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Abstract. CO, sequestration is a pretty new field with little relevant published data
considering the relative permeability of COz-brine systems at in-situ conditions. Precise
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determinations of relative permeability data in gas injection experiments are difficult
and expensive; also, several factors affect the accuracy. In this paper, to predict COs-
brine relative permeability curves, a Shan-Chen type multi-component multiphase lattice
Boltzmann model for two-phase flow for a 2D porous medium was developed. Fully
periodic and “full-way” bounce back boundary conditions were applied to the model
to get infinite domain of fluid with non-slip solid nodes. Incorporation of an external
body force was performed by the Guo scheme. The influences of pore structure and

capillary number on relative permeability curves were studied in order to establish realistic

conditions for investigation of COs-brine relative permeabilities. The corrected relative

permeability curves for pore structure and capillary number were tangibly in agreement

with experimental data.

© 2014 Sharif University of Technology. All rights reserved.

1. Introduction

In immiscible flow through porous media, a mod-
ification of Darcy’s law to account the momentum
transfer across the interfaces leads to defining an
apparent relative permeability, £, ;, which is a function
of wetting phase saturation, S,,, capillary number, Ca,
and viscosity ratio, M [1], and is defined as: “effective
permeability divided by permeability to non-wetting
phase at minimum wetting phase saturation” [2], given
by:
kkr i app(Sw, Ca, M,V P;)

U; = — = ’VPi. 1
i L

The characteristic role of the relative permeability in
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the estimation of the reservoir performance and ground
water transport and remediation in any simulation
study and subsequent decision making in reservoir en-
gineering has been a contestable issue. Gas water sys-
tems have been studied widely due to their applications
in sequestration processes, aquifer pressurizing and
WAG injection projects in petroleum and hydrology.
CO; sequestration is a recently emerging field with
little relevant published data regarding the relative per-
meability of CO,-brine systems at in-situ conditions [3].
Precise determinations of relative permeability data in
gas injection experiments are difficult and expensive;
also, several factors affect the accuracy. An alternative
approach for this objective is the use of pore-scale
modeling like lattice Boltzmann method. The lattice
Boltzmann advantage for porous media lies in its ability
to incorporate complex boundary conditions relative
to continuum modeling approaches and an excellent
ability to simulate interfaces between different fluids.
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Validity verification of relative permeability data,
originated from Darcy’s law, was one of the subjects
of application of multiphase lattice gas and lattice
Boltzmann modeling for multi-component oil/water
like systems [4]. Some recent efforts to study the gas
liquid systems include the works by Yiotis et al. [1]
who studied the viscous coupling effects in immiscible
two-phase flow in porous media based on the single-
component multiphase model of He et al. [5] assuming
that the pressure of non-ideal fluids is described by
the Carnahan-Starling EOS, the work of Huang et
al. [6], and Huang and Lu [7] who studied the relative
permeability and coupling effects in steady-state gas-
liquid flow in porous media. They used the single
component multiphase model of Shan and Chen [§]
(like water and its vapor) along with the R-K equation
of state to model gas-liquid systems with a high
density ratio. They have used the original Shan-
Chen scheme for the incorporation of body forces.
One recent try to use the LB method for COs-brine
systems is the work by Suekane et al. [9] who were
studying the Behavior of supercritical CO4 injected
into porous media containing water. They imple-
mented the Free Energy model of swift et al. [10] to
simulate CO;-rich channels running through water-rich
regions.

In the current study, multi-component multiphase
Shan-and-Chen-type lattice Boltzmann model was used
in order to study apparent relative permeabilities of
gas-liquid systems. This type of modeling is suitable
for flow simulation of different fluid pairs such as CO,
and brine with essentially different kinematic viscosity
values.

An outline of the paper goes as follows. After
a brief review of the theory of the LB method, the
validity verifications of the model for fluid flow in a
few simple pore geometries are reviewed. The influence
of pore structure and capillary number on relative
permeability curves is also studied in order to establish
realistic stable conditions. The COs-brine relative
permeability curves are then calculated as a function
of wetting fluid saturation, viscosity ratio and for a
specific capillary number and compared with some
experimental results. The concluding remarks are
presented afterward.

2. Theory, background and model setup

In LB method and 2D models, the domain is divided
into regular lattices with the same spacing in both =
and y directions and at each lattice site, a distribution
function f7 (x,y,t) is defined that denotes the number
of particles of fluid ¢ at site (x,y) in the direction of
m with velocity e,,. During each time step, streaming
and collisions of these particles are performed through
the Boltzmann equation. The discretized form of

Boltzmann equation with the assumption of BGK
(Bhatnagar-Gross-Krook) reads:
afi ofi _ fi=fi*
i = 2
ot e Ox T (2)
By the Euler’s expansion of the derivatives in Eq. (2),
one can obtain the forms:

fa(xvt) — fgq(.%’,t)

fa(® +ea At t + At) =fo(z,t) —

-
+ At.F, (3)
. eq.utl  ututd: (egeq —c21
faq(x):wap(x) 1+ 02 (04 ) I
s s (4)
F
ueq:u—l—Au:u—i—T—7 (5)
P
4 1 1
w = — We = —. We7 = —.
1= 2345 = 6789 = 3¢

The macroscopic fluid density is the sum of the discrete
values of the distribution function:

p:Zfow (6>

The macroscopic velocity v is an average of the micro-
scopic velocities e, weighted by the discrete values of
the distribution function f,, as:

9
1
u=- Z Sata- (7)
p a=1
The fluid kinematic viscosity is defined as:
1
1/:8(27'—1)7 T>0.5. (8)

In order to simulate multiphase systems, forces between
two different phases including fluid-fluid and fluid-
solid forces should be incorporated in the model. By
introducing the second species in the model in the
form of a multi-component multiphase model, previous
equations should be slightly modified. In such a case,
equilibrium velocity for fluid phase ¢ is defined as:
ust =+ 2L (9)
Pa

F= Fcohesion + Flwdsorption + Fexternah

o = (ZU > fgea/n) (32, polms). (10)

The composite velocity u’ is a measure of the whole
fluid velocity (or total composite velocity) and is
defined as [11]:
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w=u'+F[(2p), with p=> p,. (11)

Also, the whole fluid kinematic viscosity can be com-
puted as:

v = (Z LoTo — 0.5) /6, with 2, =p./p, (12)

while the cohesion and adsorption forces are given by:

9
F.(z,t) = =G ), (z,t) Z Was(x + eq At, t)eq,
a=1 (13)

9

Exds(fp7t) = _Gadsl/)(xv t) Z wQS(x + eaAt)eav
a=1 (14)

with ¢ and & denoting two different fluids, and G,
and G.gs used to control the IFT and the surface
wettability. In the above equations ¥ and S are the
potential function and an indicator of solid sites (1) or
pore sites (0), respectively [12].

Owing to the nature of the interaction between
two fluids, smaller values of G, lead to diffused in-
terfaces, whereas larger values lead to sharp interfaces
and purer components. However, in the later case, the
simulation will suffer from numerical instability after
some critical values. The sign of these parameters
indicate the repulsion or attraction nature of the forces
and their absolute value can be adjusted to model the
desired IFT and contact angles.

For the EOS proposed by Shan and Chen, the
effective (number) density 1 is:

6 = [1-exp (<2 )] (15)

Po

where pg is an arbitrary constant (initial density), here
taken as 1.2 mu/lu?.

External body force was incorporated through
the Guo scheme, since Guo et al. [13] have already
demonstrated the best procedure to accommodate the
LBM with continuity and momentum equations on the
macroscopic scale (i.e., Navier-Stokes equation). In
Guo’s scheme we have:

Fi = (1 . 217> w; {(ei; Wy ei(igu) F. (16)

S

This term needs to be added into the collision operator
and also the velocity needs to be shifted as:

9
utd = % > fiei + FAL/(2p). (17)

=1

‘Full way’ bounce back scheme and fully periodic
boundaries have been applied at the solid and non-solid

boundaries of the domain, respectively, to simulate an
infinite domain of fluid. The “bounce-back” method is
applied to simulate the non-slip boundaries at the solid
nodes (the usual practice in classic fluid dynamics) and
in periodic boundary condition, nodes on the opposite
boundary are simply considered as the neighboring
points of the boundary nodes.

3. Results and discussion

3.1. Model verification

The conventional procedure for verifying LB models is
the primary bubble and contact angle tests proceeded
by the channel flow simulation for investigation of
Poiseuille flow pattern [1,4]. For simulation of relative
permeability curves, we do need to simulate single
phase flow too. A simple verification of single phase
models is the model ability to predict the absolute
permeability of a simple porous media like ideal sphere
packs.

3.1.1. Sphere pack porous media

A simple and primary benchmark to the model is
the ability to predict the Darcy’s permeability of a
simple pore structure like sphere pack model. For this
purpose, a sand pack was considered as the sphere pack
to be applied to the model through Kozeny-Carman
correlation [14]:

¢3 d2

= Shi—3F (18)

Here, kc is the Kozeny-Carman constant, being an
empirically measured factor which represents both
the shape factor and the deviation of flow direction
from that in a duct. For beds packed with spherical
particles k¢ = 5. The sand pack was prepared at the
reservoir rocks laboratory of Petroleum University in
Iran with 1 m length and 5 cm diameter. The measured
porosity and water permeability were 26% and 1.44 D,
respectively. These properties along with the Kozeny
correlation produced a grain size of 0.09 mm which was
taken as the characteristic length to be applied in the
model. 26% porosity implies that rhombohedral-pack
spheres model should be implemented.
For Darcy flow, one has:

__Un
-~ dp/dz’

(19)

To relate the permeability to units measured in the LB
simulation, we apply the force balance condition:

rBody.2® = (Py. — Py ).2? = —(dP/dz)z®.  (20)
From Eq. (20), and by applying dp/dx = —z Body we
obtain:

_ Uypp
~ zBody’

(21)
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Figure 1. Kozeny-Carman and LBM permeability.

For the characteristic length considered here, every 615
lattice units (lu) represent 1 mm in physical domain,
so for the porous medium with sphere diameter of
55 lu we have 55/615 = 0.09. To convert the LB
permeability to physical permeability, we took (0.001
m/615 1) k5.

As mentioned in Huang et al. [15], for single phase
flow, the permeability of the porous medium is slightly
dependent on 7 when the BGK model is used for the
collision term; so the fluid fluxes can be calculated
for the specified G, and 7. Simulation results (for
7 = 1 and p = 1 mu/lu?) show good agreement
with Kozeny correlation with less than 10% error,
as the resolution increases. However, the obtained
precision is acceptable relative to the difference exists
between various correlations. The estimated lower
LBM permeability at lower resolution is rooted in the
roughness effect of digital images in representation of
the sphere surface with a finite number of solid sites
that cause the spheres appear somewhat jagged which
results in a kind of barrier to flow (Figure 1).

5.1.2. IFT and contact angle

Whenever the Shan and Chen type lattice Boltzmann
model is applied a necessary part of analyses is the
bubble test. The reason is that in the SC model, the
interfacial tension is not a direct input and the strength
of surface tension is controlled by the parameter G..
The same reason stands for wetting characteristic of
solids that is controlled by the parameter G,qs through
contact angle test.

In multi-component LB models, the bubble tests
check the ability of the model in relating the pressure
difference, radius of curvature and interfacial tension
when a bubble of one fluid is immersed in another fluid
as:

~
Ap = 7 (22)
The pressure at position z can be determined from the
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Figure 2. [FT simulation for small fluid densities.
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Figure 3. IFT simulation for 40 times larger fluid
densities.

densities [16]:

P() = (01 (0) + pa(0) + 3Gebr (o). (29)

In this test, various initial radii bubbles of less viscous
fluid was placed in a domain of size 150 lu x 150 lu
for two sets of density values (one 0.9/1.0 and another
0.9/3.5) and two different viscosity ratios (0.021 and

0.065). The viscosity ratio was computed as M =
tow/lw = VawPow/(Vwpw) as Figures 2 and 3 also
comply.

The contact angle test demonstrates the ability
to model different wetting behavior, also verifying
the assumption of direct relationship between cohesion
and adsorption parameters and the interfacial tension
values in Young’s equation (Egs. (24) and (25)) [12].
Eqgs. (26) and (27) were applied to compute the contact
angle of a drop on a surface with the parameters R,
L and H being the drop radius, drop base and drop
height, respectively [16], given by:

yeost = (vs2 — Vs1), (24)
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Gads2 - Gadsl

0= 25
cos a. , (25)
4H? + L?
R = TRH (26)
L
= 2
tan ¢ SE—H) (27)

In contact angle tests, a drop of 30 lu diameter of
wetting fluid was placed in a domain of size 120 lu x
150 lu surrounded by non-wetting fluid. According to
Huang et al. [16], when G.p; > 2, the compressibility
effect of LBM increases; this causes some deviation
from the direct relationship between cohesion and ad-
sorption parameters and the interfacial tension values
in Young’s equation. Based on our simulations, for a
specific density ratio (for example 0.90/1.0 = 40/45)
the choice of the density values itself is a cause of
distortion from the linear trend of contact angles versus
the drop adsorption Gags1(Geps < 2). This factor
constrains the proper possible choices of the cohesion
parameter in a way that if larger density values are
selected, smaller values of G, must be assigned, and
hence the adhesion parameters will become several
times larger than cohesion that subsequently violate
the cosine definition in Eq. (25). But, an exciting effect
of large density values and low cohesion parameter is
that a larger IFT was obtained - which is preferred
in flow simulations due to sharp interfaces and purer
components - as shown in Figures 2 and 3. For small
density values and G.p; > 2, S-shape relationship and
for G.p; < 2 a linear relationship between the contact
angle and the adhesion parameter were detected, as
shown in Figures 4 and 5.

8.1.8. Two-phase flow in a 2D channel
To check the model ability to simulate multiphase flow
problems, we investigated the Poiseuille pattern in a

180

® LBM °
Young’s eq.

150

—
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(=}

90

Contact angle 6

D
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Gaast

Figure 4. Calculated contact angles as a function of the
drop adsorption parameter, G451, for Gept > 2.
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Figure 5. Calculated contact angles as a function of the
drop adsorption parameter, Gaqs1 for G.pi < 2.

2D channel. Due to periodicity, a 121 lu x 11 lu
domain was considered to reduce the computational
cost and the rather thick interface (6-8 lu) effect in SC
model. By the analytical solution of Poiseuille flow in
a channel, the corresponding relative permeability for
wetting and non-wetting phases is [1]:

1
Frw = 59503 = Su), (28)

Ernw = Sow BM + 52 (1 - gMﬂ , (29)

where Sy, is defined as S, = 1 — a/b with 2b and
a being the channel width and the location of the
interface relative to the central line of the channel,
respectively. LBM relative permeability was calculated
at the outlet face defined as the cumulative flux of
one fluid divided by the fluid flux when only that
fluid exists in the domain. This method is applicable
when Darcy’s law conditions are satisfied which implies
that low Reynolds number and steady state (constant
saturation) conditions are reached.

These simulations were performed with tau values
0.75 and 1.17, G. = 3 and G,gs = 1.5. The IFT
and contact angle values were calculated as o =
0.042 mu.lu/ts? and 6§ = 9°; capillary number, Ca,
can be regarded as the ratio of the body forces to the
interfacial forces [17]. In this study, Fux; was a uniform
steady body force, here equal to 1.2 x 108 mu/(lu.ts?)
that resulted in Ca = 1.2 x 1078/0.042 = 2.8 x
10~7. The Reynolds number was also maintained
low to ensure the applicability of Darcy’s law, with
the maximum lattice velocity of 0.00014 lu/ts and
kinematic viscosity of 0.167 lu?/ts and 20 lu pore
diameter, resulting thus in Re = Ud/v = 0.017.

In a situation where the more viscous fluid is the
wetting phase, the relative permeability of wetting and
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Figure 6. Comparison of LB modelling results and
analytical solution for variation of relative permeabilities
with respect to saturation ratio in two-phase Poiseuille
flow.
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Figure 7. Velocity profile in the channel, comparison of

LB modelling results and analytical solution of Poiseuille
flow.

non-wetting fluids obey the conventional pattern with
the non-wetting relative permeability greater in mag-
nitude. Figure 6 shows the analytical and simulation
results. The velocity profile is also shown in Figure 7.

Since the relative permeability of wetting fluid is
not a function of the viscosity ratio, when the viscosity
of the wetting phase is less than that of non-wetting, no
change will be made on its curve, but the non-wetting
fluid experiences a lubricating effect during the flow
and shows a relative permeability greater than unity.
Good agreement between analytical and simulation
results were observed.

3.2. Two-phase flow through porous media

In simulation of multiphase systems, the typical poros-
ity is somewhat greater than 50%. The first reason
is to get percolating systems in all directions, and

secondly, to reduce the effect of the interface’s thickness
and to reduce the influence of pore structure on the
results [1]. Another alternate for these objectives is
to increase the resolution of the medium (reducing
pm/lu). But increase in computational cost or in
other words high performance computing hardware
requirement is the drawback. Another limit of low
porosity mediums is the threshold capillary number.
The lower the porosity, the larger the Ca required,
getting a percolating system.

Using a MATLAB code, simulation of a 200 x
200 1u? domain with 47% porosity and for 40000 ts,
takes about 1 hour to complete. Our simulations were
operated on a computer with a 3 GHz Intel processor
and 1 GB RAM.

Considering the number of simulations needed for
parameter optimization (G. and 7) and investigation
of relative permeability, to reduce the computational
cost and getting a percolating system, we implemented
a 150 x 150 lu? domain with about 60% porosity and
a capillary number in the range of 1073 — 107%. We
remember that the simple periodic boundary condition
easily compensated the small domain size by repeating
the domain at each time step. In the case of other
boundaries, using extensively large domains is neces-
sary to get meaningful results.

Two initialization methods for saturation dis-
tribution can be considered; a random distribution
and an injection like initial saturation. The first
case is suitable for a pair fluid with large density
difference to gain stability and the second is more
realistic in injection processes. Utilizing the mentioned
boundary condition and the initial condition of the less
viscous fluid being injected into the medium, we have
calculated the relative permeabilities at different cross
sections to get an average value.

A micro model was implemented to construct
the porous medium of our simulations. The micro
model has been engineered at Schlumberger Cambridge
Research, based on a thin section of a 3D Berea sand
stone rock sample (typically with 22% porosity) [18].
However, the micro model shows 33% porosity.

We reproduced a symmetric image relative to x—y
axes using a piece of size 569 pm x 891 pm of the micro
model and subsequently, a more simplified image was
derived from the symmetric image which is compared
with the ideal sphere pack model (Figures 8 and 9).

In all simulations, the primary constant sat-
uration throughout the medium was attained after
10000 ts, however, we assumed the steady state con-
dition after 30000 ts.

The applied technique has the advantage to sim-
ulate any fluid pair with M > 0.02 in any medium
including: porous media, capillaries, and surfaces
with adsorptive or non-wet characteristic. But all
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Table 1. CO»-brine system properties by Perrin et al. (2008).
Pressure Temp. Flow rate Viscosity (cp) Densities (g/cc) S. St. Core Capillary
(psia) °F cc/min Brine CO- Brine CO- porosity number
1800 120 1.2 0.558 0.046 0.99 0.56 0.22 5x107°
Table 2. COs-brine system properties in LBM.
Cohesion Adsorption Time Tau values (1) Densities mu/lu? Model Capillary
G. Gads steps Brine CO» Brine CO» porosity number
3 1.5 30000 1.2 0.6 1.76 1 0.66 1.2x107°
Table 3. LBM properties in investigation of the influence of pore structure on the relative permeability.
Cohesion Adsorption Time Tau values (1) Densities mu/lu® Model Capillary
G. Gaas steps Liquid Gas Liquid Gas porosity  number
1 3 1.5 30000 1.17 0.55 1.15 1 0.38 4.7 %1072
2 3 1.5 30000 1.8 0.55 1.7 1 0.38 4.7x 1073

N D

A A

Figure 8. Simplified pore structure, 264 lu x 502 lu, 38%
porosity.

Figure 9. Ideal sphere pack model, 262 lu x 484 lu, 38%
porosity.

applications of the LBM will remain at the core scale
not reservoir scale.

3.2.1. COz-brine system

To simulate COs-brine systems, we implemented low
viscosity ratio pair fluids with the desired Ca and
density ratio such that the simulated in-situ conditions
match the experimental conditions. Since in the labo-
ratory tests and for strongly water wet system when
viscous forces dominated, it is reasonable to ignore

capillary pressure except to set an initial saturation
condition and also gravitational effects are negligible [2]
we can expect the results to be independent to bond
number and dependent only to the pore structure and
capillary number. The results then should be corrected
for pore structure and capillary number. The CO,-
brine data used here were selected from Perrin et al. [19]
as reported by Table 1. The LB model properties for
this system are presented by Table 2.

3.2.2. Pore structure
To investigate the influence of pore structure and Ca
on the relative permeability curves, the response of
the micro model porous media was compared with
corresponding porosity and permeability, ideal sphere
pack structure and for three values of Ca, respectively.
In exploring the influence of pore structure, the
two sets of parameters reported in Table 3 were used
to show the model ability to simulate low viscosity
ratio gas liquid systems, and also to investigate any
dependency of the results on the viscosity sets. Fig-
ures 10 and 11 illustrate the influence of pore structure.
The labels 1 and 2 in these figures identify the micro
model and the ideal sphere pack model responses,
respectively. As it has been illustrated therein, an
increase in surface area increased the non-wetting
phase relative permeability, but almost did not alter
the wetting phase relative permeability. For wetting
phase saturations below 40% and by 50% increase in
surface area, both of these simulations have shown an
average deviation of 55% for non-wetting phase relative
permeability.

3.2.8. Capillary number

The capillary number, Ca, has been set to the three val-
ues 2.1x1073, 1.2x 1073 and 6x 10~4, to investigate its
influence on the relative permeability curves (using the
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Figure 10. LB relative permeability for M = 0.065,
0 =0.021 and Ca =4.7 x 10~%; 1 indicates the micro
model and 2 the sphere pack.
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Figure 11. LB relative permeability for M = 0.021,

o =0.048 and Ca = 4.7 x 1073; 1 indicates the micro
model and 2 the sphere pack.

properties in Table 2) for COq-brine system. Moreover,
porosity is chosen as 66% to obtain higher precision
and less dependency to the pore structure in an ideal
sphere pack medium. Figure 12 demonstrates this
issue. As an average, for a reduction of 45% in capillary
number, the wetting phase relative permeability has
been reduced by 30% and a reduction of 72% in Ca
lower the non-wetting fluid relative permeability by
30%.

3.2.4. Comparative study

The pore structure and capillary number can now be
corrected to properly simulate the laboratory condition
and compare the results. 66% porosity medium needs
40% increase in surface area to be a 33% porosity one
(corresponding to 22% porosity sand stone with 33%
porosity micro model). The capillary number should
be lowered by 99.6% to get 5x 1076, After reducing the
wetting and non-wetting phase’s relative permeability

1.0

—a— 1 wet Ca=2.1e-3
—x— wet Ca=2.1e-3
0.8F | —e—n wet Ca=1.2e-3
—— wet Ca=1.2e-3
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0.6 —e— wet Ca=6e-4

0.4}

Relative permeability

0.2}

0.0 0.2 0.4 0.6 0.8 1.0
Wetting saturation

Figure 12. Investigation of capillary number influence on
relative permeability.
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0.0 0.2 0.4 0.6 0.8 1.0

Brine saturation

Figure 13. COs-brine relative permeability by Perrin et
al. (2008) and LBM simulation.

by 66% and 85%, respectively, the resulted curves are
as shown in Figure 13.

4. Concluding remarks

In this paper, a multi-component multiphase Shan-
Chen type LB model was used to study the two-
phase flow in porous media and to simulate CO,-
brine relative permeability curves in a realistic pore
structure. For small density values, when G.p; >
2, S-shape relationship, and for G.p; < 2, a linear
relationship between the contact angle and the adhe-
sion parameter was detected. The predicted relative
permeability curves were tangibly in agreement with
experimental data by involving the pore structure
and capillary number effects. The applied technique
has the advantage to simulate any fluid pair with
M > 0.02 in any medium including: porous media,
capillaries, and surfaces with adsorptive or non-wet
characteristic.
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