averaged shear rate over a porous medium do-
main saturated with non-Newtonian fluids. We estimated the volume-
averaged velocity (𝑈avg), volume-averaged effective viscosity (𝜂eff),
volume-averaged shear rate (𝛾̇avg) of the fluid flow in a porous medium
by integrating the pore-scale velocity value (𝑈), viscosity value (𝜂),
shear rate value (𝛾̇), respectively, over a pore-space filled with a non-
Newtonian fluid (𝑉𝑃 ) in the porous medium domain during two-phase
flow. The representative upscaled value of the fluid properties for a
given set of fluid flow condition in a porous medium depends on the
pore-scale variation of the property. We have shown in the subsequent
section that volume-averaged value can be used as a representative
upscaled value of the pore-scale fluid-flow phenomenon.
4

3. Results and discussion

3.1. Convergence of numerical simulation

The grid convergence analyses were performed on different grid res-
olutions (50,000–500,000) using the same numerical scheme as given
in Section 2.2. The grid convergence was performed on subsample (see
Fig. 3) of porous medium having porosity of 54% at an injection rate of
0.01 m/s and time-step of 10−5 s. Fig. 3 shows comparison of average
velocity and average viscosity of the polymeric fluid in a saturated
domain as a percentage of the high resolution case for each grid size
considered. Fig. 3 shows insignificant difference in the average velocity
and viscosity after grid density 30 cells/μm2. The Courant number
was higher than 1 for grid size lower than 20 cells/μm2. Although,
computationally expensive, all simulations were carried out with a
grid density higher than 50 cells/μm2 to maintain convergence and
accuracy. This resolution provided at-least 50 cells in the smallest
pore-throat of the heterogeneous porous medium.
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Fig. 3. Average velocities and average viscosity for each grid density. The error shows
percentage of the average value attained compared to the highest grid resolution.

Fig. 4. Comparison of (a) the two-phase simulation of air displacing a non-Newtonian
fluid (PIB polymeric fluid modelled using Meter model) in a partially filled radial Hele-
Shaw cell, against (b) an experimental observation of White and Ward [42] at inlet
pressure of 6900 Pa. Blue and red indicate air and PIB polymeric solution, respectively.

3.2. Validation of two-phase numerical modelling

Fig. 4 shows that the flow paths adopted by PIB–air interface in
the numerical simulation and the Hele-Shaw experiment of [42] are
not identical at the injection pressure of 6.9 kPa. This difference in
the flow paths is expected due to the difference in the outlet boundary
condition of [42] experiment and boundary condition adopted in the
simulations described in Section 2.2. We note that the PIB fluid location
in the Hele-Shaw cell was not uniformly distributed around the inlet
during experiment and it was partially deviated from the centre as
shown by the inner dotted line in Fig. 4(b). Moreover, fluid material
parameters (i.e. interfacial tension, density and contact angle) used in
the simulation may not be the same as in the experiments of [42].

Although the interface flow paths of numerical simulation and ex-
periments are not identical, the fluid–fluid interface instability pattern
is similar. The branches of the fingers formed during the simulation
and the experiment follow the similar pattern. The fingers are formed
either by tip splitting or side branching. The thinner fingers with side
branches and smooth sides can also be observed in the simulations
and the experiment. These results indicate that the Volume of Fluid
method based two-phase simulation involving non-Newtonian fluid can
be modelled using shear stress-dependent Meter model equation.

3.3. Pore-scale variation of velocity and viscosity

To quantify the variability of the flow of injected fluid within a het-
erogeneous porous medium (porosity 40%) at an injection rate of 0.01
5

m/s, we calculated probability density functions (PDF) of the velocity
components along the longitudinal and transverse direction, velocity
magnitude, and viscosity as shown in Fig. 5. Similar to the experimental
observation of [46] for Newtonian fluid, Fig. 5c shows exponential de-
cay of velocity magnitude of non-Newtonian fluid. Although flow along
transverse is symmetric about 𝑈𝑇 = 0, the distribution is non-Gaussian
and decaying exponentially. Similarly, flow along longitudinal direc-
tion 𝑈𝐿 shows non-Gaussian distribution with exponential decay. The
viscosity of the injected fluid also shows the non-Gaussian distribution.
These results imply that flow in the heterogeneous porous medium
is non-random and geometry of pore-space governs distribution of
velocity and viscosity.

The probability density function of velocity magnitude could fit into
the Beta distribution function. The mean and standard deviation of the
velocity magnitude, estimated using Beta distribution function, were
3 × 10−2 m∕s and 4.1 × 10−2 m∕s. These results are consistent with
a volume-average velocity (2.97×10−2 m∕s) obtained after integrating
the velocity magnitude value over a porous medium domain saturated
with injected fluid. Similarly, PDF of viscosity value could fit into
Gamma distribution function with a mean of 0.6 Pa s and standard
deviation of 0.165 Pa s, and these values also agree with volume-
averaged viscosity value of 0.61 Pa s. To take into pore-scale variability
in the porous medium, we will report volume-averaged values and the
standard deviation of velocity, viscosity, shear rate in the subsequent
sections.

3.4. Mt. Simon sandstone

We simulated flow of 0.5% PAA polymeric solution displacing
silicon oil through Mt Simon sandstone in the water-wet (𝜃 = 30◦),
intermediate-wet (𝜃 = 90◦) and oil-wet (𝜃 = 120◦) conditions. Table 3
shows average velocity, effective viscosity, the average shear rate of
0.5% PAA solution flow in the Mt Simon sandstone and corresponding
𝐶𝑎, 𝑀 and 𝑊 𝑖 in water-wet, intermediate-wet and oil-wet domain.
The 𝜂eff of polymeric solution at an injection rate of 10−3 m∕s was
on average 0.82 Pa s over a range of contact angles, thus, estimated
𝐶𝑎 on average was 4.19 ×10−2. Generally, for estimation of 𝐶𝑎 of
polymeric fluid flow, the polymeric solution’s zero-shear viscosity has
been extensively used in the literature [1]. The estimated value of
𝐶𝑎 using zero-shear viscosity is 2.19 ×10−1 which is one order of
magnitude greater than values gives in Table 3. We note that the
𝐶𝑎, 𝑀 and 𝑊 𝑖 estimated in the present work could be considered as
representative values for a given set of fluid flow conditions as these
values are determined from direct numerical simulations data instead
of unrealistic viscosity values (i.e. zero-shear viscosity) for given fluid
flow conditions.

The PAA polymeric solution saturations (Fig. 6a,b,c) and simula-
tion movie clip (Clip 1 of the Supporting Information) over a range
of contact angle indicate that the flow path adopted by polymeric
solution in water-wet, intermediate-wet and oil-wet porous medium are
different. The oil saturation profiles (Fig. 6d,e,f) and PAA–oil interface
profiles (Fig. 6g,h,i) in the Mt Simon sandstone indicate that an increase
in the contact angles increases the distribution of small trapped oil
fragments in the sandstone. The surface area of the PAA–oil interface
at breakthrough was 5.57×10−7 m2, 7.76×10−7 m2, and 1.51×10−6

m2, at 𝜃 = 30◦, 𝜃 = 90◦, and 𝜃 = 120◦, respectively. Fig. 6j shows
25.71%, 32.44%, and 34.5% remaining oil saturation at breakthrough
after injection of 0.5% PAA polymeric solution (injection rate at inlet
of 10−3 m∕s) in water-wet (𝜃 = 30◦), intermediate-wet (𝜃 = 90◦) and
oil-wet (𝜃 = 120◦) Mt Simon sandstone of [43], respectively.

Fig. 6k shows the pressure gradients during the simulation as a func-
tion of oil-saturation at a constant inlet injection rate of 10−3 m∕s in the
Mt Simon sandstone. These results imply that oil-wet condition requires
higher pressure compared to water-wet condition to displace oil from
heterogeneous Mt Simon sandstone. Furthermore, as the oil saturation
decreases with time, the pressure required to maintain the constant
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Fig. 5. Probability density function (PDF) of (a) velocity component in longitudinal direction (𝑈𝐿, m/s), (b) velocity component in transverse direction (𝑈𝑇 , m/s), (c) velocity
magnitude (𝑈𝑚𝑎𝑔 , m/s), and (d) viscosity (𝜂, Pa s) of injected fluid in the porous medium with porosity 40%. The data is over the domain saturated with injected fluid. Blue line
indicates data of PAA fluid and red line indicate data of water. Black and green line in (c) indicate Beta distribution function fitting for PAA fluid and water, respectively. black
line in (d) indicate Gamma function fitting with viscosity data. Injection rate is 0.01 m/s.
Table 3
Capillary number (𝐶𝑎), viscosity ratio (𝑀), Weissenberg number (𝑊 𝑖) of PAA-polymeric fluid flow in 3D
Mt Simon sandstone.
𝜃 𝑈𝑎𝑣𝑔 𝜂eff 𝛾̇avg 𝐶𝑎 𝑀 𝑊 𝑖

(m/s) (Pa s) (s−1)

30◦ 1.3 × 10−3 0.8 161 3.59 × 10−2 2.5 × 10−2 487
90◦ 1.5 × 10−3 0.82 153 4.24 × 10−2 2.44 × 10−2 463
120◦ 1.64 × 10−3 0.83 104 4.75 × 10−2 2.38 × 10−2 315
flow rate increases. The simulation of PAA-solution displacing silicon
oil suggests that the water-wet condition is favourable for oil recovery
compared to the intermediate-wet or oil-wet conditions. We note that
we did not observe stable fluid flow front in Mt Simon sandstone at the
capillary number of 2.83 ×10−2. Even though PAA polymeric solution
with significantly high viscosity value, (i.e. with much lower viscosity
ratio) was used to displace silicon oil, we observed fingers during fluid
flow (Fig. 6a,b,c and simulation movie clip 1 in the SI). We note that
fingers in Mt Simon sandstone are more visible in simulation movie
clip 1 of the SI as compared to Fig. 6a,b,c. These fingers were mostly
governed by the heterogeneity of the Mt. Simon sandstone.

3.5. Effect of heterogeneity

To explore whether heterogeneity of the porous medium affects the
stability of polymeric fluid flow front and oil recovery, we simulated
the two-phase flow of 0.5% PAA-polymeric solution displacing silicon
oil and water displacing silicon oil in a homogeneous (𝜙 ∶ 0.55) and
heterogeneous (𝜙 ∶ 0.40, 0.50, 0.54) porous media domain as shown in
Fig. 7 at the constant injection rate of 0.01 m/s at inlet and contact
angle of 30◦. Although the injection rate of water and 0.5% PAA
polymer was 0.01 m/s during simulation, the average velocity of the
injected fluid in the porous medium was higher and varied depending
6

on the porous medium’s heterogeneity (see Table 4). Average velocity
in the porous medium increased with decrease in the porosity. The
capillary number of PAA fluid injection is two orders of magnitude
greater than water injection.

Fig. 7a to d depict that water injection at an injection rate of
0.01 m/s shows fingers in the porous medium and fluid front fol-
lows preferential flow paths. Width of the fingers in the homogeneous
porous medium is much larger than those in the heterogeneous porous
medium. Moreover, the width of the fingers becomes thinner with the
decrease in the porosity.

The homogeneous or orderly porous medium (circular staggered),
as in Fig. 7e, shows stable polymeric fluid flow front at the injection
rate of 0.01 m/s. On the contrary, the disorderly or heterogeneous
porous medium shows instability in the fluid flow front (Fig. 7f and
g) at the same injection rate. The oil-saturation profiles (Fig. 7f and g)
of heterogeneous porous medium show that the fragments of residual
oil are present in the porous medium.

Fig. 7d and h show fluid flow front of water and PAA fluid in
heterogeneous porous medium with two porosities. The upper portion
of porous medium had porosity of 57% (PSD: 75 μm–710 μm) and
bottom portion had porosity of 50% (PSD: 30 μm–520 μm) with overall
porosity of 54%. Fig. 7d shows that length of finger in upper portion
is much larger than in bottom portion of the medium. Water prefers
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Fig. 6. Effect of contact angle on the remaining oil saturation in Mt Simon sandstone. Figure (a, b, c) show the distribution of polyacrylamide (PAA) fluid saturation at different
contact angles, (d, e, f) silicone oil saturation profiles, and (g, h, i) profile of PAA–oil interface profiles. (j) Remaining oil saturation at breakthrough. (k) Pressure gradient as a
function of oil saturation (pressure gradient is the pressure difference between inlet and outlet of Mt Simon sandstone). Injection rate is 10−3 m∕s.
Table 4
Capillary number (𝐶𝑎), viscosity ratio (𝑀) of 2D homogeneous and heterogeneous porous medium.

Porous medium Injection fluid 𝑈𝑎𝑣𝑔 (m/s) 𝜂eff (Pa s) 𝐶𝑎 𝑀

𝜙 ∶ 0.40 Water 0.048 ± 0.101 0.001 1.65 × 10−3 20
0.5% PAA 0.030 ± 0.041 0.61 ± 0.17 6.22 × 10−1 3.3 × 10−2

𝜙 ∶ 0.50 Water 0.031 ± 0.054 0.001 1.07 × 10−3 20
0.5% PAA 0.019 ± 0.022 0.76 ± 0.17 4.87 × 10−1 2.63 × 10−2

𝜙 ∶ 0.55 Water 0.017 ± 0.022 0.001 5.80 × 10−4 20
0.5% PAA 0.014 ± 0.008 0.53 ± 0.066 2.47 × 10−1 3.78 × 10−2

𝜙 ∶ 0.54 Water 0.033 ± 0.030 0.001 1.15 × 10−3 20
0.5% PAA 0.019 ± 0.016 0.64 ± 0.23 4.12 × 10−1 3.12 × 10−2
to flow through areas having higher porosity as compared to the low
porosity area. On the contrary, polymeric fluid shows stable fluid flow
front in both areas of porous medium. The fluid flow front of high
porosity area could reach breakthrough early as compared to fluid flow
front in low porosity area. These results indicate that porosity variation
of the porous medium influences the fluid flow front and preferential
path. The remaining oil saturation at breakthrough in two-porosity
porous medium is comparable with the remaining oil saturation in the
porous medium with porosity 50% at same injection rate. The spatial
location of smaller and larger throats in the porous medium governs the
7

porous medium’s fingering. Fig. 7f,g have small throats in between the
larger throats, on the contrary, such small throats in between the larger
throats are not available in Fig. 7h. These results imply that fingering
in Fig. 7f and g (visible more in movie clip 2) is due to the presence
of smaller throats in between the larger throats. The pressure required
to displace fluid through smaller throats is much higher than the larger
throats/pores. The injected fluid prefers to move through larger throats
first and creates imbalance at the fluid–fluid interface. This leads to
an instability at fluid–fluid interface and fingers appear as polymeric
injected fluid advances towards the outlet.



Journal of Non-Newtonian Fluid Mechanics 296 (2021) 104628T. Shende et al.
Fig. 7. Effect of heterogeneity on oil recovery during water injection and 0.5% polyacrylamide injection in the 2D porous medium. Figure (a,b,c,d) show distribution of water (in
yellow) and silicon oil (in blue) saturation, and (e,f,g,h) distribution of polyacrylamide (PAA) (red) and silicon oil (in blue) saturation at breakthrough over a range of porosity
(40%, 50%, 55%, 54%) and heterogeneity. (i) Pressure gradient as a function of oil saturation (pressure gradient is the pressure difference between inlet and outlet). (j) Remaining
oil saturation (%) as a function of porosity at the breakthrough. 𝜃 is 30◦, constant injection rate at inlet is 10−2 m∕s.
In water-wet porous medium and at the high injection rate, we
observed that the silicon oil detaches itself from the porous medium
surface, moves into the pore-space centre, and surrounds itself with
a polymeric solution (see simulation movie clip 2 in the supporting
information). These small and larger fragments of silicon oil then move
along with polymeric solution towards the outlet. The path of these
small oil fragments depends on the pore size and morphology of the
porous medium. Oil fragments prefer to move through pores having
large sizes. We note that the mechanism mentioned above helps to
recover residual oil using polymeric solutions even after the early
breakthrough of a polymeric solution and viscous fingering at high
injection rate.

3.6. Effect of contact angle and PAA concentration

The effect of viscosity ratio at a constant injection velocity of
10−2 m∕s on oil displacement was investigated by injecting polymeric
fluid, having PAA concentration of 0, 0.05%, 0.5% in water, in a silicon
oil-saturated 2D porous medium of porosity 40% as shown in Fig. 8a.
Similarly, effect of viscosity ratio at a constant injection velocity of
10−3 m∕s on oil displacement was evaluated over a range of contact
angles in a dual-porosity medium as shown in Fig. 8b. The numerical
experiment was carried out by keeping static contact angle of fluid in-
terface with the solid surface as 30◦, 90◦, 120◦ which represent porous
media flow from strong imbibition to strong drainage. The viscosity
ratio for a displacement experiment with water, PAA-0.05%, PAA-0.5%
were 20, 0.22, 0.032, respectively over a range of contact angles.
Similarly, the capillary number for a displacement were 2.13×10−3,
1.16×10−1, 6×10−1 for water, PAA-0.05%, PAA-0.5%, respectively. The
Weissenberg number of the fluid flow was higher than 150. Although
the injection rate at the inlet was constant (i.e. 10−2 m∕s), the viscosity
ratio decreased, and the capillary number increased with an increase in
the PAA-concentration. These results indicate that balance of capillary
forces and viscous forces in porous medium varies with variation in the
rheology of the non-Newtonian fluids.

Fig. 8a depicts that an increasing concentration of the polymeric
solution increases the oil recovery for the 𝜙 = 40% porous medium.
The fluid flow front of water shows finger at the capillary number of
2.13 × 10−3, on the contrary, more stable fluid front (but still with
some fingers) can be observed after addition of PAA-polymeric solution
in water. Addition of PAA in water decreased the viscosity ratio and
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increased the capillary number by 2 to 3 orders of magnitude. Fig. 8
shows that an increase in the static contact angle decreases the oil
recovery over a range of PAA-concentrations. At oil-wet condition (𝜃 >
120◦), many regions with trapped oil in the polymeric solution were
observed in the porous medium. On the contrary, a minimal amount
of oil was trapped in the polymeric solution under the water-wet and
intermediate-wet conditions (< 90◦). The average velocity of water
in the 2D porous medium was six times (i.e. 6.12×10−2 m∕s) of the
inlet injection velocity (10−2 m∕s), whereas the average velocity of
the polymeric solution ranged from 3.07×10−2 to 3.9×10−3 m∕s over
a range of contact angle and PAA concentration. Fig. 8b shows that
addition of PAA in water increased the oil recovery over a range of
contact angles in the dual-porosity medium at capillary number of
7.5×10−2 and injection rate of 10−3 m∕s. Fig. 8b shows stable fluid flow
front with PAA fluid over a range of contact angles, on the contrary,
water shows fingers in upper portion of the porous medium over a
range of contact angles. Water could not flow through the bottom
portion of the porous medium. We note that flow paths adopted by
water and polymeric solution in the porous medium vary with the
contact angle.

The difference between the behaviours of PAA solutions for 40%
and dual-porosity media shows the importance of taking into account
the heterogeneity at pore scale even for the stable polymeric solutions.
Previous work on the continuum scale proposed that the macro-sweep
is the primary oil recovery mechanism using the polymeric solution and
micro-sweep plays an insignificant role [1].

4. Conclusion

We used Volume-of-Fluid based method to simulate the two-phase
flow of non-Newtonian fluid in porous media. To describe the poly-
meric solution’s rheology, we implemented a shear-stress dependent
Meter model in the ‘interfoam’ solver of OpenFOAM. The Meter model-
based simulation of Newtonian fluid displacing non-Newtonian fluid
in a partially saturated Hele-Shaw cell was compared with a Hele-
Shaw experiment of White and Ward [42] for validation. The pattern
of the instability of the fluid–fluid interface (i.e. tip-splitting and side
branching fingers) observed in the simulation, and the experiments of
the White and Ward [42] were similar.

We simulated the displacement of oil by polymeric solution over
a range of wettability conditions, heterogeneity, capillary number and
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Fig. 8. Effect of contact angle and PAA concentration on oil recovery during water
injection and polyacrylamide injection in a 2D porous medium, (a) porosity 40% at
an inlet injection rate of 10−2 m∕s, (b) dual porosity, 54% at inlet injection rate of
10−3 m∕s. Figure shows distribution of water (in yellow) and silicon oil (in blue) and
polyacrylamide (PAA) (red) at breakthrough.

viscosity ratio. The present work results suggest that heterogeneity of
the porous medium governed the fingering during polymeric fluid-oil
two phase fluid flow. Increasing the capillary number and viscosity
ratio increases the oil recovery over a range of wetting conditions
(i.e., strong imbibition to strong drainage). Heterogeneity of the porous
medium leads to the unstable fluid flow front (even after use of poly-
mer). This suggests that along with capillary number and viscosity
ratio, heterogeneity is the governing factor for controlling viscous and
capillary fingering.

Visco-elasticity plays a vital role in the displacement of a polymeric
solution. The Weissenberg number (𝑊 𝑖) of more than 140 in the porous
medium implies that the micro-sweep of the oil by polymeric solution
depends on the visco-elasticity of the polymeric solution. These results
agree with reported experimental observations [16]. In future, we will
study the effect of wettability of the porous medium and visco-elasticity
of the polymeric solution on micro-sweep of oil using microfluidic ex-
periments and two-phase simulation using linear Phan–Thien—Tanner
model.
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