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A lattice Boltzmann (LB) framework is developed for simulation of three-phase viscoelastic fluid flows in
complex geometries. This model is based on a Rothman-Keller type model for immiscible multiphase flows
which ensures mass conservation of each component in porous media even for a high density ratio. To account for
the viscoelastic effects, the Maxwell constitutive relation is correctly introduced into the momentum equation,
which leads to a modified lattice Boltzmann evolution equation for Maxwell fluids by removing the normal but

excess viscous term. Our simulation tests indicate that this excess viscous term may induce significant errors. After
three benchmark cases, the displacement processes of oil by dispersed polymer are studied as a typical example
of three-phase viscoelastic fluid flow. The results show that increasing either the polymer intrinsic viscosity or

the elastic modulus will enhance the oil recovery.
DOLI: 10.1103/PhysRevE.97.023312

I. INTRODUCTION

Viscoelasticity is one of the most important and toughest
topics in rheological properties, since materials with this
kind of property exhibit the characteristics of both viscous
fluid and elastic solid [1]. What is even more complicated
is to consider viscoelastic fluid dynamics in the presence of
another fluid or another two kinds of fluids. Yet we cannot
ignore this tough issue, as it is often the case in important
fields such as food processes [2], blood flows [3,4], and more
specifically, in reservoir engineering. Take the enhanced oil
recovery (EOR) by polymer flooding as an example; it requires
careful considerations of at least three phases such as oil,
water, and polymer [5], and the incorporation of polymer
viscoelasticity is a necessity [6-8].

For direct simulations of the ordinary three-phase Newto-
nian fluid flows, there have been several approaches available
already, such as the front-tracking method [9,10], the level-set
method [11-13], and the phase-field method [14—-17]. Mean-
while, the mesoscopic lattice Boltzmann method (LBM) has
gained much success in studying two-phase flows incorporated
with other complexities [18-23]. More recently, a few LB
models for ternary fluids came up [24-27]. The Rothman-
Keller (RK) model [28-30] was straightforwardly extended
to systems including three or more phases through adding
evolution equations of the same form by Leclaire et al. [25].
The accuracy of their model was further improved for problems
encountered with large density and viscosity ratios [31-33].
A three-component Shan-Chen model was also developed by
applying three sets of LB equations (LBEs) interacting with
each other [24]. Additionally, Liang et al. [26] and Semprebon
et al. [27] proposed three-phase models based on the phase-
field theory almost at the same time.

As for LB models to account for the viscoelastic non-
Newtonian effects, various strategies were applied covering
both single-phase flows and two-phase flows [34]. By adding
nonpropagating populations to the standard velocity models,
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Giraud et al. [35] split the viscous stress tensor to consider
the memory effects in Jeffreys viscoelastic fluids. Later this
model was extended to three dimensions [36], and further two-
phase free-energy-based models were carried out by Wagner
et al. [37,38]. Dellar [39] also made improvements on the
single-phase LB models for Jeffreys fluids by introducing an
abstract tensor, which simplified the derivation. Additional sets
of LBEs to recover constitutive equations were established
for the upper-convected Maxwell (UCM) fluids [40] and for
the Oldroyd-B fluids [41,42], respectively. Yet these kinds of
models are less efficient, especially for two-phase extensions
[43], since evolutions for three sets of LBEs are necessary.
Another group of approaches were achieved by adding a
forcing term to the momentum LBE. For the Oldroyd-B fluids,
Su et al. [44] derived a very complicated term, while for the
Maxwell fluids it was much simpler, as presented by Ispolatov
and Grant [45]. Yoshino et al. [46] further extended Ispolatov
and Grant’s model to two-phase flows in the framework of a
free-energy model [47]. However, these Maxwell LB models
did not recover the momentum equation for real Maxwell
fluids, as we discuss in the following sections.

Nevertheless, three-phase models for viscoelastic fluid
flows are still rare. In this paper, we are to establish such
a LB framework combining the RK-type three-phase model
and the Maxwell viscoelastic constitutive equation. In Sec. II,
the basic three-phase Newtonian fluid model and its extension
to viscoelastic fluids are introduced, with the implementation
of wetting boundaries on complex solid surfaces described in
detail. In Sec. III, several benchmarks are presented both for
the basic three-phase code and for the viscoelastic model. In
Sec. IV, the present model is further applied to investigate the
issue of dispersed polymer flooding in complex pore channels.
Finally, conclusions are drawn in Sec. V.

II. NUMERICAL METHODS
A. Three-phase LB scheme for Newtonian fluids

We select the RK model in Leclaire et al.’s work [25]
as our basic multiphase flow solver, along with a series of
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improvements on the multiple-relaxation-time (MRT) operator
[33], the isotropic color gradient [31], and the momentum

J

correction [32]. The D2Q09 lattice is applied with the velocity
vectors ¢; and the weight parameter W;, defined as

[0,0],i =0
¢ = [cix, iyl = {cos[ZG — D], sin[Z( — D]}c, i =1,2,3,4 , 1)
{cos[% + 3G —9)]. sin[F + % —5)]}vV2c. i =5.6.7.8
4/9,i =0
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In the RK-type LB model, N sets of distribution functions
fF denoting N kinds of fluids are introduced, corresponding
to N sets of LB equations to capture the motion of each phase
colored by k. The interaction between each phase is realized by
additional collision operators. This idea is natural and simple,
which makes the form of each LBE briefly kept the same as

flx +einnt+ An — fran

k
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where x is lattice position, At is the time step, ¢; is the lattice
velocity with the discrete direction of i, and Ax = cAt is the
lattice spacing. The macroscopic phase density p*, the total
density p, and flow velocity u are computed as follows:
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The modified forcing term I'; [48] is applied here to account
for the total body force F consisting of viscoelastic force F;
and gravity pg:
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with the effective relaxation time tegr = 0.5 + 3vege/ (c*AD).
The effective viscosity veg is the density-weighted interpola-
tion of phase kinematic viscosity v¥ as

kvk
Veff = Z p . (6)
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Compared with the LBE for single-phase flow, the collision
term Qf‘ in the RK model is combined by three sub operators:

of = (2)"[(@)’ + (@)']. Y

in which (Qf‘)s is the single-phase operator, (Qf)’ is the
perturbation operator (or interfacial operator), and (Qf)M is
the recoloring operator (or mass conserving operator).

The MRT single-phase operator is in charge of the fluid
momentum evolution, which is written as
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where M is the transformation matrix given in Appendix A
and K is the diagonal matrix of relaxation parameters [33]:
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The equilibrium distribution function f;"*¢ is given by
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of (0 < af < 1) is the parameter which controls the density
ratios between fluids £ and / as
k, 0 I
P l—«
—_— = 12
ol 0 1 —qk (12)
where 0 indicates the initial setup of densities, and «* = 4/9
is recommended for the least dense fluid [25].
In order to obtain the right momentum for various density
ratios, the last term be‘ in Eq. (10) is necessarily introduced in
[32] while was missed in [49]:

v - Vb /2, i=0
OF = 1dvg(D* 1 e; ®¢)/ct, i=1,2,3,4, (13)
ver(D¥ 1 ¢; @ ¢)/c*, =568

with tensor D* = [(u ® Vpk) + (u ® Vp*)'1/8.
The perturbation operator is in charge of the interfacial
action for multiphase flow, which is written as
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where G*' is a “color” gradient perpendicular to the interface
between phase k and /:

1 k k 1
GM(x.1) = p-v('o—) _ p-v(’)—), (15)
o \p) » \p
and
—4/27, i=0
Bi=12/27, i=1234. (16)
5/108, =568

. kol . . .

CcH = m1n{106%, 1} is a concentration factor which
limits the range of interfacial action suggested in [25]. Param-
eter A¥ is determined by the interfacial tension y*:

AR Al — 9 _y¥

= 17
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Although the second operator successfully captures the
interfacial dynamics, it will also cause the mixing of fluids and
break the mass conservation for each phase. To overcome this
and ensure perfect mass conservation, the recoloring operator
is indispensable, which is as follows:

k k Al
@) = Z X g T | cos o)
k
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in which the parameter g controls the thickness of the k-
interface with a special relation with 8° (0 < 8% < 1) giveniin
[25], and ¢ is the angle between ¢; and G*'.

At this point, combining the above equations gives the
basic LB scheme for multiphase Newtonian fluid flow with
large density and viscosity ratios simultaneously. It is worth
mentioning that there are some slight differences between
Eqgs. (13), (14), and (17) in this work and those in the original
model due to dimension correction.

B. Extension to viscoelastic fluids

In this section, the RK-type LB scheme is developed to
deal with viscoelastic fluids. The widely applied Maxwell
constitutive relation is introduced here to account for the
accumulated stress and memory effect of viscoelastic polymer:

) o n 1 do (19)
&= —+——,
n?  E dt
where o is the stress, & is the strain rate, E is the elastic
modulus, and n” is the intrinsic polymer dynamic viscosity.
Since the stress has finite value at t = —o0, it can be obtained
by integrating Eq. (19) over time:

77p ! t—t . ’ ’
a(x,t):;/ exp| — . e(x,tdr, (20)
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with the memory time t¢ = n,/E.

Taking the divergence of the elastic stress deduces a body
force

n? ! t—1 2 N4
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it can be easily discretized by time step as
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In the previous viscoelastic single-phase LB model [45] and
a phase-field two-phase LB model [46], the above body force
was directly added to the LBEs. However, in such a manner,
the LBEs in the single-phase region cannot correctly return to
the real momentum equation for Maxwell materials. This is
due to the remaining excess “LB viscous term” i g V2u in the
momentum equation as

dpu+ @ -Vypu=—-Vp+mpVu+Fu+pg, (24)

where p is the pressure and npp is the dynamic viscosity
originated from the ordinary LBE for Newtonian fluids. Using
the integration by parts, another equivalent form of Eq. (21) is
derived as given in Appendix B, where the term n”VZu(x,t)
should be regarded as the viscous term instead of ne Vu
in the normal LB framework. Unfortunately, the last term in
Eq. (A2) cannot be stably computed although using the same
discretization method for Eq. (21).

Therefore, Eq. (23) is still applied in this work, but unlike the
previous ones in Refs. [45] and [46], g values are set to zero
for all Maxwell fluids. As aresult, the real momentum equation
for Maxwell fluids in the single-phase region is recovered as

Opu+(u-Vypu=—-Vp+Fy+pg. (25)

Finally, by substituting Eq. (23) into Egs. (4) and (5), and
by setting ng = 0, we obtain the present RK-type multiphase
model for viscoelastic fluids with large density and viscosity
ratios. The derivatives then in Egs. (13), (15), and (23) are
evaluated through a fourth-order gradient operator by [50],
which greatly improves the numerical accuracy [31].

Fluid b

=1

FIG. 1. Sketch of a three-phase system on solid walls, with r, g,
b representing red, green, and blue fluids.
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FIG. 2. Three typical wall boundary configurations for concentrations: (a) flat case, (b) corner case 1, and (c) corner case 2.

C. Implementation of the wetting boundary condition

In order to be applicable to porous media, fluid-solid
interaction is essential and wetting boundary conditions should
be implemented. The evolving contact angle in two-phase RK
models was originally achieved by directly setting virtual wall
densities which interact with the neighboring fluid densities
through the “color” gradient [51]. While inspired by the work
on diffuse-interface theory [17,52], virtual concentrations
C* = pk/p are also introduced on solid lattices for the three-
phase model here. In this method, the concentrations as well
as densities on solid sites are updated at every time step, which
will lead to better wetting dynamics over that in Ref. [51]. The
following equations determine the virtual concentrations:

—n-VC* = tan (% — ek)wck —(-VCHn|, (26)
|

k 1 K\ k k
CHl. . = CHyyr + g tan (2 — 05)[C¥xs1ya1 — CHlamtya .
I e Z—0%)|ct —C*
lx—1.y+1 —I—tan(2 )| lx,y+1 =10,

Similarly, by considering other possible orientations of n
in a porous media, the wetting boundary conditions are fully
implemented. Actually, this idea has been nicely applied to
a RK model for flat surfaces by Jiang and Tsuji [49] very
recently, yet simple complete wetting conditions were still used
for complex geometries.

III. BENCHMARKS

Before the discussions on viscoelastic polymer flooding in
porous media, a series of benchmarks are performed.

A. Multilayer Couette flow

In the first case, we consider a 2D multilayer Couette
flow to verify the accuracy of the basic Newtonian code
for multiphase momentum calculation. As shown in Fig. 3,
four layers of fluids are placed parallel between two infinite
plates with the width of each layer 7 = 3 mm. The system
consists of red fluid (p” = 1000 kg/m?, v" =1 x 107° m?/s),
green fluid (p¢ = 100 kg/m>, v&€ = 5 x 107% m?/s), and blue
fluid (p” = 350 kg/m3, v> = 9x107® m?/s), all driven by
the upper plate with a wall velocity u,, = 0.01 m/s. Given
these values, the theoretical results for the cross-sectional

where for a two-phase system (k- phase)

ok = oM =7 — 9X, 27)
and for a three-phase system (7-g-b phase) sketched in Fig. 1,
0" =< fbc 6" + 7 fgcrefg, (28a)
08 = ' 08" + < 08", (28b)
1—Cs 1—Cs
ct=1-c-cs. (28¢)

A finite difference scheme is used to discretize Eq. (26),
which will lead to different expressions for various wall
configurations. Taking three typical configurations shown in
Fig. 2, for example, C¥|,. y on solid nodes (x, y) are calculated
accordingly:

case (a)
. 29)
case (b and ¢)

(

momentum distribution at the steady state can be calculated
according to Ref. [25].

In our simulation, the fluid domain covers 10 x 122 lattices.
Periodic boundary conditions are applied on the left and right,
bounce-back rule is applied on the lower stationary wall, while
a moving boundary condition is adopted [53,54] for the upper
wall. Other parameters, such as interface tensions and lattice
velocity, are setas y = 0.01 N/m and ¢ = 1 m/s, respectively.

p" =1000 kg/m?3

LU v =1x10"%m?/s

pb =350 kg/m3

Fluich vl =9 x 107°m?/s

p" =1000 kg/m?
V' =1x10"°m?/s

Fluid r

FIG. 3. Sketch of a multilayer Couette flow.
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FIG. 4. Momentum validations for the multilayer Couette flow with (a) 8° = 0.6 and (b) 8° = 0.85.

Here we test two different values of 8°: one is 0.6 for the
rougher interface and the other is 0.85 for the sharper interface.
The steady-state momentum results are obtained in Fig. 4, and
both of them match well with the theoretical profile. These
results indicate that the multiphase hydrodynamics can be
correctly captured by this model, and the choice of 8° has
little impact on the fluid momentum.

B. Three-phase wettability

The goal of this case is to examine whether or not the
implementation of wetting boundary conditions can describe
the static contact angles of three-phase fluids in contact with
solid. The three-phase system in Fig. 1 is considered. Initially,
two symmetrical quarter-circular droplets (green and blue
fluids with initial radius Ry = 2.5 mm) are placed closely in
contact with each other on the bottom wall, surrounded by the
bulk red fluid. Densities and viscosities of these fluids are p” =
1000 kg/m?, v" = 1x107* m?/s, p¢ =200 kg/m3, v8 =
1x107* m?/s, p” =800 kg/m?, and v = 1x10~* m?/s.
When given certain interface tensions (y#”, 4%, and y*") and
any two contact angles (e.g., 98" and 6”"), the system will relax
to its equilibrium state, with the remaining contact angle (9%”)
being determined by the following correlation [27]:

y'8cos0"® + p&Pcoshs? + yP cosh? = 0. (30)

And also, the phase angles (¢”, %, and ¢”) are determined

through
sing”  sing¢  sing”
ybr = yre :

3D

ysb

We present two groups of simulations in this work. Contact
angles of 9% = 60°, 8% =90°, #%* = 60° and 0" = 90°,
6b" = 150°, 9% = 30° are imposed on group (a) and group
(b), respectively. The interface tensions are all set as y =
0.01 N/m. The simulation domains are divided into 100 x 42
lattices, with periodic boundaries on left and right and solid
walls on top and bottom. The lattice spacing Ax = 0.1 mm,
lattice velocity ¢ = 1 m/s, and 8° = 0.65 are assigned. Then
we export the phase distributions at time step t = 15 000A¢
when equilibrium states establish, as shown in Fig. 5. It is
observed that the evolved contact angles in our simulations
agree quite well with the prescribed values. Note that the phase
angles (¢", @8, and gob) are all around 120°, which is also
coincident with theoretical values when interface tensions are
identically imposed. Therefore, the implemented three-phase
wetting boundary condition is confirmed.

C. Validation of viscoelastic extension

With the above two cases as benchmarks for the basic
multiphase Newtonian model, this section draws attention to
the validation of its extension to viscoelastic fluids. Indeed,
there is no rigorous benchmark for three-phase viscoelastic
fluid flow, and even for the simple two-phase case. However,
the qualitative benchmark for the problem of a Newtonian
bubble rising in a viscoelastic fluid should be possible. The
schematic of this problem is illustrated in Fig. 6, where a
Newtonian bubble (fluid ») with initial radius of R is freely
released in the bulk viscoelastic fluid (7). Then driven by
the buoyancy force due to gravitational acceleration g, the
bubble will rise in the closed tank. Under certain conditions
of relatively large capillary number (Ca) and Deborah number

FIG. 5. Validation results of the three-phase wettability with (a) 95" = 60°, 8" = 90°, #5® = 60° and (b) 65" = 90°, 8" = 150°, 8% = 30°.
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Fluid r
(Viscoelastic) H
L
< >
Y

FIG. 6. Physical model of a Newtonian bubble (fluid b) rising in
a viscoelastic fluid (r).

(De), the bubble will become a “cusp shape” with a sharp
tip at the tail, and a “negative wake” behind the bubble
was often reported [55—60]. These phenomenon feature the
viscoelastic behavior of bulk fluid, and the reasons were nicely
summarized recently in Ref. [61]: Due to the viscoelastic
memory effect, elastic normal stresses will form against the
upstream buoyancy force, which leads to the tip formation; to
some extent, velocities behind the bubble will detach, thus
a “negative wake” appears; then this “negative wake” will
yield downstream shear stresses, which further favors the tip
elongation.

We perform two sets of simulations to compare the bubble
rising dynamics in a viscoelastic fluid and in a Newtonian
fluid. All closed wall boundaries with completely bulk fluid
wet conditions are applied in these simulations. In these
simulations, the parameters are set as follows. The tanks with
size of L x H =20 mm x40 mm are covered by 201 x 401
lattices using lattice spacing Ax = 0.1 mm and time step
At = 1.25x107°s. Initial radius of the Newtonian bubbles are
R = 3 mm. Bubble densities p? = 100 kg/m?, dynamic vis-
cosity n” = 0.015 Pa s, bulk fluid densities p” = 1000 kg/m?,
gravitational acceleration g = 9.8 m/s?, interface tensions
y = 0.01 N/m, and interface width parameters 8° = 0.8 are
used in both simulations. For the viscoelastic fluid, the memory
time is setas 7 = 0.1 s, and the intrinsic polymer viscosity in
Eq. (19)is setas n” = 0.875 Pa s, while for the bulk referential
Newtonian fluid, its phase dynamic viscosity is set equal to
n? as n” = 0.875 Pa s. Thereafter, defining the characteristic
length L* = 2R and velocity V* = /2gR, the capillary num-
ber and the Deborah number are calculatedasCa = n?V*/y =
2.12 and De = V*7¢ /L = 4.04, respectively.

(b)

—_~
)
~

COOOCO
QoGO

FIG. 7. Comparisons of the bubble rising processes (a) in a
Newtonian fluid and (b) in a viscoelastic fluid.

Our results are presented in Fig. 7 and Figs. 8(a) and
8(b). As is seen, notable differences are found between the
viscoelastic case and the Newtonian case. Figure 7 compares
the shape evolution of the rising bubbles, and the “cusp shape”
is only observed for the viscoelastic case. In the streamline
comparison in Fig. 8, a “negative wake” and two vortex rings
are captured behind the bubble in the viscoelastic fluid, while
they are not found in the Newtonian fluid. Since these two
major viscoelastic features are well recovered in the above
simulations, the capabilities of our extended model to describe
the flow of multiphase viscoelastic fluids are validated.

Note that the assumption of Eq. (22) is important when vis-
coelastic behavior needs to be considered. Therefore in order
to present a common criterion for At, effects of the calculation
time step are further discussed in Figs. 8(b)—8(d). These figures
are all captured at the same physical time of r = 0.105 s.
It is observed that although increasing Ar does not affect
the bubble shape and the characteristic of “negative wake”
qualitatively, it will lead to unstable streamlines numerically.
Then we quantitatively compare the cross-sectional vertical
velocity profiles extracted through the center of two vortexes
beside the bubble as shown in Fig. 9. The velocity profiles
indicate that the instability decreases with the decreasing of
time step, which is in accordance with the assumption. The
smooth results are obtained when the nondimensional time
step At* = At/ drops to 1.25 x 107>, As a consequence,
we recommend a criterion for the time step in this model as
Ar < 1.25x107° 7¢. Meanwhile, a very small value of At
is usually not expected, since it will drastically increase the
simulation cost. Also shown in Fig. 9 is the errors introduced
by the excess LB viscosity npg, which prove our theoretical
derivation and indicate again the necessary of removal of the
excess viscous term by the present model. As depicted, the
maximum velocity values drop 7.1% and 13%, respectively,
by adding 5 p with only 1.14% and 2.28% magnitudes of the
polymer viscosity. Even more serious errors occur when 7 g
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FIG. 8. Comparisons of the streamlines during bubble rising (a) in a Newtonian fluid and (b)—(d) in a viscoelastic fluid. In (c) and (d), the
time steps used for calculations are changed to At = 2.5x107% s and At = 5x107% s, respectively.

increases to 11.4%n?, and the “negative wake” is no longer
captured, as shown in the subplot of Fig. 9.

IV. RESULTS AND DISCUSSION

In this section, displacement of oil by the dispersed polymer
gel system is further investigated, with focus on the effects
of polymer’s viscous and elastic properties. The schematic of
our simulation setup and the initial configuration of fluids are
shownin Fig. 10(a), with red representing oil, blue representing
water, green representing the viscoelastic polymer, and black
being the solid rock. The main porous region is constructed by
two crossed channels with a notable difference in width, which
is inspired by the supposed sketch in Ref. [62] to illustrate the

0.18

At=5x10°, 1,,=0
——At=25x10°, n,=0
—— At=1.25x 10°, n ;=0
- — At=1.25x10°, 1,=0.011n")

0.5
0.12]
0.00 |
oos| NSRS Vi
003/

0.00 R

cross-sectional velocity (m/s)

-0.03
-0.06 ; . . .
0 50 100 150 200
X (lattice)

FIG. 9. Effects of time step and the excess LB viscosity g on
the present model, where the cross-sectional velocities are extracted
through the white dash lines shown in Fig. 8, and the nondimensional
time step At* = At/ is used.

blocking and diverting mechanisms. In order to generate the
dispersed polymers, the idea from microfluidic fields [63] is
introduced, where we construct a “polymer generation device.”
In this device, polymers enter from the left pipe with area flow
rate Q,, which will be cut into discontinuous drops by the
water on two sides with flow rate Q,,. In addition, a buffer is
attached to the right side of the main region to minimize the
possible outlet effects.

The calculation domain contains 650 x 152 lattices in total,
with 463 x 152 lattices covering the main porous region and
38 x 152 lattices covering the outlet buffer. Three inlet pipes
are set with the same width of 20 lattices. Lattice spacing
Ax = 0.5 um and time step At = 1.111x107° s are used.
Constant flow rate boundary conditions are applied to three
inlets using the nonequilibrium extrapolation method [64],
while the convective outflow boundary condition [65] is used
at the outlet. For solid-fluid interactions, the predescribed
wetting boundaries are adopted with contact angles set as
0"’ =90°,07" = 160°, and 6°? = 20°. Other physical param-
eters like the densities are p* = 1000 kg/m?, p° = 800 kg/m>,
and p? =900 kg/m?; the water and oil dynamic viscosities
are n* =0.001 Pas and n°=0.02 Pas; the flow rates are
0,=15x 107° m?/s and Q,, =2x107% m?/s; the interface
tensions are Y’ =0.012 N/m, y”* =0.01 N/m, and y =
0.01 N/m; and the default viscoelastic properties of polymer
are set as n” = 0.05 Pa s and £ = 5000 Pa.

Primarily, we compared the dispersed polymer flooding
with pure water flooding in which the left inlet is changed to
water injection but the same flow rate is kept. The displacing
processes are presented in Fig. 11, where the cumulative
injection volume of fluids is normalized by the pore volume
(PV) of the main porous region. As is seen for the referential
water flooding case in Fig. 11(a), the oil in large channels
is quickly displaced, while there is no water entering into
the small channels until 1PV injection. As long as the fast
displacement in large channels happens, a main flow path will
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‘ Water: Q,, /2

Polymer: QP

Y, ) :
L»x f Water: Qw/2 Main region

@

(b)

FIG. 10. (a) Initial setup for the simulation of oil displacement by the dispersed polymer system. (b) An enlarged view of the first cross for
illustrations of the nondimensional displacing front position in the lower channel and mean pressures in the upper channel.

be formed and lead to the most water continuously following
this path. However, on the other hand, almost no water will
sweep into the small channels, and the weak flow there may
even be cut and trapped by the main flow. Such poor displacing
conditions are well overcome by introducing the dispersed
polymers as shown in Fig. 11(b). These polymers are also
preferentially travel through the large channels, yet the main
flow is significantly suppressed compared with water flooding
due to their higher viscous property. The blocking in large
channels will help divert more water to penetrate into the small
channels, thus recovering more trapped oil and providing much
better sweep efficiency. Moreover, the pushing and dragging
effects of polymers are observed, which further benefits the oil
recovery.

Thereafter, impacts of the intrinsic polymer viscosity n”
and the elastic modulus E are discussed. In order to present
more quantitative comparisons, a nondimensional displacing
front position in the first lower small channel is introduced, as
illustrated in Fig. 10(b). It is defined as the penetration length
of water L; in x direction divided by the total first cross length
Ly. For the present crossed structure, evolution speed of this
front position reflects the sweep efficiency and enhanced oil
recovery (EOR) capability of the polymers. Figure 12(a) gives
the effect of polymer viscosity n” on the front evolution, as

. trapped oil

FIG. 11. Comparisons of oil displacement processes by (a) water
and by (b) the dispersed polymer system. To record the displacing
time, cumulative injection volume of fluids normalized by the pore
volume (PV) of the main porous region is used.

faster evolution is found for higher viscosity case. The result
indicates the monotonous increase of sweep efficiency with
polymer viscosity, which is in accordance with the traditional
polymer flooding results. On the one hand, higher viscosity
represents more favorable condition with lower mobility ratio,
but on the other hand, the viscous resistance in large channels
increases with polymer viscosity and therefore more water is
diverted into the small channels.

In Fig. 12(b), a similar trend is found for the effect of
the polymer elastic modulus. To give further explanations, we
count the mean pressure drop through the upper large channel
in the first cross as described in Fig. 10(b). Comparisons of
the pressure drop evolutions are shown in Fig. 13(a), where
large fluctuations are found. Therefore clearer comparisons are
presented by averaging the pressure drops from 1PV injection,
as Fig. 13(b) gives the relation between the average upper
pressure difference and polymer elastic modulus. Generally
concluded from Fig. 13, the pressure drops required are
higher for larger elastic modulus cases, which means that
the resistance in large channels increases with the elastic
modulus and consequently enhances the diversion capability.
Deeper reasons should be explained by the relation between
polymer particle deformability and its elastic modulus: as a
smaller elastic modulus means lower stiffness, the polymers
are easier to deform to adapt to the flow field, reducing the flow
resistance. Therefore increasing the polymer elastic modulus
also enhances oil recovery.

V. CONCLUSION

In this paper, a three-phase lattice Boltzmann scheme for
viscoelastic fluids is established. A RK-type multiphase LB
model is set as the fundamental three-phase flow solver,
which can deal with large-density-ratio cases. The viscoelastic
effects are implemented by applying the Maxwell constitutive
equation. The present approach modifies the previous single-
phase and two-phase LB models for Maxwell viscoelastic fluid
flows, by not only adding a forcing term but also removing the
normal viscous term. Our derivations indicate that the correct
Maxwell fluid momentum equation is successfully recovered
by this modified method. In order to consider porous media
applications, the algorithm for wetting boundary conditions on
complex solid surfaces is described in detail. Thereafter, three
typical benchmark cases are presented. Good agreements are
found between the simulation results by the basic three-phase
LB code and the corresponding theoretical solutions. Through
the bubble rising tests, two distinguished viscoelastic behaviors
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FIG. 12. Evolutions of the lower displacing front position with pore volume injected: (a) effect of n” and (b) effect of E.

are observed which demonstrate that the present scheme for
multiphase viscoelastic fluids is effective. In addition, the
results further validate the necessity of removing the excess
viscous term.

Finally, by applying the present LB framework, we are able
to investigate the oil displacement processes by the dispersed
viscoelastic polymer system. The effects of polymer intrinsic
viscosity and its elastic modulus are separately discussed in
a complex geometry with crossed channels. Our results show
that the blocking and diverting capabilities of polymer enhance
either with the increasing of polymer intrinsic viscosity or the
increasing of elastic modulus, since the viscous resistance and
the deformation resistance are increased, respectively. Future
work on 3D extension is expected as well as applications to
more complex rock geometries.
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APPENDIX A: THE TRANSFORMATION MATRIX
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APPENDIX B: ANOTHER EQUIVALENT FORM OF THE VISCOELASTIC FORCING TERM

Here we present another equivalent form of Eq. (21), as the viscoelastic forcing term can be expressed as follows as well by
using the integration by parts:

t 4/ 2 /
F(x,t) = n”Vzu(x,t)—np/ exp (—t t><av "(x’l))dt/. (B1)

o el ot’

Based on this expression, a polymer viscous term n” V2u(x,t) is extracted, which should have replaced the original viscous
term 7y g V>u in the normal LB framework. Unfortunately, the last term in Eq. (A2) cannot be stably computed, although using
the same discretization method as for Eq. (21). Therefore Eq. (23) is still applied in this work, but np is set to zero to recover
the correct momentum equation [Eq. (25)] for Maxwell fluids.
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