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Key Points:

An advanced lattice Boltzmann model is developed to simulate scCO, displacing
brine in real rock geometries

Inertial e ects help develop CO, ow pathways resulting in higher CO, satura-
tion

Inertial e ects are independent of mean velocity and the change of inertial e ects
exhibits threshold behavior
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Abstract

Inertial e ects during the process of supercritical CO, displacing brine in porous media
may not be negligible according to recent studies. Capturing the inertial e ects of the
physical CO,-brine system imposes a requirement on the grid resolution and viscosity
to surface tension ratio for pore-scale simulations, which some commonly used simula-

tors may not be able to meet. To ful Il the parameter requirement, we combine the continuum-

surface-force based color-gradient lattice Boltzmann (LB) multiphase model and the ge-
ometrical wetting model, and extend the model to 3D under the multiple-relaxation-time
framework. We validate the model via simple benchmarks which show signi cant improve-
ment over the traditional models. We then perform 3D drainage simulations in a het-
erogeneous micromodel where the simulation result agrees well with experimental data,
while our previous work fails to reproduce certain displacement patterns in the exper-
iment due to the use of a traditional LB model that cannot ful Il the parameter require-
ment. Finally, we perform high- delity 3D drainage simulations to study the inertial ef-
fects in a Bentheimer sandstone sample. Our results show that stronger inertial e ects
generally help develop more CO, ow pathways for the same capillary number which re-
sults in higher CO, saturation, consistent with the micromodel results. The phenom-

ena can be found in both low and high capillary number cases, indicating that the in-
ertial e ects are not dependent on the mean velocity. In addition, the change of the in-
vasion patterns is not proportional to the change of inertial e ects, thus exhibiting thresh-
old behavior.

1 Introduction

Although multiphase ow in porous media has been a topic of investigation for many
years due to its relevance to petroleum, chemical, and environmental engineering, there
has been renewed interest recently because of society’s need to address emission of car-
bon dioxide into the atmosphere from power plants. In the process of carbon capture and
geological sequestration, CO, emissions are captured and injected as a supercritical lig-
uid into deep subsurface formations, typically saline aquifers due to their geographically
widespread occurrence (Metz et al., 2005).

The supercritical CO; is signi cantly less viscous than brine or oil, meaning that
the inertial e ects during the injection process of supercritical CO, (scCO;) may not be
negligible, as the local ow velocity has been observed to be 38 times larger than the mean
velocity in a micromodel experiment under reservoir pressure condition (Li et al., 2017)
due to the Haines jumps (Haines, 1930). Other studies also suggest that the inertial ef-
fects of the Haines jumps mostly depend on the uid properties instead of the injection
velocity (Ferrari & Lunati, 2014; Armstrong et al., 2015), meaning that the e ects may
not be negligible even at very low capillary number (Ca). The impact of the inertial ef-
fects on uid displacement patterns have also been investigated through both numeri-
cal simulations and experiments (Ferrari & Lunati, 2014; Moebius & Or, 2014; Armstrong
et al., 2015; Zacharoudiou & Boek, 2016; Y. Chen et al., 2018) and it has been found that
the inertial e ects can alter the uid ow pathways and spatial con guration. Moebius
and Or (2014) show that the resulting wetting phase entrapped in the non-invaded throats
(behind the drainage front) is not signi cantly a ected by consideration of inertia. How-
ever, they also acknowledge that their synthetic homogeneous micromodel has large throat
size with mild variance which may not be applicable to more complex geometry. Y. Chen
et al. (2018) performed 3D direct numerical simulation of liquid CO, displacing water
in a heterogeneous micromodel, and found that reducing inertial e ects suppresses the
development of certain CO, ow pathways and results in signi cantly lower nal CO,
saturation. However, their numerical simulation fails to fully recover the displacement
patterns found in the experiment possibly due to the use of more viscous uids, a require-
ment for numerical stability of their model. Moreover, it is not clear whether the con-
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clusions from a quasi-2D micromodel are applicable to real 3D rock geometry despite the
highly heterogeneous geometry of the micromodel.

When the inertial e ects are no longer negligible, simulations must match viscos-
ity and density ratio, the capillary number, Ca = -»¥ and the Reynolds number, Re =
%\V’Vd, of the physical system to capture the full physics during the uid displacement
process, where L and p is the dynamic viscosity and density of the non-wetting phase,
respectively, is the surface tension, V is the average inlet velocity, and d is the char-
acteristic length of the pore geometry which is chosen to be the average pore diameter
in this work. In such case, the Ohnesorge number (Oh) which relates the viscous forces
to inertial and surface tension forces, can be introduced to better describe the ow (Zacharoudiou
& Boek, 2016; Y. Chen et al., 2018),

Oh = p%; D
nw

where the velocity term vanishes and the dimensionless number is only related to uid
properties and geometry. For simplicity, assuming the density and the grid resolution
are xed in the simulation, then equation (1) imposes a requirement on the ratio between
viscosity and surface tension. Unfortunately, this ratio is directly related to the ampli-
tude of the spurious currents near the interfaces in most of the interface capturing meth-
ods (Scardovelli & Zaleski, 1999; Raeini et al., 2012). One must keep this ratio su ciently
large to ensure a stable simulation. For an oil-brine system, as the viscosity of the oil
is signi cant higher than brine and scCO,, the requirement for matching the Oh in the
physical system is relatively easy to ful Il, and one may even completely ignore inertial
e ects which are greatly suppressed by the very viscous oil. However, in a scCO,-brine
system, the Oh is much smaller than that in an oil-brine system, assuming the same porous
geometry. Matching the Oh in a scCO-brine system is a challenge for many numerical
methods. Increasing the grid resolution will increase the absolute value of the charac-
teristic length in the simulation unit system thus lower the requirement of the ratio be-
tween viscosity and surface tension to match certain Oh. However, this approach will also
signi cantly increase the computational cost due to the increased grid size, particularly
for a full 3D simulation. On the other hand, some advanced numerical methods capa-
ble of matching the Oh in a physical system using a reasonable grid resolution may not
be able to perform meaningful simulation in a real rock geometry, due to the high com-
putational cost from the complex numerical scheme itself. Thus, the impact of inertial
e ects on uid displacement in real rock samples remains largely unexplored.

Recent advances in computer architecture and laboratory imaging technology en-
ables direct numerical simulation (DNS) of multiphase ow on actual pore space geom-
etry obtained from X-ray tomographic imaging of rock cores. The lattice Boltzmann (LB)
method (S. Chen & Doolen, 1998; Aidun & Clausen, 2010) is a widely used DNS method
due to its ability to e ciently implement boundary conditions for complex and to model
interfacial dynamics between di erent uids (Liu et al., 2016; Huang et al., 2015). In ad-
dition, the LB method is perfectly suited for the current high performance computing
platforms which rely heavily on certain types of manycore processors/co-processors, such
as GPUs (Graphics Processing Units), to boost the computing power, as evidenced by
the ‘Top500’ list of supercomputers (as of June 2019) where 8 out of the top 10 super-
computers use these architectures. In fact, the LB method is among the rst methods
to explore the GPU computing capability for scienti c applications (Tolke & Krafczyk,
2008).

Among the di erent LB multiphase models, the color-gradient (CG) model (Gunstensen
et al., 1991) is probably the most popular model in recent years to study multiphase ow
in real rock geometry (Ahrenholz et al., 2008; Ramstad et al., 2010; Armstrong et al.,
2016; Jiang & Tsuji, 2015; Tsuji et al., 2016; Leclaire et al., 2017; Akai et al., 2019), thanks
to its strict immiscible phase separation, relatively easy implementation and high e -
ciency. However, the traditional approach of the LB CG model using a ctitious-density
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(FD) wetting model (Latva-Kokko & Rothman, 2005b) su ers from large spurious ve-
locity as well as arti cial Ims caused by the wetting model (Leclaire et al., 2016; Akai

et al., 2018; Zhao et al., 2019); hence LB-CG-FD model cannot match the Oh in a scCO,-
brine system, as mentioned above. Leclaire et al. (2016) proposed a geometrical wetting
model that eliminates the arti cial Im found in the FD wetting model and extended

the model to 3D (Leclaire et al., 2017). However, their model shows large errors at con-
tact angles near 180 or 0 , which limits its application. Z. Xu et al. (2017) proposed

a similar geometrical wetting model in 2D and combined the model with the continuum-
surface-force (CSF) (Brackbill et al., 1992) based CG model. Their model shows good
accuracy even at contact angles near 180 or 0 . In addition, the spurious velocity is gen-
erally an order of magnitude smaller than the traditional LB-CG-FD approach. The model
has been successfully applied to study multiphase ow in 2D micromodels (Z. Xu et al.,
2017; M. Xu & Liu, 2018; Gu et al., 2019). Akai et al. (2018) adopted the idea of com-
bining the CSF-based CG model with the geometrical wetting model, and extended it

to 3D based on the single-relaxation-time (SRT) (H. Chen et al., 1992; Qian et al., 1992)
collision. Their model also shows good accuracy, and has been employed to model oil re-
covery in real rock geometries (Akai et al., 2019). However, the SRT collision may suf-
fer from pressure oscillation when the uid viscosity is very small (d’Humieres, 2002),
such as for scCO,, and becomes less stable at large Re. The grid size of their simula-
tions is also limited possibly due to the high computational cost from the use of the CSF-
based model and the geometrical wetting model, and it is not clear how to implement
the model on GPUs or other manycore processors. As a result, the advantage of their

LB method for multiphase ow simulation in real rock geometries may not be fully re-
alized. In addition, the role of the CSF-based CG model on the performance of the ge-
ometrical wetting model has not been clari ed, which may confound assessing the per-
formance of di erent geometrical wetting models.

In this work, we also follow the idea of Z. Xu et al. (2017) that combines the CSF-
based CG model (Brackbill et al., 1992; Lishchuk et al., 2003) and the geometrical wet-
ting model (Leclaire et al., 2017), but extend the model to 3D under the multiple-relaxation-
time (MRT) (Lallemand & Luo, 2000; d’Humieres, 2002) framework (Section 2), which
shows better performance over the SRT collision regarding numerical stability at low vis-
cosity. To investigate the inertial e ects in a real rock geometry via parametric study,
the model is implemented in a high-performance LB code, ‘MF-LBM’ (Y. Chen et al.,
2018), that is able to utilize the computing power of GPUs or other manycore proces-
sors (Appendix A). We validate and evaluate the model via two simple geometry bench-
marks (Section 3.1 and 3.2), which show the importance of combining the CSF-based
CG model and the geometrical wetting model. We employ the code to model liquid CO,
displacing water in a heterogeneous micromodel under reservoir pressure condition and
compare the results with the experimental data (Y. Chen et al., 2018) (Section 3.3). Af-
ter this full testing in both simple geometry benchmarks and complex micromodel sim-
ulations, we then study the inertial e ects during the drainage process in a Bentheimer
sandstone sample (Section 3.4). A discussion and our conclusions are presented in Sec-
tion 4. A brief introduction of the implementation of the models on GPUs as well as the
computational performance analysis can be found in Appendix A.

2 Numerical Methods
2.1 The Traditional MRT LB Color-gradient Model

The LB color-gradient (CG) multiphase model is particularly popular for immis-
cible uid ow in porous media with a high viscosity ratio owing to its ability to adjust
surface tension and viscosity independently, maintain a relatively sharp interface between
multiple uids, and be e ciently implemented on modern manycore processors/co-processors
(Y. Chen et al., 2018). We rst introduce a traditional 3D color-gradient multiphase model
(Y. Chen et al., 2018) under the multiple-relaxation-time(MRT) LB framework (Lallemand
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& Luo, 2000; d’Humieres, 2002; Tolke et al., 2006). We give a brief introduction of this
model below, where details of the model can be found in our previous work (Y. Chen
et al., 2018).

In the LB CG model, we label di erent uids with colors, e.g., uid r (red) and
uid b (blue), which are represented by their own particle distribution functions (PDFs),
fI and fP, respectively. Here i represents the ith lattice direction, and the popular D3Q19
lattice model (Qian et al., 1992) is employed in this work. The bulk PDF for the uid
mixture at (x;t) is fi(x;t) = f/(x;t) + fP(x;t). The lattice Boltzmann equations for
both uid r and uid b are (Tolke et al., 2002),

fFix+e tit+ ) =F0oct)+ OF s+ g s=r:b; i =0;:::;18; )

where superscript ‘s’ indicates either uid r or uid b, e; is the lattice velocity of the D3Q19

model, and M, @ and  $® are the collision operators responsible for the viscous

e ects, surface tension e ects and the separation of di erent uids, respectively. For u-

ids with identical density, it is not necessary to calculate the collision operators f(l) and
§(2) separately for each component (Huang et al., 2014). Then the evolution equations

based on the multiple-relaxation-time LBM framework become,

fFix+e tit+ ) =F0oct)+ SPF M IS(MF) m®g; s=r;b; i =0;::18 (3)

where M is a transformation matrix (d’Humieres, 2002) used to transform f; to the mo-
ment space, Meq is a vector composed of the equilibrium moments, and S is a diagonal
collision matrix,

S =diag(0; Se; S ;0;Sq;0;Sq; 0;Sq;S ;S ;S ;S ;S ;S ;S ;Sm;Sm;Sm); 4

where s is related to the uid viscosity. We nd the following set of relaxation rates work
well in our case and use it for the rest of the simulations in the present paper, se = 1:19,

s =14,s4 =1:2,s = Ll4andsy = 1:98. Readers may refer to d’Humieres (2002)

for a detailed description of the 3D MRT collision operator and the transformation ma-
trix. As shown in equation (3), the collision operator ?(2) is also performed in the MRT
framework. As suggested by Tolke et al. (2006), we modify meq to account for the sur-
face tension e ects (Y. Chen et al., 2018) based on the color-gradient C,

3 X
Tt

C=r Liej (ttx+ejt); (5)

i
where I; is the weight coe cient for the D3Q19 lattice (Qian et al., 1992) and the or-
der parameter is de ned by,

r b
= : 6
rt b ()

Based on the continuum-surface-force concept, Liu et al.(Liu et al., 2012) construct
a collision operator §® which is widely adopted in the literature. By transforming Liu’s
collision operator for the uid mixture to the moment space in the MRT framework via
the transformation matrix M, the same terms used to modify m®9 in equation (3) can
be obtained (Y. Chen et al., 2018); that is, the above approach can be considered as the
MRT version of Liu’s model. However, neither model directly calculates the interface cur-
vature from the normal directions of the interface, unlike the CSF-based LB CG model
introduced below in Section 2.3.

To separate the two uids from the uid mixture, the recoloring operator ?(3) is
applied to the post-collision bulk PDFs. In this work, we employ the R-K recolor scheme
given in (Latva-Kokko & Rothman, 2005a). The recolor parameter in the R-K recolor
scheme is set to 0:9 throughout the rest of the paper to form a relatively sharp interface.

{5{



215 2.2 Wetting Models

216 The most popular wetting model for the LB color-gradient model is the ctitious-
217 density (FD) model (Latva-Kokko & Rothman, 2005b) due to its simplicity, which is also
218 widely used in another popular LB multiphase model, the Shan-Chen model (Shan &

219 Chen, 1993). The idea is to assign certain value of uid density on the solid boundary

220 nodes, so that,

221 (Xp) =cos ; O]

22 where Xy represents the solid boundary nodes. Due to the di erent color gradient be-

23 tween the di erent uids and the solid surface, desired contact angle can be naturally

224 formed at the three-phase contact line. However, this approach results in strong inter-

225 actions between the solid nodes and the nonwetting uid nodes. For example, assum-

226 ing uid r is complete wetting, then the value of the order parameter is1, 1and 1

227 at solid boundary nodes, uid r nodes and uid b nodes, respectively. According to equa-
228 tion (5), there is a very large color gradient at the uid boundary nodes occupied by the
229 nonwetting phase uid b, which causes large spurious currents at those uid boundary

230 nodes.

231 For an oil-brine system, the above issue is less signi cant as the nonwetting phase,

232 oil, is very viscous and the spurious currents are greatly suppressed, which is demonstrated
233 by the early success of applying the color-gradient model to the oil-brine system (Ramstad
234 et al., 2010, 2012). However, for a scCO,-brine system, the viscosity of the nonwetting

235 phase is much smaller than the wetting phase, and the spurious currents in the nonwet-

236 ting phase are signi cantly larger due to the large color gradient between the solid nodes
27 and nonwetting uid nodes. As a result, one has to signi cantly increase the viscosity

238 of the nonwetting uid to suppress the spurious currents and achieve stable simulations
239 for a typical scCO,-brine system (Yamabe et al., 2014; Y. Chen et al., 2018). The va-
240 lidity of such an approach is questionable as it assumes negligible inertial e ects in the

241 scCO,-brine system, while as noted previously in Section 1, recent studies (Li et al., 2017,
242 Y. Chen et al., 2018) show that inertial e ects play an important role on the uid dis-

243 placement patterns. In addition, the strong interactions between the solid nodes and the
244 uid nodes due to the FD wetting model lead to an arti cial Im layer near the solid sur-
245 face. The arti cial Im results in non-physical mass transfer through the Im (Leclaire

246 et al., 2016, 2017; Akai et al., 2018) which may signi cantly alter the displacement pat-
247 terns. Y. Chen et al. (2015) studied the arti cial Im in the Shan-Chen model, and found

248 that it also has signi cant impact on modeling particle suspensions in multiphase uid

249 OwWSs.

250 To address above issues of the FD wetting model, geometrical wetting models were
251 proposed (Leclaire et al., 2016, 2017; Z. Xu et al., 2017; Akai et al., 2018). The basic idea
252 is to numerically alter the uid interface direction at the three-phase contact line to form

253 the desired contact angle instead of directly relying on the uid-solid interactions. In such
254 case, one can achieve approximate zero color gradient at the uid boundary nodes that

255 are away from the three-phase contact line, which signi cantly reduces the spurious ve-

256 locity and eliminates the arti cial Im described above. A detailed description of the ge-
257 ometrical wetting model used in this work can be found in Leclaire et al. (2017).

258 Despite the advantages of the geometrical wetting models, Leclaire et al. (2017) re-
250 ported that the model is less accurate when the contact angle is far away from 90 such
260 as larger than 135 or smaller than 45 , which severely limits the application of the wet-

261 ting model. Z. Xu et al. (2017) introduced a similar geometrical wetting model in 2D,
22 and their result shows good accuracy across the whole range of contact angle. As shown
263 later in Section 3.2, further investigation shows that geometrical wetting models are prone

264 to spurious currents near the three-phase contact line, as the method only alters the in-
265 terface direction at uid boundary nodes while the interface direction at nearby non-boundary
266 uid nodes may be easily a ected by large spurious currents. When the contact angle

{6{



267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

is near 90 , there are very small unbalanced forces near the three-phase contact line in
the geometrical wetting models. However, when the contact angle is far away from 90 ,
the uid interface at the three-phase contact line needs to be bend dramatically to form
desired contact angle which results in large unbalanced forces that induce large spuri-

ous currents. Reducing spurious currents near the three-phase contact line seems to be
the key step to fully explore the advantage of geometrical wetting models. Thus, the CSF-
based CG model is introduced in the next section.

2.3 CSF-based MRT LB Color-gradient Model

The continuum-surface-force (CSF) model was rst introduced by Brackbill et al.
(1992), and has since been widely adopted in traditional CFD methods. Lishchuk et al.
(2003) rst employed the CSF model in a 2D LB CG model to reduce the spurious ve-
locity near the uid interface. However, for ow in porous media, where the LB CG model
really shines, the CSF-based LB CG model shows no signi cant advantage over tradi-
tional LB CG model when both use the FD wetting model. The large color gradient be-
tween uid and solid nodes caused by the FD wetting model results in large spurious cur-
rents near the solid surface, meaning that the reduction of spurious currents near the uid
interface by the CSF-based model becomes less signi cant when most of the spurious cur-
rents are near the solid surface. In addition, the CSF-based model requires the calcu-
lation of the surface gradient of the directions of the uid interface which increases the
computational cost and coding complexity. As a result, only recently a small number of
groups employ the CSF-based LB CG model to study multiphase ows in relatively com-
plex geometries (Z. Xu et al., 2017; M. Xu & Liu, 2018; D. H. Kang & Yun, 2018; Gu
et al., 2019; Akai et al., 2019), despite the fact that it was introduced more than a decade
ago. However, with the introduction of the geometrical wetting models, the value of the
order parameters on the solid boundary nodes are extrapolated from nearby uid bound-
ary nodes (Leclaire et al., 2017) instead of having a preassigned value in the FD wetting
model, thus the color gradients between uid and solid nodes are minimized. Further-
more, a zero-interfacial-force scheme (Yu et al., 2018) can be applied to the CSF-based
model to further reduce the unbalanced forces near the three-phase contact line mini-
mizing the spurious currents, which is particularly important for geometrical wetting mod-
els at contact angle far away from 90 , as mentioned in Section 2.2.

In this work, we employ Guo’s forcing scheme (Guo et al., 2002; Guo & Shu, 2013)
to implement the CSF model in the MRT LB framework. In the CSF model, a body force
is added to the evolution equations to create the local stress jump across the interface,
which can be expressed as,

1
T2

where is the surface tension, C is the color gradient de ned in equation (5) and is
the interface curvature which can be calculated by (Brackbill et al., 1992),

F C; (8)

=[(1 nn) r] n; )
where
S
n= ir (10)

is the normal direction vector of the uid interface. By expressing equation (9) in 3D,
we have,

2 @ 2 @ 2 @
=ng 1 @—an+ ny 1 @ny ny 1 @nz+
. (12)
—Ny + Ny Nxny + @—an+@—xnZ Nyn, + n; + —ny nNpny:

dy @x oy 0z
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We incorporate the forcing term to the MRT framework, which gives,

fix+e tt+ O=Foc)+ ;@ M IS(MF) m¥+ M 1 | %s MF
s=r;b; i=0;::18:
12)
Here F = Fo;F1; ;Fis T is related to the body force F (Guo & Shu, 2013),
" ) #
_ D ej E: eiei csl
Fi - !i Cg + ch S ’ (13a)
1
D=1 5 F; (13b)
1
E= 1 7 (VF +Fv); (13c¢)
20 t
V= eifi + EF; (13d)

where i is the ith lattice direction, !; is the lattice weight coe cient, is the relaxation
time, and cs is the sound speed which is 1@% for the D3Q19 lattice model. By transform-
ing equation (13a) into the moment space, we have,

n
fix+e tt+ H=Fn+ (@ M IS(MF) m+ M 'F ;
s=r;b; i=0;::18;

where F can be expressed as,

2 3
0

381 3sev F
111 %s v F
Fx
1 3sq Fx
Fy
1 3sq Fy
F,
1 isq F;
2viFx  wWFy  VvF)%; (15)
( 2vxFx +vyFy + Vv, F;)
1
e v
2 yty zl z
1 Is (wFx+vxFy)

wIN

wIN

—~WIN

1 ?s (vzFy + wF,)
1 7S (Vsz +V; Fx)
0
0
0

where se, S, Sq, S and s are the relaxation rates of the corresponding moments. Com-
pared with the traditional LGA-type forcing scheme (Frisch et al., 1987) used in the orig-
inal CSF-based CG model (Lishchuk et al., 2003), the present forcing scheme under the
MRT framework should further reduce discrete lattice e ects and spurious velocity.

There are two key steps when combining the LB CSF-based CG model and the ge-
ometrical wetting model to ensure minimum spurious velocity near the three-phase con-
tact line. The rst step is the extrapolation of to solid boundary nodes (Leclaire et
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al., 2017), so that the color gradient at uid boundary nodes is minimized according to
equation (5), thus guaranteeing that there are no strong interactions between the uid
nodes and solid nodes. The second step is to apply the zero-interfacial-force scheme (Yu
et al., 2018) by extrapolating the normal direction vector n of the uid interface to solid
boundary nodes as the calculation of interface curvature in equation (14) at the three-
phase contact line requires the value of n at solid boundary nodes. In such case, the force
F in equation (8) is minimized at the three-phase contact line which signi cantly reduces
the spurious currents. As a result, the geometrical wetting models can maintain good
accuracy for contact angles far away from 90 , as will be shown in Section 3.2.

3 Simulation Results
3.1 Stationary Droplet Test without Solid Walls

We rst perform a simple droplet test to check the surface tension value and the
spurious velocity in the absence of solid phase. There are three models based on the MRT
collision being compared here, namely, the traditional color-gradient model (denoted as
CG-MRT), and the color-gradient model with CSF-based forcing term implemented with
either the traditional LGA-type forcing scheme (Frisch et al., 1987) (denoted as CG-CSF-
LGA-MRT) or with Guo’s forcing scheme (Guo et al., 2002) (denoted as CG-CSF-Guo-
MRT). In addition, we added a SRT (H. Chen et al., 1992; Qian et al., 1992) version (de-
noted as CG-CSF-Guo-SRT) for comparison to demonstrate the advantages of using the
MRT collision.

Initially, a red spherical droplet is located at the center of a blue uid domain with
120 120 120 lattice cells. Periodic boundary conditions are applied to the domain
boundaries. The pressure di erence p across the droplet interface can be determined

by the Young-Laplace equation,
2 .
where r is the radius of the droplet. The density ratio of the uids is set to unity for all
simulations, while the viscosity and the radius of the droplet vary. The simulation is con-
sidered converged when ) )
J Pn Pn 1000)

<10 & 17
Pn

where n is the time step.

Simulation results are presented in Table 1. We can see that all the models are able
to obtain a reasonably accurate surface tension value and the relative error of the sur-
face tension value decreases as the droplet radius increases. However, there is signi cant
di erence in the magnitude of the spurious velocity between di erent models. The mod-
els with CSF-based direct forcing term greatly reduces the spurious velocity by almost
two orders of magnitude compared with the traditional color-gradient model. Guo’s forc-
ing scheme (Guo et al., 2002) is more accurate than the traditional LGA type forcing
scheme (Frisch et al., 1987) which results in further reduced spurious velocity. From Ta-
ble. 1, we can also see that the magnitude of the spurious velocity is closely related to
the ratio of the smaller viscosity of the two uids over surface tension, while the viscos-
ity ratio itself has less signi cant impact on the maximum spurious velocity. The vis-
cosity to surface tension ratio should be su ciently small to match the Oh in a scCO5-
brine system, where the inertial e ects can not be ignored (Y. Chen et al., 2018), as dis-
cussed earlier in Section 1. Thus, the color-gradient model with CSF-based direct forc-
ing term is more suitable for modeling a scCO,-brine system. The di erence between
CG-CSF-Guo-MRT and CG-CSF-Guo-SRT seems insigni cant. However, the SRT ver-
sion su ers from large pressure oscillations in low viscosity cases, which is consistent with
the literature (d’Humieres, 2002). As a result, the simulations take signi cantly more
iterations to converge, as shown in Figure 1. In summary, CG-CSF-Guo-MRT is the best
combination for this test.
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Table 1.

to unity. The values presented in the table are all in lattice units. Here theory and

theoretical and computed value of the surface tension, respectively;

Simulation results of the stationary droplet tests. The density ratio of the uids is set
sim are the
r and  are the kinematic

viscosity of uid r and b, respectively, while M is the viscosity ratio of uid b to r. The result of

CG-CSF-Guo-SRT at for M = 0:01 and r = 10 is not available here due to that the pressure drop

fails to converge according to equation (17) after 400k iterations.

r=10 r=20
Methods M r b theory | sim Relative Spurious sim Relative Spurious
10? error velocity | 107 error velocity
10* 10*

10 0:03 0:3 0:03 3:125 4:17% 8:02 3:030 1:00% 12:81
CG-MRT 10 0:003 0:03 0:03 3:131 4:37%  65:18 3:026 0:87%  148:84

100 0:003 0:3 0:03 3:127 4:23% 58:49 3:017 0:57% 184:63

0:01 0:3 0:003 0:03 3:142 4:73%  186:74 3:040 1:33%  164:38

10 0:03 0:3 0:03 3:116 3:87%  9:43 3:033 1:10%  4:64
CG-CSF- 10 0:003 0:03 0:03 3:116 3:87% 9:80 3:033 1:10% 4:68
LGA-MRT | 100 0:003 0:3 0:03 3:116 3:87%  9:61 3:033 1:10%  4:69

0:01 0:3 0:003 0:03 3:116 3:87% 9:95 3:033 1:10% 4:70

10 0:03 0:3 0:03 3:116 3:87% 0:44 3:033 1:10% 0:22
CG-CSF- 10 0:003 0:03 0:03 3:116 3:87% 1:42 3:033 1:10% 1:04
Guo-MRT 100 0:003 0:3 0:03 3:116 3:87%  0:99 3:033 1:10%  0:97

0:01 0:3 0:003 0:03 3:116 3:87% 4:67 3:033 1:10% 1:40

10 0:03 0:3 0:03 3:116 3:87% 0:44 3:033 1:10% 0:22
CG-CSF- 10 0:003  0:03 0:03 3:116 3:87%  1:51 3:033 1:10%  1:06
Guo-SRT 100 0:003 0:3 0:03 3:116 3:87%  0:99 3:033 1:10%  1:00

0:01 0:3 0:003 0:03 N/A N/A N/A 3:033 1:10% 1:38
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Figure 1. Pressure di erence across the droplet (r = 20) versus number of iterations. The

viscosity ratio is 0:01. The SRT version shows severe pressure oscillation at low viscosity which is
consistent with the literature (d’Humieres, 2002).
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Figure 2. The steady states of the droplets attached to the solid wall with desired contact
angle at = 30 (left) and = 150 (right), obtained from di erent models. The contact angles
are measured through the blue uid. For each case, the left part of the image shows the slice cuts
the center of the droplet where the contact angle is measured, while the right part of the image
shows the 3D surface of the droplet.

3.2 Stationary Droplet Test with Flat Solid Walls

In this section, we perform simulations with the droplet attached to a at solid wall
to evaluate the wetting models. The accuracy of the contact angle is a ected by the spu-
rious currents near the three-phase contact line. Thus, we perform simulations on two
sets of uids with viscosity ratio M =100 ( r = g3 and ,=3)and M =1( , = ¢
and = %), while the surface tension = 0:03 is kept constant. All the units in this
section are lattice units. In particular, the ratio of = , of the former parameter set is
close to the typical parameter set required for the pore-scale uid system of scCO, and
brine when the Oh need to be matched.

The simulations are performed on a 200 200 100 domain where two parallel
solid plates are located at z = 1 and z = 100. Periodic boundary conditions are ap-
plied to x and y directions. Initially, a red uid droplet is attached to the center of the
solid plate at z = 1 with initial contact angle of 90 and initial radius of 40. The pres-
sure di erence across the droplet interface is monitored and simulations are considered
converged when equation (17) is satis ed. To measure the contact angle, we obtain the
slice of the computational domain at y = 100, as shown in Figure 2, and measure the
height of the droplet, Hy, and the spread of the droplet on the solid surface, Lq. The
contact angle measured through the blue uid can be calculated through the formyla
cos =1 R4, where Ry is the radius of the droplet computed by Rq = 5 + 54~
(Q. Kang et al., 2002).

There are three combinations of multiphase models and wetting models being com-
pared here, namely, the traditional MRT color-gradient model with the ctitious-density
wetting model (denoted as CG-MRT-FD), the traditional MRT color-gradient model with
the geometry based wetting model (denoted as CG-MRT-Geo), and the CSF-based MRT
color-gradient model with the geometry based wetting model (denoted as CG-CSF-Guo-
MRT-Geo). Five representative contact angles, 30 , 60 , 90 , 120 and 150 , are tested
here.

Figure 3a shows the measured contact angles versus corresponding desired contact
angles. We can see that, CG-CSF-Guo-MRT-Geo shows very good accuracy for a wide
range of contact angles, for both M = 1 and M = 100. The results of CG-MRT-Geo
are consistent with Leclaire et al. (2017), as the measured contact angles signi cantly
deviate from the desired contact angles when the contact angles are far away from 90 .
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Figure 3. (a) Comparison of the measured contact angles from di erent models versus cor-
responding desired contact angles. (b) Comparison of the magnitude of spurious velocity from
di erent models versus corresponding desired contact angles.

However, the deviation of the measured contact angle from the theory is signi cantly re-
duced when the viscosity ratio M is decreased from 100 to 1, meaning that the method
could still be accurate at the extreme ends as long as the spurious velocity is kept small
by increasing the uid viscosity, which also demonstrates that the geometrical wetting
model alone is prone to spurious velocities. The traditional approach, CG-MRT-FD, shows
relatively good accuracy at M = 1, but becomes less accurate at M = 100 while it is

still better than CG-MRT-Geo at extreme contact angles.

Figure 3b shows the magnitude of spurious velocity versus the desired contact an-
gles. As expected, the magnitude of the spurious velocity is closely related to the ratio
of surface tension over the viscosity of the less viscous phase. We can see that the mag-
nitude of the spurious velocity for all the models at M = 1 is about an order of mag-
nitude smaller than that at M = 100. The spurious velocity of CG-MRT-Geo is even
larger than CG-MRT-FD at =30 and = 150 which explains why the measured
contact angles signi cantly deviate away from the desired ones for CG-MRT-Geo at =
30 and =150 . CG-MRT-FD shows relatively smaller spurious velocity at the two
ends of the contact angle range, with less desirable behavior for contact angle close to
90 , which explains why many LB simulations in the literature that employ the tradi-
tional ctitious-density wetting model prefer contact angle of 0 .

Figure 2 shows the steady state droplets attached to the solid wall with desired con-
tact angle of =30 and = 150 , respectively, at M = 100. The measured contact
angles of CG-MRT-Geo clearly deviate from the desired contact angles. The arti cial

Ims of the ctitious-density wetting model can be clearly seen from the results of CG-
MRT-FD. Particularly, at =150 , the Im in the CG-MRT-FD case completely cov-
ers the whole solid plate. The results of CG-CSF-Guo-MRT-Geo show no arti cial Im
and the formed contact angles are very close to the desired one.

Overall, the results of CG-CSF-Guo-MRT-Geo are the most consistent and accu-
rate, at either M =1 and M = 100. By using high viscosity and extreme contact an-
gles, one may justify the use of CG-MRT-FD, as the result of CG-MRT-FD is reason-
ably accurate. However, that method fails when the viscosity to surface tension ratio is
su ciently small. In addition, the arti cial Im of CG-MRT-FD may render the entire
simulation questionable. CG-MRT-Geo is better than CG-MRT-FD for contact angle
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Figure 4. (a) Geometry of the micromodel, where solid is in black. (b) A zoomed-in snapshot
from the full 3D drainage simulation at Ca = 2:6 10 ° and Re = 5:4, where liquid CO; is in
green and water is in blue and 60% transparent.

close to 90 , but cannot be used at extreme contact angles. For the simulations in Sec-
tion 3.3 and Section 3.4, the viscosity to surface tension ratio must be su ciently small
to match Oh (Y. Chen et al., 2018). Thus, CG-CSF-Guo-MRT-Geo is the only option.

3.3 Liquid CO; Displacing Water in a 2D Heterogeneous Micromodel
at Reservoir Pressure Conditions

Y. Chen et al. (2018) employed a traditional 3D MRT color-gradient model and

ctitious-density wetting model (CG-MRT-FD) to simulate liquid CO, displacing wa-
ter in a 2D heterogeneous micromodel under reservoir pressure conditions. Due to the
large spurious velocity in the CG-MRT-FD model, as shown in Figure 3b, a much larger
Oh (viscosity in the simulation is 5:4 times the physical viscosity) was used to ensure
stable simulation. As a result, the inertial e ects are signi cantly reduced, and the sim-
ulation fails to reproduce certain invasion patterns observed in the experiment. One of
the main motivations to use CG-CSF-Guo-MRT-Geo model, in addition to eliminating
the arti cial Im in the FD wetting model shown in Figure 2, is to reduce the spurious
velocity near interfaces. As shown in Section 3.2, the CG-CSF-Guo-MRT-Geo model greatly
reduces spurious velocity, which enables us to match the Oh in the experiment while still
maintaining a stable simulation. Thus, in this work, we perform the same simulation men-
tioned above to evaluate the CG-CSF-Guo-MRT-Geo model in complex porous media
and also to investigate the inertial e ects during the uid displacement process.

The details of the experimental/simulation setup and procedure can be found in
our previous work (Y. Chen et al., 2018) and in Li et al. (2019). As shown in Figure 4a,
the heterogeneous micromodel is 7:101 mm long, 5:328 mm wide and 30 m deep, with
a porosity of 49%, which is made up by repeating the basic unit pattern ina 3 3 ma-
trix. The micromodel is initially saturated with water. Liquid CO; is injected from the
left side of the micromodel via a injection hole to displace water. In order to reduce com-
putational cost, the angular shape inlet and outlet structures shown in Figure 4a are re-
placed by thin bu er layers attached to the micromodel. From Figure 4b, we can clearly
see that the depth (30 m) of the micromodel is comparable with the average pore di-
ameter (48 m) of the micromodel. Thus, we perform full 3D simulations to fully cap-
ture the uid displacement process as many phenomena such as corner ow cannot be
modeled in 2D.

The 3D computational grid has 1953 grid nodes in the transverse direction, 2604
grid nodes in the ow direction and 13 grid nodes in the depth direction, which gives a
total of 1953 13 (bfy +2604 + bf,) grid nodes, where bf; = 18 and bf, = 18 repre-
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Table 2. Fluid parameters used in the micromodel simulations. The physical uid proprieties
are according to the experimental study (Y. Chen et al., 2018), and the characteristic length d in
Oh is the average pore diameter which is 48 m. The parameter set of S1 and S3 match the Oh
of the experiment while the parameter set of S2 results in a much higher Oh compared with the

experiment.
Water i Water CO; Surface Viscosity 3 Grid
. CO; density i i i . i i Oh 10 i
density viscosity viscosity tension ratio resolution
Fluid
properties 3 3
1001:6 kg=m®| 818:6 kg=m 0:974 mPa s | 0:074 mPa s | 29:4 mN=s 13:2 2:177 N/A
(Y. Chen et
al., 2018)
\ s1 | 818:6 kg=m® | 818:6 kg=m® | 0:074 mPa s | 0:074 mPa s | 29:4 mN=s | 132 | 2177 | 2727 m |
\ S2 | 818:6 kg=m® | 818:6 kg=m® | 520 mPa s | 0:305 mPa s | 29:4mN=s | 132 | 11:62 | 2727 m |
\ S3 | 818:6 kg=m® | 818:6 kg=m® | 0:974 mPa s | 0:074 mPa s | 29:4 mN=s | 132 | 2177 | 2:000 m |

sent the bu er layers at the inlet and outlet, respectively. The bu er layers are intro-
duced to reduce boundary e ects. The resolution of the grid is 2:727 m, which should
be su cient given that the average pore diameter is 48 m. In addition, a simulation
result from higher grid resolution, 2 m, is also included to check grid-dependence. Con-
stant velocity boundary condition (Ladd, 1994) is applied to the inlet while a convec-
tive boundary condition (Lou et al., 2013), where the convective velocity is chosen as the
average inlet velocity, is applied to the outlet. As suggested by Fakhari et al. (2018), the
convective boundary condition is only applied to the unknown PDFs at the boundary
nodes. Compared with our previous work (Y. Chen et al., 2018) using the constant pres-
sure boundary condition, the convective boundary condition can reduce the pressure os-
cillation after breakthrough, while it has little impact on the displacement patterns be-
fore breakthrough.

The capillary and bulk Reynolds numbers based on the non-wetting phase are de-
ned as Ca = “CV;\S’ , and, Re = %‘:Vd, where is the contact angle measured through

the wetting phase and is the porosity of the micromodel, which are slightly di erent

from the de nitions in Section 1 in order to be consistent with the experiments. The present
model cannot simulate density contrast, and we assume unity density ratio between wa-

ter and liquid CO,, which can be justi ed by the fact that the real density ratio is close

to unity and also water is much more viscous than liquid CO, meaning that the iner-

tial e ects mostly a ect the non-wetting phase. Other than that, the present model can
fully match the viscosity ratio of 13:2 and Oh of 2:177 10 3 in the experiment, while

Oh =11:62 10 2 was used in our previous work where the viscosity of both uids is
increased to ensure stable simulation (Y. Chen et al., 2018). As shown in Table 2, we

denote the simulation with uid parameter set matching the Oh in the experiment as

S1, the simulation with uid parameter set identical to the one used in our previous work

as S2, where Oh = 11:62 10 3, and the simulation with uid parameter set match-

ing the Oh in the experiment but using a ner grid as S3. The contact angle is 10 (Y. Chen
et al., 2018) measured through water. In this work, we only focus on the Ca = 2:6

10 ° case, where our previous simulations fail to reproduce an important invasion pat-

tern found in the experiment, the secondary CO, pathways, due to the use of a much

larger Oh.

Figure 5 shows the snapshots of the invasion patterns (gap-averaged CO, satura-
tion) from simulations at the same capillary number, Ca = 2:6 10 5. Despite the
same capillary number, the invasion patterns are quite di erent. As mentioned above,
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Figure 5. Comparison of invasion patterns of S1 (top; Ca = 26 10 5, Re = 54and
Oh = 2:177 10 ®) and S2 (bottom; Ca = 2:6 10 ° Re = 0:19 and Oh = 11:62 10 3) after
0:1, 0:3, 0:5 and 1:0 PV injection. The invasion patterns are obtained from gap-averaged CO,
saturation, where COy; is in green, water is in blue, and solid phase is in black. The red ellipse
demarcates one of the main CO, pathways found both in S1 and S2; The white ellipse demar-
cates one of the secondary CO, pathways found only in S1. Here PV stands for pore-volume

the micromodel is made up by repeating the basic unit pattern in a 3 3 matrix. Thus,
the invasion patterns may show certain periodic features. We can clearly see that there
are three main ow pathways in simulation S2, such as the one demarcated by red el-
lipse, that evenly span the width of the micromodel, due to the repeated patterns of the
geometry. These ow pathways can also be found in simulation S1. However, there are
additional ow pathways developed in simulation S1, such as the one demarcated by white
ellipse, that run through the gaps between the three main ow pathways. These addi-
tional ow pathways, denoted as secondary ow pathways, are clearly suppressed in sim-
ulation S2, resulting in signi cant areas of the micromodel not invaded by CO,. The re-
sult of S2 is also consistent with our previous work (Y. Chen et al., 2018) based on the
CG-MRT-FD model, where the parameter set is identical with the one used in S2, mean-
ing that the suppression of the secondary CO, pathways is not caused by the di erence

of numerical models. S1 compares well with the experimental data near steady state con-
ditions, as shown in Figure 6. Both the main and secondary CO, pathways observed in
the experiment are reproduced in S1. In addition, there are signi cant amounts of iso-
lated liquid CO, drops found in the experiment caused by snap-o events, which can also
be found in S1, while in S2 the invasion patterns seem more stable and only small amounts
of isolated liquid CO, drops are found right before the outlet boundary.

Figure 7 shows the CO, saturation (Sa) curves of S1, S2 and S3 as a function of
injected CO, volume. Here, only the saturation at quasi steady state in the experiment,
Saexp, is shown in Figure 7, as di erent batches of experiments show slightly di erent
displacing processes, while the nal saturation is very close with each other. We can see
that the saturation of S2 is signi cantly lower than Saeyp, While the saturation of S1 and
S3 near steady state is 0:533 and 0:534, respectively, which is much closer to Saeyp. The
quasi-steady state saturation between S1 (grid resolution: 2:727 m) and S3 (grid res-
olution: 2 m) is very close despite some small deviations during the whole drainage pro-
cess. Considering such a complex system with relatively high inertial e ects compared
with an oil-brine uid ow system and slight change of geometry due to resizing the orig-
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Figure 6. Comparison of invasion patterns of simulation S1 (left; Ca = 2:6 10 °, Re = 5:4
and Oh =2:177 10 3) and experiment (right; Ca=2:6 10 %, Re =5:4 and Oh = 2:177 10 3)
at quasi steady state.The invasion patterns in the simulation are obtained from gap-averaged
CO; saturation, where CO3 is in green, water is in blue, and solid phase is in black. The red
ellipse demarcates one of the main CO, pathways and the white ellipse demarcates one of the
secondary CO, pathways found both in the simulation and experiment.

inal scan image of the micromodel, the result looks very consistent and can be consid-
ered grid independent. Thus, the present grid resolution is su cient for this work.

We do notice that the saturation S1 and S3 near steady state is slightly higher than
Saexp. Fakhari et al. (2018) also reported overestimated nal CO, saturation in their
2D LB simulation of the same micromodel experiment using a phase- eld approach, and
suggested that the non-uniform CO, front in the experiment is responsible for the small
discrepancy, while the initial CO, front is uniformly distributed at the inlet in the sim-
ulation. By extending the inlet bu er layer to 300 grids, the discrepancy is reduced in
their simulation. The 3D simulation is more challenging compared with the 2D one, i.e.,
the existence of corner ows, and the limited resolution of the depth of the micromodel
may a ect the result. Furthermore, the calculation of saturation in the experiment based
on visualized 2D images may also introduce additional errors. Nevertheless, the result
of S1 and S3 compares well with the experimental data, while case S2, where the iner-
tial e ects are signi cantly suppressed, simply cannot reproduce the invasion patterns
resulting in large error in nal saturation. From the physical point of view, with strong
inertial e ects of liquid CO, during the drainage process, the invading phase is able to
penetrate certain pore throats that are otherwise impenetrable by the capillary forces
alone. Thus, more CO, pathways can be developed and the invasion patterns di er from
the ones at the same Ca but much lower Re.

3.4 Investigation of Inertial E ects during scCO> Injection in a Ben-
theimer Sandstone

As demonstrated in Section 3.3, the inertial e ects alter the ow pathways during
the drainage process of liquid CO, displacing water in a heterogeneous micromodel, re-
sulting in signi cant increase of CO, saturation. However, the quasi-2D micromodel re-
sult may not be applicable to practical applications with real rock geometry. Thus, we
perform drainage simulations on a Bentheimer sandstone sample to further investigate
the inertial e ects in real rock geometries. Furthermore, as constrained by the compu-
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Figure 7. CO; saturation as a function of injected CO, volume. Case S1 represents the simu-
lation with Ca and Re matching the experiment; case S2 represents the simulation with matched
Ca but signi cantly smaller Re; case S3 represents the simulation with Ca and Re matching the
experiment but using a ner grid. The CO; saturation in the experiment, Saexp, is 0:50 at quasi
steady state.

tational capability and low injection rate from the use of large viscosity to surface ten-
sion ratio, many LB pore-scale simulations reported in the literature are limited to rel-
atively small domain size or use a capillary number orders of magnitude larger than typ-
ical real world injection scenarios, roughly smaller than 10 © (Krevor et al., 2012). As
shown in Section Appendix A, e cient implementation of the code on modern GPUs greatly
boosts our computational capability. Combined with the increased injection rate thanks
to the improvement of the CG-CSF-Guo-MRT-Geo model, we are able to investigate the
inertial e ects at relatively low Ca and on a relatively large rock sample, which is more
relevant to the real world condition.

3.4.1 Simulation Description

The rock sample used in this work is one of the Bentheimer sandstone samples stud-
ied experimentally for enhancing residual trapping of supercritical CO, via cyclic injec-
tions (Herring et al., 2016). As shown in Figure 8, the size of the original scan is 1920
1920 1200 with a voxel resolution of 3:182 m, where the diameter of the scanned rock
core is 5:7 mm and the average pore diameter is 52 m. To reduce computational cost,
we cropped a 720 720 864 subdomain, with a porosity of 0:19, from the center of
the sample so that the subdomain has less artifacts from the edges of the rock core. In
addition, similar to the micromodel simulations above, bu er layers are added to the in-
let and outlet. The nal grid size is 720 720 (bf,+864+Dbf,) with a grid resolution
of 3:182 m, where bf; = 18 and bf, = 18 represent the bu er layers at the inlet and
outlet, respectively. The porosity of the cropped subdomain is 0:193. To further reduce
the boundary e ects, the bulk saturation is calculated from the middle section of the com-
putational domain with a domain size of 720 720 720 , which excludes 10% of the
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Figure 8. Reconstructed geometry of the Bentheimer sandstone rock core from the original
scans (in gray); the cropped domain used in the simulations (in red). Left: cross-sectional view.
Right: side view.

computational domain at the inlet and outlet, respectively. The inlet/outlet boundary
conditions are the same as the ones used in Section 3.3, where the constant velocity bound-
ary condition is applied at the inlet and the convective boudnary condition is applied

at the outlet.

We employed the uid properties of scCO, and brine used in the previous exper-
imental study (Herring et al., 2016), as shown in Table 3 which also lists parameter sets
for di erent simulation cases. For simplicity, the contact angle is set to be 30 for all sim-
ulations below. We can see that the viscosity of both uids in parameter set S-vis2 is
twice the corresponding viscosity in the experiment. Despite signi cant improvement of
the CG-CSF-Guo-MRT-Geo model, the simulation still cannot be stable with a param-
eter set that strictly matches the Oh under the experimental condition with the present
grid resolution. As shown in equation (1), one could increase the grid resolution to fully
match the Oh, but the computational cost could exceed cubic growth which is not prac-
tical for the present case. Thus, considering that we are not comparing the simulation
result directly with experimental data and also the uid properties of S-vis2 (Oh = 2:23
10 3) are still very close to the experimental ones (Oh = 1:11 10 3), we adopt the
parameter set of S-vis2 where the viscosity is twice the viscosity in the experiment.

To study the inertial e ects, we propose two additional sets of uid properties S-
vis5 (Oh = 5:57 10 3) and S-vis10 (Oh = 11:14 10 ), where the viscosity of the
two uids is 5 times and 10 times the corresponding viscosity in the experiment, respec-
tively, while other properties are kept the same, as shown in Table 3. The parameter set
of S-vis10 is typically used in simulations based on the traditional CG-MRT-FD model,
where inertial e ects are ignored due to the use of high viscosity uids. Table 4 shows
the list of all simulation cases performed in this section. All the simulations stop after
at least one PV (pore volume) injection. Here, case V2C1 and V2C2 employ the param-
eter set of S-vis2; case V5C1 and V5C2 employ the parameter set of S-vis5; case V10C1
and V10C2 employ the parameter set of S-vis10. By using di erent parameter sets and
a constant Ca, we can vary the Oh and study the inertial e ects; by using the same pa-
rameter set and varying the Ca, we can study the e ects of Ca under the same Oh.
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Table 3. Fluid parameters used in the simulations. The physical uid proprieties are according
to a experimental study of the same Bentheimer sandstone (Herring et al., 2016), and the char-
acteristic length d in Oh is the average pore diameter which is 52 m. Here S-vis2, S-vis5 and
S-vis10 represent uid parameter sets used in the simulations with 2, 5 and 10 times the physical
viscosity, respectively.

Brine scCO2 Brine scCO2 Surface Viscosity oh 10
density density viscosity viscosity tension ratio
Fluid
properties 3 3
B 1080 kg=m 367 kg=m 1:13mPa s | 0:03mPa s 38 mN=s 37:7 1:11
(Herring et al.,
2016)
S-vis2 \ 367 kg=m°® 367 kg=m® | 2:226 mPa s | 0:06 mPa s | 38 mN=s 37:7 2:23
S-vis2 (in
. ) 1 1 0:0018 0:0679 0:04 377 2:23
lattice units)
S-vis5 (in
. X 1 1 0:0045 0:1698 0:04 37:7 5:57
lattice units)
S-vis10 (in
. X 1 1 0:0090 0:3395 0:04 377 11:14
lattice units)

Table 4. List of the drainage simulations performed on the Bentheimer sandstone.

\ Case ID \ Vool \ V5C1 \ Vv10C1 \ V2C2 \ V5C2 \ V10C2 \

lca 10°] 10 | 10 | 10 | 2 | 2 | 2

|
| Re | 2018 | 0:323 | 0:081 | 0:404 | 0:065 | 0:016 |
|

|oh 10°| 223 | 557 | 1114 | 2:23 | 557 | 11:14
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Figure 9. Supercritical CO; saturation as a function of injected scCO, volume.The bulk sat-
uration is calculated from the middle section of the computational domain with a domain size

of 720 720 720, which excludes 10% of the computational domain at the inlet and outlet,
respectively. (a) Simulation results at Ca = 1 10 ° with varying Oh. (b) Simulation results at
Ca=2 10 © with varying Oh

615 3.4.2 Simulation Results

616 Figure 9 shows the scCO, saturation as a function of injected scCO, volume. Sim-
617 ilar to the saturation curves (as shown in Figure 7) observed in the previous micromodel
618 simulations, the saturation after breakthrough increases as the Oh decreases (increased
619 inertial e ects). With increased inertial e ects, previous impenetrable pores may be in-
620 vaded with the additional contribution from the inertial forces which results in a higher
621 saturation than for the high Oh cases where the inertial forces are negligible. The in-

622 ertial e ects show similar trends at both Ca=1 10 ®and Ca=2 10 ® meaning

623 that the bulk Re, which is based on the average inlet velocity, may not truly represent
624 the inertial e ects of the simulation. A recent experimental study (Li et al., 2017) shows
625 that local peak velocity during Haines jump events could be 38 times greater than the
626 bulk velocity, thus the inertial e ects are actually dominated by the local Re. In addi-

627 tion, Ferrari and Lunati (2014) point out that the time scales of those events are essen-
628 tially independent of the injection velocity and depend only on the uid properties, which
629 is consistent with the present results since the inertial e ects show similar trends even

630 atCa = 2 10 6, despite the very small Re based on the average inlet velocity. In

631 such case, the Ohnesorge number (Oh), which depends on the uid properties and the

632 geometry but is independent of the injection velocity, is indeed a better parameter to

633 describe the ow where capillary, viscous and inertial forces all come into play (Zacharoudiou
634 & Boek, 2016; Y. Chen et al., 2018).

635 To further analyze the simulation results, we visualize the invasion patterns of the

636 simulations at the breakthrough time, as shown in Figure 10 and Figure 11. At the same

637 capillary number, we can clearly see similar ow patterns between cases with di erent

638 Oh. However, as the inertial e ects change, some of the CO, ow pathways are altered

639 and, generally, more CO, ow pathways are developed at small Oh cases, similar to those
640 observed in the micromodel experiment as shown in Figure 5. As a result, the breakthrough
641 saturation increases as Oh decreases. However, the change of the breakthrough satura-

642 tion is not proportional to the change of Oh. We plot the saturation pro les along the

643 ow direction at the breakthrough point in Fig .12. In Figure 12a, the V5C1 (Oh = 5:57
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Figure 10. Displacement patterns at the breakthrough time obtained from simulations at

Ca = 1 10 ® with varying Oh. Here the nonwetting phase is in white and nontransparent,
the wetting phase is in blue with 95% transparency, and the rock is completely transparent;

side views from +X (middle) and +Y (right) directions only show the scCO- distribution to get
clearer view of the displacement patterns.

10 3) case and V10C1 (Oh = 11:14 10 3) case show almost identical saturation pro-
les, while in the V2C1 (Oh = 2:23 10 ) case, the saturation at several locations is
signi cantly higher, meaning that more ow pathways are developed at those locations.
This phenomena is even more signi cant in Figure 12b despite the bulk Re being much

smaller.

The above observations also suggest that there is a threshold value of Oh to de-
velop some of the nonwetting phase ow pathways found in V2C1 and V2C2 (Oh = 2:23
10 2 in both cases), as the saturation pro les are very similar for the cases with Oh =
5:57 10 2 and Oh =11:14 10 2 but signi cantly di erent from the case with Oh =
2:23 10 2 when the Ca is the same. To further illustrate this nding, we visualize how
the uid phase eld changes with Oh for Ca=2 10 ® by subtracting the phase eld
of V2C2 from that of V5C2, and V5C2 from that of V10C2 at the time of breakthrough.
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(8) V2C2 (% = 2x 107}, 1 D= 223 x 1077, 5= 0.30)

(b) V5C2 (% = 2x 107}, 1 D= 557 x 1077, 5= 0.22)

(c) V10C2 (%= 2x 107, 1 D= 11.14x 10°7, 5= 0.19)

Figure 11. Displacement patterns at the breakthrough time obtained from simulations at

Ca = 2 10 © with varying Oh. Here the nonwetting phase is in white and nontransparent,
the wetting phase is in blue with 95% transparency, and the rock is completely transparent;

side views from +X (middle) and +Y (right) directions only show the scCO- distribution to get

clearer view of the displacement patterns.
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Figure 12. Saturation pro les along the ow direction at the breakthrough time obtained
from the simulations at (a) Ca=1 10 % (b) Ca=2 10 S.

This is shown in Figure 13, which allows straightforward observation of the di erence

in uid invasion patterns at the pore scale. In Figure 13a, there are only a few blue pores,
which means that most of the nonwetting phase occupied pores in V5C2 are shared with
V2C2 and only a few nonwetting phase occupied pores are exclusively found in case V5C2
(shown in blue). There are many red pores, which means that signi cantly more non-
wetting phase ow pathways are developed in case V2C2. The result is also consistent
with the micromodel simulation result in Section 3.3, that inertial e ects not only al-

ter some of the nonwetting phase ow pathways, but generally increase the chance of in-
vading otherwise impenetrable pores when inertial e ects are negligible, which results

in larger nonwetting phase saturation. In Figure 13b, there are only a few blue pores,
which means that most of the nonwetting phase occupied pores in V10C2 are shared with
V5C2 and only a few nonwetting phase occupied pores are exclusively found in case V10C2
(shown in blue). There are more red pores than blue pores, but the red pores are much
less than those in Figure 13a, which means that the change of invasion patterns between
cases V2C2 and V5C2 is much more signi cant than between cases V5C2 and V10C2.

In summary, Figure 12 and Figure 13 show trends similar to those found in the mi-
cromodel simulations in Section 3.3, namely that increased inertial e ects (decreased Oh)
alter the nonwetting phase ow pathways and generally result in more nonwetting phase

ow pathways at the same Ca, while the results here also show the change of invasion
patterns is not proportional to the change of Oh for the same Ca, exhibiting threshold
behavior.

In the above analysis, we focus on the change of invasion patterns as Oh changes
for the same Ca. Here we compare the results between cases with di erent Ca but with
identical Oh (identical uid properties and geometry, if grid resolution is xed). As shown
in Table 3, parameter set S-vis2 (Oh = 2:23 10 3) is the closest to the physical uid
properties (Oh = 1:11 10 3). Thus, we focus on the simulation cases of V2C1 and
V2C2, which both use the parameter set S-vis2 but with varying Ca, to study the ef-
fects of the Ca. As shown in Figure 14, the low Ca case (V2C2, Ca=2 10 °) shows
signi cantly higher saturation across the domain at the breakthrough time, particularly
at locations away from the inlet and outlet. The result is consistent with the traditional

ngering theory and experimental study (Lenormand et al., 1988), as viscous ngering
is more signi cant in the high Ca case (V2C1, Ca=1 10 ®°) which can also be seen
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(a) (b)

Figure 13. Subtraction of the uid phase eldatCa = 2 10 © between di erent cases
with di erent Oh at the breakthrough time. (a) Subtracting the phase eld of case V5C2
(Oh = 5:57 10 °) from the phase eld of case V2C2 (Oh = 2:23 10 3), where pores in-
vaded by nonwetting phase found exclusively in case V2C2 are shown in red; pores invaded by
nonwetting phase found exclusively in case V5C2 are shown in blue. (b) Subtracting the phase
eld of case V10C2 (Oh = 11:14 10 3) from the phase eld of case V5C2 (Oh = 5:57 10 3),
where pores invaded by nonwetting phase found exclusively in case V2C2 are shown in red; pores
invaded by nonwetting phase found exclusively in case V5C2 are shown in blue. The pores are
transparent if the same uid phase occupy the pores between the two corresponding cases.
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Figure 14. Saturation pro les along the ow direction obtained from the simulations with
Oh=12:23 10 % atdi erent Ca. (a) at the breakthrough time; (b) after one PV injection.

by comparing Figure 10a and Figure 11a. However, the saturation pro les changes sig-

ni cantly if one continues to inject scCO, after breakthrough, as shown in Figure 14b,

where one PV scCOs; is injected. With su cient injection of scCO, volume after break-

through, many more pores will be invaded by scCO, simply due to the high pressure gra-

dient in the high Ca case (V2C1) which overcomes the capillary pressure of the pores.

In addition, the capillary end e ects for the di erent Ca cases are di erent. With iden-

tical Oh, higher Ca results in higher pressure gradient. Despite the reduction of the pres-

sure gradient after breakthrough, the pressure gradient of the high Ca case near the out-

let is still su ciently large to overcome the capillary pressure of pores near the outlet.

As a result, saturation of the high Ca case is signi cant higher near the outlet. The re-

sult is consistent with our previous pore-scale simulation and experimental study (Y. Chen

et al., 2018; Li et al., 2019), where increased Ca results in higher saturation after suf-
cient injection of CO, when quasi steady state has reached.

4 Conclusions

In order to have a more stable pore-scale multiphase simulator that can ful Il the
parameter requirement of scCO,-brine system, we followed the work of Z. Xu et al. (2017)
that combines the continuum-surface-force based color-gradient lattice Boltzmann mul-
tiphase model and the geometrical wetting model, and extended the model to 3D un-
der the lattice Boltzmann multiple-relaxation-timeframework (CG-CSF-Guo-MRT-Geo).
We implemented the model in a high-performance LB code, ‘MF-LBM’, to utilize the
modern GPU computing capability, and employed the code to study the inertial e ects
during the drainage process in a heterogeneous micromodel and Bentheimer sandstone
sample. Our major contributions are summarized as follows:

1. The CG-CSF-Guo-MRT-Geo model is demonstrated to be superior to the tradi-
tional CG-MRT-FD model or CG-MRT-Geo model regarding spurious velocity,
arti cial Ims and the accuracy of contact angle, which enables us to match the
Oh in a scCO,-brine system; it is also more stable and converging faster than the
SRT version for low viscosity uids.

2. To accurately model contact angle close to 180 or 0 , the geometrical wetting model
must be combined with the CSF-based CG model and values of both the order
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parameter and the normal direction vector n of the uid interface on the solid
boundary nodes need to be extrapolated from the nearby uid nodes, a critical
step, to minimize the unbalanced interfacial forces at solid- uid boundary nodes
and the three-phase contact line.

3. Drainage simulation in the heterogeneous micromodel with matched Oh fully re-
produces the displacement patterns found in the experiment, and the nal satu-
ration agrees well with the experimental data. Increasing the uid viscosity re-
sults in reduced inertial e ects for the same Ca, which suppresses the development
of certain CO, ow pathways found in the experiment.

4. The inertial e ects during the drainage process in a Bentheimer sandstone are in-
vestigated via high- delity LB simulations. Major results from the real rock sim-
ulation are:

(a) The nonwetting uid saturation after one PV injection increases as the iner-
tial e ects increase (decreasing Oh) for simulations at the same Ca. Our results
suggest that the inertial e ects not only alter the nonwetting phase ow path-
ways, but generally help develop more nonwetting phase ow pathways and re-
sult in higher nonwetting phase saturation. In addition, we found the Oh is a
better dimensionless number to describe the inertial e ects that are mainly caused
by local Haines jumps which are not dependent on the mean velocity, as demon-
strated by the fact that the inertial e ects do not become weaker as the Ca or
the bulk Re decreases.

(b) The invasion patterns and spatial pro les of the nonwetting phase saturation
are compared for cases with the same Ca but di erent Oh at the breakthrough
time. Cases with the same Ca share the majority of the nonwetting phase ow
pathways, while more nonwetting phase ow pathways are developed in the lower
Oh case (stronger inertial e ects). The change of the inertial e ects is also not
proportional to the change of the Oh, exhibiting threshold behavior.

(c) For cases with di erent Ca but with the same Oh, our simulation results agree
with the traditional ngering theory before breakthrough, where viscous nger-
ing results in less nonwetting phase saturation. Nonwetting phase saturation
increases as the Ca increases after one PV injection thanks to the high pres-
sure gradient of the high Ca case, and is consistent with the previous exper-
iment in a heterogeneous micromodel.

5. The LB code implemented with the CG-CSF-Guo-MRT-Geo model shows reason-
able performance on GPUs and is demonstrated to be able to perform practical
simulations in real rock geometries. Considering the increased injection rate from
using a smaller viscosity to surface tension ratio, the code with the new model can
be three times faster to complete injection of one PV uid than the code with the
traditional CG-MRT-FD model.

The present work mainly targets the scCO,-brine system. The main conclusions
may not be applicable to the oil-brine system, where the Oh is much higher, and the vis-
cosity ratio is also di erent, both of which may a ect the inertial e ects. Further stud-
ies are required to verify whether inertial e ects play an important role in the oil-brine
system. In particular, due to the high viscosity of oil that results in large Oh, the injec-
tion rate at a xed low Ca could be too small and tens of millions of iterations might
be needed to inject one PV uid. Since the present model can handle smaller viscosity
to surface tension ratio, one may consider matching only the Ca while using a smaller
Oh to increase the injection rate, if the inertial e ects do not a ect the ow too much.

For the scCO,-brine system, simulations have proved that the inertial e ects play
an important role on displacement patterns and overall saturation in both a synthetic
micromodel and a real sandstone sample, and one must choose a parameter set so that
the Oh in the simulation is as close to the Oh in the physical system as possible. De-
spite the signi cant improvement of the CG-CSF-Guo-MRT-Geo model, the simulations
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still cannot completely match the physical Oh in the particular case in Section 3.4. We
could further increase the grid resolution to match the physical Oh, but then we have
to use a much smaller domain or may not have su cient computational resources to con-
duct comparison of the inertial e ects. Nevertheless, the Oh in the simulation is very
close to the physical one, while the Oh in simulations with the traditional CG-MRT-FD
model could be an order of magnitude larger. Overall, the present LB model and its ef-
cient implementation on GPU provide a powerful and accurate tool to study supercrit-
ical CO, and brine displacement in porous media.

Appendix A Code Implementation and Computational Performance
Analysis

The models in this work are implemented in a high-performance, portable and scal-
able LB code, ‘MF-LBM’ (Y. Chen et al., 2018). The code employs a MPI-OpenMP/OpenACC
hybrid programming model so that it can run on di erent types of manycore processors/co-
processors such as NVIDIA GPU or Intel Xeon Phi processor. More detailed descrip-
tion of the code can be found in (Y. Chen et al., 2018).

The original code is implemented with the traditional CG-MRT-FD model, as shown
in Section 2.1 and 2.2. To implement the CG-CSF-Guo-MRT-Geo model, one needs to
perform the following additional calculations:

1. Calculate the value of the order parameters on the solid boundary nodes via ex-
trapolations from uid boundary nodes so that the color gradient C on the uid
boundary nodes is close to zero.

2. Calculate the normal direction vector of the uid interface, n, on the uid nodes
from the order parameters , according to equation (5) and (10).

3. Calculate the normal direction vector of the uid interface, n, on the solid bound-
ary nodes via extrapolations from the uid boundary nodes so that the zero-interfacial-
force condition can be applied at the three-phase contact line (Yu et al., 2018).

4. Alter the normal direction vector of the uid interface, n, on the uid boundary
nodes to the desired contact angle via the secant method (Leclaire et al., 2017).

5. Calculate the curvature of the uid interface, , according to equation (11) .

We can see that the CG-CSF-Guo-MRT-Geo model has little impact on the evo-
lution kernel of the uid PDFs, as shown in equation (3), which is the most time con-
suming part of the code as two groups of D3Q19 PDFs need to complete the streaming
and collision operations in each iteration. All the additional calculations are based on
the order parameters, and the extrapolations and interface alteration only occur on solid/ uid
boundary nodes. Thus, we keep the original PDFs kernel to achieve maximum through-
put for the evolution of the two groups of D3Q19 PDFs, while we employ a link-based
data structure to store the information on the solid and uid boundary nodes. As a re-
sult, the extrapolations and interface alteration operations can be e ciently executed
in parallel thanks to the high core count of modern processors and relatively small mem-
ory bandwidth consumption from the boundary operations mentioned above.

While the original code with the traditional CG-MRT-FD model (denoted by MF-
LBM-v1) is able to achieve good computational performance on both Intel Xeon Phi pro-
cessors and NVIDIA GPUs, the code with CG-CSF-Guo-MRT-Geo model (denoted by
MF-LBM-v2) could su er from performance loss due to the above mentioned additional
calculations, and hence becomes less desirable for practical 3D simulations. Thus, we eval-
uate the computational performance of the two versions of code on the latest NVIDIA
V100 GPUs.

The benchmark case is the drainage simulation on a Bentheimer sandstone sam-
ple (Herring et al., 2016) with a grid size of 240 240 240 using one V100 GPU. The
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MF-LBM-v1 code reaches 693 MLUPS (million lattices update per second), while the
MF-LBM-v2 code reaches 497 MLUPS, indicating 28:3% performance loss due to the
more complex boundary treatment of the CG-CSF-Guo-MRT-Geo model. The MF-LBM-
v2 code on a single V100 GPU shows 4:9 speedup compared with a high-end 28-core
CPU processor (Intel Xeon Platinum 8176). For a practical simulation, such as the case
in Section 3.4 where the grid size is 720 720 900, the MF-LBM-v2 code is able to
achieve 9856 MLUP S using 20 NVIDIA V100 GPUs which shows 99% parallel e ciency
compared with single GPU performance, thanks to the overlapped communication and
computation. The V2C2 case in Section 3.4, which is most close to the real world con-
dition, will take approximate 16 hours to reach the breakthrough time or 55 hours to com-
plete injection of one PV scCO, for Ca=2 10 8, using 20 NVIDIA V100 GPUs.

In summary, we employ a hybrid approach to implement the CSF-based CG model
and geometrical wetting model in the ‘MF-LBM’ code: direct-addressing approach for
the main PDFs evolution kernel and indirect-addressing approach for operations on solid/ uid
boundary nodes. The MF-LBM-v2 code achieves reasonable computational performance,
which allows us to perform practical 3D multiphase ow simulations on real rock geom-
etry. Furthermore, with the improvement of the new model, the MF-LBM-v2 code is able
to use a smaller viscosity to surface tension ratio which results in a higher injection rate
for the same capillary number compared with the MF-LBM-v1 code based on the tra-
ditional LB color-gradient model. Thus, the MF-LBM-v2 code could be more than three
times faster than the original MF-LBM-v1 code to inject one PV uid, even after con-
sidering the computational performance loss of the former due to the more complex bound-
ary treatment.
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