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1. Abstract

In the present work, the performance of a parallel implicit Navier-Stokes solver is
analyzed. The parallel code FDL3DI is parallelized using the Chimera approach. In this
strategy, the computational domain is decomposed into a number of overlapped sub-
domains and each of the sub-domains is assigned to a separate processor. Each sub-
domain is solved independently and communication between them is accomplished
through the interpolation points in the overlapped region by explicit message passing
using MPI libraries. The code’s performance is assessed on two commodity clusters,
one involving AMD Athlon processors and the other involving Pentium Itanium cluster
in terms of relative speed up and execution time calculation with different grid and
domain size. The paper will also present the effect of different numerical schemes on
the computation time. Turbulent flow over a flat plate is considered as the benchmark
problem for the current simulations. Three variants of upwind biased Roe schemes as
well as second order central difference scheme for spatial discretization are compared
with each other for relative execution time. The effect of high order compact
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differencing scheme with high order pade-type filtering will also analyzed in the final
paper. The cache analysis with all the schemes will be presented in the final analysis.
Preliminary results using AMD Athlon processors indicate that the reduction in the
execution time with increase in subdomains is not directly proportional due to an
increase in the interpolated points with increase in subdomains.

2. Introduction and Methodology

Parallel computational fluid dynamics (CFD) has evolved significantly over the past
few years®3*. With the advent of high performance clusters, and the resulting increase
in availability of computing cycles, large-scale parallel CFD computations now
realizable. Most of the commercial CFD codes are available in a parallel version.
However, the performance of a parallel code is a combination of many parameters,
including the code’s scalability across an increasing number of nodes®. Also the number
of zones, overlapped points and the numerical scheme can influence the performance of
the solver.

In the present analysis, an extensive performance characterization as well as scalability
analysis of a Chimera based parallel Navier-Stokes solver is being carried out using
commodity clusters. The main focus of the current work is to study the scalability of the
solver, the cache analysis, its performance with varying number of sub-domains and
also its performance with different numerical schemes. The parallel time accurate three-
dimensional solver FDL3DI, was originally developed at AFRL®. In the Chimera based
parallelization strategy® used in the solver, the computational domain is decomposed
into a number of overlapped sub-domains as shown in figure 1’. An automated pre-
processor PEGSUS® is used to determine the domain connectivity and interpolation
function between the decomposed zones. In the solution process, each sub-domain is
assigned to a separate processor and communication between them is accomplished
through the interpolation points in the overlapped region by explicit message passing
using MPI libraries. The solver has been validated and proved to be efficient and
reliable for a wide range of high speed and low speed; steady and unsteady
problems®*™°, Basu et al.? implemented different hybrid turbulence models in the solver
and carried out extensive simulations of unsteady separated turbulent flows.

The Navier-Stokes equations written in strong conservation-law forms are numerically
solved employing the implicit, approximate-factorization, Beam-Warming algorithm®*
along with the diagonal form of Pullinam and Chaussee'?. Newton subiterations are
used to improve temporal accuracy and stability properties of the algorithm. The solver
has three variants of upwind biased Roe schemes and a second order central difference
scheme for spatial discretization. Apart from that, high order compact differencing
scheme and high order pade-type filtering schemes are also available in the code. The
effects of the numerical schemes are also assessed in the current study. In a prior
investigation®, the code’s performance was analyzed using two supercomputers, namely
the IBM SP3 and the Silicon Graphics Origin 2000. However, in the current analysis,
the performance study and the scalability analysis is being carried out in commodity
clusters with AMD Athlon 2000+ processors and 900 Megahertz Intel Itanium 2
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processors. The preliminary results presented in this abstract are obtained from the
AMD Athlon cluster. The 2" order central difference scheme was used for spatial
discretization in the earlier analysis*. In the current work, preliminary results are being
obtained using a 3" order upwind biased scheme. In the final analysis, an extensive
comparison will be presented for the comparative study of the different schemes along
with a high order compact code. The performance of the solver with a profiler will be
analyzed for different level of grids, different number of sub-domains as well as
different schemes. An extensive memory and cache study will also be carried out. A
prior cache analysis of the 2" order version of the solver is described in reference 13. A
comparative study of the two cluster systems will be also presented.

3. Parallel Algorithm

A detailed description of the parallelization algorithm employed in the solver is given in
reference 14. The flow equations for each grid are solved independently in parallel and
the interpolated boundary values are also updated in parallel. The boundary data is
exchanges between processors and after that, on each processor, the Chimera boundary
conditions and the physical boundary conditions are applied to the assigned grid. The
single program multiple data (SPMD) parallel programming style is used. The code
running on each processor is identical and the processor identification number is used to
determine which grid is assigned to each professor. The number of processor should be
equal to the number of zones/sub domains, which ensures that each zone has been
assigned to an individual processor. The MPI message-passing library is used for inter-
processor communication. Point-to-point communication using send and receive calls
are used to exchange the Chimera boundary data between processors.

4. Preliminary Results

Simulations are carried out for flat plate geometry. The geometry and flow conditions
correspond to the experimental upstream flow conditions of the backward facing step
flow by Driver and Seegmiller'®. The Mach number for the present simulations is 0.128
and the Reynolds number is 0.83x10%ft. The computational domain consists of 200 grid
points in the streamwise direction, 100 points in the wall normal direction and 20 grids
in the spanwise direction. At the inflow plane, the pressure is extrapolated from the
interior and the other flow variables were prescribed. The pressure at the outflow
boundaries was set equal to the free stream value and the other variables were
extrapolated from the interior through a first order extrapolation. The top of the
computational domain is set as outflow boundary. In the span-wise direction, symmetric
boundary conditions are applied.
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For the present study, three cases are considered. The computational domain is divided
into 8-zone, 16 zone and 20 zone domains respectively. Figure 2 shows the
computational grid with the different zones and the overlapped regions. Figure 3 shows
the computed boundary layer profile and its comparison with the available experimental
data. It can be seen that there is an excellent agreement between the computed solution
and the experimental data’®. The computations were carried out using 3™ order Roe
scheme. Figure 4 shows the comparison of the execution time (in seconds) with the
number of processors for the different numerical schemes. The execution time is based
on 1000 iterations for each scheme. The schemes include the 2™ order central scheme,
as well as 1%, 2" and 3" order Roe schemes. It can be seen from figure 3 that for all the
schemes, there is a significant reduction in the execution time with the increase in the
number of processors. However, among the four schemes, the 2" order central scheme
takes the lowest execution times. Among the Roe schemes, the 3 order scheme takes
the highest execution time, followed by the 2" and the 1% order scheme. This is
expected since the upwind biased Roe schemes have more computation compared to the
central scheme. Figure 5 shows the relative speedup of the computation with the number
of processors. This is based on the 3" order Roe scheme. It shows there is significant
effect of the inter-domain communication as well as the grid distribution in the sub-
domains. The blue line shows the ideal/linear speedup. The green line shows the
speedup if all the zones were of equal size while the black line shows the present
simulation cases. It shows that the number of sub-domains as well as the inter-block
communication affects the speedup.

Preliminary results are quite encouraging. An in-depth analysis will be provided in the
full paper.
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Figure 1 Schematic of the domain connectivity for the parallel solver (7)

Figure 2 Computational grids for the flat plate with 8 zones






