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Abstract

In this paper, we present parallel simulations of three-dimensional
compla: flows obtained on an ORIGIT 3300 computer and on homo-
renscus and heterogenscus (processors of different spesads and RAL)
computational grids. The solver under consideration, which is repre-
sentative of modarn numerics that is used in industrial computational
fluid dynamics (CFD) scftware, is bassd on a mived elanent-volums
method on unstructured tedrahedrizations. The parallelization strat-
egy combines mesh partitioning techniques, a message-passing pro-
gramming model and an additive Schwarz algorithm. The paralleliza-
tion performances are analyzed on a two-phass compressible flow and
4 turbulent Aow past a square cylinder.
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1 Introduction

In the last two decades, computer technology hos grown mpidly especially
parallel architectures [1]. Mumerous configurations of parallel platforms are
installad worldwide! | either through parallel supsrcomputers or through com
putational grids (homogenecus o hetercgenscus). Their combination with
mature parallel algonthms allow veryv effbicient solution of academic or indus-
trial problems like those encounterad b the computational Huid dvnamics
(CFD) community.

In this paper, we present paralle]l simmilations of thres-dimensional com-
plex Hows by & CFD softerare which combines mesh parbitioning techniques
and a domain decompesition methed (Schwars algorithm). We propose to
investigate the behavicar and pedormance of such a parallelization strategy on
homogenecus and heterogenscus computational grids, as well as on o parallel
supercomputer.

The parallelization strategy adopbed in this study has been successfully
applisd in both tero-dimensional and three-dimensional case b the university
of Colorado at Boulder and IMRIA in a cooperative program [2, 3, 4 | and
then has been intensively usad, in particular by the universities of Montpel-
lier, Pisa and Pau in several CFD research studies (see for example [5, 6, 7 1.
The mesh partiticning techniques is combined with a mesage-passing pro-
gramming medel [2, 3, 4] using the MPI communication library which ensures
software poactability from cne parallel syvstem toancther, The mesh partition-
ing algorithms and the generabion of the corresponding communication data
structures are computed in a preprocessing step. Because mesh partitions
with cverlapping incur redundant Hoabing- point operations, non-overlapping
mesh partitions are chosen in cur applications. It has been shown in [4] that
the latter option is more efficient though it induces additional communication
staps.

The Huid sclver AERQ (and its two-phase version AEDIF) used in this
worls, which is representative of modern numerics emploved in industrial
CFD codes, is hased on o mixed element-volume formulation which applies
on unstructured tedrahedral meshes [3, 9).

The frst set of pedormance results presented in this paper conoerns the
simmilation of a jet in crossflow and a schock wore propagation respectively
on homogenecus and heterogenecus computational platforms. The second




set of test cnses, performed on an ORIGIN 3800 computer, concern the pre-
dicticn of a blast wave-bubble internction and of a bluff-bed v Howr dominated
b mossive separations. All these simulations require to discretize the Huid
aquations on large thres-dimensional meshes with small times steps. There-
fore they require intensive computational rescurces (in terms of CPU and
memory | and parallsl computation is of particular interest for such applica
tions.

The remainder of the paper 15 crganized as follows. In Section 2 we de-
soribe the numerical and parallel features of the CFD softwrares used in our
applications. In particular, we present the software improvements in terms of
memory allocation that have been achieved in order to pedorm efficient par-
allel computations on homogeneous and hetercgenecus camputational plat-
forms. These improvements are highlighted by some performance results. In
Section 3, we describe the two-phase How application which concerns a blast
wore-bubble inberaction. In section 4, we present the parallsl simulation of
a bluff-bady How with a hybrid Revnelds Averaged Mavier-Stoles (RADS)
! Large Eddy Simulation (LES) model. Finally, conclusions are given in
section 5.

2 Features of the CFD software AERC

2.1 Numerical approximation

The spatial discretization is basad on a mived element-volumes methed which
applies to unsbructured tetrahedrizations [3, 8], The adopted scheme is verbex
centerad, i.e. all degrees of freedom are located at the wertices. F1 Galerkin
finite elements are used to dicretize the diffusive terms.

A dual imte-volume grid is obtained by buillding a cell & arcund each
vertex ¢ through the rule of medians, The convective Huxes are discretized
on this tessellation, i.e. in terms of Huxes relative to the common boundaries
shared by neighboring cells.

The Roe scheme [10] represents the bmsic upwind component for the nu-
merical evaluation of the convective Huxes F:
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in which o (¥, iW;, n)is the numerical approrimation of the Hux between
the z-th and the j-th cells, 11 is the sclution vector at the -th node, 71 is
the normal to the oell boundary and R is the FEoe’s matrix. The parametear
7., which multiplies the stabilization part of the scheme, collacted within
square brackets in Eq. (1), allows a direct control of the numerical viscosity,
leading to o full upwind scheme for +, = 1 and to o centered scheme when
~, = J. The spatial accuracy of this scheme 15 anly first order. To incresse
the crder of accuracy of the Roe scheme, the MUSCL linear reconstruction
method (“Monctone Upwind Schemes for Conservation Laws" ), intreduced
by Van Leer [11] is emploved. This is obfained by expressing the Foe Hux
between two cells centerad on two generic nodes 1 and J, os o function of the
reconstructed valuss of 11 at their inberface: I (1, W, @), where 1173
15 extrapolated from the values of 17 at nodes t and 7. A recoostruction using
a combination of different families of appracimate gradients (Pl-elementwise
gradients and nodal gradients ewluated on different tetrmahedra) is adopted,
which allows to obtoin a numerical dissipation made of sixth-order space
dervatives. This MUSCL reconstruction is described in detail in Ref. [12].

Either implicit or explicit schemes can be used to adwance the equations
in time bv a line method, i.e. time and space are treated separately. In the
explicit cose a M-stage lowstarage Runge-Tutta algorithm is applied. At
ench stage, the Hux evaluation is pedormed mrciding redundant operations.
These operations represent about 2Ix Hop per unknown, Data transfers are
done only coce per Hux evaluation and concern o data volume which rep-
resents in mverage 10 % of the sysbem unknowns number (for a subdomain
size of about 301 nodes). An implicit time marching algorithm is also avail-
able in the code, based on a second-crder time-accurmte backward differance
scheme. The nonlinear discretized equations are sdvwed by adefect-correction
(IMewton-like ) method [13] in which afirst-order semi-discretization of the Jo
cobian is used. At ench time-step, the resulting sparse linear svstem is solwed
by a restricked additive Schwars preconditionad iterative method [14]. The
nen zers (5x5 and 2x2) blodes of the system is stored at ench time step. The
mest inbernal loop is a local block-TLU () iteration used for preconditicning
the Schwarz one. It represents about 11 Hop per unlnown. Then Sdhwarz
starts a data transfer slightly smaller than in the explicit Hux assembly. As
a result, the communication /computation rafic in the implicit mode is typi-
callv 50 % larger than for the explicit case. This implicit scheme is linearly
unecond ibionally stable and second-crder aocurate.

Ivlcre details on the numerneal ingredients usad in this paper can be found
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in Refs. [5, 15].

2.2 Implementation on parallel platforms
22.1 Parallelization in the AFRO code

The AERQ code implements paralle]l computing using mesh parkitioning that
i5, dividing a large mesh inko smaller partificons so that the work for each
partition can be computed by o different procssscr. The parbitioning can
be homeogenecus (equal size) or hetercgenecus (unequal size). Using mesh
partitioning is a verv popular approach for parallel computing using CFD
ocodes. Once the mesh has been partitioned | parallelization is implementad
using the Message Passing Interface (MP1) svstem applied over the partitions.

The scurce oode (including the MPI calls) is compiled with the FT7 com-
piler and linked with the MPI librar: Using LPI, each processor executes
a copyv of the ewecutable, rends a data file containing data common to all
the processors”, a file that contains the size of the full mesh and the mas-
imum size of the partifions, ..etc. However, each processcr reads only the
mesh data for its specific parkibion. The partition files contain the number
of vertices, tetrahedra, and exbernal faces (friangles): the cocrdinates of the
vertices, the connectivity for the tetrahedra and external faces (trangles),
the type of external boundary conditions to be applied on the external faces,
the vertices that must ecchange data with neighboring partitions, an iden-
tifier to indicate whether a boundar: wertice is ackive or not and fnally the
global indices of the local vertices.

22.2 Computational platforms

For machines like the ORIGIMN 3800 writh shared memoryv at the Centre In-
formatique IMational de "Enseignement Supérieur (CIMES P with 68 proces-
sors, homogeneous partitioning with the executable compilad with F77 worls
fine as all the processors are identical in speed and RADNM.

When computing on parallel platforms that hawve procsssors with different
speeds and FAM, efficiency is lost when homogenecus partitions are used:
the slower processors spend more time computing than the faster processors!
This is the scenaric that often coours on computational grids, encamples are

*Titme scheme, crder of accutacy, OFL mimber, mimber of bme sheps, . .ote.
E]:rH:pm cin=sfr



the cluster of ITRIA* and the MecaGRID® both having a mixture of proces
sors of 2 Ghzand 1Ghzs and 2 GEB and 1 Gb AR, Mumerical tests using the
MecaGRID with as many as 64 processors were reported by Wornom [16].
The IMecaGRID is o grid in the classical definition in that the MecaGRID
clusters belong to different Virbual Organizations using a Virtual Private
Metworl: or tunnel to poss messoges between the different [MecaGERID clus
ters.

In crder o maxdmize efficiencyr on computational grids writh proocessors of
different speeds and AN, dvnamic memory allocation is required in crder
to give more compubational work to the faster processcors so that all the pre-
oessors finish their worl at approdmately the same time. Dyvnamic memory
allzcation cannct be achieved with the present F77 code since parameters
staterments are used and the parameters are ived not by the size of the local
partition but by the size of the largest partition!

22.3 Dyvoomic memory allocation

Several progrmmming languages use dyvnamic memory alloeakion, FOO, ©)
C4+4, and JAVA are enamples. Choosing either ©, C4+4, or JAVA o5 the
new language will require changing 100 percent of the F77 coding.

An alternative choice would be to rebain the FORTERANM coding and re-
place the FORTRAN parameter statements with ©, C4 4, JAVA  PYTHOIT,
of TCL wrappers to adhieve the necesary dyvnamic memory allocation, Al-
though not used in this study, this alternative dhoice i5 valid. Here FO0 was
chosen for the following ressons:

1. In general, the F77 coding is compatible with the F80 compiler. There-
fore we can add FY90 features to the existing F77 oode and it is not
necessary bo convert 100 percent of the F77 code to the FO0 standard.
This saves considerable time both in not having to rewrite the F77
oode in the FU0 standard as well as the additicnal debugging time that

would be necessary.

The MBI cliuster iz ackually comprised of three clisters (tro opetational). Thuis it
is appropiate and more descriplive to refer o it a5 a local compitbational grid.

"The MecaGRID commects  the clisbers  of [MBIY  Sophia  Anbipe-
lizs, FEcole dez MMines de FParizs at Sophia  Anbipolis, and the [USTI in
hlarmeille. The MecaGRID project i= spomseted by the Fremch  blin
izt of Be==arch [http: / fererwr rechetche goir fr /rechetche fad /grid bm,
http: /e recherche gouv £,/ techerche /aci/ grid htm) through the ACT Grid program.



2. The modification to the F77 code to include the FEO dvnamic memory
allocation are relatively ensv. In fack, most of the necessary changes
ware completed cwver two-day period and an additional weelk needed for
testing and verification.

L

MMest of the FOO modifications (replacing .h files with FO0 Madules ) are
transparent to the users, thus the use of the F80 wemion results in no
perturbation to F77 usars.

1. The F] code compiles only options actually used. With F77 all arrays
and opticns are allocated memory at compile time whether or not they
are usad at run time. This mesults in a wernr large executabls that
reduces the size of the mesh that can be executed on computaticnal

platforms.

5. On the contrary to the F77 version of the A ERQ code, the scurce of
the FO0 version does nok depend on mesh size parameters and co the
number of processors; therefore the FI0 code is much easier to use for

new and F77 usars.

224 Improvements related to FO0

In the two sections are illustrated teo improvements related to the FO0 var-
sion of the A FRQ code.

Homogeneous parallsl platforms: In this sechion it is shoern that because
memory 15 allocated at runtime and only allecated for the code options actu-
ally used, the size of the FO0 executable is much smaller than the F77 wersion
that allocates memory for all options at compile time whether they are used
or not at run time! As a consequence manyv tests coses that cannct be run
with the F77 wersion because the executable is too large for the awmilable
RAM can be easily mun with the F80 version.

The problem that motivated the FO0 worl: wos the test cose of o et in
crasstow [17] invelving 4001 mesh points. The IMRIA cluster is really com
posad of two clusters, one called nina and the cther pf®. Table 1 shows the
spesd and RAL of the nina procescors o be twice that of the pf procesors.
Due to the pf RAN limit, this test case could not be run using the implicit

B ]:H?mhmpmﬁ'praﬂd



Processar CFPUs GHz Ral/IMode LAIN spead

2 1.00 GE 1.000 Ghps
1 0.50 GE  0.100 Gbps

nIng
zf

Ly Loy
| S Rt

Tahle 1; Charactenstics of the IMEIA cluster.

scheme on the IIMERIA cluster when less than approcimatelv 32 mesh parti-
ticns were used if one of the 32 processors was a pfprocessor because the size
of the FT7 executable was too large for the pf processer (1/2 GB RAL ). In
order to run the FT77 vemsion the user accepted to use the explicit algorthm:.

Using the FO0 complete code version, both the enplicit and implicit ence-
cubad sucoessfully using either ning or pf processces for the 4001k mesh w»ith
as few as § total partitions. Also, based on our tests, we estimate that using
the FO0 version, o mesh of 1.2 million points could be run using only 32-pf
Processcls.

Fad Fi7
Parallel svstem size wall time size wall time
Cluster 32-pf lo4 ME 2075 sec 131 ME 1845 sec
Cluster 32-nrma lg+ MEB 1145 sec 431 ME 1050 sec
ORIGIM 3800, 32 proc - 788 sec - 72X sec

Table 2: Implicit computation on the 4001 vertices mesh: comparison of
memory needed and wall time for the F77 and FA) versions of AER Q.

In Table 2, we compare, using 32 partitions of the 40011 vertices mesh,
the peformance results (wall time and memory) obtained with the F77 and
FO versions of AERQ for different parallel systems: 32 pf processcrs, 32 nina

"The 400K grid ha= mesh tefinsment tear boimdaties; thetefor the implict algerithm
wazs preferted fo mroid the lomg computabional Himes nesded with the eplict algorithm.
Using the =cplict algorithm permitted us b0 remore sight implicit subroukines fom the
llakefile and their call shatements from the sotce code to get the mize of the we=aitakble
= 1/2 GE.



processors, and 32 R14000 5000MHz processcrs of an ORIGIIT 3800 computer.
The results showr that with FO0 almest 3 times less memory is required than
F77, and that wall times are rather closed for a same parallel system (FI0 is
a litkle less pedformant due certainly to allocation /deallocation of temporan:
tables ). For the ORIGIN 3300 camputer, the reduction of memory (which
does not appear in this table) is not crucial due to its shoared memory. This
table shows also that, as farseeable according to their relafive processor per-
formance (see Table 1), the computations performed on 32 nina processcrs
are twice os fast os the ones achieved on 32 pf processors, and that the best
pedormances are chiained with the “integrated” parallel system (ORIGIIT
3800 compubar).

MecaGRID: In this saction, the beneft of using heterogenecus partiticning is
llustrated. The focus hete wos to determine the efficiency of using dvnamic
memory allocation and net to ewmluate the efficiency of the MecaGRID.

In crder towerify the dynamic memery allocation fenture of the FO0 code,
test cases were run on the MecaGRID using homogensous and heterogenecus
mesh parkitioning using the Globus softeare. The test case studied is o
plane shodowrave propagating in a rectangular tube. The mesh conbains 2521
vertices. Two partiticnings were creabed: 1) 16 homogenecus partitions and
21 16 heterogenecus partitions. The mesh partitionsr used in this study was
the FastldP software developed b Wornom([13]. The FastMMP software is
written in FU0 and executes in parallel using MPI and is quite fast. The
heterogenscus partitioning for the 2571 mesh required 3.8 seconds®. The
partifioning for a 2 million wertices mesh into 32 homogeneous partitions,
discussed in section 3.2, required 30 seconds.

We executed the FO0 code via the hMecalGRID using the GLOBUS soft-
ware” with a total of 16 processors (3-nma and 8-pf). MecaGRID users can
salect in the Globus scipt the number of processors on each cluster to be
used : this possibility 15 not available to users of the IFRIA cluster. Both the
nina and pfclusters are members of the MecaGRID. Unfortunately the other
clusters belonging to the MecaGRID were off line and could not be used for
this ewmluation. As the bandwidth betwean nma processors is 1 Ghps and
100 IMbps betwesn pf processors, the computations made via the MecaGRID

#Time to read the mesh bo be partitioned, parbition the mesh and write the partibion
fil=s.
gl]:|'l7|.7_l:-:._'._'*:'r':'r'rr globis.org




mov be considered as o metacomputing ather than o true grid computation.
For a true MecaGRID calculation using for example pf processors and rusés
processcrs in Marseille 180 lom distant, latency and bandwidth Huctuating
bandwidths become important: these were not important in the caloulations
here as both the ning and pf processors were local.

For the homogeneous mesh partitioning, all the partitions were of equal
size. For the hetercgenecus parbiticning, the 5-nina partitions contained
twrice the number of tetrahedrn as the 8- pf partitions. In Table 3, we give the
wall time melative to the homogenscus and heterogenecus partitioning for a
sl lation of 150 time steps. From this table, we observe the substantial gain
in simulation time obtained with the hetercgeneous partitioning for which a
speedup of 1.45 is reached (the thecretical speedup for this case is 1.5).

MMesh parbiticning wall time
16 homogeneous parkitions 701 sac

16 heterogenecus parkitions 434 sec

Table 3: 2521k wertices mesh: wall fime comparison betwresn a homogenecus
and a heterocgencus partitioning using 3-nina 3-pf processors.

225 SBummary: Implementation on parallel platforms

Fil offers several features nok arailable in FV7 that incrense the capabilities
and ense of use of the A FRQ code. These include dvnamic memory alloca-
tion. The FO0 version of the AFRQ code is mesh independent and because
memory is allocated ot runtime, only arrovs and options that are used are
allocated memory. Therefore the size of the executable is much smaller than
the F77 version that allccates memory for all options, whether thev are used
of not, at run time. As a consequence many test cases (large meshes) that
cannct be muin with the F77 vermsion can be easily run with the FEJ versicn.
This improvement wos Arst checled on homogenscus paralell platforms by
considering a 4001w vertices mesh. Then, we show numencal results for a
mesh conbaining 2521 wertioss running on the MecaGRID using GLOBUS
and heterogenecus partitions. It resulted in a spesdup of 1.45 elative to the
same run using the homogeneous partiticning which compares well with the
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thecretical spesdup of 1.5, This validates the effbiciency of the FU version of
the AFRQ code.

3 Application to two-phase flows

Mumerical metheds for mulbi-Huid or multiphase Howrs have a long histore
and manyv different methods hare become sucosssivaly popular over the last
fve decades. Todaw Eularian formulations are fovrored for selving many prob-
lems where the interface shows strong variations of physical properties. The
difficulbies are not only related with the adwchion of the interface, but also
the computation of the compesite Huid (fpically liquid and gaz) in mixed
cells. The diffuse interface method of Saurel and Abgrall [19] is an Eulerian
methed which appliss particularly to the latter problem. The main principls
of this method is to build accurmte and stable medels for the mived cells
involving Huids with a commoeon low, but with very different constants. Then
such methods can be modelad in the same manner either for an interface
without mixing or for a region with some local miving. The Awe equation
tero-dimensional medel of Guillard-MMurrons [20] has been applied in a large
st of two-dimensional test coses. This model was endtended to three dimen-
sions using unstructured tetrahedra wolumes by Wornom et al. [21]. The
scheme was implemented in the basic solver in the AER O code deweloped at
the University of Colorado by Farhat [22] with the collabaration of IMTRIA -
see Dervieux [3], [Mkonga and Guillard [23], and Martin and Guillard [13] for
Huid How problems. The tero-phose!? software is ealled A EDIF.

3.1 Numerical Algorithm

The softvrare AEDIFderived from A EAQ for the caleulation of tero-phose
Hows replaces the Euler equaticns for a unique pedect gas by the followring
twro-phass modal:

Beven-equation quasi conservative reduced model

J :

pralt +diviapu) = 0; k=1,2 (2}
10The tattm "bwo-phase feers” iz tsad in the hbstabiire o demctibe fows itreolving tro

chifferent liquids or gases: eamples, ligiid and ga=, o trro differe ot haquides a=in the pres=nt

tepott.
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=
ETs +divipu@ui+Vp = 0 (3

g .
o FE +divipe +plu = 0 Y
: P8y — paas .
st uVar = mar 5 Ldivu 3l
ot T avpet (

with e = s+ 7/2 and pr = 5 oy prenip, o).

where o, are the moss fractions of the two Huids, g, the corresponding den-
sities, u, p the velocitr and pressure common to the feo phases.

The Hux splitting for the five equation teo phase Hoes model was de-
veloppad in [24], extended to three dimensions by Wornom [21] and can be
understood as an extension of the acoustic Riemann solwer described for
instance in [25] far the Euler equaticns of gas dynamics. This linearized Rie-
mann solver uses the mathematical structure of the medel and in particular
the continuity of pressure and velocity across a contact discontinuity, Based
on several different numerical tests, this acoustic Riemann solver seems to
be wverv rcbust with respect to the MMadh number and specially for interface

problems (see [26] ).

3.2 HRezults: Blast wave-bubble interaction

This kind of Howr has been studied in 2D and 2D acdsymmetric computations
by Giordano [27]. Very fine 3D calculaticns are necessary in crder to study
unstable capillary effects that cannct be modeled using axdsvmmetric for-
mulations. The calculations showrn hereafter were performed on a 2 million
vartices mesh and represent a step in this direction.

The initial position of the shocloware and the densities are shown in Fig-
ure 1%, Shown in Figure ? are the contours of density and the mass fractions
of the two Huids on o symmetry plane ofter 600 time steps. Figure 3 shows
the three-dimensional w-velocity contours after 800 fime steps at which fime
the blost wave hos passed through the bubble, the deformation of the initial
sphercal bubble can be sean.

In order to evaluate the parallel speadup and efficiency of AEDIF, the 2
millich vertices mesh has been decomposed into 24, 32, 48 and 64 partitions,
each partition being assigned to one processor of an ORIGIIT 3800 computer.

1 The inthial pressre and density ratios were 10/1.
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Figure 1: Syvmmetry plane conbours at time step 600: Pressure (left),

fractions (right ).
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Figure 2: Center plane contours at time step 600: Density (lefh),

ratio (right ).
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Figure 3: Blast wawe w-velocity conbours after 600 time steps.

As the tobal sirmulation time of the serial program running on a single pro-
cessor 15 not avmilable because of memory limits, we hovre used the following
speedup estimation [4:

N

-1
. T
S(Np)=Np = (1 +$) :

Fy |
T.:\mr;r‘u

where Vp is the number of processcrs, 727 and TI__':;E:.P are respectiwely the
commuinication fime and the computational time of the parallel application
on Vp processors, and S{Vp) is the resulting speedup.
The efficiency, which is a meaningful measure as to what percentage of a
processct’s time is being spent in usetul computation, is then defined by
E(Np) = S(Np) .
Np

Table 4 shows the parallel speedup and efficiency relative to one procesor,
as well as the computational and the commmunication times for 600 times steps.
These performance results prove the good parallel scalability of the softvware
used for these twio-phase Howr calculations.

1+



Np Computational time Communication time S(Np) E(Np)

24 14213 sac 990 sec 224L 93407
32 10626 sac 312 sec 2073 0290 %
45 8372 sec 1184 sec 1201 8752 %
iR 6324 sac 1029 sec 5565 BEOS TN

Table 4: 2 million vertices mash: speadup 3{Vp) and efficiency E{Np)vs the
number Np of processors of an ORIGIM 3300 computer for 600 time steps.

4 Application to turbulent wakes

The accurate and efbcient simulation of turbulent wales is an important
challenge in CFD. It concerns many How problems, in particular those arcund
bluff-bodies inwolving worken: shedding. In the present study, we are interested
in the turbulent Howr which develops arcund a square cvlinder at a relatively
high Revnolds number.

Several turbulence models can be used for the sioulation of such mas
sively separated Hows., Among these models, we can cite two important
classical approaches: the one in which the Revneolds Avernged MNavier-Stoles
equations are discretized [RAINS), and the Large Eddy Simulaticn (LES). In
this worls, we use a third and more recent approach: o hybrid RANS /LES
medel which combines RAMNS and LES features in arder to exploit as much
as possible the advantages of the teo previcus classical approadhes: less com-
putational ressources compared with LES, and better accuracy than BATTS
In the next subsection, we describe bretly the chosen hybrnd RANS/LES ap-
proadh ) before to present some performance results in o following subssction.

4.1 Limited Numerical Scales (LINS) approach

The basic idea of the LIS meodel [28] is to multiply the Revnolds stress
tensor, given by the BADS closure, by a blending function, which permits to
switch from the BANS to the LES approadh.

For what concerns the RANS closure, the standard k — £ model [29] is
usaed here, in which the Revnolds stress tensor is modeled ns follows, by
infroducing a turbulent eddy-viscosity, pu

15
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where the tilda denctas the Favre awerage, the cverbar time areraging, 5,-}- is
the Iionedier svmbeol and k is the turbulent kinetic energy. The turbulent
eddy-viscosity py i5 defined as a funchion of & and of the furbulent dissi pation
mate of energy, £, o5 follows:

k
e (7
in which . i5 a model parameter, set here equal to the classical wmlue of
008 and k and £ are obtained from the carresponding medelad fransport
equations [29].

The LIS equations are then obtained from the RANS ones by replacing
the Revnolds stress tensor F;;, given by Eq. (6, with the tensor L

iia

4 :Cp

— 2
ij = CI.RJ} =CLI|'..!J..F:J —_ ;EEﬂklé” 2 EE 1
where a is the damping function (0 < a = 1), varving in space and time.

In the LIS model, the damping function is defined as follows:

a:nﬁn{&,l] (9)

P+J

in which p, is the 5G5S viscosity obtained from a LES closure model.
The Smagorinsln: 365 model [3] is adopbed here; thus, we have:

(107

w=p00 5.5,
where O, is the model input parameter, gjj is the strain-rate tensor and & is
a length which should be representative of the size of the mescolved turbulent
scoles. Hera, A has been salected , for each tetrahed rical element of the grid,
as the length of the longest edge [5].

Summarizing, wherenvar the LES 5GE3-viscosity 15 lower than the BATSE
eddy-viscosity {a < 1), an expression very similar to the classical Smagorin-
sky model is cbtained for the turbulent stresses by combining Eqs. (8), (3)
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and(9). The difference with the classical Smagorinsly medeal is the presence
of the diagonal term proportional to k. Howewer |, for compressible Hows |, this
can be considerad as a model for the iscbropic part of the 5G5S stresses. As
discussed in [28], the medel should worlk in the LES mode where the grid is
fine encugh to resclwe a significant part of the turbulence scales, as in LES;
elsewhare (a = 1), the &k — £ RAITS closure is recoverad.

Mote that in LIS R;; is replaced with L;; not only in the momentum
and energy equations, but also in the two additional equations in & and
£ (omitbed here for sale of brevity). In those regions where a < 1, this
implies a reduckion of the turbulent linetic energy produckion, together with
a reduction of the turbulent transport of & and =,

Finally, bv construction, the present version of the LINS model i5s no more
time consuming than the RATS & — € model. Indeed, the entrarcost due to
the evaluation of the Smagorinslor eddy viscosity is negligible compared to
the crerall computation required by the sclution of the RANS k—e¢ equations.

4.2 Results: Flow around a square cylinder

The How arcund o square covlinder of infinits length is considered. The
Revnolds number, based on the cvlinder side length and the freestream valoo-
ity, is set to 22000, and the Mach number 20.1. The unstructured grid used
for this simuilaticn contains arcund 33000 nodes and half a millicn tetrahed s
(see Fig.d for a horizontal and a vertical cut of the mesh). The dimensicns
of the computaticnal domain are equal to thess emploved by contributors to
the LES worlshop [31] except for a larger dimension in the spanvwise direc-
ticn which corresponds to that of the water tunnel usad in the experments of
Lvn and Redi [32, 33]. Thus, slip conditions have been applied in the span-
wise directicn. The Reichardt wall-loer 15 used for an approdmate near-vwall
treatment on the ovlinder surfacs.

The simulations are advanced in time using an implicit scheme, with a
mecimmim CFL number equal to 25, The resulting time step leads to the
use of arcund 150 fime iterations per shedding cvecles. We have a-posterion
checled that no significant information is lost in time with respect to the
case of an explicit 4 steps Runge-Iiutta scheme with a CFL equals to 1.

WWe show in Fig. 4 the instanbanecus IMach number contours in a werkical
and horizontal section. These plots highlight the small structures predicted
in the walee by the rather coarse unstructured mesh emplonved in this warls,
and illustrate the wortex shedding phenomencn which is charactenstic of sub-
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Figure & NMesh and instantanecus Mach field in a wvertical (left and right)
and horizontal section (left).

sonic Howrs arcund such bluffF-hedies.

The bulk coefficients obtained in this LIMS simulatico are reported in
Table 5, together with same reference LES results [31] and experimental data
[32, 33]. The results summarized in this table shew that the LITS appreach
predicts the bulls coefhicients with a good accuracy, and on o coarser grid
than those emploved in the LES workshop [31].

i

Simulaticns (- ¥ 5, I
LIS 1.0 20 0.2y 1.29
Ref. LES [31] [0.38,1.79] [L66,277 [0.07,0.15  [0.89,2.98)
Experiments O [ 5, I

[32] and - 2.1 0.132 & 0.004 1.4
23]

[34] 1.2 2.28 0.130 -

Table 5: Bull: coefficients: numerical results obtained in the LITS simmlation
together with some reference LES results and expenmental data. E is the
mean drag coefficient, O} is the r.m 5. of the lift coefficient, 5t is the Strouhal
number and I, is the length of the mean reciroulation bubbls.
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Par shedding cwcle, the total simulation time is 1076 saconds on 8 proces-
sors of an ORIGIM 3300 computer equipped with R14300 500 MH=z chips. In
order to emluate the parallel speedup and efficiency of cur softerare, we have
decomposed the mesh into 2, 4, 8 and 16 partitions, each partifion being
assigned to one processor.

In Table &, we show the computational and communication time, as well
as the speedup and efficiency (defined in Sacticn 3.2) relative to each of these
mesh partibicnings for the prediction of a complete shedding cicle. From
this table, we ohsarve the good speadup and efficiency obtained through
this sequence of simulations. This proves the good parallel scalability of the
softvare used in this worl: for “integrated” parallel svstems.

Np Computationsl time Communication time S(Vp) E(Np)

2 1229 sac 3dsec 188 99.00 %
1 2053 sec 1] sac 382 9300 %

1020 sec 56 sec TE8 G475 %
1g 330 sec 3 sec 1487 9293 %

Table 6 Computational time, communication time, speadup 5{ Np) and eff-
ciency E(Vp) vs the number Np of processors of an ORIGI 3300 computer
for ashedding cvele (33000 vertices mesh).

5 Conclusion

In this papear, we howe presented some parallel simulations of three-dimensional
complex Hows, The st pedormance results concern the simmilation of a jet
in crosstlow and the propagation of a shock wore respectively on homoge-
nects and on hetercgeneous computational platforms. For this purpess and
in arder toallow dynamic memory allocation, the criginal F77 software was
extendad to o FUD version. The second set of simmulations were performed
onan DRIGIMN 3300 computer and concern a blast wave-bubble interaction
and the prediction, by a recent hybrid RANS/LES medel (namely the LIS
approach |, of a turbulent Howr which develops arcund a square cvlindar. All
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these simulskions are ressource intensive, and their computation on one pro-
ocessor wolld demand dissuasive delavs as well as too much memory. The
parallel option, that we have broetly described in this paper, combines mesh
partitioning techniques and a mesage-possing programming modsl. The per-
formance messurements pedformed on parallel svstems made of identical or
different processors (in terms of RAM and spead), have shown that cur al-
gorthm has good scalability features and is well adapted to the coarse-grain
parallel computing power that is orailable tod o on parallsl supercomputears
and on homogeneous o heterogenscus computabional gods.
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