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Abstract: The displacement of a shear-thinning fluid by a denser and less viscous Newtonian fluid in
a vertical duct is investigated using experiments and numerical simulations. We study how shear-
thinning and increased viscosity contrast between the fluids affect the displacement. Our results show
that the degree of shear-thinning significantly influences the development of interfacial patterns and
the growth of perturbations. In the weakly shear-thinning regime, the displacement progresses as a
stable displacement with no visible instabilities. Increasing the viscosity of the displaced fluids result
in a Saffman–Taylor type instability with several finger-shaped channels carved across the width of
the duct. In the strongly shear-thinning regime, a unique viscous finger with an uneven interface
is formed in the middle of the displaced fluid. This finger eventually breaks through at the outlet,
leaving behind considerably stagnant wall layers at the duct side walls. We link the onset of viscous
fingering instability to the viscosity contrast between the fluids, and the stabilizing density difference,
as expressed through a modified, unperturbed pressure gradient for the two fluids. Numerical
simulations are performed with both an initial flat interface, and with a perturbed interface, and we
find good qualitative agreement between experimental observations and computations.

Keywords: non-newtonian fluid displacement; Saffman–Taylor instability; shear-thinning fluid

1. Introduction

The displacement of one fluid by another is a flow process with implications to
engineering, industrial and medical applications. Many of these displacement flows
involves non-Newtonian fluids and fluid pairs with large viscosity contrasts [1–5]. While
non-Newtonian fluid properties, such as shear-thinning or yield stress behavior, can be
deliberately introduced into fluids to improve the displacement process, the resulting non-
linearity complicates the analysis of the displacement. Of particular importance for several
industrial applications is the ability to predict the stability of the interfacial dynamics of a
certain displacement process [6,7], i.e., to predict the dissipation of interfacial waves [8];
whether the amplitude of perturbations to the flow will grow or dissipate over time [9];
and to analyze the velocity field and energy transformation around a Taylor bubble [10].
Example instabilities include the classical Rayleigh–Taylor and Saffman–Taylor instabilities,
which are associated with density- and viscosity-unstable conditions. The topic of the
current study is the upward displacement of a viscous, non-Newtonian fluid by a less
viscous Newtonian fluid, and is therefore connected to the Saffman–Taylor instability where
fingers of the displacing fluid may penetrate into the more viscous, displaced fluid [11,12].

Viscous fingering and related instabilities have frequently been studied in Hele-Shaw
cells that consist of wide parallel plates separated by a narrow gap, h. It follows from
momentum conservation that the mean velocity, ~U, of a Newtonian fluid in a Hele-Shaw
cell is ~U = −h2~∇p/12µ, with µ the fluid viscosity and p is the pressure. This equation is
identical to the so-called Darcy equation that is often used when studying non-inertial flow
in permeable porous media, with h2/12 corresponding to the media permeability [12,13].
The Hele-Shaw geometry therefore represents an attractive and relevant measurement
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geometry for studying porous media displacements, which are important for optimizing
increased oil recovery processes or the geological sequestriation of carbon dioxide.

The stability of the interface between two superposed fluids that are subject to a
pressure gradient was studied in the classical paper of Taylor and Saffman [11]. For
Newtonian fluids and in the absence of gravity and interfacial tension, the flow becomes
unstable to linear perturbations when the displacing fluid is less viscous than the displaced
fluid [14], resulting in the penetration and growth of viscous fingers into the displaced fluid.
In upward, vertical flow in the presence of gravity, a density difference between the fluids
will also affect the stability of the flow by suppressing viscous fingering when the lower,
displacing fluid is denser than the displaced fluid. Denoting the displaced, upper fluid by 2
and the displacing, lower fluid by 1, the displacement becomes unstable to perturbations
when ρ1g + µ1U0/k1 > ρ2g + µ2U0/k2, as shown by, e.g., Leal [14]. Here, ρi and ki
correspond to the density and permeability of fluid i, respectively, g is the gravitational
acceleration and U0 is the magnitude of the imposed flow velocity. As pointed out above,
for a Hele-Shaw cell of uniform gap width, ki → h2/12, and µiU0/ki corresponds to the
(unperturbed) friction pressure gradient of fluid i. As such, the displacement becomes
unstable when the “modified” pressure gradient of the displaced fluid exceeds that of the
displacing fluid. According to this criterion, a density-unstable configuration (ρ2 > ρ1)
can be stabilized by viscosifying the displacing fluid: µ1 − µ2 > (ρ2 − ρ1)gk/U0. Similarly,
a viscosity-unstable configuration (µ2 > µ1) can be stabilized by increasing the density
of the displacing fluid: ρ1 − ρ2 > (µ2 − µ1)U0/(gk) [15]. In this study, we will connect
this stability criterion to the density-stable and viscosity-unstable displacement of a shear
thinning fluid.

The Hele-Shaw geometry and the Saffman–Taylor instability is relevant also for fluid
displacements in narrow annulus geometries. Indeed, to leading order in the gap width,
displacements in a narrow, eccentric annulus can be approximated by displacements in an
equivalent Hele-Shaw cell of varying gap-width [5,9,14]. The cementing of casing strings
during well construction is an example of annular fluid displacement with significant
industrial and environmental importance. The cementing operation involves displacement
of a drilling fluid from the annulus, and the placement of a cement slurry that should form
a barrier for zonal isolation behind the cemented casing string. To prevent instabilities
and optimize the displacement efficiency, industry guidelines for displacements in vertical
or inclined annuli generally recommend that the displacing fluids should be denser and
exert a greater friction pressure than the fluids they displace [16]. While gravity will act to
stabilize displacements in vertical and inclined geometries (the displacing cement slurry
being denser and displacing lighter fluids upward), the viscosity hierarchy between fluids
is considered particularly important for the cementing of horizontal and near-horizontal
annuli. Indeed, within a lubrication scaling, Carrasco-Teja et al. showed that conditions for
the existence of steady displacements in horizontal annuli is given entirely by the viscosity
of the two fluids [17].

Since the classical work by Taylor and Saffman [11], many experimental studies have
explored the growth of viscous fingering instabilities and displacement mechanics in the
Hele-Shaw cell geometry. In a comprehensive review, Homsy illustrated the morphology
of viscous fingering at the liquid interface for both miscible and immiscible displacement in
Hele-Shaw cells [12]. The dynamics of viscous fingering, i.e., splitting, shielding, spreading
and its relevant dimensionless numbers were discussed in detail. McCloud and Maher
made an in-depth experimental study on the perturbations to viscous fingering with a
Hele-Shaw cell [18]. Density-stable downward displacements of Newtonian liquids in a
vertical Hele-Shaw cell was studied experimentally and theoretically by Lajeunesse et al.,
who focused on sufficiently high flow rates for capillary effects to be small [19]. In this limit,
the interface that separates the fluids does not necessarily span across the gap of the Hele-
Shaw cell, and the profile of the interface may develop inside the gap. Using a lubrication
scaling [19], derived a hyperbolic conservation equation for the gap-wise shape of the
interface, and predicted three qualitatively different interface shapes depending on the
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viscosity ratio between the fluids, and the ratio of viscous to buoyant forces. Subsequently,
Fernandez et al. explored density-driven flow and instability in a similar vertical Hele-
Shaw cell [20]. Haudin et al. further studied buoyancy-driven instabilities in viscously
stable miscible displacements within a horizontal Hele-Shaw cell [21]. An et al. in their
recent work studied miscible viscous fingering in a sealed Hele-Shaw cell, where they
explored how different parameters can effect the viscous finger dynamics, and identified
different flow regimes and their fingering characteristics [22].

As the Saffman–Taylor instability is strongly linked to the viscosity of the two fluids,
one can expect non-Newtonian properties in either of the two fluids to impact the displace-
ment stability and the criterion for onset of viscous fingering instability. A linear stability
analysis for the displacement by air of an Oldroyd ’Fluid B’ model or a power law fluid
was performed by Wilson [13]. shear-thinning was found to modify the growth rate of
perturbations to the fluid-fluid interface by a factor of n−1/2, with n being the flow behavior
index of the displaced, power law fluid [13]. Subsequently, Mora and Manna performed
a linear stability analysis involving two non-Newtonian fluids in a horizontal Hele-Shaw
cell [23], and for air displacing a viscoelastic Maxwell fluid [24]. From a Darcy relation
for generalized Newtonian fluids, their linear stability analysis showed that interfacial
perturbations grow when the unperturbed pressure gradient of the displaced fluid exceeds
that of the displacing fluid and the stabilizing effect of interfacial tension [23]. Thus, this
stability criterion for generalized Newtonian fluids is analogous to that of Newtonian fluids,
as discussed above.

An experimental investigation of the impact of non-Newtonian viscosity on viscous
fingering instability was reported by Lindner et al., who performed experiments with
solutions containing rigid (shear-thinning) or flexible (elastic) polymer solutions [25]. Their
results showed that a modified Darcy equation could explain the relative finger width
observed in solutions with low polymer concentration [25]. A recent experimental study
considered displacements involving a Newtonian mineral oil and aqueous shear-thinning
liquids in a horizontal Hele-Shaw cell [26]. The experiments showed that a transition
from viscous fingering to stable plug displacement occurred for viscosity ratios between
displacing and displaced fluid of approximately 2.25–2.5. That is, fingering instabilities
could still occur even if the viscosity of the displacing fluid is more than twice that of
the wall viscosity of the displaced fluid. Varges et al. attributed these observations to the
shear-thinning property of the aqueous solution, i.e., the existence of viscosity gradients
across the gap in the Hele-Shaw cell, with the shear-thinning fluid having a significantly
larger effective viscosity close to the center of the gap compared to at the walls [26]. We
remark that these observations appear to be (at least qualitatively) in agreement with the
stability criterion developed by Mora and Manna [23], which relates the stability of the to
unperturbed friction pressure gradients and not the fluid viscosity function directly. Even
more recently, Jiang et al. performed an experimental study that investigated the effect of
polymeric liquid additives on the onset of viscous fingering as well as finger shapes [27].
Their results confirmed the observations of the previous study, i.e., that viscous fingering
may occur even when the displaced, shear-thinning fluid has an effective viscosity less
than the viscosity of the displacing, Newtonian fluid, and that this is linked to the viscosity
gradient in the gap [27]. Further, and as discussed by, e.g., Lindner et al. [28], it has
been observed that rigid polymers and flexible polymers affect finger width differently:
Rigid polymer solutions that exhibit viscous fingering, tend to develop narrower fingers at
higher imposed velocity due to shear thinning at the finger tip. This results in lower local
viscosity at the tip and easier growth of a narrow finger. Flexible polymer solutions, on
the other hand, show larger resistance to elongation and a tendency for developing wider
fingers [28].

Finally, we comment that recent work has also investigated impacts of surfactants on
viscous finger formation at the interface between immiscible fluids. Bonn et al. showed
that addition of surfactants increased the width of the viscous finger formed as heptane
displaced water [29]. This observation can be explained by surface tension anisotropy
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along the interface caused by a competition of advection and adsorption of surfactant
molecules, resulting in maximum surface tension at the tip and minimum at the sides, [29].
Ahmadikhamsi et al. recently studied the combination of surfactants and non-Newtonian
viscosity on viscous fingering in a radial Hele-Shaw cell where an aqueous polymer solution
displaced a viscous oil [30]. Similar to the case with Newtonian fluids, this study also found
a tendency for wider-finger formation caused by surface tension anisotropy. In contrast
to Newtonian displacements, shear thinning was found to increase the finger width for
increasing flow rate [30]. Research efforts on theoretical and physical principles regarding
the effects of the addition of surfactants on viscosity and forces at the interface, as well as
the interfacial rheology are addressed in, e.g., Refs. [31–34], and a comprehensive review of
surfactant dynamics was provided by Manikantan and Squires [7].

As addressed in recent literature, additional experimental and theoretical studies on
the subject are required to evaluate criteria for onset of viscous fingering instabilities, and
the resulting finger morphology [12,18,25], especially for displacements that involve one
or more non-Newtonian fluids. In this work, we report a combined experimental and
numerical investigation of the interface dynamics for the viscosity-unstable displacement
of a shear-thinning fluid by a denser Newtonian fluid. The goals of this work are to connect
the fingering instability to viscosity- and density-differences between the two fluids, and to
qualitatively validate numerical simulations of these displacements.

2. Methodology
2.1. Experimental Geometry

Our experimental test setup consists of a rectangular duct with a cross section of
0.17 m width and 0.017 m narrow gap. The height of the duct is 1 m. A schematic of the
experimental setup is shown in Figure 1.

Figure 1. Schematic of the experimental setup.
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The interface between two fluids was set initially at 60 cm above the inlet (bottom) of
the duct. A specially designed mechanical separation device was used to ensure minimial
initial mixing between the two fluids, and to achieve a well-defined and repeatable hori-
zontal fluid interface at the start of the experiment. The displacing fluid was colored with
black ink for visualization purposes. Flow visualization set on the front side of the duct,
and is the achieved by high-speed video imaging with a high intensity lighting source. We
used an LED lighting panel as the lighting source. It was placed behind the duct during
the experiments to light the displaced fluid section as shown in Figure 1. The high-speed
camera is set front of the duct, directly opposite to the lighting source. The lighting panel
allows uniform light distribution, at the same time prevent the creation of concentrated
lighting spot and overexposure.

This laboratory setup was designed and constructed to ensure precise control of inlet
flow velocity and to provide optical access for flow visualization. A goal of the design
was to enable direct comparison between measurements and corresponding numerical
simulations for validation purposes. We note that the aspect ratio of the confined channel,
i.e., the ratio of width to gap length, λ = W/h, is 10. The resulting channel is therefore not
a classical Hele-Shaw cell, but instead a rectangular channel where we expect fully three-
dimensional effects to be present. The choice of the geometric dimensions was motivated
in part by having a gap width comparable to the annular clearance between casings for
primary cementing, but also for potential future study of gap-wise displacement mechanics.
We comment that the short side walls of the channel will affect the flow in their proximity
and away from the center part of the channel, and that the relatively wide gap (0.017 m)
suggests that inertial effects may not be neglected, at least not in the least viscous fluid
used in this study.

2.2. Fluid and Flow Properties

The displacing fluid in the experiment was plain tap water densified with a small
addition of NaCl to reach a mass density of 1000 kg/m3. The corresponding viscosity for
the displacing fluid at room temperature was 0.001 Pa·s. Different concentration aqueous
xanthan gum solutions were prepared as the displaced fluid. We have considered displaced
fluid with xanthan gum concentrations of 0.02%, 0.075% and 0.225% by weight. The
increasing concentration of xanthan gum results in a higher degree of shear-thinning,
and we refer to these displaced fluids as weakly, moderate and highly shear-thinning,
respectively. Xanthan gum was chosen as viscosifier, as it is a commonly used additive in
petroleum, pharmaceutical, and food industries. Xanthan gum is a high molecular weight
polysaccharide which, when added to a liquid, quickly disperses and creates a viscous and
stable solution [35].

Xanthan gum solutions are shear-thinning fluids, and its steady state flow curve is
well described by a power law, or Ostwald–de Waele equation [36], i.e., τ = κγ̇n, where τ
and γ̇ denote the shear stress and shear rate, respectively, and κ and n are the consistency
index and the flow behavior index of the power law model, respectively. The flow curves
of the three different concentrations of xanthan gum solution were measured using an
Anton Paar MCR302 scientific rheometer fitted with a concentric cylinder measurement
geometry, and the measurements were fitted to the power law model described above.
The resulting least squares model parameters are listed in Table 1. We note that when
fitting the measurements to the alternative Herschel–Bulkley model, τ = τ0 + κγ̇n, with
τ0 denoting yield stress, we found τ0 → 0 Pa, suggesting purely viscous, shear-thinning
behavior. The mass density of the xanthan gum solutions was measured to be 998 kg/m3

for all concentrations considered in this study. Fluid densities were measured with an
Anton Paar DMA1001.
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Table 1. Viscosity parametrization for the displaced fluid with different concentration xanthan gum.

Concentration (wt %) κ (Pa·sn) n

0.02 0.016 0.69
0.075 0.077 0.52
0.225 1.83 0.22

2.3. Experimental Procedure

Displacement experiments were performed at a fixed volumetric flow rate of 4.6 L/min
for all cases. A centrifugal pump was used to pump the displacing fluid and an ultrasonic
flowmeter from Sensata Technologies (model UF25) was used to measure the flow rate.
This choice of flow rate ensured that the flow remained laminar in both phases. For each
displacement experiment, the lower and upper parts of the duct were filled with displacing
and displaced fluids, respectively, prior to the displacement process. The two fluids were
separated using a specially designed gate to ensure that the interface was sharp at the start
of the experiment. The gate was opened just before the displacing process starts.

A by-pass loop was created to ensure that the pump was already operating at a steady
flow rate by the time the experiment began. Displacing fluid was directed through the
by-pass loop at a constant flow rate that was known to deliver the desired flow rate after
switching the valve and opening the gate. Right after opening the gate, the displacement
process was started by simultaneously closing the by-pass valve and opening the main
valve, thus allowing the pump to inject displacing fluid into the duct. The displacing fluid
was thus injected from the bottom of the duct through a honeycomb flow straightener to
reduce disturbance in the flow and homogenize the velocity profile. The displaced xanthan
gum solution was pushed to the outlet on the top of the duct to enter waste fluid collector.

2.4. Dimensionless Parameters

Relevant dimensionless numbers that govern the displacement experiments can be
found by nondimensionalizing the equations of mass and momentum conservation, and
the usual convection-diffusion equation for fluid concentrations. The particular geometry
of the rectangular duct is characterized by the duct aspect ratio, λ = W/h, which we
define as the width relative to the gap size of the duct. In the current configuration,
λ = 10. To characterize the relevant inertial, buoyant and viscous stresses, we take the
ratio of the imposed bulk velocity, U0, to the narrow gap width, h, as characteristic shear
rate, γ̇∗ = U0/h, and associate an effective viscosity with the displaced fluid phase, i.e.,
µ∗1 = κ1γ̇∗n1−1. The bulk velocity is defined as the imposed volumetric flow rate, Q, divided
by the cross-sectional area of the duct, U0 = Q/(Wh). The ratio of inertial and viscous
stresses is given by the Reynolds number as Re = ρ̄U2

0 /τ∗, where ρ̄ is the average mass
density and where a characteristic shear stress is introduced as τ∗ = max{µ∗1 γ̇∗, µ2γ̇∗}.
Similarly, the ratio of inertial and buoyant stresses is expressed by the densimetric Froude
number, defined as Fr2 = U2

0 /(Atgh), with At = (ρ1 − ρ2)/2ρ̄ being the Atwood number.
Table 2 provides a summary of the relevant dimensionless numbers for this study, along
with typical range or value each. Finally, we point out that generalized Newtonian fluids
tend to complicate the definition of, e.g., the Reynolds number for this fluid. Above, we
have simply taken the ratio of the inertial and a fixed, characteristic viscous stress scale as
our Reynolds number. We note that a different approach to defining this dimensionless
number is that of Metzner and Reed, where a generalized Reynolds number, ReMR, is
introduced that is defined so that the Darcy–Weisbach friction factor, f , is f = 64/ReMR in
the laminar regime [37]. We note that the latter definition of the Reynolds number suggest
that the displacement experiments were within a laminar flow regime.
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Table 2. Dimensionless number relevant for the current study.

Number Name Definition Range or Value

λ Duct aspect ratio W/h 10
Re Reynolds number ρ̄U2

0 /τ∗ 0.3–32.3
At Atwood number ∆ρ/2ρ̄ 0.001
Fr Froude number U0/

√
Atgh 2.05

n1
Shear-thinning index

of fluid 1 n1 0.2–0.7

M Viscosity ratio µ∗1/µ2 14–1293

2.5. Computational Tools
2.5.1. Solver and Assumptions

We assume that the vertical fluid displacements considered in this study are gov-
erned by equations for mass and momentum conservation, and that the concentration of
displacing fluid, c, evolves according to

∂c
∂t

+ ~∇ · (c~U) = 0, (1)

where ~U is the velocity vector. No diffusive term is included in Equation (1), as we will
assume the time-scale for diffusive mixing to be significantly longer than the typical time-
scale of our experiments. Further, assuming incompressible fluids, the equation for mass
conservation requires the velocity field to be solenoidal:

~∇ · ~U = 0. (2)

Finally, the equation for momentum conservation reads:

∂ρ~U
∂t

+ ~∇ · (ρ~U~U) = −~∇p + ~∇ · (2µS) + ρ~g, (3)

where p, µ and ~g denote pressure, fluid viscosity and the gravitational acceleration, respec-
tively, and where S =

[
~∇~U + (~∇~U)T

]
/2 is the rate-of-strain tensor.

All numerical simulations for this study have been performed using OpenFOAM: an
open-source CFD software with many useful modelling features. OpenFOAM provides
several numerical solvers for multi-phase simulations, and the interIsoFoam has been
used for the current study. This solver is an upgraded version of the volume-of-fluid
(VOF) interFoam solver that features the isoAdvector method, which helps resolving
sharp fluid interfaces [38]. The interIsoFoam solver was initially developed for modelling
of incompressible, immiscible two-phase flows. In this study, this immiscible solver is
picked so that interface dynamics between the fluids can be captured as clearly as possible
in the numerical simulations. Treating the two fluids effectively as immiscible is considered
reasonable as the time-scale for molecular diffusion should be considerably larger compared
to the relevant advective time-scale of our experiments. Moreover, the flow around the
interface is assumed for the most part laminar, which means that the clean interface that
separates the fluids at t = 0 s is likely to be preserved throughout the experiments. Therefore,
the fluid pair can be considered as “immiscible” so that the evolution of interface can be
investigated. Note that the “immisible” interface hypothesis is evident from experimental
observations shown in Section 3. When using interIsoFoam for miscible fluids, the setting
for surface tension between two fluids should be lowered to a value near 0 N/m. the
boundary conditions were chosen to take account of the

Finally, the boundary conditions were set to take account of the fact that the flow is
internal. Consequently, the inlet features constant velocity reflecting the flow rate and
cross-section area, and zero gradient for pressure. The boundary condition for the outlet
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uses zero gradient for velocity and a constant reference value for pressure. The non-slip
boundary condition is applied at all walls.

2.5.2. Transport and Rheology Model

OpenFOAM offers many built-in options for non-Newtonian fluid models [39]. In
accordance with the experimental measurements of displaced fluid viscosity, the power
law model is chosen for the xanthan gum solutions. This feature is parametrized in the
transport properties file of the OpenFOAM set up. The power law model assumes that
the kinematic viscosity of the fluid is described by Equation (4), with κ being the flow
consistency index and n being the flow behavior index of the power law fluid:

µ/ρ = ν = (κ/ρ)γ̇n−1, νmin ≤ ν ≤ νmax. (4)

Since ν→ ∞ as γ̇→ 0 for shear-thinning fluids, a maximum, numerical kinematic viscosity
needs to be defined in the model, νmax. Similarly, since ν→ 0 as γ̇→ ∞, a certain, minimum
numerical viscosity, νmin is also defined. In our case, νmin and νmax are set to be small and
large enough, respectively, to make sure the solver is robust and exhibits stable behavior,
and that the effective viscosity of the displaced fluid is in accordance with the power law
model over the active mesh.

2.5.3. Mesh Independence Study

Meshing was performed using the blockMesh tool that comes with OpenFOAM. A
mesh independence study was conducted using seven different resolutions, and consider-
ing the displacement of the weakly shear-thinning fluid by the Newtonian fluid. The peak
velocity magnitude at the end of the simulation was used as comparison parameter. The
precision tolerance is set to be 10−6.The results from mesh analysis is shown in Figure 2.

Figure 2. Convergence and mesh independence study.

It is clear that there is a rapid decrease in the peak velocity magnitude when going
from mesh M1 to mesh M4. Finer mesh refinements result in considerably smaller changes
in the peak velocity (less than 5% reduction per mesh refinement). The final chosen mesh
size is M6, which contains 20 cells across the gap, 160 cells along the width and 256 cells
along the length of the channel. The mesh grid used for all CFD simulations is shown in
Figure 3 which, as pointed out above, corresponds to the static mesh M6. A numerical
convergence or precision criterion of 10−6 was satisfied at every iteration of every case
presented in this work.
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Figure 3. The mesh grids used for CFD simulations.

2.5.4. Parallel Computation

The results presented in this work were generated using 8 processors in parallel to
cope with the intensity of computation. The models were run using a computer with 32 GB
RAM and 8 cores (CPU: Intel i7-11700 @ 2.50 GHz). The mesh was divided across the
height of the duct creating 8 evenly distributed blocks, each consisting of 102,400 cells.
Parallelization reduced the computational times for all cases by 8 times for the defined
precision tolerance 10−6 at each iteration of every case. The CPU times varied between
10,892 s to 22,183 s, depending on the level of shear-thinning of displaced fluid. The highest
computational cost corresponded to the cases involving the strong shear-thinning fluid
as shown in Figure 4. The lower computational cost corresponded to displacements with
equivalent Newtonian viscosity as shown in Figure 5.

2.5.5. Perturbation of Initial Interface Shape

In the current study, simulations have been performed with an initial horizontal
interface between the two fluids, as well as with an initially “perturbed” interface in
the form of a sinusoidally varying interface shape. The module CodeStream is used to
implement the induced perturbation at the interface. This module allows the generation of
a custom, defined interface and boundary conditions. In this work, the “perturbed” initial
interface is defined as z = z0 + A sin(2πx/λ), i.e., corresponding to a harmonic oscillation
of amplitude A and wavelength λ about the mean height z0 above the inlet to the duct.
The details of sinusoidal wave function used to define the initial shape of the interface is
addressed in Section 3.2.
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Figure 4. Experimental visualization (top) and CFD simulation (bottom) of interface evolution of
water displacing 0.225 wt.% xanthan solution.

Figure 5. Experimental visualization (top) and CFD simulations (bottom) of interface evolution of
water displacing 0.02 wt.% xanthan gum solution. The case is simulated with both power-law and
effective Newtonian viscosity for comparison.

3. Results and Analysis
3.1. Interface Shape during Displacement of Shear-Thinning Fluids
3.1.1. Weakly Shear-Thinning Regime

Shown in the top panel of Figure 5 is a visualization of the fluid-fluid interface at
different times since start of the displacement experiment for the weakly shear-thinning
displaced fluid. In the central panel, equivalent results are shown for the simulations of
this case, while the bottom panel corresponds to numerical simulations involving the dis-
placement of a Newtonian fluid of the same effective viscosity as the power law fluid.
The effective Newtonian viscosity is estimated based on the characteristic shear rate
γ̇∗ = 3U0/h = 4.69s−1, with U0 the bulk velocity, and h is the gap width of the duct.
After obtaining the shear rate, the equivalent Newtonian viscosity is taken as µ∗ = κγ̇∗n−1.
Simulations from two models show very similar results and appear to agrees well with what
is observed from the experiment. Both the fluid interface dynamics and the displacement
process behaved like the two-phase flow of Newtonian fluid.



Fluids 2023, 8, 35 11 of 17

The interface advanced steady and uniformly along the duct in experiment and
numerical simulations, characteristic of a stable displacement. Comparison of the numerical
simulations suggest minor effect of shear-thinning on the interface shape, as expected since
the small concentration of xanthan gum only imparts a modest degree of shear-thinning
in the displaced fluid. Interestingly, we note that no obvious viscous fingering instability
occur, even if the displaced fluid is considerably more viscous than the displacing water
phase. We will argue below that the density difference between the fluids is here sufficient
to suppress the development of fingering instabilities.

3.1.2. Moderately Shear-Thinning Regime

Visualization of the interface shape for displacement of the moderately shear-thinning
fluid is shown in the top panel of Figure 6. Compared to the previous case, Figure 5,
we now observe several smaller finger-shaped channels carved across the width of the
duct. Eventually, most of the central part of the duct is displaced, save for a relatively
thin but observable wall layer adjacent to the short side walls. The interface between the
residual wall layer and the central, displaced core appeared uneven, possibly due to a
Kelvin–Helmholtz-type instability at the interface.

Figure 6. Experimental visualization (top) and CFD simulation (bottom) of interface evolution of
water displacing 0.075 wt.% xanthan gum solution.

The bottom panel in Figure 6 shows the results of numerical simulations. We identify
similar finger-shaped channels as shown in the experiments (top panel), although there
appears to be more prominent finger structures formed in the experiment compared to the
simulation. We attribute this to initial perturbations that are likely present in the experi-
ments but not in the numerical simulations. We deliberately introduce perturbations to the
numerical simulations in Section 3.2 below, in the form of a sinusoidal initial fluid-fluid
interface. We note that the simulation in Figure 6 also captured the residual wall layer and
the undulating shape of the interface, as observed in the experiment. We also observe that
the numerical simulation suggests a slightly more rapid displacement compared to the
experiment, which is visible when qualitatively comparing the displaced area in experiment
and simulation at the same time since start of displacement. A possible explanation is
slightly varying flow rate delivered by the centrifugal pump in the experiment. Although
the simulation predicts behavior that is not exactly like what was observed in the experi-
ment, it confirms the development of finger-shaped instabilities for the displacement of the
moderately shear-thinning fluid.

3.1.3. Strongly Shear-Thinning Regime

For the highly shear-thinning fluid, composed of 0.225 wt.% xanthan gum, the dis-
placed fluid is significantly more viscous than the displacing phase. The experimental
observation is provided in the top panel of Figure 4, and shows a Newtonian fluid that
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channels through the center of the highly viscous shear-thinning solution. As the central
finger reached the outlet, practically all injected, displacing fluid advances through the
central core, leaving a considerable volume of residual fluid adjacent to the side walls of
the duct.

The bottom panel in Figure 4 shows the results of the numerical simulation. The simu-
lation also suggests a central displacement surrounded by residual wall layers. As per the
moderately shear-thinning regime discussed above, we attribute the non-symmetric shape
of the advancing finger in the experiment to perturbation(s) not present in the numerical
simulation. Interestingly, both experiment and simulation do not predict the growth of
multiple finger structures, but instead a single core that penetrates the displaced fluid.

The evolution of the interface from both experiment and simulation follow approxi-
mately the same time scale. Experimental results in Figure 4 show that the breakthrough
was established around t = 10 s, and between t = 12 s and t = 24 s where the interface
has not moved at all even though the water, colored in black, has been flowing through the
channel steadily. In the simulation shown in Figure 4, the channel becomes steady after
t = 12 s and the interface stagnates from that point on.

3.2. Inducing Perturbation at the Interface

The comparisons between experimental results and numerical simulations in
Figures 4–6 above suggest qualitative agreement between simulated and observed in-
terfacial patterns. However, as commented for the moderately and highly shear-thinning
regimes, perturbations in experiments that are not present in simulations may account for
differences in the interface shape. To test the sensitivity of the numerical simulation results
to an initial perturbation of the interface shape, additional simulations were performed
that modelled the initial interface as a sinusoidally varying shape rather than the perfectly
horizontal interface used for the simulations shown above. As discussed in Section 2.5.5, a
user-defined interface was implemented using the CodeStream module in OpenFOAM.

In the case of the moderately shear-thinning solution, the initial sinusoidal interface
shape is taken as z = [0.6+ 0.005 sin(2πx/0.0425)] m, where z0 = 0.6 m is the height above
the inlet of the mechanical separator in the experiment. The amplitude of the perturbation
is taken as 0.005 m, which is equal to 1.25% of the displaced fluid height. Finally, a wave
length of 0.0425 m corresponds to 1/4 of the width of the duct, and therefore promotes the
growth of four initial fingers. This shape function was chosen so as to create a perturbation
of a moderate frequency and amplitude that may reasonably match the experimental
observations for the moderately shear-thinning case. Simulation results based on this initial
interface perturbation are shown in Figure 7.

Figure 7. Updated CFD simulation (bottom) of interface evolution of water displacing 0.075 wt.%
xanthan gum solution with an initially perturbed interface.

As shown in the figure, the “perturbed” simulation captures better the formation and
growth of small displacing fluid fingers during the displacement. This is in agreement
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with the experimental results shown in Figure 6. Small finger-shaped channels develop
across the width of the duct when the displacement starts, and these fingers evolve and
some split into smaller branches. Once all fingers reach the outlet of the duct, a wall layer
forms that present an undulating interfacial shape. This instability happens close to the
wall and creates small waves moving upward along the walls. We consider the simulations
and experimental observations in Figure 7 to be in better qualitative agreement compared
to the results previously reported in Figure 6.

In the case of the highly shear-thinning solution, the sinusoidal wave function is
defined using the cosine function with only one crest in the center of the duct and with a
greater amplitude of 0.0075 m. A larger wave length and a slightly higher amplitude were
chosen to better mimic the experimental observations shown in Figure 4. At t = 2 s, there
is one peak shown from the experimental observation; thus, it is reasonable to assume that
the perturbation with a slightly higher amplitude and low frequency could have a decisive
impact on the evolution of the interface.

As Figure 8 shows, the results of the simulation with an initial perturbation the
fluid-fluid interface again improves the qualitative agreement between experiment and
simulation. Both experiment and the two numerical simulations shown in Figures 4 and 8
retain the dominant central finger. The initial perturbation induced in the bottom panel
of Figure 8 result in an uneven tip of this advancing finger, but it does not branch off into
thinner fingers. The resulting wall layer on either side of the advancing finger is thick and
stagnant. We note that even with an initial (symmetric) perturbation to the interface shape,
the numerical simulation result in Figure 8 retains a symmetric advancing finger, which is
not in full agreement with the experimental observation. Nonetheless, the interface shape
of the perturbed numerical simulation is in fair qualitative agreement with the experiment.

Figure 8. Updated CFD simulation (bottom) of interface evolution of water displacing 0.225 wt.%
xanthan gum solution with induced perturbations at the initial interface.

4. Discussion

When comparing the results above from the different shear-thinning regimes, we
note a significant impact of the displaced fluid viscosity on the displacement and the mor-
phology of the fluid interface. It is obvious that the degree of shear-thinning significantly
influences the development of interfacial patterns. In the weakly shear-thinning regime,
the displacement of the interface is almost identical to that of displacement of a Newto-
nian fluid with an equivalent, effective viscosity as the original xanthan gum solution.
Furthermore, no obvious viscous fingering patterns or other instabilities were identified.

The moderate and strongly shear-thinning regimes both exhibited Saffman–Taylor
type instability at the interface. In the moderately shear-thinning regime, several small
finger-shaped channels formed across the interface, and the displaced fluid did not stagnate,
possibly except for thin layers adjacent to the short side walls, as shown in Figures 6 and 7.
This allows the complete displacement of the shear-thinning fluid save for a relatively



Fluids 2023, 8, 35 14 of 17

thin wall layer that displays a mild Kelvin–Helmholtz type of instability. In the strongly
shear-thinning regime, the displacing fluid formed a unique channel through the displaced
fluid. The displaced fluid appears to flow very slowly, if at all, on either side of the central
channel. As a result, the displacing fluid accelerated through the relatively thin channel
formed through the center of the duct and to the outlet. This created a relatively large wall
layer and prevents the complete displacement of the duct.

We note that even if all xanthan gum solutions used for our experiments had effec-
tive viscosity greater than the displacing water, viscous fingering instabilities were only
observed for the moderate and strongly shear-thinning regimes. We link this observation to
the stabilizing effect of the density difference between the two fluids; as pointed out in the
introduction, a density-stable fluid hierarchy will postpone the onset of viscous fingering.
This is reasonable, since in a vertical channel, gravity acts to maintain a horizontal interface
between the fluids. To assess the combined impact of gravity and viscosity on the stability
of the displacements, we estimate and compare the “modified” pressure gradients for the
(unperturbed) displaced and displacing fluid, Gi = −∂pi/∂z + ρig. The first term,−∂pi/∂z,
is taken as the fully developed, laminar pressure gradient of fluid i, and the second term
is the hydrostatic component to the pressure gradient. As a first approximation, we use
theoretical results for plane slot flow [40] for calculating the friction pressure gradient of
the Newtonian and the power law fluids, i.e.,:

− ∂p
∂z

= κ

[
2 + 1/n

(h/2)1+1/n

]n
Un

0 . (5)

This is only considered an approximation since, in our experiments and simulations, the
duct aspect ratio was only λ = W/h = 10. As such, the side walls are expected to influence
and reduce the volumetric flux for a given pressure differential. However, for the current
discussion, we neglect the impact of the side walls and take Equation (5) as a coarse
approximation to the pressure gradient in the different phases. Finally, for the displacing
(Newtonian) fluid, the same equation applies by replacing n→ 1 and κ → µ. The resulting,
approximated pressure gradients for the fluids used in this study are listed in Table 3,
along with the corresponding hydrostatic pressure gradient and the modified pressure
gradient, G.

Table 3. Modified friction pressure gradient.

Liquid −∂p/∂z (Pa/m) ρg (Pa/m) G (Pa/m)

Water 1.1 9810.0 9811.1
0.02 wt.% xanthan sol. 9.6 9790.4 9800.0
0.075 wt.% xanthan sol. 33.3 9790.4 9823.7
0.225 wt.% xanthan sol. 412.4 9790.4 10,202.8

When comparing the pressure gradient of water with that of the shear-thinning
solutions, we note that the modified pressure gradient of the displacing water exceeds that
of the weakly shear-thinning fluid. As pointed out above, this case did not exhibit any
viscous fingering instability in either experiment or numerical simulations. We attribute the
lack of viscous fingers to the stabilizing effect of the density difference between the fluids,
which is reflected in the modified pressure gradient of these fluids. In the other two cases,
the friction pressure gradient associated with the moderate and highly shear-thinning
fluids exceed the stabilizing hydrostatic component. This makes the modified pressure
gradient larger in the displaced phase, as shown in Table 3. These two cases exhibited
finger instabilities, both experimentally and in numerical simulations. Consequently, we
find that our observations are consistent with a stability criterion based on the modified
pressure gradients of the two fluids, similar to the classic Newtonian result [14].
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5. Summary and Conclusions

We have studied the displacement of different shear-thinning fluids by a denser but
less viscous Newtonian fluid in a vertical, rectangular duct. Both experiments and fully
three-dimensional numerical simulations have been performed to study the displacements,
and with a particular focus on the interfacial region between the fluids and the growth
of instabilities. A relatively small density difference was introduced to both examine the
stabilizing effect of a positive density contrast, and also to improve repeatability of the
experiments by maintaining a density-stable hierarchy at the start of the experiment. All
displacement experiments and simulations were performed by imposed a fixed flow rate.
We observed that the shape of the interface changed significantly as the displaced fluid was
made more viscous and shear-thinning. As a result, our experiments and simulations were
categorized as weakly, moderately and highly shear-thinning regimes.

The displacement in the weakly shear-thinning regime was found to be qualitatively
similar to the displacement of a constant-viscosity Newtonian fluid. No obvious viscous
finger formation was observed at the interface, and the displacement appeared stable,
even if the fluid hierarchy was considerably viscosity-unstable. The lack of instabilities
was attributed to the stabilizing effect on the interface by the density difference between
the fluids. In the moderately shear-thinning regime, the displacing fluid formed several
finger-shaped channels across the width of the duct. The finger structures are likely linked
to the Saffman–Taylor instability, i.e., driven by the difference in viscosity of the two fluids.
The displacement of shear-thinning fluid was relatively complete in this regime, leaving
behind only a thin, residual wall layer. Finally, in the strongly shear-thinning regime, a
central finger penetrated the displaced fluid and left behind considerable residual volume
of non-displaced fluid on either side of this core.

Numerical simulations have been performed using OpenFOAM, and the results com-
pared to experimental observation for all three regimes. Simulation results and experiments
are generally found to be in reasonable agreement for all three regimes. By introducing
initial perturbations to the fluid interface in the numerical simulations, we observe im-
proved agreement to the experimental results. This further suggests that the experimentally
observed fingering and interface instability is indeed caused by a Saffman–Taylor type
instability. Since the displaced fluid in our study is shear-thinning, the local fluid viscosity
varies across the gap of the duct. Instead of linking the onset of viscous fingering instability
to a specific, effective viscosity value, we instead interpret our observations in terms of the
unperturbed pressure gradient within the displaced and displacing fluid phases. When
accounting for the stabilizing density difference, we find that the pressure gradient is
effective in predicting whether the displacement will be stable or not. This is found to be
in accordance with theoretical linear stability analysis involving generalized Newtonian
fluids [23].

As pointed out above, an important observation of the current study is that the onset
of displacement instability appears linked to the pressure gradient in the two fluids. This
observation is also in agreement with, e.g., design rules for effective laminar displacement,
where the pressure gradient within the displacing fluid should be greater than that of the
displaced fluid [16]. While the majority of past studies of the viscous fingering instability
involves immiscible fluids, such as air displacing water or oil, the current study involves
fluid configurations that are arguably more relevant for well construction, cementing and
remediation operations.

Different interface dynamics from different shear-thinning regimes are visualized with
experiments. We toned and bench marked a CFD tool that allows to generate dataset from
computational experiments. With the aid of the toned computational tool, the cost of setting
up experiments can be largely reduced, a wider range of displacement conditions can be
investigated, and all relevant parameters can be easily altered. Thus, a more in-depth
study of shear-thinning fluid displacement can be explored. Future studies will focus
on in-depth analysis of the instability limit at the liquid interface for shear-thinning and
other non-Newtonian fluid with data generated from the benchmarked CFD model. The



Fluids 2023, 8, 35 16 of 17

selection criteria for finger-formation, and how this is linked to duct geometry and viscosity
hierarchy will be explored.
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