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GPU accelerated lattice Boltzmann (LB) simulations of multiphase flow in porous media have become a
powerful tool to study fluid displacement process in porous media. For porous structures with a very
low porosity, indirect-addressing memory access methods are preferred due to significantly reduction
of the memory footprint despite that those methods are more difficult to implement and the resulting
performance may be more sensible to the computing architectures, such as cache hierarchy and size.
The direct-addressing methods are straightforward to implement and are able to archive high throughput
when the porosity is large, while the methods become less efficient when the structures are too sparse.
Nevertheless, the direct-addressing methods combined with multi-block grid technique are promising
for many applications. In this work, we present a hybrid-way to tackle multiphase flow simulations in
porous media, where the direct-addressing method is employed for the main LB evolution while the
indirect-addressing method is employed for the complex boundary conditions. The CSF-based LB color-
gradient multiphase model and the geometry-based wetting model are employed to increase accuracy
and stability. Thanks to the utilization of AA-pattern streaming scheme, non-slip boundary condition
of arbitrary orientation can be enforced without extra cost. We perform comprehensive analysis of the
computational performance of the present solver on NVIDIA GPUs. For typical sandstones, our results
show that the present implementation is able to achieve over 1.5 speedup compared with other direct-
addressing schemes on V100 and A100, respectively and, particularly, the computational performance of
the boundary kernels is greatly increased thanks to the increased L2 cache size of the latest GPUs.

© 2023 Elsevier B.V. All rights reserved.
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1. Introduction traditional CPUs, GPUs prioritize high throughput by using thou-
sands of simple but cheap computing cores resulting much higher
raw computing power and memory bandwidth [9], which makes
them suitable for certain numerical schemes. LBM is an explicit
method that requires extremely high memory bandwidth. As a re-
sult, LBM is particularly successful on GPUs. In fact, LBM is one
of the earliest algorithms to be ported to GPUs [10,11]. Optimiza-
tions of LBM algorithm concerning memory layout [12-15], access

pattern [16-18], tiling technique [12,19] and register usage [12,20]

Multiphase flows in porous media are ubiquitous and signifi-
cant in energy and environment industries, such as enhanced oil
recovery (EOR) [1] and carbon capture and storage (CCS) [2]. Lat-
tice Boltzmann method (LBM) is one of the most popular methods
to simulate multiphase flows in porous media due to its ability
to handle complex geometry and interfacial dynamics and achieve
high computational efficiency on modern computing architectures
[3-6]. In order to correctly study the 3D multiphase flow mecha-

nism in porous media and meet the requirement of representative
elementary volume (REV) for upscaling, it is crucial to develop high
performance multiphase LBM solvers [7,8].

General purpose graphics process unit (GPGPU) computing is
a promising approach to improve LBM performance. Compared to
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can be found in literatures.

For sparse geometry in porous media, many researchers suggest
using the indirect addressing methods, also known as the pore-list
scheme for porous media [6,14,15,19]. In indirect addressing meth-
ods, only the information of fluid nodes is stored by a pore-list.
Since only fluid data and neighboring information are stored, this
approach reduces memory usage and potentially reduces mem-
ory 10 when the porous structure has a low porosity. However,
as indirect addressing induces inefficient and uncoalesced memory
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transactions, careful and complicated tiling is required to achieve
good performance [19].

On the other hand, the direct addressing method, also known
as the pore-matrix scheme, allocates memory for both fluid and
solid nodes while an additional mask array (matrix) is used to
identify node type [6]. As a result, by choosing the Structures-of-
Arrays (SoA) type data structure, this approach can maximize vec-
torization and archive very high throughput on non-conventional
processors such as GPU or other many-core processors [12,13,21].
In addition, combining the direct addressing array blocks with the
multi-block technology, one can significantly reduce memory con-
sumption in practical applications [22-24].

In order to avoid branch divergence in the direct-addressing
method caused by complex geometry of porous media, some re-
searchers suggested an explicit masking approach [12,21,25] in-
stead of traditional if-else based branching approach to meet the
requirement of vectorization for SIMD (Single Instruction, Multiple
Data) computing. In this approach, both the solid and fluid nodes
are computed, but only the fluid nodes are updated while the solid
nodes are explicitly masked. However, this approach is proposed in
early studies on SIMD architectures [25,26] for dense cubic geome-
tries [12], which may not be suitable for modern GPU SIMT (Single
Instruction, Multiple Threads) architecture and porous media. Ad-
ditionally, structural effect on the performance of direct addressing
method is not well studied, especially on recent GPUs.

Apart from sparse geometry, complex boundary condition is
another key point in pore-scale multiphase flow simulations.
While the LBM is particularly efficient to implement the non-slip
boundary condition via the so-called bounce-back scheme, addi-
tional boundary treatments, i.e., the wetting boundary condition,
are required in the multiphase LBM algorithm which may not
be as efficient as the bounce-back scheme on GPUs [21,27-30].
The fictitious-density-based wetting model [31] simply specifies a
const and fictitious fluid density on the solid nodes with no extra
cost and desired contact angle forms naturally via direct fluid-solid
interactions. However, recent studies have revealed that geometry-
based wetting models perform better than the fictitious-density
model, especially at large viscosity ratio [21,30,32]. Nevertheless,
the geometry-based wetting model requires extrapolation on the
boundary [21,33], resulting in low efficiency compared to the
fictitious-density wetting model. For example, on a typical rock
sample, boundary nodes that account for 8% of the total nodes
may consume more than 25% of the total computing time.

In this work, we present a novel implementation of direct
addressing-based multiphase LBM algorithm for flow in porous
media. Combining AA pattern [16] and if-else branching based
method, the present method outperforms other direct addressing
methods for porous media without losing the simplicity and intu-
itiveness of the direct addressing methods. A detailed benchmark
on both artificial and sandstone-like porous media is conducted.
Our result not only shows if-else branching can be used as an
optimization technique but also provides new insight on the per-
formance sweet point between direct addressing and indirect ad-
dressing methods. As for complex boundary conditions, we analyze
the kernel performance on recent NVIDIA GPUs via Nsight Com-
pute. Improvement on L2 cache greatly improves memory access
of complex boundary condition.

To tackle multiphase flow simulations in porous media, the
hybrid-strategy is presented, where the direct-addressing method
is employed for the main LB evolution while the indirect-addressing
method is employed for the complex boundary conditions. The
CSF-based LB color-gradient multiphase model and geometry-
based wetting model are employed to increase simulation accuracy
and stability (Section 2). Implementation details of the GPU code
are given in Section 3. A detailed benchmark on both artificial and
sandstone-like porous media is conducted (Section 4.2 and Sec-
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tion 4.3). We then employ the multiphase flow solver to study
the inertial effects in relative permeability measurement of a real
sandstone (Section 4.4). A discussion and our conclusions are pre-
sented in Section 5.

2. Multiphase LBM Model
2.1. CSF based Color Gradient Model

In this work, we employ the continuum-surface-force (CSF)
scheme [34-36] based color gradient (CG) LB multiphase model
[21,27]. The CG-CSF model is popular for immiscible multiphase
flow in porous media due to its ability to independently adjust sur-
face tension, viscosity, and interfacial thickness [21,28,37]. In this
model, two immiscible fluids are represented by two sets of col-
ored distribution functions fib and f[, where superscripts denote
different fluids, b for blue and r for red. The subscript i relates
to discretized velocity e; in D3Q19 lattice model [38,39]. The bulk
fluid distribution function is defined by f; = fl.b + f[. Transporta-
tion of both fluids is described by the following lattice Boltzmann
equation:

FRx+est,t+8t) = frx, )+ ¥ [ +Fi], k=rb, (1)

where superscript k denotes either fluid b or fluid r and Qll Q?’k
are collision operators for viscous effect, and fluid separation, re-
spectively. F; is the source term that relates to body force. Corre-

sponding macroscopic variables can be obtained via [40],
k k kik k prF
ph=D fir'u =) flei+ = (2)
i i

1
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As CSF model mainly considers fluids with identical density [41,
42], collision operator Q} can be calculated collectively via the
bulk distribution functions [27,43], i.e.,

1

1__ - . _ f€q
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where A is relaxation time and f is equilibrium distribution
function. However, as Eq. (1) suggests, the recoloring operator Q?’k
responsible for fluid separation is color dependent which can be
found in [37,44].

In CSF model, surface tension effect is introduced via a body
force that relates to interfacial curvature and local color gradient
[36],

1 1
F=-0kC=-0kVo, 5
> > é (5)

where o is surface tension, « is interfacial curvature, C is the color
gradient which is calculated via isotropic gradient operator in [45],
and ¢ = g;zz is the order parameter, where ¢ =1 and ¢ = —1
indicates pure fluid r and pure fluid b region, respectively. With

color gradient C, interfacial curvature can be calculated via

kK =[I—mnn)-V]-n, (6)
where n denotes the normal direction of color gradient C,
v
n= VoI 7)
Vo

In order to achieve better stability and accuracy, the LB
multiple-relaxation-rate (MRT) framework [46,47] is employed. LB
equation with the MRT collision operator can be expressed as
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where f is the aforementioned bulk distribution functions in vec-
tor form, and m®? stands for the equilibrium moment. Additionally,
M is the transformation matrix to moment space and F = Mf ac-
counts for the forcing term in moment space. With the D3Q19
lattice, the equilibrium moments m®? and forcing moments F are
given in [38,48]. And S is the diagonal matrix composed of relax-
ation parameters which are chosen following [49].

2.2. Wetting Model

We employ the geometry-based wetting model proposed in
[30], which directly solves the interfacial direction via

sin +0

n*, 9
sin 6’ )

sin+6 cos6’
ny = |cos+6 — s

sin6’
0’ = arccos(ns - n*), (10)

where 6 denotes contact angle, ng is the unit normal vector of
boundary and n* is the estimated interfacial direction via Eq. (7).
Then n* is altered to one of my and n_ which has a shorter
Euclidean distance to n*, with color gradient C modified corre-
spondingly. For complex geometry, ng can be calculated following
[27]. As a result, the wetting model is introduced via the interfacial
force according to Eq. (5) and Eq. (7).

Apart from modification of the interface normal vectors, in or-
der to minimize spurious current at three-phase contact line re-
gion, two extrapolation steps are required in geometry-based wet-
ting model, i.e. the extrapolation of ¢ and the extrapolation of
the interface normal vectors n in Eq. (5) [21,33]. We adopt the
weighted-average method to perform the extrapolation steps [33].
Assuming that & is the parameter to be extrapolated, its value is
known at all fluid nodes while its value at solid boundary nodes is
required for subsequent calculations. The value at solid boundary
node is evaluated via a weighted average of all surrounding fluid
nodes, which is given by

Za’ W € (X + ey, 5t)
ZO{[ wal ’

where the subscript «; denotes the direction of lattice velocity
where X 4 e, 8t is a fluid node.

Although geometry-based wetting model successfully avoids
the unphysical film along the solid boundaries and improves ac-
curacy [21,27,30,33], the complexity of this model raises concerns
about its computational efficiency, especially on modern heteroge-
nous architectures, such as GPUs. Compared with the fictitious-
density wetting model that simply assigns fictitious densities at
the solid boundary nodes, the geometry-based wettability model
is more complex and computationally intensive. For a typical pore-
structure of real sandstones, over 20% performance loss could be
introduced from the geometry-based wetting model [21]. Poor per-
formance may limit the application of the geometry-based wetting
model in pore-scale simulations, which have a larger surface-area-
to-volume-ratio, i.e., more boundaries nodes within the same vol-
ume compared to typical external flow problems. Therefore, it is of
great importance to study the computational performance of the
wetting boundary scheme in depth.

&s(X) =

(11)
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3. Implementation
3.1. Branch-based approach and Mask-based approach

Although the architecture of modern GPUs varies by vendor
and generation, all GPUs can be classified as SIMD/SIMT processors
[9,50]. For NVIDIA’s GPUs, parallel computing is achieved via SIMT
i.e.,, a warp of threads with size of 32 executes the same instruc-
tion spontaneously [9]. Divergent branches are executed in a serial
manner within warps, resulting in performance penalties. There-
fore, it is a consensus to remove conditional branches in the main
evolution kernels of a LBM GPU solver [6,12,21,25,51]. One possible
solution is to use an explicit mask to avoid conditional branches
[12,21,25], which rewrites the branch-based approach into a mask-
based approach as Algorithm 1 and 2 demonstrate,

Algorithm 1: Branch-based approach.
1: if (cell_type == FLUID)
2: x=a;

3: else
4
5

x=Db;
: endif

Algorithm 2: Mask-based approach.

1: is_fluid = (cell_type == FLUID);
2: x = a *is_fluid 4+ b * (!is_fluid)

For LBM solvers based on the direct addressing memory ac-
cess schemes, the most significant branch divergence occurs on
fluid-solid mask. Generally, the collision step only occurs at fluid
nodes while the streaming step can occur on both fluid and solid
nodes depending on the memory access pattern and subsequent
streaming scheme. While there are many streaming schemes such
as pull, push [13], AA pattern [16], esoteric twist [52] and shift-
swap streaming [26], most of the streaming schemes can be clas-
sified into two categories, the two-grid scheme and the one-grid
schemes [16,26]. Streaming schemes that share the same memory
pattern have the same memory load/store, yielding similar per-
formance [53]. In the next section, we select AA pattern and pull
scheme as typical one-grid scheme and two grid scheme, respec-
tively. Based on the memory access pattern, a detailed insight on
both the branch-based and the mask-based approaches is provided.

3.2. AA pattern and Pull Scheme LBM

Originally, the AA pattern was proposed to reduce memory us-
age, since the AA pattern scheme only takes about half the mem-
ory usage of the two-grid schemes. Performance improvement has
also been reported in literatures [16,53]. In the AA pattern scheme,
LBM timesteps are divided into odd and even step. The odd step
consists of a pull-streaming step, a collision step followed by a
push-streaming step to the same node but opposite location, while
the even step only consists of a collision step. Through aforemen-
tioned process, distribution functions are swapped with their op-
posing direction at each step. Therefore, the full-way bounce-back
nonslip scheme can be achieved automatically at solid boundary
nodes [16]. In contrast, the full-way bounce-back scheme has to
be carried out separately as a special collision step on the solid
nodes in the pull scheme. The following comparison only con-
siders the full-way bounce-back scheme which does not require
the orientation of the solid surface [54], and the pull-type stream-
ing scheme which outperforms the push-type streaming scheme
[12,13]. Therefore, a general LBM kernel can be expressed as,
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Algorithm 3: AA pattern, Branch-based.

1: Odd step:

2: for each node in domain do

3:  if (cell_type[node] == fluid)
4 ftemp = LoadPullStream();
5 ftemp = Collision(ftemp);
6: PushStreamOppSave(ftemp);
7:  endif
8: end for

9: Even step:
10: for each node in domain do
11:  if (cell_type[node] == fluid)
12: ftemp = LoadOpp();
13: ftemp = Collision(temp);
14: Save(ftemp);
15: endif
16: end for

Algorithm 4: AA pattern, Mask-based.

1: Odd step:

2: for each node in domain do

3: is_fluid = cell_type[node];

4: ftemp = LoadPullStream();

5. ftemp_new = Collision(ftemp);

6: ftemp_new = ftemp_new * is_fluid + ftemp * (lisfluid);
7:  PushStreamOppSave(ftemp_new);

8: end for

9: Even step:
10: for each node in domain do
11:  is_fluid = cell_type[node];
12: ftemp = LoadOpp( );
13:  ftemp_new = Collision(ftemp);
14: ftemp_new = ftemp_new * is_fluid + ftemp * (lisfluid);
15:  Save(ftemp);
16: end for

Algorithm 5: Pull scheme, Branch-based.

1: for each node in domain do
2: ftemp = LoadPullStream();
3: if (cell_type[node] == fluid)
4: ftemp = Collision(ftemp);
5: else

6: ftemp = Oppose(femp);

7:  endif

8: Save(ftemp);

9: end for

Algorithm 6: Pull scheme, Mask-based.

1: for each node in domain do

2: ftemp = LoadPullStream();

3:  is_fluid = cell_type[node];

4: ftemp_c = Collision(ftemp);

5: ftemp_s = Oppose(femp);

6: ftemp_new = ftemp_c * is_fluid + ftemp_s * (lisfluid);
7. Save(ftemp_new);
8: end for

Consider a uniform computation grid on a porous medium with
a porosity of €. Assuming the total number of the grid nodes is N,
we can estimate the total memory load/store for each scheme. For
AA pattern and branch-based scheme, the total memory load/store
is 2qNe, and 2gqN for all other schemes, where q denotes number
of distribution functions as in DmQn, since the fullway bounce-
back can be achieved automatically in AA pattern and branch-
based scheme. For multiphase flow, memory load/store is roughly
2 times that for single-phase accordingly. This analysis shows
that AA pattern and branch-based scheme has smaller memory
load/store compared to other schemes. Consequently, AA pattern
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and branch-based scheme outperforms other direct addressing-
based schemes since LBM is a typical memory bandwidth bound
algorithm [6,16,53].

For simplicity, we use a one-dimensional block configuration
[55]. Each block contains (128,1,1) threads and each thread
is responsible for computation of one node. For a structure of
(My, My, M), total of ([My/1287, My, M;) blocks are used, where
[ 1 represents ceiling function.

3.3. Boundary Implementation

In this work, we employ a boundary-list approach [6,21] for the
wetting boundary condition implementation. Two helper structs
called SolidBoundaryInfo and FluidBoundaryInfo are defined for
solid boundary nodes and fluid boundary nodes respectively in or-
der to track position and necessary information of boundary nodes.
For a solid boundary node, connectivity information to fluid nodes
nearby is needed as shown in Eq. (11). Since the maximum num-
ber of fluid nodes nearby is determined by the chosen extrapo-
lation scheme, we can reserve a fixed space to store indices of
neighboring fluid nodes for each boundary node, which is 18 for
D3Q19 lattice. We also store total number of neighbor fluid nodes
and their lattice weight for convenience. For a fluid boundary node,
we track the local normal vector and contact angle as Eq. (9) indi-
cates. Then two list are constructed in column-major order which
is also employed in the construction of the multidimensional ar-
ray on the host before LBM computation. As SolidBoundarylnfo
and FluidBoundaryInfo are POD (Plain Old Data) [56], correspond-
ing boundary lists can be transferred from host to device easily by
cudaMemcpy API.

Struct SolidBoundarylInfo

int X, y, z; //position info

int neighbor_num; //number of neighbor fluids

int neighbor_list [18]; //neighbor fluid list

double lattice_weight; //sum of lattice weight of neighbor fluid nodes

Struct FluidBoundaryInfo

int x, y, z; //position info
double theta; //local contact angle
double nx,ny,nz; //local normal direction vector

The boundary algorithm and related color gradient and curva-
ture computation are divided into five GPU kernels as Fig. 1 illus-
trates. The separation of kernels mainly depends on the non-local
operation in algorithms such as gradient and extrapolation which
allows to minimize the memory load/store on GDRAM while max-
imize the temporal locality [9].

4. Results and Discussion
4.1. Testbed and Profiling Tool

We adopt NVIDIA Tesla V100 and A100 GPUs as our testbed.
Based on the latest Volta (2017) and Ampere (2020) architectures,
Tesla V100 and A100 are top-of-the-line GPUs designed for data
centers in tasks such as scientific computing, Al, data analytics
[57,58]. Both of our GPUs are PCle version and operated with ECC
off. Detailed specification of Tesla V100 and A100 is concluded in
Table 1.

Nsight System and Nsight Compute is utilized to profile the en-
tire application. Nsight System [59] and Nsight Compute [60] are
official profiling and analytical tools provided by NVIDIA in order
to profile and optimize GPU applications. Nsight System provides
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Table 1
Specification of Tesla V100 [57] and A100 [58].
GPU Model  Peak FP64 Memory Memory SM L1 Cache + Share  Register L2 Cache Launch
Bandwidth Size Number Memory per SM per SM per Device Year
Tesla V100 7.8 TFLOPs 900 GB/s 16 GB 80 128 KB 65536 6 MB 2017
A100 9.7 TFLOPs 1555 GB|s 40 GB 108 196 KB 65536 40MB 2020

{ Extrapolate Order Parameter ¢ 1 ﬁ
$ ‘ ‘

t Compute Direction, Modulus of

. )
Color Gradient n = wor V|

‘ LBM
e N\ Stream and Collision
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Gradient n Updates Color ¢
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Alter Direction of Color Gradient n
by Desired Contact Angle

¥
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Fig. 1. Flow chart of the wetting boundary algorithm. The green and yellow box
indicates the GPU kernels perform on all solid boundary nodes and fluid boundary
nodes, respectively, whereas the blue one denotes the GPU kernel performs on all
nodes in computational domain. (For interpretation of the colors in the figure(s),
the reader is referred to the web version of this article.)

a system level information on application performance [59]. We
use Nsight System to measure overall kernel performance since it
is fast and has low overhead. On the other hand, Nsight Compute
provides a much more detailed metrics of kernels, such as com-
pute and memory throughput (Speed of Light, SOL), occupancy,
SM utilization, stall reasons, etc., though it takes more time pro-
filing [60]. Therefore, Nsight Compute is used to study and analyze
discrete kernels in depth.

4.2. Performance of the Streaming and Collision Kernels

In order to thoroughly evaluate our implementation, we first
benchmark our multiphase LBM implementation on artificial struc-
tures. According to our block and thread configuration in Sec-
tion 3.2, artificial porous media are composed of sticks that par-
allels to x-axis with length of 32 as Fig. 2 illustrates, which guar-
antees threads within a warp have identical node type. Therefore,
there are no branch divergences or uncoalesced memory accesses
[9]. The position of sticks on yz-plane is randomly distributed. For
the purpose of excluding the influence of other kernels, we only
present the performance of the LBM streaming and collision ker-
nels in this section.

The performance of each direct addressing method on artifi-
cial porous media with different porosity is demonstrated in Fig. 3.
The size of each porous medium is 2563. The performance of LBM
implementation can be measured by MLUPS (Mega Lattice Update
Per Second) and MFLUPS (Mega Fluid Lattice Update Per Second)
which represents lattice update speed concerning all nodes and
fluid nodes, respectively. As predicted in Section 3.2, distribution
functions on all nodes, regardless of node types, are loaded and
stored during the streaming-collision process in direct- addressing
methods apart from AA pattern with branch approach method. For
this reason, the speed in MLUPS is bounded by memory bandwidth
independent of porosity. The performance in MFLUPS is propor-
tional to porosity for these three methods. In contrast, AA pattern

Fig. 2. Illustration of an artificial porous medium constructed for our test. Blue and
red color represents solid nodes and fluid nodes, respectively. The size of the porous
medium in the figure is 2563 with a porosity of 40%.

with branch approach method only updates fluid nodes resulting
in a performance increase compared with other methods. About
80% percent peak performance can be achieved when porosity
¢ =30% on V100 and ¢ = 50% on A100.

However, the performance of AA pattern with branch approach
method decreases as porosity decreases compared with peak per-
formance achieved when porosity ¢ = 100%. This performance de-
crease can be attributed to a variety of reasons. Although branch
divergences within warps are completely removed in artificial ge-
ometry, the number of fluid warps is different in different blocks,
which causes load imbalance. On the other hand, the number of
fluid nodes decreases as the porosity decreases. As a result, data
size is in sufficient to fully utilize GPU memory bandwidth at low
porosity. This also explains why the proposed method outperforms
on V100 than A100 at low porosity in Fig. 3 since V100 has a lower
latency than A100 at small data size [61].

To further investigate the effect of data size, we evaluate the
proposed method on a series of artificial porous media vary in
porosity and domain size. We choose structures with porosity
ranging from 15% to 45% to represent transitional region between
memory bandwidth bound and latency bound. The benchmark re-
sult is presented in Fig. 4. As the maximum domain size is limited
by the GPU memory in the benchmark, the problem size we con-
sider is a good representation of simulation tasks on modern GPUs.
On A100, performance increases about 25% at 384> compared with
1283, which indicates that performance is limited by data size at
low porosity and small structure size. However, load imbalance has
a significant influence when porosity ¢ < 25%, since achieved per-
formance is much smaller than peak performance. In comparison,
approximately 80% of the peak performance can be realized when
porosity ¢ > 35% on V100. This is because the memory bandwidth
of V100 is only 57% of that of A100, which is more likely to induce
memory bandwidth bound. The 25% of performance increase can
be observed when porosity ¢ = 15%, which indicates that perfor-
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Fig. 3. Relative performance in MFLUPS of each direct addressing method on an ar-
tificial porous medium as a function of porosity ¢: Tesla V100 (a) and A100 (b).
Relative performance denotes performance relative to peak performance of each
method at porosity ¢ = 100%.

mance is limited by data size as well on V100. In summary, struc-
ture size is the limiting factor on performance before hitting mem-
ory bandwidth bound for structure with relatively large porosity.
The present method reaches approximately 80% of the peak per-
formances for sufficiently large structure. On the other hand, load
imbalance has a significant impact when porosity ¢ < 25% which
limits the further improvement on performance.

Nevertheless, the artificial structures are not representative be-
cause branch divergences and uncoalesced memory accesses are
ignored. The following benchmarks are conducted on sandstone-
like porous structures with different grain size and porosity gen-
erated by QSGS (Quartet Structure Generation Set) method [62].
QSGS employs a random growth process controlled by a set of
parameters, which allows to generate morphological features re-
sembling many natural porous media [62-64]. We conduct 4 grain
size ranging from 4 voxels to 24 voxels and 5 porosities ranging
from 15% to 35% similar to the properties of real sandstone. Ten
structures of size 256> are generated for each grain size and poros-
ity to minimize errors induced by the randomness of structures. A
typical structure generated by QSGS and grain size of generated
structures are illustrated in Fig. 5 and Fig. 6, respectively. Although
QSGS cannot precisely control the grain size due to the random
growth process, our results show that, except for small porosity

Computer Physics Communications 291 (2023) 108828

and large grain size, the grain size of the resulting structure is
close to the specified value with sufficiently small deviation.

As Fig. 7 demonstrates, apart from AA-branch method, perfor-
mance of other direct addressing methods decreases linearly with
porosity which is the same as artificial structures, while the AA-
branch method outperforms other methods. The present method
achieves average 60% and 40% of the peak performance while
approximately 80% and 60% for the best scenario on V100 and
A100, respectively, for the porosity and grain size considered. This
relative performance is comparable to many indirect addressing
methods for single-phase LBM reported in literatures [14,15,19].
Although indirect addressing methods still have some advantage
in performance and memory consumption, the present method
inherits the simplicity and intuitiveness of the direct addressing
methods, which takes less effort to implement.

Our results show that the computational performance increases
as grain size increases. This is because on Nvidia GPU, memory
access is conducted via 32-, 64-, 128-byte memory transactions.
Memory access instructions of the threads in a warp are coalesced
depending on the data size requested and distribution of memory
address [9]. For porous media with large grain size, fluid nodes are
more likely to be continuous, resulting in coalesced memory ac-
cess. On contrary, fluid nodes in porous media with small grain
size are less likely to be continuous, which induces uncoalesced
memory access and low effective memory throughput. This also
explains why this phenomenon is more significant on V100 than
on A100. For porous media with small grain size, many discrete,
uncoalesced memory transactions fulfill GPU’s memory bandwidth,
resulting in memory bandwidth bound as Group 1 in Fig. 7 (a)
demonstrates. The improvement in porosity, i.e., data size to pro-
cess doesn’t contribute to performance, which is typically memory
bandwidth bound. In comparison, memory bandwidth bound is
unlikely to appear on A100 due to larger memory bandwidth.

To further understand influence of grain size on memory ac-
cess, we performed a detailed analysis of 4 natural structures
with the same porosity but different grain size generated by QSGS
via Nsight Compute. In Nsight Compute, memory transactions are
measured in sectors which represents 32 bytes since minimum
transaction on GPU is 32 bytes [60]. A discrete request smaller
than 32 bytes, for example a 4-byte float will be executed in a 32-
byte sector, resulting in 28 bytes waste, also known as excessive
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Fig. 4. (a, b) Performance in MFLUPS of AA-branch approach as function of domain
size and porosity; (c, d) Performance in MFLUPS of AA-branch approach as function
of number of fluid nodes and porosity. Tesla V100 (a, c) and A100 (b, d). Data in (c,
d) is reorganized from (a, b) to provide a better display of the actually problem size.
The red dotted line denotes 80% of the peak performance on corresponding device.
The maximum domain size is limited by the GPU memory.
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Fig. 4. (continued)

sectors. Total and excessive sectors of memory load and store are
provided by source counter in Nsight Compute [60]. One sample
with 30% porosity in each group is selected and analyzed as well
as a corresponding artificial structure, as shown in Fig. 8. Identi-
cal results can be obtained on A100 and V100. Our results show
that the 4 natural porous media samples all have similar effective
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Fig. 5. Illustration of sandstone-like porous medium generated by QSGS. Red repre-
sents pores and grains are transparent. The size of the porous medium in the figure
is 2563 and porosity is 25%.

32

t ' 3 { 0

Mean Grain Size (voxel)
—a—
—a—
——
——
-

41 % 3 $ $ :
® Group1l ¢ Group2 @ Group3 ¥ Group4
15 20 25 30 35

Porosity ¢ (%)

Fig. 6. Mean grain size of sandtone-like porous media generated by QSGS as function
of porosity. Each group corresponds to a desired mean grain size.

load/store, which is slightly larger than artificial structure. In com-
parison, the excessive load/store increases as the grain size become
smaller, which indicates worse situation in memory access.

4.3. Performance of the Complex Boundary Condition

The study on complex boundary condition is conducted on a
natural porous structure generated via QSGS. The porosity of the
structure is 30% and mean grain size is 10.9 voxels. The surface to
volume ratio of this structure is 0.075, which indicates that bound-
ary nodes account for 7.5% of the total voxels. We profile the entire
application on both V100 and A100, as shown in Fig. 9.

Our results demonstrate that wetting boundary accounts for ap-
proximately 25% of the total computation time on V100 while this
value deceases to 12% on A100. The computation time of V100 is
1.45 times that of A100, which is consistent with hardware speci-
fication since A100 improves memory bandwidth and computation
power by 1.73 and 1.35 as to V100 [57,58], respectively. However,
the computational performance of the wetting boundary condition
improves 3.3 times on A100 compared to V100, which cannot be
explained simply by the improvement of DRAM bandwidth and
floating-point computing power. Here, we use Nsight Compute [60]
to conduct a kernel-level study to investigate the performance of
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Fig. 7. Performance in MFLUPS of direct addressing methods as function of porosity and grain size, from left to right AA-branch, pull-branch, AA-mask, pull-mask. (a) - (d)
Tesla V100, (e) - (h) A100. Each group corresponds to a mean grain size. Group 1 has the smallest grain size while group 4 has the largest grain size. Detailed information
of each group can be found in Fig. 6. The dotted line denotes the predicted performance of each method according to the peak performance via the linear relationship as the

function of porosity. The peak performances of each method are displayed in Fig. 3.
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Fig. 8. Effective load/store and excessive load/store data size measured via Nsight
Compute [60] of porous media with different mean grain sizes. Each group corre-
sponds to a mean grain size. Group 1 has the smallest grain size while group 4 has
the largest grain size. Detailed information of each group can be found in Fig. 6.

the boundary algorithms. We focus on the step of extrapolating
normal vector n as this kernel accounts for more than 50% of the
wetting boundary computation. The results can be found in Fig. 10.

According to Fig. 10(a), Stall Long Scoreboard and Stall LG
Throttle, which represent warps stalled waiting for L1 load/store
operations and L1 load/store operations queue [60], are much
higher on V100 than that A100. Our results indicate that warps
spend approximately 5 times being stalled on V100 as to A100 due
to L1 read and write requests. This is because the boundary list

T49%
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20.0 s LBM Even
B compute i
17.5 1 s compute K
B extrapolate i
15.0 { 1.00x B extrapolate ¢
g 125, mm modify 6,
4}
€ 10.0
'_
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5.0

2.5

V100 Internal A100 Internal V100 Wettting A100 Wettting
Boundary Boundary

Fig. 9. Profile results of each kernel in CG-CSF LBM with geometry-based wetting
model on V100 and A100.

approach introduces indirect addressing which induces high mem-
ory 10 burden. In direct addressing, sequential memory accessed
pattern can be achieved since memory access is regular, while in-
direct addressing forms a more random and scattered memory 10
pattern. As a result, detailed and complicated tiling is required to
achieve good performance for indirect addressing [15,19]. However,
on more recent GPU A100, the larger L2 cache effectively reduces
memory IO burden according to Fig. 10. Without any adjustment
on memory order, a larger L2 Cache hit rate and throughput re-
duces warps stall to 1/5 of that on V100 and improve more than
3 times the overall performance of boundary kernels. Our profiling
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Fig. 10. (a) Top 5 stall reasons on GPU, lower the better; (b) Cache usage on GPU
(data normalized by V100), higher the better. Explanation of each stall reason can
be found in [60].

results demonstrate that geometry-based wetting model for multi-
phase flow in porous media can be implemented without the re-
quirement of complicated tiling techniques while achieving decent
performance. The present implementation can be benefited from
recent advances in GPU architecture, especially larger L2 cache.

4.4. Overall Performance

Based on the discussion above, the overall performance of the
current implementation is demonstrated in Fig. 11. The perfor-
mance of other direct-addressing schemes is similar, therefore, AA
mask is selected as a comparison. To make our discussion man-
ageable, we select sandstone-like porous structures of 6 sets of
different porosity and mean grain size with a wide range to eval-
uate the performance. There are 5 different porous structures in
each set. The results presented are the average value of each set,
in order to eliminate random errors caused by the generated struc-
tures. Additionally, since the previous results in section 4.2 suggest
that structures of 2563 may not fully utilize the GPU bandwidth,
therefore, in this section the domain size of each structure is 3203
and 4483 on V100 and A100, respectively. As Fig. 11 shows, the
present implementation achieves higher performance with larger
porosity and grain size on both V100 and A100. On the one hand,
the grain size affects memory access pattern as the aforemen-
tioned discussion. On the other hand, the larger grain size suggests
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fewer boundary nodes which also improves the performance. The
speedup over 1.5 on both V100 and A100. Since the bandwidth of
the V100 is smaller, the bandwidth bottleneck is more severe. Our
implementation can effectively improve the utilization of band-
width and thus achieve a greater speedup compared with A100.
However, thanks to the larger memory bandwidth and cache size
on A100, the performance is roughly two times of that on V100.

We also perform a relative permeability calculation as a real-
world application to demonstrate the capability of the present
implementation. The inertia effect in drainage displacement has
been studied via pore-scale direct numerical simulations in [21,49].
However, such studies haven’t been conducted for the relative per-
meability. In experiments, the alteration of inertia effect is mainly
achieved by increasing velocity [65-67]. Nevertheless, the viscous
force is altered as well. In other words, the Reynold’s number Re
and capillary number Ca cannot be changed independently, which
makes it difficult to distinguish the inertia effect and capillary ef-
fect. Therefore, the inertia effect on the relative permeability is a
perfect example to demonstrate the capability of our multiphase
flow solver.

Our rock sample is selected from Daqing oil-field in China,
which is a typical sandstone. The digital rock structure is obtained
by first scanning the rock sample then reconstructed via a typ-
ical image processing procedure [7]. For simplicity, the structure
size is scaled to 400° which allows to conduct the simulation on
a single A100 GPU. The porosity of the sample is 24.5% and the
permeability is 2557 mD. As Fig. 12 shows, the sample is mir-
rored to ensure periodic boundary condition at inlet and outlet
and an external force F is applied as driven force, which is widely
used in the calculation of relative permeability in order to avoid
saturation gradient and capillary pressure gradient [8,68,69]. The
capillary number Ca = Qv/Ac ~ 1 x 10~ and Reynold’s number
Re = %—S ~1x 1073 to 1 x 1073 where Q is the flow rate and A,
v, d denotes intersection area, Kinetic viscosity and characteristic
pore size, respectively. At given saturation S, the relative perme-
ability can be obtained via

b _ QuSwF Qe (Sw)F

QFy QFy

where k; represents relative permeability and w,nw represents
wetting and non-wetting phase, respectively. The calculated rela-
tive permeability is shown in Fig. 12(b). The relative permeability
deceases as the Re increases, which is consistent with the “neg-
ative inertia” effect observed in experiments [65-67] when inter-
facial tension is high. This could be explained by the Ohnesorge
number Oh = v/+/od = /Ca/Re. According to Oh, increase of the
Re is effectively decreasing Ca, resulting capillary force dominant
flows and smaller relative permeability [70,71]. However, the de-
tailed flow mechanisms require further studies. On this particular
sample, we achieve 487 MFLUPS and 1.4 speedup compared to AA-
mask-based approach, considering 8.7% of this sample are bound-
ary nodes and the average pore-size is merely 3.7 pixels.

kr,nw(sw): ’ (12)

5. Conclusions

In this work, we present a hybrid implementation of multi-
phase Lattice Boltzmann Method concerning both sparse geome-
try and complex boundary condition in porous media. Structural
effect on performance is considered for direct addressing meth-
ods. Compared with other direct addressing method, AA pattern
and if-else branch method proposed in this work reduces memory
load/store for porous media resulting in higher performance. Over
80% of the peak performance achieved at complete dense geome-
try can be observed for artificial porous media with porosity over
50% and sufficient large data size on both Tesla V100 and A100.
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Fig. 11. Overall performance comparison between AA-branch approach and AA-mask approach on V100 (a) and A100(b) with different porous structures.

As for structure with low porosity, performance has a tendency
to latency bound due to insufficient data size and load unbalance.
Performance is also affected by grain size in sandstone structures
which represents porous media in real world. An average of 60%
and 40% of the peak performance is achieved on V100 and A100
respectively for sandstone structures we considered. Performance
loss is mainly caused by sparse memory requests in porous media,
resulting in uncoalesced memory transactions. We conducted per-
formance analysis for complex boundary conditions as well. Stall
reasons and cache utilizations are measured via Nsight Compute
[60]. Our results demonstrate that larger L2 cache on A100 im-
proves memory access for indirect addressing and extrapolation
algorithms in boundary treatment compared to V100, resulting 3.3
to 8.4 times speed up depending on the specific boundary condi-
tion algorithms. As for the overall performance, our results show
that the present implementation is cable of speedup over 1.5 com-
pared with other direct-addressing schemes on V100 and A100,
respectively, with only minor modification of the code.

Relative performance of the present implementation may be not
as fast as that of indirect addressing methods, however, it is com-
parable with indirect addressing methods reported for single-phase
LBM [14,15]. Due to the limited cache size and shared memory, for
multiphase flow, the performance of the indirect-addressing meth-
ods may not be as well as single-phase flow, since more data are
processed. Nevertheless, AA pattern and if-else branch are simple,
intuitive and easy to implement compared with indirect addressing

10

methods. Considering the difference in performance and memory
consumption between the direct and indirect addressing methods,
the sweet point needs to be reconsidered. This work also empha-
sizes the significance of boundary treatment for complex flow in
porous media, since boundary conditions in complex porous flow
are more time consuming than ordinary structures and single-
phase flow. With the development of computer architectures, many
complicated boundary conditions can be implemented in an effi-
cient way while reserving the advantages of physical accuracy.
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Appendix A. Verification of L2 cache by destroying locality

Since modern caches exploit the locality of access [72], the con-
tribution of L2 cache can be verified by using a cache-unfriendly
pattern. In this work, we adopt random ordered boundary lists as
a cache-unfriendly pattern compared to column-major order used
in Section 3.3. Random ordered boundary lists can be generated by
shuffling the aforementioned column-major order boundary lists.
We adopt the std::shuffle provided in C++ STL. Boundary lists are

shuffled immediately after generation then copied to Device. Pro-
filing results is demonstrated in Fig. A.1. The structure is the same
as that used in Section 4.3.

Shuffled boundary lists perform worse 2.6 times and 2.9 times
respectively than their baselines on both V100 and A100, which
indicates a cache-unfriendly pattern decreases performance of in-
direct memory access. Our analysis in Section 4.3 on effect of L2
cache is confirmed. Again, stalling and cache utilization of extrapo-
lation n of are presented in Fig. A.2, which supports our analysis as

2.6x

Time (ms)

1.0x

mmm extrapolate A
mmm extrapolate ¢
B modify 6. at fluid boundary

2.9x

1.0x

0 B
V100 baseline V100 shuffled A100 baseline A100 shuffled

Fig. A.1. Profile results of each kernel in CG-CSF LBM with geometry-based wetting model on V100 and A100: shuffled boundary list vs bassline.
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well. Increase of memory load/store related stalling and decrease
of L2 cache throughput and hit rate are illustrated.
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