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a b s t r a c t

Polymers are used in enhanced oil recovery (EOR) to increase sweep efficiency, but recent experimental

and field data suggest that viscoelastic polymers such as hydrolyzed polyacrylamide (HPAM) reduce

residual oil saturation as well. The observed reduction contradicts decades of belief that polymers could

not be used to reduce residual oil because the additional pressure required to overcome capillary

pressure is orders of magnitude greater than provided by the more viscous polymer. However,

additional forces (such as normal stress forces) may be significant for viscoelastic fluids that are

ignored in analysis of purely viscous fluids.

We perform computational fluid dynamics (CFDs) simulations of viscoelastic flow around static oil

droplets in geometries representative of pore throats. We show that normal forces are significant for

viscoelastic fluids and increase with De and the total force imposed on the droplet may be larger than

an equivalent Newtonian fluid with the same viscosity. Results indicate that normal forces could

dominate and the total, effective force would be enough to mobilize trapped oil.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction and background

The flow of viscoelastic fluids in porous media is important in
many applications including composite manufacturing in fibrous
materials (Skartis et al., 1992; Preziosi et al., 1996), filtration of
polymer solutions (Kozicki and Kuang, 1994), removal of liquid
pollutants in soils (Londergan et al., 2001; Sochi, 2009), blood flow
in capillaries (Thurston, 1974; Canic et al., 2006; Rojas, 2007), and
enhanced oil recovery (EOR). In EOR polymer flooding is one process
used to improve the sweep efficiency in oil reservoirs. The additional
viscosity of the polymer solution allows for a more piston-like
displacement of oil and results in additional recovery.
1.1. Effect of viscoelastic polymers on residual oil saturation

Despite the use of polymers to improve sweep efficiency,
conventional wisdom has suggested that they could not be used
to reduce residual oil saturation (Lake, 1989; Sorbie, 1991;
Willhite and Green, 1998). At the pore-scale, capillary forces play
an important role and can prevent the non-wetting phase from
flowing. Capillary force by a snap-off mechanism makes the oil
phase unconnected and difficult to mobilize. It is believed that
ll rights reserved.
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trapped oil is restricted from being drawn out of the tight pores
because the pressure force across the oil droplet in water or
polymer flooding is not high enough to overcome the capillary
pressure forces. If the pressure gradient were sufficiently high, the
oil droplet would stretch out toward the adjacent pore, squeeze
through the constriction, and then flow to the next pore.

It is believed that the additional viscosity of polymers would not
provide nearly enough pressure drop to overcome capillary forces
and mobilize a significant amount of residual oil. This is true for a
purely viscous Newtonian fluid and can be demonstrated using
simple calculations. For example, consider a typical water-wet
reservoir (contact angle, y¼01), relative permeability (kw) of
100 mD, and a 1 cp viscosity (m) fluid flowing at a Darcy velocity
(vw) of 1 ft/day. The applied pressure gradient would be less than
0.1 psi/ft. For a typical pore geometry with length 50 mm, throat
radius of 10 mm, pore body radius of 50 mm, and surface tension (s)
of 30 dynes/cm, the required pressure gradient to mobilize the
residual oil is approximately 4000 psi/ft; about 4–5 orders of magni-
tude higher than the applied pressure gradient. Using a more viscous
fluid (EOR polymers are usually 10–100 cp) would provide additional
pressure gradient, but it would still be at least two orders of
magnitude less than required to reduce residual oil saturation
(Stegemeier, 1974).

Despite this fundamental understanding of strong capillary
forces and decades of belief that polymers should have no impact
on residual saturation, both experimental and field observations
have suggested that viscoelastic polymers (specifically hydrolyzed
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polyacrylamide (HPAM)) are effective at reducing residual oil and
improving recovery by as much as 20% additionally. Wreath (1989)
and then Wang (1995) showed decreased residual oil saturation in
corefloods using HPAM in strongly water-wet Antolini sandstones
when compared to waterfloods or even floods using inelastic poly-
mers (e.g. Xanthan gum). Residual oil was reduced significantly (up to
22%) in the experiments by Wang (1995). Reduced residual oil using
viscoelastic polymers in corefloods of water-wet media was also
found by Zaitoun and Kohler (1987, 1988), Schneider and Owens
(1982), and Bakhitov et al. (1980). Similar observations have been
found in mixed-wet and oil-wet experiments (Wang et al., 2010) and
field studies (Putz et al., (1988); Wang (2000)).

A few hypotheses have been proposed for the observed reduction
of residual oil, including accelerated drainage of oil films on rock
surfaces, scoured oil in dead-end pores, and trapped oil pulled out in
stable oil threads (Wang et al., 2001; Huh and Pope, 2008). Adding
polymer to water causes an increase in both macro and micro scale
sweep efficiency. Wang (2000) showed higher molecular weight
and higher concentrations of polymer result in higher elasticity.
They hypothesized that the higher molecular weight causes a reduc-
tion in maximum velocity, so a velocity gradient at the wall
increases, resulting in stripping off oil from the pore walls. In
dead-end pores, the elasticity of polymer results in dragged oil
and may further reduce the residual oil saturation. For water-wet
media in particular, the elasticity of the fluid may help prevent
snap-off (or re-connects snapped-off fluid). The non-wetting oil
phase can then be pulled through the pore throat as a stable thread.
The simulations conducted in this work test this hypothesis, in
which wetting fluid flows around an oil droplet.

To investigate the displacement efficiency (ED), the micro forces
are neglected for fluids without elastic effects. This is a reasonable
assumption because the micro forces are negligible compared to
viscous forces which are proportional to pressure gradient (Wang
et al., 2010). Micro forces are categorized into two forces, normal
force and kinetic force which are both caused by change in flow
lines in pore bodies. Experiments and simulation show that flow
lines for viscoelastic fluids are significantly different from those of
Newtonian fluids. Viscoelastic fluids behave like an elastic solid as
well as viscous fluid; the elastic behavior leads to flow lines that
appear as an expanding and contracting piston flow. Wang et al.
(2000) showed that micro forces for viscoelastic fluid flow are
comparable to macro forces, which should be considered in analysis
of fluid dynamics. They also showed that only the first normal force
differential and its corresponding Weissenberg number (or equiva-
lently Deborah number, De) affect the shape of the flow lines; other
elastic properties and the viscosity of the driving fluid do not affect
flow lines, therefore they do not affect the ED. They predicted that
the capillary number and viscoelasticity both influence the displace-
ment efficiency and residual oil saturation.

1.2. Mathematical modeling of viscoelastic flow in porous media

Modeling viscoelastic flow in the presence of trapped oil at the
pore scale could better explain the fundamental reasons for reduction
in residual oil. Furthermore, this could lead to new EOR strategies and
the design and synthesis of polymers with optimal rheological
properties. Several authors have studied single-phase viscoelastic
fluids experimentally and numerically in both porous media and
constrictions representative of pores. Marshall and Metzner (1967)
presented a model for viscoelastic flow in porous media as a function
of the dimensionless De (¼l/tr); where l is relaxation time and tr is
the residence time. They performed experimental tests in packed
beds of spheres and supported the analysis. They observed the
deviation from the drag coefficient-Reynolds number relationships
for a purely viscous fluid at the critical value of De which depends on
different variables such as homogeneity. Deiber and Schowalter
(1981) used the method of geometric iteration to solve the momen-
tum equation for a Maxwell fluid through sinusoidal ducts. They
observed a higher flow resistance than expected from purely viscous
fluids at high flow rate, and this effect is the result of fluid elasticity,
even without a secondary flow. Later, Gupta and Sridhar (1985)
analytically evaluated stress of polymer solutions through a tube
having a periodically varying diameter. They found that if the
deformation rate is assumed constant, the stress depends not only
upon De, but also on the aspect ratio.

Other authors numerically studied the extensional effects of
viscoelastic fluids in planar and axi-symmetric contraction/expan-
sions (Rajagopalan et al., 1990; Fan et al., 1999; Alves et al., 2003;
Binding et al., 2006; Aguayo et al., 2008) and reported shear-
thickening behavior. Several attempts have been made to overcome
convergence issues for this highly nonlinear problem to reach a
higher De number. For instance, Huang and Feng (1995) used
POLYFLOW software to simulate the viscoelastic fluid flow around
a sphere placed in a cylindrical tube. They used an EVSS (elastic–
viscous stress split) formulation for stress and unstructured triangle
meshing to reach De�2.5. In the EVSS interpolation, the constitutive
equation is not solved in terms of the viscoelastic extra-stress
tensor. Instead, the viscoelastic extra-stress tensor is split into
purely viscous and elastic components. This split form is substituted
into the constitutive equation, which is re-written in terms of the
elastic component and solved. Combining both viscous and elastic
components recovers the actual viscoelastic stress tensor. Further
details on the EVSS method can be found in Van Schaftingen and
Crochet (1984) and Rajagopalan et al. (1990).

Binding et al. (2006) studied the Olydroyd-B model for a 4:1
contraction (channel geometry which abruptly constricts by a factor
of four), and 4:1:4 cases (geometry also expands after constriction).
Pressure drop was calculated using POLYFLOW software for both
planar and axisymmetric contraction–expansion cases. They also
used the EVSS (elastic–viscous split stress) formulation for stress
calculation. They observed that the pressure drop initially reduces
with De as the elasticity increases but as De number is further
increased, it eventually rises significantly above the equivalent
Newtonian pressure drop. Several authors have reported this same
trend; Webster et al. (2004) conducted the simulations for Oly-
droyd-B and Phan-Thien Tanner (PTT) models and showed linear
declining of pressure drop with increasing De. Szabo et al. (1997)
studied an Oldroyd-B fluid and finitely extensible nonlinear elastic
(FENE) model and observed a similar result.

Here we model the flow of viscoelastic fluids around oil
droplets in converging/diverging pore throats with the goal
of obtaining a fundamental understanding of the micro forces
imposed on the droplet. Additional normal forces, not present
for purely viscous fluids, may explain the observed decrease in
residual oil saturation in core flood experiments and field studies.
Section 2 of this paper describes the mathematical and numerical
approach used to solve the nonlinear problem of viscoelastic flow
around oil droplets in a converging and diverging throat. Section 3
presents qualitative pictures of the flow fields and stresses as well
as quantitative results of the forces present on a droplet for a
Newtonian versus a viscoelastic fluid at various De. These results
are discussed along with possible explanations for reduced
residual oil saturation. Finally, Section 4 presents some conclu-
sions drawn from this work as well as proposed future studies.
2. Mathematical and numerical approach

In order to better understand the observed decrease in residual oil
in experiments and field data, CFD modeling is performed here for
viscoelastic flow around stationary oil droplets. The hypothesis of this
work is that large normal forces in viscoelastic fluid flow leads to
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Fig. 1. Schematic of simulation geometries and mesh arrangements for (a) pore-

centered geometry and (b) constriction geometry.
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formation of stable oil threads which draw the trapped oil out of the
tight pore structure. Extra normal forces due to normal stress may
become significant for viscoelastic flow and push the trapped oil
droplet. Only increasing the viscosity by adding polymer is insuffi-
cient to mobilize the trapped oil; therefore, other phenomena at the
pore level must contribute to the observed mobilization of the oil. In
porous media, the wetting phase (e.g., polymer-containing water)
flows along the walls and non-wetting phase (e.g., oil phase) flows at
the center of the pore. CFD modeling is used here to simulate two-
phase flow in geometries approximating pore throats (sinusoidal
ducts) to understand the fundamental physics of viscoelastic fluid
dynamics at the pore level. This geometry keeps the model simple,
but provides the required characteristics of a pore throat to investi-
gate viscoelastic flow. In order to observe elastic effects, geometry
with varying cross-section, perpendicular to the flow direction, is
needed.

A viscoelastic fluid is a non-Newtonian fluid which exhibits both
viscous liquid and elastic solid characteristics simultaneously. A
viscoelastic fluid has a memory and partially returns to initial state
after deformation; the dimensionless Deborah number (De) is used
to describe the ratio of elastic to viscous effects. We define De here
for converging/diverging ducts as follows:

De¼
Ql
pR3

t

, ð1Þ

where Q is volumetric flow rate, l is the polymer molecule’s
relaxation time, and Rt is the narrowest radius of the pore throat.
Elastic effects are negligible for De)1; at large De, first normal stress
differences play an important role, which leads to extensional
viscosity effects that dominate over shear viscosity (Macosko,
1994). Extensional flows are those that occur as a result of
normal stresses as opposed to shear stresses (which result in
shear flows). The extensional viscosity is defined as the first
normal stress difference divided by the rate of strain. The ratio
(Trouton) of extensional viscosity to shear viscosity is 3 for simple
fluids but can be much higher for fluids exhibiting nonlinear
viscoelasticity.

In this study the upper convected Maxwell (UCM) model (Eq.
(2)) is used as the constitutive equation for the non-Newtonian
fluid, which is given by

l
@t
@t
þðuUrÞt�ruUt�tUruT

� �
þt¼ ZðruþruT Þ ð2Þ

It has been suggested that an UCM reasonably describes the
rheology of HPAM and a modified upper-convected Maxwell
model (MUCM) was represented by Yin et al. (2006) to include
the non-Newtonian shear-thinning behavior. The goal of this
work is not necessarily predictive in nature, but rather to obtain
a fundamental understanding of the micro forces on an oil
droplet. This could be accomplished with any viscoelastic fluid;
the UCM is chosen because of its relative simplicity.

The rheological model (2) can be directly substituted into the
momentum Eq. (3) and coupled with the continuity Eq. (4). With the
exception of very simplified geometries and low De, these equations
cannot be solved analytically. For more complex geometries (such as
the sinusoidal pore throat used here), numerical methods such as
the finite element method (FEM) must be implemented.

r @u
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Fig. 1 shows schematic figures of throat geometries used in this
work. The geometry is 2D axisymmetric and the problems solved
were steady state with both fixed inlet/outlet flow rates (both fixed
pressure and flow rate boundary conditions have been tested). The
fluid flows from top to bottom in Fig. 1 and different forces acting on
the stationary oil droplet are evaluated in the results section. The
geometry is sinusoidal, but with the in-flow and out-flow zone
lengths extended to ensure fully-developed flow. Since the geome-
try is axisymmetric, only half of the domain is modeled and a
symmetry boundary condition is employed at r¼0.

Solution of the momentum equations for viscoelastic flow is
difficult because it is a highly nonlinear problem; in most
practical cases (De41; converging/diverging geometry) the pro-
blem exhibits strong singularities. Therefore the problem is
numerically difficult to solve in terms of both stability and
convergence (Huang and Feng, 1995; Hulsen et al., 2005). In this
work, ANSYS POLYFLOW software has been used to solve this
complicated numerical problem.

Sensitivity analysis has been performed to determine mesh
refinement such that further refinement does not affect the
solution. The number of elements and mesh configurations are
different for different cases as discussed in the results and
discussion section. Among various boundary conditions, fixed
pressure and fixed volumetric flow rate have been tested for inlet
and outlet. No-slip conditions for the pore wall and stationary oil
droplet are applied.
3. Results and discussion

Numerical simulations were performed with the geometries
shown in Fig. 1. The fluid was described by the upper-convected
Maxwell model (UCM) with rheological properties, l¼0 to 0.25 s
and m¼40 cp (0.04 Pa-s). The De number can be controlled by
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either changing the relaxation time (done here) or inlet/outlet
boundary condition values (pressure drop or flow rate) across the
throat. Two locations of the oil droplet are studied: (1) in the
center of a pore and (2) upstream of a constriction. The first
geometry (depicted in Fig. 1a) is referred to as ‘‘pore-centered
geometry’’ and is interesting because of the symmetry in the
z- and r- directions. The second geometry (depicted in Fig. 1b) is
referred to as ‘‘constriction geometry’’ and may be more realistic
as it represents a droplet that requires force to be squeezed
through a constriction.

In all simulations the oil droplet was stationary and of fixed
size. This idealized case might correspond to a situation where
capillary forces are so strong that the forces acting on the droplet
(pressure or normal stress) are not significant and therefore are
unable to mobilize the droplet or change the shape (even for the
viscoelastic fluid). The geometry is hypothetical, but nonetheless
provides the insight needed to understand the fundamental
physics driving reduced residual oil saturation in the presence
of fluids that are elastic.

3.1. Pore-centered geometry

Fig. 1(a) depicts the dimensions of the pore geometry. The first
set of simulations involved fixed flow rate boundary conditions of
Q¼1�10–14 m3/s (approximate Darcy velocity of 1 ft/day). The
mesh arrangement has 1798 nodes and 1647 elements for the
simulations of this geometry with a fixed flow rate boundary
condition. The mesh configuration is shown in Fig. 1(a).

Fig. 2 shows the pressure fields for both a Newtonian fluid
(De¼0) and viscoelastic fluids (De¼0.4, 0.7, and 1.4 respectively).
The results show that the pressure field for viscoelastic fluids is
non-symmetric. This asymmetry increases with De and is due to
Viscoelastic
De=0.0

Viscoelastic
De=0.4

Visco
De

Fig. 2. Pressure field in the pore throat for (a) Newtonian fluid (De¼0), (b) Viscoelas

Table 1
Summary of micro-forces presented on an oil droplet in the p

centered geometry and fixed flow rate boundary condition.

VE, De¼1.4

Overall pressure drop (Pa) 937

Pressure drop across oil droplet (Pa) 1632

Pressure force (N) 2.22E-06

Normal stress Force (N) 8.82E-07

Total (N) 3.10E-06
the elastic behavior of the fluid. Unlike a Newtonian fluid which
instantaneously relaxes when a stress is imposed, viscoelastic
fluids have memory; they require time to return to their original
shape. Past the droplet, a distorted pressure field for high De

occurs. Further downstream, the pressure field is more symmetric
because the fluid has sufficient residence time to relax.

For similar reasons, a low-pressure pocket exists ahead of the
oil droplet which results in the local pressure gradient across
the oil droplet to be more than the average pressure gradient in
the pore body along the symmetrical axis. The pocket ahead of the
oil droplet is due to secondary flow/eddies formed under elastic
conditions. The fluid is unable to instantaneously relax as it
passes the oil droplet. The flow streamlines are therefore more
tangential to the pressure gradient and the lack of flow ahead of
the droplet results in a low pressure. We note that the low-
pressure pocket does not necessarily imply that the pressure force
is higher for viscoelastic flow than Newtonian flow because the
pressure force is the line integral of pressure over droplet surface.
For this particular geometry and boundary condition, the pressure
force is higher for higher De (Table 1), but in subsequent
simulations the opposite behavior is observed.

Figs. 3 and 4 show the velocity field and normal stress field,
respectively, for the same De numbers as depicted in Fig. 2. The
velocity field for viscoelastic fluids is non-symmetric and the
velocity is higher near the center. The velocity field is distorted
downstream of the oil droplet at higher De; this asymmetry is
expected behavior and is a direct result of the normal forces. The
normal stress is negligible for the Newtonian fluid compared to
viscoelastic fluid, especially around the oil droplet; this effect is
more pronounced as the De number increases. Normal stress
forces for Newtonian fluids are typically neglected when deter-
mining local forces and equilibrium conditions on a droplet (Lake,
Viscoelastic
De=1.4

elastic
=0.7

tic fluid (De¼0.4), (c) Viscoelastic fluid (De¼0.7) (d) Viscoelastic fluid (De¼1.4).

resence of Newtonian and viscoelastic fluids for the pore-

VE, De¼0.7 VE, De¼0.4 Newtonian

816 766 759

1208 557 342

1.51E-06 1.34E-06 1.24E-06

2.00E-07 2.44E-08 5.73E-08

1.71E-06 1.36E-06 1.29E-06



Viscoelastic
De=1.4

Viscoelastic
De=0.0

Viscoelastic
De=0.4

Viscoelastic
De=0.7

Fig. 3. Velocity field in the pore throat for (a) Newtonian fluid (De¼0), (b) Viscoelastic fluid (De¼0.4), (c) Viscoelastic fluid (De¼0.7), and (d) Viscoelastic fluid (De¼1.4).

Viscoelastic
De=1.4

Viscoelastic
De=0.0

Viscoelastic
De=0.4

Viscoelastic
De=0.7

Fig. 4. Normal stress field in the pore throat for (a) Newtonian fluid (De¼0), (b) Viscoelastic fluid (De¼0.4), (c) Viscoelastic fluid (De¼0.7), and (d) Viscoelastic fluid (De¼1.4).
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1989). However, for the viscoelastic fluid, normal forces are
significant even at the relatively low De studied here. These
normal forces are likely much more significant at the higher De

observed in EOR processes. Unfortunately, the strong nonlinea-
rities of the problem prevent modeling at De larger than per-
formed here. Attempts to model viscoelastic fluids at higher De

(or Weisenberg number) continues to be a challenge in all
disciplines, and numerical algorithms to solve this nonlinear
problem continue to be developed (Hulsen et al., 2005).

Table 1 compares the forces due to pressure and normal stress
for the Newtonian and viscoelastic fluids. The table shows that
both pressure and normal stresses increase with De for this
geometry and therefore the total force imposed on the droplet
increases with De. At the relatively low De investigated here
(Deo1.5), normal stress forces are still an order-of-magnitude
smaller than pressure forces. However, the normal forces are
increasing at a much faster rate than pressure forces. In the
applications of EOR, a common range of shear rates (1–10 1/s) in
pore throats and range of relaxation times (0.01–15 s) for poly-
mers used in the field, the De number can be significant for a
typical pore throat size of 1 mm (Heemskerk et al., 1984; Cannella
et al., 1988; Masuda et al., 1992; Garrocuh and Gharbi, 2006;
Delshad et al., 2008; Lee et al., 2009; Kim et al., 2010). It is likely
that at this higher De, normal forces would dominate over
pressure forces and could result in mobilization of residual oil.
In the extreme case of near–wellbore flow, De¼O(100) may be
observed due to the very high velocities. Although the near-
wellbore region represents only a small portion of recoverable oil,
extremely high De are observed.
3.2. Constriction geometry

A simulation geometry is employed in which the oil droplet is
bigger than the pore throat (Fig. 1b). Simulations in this geometry
are numerically more challenging than the former (pore-centered
geometry) because the fluid contraction at the narrowest radius
representing the pore throat leads to high elasticity in that region
and makes it numerically difficult to solve. The required mesh is
extremely fine. Quadrilateral element shape with 1960 nodes and
1790 elements was found to be an efficient mesh arrangement for
this specific geometry.
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Fig. 5 shows the pressure field for a Newtonian fluid and
viscoelastic fluids at different De numbers for a fixed flow rate
boundary condition (Q¼1�10�15 m3/s). As the De number
increases, the overall pressure drop across the entire pore
increases, and a low-pressure pocket starts to form in front of
the oil droplet. Unlike the pore-centered geometry, the low-
Viscoelastic
De=0.0

Visco
De

Viscoelastic
De=0.5

Fig. 5. Pressure field in the pore throat for a (a) Newtonian fluid, (b) Viscoelastic flu

Table 2
Summary of micro-forces presented on an oil droplet in the pres

geometry and constant flow rate boundary conditions.

VE, De¼5.0

Overall pressure drop (Pa) 2105

Pressure drop across oil droplet (Pa) 7579

Pressure force (N) 3.52E-06

Normal stress force (N) 2.17E-06

Total (N) 5.69E-06

Visco
De=

Viscoelastic
De=0.5

Viscoelastic
De=0.0

Fig. 6. Normal stresses in the pore throat for a (a) Newtonian fluid, (b) Viscoelastic fl
pressure pocket does not lead to more pressure force across the
droplet for viscoelastic fluids at higher De. The summary of force
balances are tabulated in Table 2.

It should be noted that the viscosity is the same (40 cp) for all
simulations, regardless of whether the fluid is Newtonian or viscoe-
lastic, in order to isolate the effects of normal forces on the oil droplet.
Viscoelastic
De=5.0

elastic
=1.0

id (De¼0.5), (c) Viscoelastic fluid (De¼1.0), and (d) Viscoelastic fluid (De¼5.0).

ence of Newtonian and viscoelastic fluids for the constricted

VE, De¼1.0 VE, De¼0.5 Newtonian

1098 1065 1108

1655 742 650

4.65E-06 4.76E-06 4.86E-06

4.43E-07 2.32E-07 1.84E-07

5.09E-06 5.00E-06 5.05E-06

Viscoelastic
De=5.0

elastic
1.0

uid, (De¼0.5) (c) Viscoelastic fluid (De¼1.0) and (d) Viscoelastic fluid (De¼5.0).
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In practice, viscoelastic polymers are also much more viscous (by 1–2
orders of magnitude). Mobilization of oil by viscoelastic polymers
may be a result of a combination effects, including additional pressure
drop due to an increase in viscosity as well as normal forces that are
not significant for purely viscous fluids.

Fig. 6 shows the normal stress field (trr) for the same De utilized
in Fig. 5. As expected the normal stresses are more pronounced as
the De number increases; accordingly, the normal forces are
increasing as summarized in Table 2. Fig. 7 compares the velocity
profile for Newtonian and viscoelastic flow at different De; it shows
that as the fluid becomes more elastic the velocities in the pore
throat will be smallest at the center. Fundamentally, due to no-slip
boundary condition, for Newtonian fluids, the velocity is higher at
the center rather than near the wall; toward the center the velocity
increases for the Newtonian fluid. The no-slip condition is still im-
posed at the wall for viscoelastic flow, but the velocity is increasing
Visco
De

Viscoelastic
De=0.5

Viscoelastic
De=0.0

Fig. 7. Velocity field in the pore throat for a (a) Newtonian fluid, (b) Viscoelastic flu

Fig. 8. Pressure field in the pore throat for a constant pressure boundary condition in t

(c) Viscoelastic fluid, De¼0.54, and (d) Viscoelastic fluid, De¼2.68.
near the throat center, further demonstrating the non-symmetric
behavior of viscoelastic fluids.

The final simulations were conducted in the constriction
geometry for a fixed pressure boundary condition (instead of
fixed flow rate). Polymer injection can occur at constant rate or
constant pressure conditions. At the pore-level the appropriate
boundary conditions may be better represented by a constant rate
or constant pressure gradient (regardless of the well constraint).
Therefore, for completeness we also investigate constant pressure
gradient across pore throats. The pressure drop across the throat
utilized here is 10 Pa (corresponds to �8 psi/ft) in all constant
pressure simulations. Increasing the elasticity of the fluid (by
increasing the relaxation time) results in an increase in resistance
to flow. The mesh arrangement and numerical strategies are the
same as the constant-flow simulations in Figs. 5–7. Fig. 8 shows
the pressure fields, which appear similar for all De across the
Viscoelastic
De=5.0

elastic
=1.0

id (De¼0.5), (c) Viscoelastic fluid (De¼1.0) and (d) Viscoelastic fluid (De¼5.0).

he constriction geometry for a (a) Newtonian fluid, (b) Viscoelastic fluid, De¼0.27,
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geometry, but the pressures across the oil droplet are different as
listed in Table 3.

Fig. 9 shows the normal stress (trr) for the different De numbers,
and as expected the higher the De number, the higher the normal
Table 3
Summary of micro-forces presented on an oil droplet in the presen

boundary condition in the constriction geometry.

VE, De¼2.7

Inlet flow rate (m3/s) 2.6E-12

Pressure drop across oil droplet (Pa) 3197

Pressure force (N) 2.68E-06

Normal stress force (N) 9.51E-07

Total (N) 3.63E-06

ViscoViscoelasticViscoelastic
De=0.0 De=0.27 De

Fig. 9. Normal stresses in the pore throat for a constant pressure boundary conditi

(De¼0.27) (c) Viscoelastic fluid (De¼0.54) and (d) Viscoelastic fluid (De¼2.68).

Visco
De

Viscoelastic
De=0.27

Viscoelastic
De=0.0

Fig. 10. Velocity field in the pore throat for a constant pressure boundary condition in t

(c) Viscoelastic fluid (De¼0.54) and (d) Viscoelastic fluid (De ¼2.68).
stress, even though the flow rate is lower for higher De number cases.
Fig. 10 compares the velocity profile for Newtonian and viscoelastic
flow at different De number, which shows as the elasticity increases,
the velocity profile at pore throat will be less at the center.
ce of Newtonian and viscoelastic fluids for a constant pressure

VE, De¼0.53 VE, De¼0.27 Newtonian

4.1E-12 4.1E-12 4.0E-12

1047 1047 529

4.03E-06 4.03E-06 4.02E-06

3.00E-07 2.92E-07 1.50E-07

4.33E-06 4.32E-06 4.17E-06

elastic Viscoelastic
De=2.7=0.54

on in the constriction geometry for a (a) Newtonian fluid, (b) Viscoelastic fluid

elastic
=0.54

Viscoelastic
De=2.7

he constriction geometry for a (a) Newtonian fluid, (b) Viscoelastic fluid (De¼0.27)



A. Afsharpoor et al. / Journal of Petroleum Science and Engineering 94–95 (2012) 79–88 87
Fig. 11 compares the pressure force and normal stress force as
De increases for fixed flow rate boundary condition and constric-
tion geometry. As De increases, the normal stress force increases,
but the pressure force at De¼�3 starts to decline. However, the
total force (which is the summation of pressure force and normal
stress force) increases with De. The normal stresses increase by a
factor of more than 200 and the total normal force increases by a
factor of more than 20 between De¼0 and De¼5.0. Although it
cannot be determined definitively, it is very possible that normal
forces continue to increase at high De, dominate over pressure
forces, and the total force continues to increase. These larger
normal (and therefore total) forces may be enough to overcome
capillary forces and mobilize residual oil in porous media. More
likely, it is one of many synergistic factors mobilizing residual oil.
For example, the additional viscosity of the polymer would add
additional pressure drop and the asymmetry of the flow lines
could lead to ganglion pulled off of the droplet.

Fig. 12 shows the pressure force and normal stress force for the
fixed pressure boundary condition in the constriction geometry.
Fig. 11. pressure force, normal stress force and total normal force vs. De number

for constriction geometry and fixed flow rate inlet/outlet boundary condition.

Fig. 12. pressure force, normal stress force and total normal force vs. De number

for constriction geometry and fixed pressure inlet/outlet boundary condition.
As shown, the normal stress force increases monotonically as De

increases, but the pressure forces decrease. In Fig. 12 the total
normal force is declining in the range of De studied, but if the
normal force were to increase monotonically, it would eventually
dominate the overall pressure force, and total force would also
increase. It should also be noted that as the droplet approaches
the constriction it would in reality deform. The asymmetric forces
on the deformable droplet may be large enough to pull the front
end of the droplet into the constriction or tear off ganglion from
the droplet. More advanced modeling would be required to study
flow around a deformable droplet and test these hypotheses.

It should also be noted that the constant pressure boundary
condition is less realistic than the constant rate boundary condition,
since polymers are typically injected into wells at constant rates.
4. Conclusions

Pressure gradient alone is not sufficient to overcome capillary
forces and mobilize residual oil in reservoirs, even with the
increased viscosity of polymers. The recent experimental and
field observations that show reduced residual oil in the presence
of polymers such as HPAM must be due to other factors, or more
likely, combination of forces acting on the oil droplet. Our CFD
simulations of viscoelastic flow around static oil droplets in pore
throats show that normal stress forces are insignificant for
Newtonian fluids, but increase dramatically with De. In some
cases the total forces imposed on the oil droplet is much larger as
a result of these normal forces, even at the moderate De studied
here. It is possible that at higher De, normal forces dominate and
the effective force is much larger than a Newtonian fluid with the
same viscosity and flowrate. We believe that the observed
reduced residual oil is a result of a combination of factors
including pressure drop from the high polymer viscosity, normal
stress forces in the viscoelastic fluid, and perhaps ganglion pulled
off of the droplet due to asymmetry in the flow lines. Future work
will focus on modeling these effects in geometries that allow for
shape evolution of the droplet as well as complimentary experi-
ments in microfluidics tubes representative of pore throats.
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