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Introduction

O respond to the always increasing needs of the aerospace

community and the scientific world in general, in recent years
there has been a proliferation of new computer architectures that
are different from classical serial computers: the massively paral-
lel computers. These machines seem to be the most promising for
achieving order-of-magnitude increases in computational power at
reasonable cost.

One of the most effective and widely adopted techniques for using
these kinds of machines efficiently consists in a decomposition of the
topological domain of the problem, so that the calculations and the
data are spread among different processors. In this case, additional
treatment of boundary conditions is necessary, and data must be
exchanged among neighboring subdomains.

. 1In this Note, an application of this technique to a solver for hy-
personic flows is made. After a brief description of the code, the
masked multiblock technique (MBT) is discussed in more detail. Fi-
nally, the parallelized code is tested on different machines to show
the efficiency that can be obtained with an increasing number of
processors.

Flow Solver

The flow solver is based on a finite volume technique, with the
fluxes at the interfaces calculated using a flux difference splitting
solver (Pandolfi formulation) with a high-order essentially not oscil-
latory scheme.!? Viscous two-dimensional plane and axisymmet-
ric flowfields can be solved on multiblock grids for hyperenthalpic
flows: in fact, chemical and vibrational nonequilibrium are taken
into account, using several chemical models.’ Local grid refine-
ment is also possible; however, this feature is under testing and is
not considered here.

The evaluation of the chemical source terms in the species conser-
vation equations is deactivated for temperatures lower than a fixed
level, either because at low temperatures some chemical models do
not work well or because the influence of the chemistry does not
justify the higher computational load; as will become clear in the
following, this feature is very important for applying the MBT.

Received Feb. 10, 1995; revision received Feb. 26, 1996; accepted for
publication Feb. 29, 1996. Copyright © 1996 by the American Institute of
Aeronautics and Astronautics, Inc. All rights reserved.

* Aerothermodynamics Supervisor, Aerothermodynamics, Computation-
al Laboratory Department, P.O. Box 81043.

tResearcher, Aerothermodynamics, Computational Laboratory Depart-
ment, P.O. Box 81043.

Supercomputing, Computational Laboratory Department, P.O. Box
81043.

748

Masked MBT

For a multiblock structured grid-based code, such as our H2NS
code, splitting the-domain and assigning one or more entire blocks
to each processor would not be efficient enough to guarantee each
processor an identical or nearly identical computational workload.
Sometimes it is necessary to use blocks with very different numbers
of points; furthermore, because of fluid-dynamics nonlinearities, the
computational load of each block can vary during the evolution of the
solution. To override these difficulties an approach has been intro-
duced, called masked multiblock,*> that is capable of guaranteeing
optimal computational load balancing among processors. This strat-
egy meets the two following requirements: 1) the technique. itself
does not affect the accuracy of the converged solution; and 2) the
technique itself does not have to modify the grid topology, which
is user-defined and represents an input for the sequential-parallel
code. Basically the idea consists in creating a virtual topology, which
can be considered a sort of mask that may be placed on the real
topology, completely independently of the grid blocks. Therefore,
to each processor can be assigned one or more grid blocks or parts
thereof.

In any case, for reactive fluxes a static partitioning can turn out
to be inadequate. In fact, as mentioned before, the source terms
are very small at low temperatures, and therefore their computation
can typically be avoided in the parts of the flowfield with temper-
atures lower than 1000-1500 K; this means that in these zones the
computation time is lower than in the rest of the flowfield, and there-
fore a fixed domain decomposition produces inferior computational
load balancing. This is not the only case in which a dynamic load
balancing is useful; for example, it can also be used for multizone
calculations (mixed Euler and Navier—Stokes) or for turbulent flows
with a dynamically computed transition point; another important
case is when a check is made on the asymptotic flowfield to avoid
useless calculations in the zones still distant from the shock wave. In
all of these cases, a procedure to balance the computational load in a
dynamic way among the processors can be used. A brief description
of it is shown in the following.

Each N iterations, a check is made to verify the computational
load of each processor. If the unbalancing is higher than a fixed
percentage, the slave processes send the grid and the flowfield to the
master process, which makes a new domain subdivision changing
the limits of the masked blocks. Finally, the master resends the
data to the slaves. Generally, this operation is needed only at the
beginning of the computation, when the flow is changing rapidly.
This is the reason why it is made only after having checked whether
the load balancing has sensibly varied. However, this procedure
allows for having a final domain subdivision that guarantees the
best load balancing.

Results

The above-described methodologies, used to develop the parallel
implementation of the H2NS code, have been tested by using a
double-ellipse multiblock topology. The geometry is the same used
in the Antibes Workshops; however, a 0-deg angle of attack has been
chosen to emphasize the canopy shock that is one of the most critical
points of this problem. The target parallel machines are summarized
in Table 1; the message passing among processors is handled by
using the PVM 2.4 (on the Convex Metaseries) and PVM 3.1 (on
the Intel Paragon).® Obviously the solution has been verified to be
the same in all of the cases, independently of the machine used and
of the number of processors.
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Table 1 Characteristics of machines used

Peak rate
No. of per processor,
Machine N processors M flops
Convex 3420 2 100
Convex 3860 6 240
Convex metaseries 8 198
Intel paragon 98 60

Table 2 Navier—Stokes calculations on coarse grid

Machine  No. of processors Time,s Speedup Efficiency
CX34 1 93,181 — e
CX 38 1 33,002 — —_—
CX MPP I 25,601 e o
CX MPP 2 13,157 1.94 0.95
CX MPP* 2 12,988 1.97 0.97
CX MPP 4 6,690 3.82 0.95
CX MPP* 4 6,674 3.83 0.96
CX MPP 6 5,104 5.01 0.83
CX MPP? 6 4,990 5.13 0.85
CX MPP 8 4,898 522 0.65
CX MPP? 8 4,685 544 0.68

*Run with dynamic balancing.

Table 3 Navier-Stokes calculations on fine grid

Machine No. of processors Time, s Speedup Efficiency
CX 38 1 81,810 —_— —
CX MPP 1 67,217 1 1
CX MPP 2 34,787 1.93 0.96
CX MPP? 2 34,023 1.98 0.99
CX MPP 4 19,129 3.51 0.88
CX MPP? 4 17,453 3.85 0.96
CX MPP 6 12,933 5.19 0.86
CX MPP? 6 12,455 5.40 - 09
CX MPP 8 10,047 6.69 0.84
CX MPP* 8 9,387 7.16 0.89
Intel 1 27,500 1 1
Intel 2 14,074 1.95 0.975
Intel 4 7,249 38 0.95
Intel 8 3,757 732 0.915
Intel 15 2,250 1222 0.81

#Run with dynamic balancing.

In Tables 2 and 3, results are shown in terms of time, speedup,
and efficiency. Two grid levels have been used: a 4879-point coarse
grid and a 9758-point fine grid. In both cases, the grid is composed
of seven blocks; note that the blocks have quite different numbers
of points. In particular, the blocks near the nose and the canopy
region are finer, these being the most critical regions; that is why
assigning each grid block to each processor leads to inferior load
balancing.

The results, in terms of speedup and efficiency, are good in all
cases. Obviously, in the fine-grid case, where the amount of cal-
culation is greater than with the coarse grid, the speedup is better
on account of the decrease of the overall overhead introduced by
message passing among processors. Also, the gain from the use of
dynamic load balancing is significant over the fine grid but is not
very important with the coarse grid. The main reason is that this gain
is greater at the beginning of the computation, when the points in-
volved in the evaluation of production terms increase continuously;
in the first case, the flowfield is still evolving with the chosen number
of iterations, whereas in the second case a large number of iterations
have also been performed after the stabilization of the chemistry.

Moreover, it must be said that the chemical model used here does
not generate large ratios of computational load among cells where
the production terms must be evaluated and the others. However, it is
expected that using more sophisticated chemical models (e.g., taking
into account also the ionization), or in the other cases discussed in the
previous section, the benefits coming from the use of DLB algorithm
should be notable.
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Fig. 1 Evolution of the masked blocks during the calculation: eight
processors. The bold lines are the interfaces between processors; the
thin lines are the interfaces between grid blocks.

Because the Intel Paragon is much slower than the Convex
Metaseries, performing all of the 10,000 iterations on it as for the
Convex was not possible; thus only 1000 iterations were made.

In Fig. 1 an example of dynamic load balancing is reported for
the case with eight processors. The dark zone is the one in which the
temperature is higher than T,;,, and therefore the chemical produc-
tion terms are calculated. In the first plot the initial masked topology,
computed simply by assigning each processor the same number of
points, can be clearly seen. In the second figure, the evolution of
the chemistry, following the shock wave, is emphasized with the
dark zone; it can be seen that the parts with less chemistry become
greater because their computational load (for each point) is lower.

Obviously, the balancing cannot be done every few iterations,
because this requires some maneuvers, particularly for message
passing, that need time and delay the process. In this case, the bal-
ancing is checked every 200 iterations; in any case, the update of the
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Table4 Scalability test: cold test, one-block grids, 1500 iterations

No. of Time, s
processors 1025 x 65 points 513 x 65 points 257 x 65 points
1 —_ — 917
2 —_— 926 466
4 944 480 262
8 506 267 226
16 342 203 —_—
32 296 E—— —

masked blocks is made only if the difference between the averaged
computational load and the one performed by one of the processors
is higher than a fixed percentage (20% for these calculations).

Finally, some more tests have been made to check the scalabil-
ity. Such tests cannot be made easily on the hot case, because on
increasing the numbers of points, the computational load does not
rise proportionally, since the ratio between the numbers of points
with a temperature higher and lower than the limit temperature gen-
erally varies. Therefore, the test has been made only on the cold
case, on a one-block grid. The computations have been performed
at three grid levels: grid 1, 257 x 65; grid 2, 513 x 65; and grid 3,
1025 x 65. The results are shown in Table 4, in which the scalability
can be seen to be generally good.

Conclusions

A hypersonic Navier—Stokes nonequilibrium code has been par-
allelized using the masked MBT with an automatic load-balancing
algorithm. A number of tests have been made over a double ellipse;
the original grid consisted of seven blocks, each one with a differ-
ent number of points. Balancing is automatically controlled during
the computation to take into account the different load due to the
chemical terms. The results show good efficiency, particularly over
the fine grid. The effect of dynamic balancing is also significant for
these cases. )

Other applications of the algorithm are under test: in particular,
local grid refinement is being extended to the parallel version. Fur-
thermore, it could be convenient to make a check to recognize the
points where the computation can be avoided (i.e., the freestream
points far enough from the shock wave); in that case the automatic
load balancing would be very useful. Finally, it can be said that the
procedure used seems to be fundamental in all the future applications
of this code, if flowfields over greater grids (e.g., three-dimensional
cases) are to be computed.
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Nomenclature

= Jacobian matrix of convective flux vectors

side-force coefficient, side force/[qm D?/4]

cylinder diameter

forward difference operators

= backward difference operators

= convective flux vectors

= viscous flux vector in radial coordinate ¢

= identity matrix

= Jacobian of transformation

= freestream Mach number

= conserved variable vector

= freestream dynamic pressure

= residual vector

= Reynolds number based on cylinder diameter

= time .

= Cartesian coordinates

= angle of attack

= correction ()"! — ()", where n denotes time
level

L, L = generalized curvilinear coordinates in the

streamwise, circumferential, and radial

direction.

>

0 B>
~T .
=
9}
L]

SISl
S
SRS

vy
Y

Q >?j >
SACAS]

<

8

)
-]

DR HZ XS R N~
e o
~

e

Introduction

PERFECT numerical simulation of asymmetric vortical flow

around slender bodies at high angle of attack, which was ob-
served experimentally,!-? is extremely difficult to obtain accurately.
One of the difficulties lies in that it suffers from numerical errors in-
herently induced in the process of computation. Earlier researchers
found out experimentally,’-? as well as numerically,3~® that minute
asymmetric disturbance might cause large asymmetry in the entire
flowfield. Siclari and Marconi® demonstrated asymmetric flow solu-
tions by solving Navier—Stokes equations with conical assumptions
obtained without preimposing any perturbation. A recent numerical
study by Levy et al.” indicated that asymmetric errors introduced in
the diagonalization process developed a spurious asymmetry in the
flow.

A consequence of the previous results has been the assumption
that the steady-state solution that depends only on the right-hand
side of the algorithm, which has been generally accepted, does not
hold for the high angle-of-attack flows. In this Note, a recently
developed lower—upper symmetric Gauss-Seidel (LU-SGS)! al-
gorithm, has been applied without introducing any perturbation
intentionally. The scheme does not symmetrically factorize the flux
Jacobian of the left-hand side. Asymmetric vortical flows have been
obtained numerically!*!2 simply through direct application of LU-
SGS scheme. The origin of the numerical asymmetry has also been
investigated.
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