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Abstract

Massively paralle computing techniques can overcome
limitations of problem size and space resolution for reservoir
simulation on single-processor machine. This paper reports on
our work to parallelize a widely used numerical simulator,
known as TOUGH2, for nonisothermal flows of muilti-
component, multiphase fluids in three-dimensional porous and
fractured media. We have implemented the TOUGH2 package
on a Cray T3E-900, a digtributed-memory massively paralle
computer with 695 processors. For the simulation of large-
scal e multicomponent, multiphase fluid flow, the requirements
for computer memory and computing time are extensive.
Because of the limitation of computer memory in each PE
(processing element), we distribute not only computing time
but also the memory requirement to different PEs. In this
study, the METIS software package for partitioning
ungructured graph and meshes is adopted for domain
partitioning, and the Aztec linear solver package is used for
solving linear equation systems. The efficiency of the code is
investigated through the modeling of a three-dimensiona
variably saturated flow problem, which involves more than
one million gridblocks. The execution time and speedup are
evaluated through comparing the performance of different
numbers of processors. The results indicate that the paralle
code can significantly improve capacity and efficiency for
large-scale smulations.

Introduction

TOUGH2" 2 is a generd-purpose numerical simulation
program for multi-dimensional, multiphase, multicomponent
heat and fluid flows in porous and fractured media. The code
iswritten in standard ANSI FORTRAN 77. Sinceitsrelease in

1991, the program has been used worldwide in geothermal
reservoir engineering, nuclear waste isolation, environmental
assessment and remediation, and modeling flow and transport
in variably saturated media. The numerical scheme of the
TOUGH2 code is based on the integrd finite difference (IFD)
method. The conservation eguations involving mass of air,
water, chemical components and thermal energy are
discretized in space using the IFD method. Time is discretized
fully implicitly using a first-order backward finite difference
scheme. The discretized nonlinear system of finite difference
equations for mass and energy balances are solved
simultaneously using the Newton/Raphson iterative scheme.
For the basic version (i.e, single CPU), the code is equipped
with both direct and iterative solvers.®

The development of paralle computers has made it
possible to conduct large-scale reservoir simulations. In the
past decade, the tota number of gridblocks used in a typical
reservoir simulation increased from thousands to millions.
One of the most popular paralled computer architecturesis the
distributed-memory machine, the massively parallel processor
(MPP) computer, which can be made up of hundreds to
thousands of processors. Elmroth et a.> developed a parallé
prototype scheme for the TOUGH2 code and implemented the
computing time distribution on MPP computer. Their
investigation indicates that a parallel code can dramaticaly
enhance computational efficiency.

The present work presents the further progress in reducing
memory requirement and improving computation efficiency,
including the optimization for solving extremely large
reservoir simulation problems. The pardldization of the
TOUGH2 code was implemented on a Cray T3E-900, an MPP
computer. The paralld code was developed from the origina
TOUGH2 code by introducing the message-passing interface
(MPI) library.® MPI is a standard procedure for message
passing that allows data transfer from one processor to
another. The pardld implementation first partitions an
ungructured smulation domain using the METIS graph
partitioning programs.” The spatially discretized nonlinear
equations describing the flow system are then set up for each
partitioned part a each time step. These equations are solved
with the Newton iteration method. In each Newton step, a
nonsymmetric linear equation system is formed for each part
of the domain and is then solved using a preconditioned
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iterative solver selected from the Aztec linear solver package.?
During each Newton iteration, the linearized eguation systems
must be updated with the updating in primary variables.
Updating the left-hand Sde Jacobian matrix requires
communication between different processors for data
exchange across the partitioning borders. By distributing the
computation time and memory requirement to processors, the
paralel TOUGH2 code allows more accurate representation of
reservoirs because of its ability to include more detailed
information on arefined grid system.

The significant enhancement on computational efficiency
in the pardld TOUGH2 code is demonstrated through
modding of a field flow problem. The code has been used to
develop a three-dimensional (3-D) modd of multiphase fluid
flow in variably saturated fractured rocks. The 3-D model uses
more than 10° gridblocks and 4x10° connections (interfaces)
to represent the unsaturated zone of the highly heterogeneous,
fractured tuffs of Yucca Mountain, Nevada, a potential
underground repository for high-level radioactive wastes.
Numerical simulation of the unsaturated zone flow system at
Yucca Mountain has become a standard tool in dte
characterization investigation.’ However, the 3-D, site-scale
unsaturated flow models, developed since the early 1990s,% in
general use very coarse numerical grids primarily because of
limitation in computational capacity.

In this paper, we discuss the main issues addressed in the
implementing TOUGH2 on the massively paralle T3E-900
machine. We then present an example problem for unsaturated
flow at the Yucca Mountain site, Nevada, which has more
than 1 million grid blocks. This problem is used to evaluate
speedup from code parallelization, and to confirm the solution
accuracy of the massively parallel code by comparison with
results from a single-processor machine.

Parallel Implementation

As discussed above, the TOUGHZ2 code using an IFD
method™"" *? solves mass and energy balance equations of fluid
and heat flow in a multiphase, multicomponent system. The
IFD approach avoids any reference to a global system of
coordinates and thus offers the advantages of being applicable
to regular or irregular discretization in multiple dimensions.
However, the flexibility in IFD formation gridding makes a
modd grid that intrinsically unstructured, which must be taken
into account by a pardl€lization scheme.

In the basic verson of the TOUGH2 code, the
discretization in space and time using the |FD leads to a set of
strongly coupled nonlinear algebraic equations, which is
linearized by the Newton method. Within each Newton
iteration, the Jacobian matrix is first calculated by numerical
differentiation, the resulting system of linear equations then
solved using an iterative linear solver with preconditioning.
Time steps can be automaticaly adjusted (increased or
decreased) during a smulation run, depending on the
convergence rate of the iteration process. For a TOUGH2
simulation, the most time-consuming steps of the execution

consist of two parts: (1) solving the linear system of eguations
and (2) assembling the Jacobian matrix. Consequently, one of
the most important aims of the paralld TOUGH2 code is to
distribute computing time for these two parts. The main
schemes implemented in the parallel code include grid
partitioning, grid reordering, optimizing data input, assembly
of the Jacobian matrix, and solving the linear system. The first
stage of the work was summarized by Elmroth et a.° The
following sections give an overview of the most important
parale implementation procedures.

Grid Partitioning and Gridblock Reordering. Efficient and
effective methods for partitioning unstructured grid domains
are critical for successful paralld computing schemes. Large-
scale numerical Smulations on parallel computers reguire the
digtribution of gridblocks to different processing elements.
This distribution must be carried out such that the number of
gridblocks assigned to each PE is the same and the number of
adjacent blocks duplicated and copied to each PEs is
minimized. The goal of the first condition is to balance the
computation efforts among the PEs, the goal of the second
condition is to minimize the time-consuming communication
resulting from the placement of adjacent blocks to different
processors.

In a TOUGH2 simulation, a model domain is represented
by a set of gridblocks (elements), and the interfaces between
every two gridblocks are represented by connections. The
entire connection system of gridblocks is defined through
input data. From the connection information, an adjacency
matrix can be constructed. The adjacency structure of the
model meshes is stored using a compressed storage format
(CSR). In this format, the adjacency structure of a domain
with n gridblocks and m connections is represented using two
arrays, xadj and adj. The xadj array has a sze of n+1 whereas
the adj array hasa size of 2m.

The adjacency structure of the modd grids is stored in a
compressed format which can be described as follows.
Assuming that eement numbering starts from 1, then the
adjacency list of element i is stored in an array adj, garting at
index xadj( i) and ending at index xadj(i+1)-1. That is, for
each element i, its adjacency list is stored in consecutive
locationsin the array adj, and the array xadj is used to point to
where it begins and where it ends. Figure la shows the
connection of a 12-edements domain and Figure 1b illustrates
its corresponding CSR format arrays.

We use three partitioning algorithms implemented in the
METIS package version 4.0". The three algorithms are here
denoted the K-way, the VK-way, and the Recursive
partitioning algorithm. K-way is used for partitioning a graph
into a large number of partitions (greater than 8). The
objective of this algorithm isto minimize the number of edges
that dstraddle different partitions. If a smal number of
partitions are desired, the Recursive partitioning method, a
recursve bisection algorithm, should be used. VK-way is a
modification of K-way and its objective is to minimize the
total communication volume. Both K-way and VK-way are
multilevel partitioning agorithms.
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Figure 1a shows a scheme of partitioning a sample domain
into three parts. Gridblocks are asdgned to particular
processors through partitioning methods and reordered by
each procesor to alocal ordering. Elements corresponding to
these blocks are explicitly stored on the processor and are
defined by a set of indices referred to as the processor’s
updae set. The update set is further divided into two subsets:
internal and border. Vedor eements of the interna set are
updated using only information on the airrent processor. The
border set congsts of blocks with at least one edge to a block
assgned to another processor. The border set includes blocks
that would require values from other processors to be updated.
The set of blocks that are not in the arrent processor, but
neealed to update cmponents in the border set, is referred to
as an external set. Table 1 shows the partitioning results and
one of the local humbering schemes for the sample problem
presented in Figure la.

The local numbering o gridblocks is done to facilitate the
communication between processors. The humbering sequence
isinternal blocks followed by border blocks and findly by the
external set. In addition, all external blocks from the same
processor arein conseautive order.

Similar to vedors, a subset of matrix with non-zero entries
is gored on each processor, In particular, each processor stores
only those rows, that correspond to its updae set. These rows
form a submatrix whose entries correspond to variables of
both the updae set and the external set defined on this
processor.

Input Data Organization. The inpu data for reservoir
simulations include hydrogeol ogic parameters and congtitutive
relations of porous media, such as absolute axd reative
permeability, porosity, capillary presare, thermophysical
properties of fluid and rock, as well as initial and baundary
conditions of the system. In addition, a numerical code
requires gedfication of spacediscretized geometric
information (grid) and various program options such as
computational parameters and time-stepping information. For
a typical, large-scale, threedimensiona mode, computer
memory of several gigabytes is generally reguired. Therefore,
the nea arises to distribute the memory requirement to al
processors.

Each procesgor has a limited space of memory avail able.
To make dficient use of the memory of each processor, the
input data files of the TOUGH2 code are organized in
sequential format. There ae two groups of large data blocks
within a TOUGH2 mesh file: one with dimensions equdl to the
number of grid Hocks, the other with dimensions equdl to the
number of connedions (interfaces). Large data blocks areread
one by one through a temporary full-size aray and then
distributed to PES one by one. This method avoids doring all
input data in a sngle processor and gedly enhances the 1/0
efficiency. The 1/0O efficiency is further improved by storing
the input data in binary files. The data input procedures can be
schematically outlined as foll ows:

In PEO:

Open a datafile
Read first parameter for all blocks (total NEL blocks)
into array Temp(NEL)
Doi=1,TotalPEs
Call MPI_SEND(...) to send the appropriate part of
Temp(NEL) to PEi.
End do
Read second parameter for all blocks into array
Temp(NEL)
Doi=1,TotalPEs
Call MPI_SEND(...) to send the appropriate part of
Temp(NEL) to PE.
End do
Repeat for all parameters that need to be read from data
file for all gridblocks.
Read first parameter for all connections (NCON) into
array Temp(NCON)
Doi=1,TotalPEs
Call MPI_SEND(...) to send the appropriate part of
Temp(NCON) to PH.
End do
Read second parameter all connectionsinto Temp(NCON)
Doi=1,TotalPEs
Call MPI_SEND(...) to send the appropriate part of
Temp(NCON) to PH.
End do.
Repeat for all parameters that neal to be read from data
filefor all conrections.
Close datafile.

In PEL, PE2, ...... , PEN:
Allocate required memory space for current PE.
Call MPI_RECV(...) to receive the part of data that
belongs to current PE from PEQ.

Certain parts of the pardlel code require full-connedion
information, such as for domain partitioning and local-
connedion index seaching. These parts can be the battlenedk
of memory requirement for solving a large problem. Sincethe
full-connedion information is used only once at the beginning
of a smulation, it may be better handed in a preprocessing
procedure.

Assembly and Solution of Linear Equation Systems. The
discrete mass and energy balance euations lved by the
TOUGH?2 code @n be written in residual form:*2

RE(X™) = MY (™) M (x) -
LY AnFin(X™) +V,65)

where the vedor x' consists of primary variables at timet, R,'f
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is the residual of component K for block n, M denotes mass
per unit volume for a mmponent, V, is the volume of the
block n, q denotes snks and sources, At denotes current time
step size, t+1 denotes the arrent time, A, is the interface
area between blocks n and m, and F,,, is the flow between
them. Equation (1) is solved using Newton-Raphson iteration
method, leading to

aR[;](,Hl
"2

=X )= RN (% ) L 2
| axl p()(1,p+1 Xl,p) Rn (Xl,p) ( )

where x; ,represents the value of ith primary variable at pth
iteration step. The Jacobian matrix as well as the right-hand
side of (2) neals to be reclculated at each Newton iteration.
The computational efforts are extensive for a large smulation
problem. In the paralle code, the assembly of linea equation
system (2) is dared by all the processors. Each processor is
responsible for computing the rows of the Jacobian matrix that
correspond to Hocks in the processor’'s update set.
Computation of the dements in the Jacobian matrix is
performed in two parts. The first part consists of computations
relating to individual blocks. Such calculations are caried out
using the information stored on current processor and
communications to ather processors are not necessry. The
second part includes al computations relating to the
connedions. The dements in the border set need information
from the external set, which requires communication between
neighbor processors. Before performing these wmputations,
an exchange of relevant variables isrequired. For the elements
corresponding to border set blocks, one processor sends these
dements to different but related processors, which receve
these dements as external blocks.

The Jacobian matrix for local gridblocks in each processor
is gored in the distributed variable block row (DVBR)
format,® a generalization of the VBR format. All matrix blocks
are stored row-wise, with the diagonal blocks gored first in
each block row. Scalar elements of each matrix block are
stored in column major order. The data structure mnsists of a
red vedor and five integer vedors, forming the Jacohbian
matrix. The detail explanation for the DVBR data format can
be found from reference’.

Thefinal, local linea equation systems are solved by using
the Aztec linea solver package’. We can seled different
solvers and premnditioners from the package. The available
solvers include conjugate gradient, restarted generalized
minimal residud, conjugate gradient squared, trangposed-free
quasi-minimal residual, and h-conjugate gradient with
stabilization methods. The results presented in this paper have
been ohtained uwsing the stabilized bi—conjugate gradient
method with block Jacobian scaling and a domain
decomposition preconditioner (additive Schwarz). In block
Jacobian scaling, the block size @rresponds to the VBR
blocks, which are determined by the equation number of each

gridblock. Detailed discussons on preanditioning and scaling
scheme were presented by Elmroth et al.®

During a simulation, the time steps are automaticdly
adjusted (increased or reduced), depending o the
convergencerate of the iteration processin the arrrent step. In
the parallel version code, the time-step size found in the first
processor (master processor, hamed PEOQ) is applied to all
processors. The mnvergence rates may be different in
different processors. Only when all processors reach stopping
criteriawill the time march to the next step.

Final solutions are derived from all processors and
transferred to master processor for output. Results for the
connedions that cross the boundary of two different
processors are obtained by averaging the solutions from the
two processors.

Data Exchange Between Processors. Data communication
between processors is an esential component of the parall e
TOUGH2 code. Although each processor solves the lineaized
equations of the local blocks independently, communication
between neighboring processors is necessary to update and
solve the entire equation system. The data exchange between
processors is implemented through the EXCHEXTERNAL
subroutine. When this subroutine is cdled by all procesors,
an exchange of vedor e ements corresponding to the external
st of the gridblocks will be performed. During time stepping
or aNewton iteration, an exchange of external variablesis dso
required for the vedors containing the secndary variables and
the primary variables. Detailed discusson of the
imé)lementation of data exchange can be found in Elmroth et
al.

Program Structure. The paralle version of TOUGH2 has
amost the same program structure as the original version of
the software, but solves a problem using multiple processors.
We introduce dynamic memory management, modules, array
operations, matrix manipulation, and other FORTRAN 90
features to the parallel code. MPI is used for message passng.
Another important modification to the original serial codeisin
the subroutine of time-step looping. This subroutine provides
the general control of problem initiaization, grid pertitioning,
data distribution, memory-requirement balancing among all
processors, time stepping, and output. All data input and
output are caried out through the master processor . The most
time-consuming efforts, such as assmbling the Jacobian
matrix, upceting thermophysical parameters, and solving the
linea equation systems, are digtributed to all processors. The
memory requirements are aso distributed to dl processors.
Distribution of computing time axd memory requirements is
essentid for achieving a @pacity for solving large-scale fied
problems. Figure 2 gives an abbreviated overview of the
program flow chart.

Application On Yucca Mountain Problem

Performance of the parale code was evaluated and
demonstrated through a threedimensional flow simulation of
the unsaturated zone at Yucca Mountain, Nevada The
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probem is based on the site-scale modd developed for
investigations of the unsaturated zone at Yucca Mountain,
Nevada.®'® It concerns unsaturated flow through fractured
rock using a 3-D, unstructured grid and a dual permeability
conceptualizaion for handing fracture-matrix interactions.
The unsaturated zone of Yucca Mountain is being investigated
as a potential subsurface repository for storage of high-level
radioactive wastes. The model domain of the unsaturated zone
encompases approximately 40 km? of the Yucca Mountain
areq, is between 500 and 700 m thick, and overlies areatively
flat water table.

The 3-D modd domain as wdl as a 3-D irregular
numerical grid used for this example is shown for a plan view
in Figure 3. Themodel grid usesrdatively refined griddingin
the midde repository areg and includes sveral nearly
vertical faults. The grid has about 9,800 Hocks per layer for
fracture aad matrix continua, respedively, and about 60
computational grid layersin the verticd diredion, resultingin
atotal of 1,075522 gridblocks and 4,047,209 connedions. A
distributed-memory Cray T3E-900 computer equipped with
695 processors has been used for the simulation. Each
processor has about 244 MB available memory and is capable
of performing 900 million floating operations per seaond
(MFLOPS.

The ground surface is taken as the top modd boundary,
and the water table isregarded as the bottom boundary. Both
top and bdtom boundaries of the modd are asuumed
Dirichlet-type @nditions. In addition, on the top boundary, a
spatially varying infiltration is applied to describe the net
water recharge, with an average infiltration rate of 4.6 mm/yr
over the model domain.’® The properties used for rock matrix
and fractures for the dual permeability mode, including two-
phase flow parameters of fractures and matrix, were estimated
based on fidd tests and mode cdibration efforts, as
summarized in Wu et a. °

The linea equation system arising from the Newton
iteration of the Yucca Mountain problem is lved by the
stabilized bi-conjugate gradient method. A  domain
decomposition-based premnditioner with ILUT incomplete
LU factorization has been seleded for preconditioning, and
the K-way partitioning agorithm has been sdeded for
partitioning the probdem domain. The stopping criteria used
for theiterative linea solver is

m <10™
[bl,

where ||||2 =,/ n)zin:lri2 , n is the total number of

unknowns, and r and b are the residual and right-hand side,
respedively.

Two types of tests were run (1) to examine the acauracy of
the parallel code, and (2) to evaluate the wde performanceand
pardlelization gains for different numbers of processors. The
first test smulates the flow system to steady state. The

simulation results for steady state flux through the repository
and battom layer are ompared to results previously obtained
from simulations on a singe-processor machine. The seand
test used different numbers of processors to simulate the
unsaturated flow system for 200 time steps.

Steady State Test. The test problem was designed to test the
acauracy of solutions. We have verified the modeling results
from the parald code by comparing the solutions for a
smaller grid model using a one-dimensiona vertical column.
The solutions for the small er problem were obtained using the
original, single-CPU version and the parale version of the
TOUGH2 code. The test presented here provides a further
verification of the ade for large-scale smulations.

The 3-D test problem was run on 64 processors for 3,684
time steps to reach steady state, recognized when the fluxes
going into and leaving the flow system are equal (within a
narrow difference). Becuse of the time limitation of the
computer batch system, the whole simulation is divided into
five stages. Each stage runs about 700 time steps in less than
four hours. The length of a total simulation time is about 10"
years when steady stateis obtained.

The percolation flux through the repository horizon and
below is one of the most important factors considered in
evaluation of repository performance Figures 4 and 5 show
the flux distributions along the repository horizon and at the
bottom of the simulation domain (the water table). The dark
color indicates higher values of percolation fluxes. The flux is
defined in the figures as total massflux through bath fractures
and matrix. Comparison of the smulation results (Figures 4
and 5) against those using coarse-grid models'® indicaes that
the refined-grid modd produces results with much higher
resolution and more accurate flow distributions a the
repository level as well as the water table. In perticular, the
current, refined model predicts more significant latera flow in
the upper part of the unsaturated zone, above the repository
horizon, due to using finer verticd grid spacings in these
layers. These modeling results will have dired impact on
asesdng repository performance  Further smulation results
will bereported elsawhere.

Performance Test. In the seand test, the problem was lved
using 32, 64, 128 256, and 512 processors, respedively.
Because of the automatic time-step adjustment, based even on
the same @nvergencerate of the iteration process the length
of simulation times over 200 time steps using different
numbers of processors may be different. However, the
computationd targets are similar, and comparing the
performance of different numbers of processors with the same
number of time steps is reasonable for evaluating the parall
code.

Table 2 shows the reduction in the total exeadtion time
with an increase numbers of processors. The smulation was
run on from 32 pocessors up to 512 processors by
conseautively doubling the number of processors. The results
clearly indicae that the eeaution time is significantly
reduced, as the number of processors increases. Table 2 dso
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shows the time required for different computational tasks
using different numbers of processors. When less than 128
processors are used, doubling the processor number will
reduce the total exeaution time by more than haf. From the
table, we @n find that the best paralld performance is in
solving-linea equation systems. Data input and autput of the
program are caried out through a single processor, which will
limit the performance of the parall el code for those parts.

Figure 6 illustrates the speedup of the paralld code. The
speadupis defined based on the performance of 32 processors
as 32T3,/ T, where T, denotes the total exeaution time using p
processors. The speedups from 32 to 64, 128, 256, and 512
processors increase by factors of 2.63, 2.16, 1.87 and 1.54,
respedively.  Super-linea speedup appeas during the
processor number doubling from 32 to 64, and to 128 with a
speadup d 2.63 and 216. The overal speedup for 512
processors is 523. The super-linea speedup is mostly due to
the premnditioner in solving linea equation system where the
time requirement is proportiona to n?, with n being the
number of gridblocks in each processor.

In contrast, the time requirement for the gartup phase
(input, partition, distribution, and initialization) in Table 2
increases when the processor number is doubled from 256 to
512 (instead of deaeasing). It indicaes that a saturation point
has reached. This results from the increase of communication
overhead when increasing the number of processors, which
cancds the time saving by requiring more processors in this
range.

The partitioning algorithm can also significantly impact
pardle code performance The idea case is that the
gridblocks can be evenly distributed among the processors
with not only approximately the same number of internal
gridblocks, but aso roughly the same number of externa
blocks per processor. For unstructured gids, this ided
situation may be difficult to achieve in practice However, in
our problem gridblocks are almost evenly divided among
processors. For example, on 128 processors, the average
number of internal blocks is 8,402 at each processor, the
maximum number is 8,657 and minimum number is 8,156. It
is only about 6% different between the maximum and
minimum number. A considerable imbalance aises for the
externa blocks. In this problem, the average number of
externa blocks is 2,447, while the maximum number is as
large as 3,650 and the minimum as small as 918. This large
range indicaes that the communication volume can be four
times higher for one processor than another. The imbalancein
communication volume results in a considerable amount of
time wasted on waiting for certain processors to complete their
jobs during the solving of equation systems.

In general, the memory capacity of a single processor may
be too small to solve a problem with more than one million
gridblocks. The distribution of memory requirement among all
the processors will solve the storage problem of input data.
For the Yucca Mountain one-million block problem, the
parale-computing performance is satisfactory for bah
computation time and memory reguirement.

Conclusions

Massve parallel computing technology has been implemented
into the TOUGH2 code for appli caion to large-scale reservoir
simulations. In the parallel code, bath computing efforts and
memory requirements are distributed among and shared by all
processors of a multi-CPU computer. This parallel computing
scheme makes it possble to solve large smulation problems
using a parale processor computer. The METIS graph
partitioning program was adopted for the grid pertitioning, and
the Aztec package was used for solving the linea equation
systems.

The parallel TOUGH2 code has been tested on a Cray T3E
system with 512 processors. Its performances are evaluated
through modding flow in the unsaturated zone & Yucca
Mountain using different numbers of processors with more
than amillion gridblocks. The total exeaution time is reduced
from 10,101 seaconds on 32 processors to 618 seconds on 512
processors for the field-scale variably saturated flow problem.
A super-linea speadup of 523 for 512 processors has been
reached. Test results indicate that the overall performance of
the paralld code shows ggnificant improvement in bath
efficiency and ability for large-scale reservoir smulations.
The major benefits of the code are that it (1) alows accurate
representation of reservoirs with sufficient resolution in space,
(2) alows adequate description of reservoir heterogeneities,
and (3) enhances the speead of simulation.
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Update Externa
Internal Border
Processor 0 Gridblocks 1 2 3 4 571
Loca numbering 1 2 3 4 56 7
Processor 1 Gridblocks 8 9 | 7 10 [2 31
Local Numbering 1 2 3 4 5 6 7
Processor 2 Gridblocks 6 12 | 5 11 [ 4 10
Loca numbering 1 2 3 4 5 6

Table 2. Bre&kup o Exeaution Times (Seaonds) for the Yucca Mountain Problem Runring 200 Time Steps.

PE number 32 64 128 256 512
Input, partition, distribution, and | 5923 2481 1165 84.3 1343
initidization

Update thermophysical

parameters, setup Jacobian matrix | 26592 14208 764.6 3995 2600
and save results

Solve linea eguations 67567 20787 806.6 3734 1880
Total exeaition time 101005 38443 17808 9506 6180
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Processor O

Processor 2

Processor 1

(a) A 12-dements domain partitioning on 3 processors

Elements 1|2 3 4 |5 |6 7 18 |9 10 11 12

xadj 1/2|5 8 10 |12 |14 |16 |18 |20 |23 26 27

adj 20137241035 |46|511 |28 |79 |810 |3911]| 610,12 | 11
(b) CSR format

Figure 1. An example of domain partitioning and CSR format for storing connections
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Figure 6. Speedup for the application example on the Cray T3E-900
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Start

All PEs. Declare variables and arrays, but not allocate array space

v

PEO: Read input data, not include property
data for each block and connection

v

PEO: Read mesh connection data

v v

PEO: Broadcast parametersto all PEs PE1-PEN: Receive parameters from PEO
. 4
PEO: Grid partitioning
v

PEO: Set up globe DVBR format matrix v

v PE1-PEn: Receive local part DVBR format
PEO: Distribute DVBR matrix to all PEs matrix from PEO

v v

All PEs: Allocate memory spaces for dl arrays for storing the properties of
blocks and connectionsin each PE

v v

PEO: Read data of block and connection PE1-PEn: Receivethe part of datawhich
properties and distribute the data belongs to current PE
All PEs: Exchange external set of data A
v 3
All PEs: set up local equation system at each PE
v
All PEs: Solve the equations use Newton method
v
All PEs: Update thermophysical parameters
Converge? no
Next time step? yes
All PEs. Reduce solutionsto PEO 4 End

PEO: Output results

Figure 2. Simplified flow chart of parallel version TOUGH2
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Figure 4 Simulated percolation fluxes at repository horizon
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