30 Yearsof CFD: Its Evolution During the
Careerof PierrePerrier

Antony Jameson

It is an honorto beinvited to provide an article for the volume celebrat-
ing the cortributions of Pierre Perrier to aeronautical science. These have
been widespread,ranging from his certral role in the designof a seriesof
remarkable aircraft (Figure 1,2,3,4),thorough the dewelopmen of both ana-
lytical and computational methods in aeradynamics, and beyond to history
and philosoply. The breadth of his interest and perspective are a strik-
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ing feature of his unique career,which hashad sud a major impact on the
dewelopmen of aeronauticalscience.

In this cortribution | focus on the ewlution of computational uid dy-
namicsduring the last three decadeswhich spanrather preciselythe career
of Pierre Perrier. In fact this sciencebarely existedat the start of his career.
By now it is fairly mature and provides the foundation of the aeradynamic
designprocessin both the preliminary and detailed design phases. Pierre
Perrier has had a signi cant role in bringing this about both through his
insistenceon the needfor methods that could treat generalcon gurations
and complex ows, and his persistencein forcing the dewelopmen of sud
methods.

Here | will illustrate the progresswith someexamplesdrawn from my
own work since 1970. At that time we had no computational capability in
uid dynamicsat all at Grumman Aerospacewherel wasworking, although
Hessand Smith had announcedtheir panel method se\eral yearsearlier. In
orderto get started | wrote two computer programsfor two dimensionalideal
potertial ow, ol and synl, both basedon conformal mapping. Flol cal-
culate the ow past a given pro le by Theordorsen'smethod. Synl soled
the inverseproblem of nding the pro le correspnding to a speci ed target
pressuredistribution by an extensionof Lighthill's method. Theseprograms
were written for the IBM 1130. This was an early precursor of the classof
machines which cameto be called minicomputers. It was about the size of
a refrigerator, and had only a few thousand words of memory Coding was
restricted to a subsetof Fortran. Input was by punched cards, and output
by a line printer. There was no graphics capability. The calculations took
5-10minutes. Thesecodeshave survived, and now run on a laptop computer
in about 1/50 second.Figure 5 illustrates a direct calculation by ol of the
ow past a NACA 0012 airfoil. Figure 6 illustrates an inverse calculation
by synlin which the Whitcomb airfoil is recovered from its subsonicpres-
suredistribution. The conformal mapping techniquesyield essetially exact
results with quite a small number of meshpoints, of the order of 72.

Flol and synl were newer usedat Grumman. Many yearslater | found
them very usefulfor the dewvelopmen of hydrofoils designedo delay the onset
of cavitation. They were, howewer, a rst step towards the dewelopmen of
methods to calculate transonic o w, which was the major challengeat that
time. Transonic o w had proved essetially intractable to analytic methods.
It was also known from Morowertz's theoremthat although it was possible
to generateshack free solutions by hodograph methods, thesewere isolated
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Figure 5: Direct calculation of Figure 6: Inversecalculation, re-
ow past a NACA0012 airfoil covering Whitcomb airfoil

point solutions which could not be continued over a range of Mach number
or angle of attack. Murman and Cole had already in 1970introduced their
mixed type sdheme for the transonic small disturbance equation [1], and
e orts wereunderway to extend their ideasto more generaltransonic o ws.
| started interacting with and subsequetty joined Garabedian'sgroup at the
Courant Institute. It proved possibleto treat arbitrary transonic potential
o ws through the rotated di erence stheme[2]. For two dimensional o ws
this wasapplied after transforming the o w domainto the interior of a circle
by conformalmapping, usinga method originally implemenrted as 02, which
allowed the treatment of open trailing edges.This madeit possibleto add a
boundary layer displacemen model with a wake to correct the calculations
for viscouse ects.

The rotated di erence stheme proved to be a very robust method, and
it provided the basisfor 022, dewloped with David Caugheyduring 1974-
75 to predict transonic ow past swept wings. At the time we were using
the CDC 6600, which had been designedby Seymour Cray, and was the
world's fastest computer at its introduction, but only had 131000words of
memory This forced the calculation to be performed one plane at a time,
with multiple transfersfrom the disk. Flo22 was immediately put into use
at McDonnell Douglas. A full swept wing calculation took about 3 hours,
at a cost of about $500. Newerthelessthey found it worthwhile to perform
about v e calculationsa day. A simpli ed in-core versionof 022 is still in



useat Boeing Long Bead today, and runs on a PC in about 15 seconds.At
the Courant Institute we cortinued to look for more e cient and accurate
methods, and to try to gain better understandingof issuessud asnumerical
shock structure and the prediction of wave drag. Many of the resulting
improvemens were enbodied in 036, which solwes the fully conserative
potential ow equationsby a multigrid alternating direction method. Figure
7 shaws a result for the NACA 64A410 calculated in just three multigrid
cycles.
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Figure 7: Pressuredistribution over NACA 64A410 after three
multigrid cycles

In the sameperiod Pierre Perrier was focusing the researt e orts at
Dassaulton the dewelopmen of nite elemen methods using triangular and
tetrahedral meshespecausene believedthat if CFD software wasto bereally
useful for aircraft design,it must be able to treat complete con gurations.
Although nite elemen methods were more computationally expensiwe, and
meshgenerationcortinued to presen di culties, nite elemen methods of-
fered a route towards the achievemern of this goal. The Dassault/INRIA
group wasultimately successfuland they performedtransonic potential ow
calculationsfor completeaircraft sud asthe Falcon50in the early eighties
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[3]. This was a major achievemert which had a signi cant impact on the
thinking of the CFD comnunity world wide. It placed Dassault clearly at
the fore-front in the industrial application of CFD.

By the eighties advancesin computer hardware had made it feasible
to solwe the full Euler equationsusing CFD software which could be cost-
e ective in industrial use. In 1980Euler solutions generally required of the
order of 10,000stepsto read a steady state, and often exhibited oscillations
in the neighborhood of shack waves. Thesedi culties were resohed during
the following decade,in the courseof which a fairly complete understand-
ing of shack capturing algorithms was achieved, stemmingin particular from
cortributions of Godunov, Van Leer, Harten and Roe. Fast multigrid solu-
tion methods were also deweloped, typically using generalizedRunge Kutta
or LU implicit methods with sometype of pre-conditioning. It hasrecerily
proved possibleto re ne the LUSGS multigrid method to the point where
steadystate Euler solutionscanbe obtainedin 3-5cycles[4]. This allowstwo
dimensionalcalculationson a 160x 32 grid to be performedin 1/2 secondon
a PC with a 2GHz Pentium 4 processor,and three dimensionalcalculations
ona192x 32x 32grid in 23 seconds.Figure 8 shaws a result for the RAE
2822airfoil.
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Figure 8: Transonic ow past RAE 2822airfoil at Mach 0.75,
3.0degreesncidence. Solution with H-CUSP schemeatfter three
multigrid cycles



By this time | was at Princeton where, motivated by the successest
Dassault, we also mounted a major e ort to dewelop a method to solwe the
Euler equations of unstructured meshes,and were nally able to calculate
the ow past a complete Boeing 747, including ow through the nacelles,
at the end of 1985with the "airplane" code [5]. This software was heavily
usedin the NASA supersonictransport program and cortinuesto be used
at the presen time. Current versionsuse a multigrid algorithm with fully
parallel operation on multiple CPUs. This enablesan airplane calculation
on a meshwith 2 million cellsto be performedin about 30 seconds.Figure 9
shows a simulation of the Airbus 320. Contemporary dewelopmerns at Das-

Figure 9: Airbus 320

sault led to an in-housecapability to perform both Euler and Navier Stokes
calculationsfor arbitrary con gurations sud asthe Rafale. There was also
a major e ort on both sidesof the Atlantic to improve the ability to pre-
dict hypersonic o w, stemmingfrom the Hermesand NASP projects. With

Dassault holding the responsibility for the aeradynamic designof Hermes,
Pierre Perrier played a leadingrole in the sponsorshipand direction of CFD

researb for hypersonic ow throughout Europe, and had a major in uence
in raising CFD capabilities to a new standard. Figure 10 shovs a Hermes



calculation which exempli es the CFD capabilities that by now existed at
Dassault, which remained unmatched throughout the rest of the aviation
industry.

Figure 10: CFD calculation of HermesSpacecraft,Mach 9 to 29

Today CFD can be routinely usedfor the analysisof complex o ws, and
CFD simulation of attached o ws are certainly accurate enoughfor perfor-
mance predictions. There remain di culties in the prediction of separated
andturbulent o ws, which motivatescortinuing researt on turbulence mod-
eling, and both large eddy simulation (LES) methods and direct Navier
Stokes (DNS) methods for the study of turbulence. Howewer, the compu-
tational complexity of LES and DNS methods for high Reynolds number
ows is beyond the read of any computersforeseeablewithin the span of
our careersunlesssomecompletely new technology wereto emerge.

The e ective useof CFD for designultimately requiresanother level of
software which canguidethe designeiin the seard for improved aeradynamic
shapes on the basis of the predicted aeradynamic performance. Pironneau
already investigatedthe problem of optimum shape designfor elliptic equa-
tions by 1984[6]. The presem author applied cortrol theory to optimum
shape designfor transonic ow in 1988, deriving adjoint equationsfor tran-



sonic potertial ow and the Euler equationswhich allowed the extraction
of the Fredhet derivative (in nitely dimensionalgradiert) at the cost of one
ow and oneadjoint solution [7]. This method hasbeenre ned over the last
decade,and alsoextendedto the Navier Stokesequations,and now provides
an e ective tool for wing design[8]. The last gures (Figure 11,12) show
the results of Navier Stokesredesignsof the Boeing 747 wing at its presen
cruising Mach number of .86, and also at a higher Mach number of .90.

COMPARISON OF CHORDWISE PRESSURE DISTRIBUTIONS
B747 WING-BODY

-15 REN =100.00 , MACH =0.860 , CL=0.419 15

10 e SYMBOL  SOURCE ALPHA  CD 10
SYN107 DESIGN50 2258  0.01136 T
-0.5 U . SYN107 DESIGN 0 2.059  0.01269 051 SR
o a -
o I3)
0.0 ; = . 0.0 f=F T =T~
02 04 06 08 -0 02 04 06 08
0.5 X/C 0.5 X/C
41.3% Span 89.3% Span
1.0 1.0
-15 1.5

Solution 1
Upper-Surface Isobars
( Contours at 0.05 Cp )

10 1

-0.5

" 27.4% Span / /’ - 5
-1.5 ’//4/////// .
:1.0 Y M/////{{// :1,0 —

0.0 Sy 0.0 w —
02 04 06 08 10 02 04 om,o
0.5 X/C 05 XIc
10.8% Span 59.1% Span

1.0 / 1.0

Antony Jameson
COMPPLOT MCDONNELL DOUGL@_ 14:40 Tue
Jcv1.13 . 28 May 02

Figure 11: Comparisonof Chordwisepressuredistributions beforeand after
redesign,Re=100 million, Mach=0.86, CL=0.42

The calculations are for the wing-fuselageconmbination, with shape changes
restricted to the wing. In eadh casethe planform was held xed, while sec-
tion changeswassubject to the constrairnt of maintaining the samethickness.
The lift coe cient and also the spanload distribution were constrainedto
be xed during the optimization, so that the root bending momen would
not be increased,and the susceptibility to bu et would not be impaired due

8



-1.5

-1.0

COMPARISON OF CHORDWISE PRESSURE DISTRIBUTIONS
B747 WING-BODY
REN =100.00 , MACH=0.900 , CL=0.421 .15

SYMBOL ~ SOURCE ALPHA  CD 10

SYN107 DESIGN 50 1.766 0.01293

0.5 h L (- SYN107 DESIGN 0 1536  0.01819 -0.5

o s o i
o S 9 -

0.0 SR T~ 0.0 — t o

7 02 04 06 m.o 02 04 o.;}m
0.5 X/C 0.5 X/C
41.3% Span 89.3% Span
1.0 1.0

-1.5

-1.0

05

=%
o

1.

Solution 1
Upper-Surface Isobars
( Contours at 0.05 Cp )

A

02 04 06 08 .0

0.0 4%
O.SjI/
0

s

X/C
27.4% Span

0.0 * T i
7”02 04 06 08
05 X/C
74.1% Span
1.0

i ik

" Zh o

1.0

COMPPLOT
JCV 113

0.0 Py 0.0 — S
02 04 06 08 10 02 04 06 08 0
0.5 X/C 05 XIc
10.8% Span 59.1% Span
/ 1.0

Antony Jameson

MCDONNELL DOUGLAS; 18:59 Sun
. 2Jun 02

Figure 12: Comparisonof Chordwise pressuredistributions beforeand after
redesign,Re=100 million, Mach=0.90, CL=0.42

to an increasein the lift coe cient of the outboard sections. At Mach .86
the drag coe cient is reducedfrom 126.9courts (.01269)to 11.36courts, a
reduction of about 5 percen of the total drag of the aircraft. At Mach .90it
is reducedfrom 181.9courts to 129.3courts. Thus the redesignedwing has
about the samedrag at Mach .90 asthe original wing at Mach .86, suggesting
the potertial for a signi cant increasein the cruise Mach number, provided
that other problemssud as engineintegration could also be solved. Since
the wing thicknessand span load distribution are maintained there should
be no penalty in structure weight or fuel volume. The required changesare
quite subtle and there would be no hope of nding them by wind tunnel
testing. Clearly there is the potertial to revolutionize the designprocessby
e ectiv e useof shape optimization technology of this kind.

The overall progressthat hasbeenadieved during the last 30 yearswas



unimaginablein 1970. A major factor has beenthe astonishingrate of im-
provemen of computers,sothat modern laptops have a performanceequiva-
lent to the super-computersof fteen yearsgo. But intellectual cortributions
sud asadvancesin algorithms have had a roughly equalimpact.

In all this the in uence of Pierre Perrier's thinking has beensigni cant
and widespread. His direct involvemen both with the conceptualand de-
tailed designof a successiorof Dassaultaircraft together with his participa-
tion in the researb e orts at Dassault gave him a unique perspective. He
had the foresigh to pursue a long term strategy which ultimately placed
Dassaultat the frontier of the industrial application of CFD.

Ac knowledgmen t

The results preserted herewerethe outcomeof collaborations with many
colleaguesand friends both in universities and in industry. The author's
researb during the last ten yearson optimum aeradynamic shape designhas
alsobene ted greatly from the continuing support of the Air ForceO ce of
Scieni c researb under a seriesof grants. This paper has been prepared
with the assistanceof Kasidit Leoviriy akit.

References

[1] Murman E. M., Cole J. D., Calculation of plane steady transonic ows,
AIAA 1974;12:626-33

[2] JamesonA., Iterative solution of transonic ows over airfoils and wings,
including ow at Mach 1., Commum Pure Appl Math 1974;27:238-309

[3] Bristeau M. O., Glowinski R., Periaux J., Perrier P., Pironneau O.,
Poirier C., On the numerical solution of nonlinear problemsin uid
dynamics by least squae and nite element methals(ll), applica-
tion to transonic ow simulations, Comput Methods Appl Med Eng
1985;51:363-94

[4] A. Jamesonand D. A. Caughey How Many Stepsare Required to Solve
the Euler Equations of Steady CompressibleFlow: In Search of a Fast
Solution Algorithm, AIAA 2001-267315th AIAA Computational Fluid
Dynamics Conference June 11-14,2001,Anaheim, CA.

10



[5] A. Jameson,T. J. Baker, and N. P. Weatherill, Calculation of Inviscid
Transonic Flow Over a CompleteAircraft, AIAA Paper 86-0103 AIAA
24th AerospaceSciencedMeeting, Reno, January 1986.

[6] Pironneau O., Optimal sham design for elliptic system New York:
Springer, 1984

[7] Jameson A., Aerodynamic design via control theory, J Sci Comput
1988;3:233-60

[8] A. Jamesonand J. C. Vasskerg, Computational Fluid Dynamics for
Aerodynamic Design: Its Current and Future Impact, AIAA 2001-0538,
39th AIAA AerospaceSciencesMeeting & Exhibit, January 8-11,2001,
Reno, NV.

11



