83

Chapter 5

Supersonic Wing Design Optimization

Based on EvolutionaryAlgorithm

5.1 Introduction

Commer cia l aviation has grown remarkably with thedevelopment of theworld economy during thelast half - century . The growt h in air traffic is supposed to cont in uewell into t he21 st century with increase d demands for more efficient aircrafts such as supersonic transport (SST).

Concorde [1] is theonly supersonic airliner currently availablefor passenger service.

Although Concordeis a great achievement fromt he technological point of view, it doesn ´ t succeed i n business ver y well. Themost important limiting factor in thecommer cial success is its high operating cost. In addition, Concordehas someenvironmental concer ns such as sonic boom, air pollution , and noi seat takeoff and landing. Ther efor e, considerableimprovements arerequir ed for the next generation SST. Several research projects havebeen performed worldwide[ 2 - 7 ] .

In this chapter, an EA will beapplied to an aer odyna mic wing shapedesign for a super sonic transport. Thepurposeof this study is to exa minet hefeasibilit y of theEA - based optimization in supersonic wing design opt im i zations. Structured - coding - based crossover operator developed in

Chap.3 will beused.

This chapt er is organized as follows . Section 5.2 shows formulation of thepr esent design problem. Section 5.3 describes thedetail of thepresent EA. Thedesign results areshown in Sect ion

5.4.

5.2 Formulation of Optimization Problem

In t his study, a supersonic wing shapeis opt imized at thes u personic cruisedesign point. The cruising Mach number is set t o 2.3. Theobjectiveof thepresent design problem is t o maximizet he lift - to - drag ratio L/D at a requir ed lift coefficient C L maintaining substantial wing t hickness. The optimization pro blem is defined as follows: theobject ivefunct ion to bemaximized is L/D at C L = 0.1 with t heconstraint thickness to chord t/c

� 0.35. Theaerodyna mic perfor manceis evaluat ed by using

theCFD codedescribed in Sec. 4.4.

In thepr esent optimization, thegeometric angleof attack at wing root

a root

is changed so that

C L becomes 0.1 based on thelift coefficient varying linearly:

( )

1 1 2

1 2

1

1. 0 ) ( ) (

) ( ) (

) ( a a a a a a a a

a a + - ÷ ÷ ø

ö ç ç è

æ

-

-

=

= =

=

=

L L

L SPECIFIED L

CL root C C

C C

(5.1) wher e a 1 and a 2 areset to 3 and 5 degr ees, respectively. This approach requir es two extra flow evalu a tions.

Planfor mis assumed to bea double - delta wing similar to theNAL scaled supersonic exper imental airplane(Fig. 5.1). Wing profiles of design candidates aregenerat ed by the ext ended

Joukowski transfor mation . These ext ended Joukowski paramet ers and t het wist angle will begiven at eight span sect ions , of which spanwiselocations area l so treated as design variables except for the wing root and tip locations. Wing geometry is then int erpolated in spanwised i rection by using the second - order Splineinterpolation. Parameter ranges of thedesign spaceare shown in Table5.1.

Fig. 5.1 Wing planform

Table5.1 Parameter ranges of thedesign space

parameters x c y c x t y t D twist angle

upper - bounds 0.00 0.10 1.050 0.05 0.8 10 deg.

lower - bounds - 0.10 0.00 1.000 - 0.05 0.0 - 5 deg.

5.3 Optimization Using EA

The present EA uses non - overlapping syst emcoupled wit h theelitist strategy. T he best and

thesecond best individuals in each generation are preser ved . Theparental select ion consists of t he

SUS and theranking met hod using Michalewicz ´ s nonlinear function . Offsprings areproduced

applying one - point crossover based on the structured coding and evolutionary direction operator at a

ratio of 7 to 3. Mutation takes placeat a probabilit y of 1 0% and then adds a randomdisturbanceto the

corr e sponding gene in thea mount up to ± 10% of each paramet er range sho wn in Table5.1 . The

population sizeis kept at 64 and t hemaximumnumber of generations is set to 50. Theinit ial

population is generated randomly over theent ir edesign space . Theadaptivesearch rangestrategy

described in Chap. 2 was not used becauset his study was conduct ed beforethedevelopment of the

real - coded ARGAs.

Theconstraint of minimum thickness is satisfied by using abortion strategy. When a child

violating the constraint is produced froma pair of parents through crossover and mutation,

r eproduction of thechild is canceled and then anot her pair of parents is select ed until a satisfactory

design candidateis reproduced.

Sixty - four PEs of NWT areused to parallelize theevaluation using themaster - slaveconcept.

In t he present case, each CF D evaluation takes about 1 h of CPU t ime(for threeEuler evaluations) on

a singlePE.

5.4 Results

Becausethewing planfor mis fixed and theviscous drag primary depends on theplanfor m

area , inviscid calculations areused for thepresent aerodyna mic ev aluations. Thet otal drag evaluat ed

her econsists of t hevolumewavedrag, thelift dependent wavedrag, and theinduced drag. Among the

threedrag components, thelift dependent wavedrag primary depends on t heplanfor m. Therefore, a

design that achieves t heminimum volume wavedrag and theminimuminduced drag will ensur ethe

feasibility of thepresent approach.

Theopt imization history of t hepr esent E A is shown in Fig . 5.2 in ter ms of C D . Thedesign has

drag coefficient of 77.7 counts and L/D of 12.83. Becausetheevaluation takes about 1 h per

generation, theoptimumis obtained in 50 h

.

0.007

0.008

0.009

0.01

0 10 20 30 40 50

CD

Generation

Fig. 5.2 Optimization history

Figur e5.3 compares t hespanwiseloa ding distribution of the designed wing with a parabola

that is known to givet heminimuminduced drag when thestructural constraint is consider ed [8]. The

parabolic load distribution indicates that thedesign achieves theminimuminduced drag.

Theopt imized airfoil sect ions and thecorresponding pressuredistributions at the0, 33, and

66% spanwisel ocations areshown in Fig. 5.4. Thedesigned wing incr eases t heca mber toward the

wing tip to incr ease c l . This helps to yield theparabolic load distribution to achievetheminimu m

i n duced drag. On theot her hand, theairfoil t hickness becomes as thin as possiblein the given design

spaceto minimizethevolumewa vedrag, as expect ed. Theplot is not shown her e, becausethe

thickness is simply 3.5% to thechord.

0

0.02

0.04

0.06

0.08

0.1

0 0.2 0.4 0.6 0.8 1

Load

Parabola

Load

2Y/B

Fig. 5.3 Spanwiseload distribution of thedesigned wing

0%

33%

66%

-0.2

-0.1

0

0.1

-CP

-0.2

-0.1

0

0.1

-0.2

-0.1

0

0.1

-0.02

-0.01

0

0.01

0.02

Z/C

-0.02

-0.01

0

0.01

0.02

-0.02

-0.01

0

0.01

0.02

Fig. 5.4 Optimized airfoil secti ons and thecorresponding pressuredistributions

Figur e5.5 illustrates thespanwisetwist angledistribution and its control points of the

designed wing. Geometric angleof attack is set to 5.63 degr ees to ha ve C L of 0.1. Remarkably, three

control points arelocat ed near thekink at the60% spanwiselocation so t hat thewing twist reduces

from2.5 degr ees to 0.5 degr eerapidly. Thespanwise twist angledistribution varies drastically her e

whilet hespanwiseload distribution shown in Fig. 5.3 is surprisin gly smooth. Resultant pressure

contours on theupper surfaceof thewing is depicted in Fig. 5.6 .

-4

-2

0

2

4

6

-0.2 0 0.2 0.4 0.6 0.8 1 1.2

Twist angle

Control points

Twist angle

2Y/B

Fig. 5.5 Spanwisetwist angledistribution and its control points

Fig. 5.6 Pressurecontours on theupper surfaceof thewing

5.5 Summary

To ensur efea sibility of EAs in supersonic aerodyna mic design opt imizations, an E A coupled

with an Euler codehas been applied to a supe r sonic wing shapedesign . To overcomeenor mous

computational t imenecessary for theoptimization , aer odyna mic evaluations aredistrib uted t o thePEs

of NWT. Pa r allelization of EA on NWT is straightforward , and its perfor manceis extremely good i n

reducing theturnaround time.

Theoptimumdesign obtained fr omthepr esent approach yields both t heminimuminduced

drag and theminimumvolum e wavedrag in thegiven design space. This indicates thefeasibilit y of

thepresent approach for aerodynamic design of supersonic transport.

In addition, thepresent study indicates themost important features of supersonic wing design

as compared with co nventional transonic wing design as follows:

1) Warp geometry based on camber lineand twist angle distributions plays a moreimportant rol e

than spanwiset hickness distribution. In t hepresent design, thethickness beca mesimply as thin as

possible.

2) Because thewing thickness constraint comes fromt he wing structure, a mor epractical structural

constraint will berequired.

References

[1] Rech, J. and Leyman, C. S., A Case Study by Aerospatiale and British Aerospace on the Concorde ,

AIAA Professional Study S eries.

[2] Iwamiya, T., ^ NAL SST project and Aerodynamic Design of Experimental aircraft, ~ Proceedings

of the Fourth ECCOMAS Computational Fluid Dynamics Conference , Vol. 2, John Wiley & Sons,

Chic h ester, U.K., 199 8, pp 580 - 585.

[3] Yoshida, K., ^ Fundament al Research on Aerodynamic Design of 2 nd Generation SST, ~

Proceedings of the Fourth ECCOMAS Computational Fluid Dynamics Conference , Vol. 2, John

Wiley & Sons, Chic h ester, U.K., 199 8, pp 586 - 591.

[4] Boeing Commercial Airplanes, ^ High - Speed Civil Transport Study, ~ NASA CR - 4233, 1989.

[5] Douglas Aircraft Company, ^ Study of High - Speed Civil Transports, ~ NASA CR - 4236, 1990.

[6] Lovell, D. A., ^ Aerodynamic Research to Support a Second Generation Supersonic Transport

Aircraft ˘ theEUROSUP Project, ~ Proceedings of the Fourth ECCOMAS Computational Fluid

Dynamics Conference , Vol. 2, John Wiley & Sons, Chic h ester, U.K., 199 8, pp.643 - 648.

[7] Grenon, R. and Prat, D., ^ French Research Activities on theFutureSupersonic Transport Aircraft, ~

Proceedings of the Fourth ECCOMAS Computational Fluid Dynamics Conference , Vol. 2, John

Wiley & Sons, Chic h ester, U.K., 199 8, pp.655 - 661.

[8] Jones, R. T., Wing Theory , Princeton University Press, Princeton, NJ, 199 0 , Chap. 7.