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Evaluation of Parallel Performance of an Unstructured
CFD Code on PC-Clusters
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This paper presents an evaluation of parallel performance of a computational fluid
dynamics solver on PC-clusters. The solver uses unstructured grids and is parallelized by
domain decomposition using MPI as the communication library. The influence of node
configuration and type of cluster network on the parallel performance is investigated for
typical applications from an aerospace design environment. The high performance network
becomes significant when the system scales up. More important is the node configuration
where memory bandwidth saturation limits the performance on dual nodes.

Nomenclature
Ep = parallel efficiency, Sp /P
M., = free stream Mach number
Noper = number of operations on the finest grid level
Neomm = number of bytes communicated on finest grid level
Nonnodes = number of connecting nodes between partition
n = message length, in bytes
) = message length when latency, A, and bandwidth-related transfer time, tn, are equal, A/tT=A8
P = number of processors
Sp = parallel speed-up, T(1)/T(P)
T(1), T(P) = elapsed time per iteration on 1 and P processors, respectively
teomm = time for message transfer, A+tn
a = angle of attack
A = latency, or start up time
0 = network bandwidth, 1/t
T = time to transmit 1 byte

I. O] Introduction

In the aerospace industry today computational fluid dynamics (CFD) plays an important role as a tool for design
and analysis. Typical characteristics for the industrial CFD environment are the often complex geometry, the
frequency of large problems, the requirement of high fidelity results, the short time schedule for producing results,
etc. The various stages in the aerodynamic design process utilize different aspects of the CFD technology. Early
stages of the design process involve configuration evaluation and comparisons often performed on simplified
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geometries with low order flow modeling approaches but with very short turnaround time requirements.
Traditionally the analysis is performed with panel methods but today the use of inviscid (Euler) flow modeling is
growing strongly. During later stages in the design process high-fidelity flow modeling methods are applied on
detailed geometries for overall and in-depth analysis as well as troubleshooting. Typically are Euler or Reynolds
Average Navier-Stokes (RANS)-based 3D methods used at this stage. These methods are computationally
expensive. To further improve to confidence of the aerodynamic predictions in the design process advanced flow
modeling methods must be deployed at an even earlier stage than today. Early in the design process when the
geometry is rapidly changing the allowable time frame to produce a complete flow analysis is no more than a day.
To be able to meet this goal the CFD program execution time has to be in the order of minutes to hours. This allows
for evaluation of the results and preparation of improved design during the working day. A cost-efficient way to
reduce the problem turnaround time is to use parallel computers and efficient numerical algorithms to solve the flow
equations. To achieve good parallel performance of a CFD solver the workload has to be evenly distributed among
the processors and the communication in-between the processors has to be efficient. In this paper a CFD solver is
analyzed regarding parallel implementation, load balancing and impact of parallel platform configuration.

Many codes for solution of the Euler and Navier-Stokes equations in the aerospace industry today are based on
unstructured grids using numerical techniques made popular by Jameson et al.' in the 80s. The shift towards using
unstructured or hybrid grids instead of the previously dominating multi block grids is explained by maturing grid
generation and flow solution techniques, especially for viscous flows around complex geometries. Probably the most
important factor from an industrial point of view is the turn-around time issue. By using unstructured/hybrid grids
instead of structured multi block grids the grid generation task can be significantly reduced in time. The more
automated process using unstructured grids also reduces the long learning curve experienced with the structured
multi block approach.

The goal of this investigation is to evaluate the performance of Beowulf-class systems in a typical CFD scenario.
CFD has experienced an impressive growth since the early 70s when the first simulations of inviscid fluid flow in
complex geometries were available.” This development has been based on improvements of both numerical
algorithms and novel computer architecture. In fact, simulations of large and complex physical systems, such as
those required by the aerospace industry, are only possible through efficient exploitation of high-performance
parallel computers. This is not only due to the computational cost but also to the large memory requirements.
Focusing on the architecture, several trends® have made Beowulf-class systems one of the most popular choices for
building cost-efficient parallel computers. The Beowulf clusters share some characteristics - they rely on commodity
of the shelf (COTS) components. Usually microprocessors (Intel P4, Xeon, etc) are connected through Gigabit
Ethernet and Gigabit Ethernet switches with Linux as the operating system but also are networks of Unix
workstations (NOW) found. With the broad acceptance of this class of parallel systems more high-end components
have entered the market. With processors like Intel Itanium2, AMD Opteron and Apple G5 connected though high-
end interconnects as Myrinet, SCI or Infiniband large systems with several thousand processors are outperforming
most of the traditional supercomputer technology. Looking at the 24th top 500 list (Ref. 4) from November 2004, six
out of ten of the most powerful computers worldwide are Beowulf-clusters.

When designing a Beowulf system for a specific application or a spectrum of applications there are several
design choices to be made. The two most important are the compute node configuration and the internal network
connecting the nodes. This paper details our experience using PC-based Linux-clusters in a typical industrial
aerodynamic analysis environment with emphasis on performance evaluation using an unstructured CFD solver and
the impact of different networks and node configurations on the performance. Programming models and
implementation aspect to achieve high parallel performance is a wide and active research field. Techniques
applicable to CFD solvers and their influence on parallel performance can be found in Ref. 5. One of the larger
applications presented using both shared memory and distributed memory approaches with several thousand
processors is discussed in Ref. 6. Additional aspects of using parallel CFD codes in industrial applications are found
in Refs. 7-9. CFD is, as one of the most computationally demanding disciplines, a driving force behind the
development of new computer architectures. The design and evaluation of parallel systems is often based on CFD
workloads. One example is the NAS parallel benchmark'® that tries to mimic the computation and data movement
characteristics of large scale CFD application. An evaluation of parallel performance on Beowulf cluster using the
NAS-MG kernel benchmark as well as a CFD multi grid solver is found in Ref. 11. In Ref. 12 a CFD code is used to
evaluate node configurations and network choices affecting the parallel performance on PC-clusters. The
evaluations in Refs. 11 and 12 are, however, limited to a small number of processors and both use structured grids.
This paper presents experience from larger PC-clusters and also examines additional aspects influencing the parallel
performance. In the next section the governing equations and the numerical implementation are briefly outlined.
This is followed by a description of the parallel implementation and the domain decomposition. A description of the
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hardware platforms and the performance results form the main part of the paper. At the end of the paper some
conclusions are drawn.

II. [0 Numerical Solution Method

The compressible Navier-Stokes equations represent the flow of air around airplanes very well. At least close to
most surfaces the flow is turbulent with many different scales in space and time. Because of insufficient memory
capacity and computational speed of available computers today, not all scales can be resolved in the direct numerical
solution of the Navier-Stokes equations, except for low Reynolds numbers and simple geometries. The influence of
turbulence must therefore be modeled. A suitable choice between modeling capability and computational
complexity is here the Explicit Algebraic Reynolds Stress Model (EARSM). The present formulation is based on a
traditional two-equation model using the concept of effective turbulent viscosity."> This results in a numerical
behavior similar of the underpinning linear two-equation model with only a minor extra computational overhead.
Neglecting the viscous effects in the flow results in the Euler equations. These are a cost-efficient alternative for
cases where the viscous effects are small.

The flow equations are solved on unstructured grids of arbitrary elements. The flow equations are discretized in
a node-centered finite volume approach. Different element types in the grid are handled by a common edge-based
data-structure in the flow solver. The solver uses a node-centered finite-volume technique where the control
volumes are formed by a dual grid obtained from the control surface for each edge. The spatial discretization is
either central with artificial dissipation or upwind: both approaches are second order accurate. The basic iterative
scheme for the equations is a Runge-Kutta algorithm. Local time stepping and implicit residual smoothing accelerate
convergence. An agglomeration multi grid algorithm is used to further accelerate the convergence. Within the multi
grid cycle a time-step is performed on the fine grid, transferring the solution and the residuals to the next coarser
grid level, performing a time-step on the coarse grid level and interpolating the corrections back from the coarse grid
level to update the fine grid solution. This process is applied recursively to all coarse grid levels in the sequence. A
more comprehensive description of the algorithms is found in Ref. 14. All results below were obtained with the
central scheme with artificial dissipation.

II1. ] Parallel Implementation

The parallel implementation is based on domain decomposition. In this approach each processor executes its
own copy of the program but operates on a subset of the computational domain. This is often referred to as the
single program, multiple data (SPMD) paradigm. For parallel efficiency it is crucial that processors are kept equally
busy with local computations and that the overall communication is kept to a minimum and equally distributed
between the processors.

In the serial code, the flux balancing process is computed by adding flux contributions from each control surface
of a control volume to appropriate nodes. In the parallel implementation, within each processor, flux contributions
are calculated in the same way. Due to the cell-centered finite volume discretization ghost points are introduced
where the partition boundaries cross edges to compute the fluxes locally, see Fig. 1. Ghost point values are updated
from the partition holding their real images at each Runge-Kutta stage. To maintain a complete correspondence
between serial and parallel solutions additional entities are also communicated between the domains. This includes
edge-based variables as spectral radius, residual smoothing operations and boundary conditions. Global reduction
operations and synchronization are handled by one processor and communicated after a complete iteration when also
a decision is made to proceed with the iteration process or stop and write the solution. Communication between the
processes is implemented using the MPI message-passing library.'> The communication pattern is predetermined at
run-time following the logics of the domain decomposition. Communication is performed by packing data from all
boundary points on a given processors to be sent to another processor into a single buffer that is sent as a single
message using non-blocking send. This standard approach to communicate between processors has the effect of
reducing latency overheads by creating fewer and larger messages.

In the current parallel implementation the same processor operates on all grid levels of a partition. The domain
decomposition is performed only on the finest grid level. Control volumes on coarser levels are assigned to the
partition that contains the largest part of each individual control volume. This minimizes the communication
between processors when changing grid level but may lead to load imbalance on coarser grid levels. An alternative
is to perform domain decomposition on each grid level separately. This will increase the number of communication
when changing grid level but will guarantee a better load balance also on coarser grids levels.®
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Fig. 1 Layout of primary grid cells, dual grid control volumes and partition boundary.

IV. [0 Domain Decomposition

A key aspect in efficient use of multiprocessor systems is the load balancing. For explicit solvers such as the
present CFD solver, the amount of computational work per grid point is roughly constant. A good load balance can
therefore be achieved by mapping approximately the same amount of grid points to each processor. The partitioning
can be performed using various techniques; in this case the standard graph partitioning program MeTiS'® is used.
Balancing the workload alone is however not sufficient. Communication load must be kept at a low and balanced
level, and these objectives are not entirely compatible. This is exemplified here with a tetrahedral grid containing 3
Mpoints partitioned from 2 up to 256 partitions. Using both k-MeTiS and p-MeTiS completely balanced partitions
are obtained concerning number of points. Figure 2 shows the mean number of points communicated between
partitions. Above 4 partitions this is in favor of the k-MeTiS algorithm that also tries to minimize the number of
interface nodes between partitions. It is not clear why the k-MeTiS algorithm fails to consistently deliver a lower
number of points to communicate also for 2 and 4 partitions.

Due to the large size of the grids considered in this work, all preprocessing operations must be performed on a
large memory machine. This includes the dual grid generation, agglomeration procedure and the partitioning of the
various coarse and fine grid levels. This is mainly due to the large memory requirement of these procedures, rather
than CPU time requirement, which is small compared to the flow solver. The memory requirement of the
preprocessor part equals that of the flow solver with approximately 1.5 kbytes per grid point.
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L W p-MeTiS
[  k-MeTiS

15000

10000

Number of connected points

5000

1 2 4 8 16 32 64 128 256
Number of partitions

Fig. 2 Mean numbers of points communicated between partitions using different MeTiS algorithms.
V. [OPerformance Evaluation

A. General features of parallel processing
The basic configuration of a PC-cluster is a number of compute nodes connected via an internal network. The
node is usually composed of one or two processors and one local memory. This configures a MIMD distributed
memory environment on which the natural way of parallelization is that of message passing.
In this computing environment efficient codes rely on factors as
1) the number of processors and the capacity of their local memories,
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2) the processors inter-connection,
3) the ratio of computation and communication, and
4) the computational speed of each individual processor.
Besides, performance of distributed memory architectures depend greatly on the network features
1) Topology: how the nodes are connected
2) Latency: time required to initiate the communication
3) Bandwidth: maximum speed of the data transfer

B. Parallel architecture

The computing platforms evaluated in this study belong to two distinct classes of Beowulf systems. The first
class is often referred to as capacity clusters with characteristics as single processor nodes and “low-cost”
commodity network focusing on applications with few processors or moderate communication requirements. The
second class, commonly referred to as capability clusters, is often equipped with dual nodes and high-performance
network and addresses the needs from large parallel applications with high bandwidth and low latency requirements.

The systems in this study are all based on Intel processors. A contributing factor for choosing Intel processors is
the good code performance obtained with the Intel 7.1 Fortran90 compiler. It delivered executable code running
15% more efficient compared to the Portland Group compiler on Intel processors. The smallest system consists of
32 Intel P4 (2.8 GHz) compute nodes with 1 GByte of memory each. The nodes are connected with Gigabit Ethernet
with a Gigabit switch with full backplane capacity. This system belongs to the class of low-cost capacity cluster
often found at department levels in industry or academia. The two larger systems, belonging to the capability class,
are based on a common design principle; dual Xeon nodes with SCI'” high-speed network. In addition to SCI is also
Gigabit alternatively Fast Ethernet available on the systems, mainly for file transfer and non-MPI applications. The
SCI network is based on Dolphin Wulfkit network cards with ScaMPI, the MPI communication software from
Scali.'® The network topology is a 2D torus for the 40-node SCI system and a 3D torus for the 200-node system. The
clusters with SCI are approximately twice as expensive per processor compared to a pure Gigabit Ethernet cluster.
Table 1 summarizes the most important features of the clusters. All systems are designed and assembled by the
National Supercomputer Centre'® (NSC) at Linkdping University in Sweden.

Table 1 Main features of evaluated clusters

System Processor Network Nodes Proc/node  Linpack performance

Stokes P4,2.8 GHz Gigabit Ethernet 32 1 98 GFlops
Maxwell Xeon, 2.4 GHz SCI/Gigabit Ethernet 40 2 209 GFlops
Monolith Xeon, 2.2 GHz SCI/Fast Ethernet 200 2 1.13 TFlops

C. Network performance

Before discussing the impact of the network on the evaluated CFD solver, it is worthwhile to compare the raw
performance achieved by MPI on different network. Especially is the point-to-point performance of interest as it
accounts for the greater part of the communication cost in the CFD solver. As a point-to-point benchmark the well-
known ping-pong test between two nodes is used, see Fig. 3a, b for results. In this basic benchmark the SCI network
delivers 250 Mbyte/s with a short message latency of 5 pus using the ScaMPI implementation of MPI. The Gigabit
Ethernet delivers 69 Mbyte/s with a latency of 39 us with the mpich implementation. The results from the ping-pong
test give performance on an idle network. Other competing traffic in the network can also reduce the communication
performance. However, the impact of that is not significant on the investigated CFD solver and the effect will be
omitted in the following discussion. Another measure of interest is the length of a message when latency and
bandwidth-related transfer time are equal. For the SCI n,=1250 bytes and for the Gigabit Ethernet n,,=2690 bytes.
Messages of shorter length than 7, would be dominated by latency, whereas messages of longer length than 7,
would be dominated by bandwidth.*’
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Fig. 3 MPI performance measured with the ping-pong test.

D. Benchmark test cases

The evaluation is performed using two test cases representing typical aerospace applications. The first models
inviscid flow, given by the Euler equations, around a highly resolved geometry. The second solves the Navier-
Stokes equations around a simplified configuration. These examples are typical representatives of the complexity
and problem size of the day-to-day CFD-analysis process found in the aerospace industry.® In the Euler case the
flow field is solved for a fighter jet with external stores. A depiction of the surface grid used in this computation is
shown in Fig. 4a. The case is geometrically complex with detailed external stores placed underneath the wings and a
total of 3 million nodes corresponding to approximately 18 million tetrahedral volume-elements are needed for a
full-span model to adequately resolve the geometry and the flow features. A fully converged steady-state solution
can be achieved in about 500 multi grid cycles. Computational models of this type and resolution are currently
employed for configuration analysis, aerodynamic interference analysis and aerodynamic data generation. Often a
large number of cases with different flow conditions are computed. In the present case the aerodynamic installation
effect on the external stores is studied at M,;=0.8 and 10° angle of attack. Figure 4b shows the pressure distribution
on the upper side of the aircraft. The Navier-Stokes case represents the other dominating area for CFD-applications,
detailed design and analysis, where advanced physical modeling and time-dependent phenomena are the key
elements. This is here exemplified by flow analysis around a wing-strake combination mounted on a simplified
body.”! Using a simplified body reduces the geometrical complexity and allows for high resolution of the wing-
strake combination while maintaining a reasonable total number of grid points, see Fig. Sa. The flow condition is
M,,=0.2 and 12° angle of attack. The flow is dominated by a strong vortex on the strake and on the inner part of the
see Fig. 5b. To capture the flow separation correctly both the leading edge resolution and the boundary layer
resolution must be adequate. Here a hybrid grid is chosen with prismatic elements in boundary layer region and
tetrahedral elements outside. A total of 3.1 million points are used for a half-span model.

a) Surface mesh

b) Pressure distribution

Fig. 4 Inviscid flow around fighter aircraft at M.=0.8 and a=10°
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a) Surface mesh b) Pressure distribution

Fig. 5 Viscid flow on wing-strake configuration at M.,=0.2 and 0=12°

E. Analysis of node configuration

In recent years, dual node configurations have become a standard in cluster computing. The drop in system cost
and power consumption, the reduction of space and wiring complexity and the possibility to use shared memory
paradigm are some key reasons for this development. When using a high-performance network the cost of the
network often represent a major part of the total system cost. A way to reduce the network cost per processor is to
use dual nodes. For the SCI clusters in this study the network share of the total cost is approximately 50% using dual
nodes. For Gigabit Ethernet clusters the network cost is often below 10% even for single node configurations.
However, single node configurations can usually obtain a better performance compared to their dual counterparts,
mainly due to memory bus contention in the dual node. The choice between single and dual nodes must therefore be
made based on the target application, network requirements and budget restrictions. In this study the node
configurations are analyzed using the unstructured CFD solver discussed above as target application. In Table 2 is
the performance measured in Mflop/s in single grid mode presented for serial and 2-cpu runs. The 2-cpu
performance is measured both using single and dual node configurations. The performance is measured using the
Euler case described above with 3 Mpoints. Results are obtained using the Intel 7.1 compiler. For comparison one
result with the Portland Group compiler is enclosed, showing a performance 15% below what is obtained with the
Intel compiler. The performance scales slightly less than the clock-speed. The reason is that there is still a rather
high number of cache misses. Edge reordering is used to improve the cache-hit ratio by storing data needed
consecutively closely in memory, but the present edge reordering method still has an improvement potential. The
overall performance of the serial code is however in comparison with similar unstructured mesh solvers used in
industry.® Using dual nodes instead of single nodes decrease the 2-processor performance by 20%. In this case the
memory bandwidth becomes the limiting factor.

Table 2 CFD solver performance using different node configurations

Performance, Mflop/s

Processor Serial 2 proc MPI 2 proc dual, MPI Compiler
P4,2.8 GHz 191.8 387.5 - Intel 7.1
Xeon, 2.4 GHz 169.2 3322 276.8 Intel 7.1
Xeon, 2.2 GHz 155.9 321.0 257.7 Intel 7.1
Xeon, 2.4 GHz 147.0 - - PGI

F. Analysis of parallel CFD code performance

The parallel performance is analyzed in a number of aspects using the two fixed size test cases described above.
The reason for choosing fixed size problems is mainly to reproduce a typical scenario from the aerospace design
environment. As the code is in daily industrial use the benchmark results concentrate on overall performance
measures on the entire code (excluding I/0), rather than detailed instrumentation of selected code sections. To
measure the performance the number of floating point operations per iteration is collected through hardware
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counters and the wall clock time per iteration is subsequently measured for the parallel runs and the performance is
computed.

We begin with a presentation of the performance obtained using the 3 Mpoints Euler case in single grid iteration.
Using 128 dual nodes with 256 processors a total computational performance of 34 Gflop/s is achieved using the
SCI network see Fig. 6a. The figure also shows that on 128 single nodes 21.5 Gflop/s is obtained. The parallel
efficiency plotted Fig. 6b shows values slightly above the ideal 1.0 in the single node case. This is an effect of the
fixed problem size where an improved usage of the cache lines is achieved when dividing the problem among many
processors. The memory bandwidth saturation in the dual node configuration is clearly visible in both graphs. In the
computational performance the slope of the dual node curve is 20% less than the single node curve. The parallel
efficiencies stabilize around 1.05 and 0.85 for the single node and the dual node configurations respectively. The
fact that the parallel efficiency reaches a stable level with a large number of processors indicates that the network

performance is sufficient.
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Fig. 6 Measured performance on single and dual nodes with SCI network.

At each node is a single network interface responsible for communication to and from the node. Using dual
nodes the network card is shared by two processors. The effect of sharing network interface between two processors
is negligible as the difference in performance is mainly caused by the node internal memory bus saturation. Actually
the dual node configuration performs slightly better when the effect of memory bandwidth limitation is removed.
This is believed to be an effect of using shared memory internally in the node to handle messages between the two
processors belonging to the same node. The communication load is thus lowered on the network interface compared
to the single node configuration. It also indicates that the message transfer between nodes is relatively modest
compared to the network capacity, averaging at a few Mbytes/s per node. In Fig. 7a is the computational
performance presented versus number of processors for the three different clusters up to 64 processors. The single
node P4 cluster with Gigabit Ethernet performs very well up to full cluster size of 32 processors. At 32 processors
the efficiency loss is only 2% compared to ideal, see Fig. 7b. The parallel efficiency peaks at 8 processors using
Gigabit Ethernet. Using the SCI network the parallel efficiency peaks later, at 32 processors. An interesting aspect is
the computational speed in relation to hardware cost. The cluster with Gigabit costs 50% of the SCI clusters per
processor. At least up to 64 processors the Gigabit alternative with outperform the SCI configuration in
performance/cost.

For good load balancing between the processors the computational load should be evenly distributed while
keeping the communication to a minimum. The difference in communication volume when using k-MeTiS and p-
MeTiS partitioning algorithms previously shown in Fig. 2 is also observed in the speedup numbers in Fig. 9. The
algorithm resulting in the lowest number of points to communicate also gives the best parallel performance.
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Solving the Euler equations in single grid mode requires approximately 3820 floating-point operations per grid
point and iteration. During each iteration are 33 variables communicated between the connected points in messages
of size Neonnodes a1d 5-Neonnodes: The communication pattern is statically determined by the partitioning and the mean
number of communicating partitions per processor is presented in Fig. 10a. The communication pattern is not
entirely symmetric between partitions. A small deviation in the amount of data communicated in each direction can
occur when one point in a partition is connected to several points in the neighboring partition.

Figure 10b presents the mean and median message sizes for the k-MeTiS partitioning from 2 to 256 partitions.
Already at 8 processors the median message transfer is significantly affected by latency in both the Gigabit Ethernet
and SCI configuration. The higher latency of the Gigabit Ethernet affects the parallel efficiency reported in Fig. 7b
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where a decrease in efficiency is observed after 8 processors. The much lower latency in the SCI network postpones
the effect to after 32 processors and also decreases the efficiency loss. When solving the turbulent Navier-Stokes
equations the solution process is more computational intense compared to the Euler equations. The number of
floating point operations per grid point and single grid iteration is 3820 in the Euler case and 5850 solving the
Navier-Stokes equations with an EARSM modeling the effect of turbulence. Also the communication pattern alters
when using the Navier-Stokes equations instead of the Euler equations. More information needs to be transferred
between the partitions. Instead of 33 variables communicated in 13 calls as for the Euler case the Navier-Stokes case
requires communication of 62 variables per connected grid point in 19 calls. The Navier-Stokes solution process has
a lower computation to communication ratio compared to the Euler solution process. Semi-coarsening is used in the
boundary layer on the coarse grid levels and this improves the computation to communication ratio. In Fig. 11 the
speedup numbers are compared solving the Euler and the Navier-Stokes equations. The better speedup for the
Navier-Stokes case is due to increased effect of cache line utilization for the Navier-Stokes equation when using
many processors.
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Fig. 10 Statistics of the communication domain and message sizes using k-MeTiS.

V1.0 Conclusions

The parallel performance of an unstructured mesh CFD solver is evaluated on PC-clusters using industrial
applications. Different factors influencing the parallel performance are investigated. The configuration of the PC-
cluster is found to be important, where the two key elements are the node configuration and the choice of internal
network. Dual nodes often found on large clusters loose efficiency due to memory bandwidth limitation. Sharing the
network interface between two processors introduce only minor effects as the interface is far from saturated and the
number of messages is low. The low-cost Gigabit Ethernet network performs very well up to the tested 64
processors and with single processor nodes it forms a very cost-efficient cluster combination. High performance
network as the SCI permits excellent speedup beyond 256 processors but is far more expensive. On the software side
efficient load balancing and minimizing message transfer between partitions are important factors. Using multi grid
iterations is vital for efficient convergence but decreases the parallel efficiency when coarse grid levels introduce
relatively more communication. The effect is however reduced when coarse grid levels make better use of the 2nd
level cache. The Intel Fortran90 compiler delivers a more efficient executable compared to the Portland Group
compiler on Intel processor. The difference is measured to 15% in wall clock time.

The efficiency of the CFD solver on large PC-clusters is important for industrial applications, where low turn
around time is crucial. The code has proved to deliver excellent performance on different PC-clusters and different
contributing factors for parallel performance are identified. Running 256 processors a performance of 34 Gflop/s is
achieved. This means a fully converged Euler solution for a highly resolved full-span configuration in less than 10
minutes. This will definitely have an effect on how and when CFD is applied in the design process.
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