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Abstract: One of the most important criteria
for evaluating chemical enhanced oil recovery
(EOR) processes that use polymers is its
rheological behaviour which in turn account
for other physical effects of adsorption and
resistance factors during polymer-formation
rock interactions. However, complete
knowledge of behaviour of polymer solution
in porous media has not yet been fully gained.
A computational fluid dynamics (CFD)
simulations implemented in COMSOL
Multiphysics is used to simulate a 1-D single-
phase, non-elastic xanthan gum flow in
geometries approximating formation pore
throats. Simulation results show the degree of
solution viscosity degradation at different
inlet pressures and shear rates at varying
pore constriction diameters. Results also show
that numerical techniques can predict the
performances of polymer solution
applications in actual field operational
conditions and aid in design and
interpretation of laboratory tests.

Keywords:  rheological behaviour, pore-
throats, xanthan gum, pressure distribution,
injection rates.

1. Introduction

Polymers are used for a variety of applications in
the oil and gas industry including drilling mud
viscosity modification [1], Filtration Loss
Control [2, 3], Enhanced oil Recovery (EOR)
[4], chemical placement [5], sand control [6], etc.
The selection of appropriate polymers for
drilling or EOR is based on operational
efficiency, costs and economics. Chemicals are
expensive on a unit basis; therefore, the quantity
of polymer economically sacrificed for

incremental reservoir crude oil recovery is of
priority concern for a practical EOR project.

Rheology is one most important attribute of
polymers. Therefore, accurate computation of
polymer rheological behaviour in porous media
is considered as an important aspect for accurate
well pressure representation, pressure
distribution [7] far away from the wellbore and
accurate predictions of injection rates since the
economics are quite sensitive to rates of
injection. Viscous dispersion is assumed to be
localised only in the pore throats while grain size
determines the spacing between pore throats [8].
As the viscosity of non-Newtonian polymer
solution depends on shear rate, shear rate
calculations must be accurate.

Polymers  exhibit  extremely  complex
rheological behaviour during flow in porous
media [9]. This behaviour depends on the nature
of the pore structure of the porous media and
polymer system itself [10], as well as the
interaction between the components in the
polymer and the porous media [9, 11]. In the
field, partially hydrolysed polyacrylamides
(HPAM) and xanthan gums are commercially
used in EOR processes [4, 12, 13]. It is,
however, believed that both polymers give
unsatisfying performances [12]. For instance,
effective  polymers  for  high  salinity
environments are an issue. In furtherance to
performance issues, it is desirable for a polymer
solution to have a low pressure drop at injection
wells to achieve higher injectivity and greater
viscosity at low rates in the reservoirs to enhance
sweep efficiency. However, the displacement
efficiency of polymer solution is affected by
shear-thinning behaviour, particularly on a pore
scale. Xanthan gum exhibits shear-thinning or
viscous behaviour while HPAM exhibits both
viscous and elastic characteristics [14, 15].
Therefore, a large amount of research efforts has
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been devoted to gaining a better understanding of
polymer flow behaviour in porous media in the
past recent years. Inspite of these efforts, several
issues have been only partially resolved [10].

Several authors have concentrated their
research focus on investigating (single-phase)
viscoelastic ~ fluids  experimentally  and
numerically in both porous media and
constrictions representative of pores [7, 12, 16-
19]. It has also been argued that apparent
viscosity of polymers decreases with pore size
[20]. In this study, a computational fluid
dynamics (CFD) simulations implemented in
COMSOL multiphysics interface is used to
simulate a 1-D single-phase, non-elastic xanthan
gum flow in geometries approximating pore
throats. The goal of this work is not only
predictive in nature, but also to obtain a better
fundamental understanding of the physics of
viscous fluid dynamics at the pore-constriction
level.

2. Mathematical and Numerical
Framework

2.1 Model Definition

Xanthan molecules can be approximated as
“rigid rod”; therefore, its dilatant effect during
flow in porous medium is negligible [15]. For
this reason, it is more suitable for simulation
studies since it can be assumed that xanthan
solution exhibits only viscous or shear-
dependent viscosity. In the model, a Comsol
iterative approach was used to solve the pressure
field because the pressure depends on the
aqueous phase viscosity which for non-
Newtonian fluids is a function of shear rates and
the pressure itself. The momentum and
continuity equations are those that govern the
velocity and pressure of an incompressible fluid
[21]. For complex pore throat geometries (such
as the type considered in this study), these
equations are impossible to solve analytically,
and hence numerical method such as the finite
element method (FEM) must be implemented.
For non-Newtonian flow therefore, the equations
to solve are the momentum and continuity
equations:

p%’—V.y(Vu+(Vu)r)+pu.Vu+Vp:0
(Eq. 1)
V.u=0 (Eq. 2)

Where, 4= viscosity (kg/(m.s)), p= fluid

density (kg/m%), (VU)' = shear effects which
describe viscous forces and the extra stress

contribution from the polymer, P pressure
(Pa), U = velocity (m/s), V = del operator.

To account for polymers’ viscous or thinning
behaviour, we chose to use the Carreau model
(Eqg. 3) [22] for the problem because it covers
and combines the power-law region and the two
Newtonian regions of the viscosity curve.

Py =t + (15 — g, )L+ (A7 ) 217
(Eq. 3)

Where, i, = apparent shear viscosity in porous
media, ,ug = polymer viscosity at zero shear

rate, 4= M, = viscosity at infinite shear rate,

A = time constant (i.e. relaxation time for
realignment of polymer rods in a shear flow
field) is found from bulk viscosity

measurements, y . = rate of deformation (also

called effective shear rate in a shear flow), n=
dimensionless constant known as the shear-
thinning index that depends on the polymer

concentration. 0.4 <n <1for pseudoplastic or
shear-thinning fluids.

For an axisymmetry model (discussed in the
following section), the shear rate in Carreau
equation is written in cylindrical coordinates as

(Eq. 4):

7=\/;((2ur)2 2, 40,0 + (2, +4(Lr‘)2]
(Eq. 4)

where u, v are velocity vectors, and in particular,

p(r.0,z)=p(r,2) (Eq.5)
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Fig. 1. Pore throat geometry model used for the

simulation
ua(r,0,2)=u(r,z) (Eq. 6)
and
u=(,u,) (Eq. 7)

2.2 Model Geometrical Domain

The model geometry is shown in fig. 1. The
figure shows the modelling interest in the region
of contraction (throat) and expansion with
different cross-sectional areas. However, the
effects at the inlet and outlet regions with
different cross-sectional areas are also evaluated.
To reduce the computational efforts without
affecting the model dimension, the domain, the
initial and the boundary conditions and other
body forces are approximated as symmetric with
respect to a straight line (fig. 1). In this case, the
flow can be modelled by the 3-D axisymmetric
Stokes or Navier-Stokes equations which take
advantage of the hypothesis of symmetry [23].
The axisymmetric model, in particular, is also
easily coupled with an axisymmetric 1-D model
[24]. Therefore, we use the axisymmetric 2-D
model to reproduce a 3-D effect in the region of
interest where there is pore contraction-and-
expansion as shown in the geometry (fig. 1).
This reduces the size of the problem without
losing the 3-D features and without any
assumption on the velocity profile.

1

3mm 1.5mm

(@) (b)
Fig. 2. Model simulation geometries and mesh

arrangements: (a) 3mm pore throat (b) 1.5mm
pore throat.

2.2.1 Constriction (Pore Throat) Geometry
Used for the Simulation

Figure 2 shows the dimensions of the pore
constriction used in the simulation. Though the
geometry is hypothetical, it however provides
the insight needed for understanding the
fundamental physics underlying fluid behaviour
at the diverging-converging flows mimicking
natural reservoir porous systems. The geometry
has varying cross-section perpendicular to flow
direction. The number of elements and mesh
configurations differ for the different cases as
discussed under results and discussions section.

2.3 Boundary Condition Settings
2.3.1 Pressure outlet

Equations 5 through 7 imply that for an
axisymmetric flow, the pressure, P and the
cylindrical velocity components, u,, Uy, U, are
independent of the angular variable 6 with

unknown (u, p), & =(U,,U,) ; where z and r

are symmetry directions. We use the Dirichlet
boundary condition (BC) form for the
momentum and extra stress application modes;
while the Neumann BC form was used for the
pressure outlet condition [21] since application
of the Neumann form to the momentum
application mode enforces the pressure out
boundary condition equal zero (Eq. 8).
Therefore, inlet and outlet boundary conditions
are given and set to fixed pressures (Eg. 8) and
vanishing viscous stresses (Eq. 9):
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p = pin} (Eq. 8)

p=0
and
n.[77(Vu+(Vu)T)] =0 (Eq. 9)

where n is the boundary unit normal vector.

2.3.2 Slip or Axial Symmetry Boundary
Condition

Due to the axisymmetric nature of the geometry,
a symmetry BC at r=0 is used since one half of
the domain is modelled (fig. 1). The rotational
axial symmetry condition (as expressed by
Eq.10) is described as zero flow normal to the
boundary.

u.n=0 (Eq. 10)

2.3.3 Wall Boundary Condition

The wall effect (i.e. fluid velocity is zero at a
wall) imposes the no-slip boundary condition at
the wall which justifies setting the normal
component of the boundary stress contribution
from the polymer equal to zero (Eq. 11):

u=0 (Eq. 11)
2.4 Numerical Solution of Axisymmetric flow

Let Q be the 2-D half section of the

axisymmetric  3-D  domain Q2 under
consideration as shown in fig. 1 and V and Q are
weighted Sobolev spaces (recall that: a Sobolev
space is a space of functions with sufficiently
many derivatives for some application domain,
such as partial differential equation and equipped
with a norm that measures both the size and
regularity of a function) [23]. Assume the data
are axisymmetric with zero angular component.
The axisymmetric Stokes problem is: Find

(u,p),u=(u,,u,), inVxQsuch that

VIQ (Vu:Vvv)rdx+v _[Q uv, %dx
—IQ (divv) prdx—J.Q v, pdx:jQ f.vrdx
~ [ (divu)grdx=_u,qdx=0

(Eq.12)

forall (v, q) inV xQ.

To recover the 3-D solution (U, p) from

(u, p), the 3-D domain € is described in
cylindrical coordinates (r, &, z) . Then (Eg. 13)

u, u,(r,z)cosé
u(r,@,z)=|u, |=| u,(r,z)sind
a, u, (r,x)
(Eq. 13)
and
p(r,0,z)=p(r,2). (Eq. 14)

The model simulation input parameter for
2500ppm Xanthan gum is shown in table 1 [25].

3. Results and Discussion

3.1 Comparative Analysis of the
Effects of Different Constrictions
and Inlet Pressures on Viscosity.

Figure 2 shows the mesh arrangements of the
pore constrictions on which the simulations were
performed. Due to the challenging nature of fluid
behaviour in such constrictions, the required
mesh is extra fine. Mesh sensitivity analysis was
carried out to establish mesh arrangements
and/or refinements. This was done to ensure that

Table I. Simulation input values

Para I, #g n A P
meter  (pas)  (Pas) ) | (kgmd)
Value 00015 116 038 o1 500

Excerpt from the Proceedings of the 2014 COMSOL Conference in Cambridge



@) (b)
Fig. 3. Model domain velocity field: (a) 3mm
constriction, (b) 1.5mm constriction.

(a) (b)
Fig. 4. Pressure distribution contour: (a) 3mm
constriction, (b) 1.5mm constriction.

(a) (b)
Fig. 5. Model domain viscosity profile: (a) 3mm
constriction, (b) 1.5mm constriction.

the solution is not affected by further mesh
refinements. Figure 2a (3mm pore throat) has
20827 elements and mesh area of 395.4mm?* with
an average quality of 90.41%. While fig. 2b
(1.5mm throat) has 20923 elements and mesh
area of 377.4mm’ with an average quality of
90.45%. It is therefore believed that no further
refinement is required for a better solution to the
problem.

Figure 3 compares the velocity field of the
non-Newtonian xanthan fluid for the different
pore throats (3mm and 1.5mm). Due to the outlet
greater cross-section, there is a higher velocity
distribution at the inlet compared to the outlet.
Interestingly, the figure also shows that the
greatest velocity gradient and shear rates occur at
the centre of the constriction compared to the
near wall due to the no-slip boundary conditions
imposed. This higher velocity distribution at the
centre is however more pronounced in 3b
compared to 3a due to its reduced contraction.

Notably, fig. 4 shows that the contours are
smooth in the vicinity of the constriction. The

N

\\

(@) (b)
Fig. 6. Effects of varying shear rates on viscosity:
(&) 3mm constriction, (b) 1.5mm constriction.

Inlet Prgssure Inlet Pegssure
increase : increase

@) (b)
Fig. 7. Pressure gradient effects on viscosity: (a)
3mm constriction, (b) 1.5mm constriction.

@ (b)

Fig. 8. Effects on viscosity of different shear rates
for all inlet pressures: (a) 3mm constriction, (b)
1.5mm constriction. For fig. (a), onset of shear-
thinning is at about 10° Fig. (b) suggests
premature shear-thinning xanthan fluid behaviour
induced by shear pre-deformation resulting from
reduced pore constriction.

figure shows the magnitude or rate of change of
the pressure parameters. Therefore, the smoother
the contours (fig. 4b), the faster the change in the
pressure difference parameter across the
constriction compared to fig. 4a. Hence, the
higher pressure drop at the constriction induces a
greater velocity at that point which in turn causes
severe viscosity degradation in fig. 5b compared
to fig. 5a. The plausible explanation for this is
that, at a wall, fluid velocity is zero; hence
polymers are unable to exert a force on the wall
as no polymer can span the wall boundary.
Figure 5b therefore suggests premature shear-
thinning behaviour induced by shear pre-
deformation resulting from the reduced (1.5mm)
constriction.

As the xanthan fluid is shear-thinning, its
viscosity is a function of shear rates (fig. 6).
Compared to fig. 6a for the same inlet pressure
of 10 KPa, the reduced throat (fig. 6b) causes a
resultant increase in shear rates which
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consequently decreases the xanthan fluid
viscosity from about 11.5 Pa*s to about 6.33
Pa*s.

Figure 7 shows the effects of increasing inlet
pressures (and pressure gradients) on viscosity
across the throat. The figure shows that the
greater the inlet pressure, the more the velocity
gradient and shear rates; and the more the
viscosity is degraded across the constriction. The
viscosity degradation is more evident in fig. 7b
compared to fig. 7a.

Figure 8 further emphasizes the effects of
shear rates on viscosity for all pressures. Figure
8a shows that the onset of shear-thinning is at
about 10°; while fig. 8b suggests premature and
excessive shear-thinning behaviour induced by
shear pre-deformation resulting from the reduced
(1.5mm) pore constriction.

8. Conclusions

Numerical simulations were performed using
Comsol Multiphysics 4.3a software to solve a
coupled momentum and continuity equations for
the purpose of studying the dynamic rheological
behaviour of non-elastic xanthan gum polymer
solution in porous media contraction-and-
expansion geometries approximating pore
throats. Results showed that the Carreau
equation sufficiently described the viscosity
behaviour of the solution at the pore constriction.
As the pore throat decreases, the solution
viscosity drastically reduces. Also, the greater
the inlet pressure, the more the velocity gradient
and shear rates; and the more the viscosity is
degraded across the constriction. Furthermore,
CFD simulations showed that shear-thinning
behaviour can affect the solution displacement
efficiency. Finally, this study offers the
possibility for reliable prediction of the
rheological behaviour of non-elastic, non-
Newtonian fluid such as xanthan gum in porous
media, and the design and interpretation of
laboratory tests including the predictions of the
performances of polymer solution applications in
actual field conditions.
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