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Introduction

CIENTIFIC computing using parallel computers has been a

topic of active research for the past several years. Several paral-
lel supercomputers are being used today, such as the Intel Paragon,
Connection Machine CM-5, MASPAR, KSR, and Cray Y/MP sys-
tems. The recent versions are multiple instruction multiple data ma-
chines, and they differ from each other in the number of processors
used (16-64,000), the computational power of the individual proces-
sors, and the strategy for passing messages and information between
processors. In general, the computer codes must be tailored to indi-
vidual architecture for maximum performance, although common
machine-independent programming practices using Fortran-90 and
High Performance Fortran are evolving. The parallel supercomput-
ers are expensive and usually are used heavily. Typical turnaround
times for a computational fluid dynamics (CFD) application may
vary from one day to several days. Turnaround times of this or-
der and the high equipment cost of these machines make them im-
practical for small research labs, universities, and many aerospace
firms.

A new, inexpensive way of parallel computing, using a network
of heterogeneous computers known as distributed computing, is
available.! Many of these workstations are idle after work hours,
because each of them is not individually big enough to solve large-
scale problems. Distributed computing allows this idle time to be
used effectively. For the distributed computing to be effective, stan-
dard, portable, efficient methods for interprocessor communications
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are needed. In the present study, interprocessor communications was
achieved through a software called Parallel Virtual Machine (PVM),
which is being developed by the joint efforts of Oak Ridge National
Laboratory and Emory University.?

Many researchers have begun to study the use of PVM in dis-
tributed CFD applications. For example, Smith and Pallis® have
implemented the PVM software to solve the Navier—Stokes equa-
tions using MEDUSA, an overset grid flow solver on a cluster of
heterogeneous workstations at NASA Ames Research Center. They
have reported significant gain in computation time by using the
PVM software. They also point out the economics of using work-
stations as opposed to using supercomputers. More recently, Weed
and Sankar* ported a multiblock Euler/Navier—Stokes code (TEAM)
to adistributed network and reported significant gain in computation
time when solving large-scale problems.

PVM Implementation

The basic idea in implementing PVM software in the existing
Navier-Stokes solver™® is to divide the computational domain into
smaller blocks and solve each block of grid points on a different
processor. The original Navier-Stokes solver is an unsteady, three-
dimensional finite volume-based code and has been extensively doc-
umented in Ref. 5. In the present application, the computational grid
is a C-H grid around the fixed wing or rotor blade with 121 points in
the streamwise direction, 28 points in the spanwise direction, and 41
points in the normal direction. The complete domain is divided into
two or three spanwise zones, depending on the number of proces-
sors used. Splitting the domain in the spanwise direction is efficient
and convenient because the spanwise direction is treated explicitly.
Figure 1 shows schematically the division of spanwise zones. Us-
ing the PVM message-passing routines, the flow data are sent from
the slave processes to the master process at each time step. Also,
updated interface data are sent to the slaves from the master process
using the PVM routines.

Results and Discussion

Speedup and Performance

The virtual machine network used in the present work consisted
of three Hewlett-Packard (HP) Apollo workstations: two model 720
and one model 730. The benchmark and performance monitoring
for the present Navier—Stokes code using the PVM software was
done on this network with no other user processes running on the
machines. The workload on the machines was near zero and this gave
a realistic figure of speedup obtained by using the PVM software.

The CPU and the elapsed time during each iteration are obtained
using the time () function call provided in the Fortran library. The
time () function gives the elapsed time rounded to the nearest sec-
ond. This level of accuracy was adequate for the present application
because the computation time required per time step was of the order
of 10-20 s. The amount of message passing between the master and
the slave processes was about 452 kB of flow data per iteration. The
actual communication time taken for this particular packet of data
was less than 0.1 s on the present ethernet network. This indicated
that the latency of the network was a very small percentage of the
total wait time of the processes.

zone #2, computed by processor#2
P -

zone #1, computed by processor#t

Fig.1 Spanwise division of the domain.
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Fig.2 Speedup relative to the number of processors.

Excellent computation times were achieved when two HP work-
stations were used to run the PVM Navier-Stokes code. The domain
was equally divided among the two processors and near-zero wait
times were seen on both the processors. By using all three HP work-
stations, a better performance was obtained than with two machines
but the maximum wait time on the faster processor was of the order
of 2-3 s per iteration. Figure 2 shows the variation of speedup with
the number of processors.

Load Balancing

One of the primary factors affecting the parallel efficiency of com-
putation on a multiprocessor machine or a network-based parallel
computer is load balancing, i.e., minimizing the idle time of each
processor. Static and dynamic load balancing schemes were im-
plemented in the present study and are discussed in the following
section.

Static Load Balancing

Static balancing is simple and was done at the beginning of the
task. An ad hoc approach was used to determine the idle time of
each processor at the beginning of the process. The wait time on
each processor was obtained initially by running a few iterations
interactively on the system. This provided a fairly good idea of the
load imbalance at that particular time. The blocks were reallocated,
and the workload was transferred from the processor with the least
wait time to the processor with the highest wait time to achieve a
minimum wait time in all of the processors. This data distribution
was done only once, at the beginning of the task, and was frozen
during the subsequent calculations. This approach works well when
the workload on the machines does not vary significantly during the
simulation.

Dynamic Load Balancing

The purpose of a dynamic load balancing algorithm is to mini-
mize dynamically the wait time (idle time) of each worker (slave)
in a network environment during the period of computation. In a
multiuser network environment, the load of each processor varies
because of the addition or deletion of user and/or system processes.
Therefore, it is very desirable to redistribute the workload of each
worker, depending on the load of the processor.

In the present study, the master program periodically collected
the average wait times from each slave processor. The computa-
tional domain was redistributed among the slaves by comparing the
average wait times of the slaves. The workload of the slave with the
highest wait time was increased by adding more grid points to be
computed, and the workload on the slave with the least wait time
was reduced by taking out the corresponding grid points from its
computational domain. Also, grid points were redistributed only
when the difference between the highest and the lowest wait times
was above or below certain tolerance value, as defined by the user.
This was done to reduce the overhead time incurred in the redis-
tribution process. Two types of loading scenarios are discussed
here for comparison of wait times between static and dynamic
load balancing schemes. First, a lightly loaded virtual machine net-
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Fig. 3 Comparison of wait times of PVM nodes in a lightly loaded
network: o, dynamic balance and —, static balance.

work, where all of the workstations are dedicated to the particular
computation, is discussed. Later, a heavily loaded system, where
the loads on machines vary considerably during the computation, is
described.

Lightly loaded virtual machine network. All of the slave pro-
cessors were lightly loaded, with no other user processes running.
Figure 3 shows the variation of average wait times of each proces-
sor with the number of time steps. The least count of the measure
of wait time is 1 s and is calculated using the time () function. As
shown in the plots, there was very little variation of wait times dur-
ing the computation. In the dynamic balancing case, the wait times
varied during the first few iterations and later remained constant
because there was no significant load variation on the processors.
In the static balancing case, the wait times remained constant during
the period of computation as expected. The dynamic balancing wait
times of two processors was reduced when compared to the static
balancing case. Also, dynamic balancing increased the throughput
by about 14%. The overhead time from the redistribution process
was small in this case because the loads remained constant during
the computation time.

Heavily loaded virtual machine network. All of the slave pro-
cessors were heavily loaded with one or two other user processes
running on the machines. Figure 4 shows the variation of average
wait times of each processor with the number of time steps. The
wait times in all of the processors varied randomly during the com-
putation because of the varying load. The dynamic balancing algo-
rithm tried to minimize the wait time of each processor. The aver-
age wait time of two processors was reduced by using the dynamic
redistribution, whereas with one processor, there was an increase
in wait time. The throughput with two processors was increased
by 33%.



AIAA JOURNAL, VOL. 34, NO. 10: TECHNICAL NOTES 2191

—
@ o

(=]
T

POPE IPEPY I BN

paelasal

0 100 200 300 400 500 600
iterations

N @O N
T

Average Wait time in seconds

o

=
a]
-
o
I}
93
w
7]
=}
o]
—

-
n

-

o N » [=2) =<1 o
v T

Average Wait time in seconds

0 100 200 300 400 500 600
iterations

b) Processor 2

-

- -
AN~ OO o N AN
T

1 ! Laga b La

0 100 z&)graa%gs‘too 500 600

Average Wait time in seconds

¢) Processor 3

Fig. 4 Comparison of wait times of PVM nodes in a heavily loaded
network: - - - -, dynamic balance and ——, static balance.

Concluding Remarks

An existing Navier—Stokes solver has been modified using the
PVM software to compute flowfields in parallel using the network-
based parallel computer. Excellent speedup in computation time
was obtained using the parallel computations on a network of three
warkstations. The computation speed using the present network par-
allel computer was about 20% of that of a single processor of a
Cray Y-MP supercomputer for the present application and the grid
size. A simple dynamic load balancing algorithm was implemented
to improve the performance of parallel computation.
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Introduction

RANSVERSE injection of a gaseous fuel stream into a super-

sonic flow appears schematically in Fig. 1. This sketch illus-
trates the features of the flowfield in a plane through the spanwise
jet centerline, where a three-dimensional bow shock forms ahead of
the jet and interacts with the approaching turbulent boundary layer,
resulting in separation. Previous investigations of this flowfield have
provided clear visualizations of the large-scale vortices formed at
the interface between the freestream and injectant fluids.!~ These
eddies influenced the position of the bow shock.? Some images also
showed the region enclosed by the separation shock where the bow
shock and turbulent boundary layer interact.!-? This region contains
locally high wall static pressures as found in both experiments*
and numerical predictions.” Numerical investigations of a react-
ing transverse hydrogen jet in a supersonic airstream by Takahashi
and Hayashi® showed relatively high static temperatures occurring
within this separated zone. Erosion of the injector wall could occur
as a result of this local high temperature zone.

The objective of the present work is to investigate the interaction
between the upstream shock structure and the interfacial eddies in
the jet fluid. The influence of injector geometry on the separation
shock is also of interest. Both issues are addressed using a planar
laser-based visualization technique to capture instantaneous images
of the interaction created by circular and elliptical injectors fueled
with air. Details regarding the facility and imaging technique used
are available elsewhere.”* Table 1 shows geometric features of the
two injectors studied.

Results and Discussion
The freestream conditions were set such that M, = 1.98, py . =
317 kPa, and Ty, = 300-302 K. Jet flow conditions were set s0
that the jet-to-freestream momentum flux ratio J,

_ (pu?); _ MY,
(put)os  (¥pM)y

was identical in each case (J = 2.90). This parameter controls jet
penetration into the crossflow.!? Images were obtained for both
circular and elliptical injection using air, cases C1A and E1A, with
the major axis of the ellipse aligned with the freestream flow.
Instantaneous images from cases C1A and E1A appear in Figs. 2
and 3, respectively. Freestream fluid (light) flows from left to right,
and the jet fluid (dark) enters from the lower edge (jets are centered at
x/dey = 0). All of the images presented show some boundary-layer
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