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James W. Weber Jr. x
U.S. Air Force Wright Laboratory, Wright—Patterson Air Force Base, Ohio 45433
Elaine S. Oran®
U.S. Naval Research Laboratory, Washington, D.C. 20375
Gopal Patnaik*
Berkeley Research Associates, Springfield, Virginia 22150
and
John D. Anderson Jr.
University of Maryland, College Park, Maryland 20742

A data parallel program is presented that solves the reactive Euler equations for stiff chemical nonequilibrium
flows on Connection Machines CM-2/200 and CM-5/5E. The program is written in CM Fortran and uses direc-
tion and time-step splitting to couple representations of the chemical and fluid dynamic processes on a structured
Cartesian grid. An explicit high-order monotone algorithm with nonlinear damping is used to integrate the convec-
tion terms, and a hybrid asymptotic/modified-Euler approach is used to solve the system of ordinary differential
equations from the chemical source terms. Integration of the fluid dynamics was conservatively determined to
be 9.4 and 12.0 Gflops on a 512-node CM-5 and CM-5E, respectively. The fluid dynamics solver scaled well for
large problems; however, both the performance and the scaling are significantly affected by the nearest-neighbor
communications, which accounted for at least 24% of the execution time on the CM-5. For the integration of the
chemistry source terms, poor load balancing significantly affected performance of the program. Therefore, a new
load-balancing algorithm was developed that reduces the chemistry integration time by a factor of six for the test
problem, a detonation propagating in a hydrogen-oxygen—-argon mixture. Moreover, the chemistry integration
time, with the load balancing, is slightly less than the time required to integrate the fluid dynamics. As a result, an
efficient data parallel program for solving stiff chemical nonequilibrium flows is available for problems that were

too expensive to solve in the past.

Nomenclature

ay, by, d, = backward rate constant coefficients
ap, by, dy = forward rate constant coefficients
Dy, D,, D; = generalized source terms
e = specific internal energy
e = specific total energy
F,G = flux vectors
ks, ks = forward and backward rate constants
14: = numerical solution operator

- = number of elementary reactions
N; = number of chemical species
n; = number density of species i
p = pressure
Q = solution vector
R = specific gas constant
r = generalized spatial coordinate
S = source vector
T = temperature
t = time
u,v = Cartesian velocity components
Wi = production rate of species i
X,y = Cartesian coordinates
Aty = fluid dynamic time step
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Alcpen = chemistry time step
v, = reactant and product mole number of species i
¢ = equivalenceratio
P =density
Subscript
i = chemical species index
Superscripts
k = subcycle index
n = time-step index
Introduction

WIDE range of important aerospace problems use compu-
tational fluid dynamics (CFD) approaches that require high-
performance computer hardware and software. Such applications
range from descriptions of subsonic, low-Reynolds-number flight
problems to hypersonic vehicle re-entry, and to the design of en-
gines foralltypes of aircraftand spacecraft. Many of these problems
require the solution of nonequilibrium chemically reacting flows,
which may involve integrating many coupled nonlinear ordinary
differential equations (ODEs), which themselves are coupled to the
solution for the fluid dynamics. As the number of reacting species
increases, finding a solution economically becomes more difficult.
Large improvements in the performance of computer hardware
now come from advances in scalable parallel computers that si-
multaneously execute different parts of a program on multiple pro-
cessors. A parallel computer can be classified on the basis of how
memory is accessed. One type of machine uses shared-memory par-
allelism, in which each processor sees all of the memory directly.
The other type is distributed-memory parallelism, in which each
processor has a certain amount of memory, and the processors can
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interchange data through special information-passing routines. As
an example, the Cray C-90 is a shared-memory machine, as is one
tower of an SGI Power Challenger. Distributed-memory machines
usually are designed to work in one of two modes: the data parallel
approach and the task parallel (or control parallel) approach. In the
data parallel paradigm, the same mathematical operations are per-
formed in each set of computer processors, although the operations
may be performed on different values. In the task parallel paradigm,
different operations may be performed on the same set of data. The
Connection Machines (CM) generally are used as data parallel ma-
chines. Although the CM-5 has, in principle, the ability to work in
task parallel mode, that has not proved to be the most efficient use
of this machine. In fact, most distributed-memorycomputers can be
run in data parallel mode. From one point of view, data parallel can
be considered a subset of task parallel.

To date,a number of CFD programs have been developed for solv-
ing chemical nonequilibriumflows on parallel computers. Many of
these programs are task parallel programs that have been developed
for parallel computers by adding domain decomposition routines
and message-passing constructs to preexisting code. For example,
Otto!-2 performed some of the first reacting flow calculations on a
parallelcomputer by porting the family of SPARK codes to the Intel
iPSC/860. Recently, Patnaik et al.’ developed task parallel Fortran
codes for simulating the detailed structure of laminar flames and
tested these on parallel computers. There also have been efforts to
developchemically reactingdata parallel codes that use a high-level
parallel programming language such as CM Fortran, Fortran 90,
or High-Performance Fortran (HPF). Candler et al.* presented a
data parallel program in Fortran 90 for solving inviscid, chemical,
and vibrational nonequilibrium flows on the Thinking Machines,
CM-5, and the MasPar MP-1/2. These authors achieved code per-
formances that are near the theoretical peak performance for large
problems.

In this paper, we describe a data parallel program, written in
CM Fortran, that solves the equations for inviscid, nonequilibrium
chemically reacting flows on the CM computers.’ The basic meth-
ods, Flux-Corrected Transport (FCT) for the coupled continuity
equations’:” and Selected Asymptotic Integration Method (SAIM)
or CHEMEQ for the ODEs,®* are coupled by direction and time-
step splitting. The relevance of this work goes significantly be-
yond the optimization of a particular code on a particular com-
puter. Rather, it is an example of how the use of the data parallel
paradigm with the proper load-balancingalgorithms can produce a
highly optimized code. In fact, many of the specific improvements
in algorithms and performance reported here are generalizable to
the task parallel paradigm. Finally, we believe that, in the near fu-
ture, HPF will be able to use this type of code directly as is, or
with minor modifications. HPF is currently available to some ex-
tent on all distributed-memory machines and some shared-memory
machines.

The increase in performance achieved through load balancing
(described below) has allowed us to perform various types of mul-
tidimensional reacting flow computations. At the end of this paper,
we describe selected features of a computationof a propagatingdet-
onation. These computationsuse a detailed chemicalkinetics model
for hydrogen combustion. Other applications, reported elsewhere,
extendedthis code to includethe viscousterms of the Navier—Stokes
equations'® andapplied the resultto computationsofthe interactions
of shocks with boundary layers,!! viscous, nonreacting'? and react-
ing shear flows,'® interactions of vortices with boundary layers,*
and counterflow diffusion flames.'®

Governing Equations

The governing equations considered in this study are the two-
dimensional Euler equations for a chemically reacting gas mix-
ture, which are a coupled system of nonlinear hyperbolic conser-
vation equations with source terms. The equations are expressed in
a Cartesian coordinate system and conservation form to improve
capturing of shock waves and discontinuities. The resulting system
of equations, in the vector form, is
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To close this system of equations, the total internal energy is de-
fined as ¢, = e 4+ (4 + v?)/2, and the auxiliary equations between
the dependent variablesare given by the thermalequationof state for
aperfectgas, p= pRT, and a caloric equation of state for a reacting
mixture, e = e(n;, T). In the present study an 8-species, 48 reac-
tionH,__O, mechanismis used.!® The reactingspeciesinthiskinetic
mechanisminclude H, O, H,, OH, H,O, O,, HO,, and H,O,. For the
test case, a significant amount of argon diluent was added to the gas.
The productionrate of each chemical species w; is given by combin-
ing the elementary chemical reactions in the kinetic model so that
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and
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are the forward and backward rate constants.

Numerical Method

Equation 1 is solved by a time- and direction-splittingapproach
in which Q"*! is determined from Q" according to the operator

function
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where 1;’()” is the numerical solution operator for the equation
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and i = At isthe time step for stable integrationof the fluid dynam-
ics. The time-step-splitting algorithm solves Eq. (1) in three steps:
steps one and two alternate between integration of Eq. (7) and the
y-direction convection terms
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and the third step integrates the system of ODEs that results from
splitting the source vector
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The splittingmethod allows separate solutionof the homogeneous
terms and the chemical source terms. As a result, the fluid dynamic
terms can be integratedat the Courant-Friedrichs—Lewy (CFL) time
step At for explicit, time-accurate solutions, rather than the char-
acteristic time step of the chemical reactions. A splitting method
therefore provides a more efficient solution technique for solving
unsteady chemically reacting flows with fast chemical reactions. In
addition, there are severaladvantagesto the splittingapproach. Oran
and Boris!” advocate this method for developing modular code be-
cause it facilitates changing the algorithmthat is applied to the fluid
dynamics or chemicalreactions. Yee!® indicates that the prospect of
developinga stable method for integrating hyperbolic conservation

=w; for i=1,..., N, 9)
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equations with sourceterms is better for splitting methods than fully
coupled (global implicit) methods that integrate the homogeneous
and source terms simultaneously. LeVeque and Yee!® have found
that splitting methods perform somewhat better than fully coupled
methods for solving scalar hyperbolic conservation equations with
stiff source terms.

The integration of the one-dimensional Euler equations (7) and
(8) is performed using the LCPFCT algorithm,?® which is a recent
version of the one-dimensional FCT algorithm developed by Boris
and Book.® LCPFCT is an explicit finite volume algorithm that
solves one-dimensional continuity equations of the form

dp_ 1 ar*~'pwy 1 ‘D) . 3D
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where the value of a defines the reference coordinate system that
is used: Cartesian (o= 1), cylindrical(@= 2), or spherical (= 3).
LCPFCT employs nonlinear damping and fourth-order phase ac-
curacy to capture sharp gradients in the flow without generating
nonphysical oscillations and excessive numerical dissipation. For
unsteady problems, second-order accuracy in time is obtained by
integrating the system of equations with a two-stage Runge—Kutta
method, in which the time step for stable integrationis governed by
the CFL criterion. For FCT algorithms, a CFL number less than 0.5
typically is required for stable integration. Methods exist that are
stable and allow double the time step,?! but for highly exothermic
reacting flows and flows with steep shocks, it is usually necessary
to decrease the global time step anyway.

The solutionof Eq. (9), forthe chemical speciesnumber densities,
is obtained using the algorithm SAIM.® SAIM is a second-orderac-
curate algorithm for solving stiff systems of ODEs associated with
finite-rate chemical reactions. The SAIM algorithm employs an ex-
plicit single-stepapproach that solves the stiff equations asymptoti-
cally and the normal (nonstiff) equations with a modified Euler step.
To obtain stable integration of Eq. (9), SAIM uses an internal time
step AZgerm that is based on the convergence properties of the ODE
solution. If the system of equations is stiff, then the resulting value
of Aty Will be smaller than the integration time interval of Azg.
Consequently,the SAIM algorithm subcycles until the accumulated
integration time equals the fluid dynamic time step.

Young and Boris’ maintain that second-order integration of
Eq. (9) is sufficient for chemical nonequilibriumflows because the
fluid dynamics are only calculated to 2 or 3% accuracy, and the un-
certainty of the chemical rate constants generally is accepted to be
10% or higher. Moreover, second-order methods are preferred be-
cause higher-order methods use explicit multistep or implicit time-
marching algorithms, which have large data storage and matrix in-
version requirements. Young® has noted that results from the SAIM
algorithm agree to two or three significant figures with results ob-
tained from higher-order methods.

Issues in Data Parallel Code Development

In general, the data parallel paradigm is well suited for reacting
flow computations because many of the same mathematical oper-
ations in CFD are repeated at each computational cell. However,
there are two major factors that can significantly influence the per-
formance of such a parallel program. One is the cost of interpro-
cessor communication. On this issue, the code developer is often
at the mercy of the computer architecture. Another factor is load
balancing, which is achieved when all of the processorsare kept do-
ing useful computations for as much of the time as possible. Load
balancing problems are endemic to any parallel paradigm, although
the exact form they take and the solution found can differ somewhat
depending on the particulartype of computer and problem.

First, consider interprocessorcommunications. On a distributed-
memory computer, the data for each cell are stored on the processor
allocated to that cell. Operations that require data from neighbor-
ing cells, which are allocated to other processors, require message-
passing calls. In CFD applications, difference equations often are
used to construct fluxes at cell interfaces or to approximate spatial
derivatives, and so, interprocessor communications can become a
bottleneck to good performance. Therefore, it is important when
developing a data parallel CFD code to minimize the number of

operations that result in interprocessor communications. How this
is achieved in the data parallel paradigm is discussed in the next
section.

The second factor is load balancing. To obtain the maximum per-
formance from an application on a parallel computer, the workload
must be distributed so that each processor always is employed in
a useful calculation. If a parallel application is using only half of
its allocated processors, the performance of the program is reduced
significantly. The worst-case scenario occurs when one processor is
performing all of the useful work, and the remaining processors are
either idle or performing useless computations. In this situation, the
performance of the applicationon a parallel computer is worse than
the performance on a single-processorworkstation. One example of
a process that requires some effort with respect to load balancing
is the implementation of boundary conditions, which require dif-
ferent operations than those required in the computational domain.
Another is the integration of the coupled, nonlinear ODEs describ-
ing the chemicalreactionsat each computationalcell. In some cells,
these equations may be very stiff and require many interactionscom-
paredto othercells, where they may be integratedin one or two steps.

The data parallel program described below consists of CM For-
tran subroutines developed from a series of Fortran 77 subroutines.
The algorithms and programming in the Fortran 77 subroutinesrep-
resent many years of development. They have been documented,
tested, and appliedto a wide variety of problems. The computational
work in the code is done primarily in two subroutines: CONVECT,
which is the CM Fortran version of LCPFCT?; and CHEMEQ,
which uses SAIM” to integrate the ODEs describing the chemical
reactions. The new CM Fortran program was tested by comparing
the solutions to a series of standard benchmark problems. Detailed
comparisons of the results of these test problems, and their compar-
ison to the Fortran 77 code results, were presented previously.’-22
CONVECT reproducedthe computationsdescribedin the LCPFCT
report to within machine accuracy in a series of standard one- and
two-dimensionalproblems.?> CHEMEQ alone was tested againstre-
sults obtained previously for integrating the hydrogen combustion
mechanism,'® and again, the results were the same to within ma-
chine accuracy. The complete simulation was compared to previous
Cray computations of earlier versions of the code. At all times, the
code was kept extremely modular and general, even at the expense
of optimizations for specific problems.

Data Parallel Performance Results

Performance profiles of the data parallel program show that the
majority of execution time is spent by subroutines CONVECT and
CHEMEQ performing the numerical integration of Egs. (7-9). Ef-
forts to reduce the total run time of the program therefore were
aimed at optimizing these two subroutines. Because the algorithms
of CONVECT and CHEMEQ, which are based on the LCPFCT
and SAIM algorithms, respectively,are very different in form, they
required different optimization strategies.

CONVECT had two types of problems. The first was the need
for load balancing to efficiently evaluate the boundary conditions.
This problem, which has been dealt with previously and is well
documented, is summarized below for completeness. CONVECT
performs the same number of floating-pointoperations at each cell.
However, the evaluation of cell interface quantities and flux differ-
ences generates numerous interprocessor communication calls. In
CM Fortran, nearest-neighbor communications are accomplished
with the CSHIFT function. Hence, the strategy for reducing the ex-
ecution time of CONVECT was to minimize the use of the CSHIFT
statement.

In contrast, CHEMEQ generates no interprocessor communica-
tion calls; however, the use of localtime steps by the SAIM algorithm
at each cell causes the number of floating-point operations to vary
across the grid. Consequently,the amount of useful work performed
on each processor is different, so that poor load balancing reduces
the performance of the program. The optimization of CHEMEQ
addressed the workload distribution for the chemistry integration.

Performance of Subroutine Convect
The calculation of boundary conditions can have a severe impact
on the performance of a data parallel program. A serial approachto
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calculatingthe boundary conditions can increase the total computa-
tiontime by morethan 50% (Refs. 22 and 23). Severalapproachesto

load balancingof boundaryconditionshave been tested for the CMs.

In one approach, the computation is stopped, boundary-condition
computationsare scattered to the entire computer, the computations
are done, and then they are gathered and distributed appropriately.
In another approach, the boundary computations are done on the

entire domain and only retained at the boundary locations.

The idea underpinning the boundary-condition algorithm used
here is to build the calculation of the boundary conditions into the
computations of the flow. Then, at each time step, both boundary
and internal conditionsmay be evaluated forany point in the compu-
tational domain from computed fluxes and appropriate multiplying
coefficients. This approach also allows simultaneous calculation of
different conditions at different locations both in and on the bound-
aries of the domain. Weber et al.?* evaluated both this integrated
approach, called the Uniform Boundary Algorithm (UBA), and an-
otherapproach in which the boundary conditionsare computed sep-
arately,and then compared the timing and the results of a number of
computations. Using the UBA, the total increase in computational
time was 10% or less.

The floating-point performance of CONVECT was measured on
the CM-2, CM-5, and CM-5E to determine the program’s perfor-
mance relative to the theoretical peak speed of the CMs. Because
performancesoftware was not available on the CM, the performance
of CONVECT was determined by counting the number of floating-
point operations and dividing by the CM busy time. The CM busy
time is the total time that the code spends on the CM processing
nodes, and is less than the CM elapsed time, which includesthe CM
busy time, the time spent performing scalar operations,and the time
that the program is swapped out by the time-sharing daemon. Since
time-sharing can have a significant impact on the CM elapsed time
(which was unrepeatable), the performance values were based on
the more consistent CM busy times. For the present evaluation, a
conservative estimate of the floating-point performance was made:
All arithmetic operations (add, subtract, multiply, and divide) were
counted as one floating-point operation; no weight was given to
communicationscalls (for example, CSHIFT); and no transcenden-
tal functions were evaluated in CONVECT.

Figure 1 shows the floating-point performance of CONVECT on
the CM as a function of the computation size N.js. As the compu-
tation size increases, the performance of CONVECT also improves.
This is due to the fact that the efficiency of CSHIFT, the nearest-
neighbor communications function, improves as the ratio of Ny
to the number of processor nodes N,qqs increases. Consequently,
the maximum performance of CONVECT on each CM model or
partition is obtained for the largest problem that can fit on the con-
figuration.

The performance of CONVECT on a 16K CM-2 is shown in
Fig. 1 to range from 252 Mflops, on a 16K grid (K = 1024),to 421
Mflops on a 256K grid, for 32-bit calculations. For 64-bit calcula-
tionsonthe CM-2, theseresultstranslateto a maximum performance
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Fig. 1 Floating-point performance of subroutine CONVECT on the
CM-2, CM-5, and CM-5E.
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of 210 Mflops, since 64-bit calculations generally require twice as
much time as 32-bit calculations on the CM-2. This performance
level is typical of the performance of CFD programs achieved in
practice on conventional, vector-processor supercomputers. In ad-
dition, the peak performance of 421 Mflops compares quite well
with a maximum performance of 650 Mflops that was obtained for
a number of benchmark programs that were tested on the CM-2 by
the system managers. Yet 421 Mflops is only 12% of the CM-2’s
theoretical peak performance.

Figure 1 also shows the performance of CONVECT on a 64-,
256-,and 512-node CM-5. In nearly all of the cases considered, the
performance of CONVECT exceeds 1.0 Gflop, and, as expected,
improves with the size of the partition. The timings on the CM-
5 are reported for a range of computation sizes, from 128K cells
to 8M cells (M = 1024%), and the highest performance is given
as 9.4 Gflops, which was obtained on a 512-node CM-5 with an
8M grid. The maximum performance correspondsto 14.3% of the
CM-5’s theoretical peak speed of 65.5 Gflops and is typical of the
relative performancesthat have been reported for otherparallel CFD
programs.

A comparison of the performance of CONVECT on a 256-node
CM-5 and CM-5E also is shown in Fig. 1. The results indicate
that the maximum performance achieved by CONVECT on a 256-
node CM-5 is 4.7 Gflops, whereas the corresponding performance
on the CM-5E, for the same value of Ny, is 6.0 Gflops. For all
of the grid sizes that were tested on the CM-5 and CM-5E, the
performance of the CM-5E is greater, as expected. However, Fig. 1
showsthatthe differencein performancebetween the two computers
decreases as the computation size increases. A comparison of the
performanceof CONVECT ona 512-node CM-5E also can be made
with a 512-node CM-5, since the performance of CONVECT is
foundto scaleideally with the number of nodes. When the maximum
performance of CONVECT on a 256-node CM-5E is scaled to 512
nodes, a performance of 12.0 Gflops is obtained, which is a 28%
improvement over the 9.4 Gflops obtained on the CM-5. On the
CM-5E, a higher percentage of the theoretical peak performance is
achieved by CONVECT, where 12.0 Gflops correspondsto 15% of
the theoretical peak speed.

To determine the importance of nearest-neighbor communica-
tions (known as NEWS communications) for the performance of
CONVECT on the CM-5, Fig. 2 shows the NEWS communication
ratio as a function of the ratio Neeys/ Naodes- As seen in Fig. 2, the
NEWS communicationratio, which is the ratio of nearest-neighbor
communications time to total time spent by the node on communi-
cations and CPU, is only a function of Neji;/ Nyoges- For a 64-, 256-,
and 512-node partition, the NEWS communication ratio of CON-
VECT is the same for a given value of N/ Naoges- The results in
Fig. 2 show that the NEWS communicationratio is more significant
for smaller problems, accounting for 46% of the total node time, yet
is still substantialat 24% for the largest problem considered. These
results support the previous statement that interprocessorcommuni-
cations can serve as a bottleneck to the performance of a CFD code.
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Fig. 2 Ratio of nearest-neighbor communication time to total node
time for subroutine CONVECT on the CM-5.
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Fig.3 Scalability of subroutine CONVECT on the CM-5 for a scaled
and fixed computational size.

However, for the present program, the maximum performance ob-
tained after the communications time is subtracted from the CM
busy time is 12.4 Gflops (up from 9.4 Gflops on the 512-node CM-
5), which is only 19% of the theoretical peak speed. Hence, sig-
nificant improvements in the performance of CONVECT could be
accomplished by further optimizationand improvementsin the CM-
5 system software and CM Fortran compiler.

The scalability of CONVECT on a CM-5 for a scaled and fixed
computation size is shown in Fig. 3. The scalability for a scaled
computation size is demonstrated in the graph of the floating-point
performance (normalized by the performance obtained on a par-
tition size of N, nodes) as a function of the normalized partition
size Nyodes/ Ny . This shows that as the number of nodes and compu-
tational cells is proportionally increased, the floating-point perfor-
mance of CONVECT increases linearly with a slope of one. Hence,
subroutine CONVECT scales ideally when the computation size is
scaled proportionally. The scalability for a fixed computation size
also is shown. For small computation sizes (for example, 128K and
256K cells), the performance of CONVECT scales poorly with the
number of processors. For instance, on a 256K grid the floating-
point performance increases by a factor of 4.5 when the number of
nodes is increased by a factor of 8. For larger computation sizes, a
limited amount of data is available to judge the scalability of CON-
VECT. On a 512K grid, the performance of CONVECT increases
by a factor of 5.4 when the number of nodes is increased by a fac-
tor of 8, and on a 4M grid the performance increases by a factor
of 1.9 when the number of processor nodes is doubled. Hence, it
appears that CONVECT scales well only for large problems if the
computation size is fixed.

Althoughthe floating-pointperformanceof CONVECT is a small
percentage of the CM’s theoretical peak performance and the sub-
routine scales well only for large problems, Gflop performance lev-
els can be achieved readily on the CM-5 without significant efforts
to optimize the code. Further optimizationof the code to take advan-
tage of the CM-5 vector processor architecture, and improvements
to the system software and CM Fortran compilers, should provide
additional performance gains for CONVECT.

Some Comments on Relative Timings of CONVECT

Although it sounds straightforward to compare the relative tim-
ings of this code on different computers, such comparisons can be
quite confusing. There are three factors that limit the speed of a com-
putation: 1) the basic speed of the processor, 2) the rate at which
information can be communicated among the processors, and 3)
the ratio of the processor bandwidth to memory. The lag in com-
munications between processors leads to what is called latency in
processor communication. The bandwidth-to-memory ratio mea-
sures how long it takes to get the information from a processor’s
memory into the processor where it can be manipulated. The delay

results in memory latency. All of these factors play a part in the final
timings that can be obtained for a parallel computer.

With these in mind, we can give some comparisons of the CM
speed to that of other computers. Figure 1 shows that we are achiev-
ing about 4.5 Gflops for 256 processors of a CM-5 for CONVECT
when there are 2 y, 10° computational cells in a two-dimensional
simulation. Since this work was done, other work has shown that
specifically optimized versions of this code run at 100 Mflops on 16
processors of an Intel iPSC/860; 400 Mflops on one processor of a
C-90; about 100 Mflops/processor on an SGI Power Challenge; and
about 400 Mflops on 16 processorsof an IBM SP2. A complete de-
scription of the limiting factors in each of these machines is beyond
the scope of this paper. However, an SGI workstation (equivalentto
one Power Challenge processor) runs at about 100 Mflops, a tower
may have as many as 16-18 processors, and there may be as many
as 16 processors on a Cray C-90. In all of these machines, when
many processorsare used, there are latencies that do not exist when
there is only one processors to consider. However, by combining
processors, the results are impressive.

Load Balancing for Subroutine CHEMEQ

The test problem selected for studying the impact of load bal-
ancing on the data parallel calculation of chemical nonequilibrium
flows is the propagation of a multidimensional detonation wave.
Detonation waves are unsteady, multidimensional shock structures
that are driven by chemical energy released when the shock system
passes through a premixed, unreacted combustible material. Accu-
rate simulation of a detonation wave requires spatial resolutionof a
large range of length scales (representing chemical induction zones
and the system length scale) and temporal resolution of the fluid
dynamic and chemical reaction time scales. As a result, detonation
wave solutions require a large number of discretized points in both
space and time.

The fast productionof chemicalspecies behind a detonationwave
is limited to a small region behind the detonation (shock) structure,
so that the chemicalreactions associated with a detonation wave are
spatially stiff. This characteristicof propagating detonations makes
them ideally suited for the study of load balancing in data paral-
lel calculations. Figure 4 illustrates the complexity of the flowfield
behind a detonation wave traveling in a tube filled with a mixture
of Hy:0,:Ar/2:1:7 at p = 6.7 kPaand T = 298 K. These results,
which are described in detail in other references;>?* were obtained
with the present data parallel code after 24,000 time steps.

The distributionof the number of internaltime steps by CHEMEQ
was used to characterizethe load balancing between the processors.

Pressure

\ \/

\

rarefaction wave

transverse waves

Streamwise Velocity
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embedded jets
Specific Energy Release vortex formation
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Fig. 4 Instantaneous contours of pressure, streamwise velocity, and
specific energy release at step 24,000, time 4159 us, for a two-
dimensional detonation propagating from left to right in a 6-cm channel
in a H:0,:Ar/2:1:7 mixture, at p = 6.7 kPa, 298 K. The computational
grid is 2048 X 256 (see Table 1).
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Fig. 5 Maximum number of subcycles performed by subroutine
CHEMEQ for a detonation simulation.

A time history of the percentage of cells (not shown) on the grid
that required one subcycle (Azgpem = Atyg) and two or more sub-
cycles (Atcem < Ateq) to advance the solution of Eq. (9) during a
detonation wave simulation shows that 99.5% of the cells required
one subcycle to complete the chemistry integration task. In many
instances the number of subcycles performed for a few cells was
significant. Figure 5 shows the maximum number of subcycles in-
tegrated for the entire grid as a function of the propagationtime of
the detonation wave. The maximum number of subcyclesis usually
greater than 10, sometimes reaching 20 or much more. This result
was typical for the unsteady detonation wave simulations.

Figure 5 shows that CHEMEQ uses between 10 and 50 internal
time steps at each computational cell to perform the integration of
Eq. (9) over the time-step interval of Az. Moreover, the results
from these internal time steps are discarded for more than 99% of
those cells after the first internaltime step. This result indicates that
during the execution of CHEMEQ, the majority of processors are
effectively idle, so that the overall performance of the subroutine
is significantly reduced. Indeed, the use of the parallel architecture
is quite poor since the workload is not distributed across the pro-
cessors. In this case, the data parallel structure of the program and
the use of an internal time step by the splitting algorithm are the
factors contributing to the poor performance of CHEMEQ on the
CM. If a control parallel program were used, or the chemistry was
integrated using a global time step, the parallel performance of the
chemistry integration would be much improved. However, the use
of array indexing or a global chemistry time step might introduce
other inefficiencies.

To improve the performance of CHEMEQ, and the use of the
parallel computerarchitecture,a new load-balancingalgorithm was
developed to address the inefficiencies associated with the current
approach. Given the distributionand number of subcycles in Fig. 5,
an apparent solution to improve the load balancing is to return from
CHEMEQ after one subcycle and complete the integration of the
active cells (i.e., those cells that have not completed the integration)
on a smaller data structure that is distributed across the processing
nodes.

Figure 6 illustrates for a sample 10 y, 10 grid the new load-
balancingstrategythat was developedto increasethe performanceof
CHEMEQ. Figure 6 shows that 93% of the cells are assumed to have
a chemistry time step equal to Az, and the remaining 7% a chem-
istry time stepthatis less than Az.q. Inthe load-balancingalgorithm,
CHEMEQ returnsto an executive subroutine (called CHEMOD) af-
ter one subcycle, and another subroutine is called that enumerates
the active cells. The data from the active cells are then gathered into
one-dimensionalarrays that serve as the data structures for a vector
version of CHEMEQ called V.CHEMEQ. V_.CHEMEQ completes
the chemistry integration after the data from the active cells have
been loaded. The size of the data structures in V.CHEMEQ is typ-
ically a few percent of those in CHEMEQ, hence the integration
for the active cells is completed in less time than if the complete
integration were performed in CHEMEQ. In addition, because the

Subroutine CHEMEQ: Array temp(nl,n2)
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Fig.6 Schematic of the load-balancingstrategy for reducing the chem-
istry integration time.

data structures in V.CHEMEQ are distributed across the proces-
sors, the load is more effectively balanced. Once the integration is
completed in V.CHEMEQ), the results are scattered back from the
one-dimensional arrays to their original location in the computa-
tional grid.

The load balancing is performed with CM Fortran subroutines,
which use functions from the CM Fortran Utility Library to cre-
ate and store array send addresses and to perform gather/scatter
operations. In addition, a C subroutine is used to accomplish the
enumeration task since no comparable CM Fortran functions are
available. The specific procedures and functions employed by the
load-balancing subroutines are given as follows:

1) Integratethrough one subcycle of subroutine CHEMEQ on the
parent array and exit.

2) Mark the array elements that have not completed the chemistry
integration in CHEMEQ. Define the marked elements as active.

3) Enumerate the active array elements using a C language sub-
routine.

4) Create send addresses for the parent array using the library
function CMF_my_send-address.

5) Create send addressesfor an arbitrary vector of specified length
and store them at the active array elements using the library function
CMF_deposit_grid_coordinate.

6) Gather the parent array send address, temperature, and species
number densities from the active array elements into a vector using
the library function CMF_send_overwrite.

7) Complete the chemistry integration for active cells in subrou-
tine V.CHEMEQ on the vector.

8) Scatter the temperature and number densities back from
the vector to the parent array using the library function
CMF_send-overwrite.

A simulation of an unsteady detonation wave was performed with
and without the new algorithm to assess the performance improve-
ments that could be obtained through load balancing. The calcula-
tions were performed on a 16K CM-200 at the U.S. Naval Research
Laboratory (NRL) using a 1024 , 128 grid, for 1250 time steps.
Figure 7 shows the CM busy time for CHEMOD as a function of
the propagation time of the detonation wave. CHEMOD is the ex-
ecutive program that calls CHEMEQ, V_.CHEMEQ, and the load-
balancing subroutines, so that the CM busy time reflects the time
spent performing the chemistry integration and the gather/scatter
operations. The timings show that without load balancing the CM
busy time for integrating Eq. (9) ranges from 1.2 to 7.8 s per time
step. However, the use of the load-balancing subroutines signifi-
cantly reduces the CM busy time for CHEMOD by an approxi-
mate factor of six, to 0.6 s per time step, and the range of the CM
busy time becomes 0.2 s. These results indicate that load balancing
can effectively reduce the solution time of spatially stiff chemical
nonequilibriumflows in a data parallel environment.

The impact of the load-balancingalgorithm on the performance
of CHEMOD also is illustrated by the ratio of the CM busy times
for CHEMOD and CONVECT. Figure 7 shows the CM busy time
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Table1 Computational grid, computed energy release, and mode number

Ax, Ay, Total energy Maximum energy
Case Grid size cm cm release, ergs density, ergs/cm? Mode
0 8192, 1024 0.00375 0.005875 7.50 4,107 499,100 4
1 4096+,512 0.0075 0.01175 749,107 491,100 4
2 2048 X256 0.015 0.0235 7.45><107 4.74><106 4
3 1536,320 0.0225 0.03525 736,107 420,100 4
7 6
4 1024X128 0.030 0.0470 7.25X10 3.48X10 6
8.0 , . —12, . L
E ' ' 512 0 shock front. These structures are dynamically changing in time.
70k 16K CM-200 io The triple points trace out a regular pattern called a detonation cell.
‘ 128K Cells J1e0 - The mode of the detonation is the number of triple points that char-
6ot 1250 Timesieps 90 § acterize the leading shock.
% s0F NoLoad Balancing {80 B ‘ The ﬁrst tests of .the coupled code were perfonped for a one-
& i 170 & dimensionaldetonationand compared to results previouslyreported
T 40 Jeo B by Lefebvre et al.2® The earlier computations were performed on a
2 F 150 @ standard vector Cray computer. Note that the algorithms, general
g % : ED code setup, and input conditions and data were the same. The an-
¥ “0 ; swers were also the same to extremely high accuracy. For example,
a3 E R at the same time step, computed profiles of density, pressure, tem-
1.0 [ With Load Balancing 320 perature, and species concentrations were the same to within at least
—— N~ . 10 several decimal places. Overlaid curves look identical. This served
00k : : ' o ¥ 00 to test the overall connections in the data parallel code, since the in-
1100 120.0 130.0 140.0 150.0 160.0

Physical Time, t (i1s)
Fig. 7 Left axis: Effect of load balancing on the CM busy time of

CHEMOD for a detonation simulation. Right axis: Effect of load bal-
ancing on the ratio of CM busy times for CHEMOD and CONVECT.

for CHEMOD, normalized by the CM busy time for CONVECT,
as a function of the propagation time of the detonation wave. The
figure shows that, without load balancing, the CM busy time for
CHEMOD exceeds the CM busy time for CONVECT by a factor
ranging from 2 to 11.6. This resultis typicalof reacting flow calcula-
tions in which the cost of integrating finite-rate chemistry is known
to be significantly more expensive than integratingthe fluid dynam-
ics. Indeed, the cost of including chemical nonequilibrium effects
often makes their consideration prohibitive in a large calculation.
When the load-balancingalgorithm is used, however, the results in
Fig. 7 show that the normalized CM busy time for CHEMOD is
approximately 0.9. The chemistry integration is actually less than
the convection integration. (Keep in mind that, for this test case,
subroutine CONVECT solves 13 conservation equations.) For all
of the detonation wave simulations performed on the CM-200 and
the CM-5, the normalized CM busy time for CHEMOD was less
than one with the load-balancingalgorithm.

Such large reductions in the CM busy time for CHEMOD were
possible because the communicationstime for the gatherand scatter
operations was small compared to CHEMOD’s CM busy time. In
fact, the communications time for the gather/scatter operations is
included in the CM busy times shown in Fig. 7. For a detonation
simulationperformed ona 256-node CM-5 ona 2048+,512 grid, the
communicationstime forthe gather/scatter operationsaccounted for
only 5% of the CM busy time during the chemistry integration.

Data Parallel Code Tests: Computations of Multidimensional
Detonation Structure

As described above, Fig. 4 is taken from a computation of a deto-
nation propagating in a dilute, low-pressure mixture of H,, O,, and
Ar. Detonations in this limit are studied mainly because of the be-
havior of the leading shocks of the detonation, and the regularity of
the patterns and structures they form. This type of mixture has been
studied previously both experimentally and computationally, and
thus provides a good system for testing the data parallel code and
deepeningour insightintothe systemand the physicsof multidimen-
sional detonations. The physical interpretationof this computation,
the limits of such computations with respect to simulating exper-
iments, and additional features of the structure that emerge as the
resolution is improved have been discussed by Weber et al.>2*

Figure 4 shows that the leading shock is not planar; in fact, it con-
sists of Mach stems and incident shocks, connected by transverse
shock waves, all of which intersect at triple points at the leading

dividual portions were tested separately, as summarized above. Al-
though it was not possible to make a similar comparison for the two-
dimensional computation with the full chemical model, we were
able to test the data parallel program for the problem of a simplified
induction-parameterchemistry model.?> This required some signif-
icant simplification in the CM code, which was then ina form some-
what like the older CM Cxcode reported previously 26 which was
used to study ignitionin Mach stems?’ and implodingdetonations

In general, Fig. 4 is a result of a groundbreakingcomputation for
which there is no direct comparison to other computations. There
are important physicalreasons that explain why comparisons to ex-
isting experiments should be qualitative and not quantitative 2*? In
this situation, there are standard techniques for testing the solution.
Besides the types of tests described above of the various pieces and
limits of the code, the major tests of the entire model involve varying
the computational cell and time step in the code, and noting how
and if the important global and local properties converge.

Table 1 shows the results of five computations in which the grid
was successively refined. Because of the size of the computations,
the five calculations were not all initialized the same way. In fact,
cases 0 and 1 were initialed by interpolating the results of the less-
resolved computationonto the finer grids. The result shows conver-
gence of the parameters. The detonation velocity Dey = 1625 m/s
is the time-averaged value of the leading shock in the middle of the
system. It is the least sensitive parameter and is the same to within
severaldecimal places for all of the calculations. (This is about 0.4%
different from the detonation velocity of 1618 m/s, computed from
the equilibrium computation.) The mode number quickly converges
so that the number of detonation cells in the system at any time
converges quickly. The specific energy density is defined as

€)= Z(Ae;{em) (11)

where Aegnen 18 the chemicalenergy change duringa time step. Then
the total energyrelease is calculated by summing the specific energy
density, Eq. (11), over an area extending back from the leading
shock by approximately 16 cm, and the maximum energy density
is the maximum of €; ;. The energy parameters are more sensitive
to the change in resolution but converge quickly. As shown,** the
structure of the detonation does not change significantly for the
finest resolutions.

Conclusions

The need for greater computer performance in the next decade
has driven the development of parallel computers that are capable
of providing higher performance levels than conventional vector
supercomputers. As a result, new CFD programs have been devel-
oped to solve problems in fluid mechanics that were too expensive
to solve in the past. This paper describes a data parallel program
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that was developed for the CM to solve inviscid compressible flows
with nonequilibrium chemical reactions. This work is the first to
examine and address the issue of load balancing for solutions of
stiff chemical nonequilibrium flows.

The results have shown that the CM is a suitable platform for
performing reacting flow simulations. The integration of the Euler
equations on the CM was especially fast, where timings showed
that the floating-point performance of CONVECT ranged from 451
Mflops on the 16K CM-2 (for 32-bit calculations),to 9.4 Gflops on
a 512-node CM-5 and 12.0 Gflops on a CM-5E (for 64-bit calcula-
tions). Similar timings are now reported for Navier—Stokes versions
of this code on the CM. Thus, the peak performance of CONVECT
on the CM-5E correspondsto 15% of the CM-5E’s theoretical peak
speed, which is in good agreement with the results that have been
obtained for other CFD programs on parallel computers.

Because the integration of spatially stiff reacting flows can be
inefficient on the CM due to poor load balancing, a new load-
balancing algorithm was developed. Significant reductions in the
computer time were obtained. The load-balancing algorithm re-
duced the chemistry integration time by a factor of six, and made
the chemistry simulation less expensive than the integration of the
convection equations for a multispecies gas.

One major gain from parallel computing is scalability: More pro-
cessors make larger computations possible and even more econom-
ical as overhead decreases. This is illustrated explicitly in the de-
scription of the fluid dynamics algorithm given above, and it is
implicit in the discussion of the integrator for the chemical reaction
mechanism. However, the biggest win for the reactive-flow code is
the decrease in the time that it takes for a chemical integration on
a very large grid. Figure 7 summarizes a breakthrough in what can
be computed. To our knowledge, such results can be achieved only
by considering load balancing on parallel computers.

Finally, the data parallel program that is presented in this paper
has already become a tool for conducting research on chemically
reacting flows. Currently, this code and its derivative codes are being
used to study fluid-chemical problems such as unsteady detonation
waves, interactions of shocks and boundary layers, interactions of
vortices and boundary layers, the effects of ribs on channel flow,
and counterflow diffusion flames. In addition, we are porting the
code to other parallel computers. Moreover, the results presented
here have motivated new efforts by other researchers to develop
load-balancing algorithms for chemically reacting flows that are
less stiff, and to incorporate this technology into control parallel
programs that are run on other types of parallel computers.
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