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Abstract.

Investigating how uids ow inside the complicated geories of porous rocks
is an important problem in the petroleum industry. Thedatt8oltzmann method
(LBM) can be used to calculate porous rockst permeabilitythis paper, we show
how to implement this method ef ciently on modern GPUs. Batbequential CPU
implementation and a parallelized GPU implementation ietiged. Both imple-
mentations were tested using three porous data sets wittrigppermeabilities. Our
work shows that it is possible to calculate the permeabiiftporous rocks of sim-
ulations sizes up to 368which t into the 4 GB memory of the NVIDIA Quadro
FX 5800 card. Our single oating-point precision simulaticesulted in respect-
bale 0.95-1.59 MLUPS whereas our GPU implentation achiegetarkable 180+
MLUPS for several lattices in the 180 368 range allowing calculations that
would take hours on the CPU to be done in minutes on the GPUhnigues for
reducing round-off errors are also discussed and implezdent
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1. Introduction

To solve the most complex problems in computational uid dgrics (CFD), powerful
computer systems are necessary. State-of-the-art GPUgrositle computing power
equal to small supercomputers since a larger portion of tih@nsistors are used for
oating-point arithmetic, sicne they have higher memorypdaidth than modern CPUs.
In this paper, we investigate the use of GPUs for computingum rocks' ability to
transport uids (permeability) using tHeattice Boltzmann Method BM) [10]. This is a
very important, but computationally challenging problemthe petroleum industry. ma-
jor in uences on permeability. The LBM has several desiegioperties for uid ows
through porous media, particularly the ability to deal vatimplex irregular ow geome-
tries without signi cant penalty in speed and ef ciency. @lBM is also particularly
suitable for GPUs, since it only requires neighbor intecars.

An overview of our research group's GPU programming expeés can be found
in [8]. The models analysed in this work may be generatedquSihscans [4]. Extended
versions of this paper with added color gures, are providtef@,3].

1The authors would like to thank Numerical Rocks AS for theillaborations and access to test samples,
Dr. Pablo M. Dupuy, NTNU, for introducing us to the LBM methahd NVIDIA for supporting Dr. Elster
and her HPC-lab.



2. The Lattice Boltzmann Method (LBM)

Historically, the LBM is an outcome from the attempts to ioye the Lattice Gas Cellu-
lar Automata (LGCA). However, the LBM can be derived dirgdtom the Boltzmann
equation formulated by Ludwig Boltzmann, [10], uses clealsinechanics and statistical
physics, to describe the evolution of a particle distribnfiunction. The LBM solves the
Boltzmann equation in a xed lattice. Instead of taking ictinsideration every individ-
ual particle's position and velocity as in classical miaogic models (molecular dynam-
ics), the particle distribution function in the LBM givestiprobability of nding a uid
particle located at the location x, with velocity e, at tinjB]t The statistical treatmentin
the LBM is necessary because of the large number of partitieiacting in a uid [15].
However, it leads to substantial gain in computational ficy.

In the LBM, uids ows are simulated by calculating the strmaang and collision of
particles within the lattices, often together with some ttibary conditions that must be
ful lled for each time step. The discrete lattice locatia@respond to volume elements
that contain a collection of particles, and represents #&ipnsn space that holds either
uid or solid. In the streaming phase, particles move to tkanmest neighbor along their
path of motion, where they collide with other arrived pdetic The outcome of the colli-
sion is designed to be consistent with the conservation akrenergy and momentum.
After each iteration, only the particle distribution chasgwhile the particle distribution
function in the center of each lattice locations remainsanged. The underlying lattice
must have enough symmetry to ensure isotropy, and typilzdtiges are D2Q9, D3Q13,
D3Q15, and D3Q19, where Da is the number of dimensions and @einumber of
distinct discrete lattice velocitieg. The discrete Boltzmann equation can be written as

Eq.(1) [5]:
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where & are discrete lattice velocities, is the collision operator, andi . ¥ t/ is the
discrete particle distribution function in thelirection. The macroscopic kinematic vis-
cosity of the uidis D le. Other macroscopic properties of the uids — such as the
mass density. ¥ t/, momentum. ¥ t/u.¥ t/ and velocityt ¥ t/ of a uid particle —
can be computed from the particle distribution functiorssseen in the rst step of the
collision phase in Figure 1. More details and referencedediound in [2,3].

Boundary ConditionsThe standard boundary condition applied at solid- uickifidces
is the no-slip boundary condition (a.k.a. bounce-back damcondition), Eq.( 2) [12]:
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Here the particles close to solid boundaries do not movd,atallting in zero velocity.
The particles at the solid- uid interfaces are re ected J18s illustrated in Figure 2.
Periodic boundary conditions are also common, and allowscfes to be circulated
within the uid domain. With the periodic boundary conditis, outgoing particles at the
exit boundaries will come back again into the uid domainahgh the entry boundaries
on the opposed side. For a more comprehensive overviewl Sterd [19].
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Figure 1. The main phases of the simulation model used. Based on [12].
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Figure 2. Bounce-back boundary of lattice nodes before (left) anet &ftght) streaming. Based on [16].

The LBM has been implemented on CPUs for uid ows through pas media to
determine the permeability of porous media [1]. See [18Hfoomprehensive overview
of ef cient CPU implementations of the LBM, in view of the faihat the architecture of
the GPU is quite different. See [9,6,17] for recent GPU-Hd<&Ms.



3. Our Simulation Model

The main phases of our LBM simulation model can be seen inrEiguln this model,
the collisions of particles are evaluated rst, and thentipks streams to the lattice
neighbors along the discrete lattice velocities. Two tygiesoundary conditions are im-
plemented: the standard bounce back boundary conditicartdlé solid- uid interfaces,
and periodic boundary condition to allow uids to be circtgd within the uid domain.
The periodic boundary condition is built into the streamjiitase, and the bounce back
boundary condition is built into the streaming and collisgthase. The different phases
of our simulation model accompanied by pseudo-code is dextim more detail in [2].

Effcient storage Our simulation model makes use of the D3Q19 lattice. Foryenede

in the lattice, implementations using the D3Q19 model ofttare and use 19 values
for the patrticle distribution functions and 19 temporarjues for the streaming phase,
so that the particle distribution functions are not ovetteri during the exchange phase
between neighbor lattice nodes. The LBMs using such tempatarage thus require
gigabytes of memory for lattices sizes of 3%d larger [2] and [3].

Instead of duplicating the particle distribution functitie temporary storage in our
streaming phase, we use another approach described bylBhfbf both implementa-
tions. Here the source and destination particle distrilmutiinctions are instead swapped
between neighbor lattice nodes. This approach reducesehsony requirements by 50
%, compared to using temporary storage.

Permeability calculations Figure 3 shows the expansion of the simulation model for
the calculation of permeability of porous rocks. The perpilég is obtained directly
from the generated velocity elds of the lattice Boltzmanetinod, together with using
Darcy's law for the ow of uids through porous media. The di ow is driven by some
external force in the simulation model, but it could also beh by pressure on the
boundaries. The external force is expected to give the shiarege in momentum as the
true %, which is the total pressure drop along the sample lengthdte khat in Figure
3, a is the node resolution equivalent to the lattice spacingvedrby some external
force, the permeability is always obtained when the vejoeild is at steady state. Our
simulations is considered to have converged if the changfeecdverage velocity is less
than 10 ° between time-steps.

Floating-point precision and round-off errors: In the collision phase, the equilibrium
distribution function needs to be computed with a mixturdanfe and small numbers
which may lead to Iserious rounding errors [11]. To reduesertdunding error when using
single oating-point precision, we used an approach takemf[7]. It has been left out
from the previous descriptions, due to readability, butlsafiound in [2].

4. Implementations and further optimizations
Current NVIDIA GPUs support thousands of threads runningcoorently, to hide the

latency under uneven workloads in programs. In our GPU impl#ation, every thread
created during execution is responsible for performingdbkision and streaming for
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Figure 3. Expansion of the simulation model for permeability caltiolas.

a single lattice node. To get high utilization of global megnbandwidth, the access

Next
time ste|

pattern to the global memory must be correctly aligned toeaehcoalescing.

A structure-of-arrays is useful to achieve coalescinge@lls access the arrays in
contiguous memory segments to obtain coalescing. Thislesacient reading and
writing of particle distribution functions. Each array ¢ams one discrete direction of
the particle distributions functions. Arrays in the sturet are three-dimensional, allo-
cated as contiguous memory on the device using cudaMalloEBB function takes the
width, height, and depth of simulations as input, and padsatlocation to meet the
alignment requirements to achieve coalescing. The funaggturns a pitch (or stride),
which is the width in bytes of the allocation. Two-dimensabgrids were necessary in
order to simulate large lattices, due to NVIDIAS restrigtiof the maximum number of
threads blocks being 65535 in one direction of the grid ontestrbench. Note thateven
simulation sizes of 512without using temporary storage and with single oatingo

precision would alone result in a memory consumption of 9dgaByte!
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Figure 4. The con gurations of grids and thread blocks in kernels.
5. Benchmarks

Our test-bed, the NVIDIA Quadro FX 5800 GPU has 4 GiB of memprgvides high
memory bandwidth and 4 GiB of memory. Performance is, likerfeasured in MLUPS
(million lattice nodes updates per second).

In Poiseuille Flowsthe analytical solutions of the velocity pro le are knowr Val-
idate the numerical correctness and exactness of our twlemgmtations, the numerical
velocity pro le of uid ow between two parallel plates witHattice dimension 32were
compared to known analytical solutions. Two types of boupdanditions were used:
bounce back boundaries along the two parallel plates anddieboundaries in the x,
y, and z direction for conservation of uid particles. Thdwas of the single relaxation
parameter and the external force used in the calculatiotieegiermeability of the three
datasets used were=0.65 andF,=0.00001 withFy D F, D 0. Both single and dou-
ble precision Poiseuille Flow tests were performed. In Fédry the solid lines show the
analytical solution, and the circles are the numericalltesitained from the Poiseuille
Flow simulations. The measured deviations between the rioah@nd analytical solu-
tions were only 68003@ 006 for both CPU and GPU 32, anc2223& 006 for
both CPU and GPU 64 [3].

Simulation Size Restrictions The most memory demanding parts of the implementa-
tions is the structure-of-arrays used to store the partiidibution functions, together
with the array used to store the porous rocks models. The Gied lias 16384 registers
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Figure 5. Poiseuille Flows: Comparison of numerical and analytiedbgity pro les.

and 16 KB shared memory available per multiprocessor. Ti&red all thread blocks
running on a multiprocessor must share these registershavddsmemory during exe-
cution. Kernels will fail to launch if threads uses more stgis or shared memory than
available per multiprocessor [14]. We found that the nundfeavailable registers per
thread varies from 64 registers for blocksizes of 256, ty @1l registers available for
blocksizes of 768. For more details, see [3].
Performance MeasurementsIn order to measure the performance of our CPU and
GPU implementation, cubic lattice sizes ranging fromud to 368 were used. The
cubic lattices were lled only with uid elements, so that eatra work was required for
solid- uid interfaces. Figure 6 shows arithmetic meansr®®& iterations.
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Figure 6. Performance results in MLUPS.

Here our GPU implementation clearly outperforms the CPU@mgntation. Using
single oating-point precision, CPU 32 and GPU 32 achieVedmaximum performance
equal to 1.59 MLUPS and 184.30 MLUPS. CPU 64 and GPU 64 acthimeximum



performance equal to 1.40 MLUPS and 63.35 MLUPS. Highedopmiance of the CPU
32 and CPU 64 was with lattice sizes smaller thad &4d 48, since these lattices
t into cache memory. The performance difference between@PU 32 and GPU 64
is because our NVIDIA GPUs have more single precision cdraa tlouble precision
cores, and because the GPU 32 and GPU 64 have some differermcesipancy. More
details regarding our occupancy calculations and experisrean be found in [2,3]. The
turbulent performance of the GPU 32 is caused by the chamgesdupancy of the
collide kernel, due to changes in thread block sizes.

6. Porous Rock Measurements

In order to evaluate our implementations ability to caltellne permeability of porous
rocks, three porous datasets with known permeability jpiexby Numerical Rocks AS
were used. Porosity that re ects only the interconnecteck gpaces within the three
porous datasets calculated by Numerical Rocks AS was aézh Tibe values of the sin-
gle relaxation parameter and the external force used indlelations of the permeabil-
ity of the three datasets wereD 0:65, Fx D 0:00001 and~y D F, D 0:0
In our simulations, the con gurations of the boundariesgtiet to the ow direc-

tion were made solid, and with bounce back boundary conditi@he entry and exit
boundaries were given periodic boundary conditions. Thegee also 3 empty lay-
ers of void space added at both the entry and exit bound&@issilations were run
until velocity elds reached a steady state, before calkingathe permeability of the
three porous datasets. Due to space considerations, wel@aehly the results from our
Fontainebleau, the most realistic and interesting dataset The results from the two
simplest datasets, symmetrical cube and square cube, daarikin [3].

TheFontainebleawataset has a lattice size of 30With the known permeability equal
to 1300 mD. The dataset's porosity is 16 %. Note that the éaiastoo large to allo-
cate with double precision on our NVIDIA Quadro FX5800 GPWbIE 1 shows the
results of our performance measurements and computed abilitye GPU 32 was the
fastest of the implementations with the total simulatiomgiequal to 38.0 seconds. All of
the implementations calculated the permeability withigidion, with the relative error
equal to 40% and the absolute error equal to 53. GPU 32 obtained thesiigiverage
performance equal to 58.81 MLUPS.

Table 1. Fontainebleau performance and computed permeabilitytsesu

Implementation| Average | Maximum Total Number Of | Permeability
MLUPS MLUPS Time Iterations Obtained
CPU 32 1.03 1.04 2152 s 445 1247.80 mD
GPU 32 58.81 59.15 38.0s 445 1247.81 mD
CPU 64 0.94 0.94 2375.4s 445 1247.80 mD

Figure 7 shows the rst 4 iteration of uid ow inside our Foainbleau. See [3] and
[2] for more detailed results.



Figure 7. The rst 4 iterations of uid ow inside Fontainebleau.
7. Conclusions and future work

ModernGraphics Processing Unit&GPUSs) are used to accelerate a wide range of scien-
ti c applications which earlier required large clustersvadrkstations or large expensive
supercomputers. Since it would be very valuable for thegtetim industry to analyze
petrophysical properties of porous rocks, such as the fipiasd permeability, through
computer simulations, the goal of this work was to see if sintulations could bene-

t from GPU acceleration. LBM was used to estimate porouski®ability to transmit
uids. In order to better analyze our results, both para@t€lU and GPU implementa-
tions of the LBM were developed and benchmarked using thvesys datasets provided
by Numerical Rocks AS where the permeability of each datasstknown. This also
allowed us to evaluate the accuracy of our results.

Our development efforts showed that it is possible to siteulaid ow through
the complicated geometries of porous rocks with high perforce on modern GPUs.
Our GPU implementations clearly outperformed our CPU imgatation, in both single
and double oating-point precision. Both implementatiachieved their highest per-
formances when using single oating-point precision, tésg in their maximum per-
formance equal to 1.59 MLUPS and 184.30 MLUPS, respectiielgatsets of sizeB
by 352, where MLUPS is the measurement of million lattice nodesatpsiper second
(indicating the number of lattice nodes that is updated ie s#cond). Suggestions for
improving and extending our results inculde:



1. Maximum simulation lattice size in the simulations isitied by the 32-bit archi-
tecture of current GPUs which limits memory to 4 GiB. One wagdmpensate
for this is to use multiple GPUs.

2. Use of grid re nement for the improved analysis of the ualv inside the nar-
row pore geometry of the porous rocks.

3. Storing only uid elements, this will reduce memory usagace the porous
rocks of interest often have small pore geometries.

4. Extenting the LBM to perform multiphase uid dynamics.

Given the importance for the petroleum industry of gettimgpd uid simulations
of porous rocks, we expect that this will continue to be a gagea of research. Flows
through porous materials are also be of interest to othels ghcluding medicine.

Since our ParCo 2009 presentation, NVIDIA annouced in Ndye009 their new
Fermi GPU architecture that should also be investigatedwitisecomes available.
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