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Introduction and Background

A MODERN � ghter is required to have high aerodynamic per-
formance, that is, high lift with low drag, high aerodynamic

ef� ciency (CL =CD) at subsonic speed, and in the meantime low
cruise drag at supersonic speed, etc. Stealthy performance has be-
come one of the basic requirements to a modern � ghter. The task
of a designer today is to shape the aircraft with not only maximum
aerodynamic ef� ciency but also low observability. Up to now, re-
ducing radar cross section (RCS) is the most important part of a
low observable technique for a � ight vehicle. These requirements
derive the development of multiobjective (MO)/multidisciplinary
(MD) optimization.

In multiobjectiveoptimizationdesign problems the aim is to min-
imize (or maximize) a vector function, whose components are indi-
vidual objectives. There is seldom just one optimal solution, but a
family of optimal solutions to this kind of problems. This family is
consideredas a pareto-optimalset of solutions,which is desirablefor
manypracticalengineeringdesigns,becausethe tradeoffamongvar-
ious objectivescan be observed in it. Using traditional optimization
approaches, several optimizationprocesses have to be conductedto
� nd the set of pareto-optimal designs. In some cases balanced or
nearly equal gains of individual objects are desired, for example,
balanced gains of lift and drag are desired for a high aerodynamic
performanceairfoil orwing. Thus, the goalof MO/MD optimization
in these cases is to obtain the required one of their pareto solutions
at a minimal computingexpense.A computationaldesign of a high-
performance airfoil and wing using biobjective (BO)/bidisciplinary
(BD) optimization technique is discussed in the present Note.

Optimization Approach
There are numerous available monoobjective methods: deter-

ministic optimization methods (DOM) and genetic algorithms
(GA). Monoobjectiveoptimizationis a scalaroptimization,whereas
BO/BD optimization is a vector optimization.To apply the numer-
ous availablemonoobjectiveoptimizationalgorithms to BO/BD op-
timization, the vector optimizationproblem has to be formulated as
a scalar one.
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The key of this formulation is to construct a resultant objective
function from the individualobjectives(in deterministicmethod) or
a suitable � tness function (in genetic algorithm).

A commonly used and well-known approach, named the linear
combination of weighted objects optimization (LWO) method, to
formulatea vectoroptimizationas a scalarone is takingtheweighted
sum of individual objective functions, that is,

Pn
i D 1

Ci obji as the
objective function of MO/MD optimization.1 Here Ci is called the
weighted coef� cient, 0 · Ci · 1 and

Pn
i D 1

Ci D 1. So the resultant
objectivefunctionusing the LWO method in DOM can be expressed
as
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The � tness function using LWO method in GA can be expressed as

F F D exp
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!
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The disadvantage of LWO is that its solution is very sensitive
to the combination of weighted coef� cient, which is mainly deter-
mined with user’s experience. To improve it, a new method [ob-
jective function combinationmethod (OFCM)] for constructing the
resultant objective function in DOM or the � tness function in GA is
suggested.The general guideline of constructing this kind of func-
tion is as follows:

1) The gains of all individual objects can be obtained as equal as
possible.

2) The total gain of all objects is expected as large as possible.
In the BO/BD case, accordingto the guideline,a new constructed

resultant objective function can be expressed as
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R D .GO1/
2 C .GO2/2 (5)

where GO1 , GO2 are the incrementsof the two objectvalues respec-
tively. ®1 D 0:1 and ¯ D 0:4 are used in the present Note.

The corresponding� tness function is expressed as

FF D exp[F.GO1;GO2/] (6)

Usually there are some constraints in an optimization prob-
lem. These constraints can be satis� ed by adding a penalty func-
tion to the resultant objective function F . If the constraints are
9i ¸ Di ; i D 1; 2; : : : ; m , the resultant objective function with con-
straints can be written as

F D F ¢
mY

i D 1

Pi ; Pi D
»

eAi .Di ¡ 9i /; 9i < Di

1; 9i ¸ Di (7)
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Numerical optimization experiences show that the optimum-
searchingalgorithmhas signi� canteffectson resultsin deterministic
optimization.With the fast developmentof computertechnology,di-
rect searchingalgorithmsare becomingfavorableto engineers.They
are simpler than other ones, such as gradient and second derivative
methods. Powell method2 is chosen as an optimum-searchingalgo-
rithm in present deterministic optimization calculation.

Holland suggested the genetic algorithm,3 which is stochastic,
and the global optimization algorithm based on natural selection
and evolution behavior. The design variables are represented as in-
dividual members of a population. Features and parameters of the
design are coded with some coding techniques and to form “chro-
mosomes” that describe individualdesign variables. Individualsare
evaluated for a � tness value, which is a measurement of individual
quality. Selection, crossover, and mutation operators are called ge-
netic operatorsin GA. The processof selection,mutation,crossover,
evaluation, and reproduction are repeated until the convergence of
a suitable solution to the problem is achieved.

In the present Note decimal coding and game selection strategy
are used. The parameters are populationsize 40, generationnumber
40, crossover probability 0.6, and mutation probability 0.4.

The computational cost of applying GA is generally found to be
much higher than that of alternativeapproaches.This is particularly
evidentif Euler orNavier–Stokes � ow analysis is employed.Parallel
computing is therefore often required to allow a reasonable total
computing time. In the present note parallel GA computations are
made within cluster personal computers under an massage passing
interface (MPI) [or parallel virtual machine (PVM)] environment.
A network of three PCs connected via ethernet under PVM is used
in two-dimensionalcalculation.A network of 80 PCs connectedvia
ethernet under MPI is used in three-dimensionalcalculation.

Flow� eld Calculation
In � ow� eld calculation Euler equations are used as governing

equationsforboth two- and three-dimensionalexamples.The nondi-
mensional compressible three-dimensionalEuler equations in con-
servation form can be written as
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The � nite volume method is used to discretize Eq. (8), and Van
Leer’s scheme is used to discretize the inviscid � ux vector. The
MUSCL method is used to obtain a second-order accuracy. For
time integration of Eq. (8), a lower-upper factorization method is
used. In the following calculations drag CD is equal to wave drag
CDW because Euler equations are taken as governing equations.

Electromagnetic-Field Calculation
A two-dimensionalbidisciplinary(aerodynamics/electromagnet-

ics) optimization is made. The evaluation of RCS is based on
the numerical solution of time-domain two-dimensional Maxwell
equations. The TM mode of two-dimensional Maxwell equations
can be written as4
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J D »x ´y ¡ »y´x ; "0 , and ¹0 are the permittivity and permeablility
coef� cients respectively in free space.

The � nite volume method and Steger–Warming’s � ux-splitting
scheme are used to discretize Eq. (9). More detailed information

for solving the boundary-valueproblem of Eq. (9) can be found in
Ref. 4. By using the equivalence principle,5 the obtained near-� eld
scattered solution is converted to the far-� eld solution, which is
transformedto frequencydomain using fast Fourier transformation.
The RCS, which is usually de� ned in frequency domain, can then
be calculated.4

Grid Generation and Representation of an Airfoil Shape
In the optimization process the airfoil shape varies continuously,

and a lot of iterationof � eld solutionis required.Thus, a fast, robust,
and high qualitative grid-generationmethod is essential. A trans� -
nite interpolation grid-generation method applying B-spline curve
lines and surfaces is used. The basic considerationsare as follows:

1) Original B-spline method can producea high qualitativecurve
surfacegrid, but the grid boundariesare only similar to and not coin-
cident with the initial boundaries.Applying trans� nite interpolation
method, they can be completely coincident.

2) Trans� nite interpolation method can generate the smoothest
grid with continuous second derivatives when B spline is used as
blendingfunction,especiallywhen the inversealgorithmofB-spline
curve surface generation is used, in which the boundary conditions
of tangential vector at end points of boundary and torque vector at
four corners are used. These vectors can be controlled and adjusted
to meet the requirement to the grid.

In three-dimensionalcalculationa two-dimensionalgrid is gener-
ated in a streamwisedirectionbyusingthismethod,and thespanwise
grid topogy is of H type.

The coordinatesof an airfoil contour are taken as the design vari-
ables, and the analytic shape function6 is used to vary the shape of
the airfoil,

Ny D Nyb. Nx/ C
nX

i D 1

ai si . Nx/ (11)

where Nyb ( Nx/ is the baselinepro� le; Nx , Ny are nondimensionalcoordi-
nates; si ( Nx/ is one of the shape functions to perturb systematically
the baseline pro� le; and undetermined coef� cients ai are taken as
the design variables.

Numerical Results and Discussions
Two-Dimensional Case Examples
Case 1

Airfoil NACA0012 is chosen as a baseline airfoil. It is desired to
modify its shape to minimize its drag CD and at the same time to
maximize its liftCL underthe conditionof M1 D 0:75; ® D 2:57deg
and the constraintof .t=C/max ¸ .t=C/max0 . For comparison,this ex-
ample is also calculated using the LWO method with two different
combinations of weighted coef� cients. Both OFCM and LWO cal-
culations are carried out using both deterministic (Powell) method
and genetic algorithm. Table 1 gives the calculated results.

It can be seen that in LWO solutions if one relative increment
is positive then the other is negative, and this is not our goal. The
present(OFCM) methodgivesbetter compromisedsolutions,which
meet the requirements.

Case 2
Airfoil NACA65006 at M1 D 1:5; ® D 0 deg is optimized to re-

alize low observability at the leading edge and a smaller CD at the
same time under the constraints of keeping the airfoil symmetric
and the maximum thickness larger than or equal to the original,
that is, .t=C/max ¸ .t=C /max0 . The calculated results are given in
Table 2. The result using LWO with (0.5,0.5) is also given here for
comparison.

Table 2 shows that pareto solutionsare obtainedin all calculations
in bidisciplinaryoptimizationand a better compromised solution is
obtained using OFCM.

Three-Dimensional Case Example
Three-dimensional Euler equations are used as governing

equations for � ow� eld calculation, and the parallel genetic algo-
rithm with OFCM is used as the optimization method.
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Table 1 Comparison of calculated results of NACA0012

NACA0012
M1 D 0:75; ® D 2:57 deg CL Increment, % 1=CD Increment, %

Initial 0.6538 —— 27.63 (1/0.03618) ——
Optimized

LWO
(0.5, 0.5)

Powell 0.2887 ¡55.8 162 (1/0.00618) 486
GA 0.3604 ¡45 132.1 (1/0.00757) 378.1

(0.9, 0.1)
Powell 1.3111 100.5 4.27 (1/0.2342) ¡84.5
GA 1.1878 81.6 11.15 (1/0.089667) ¡59.6

OFCM
Powell 0.985 50.7 42.37 (1/0.0236) 53.3
GA 0.8979 37.3 48.3 (1/0.0207) 75

Table 2 Comparison of calculated results of NACA65006

NACA65006
M1 D 1:5; ® D 0 deg 1=CD Increment, % ¡RCSµ D 180 deg Increment, %

Initial 37.34 (1/0.02678) —— 5.074 ——
Optimized

OFCM
Powell 45.25 (1/0.02210) 21.2 13.70 170
GA 44.42 (1/0.02251) 18.9 16.22 220

LWO
GA 41.0 (1/0.024401) 9.8 42.94 746

Table 3 Comparison of calculated results of 3D case

M1 D 0:6; ® D 2 deg M1 D 1:5; ® D 0 deg

3D wing BO CL CDW CL=CDW 1CL =CDW , % CDW 0 1CD0, %

Initial 0.045801 0.005155 8.8842 0 0.01177 0
Optimized

OFCM 0.098092 0.007176 13.6702 53.9 0.015405 30.9
LWO 0.102980 0.007437 13.8462 55.9 0.015824 34.4

A three-dimensional wing plane is taken as the baseline, which
has a sweep angle of leading edge Â D 35 deg, an aspect ratio
¸ D 3:9, and a taper ratio ´ D 0:17. The NACA 65006 airfoil is
taken as the wing-section pro� le. It is required to increase CL =CD

at M1 D 0:6; ® D 2 deg and at the same time to reduce CD at
M1 D 1:5; ® D 0 deg. In the optimization process � ve sections are
used as control sections. In each of them four coef� cients ai of
Eq. (11) are used as design variables. The total number of design
variablesis 20. For comparison,calculationis also made usingLWO
with (0.5, 0.5). Table 3 gives the calculated results.

To increase CL=CD in subsonic speed, the three-dimensional
wing has to be cambered and twisted. However, this makes the
drag increase in supersonic speed. Biobjective optimization can let
this increase be as low as possible. The optimized results using
both LWO and OFCM methods give the same good compromised
solutions, which are shown in Table 3.

Conclusions
Biobjective and bidisciplinary optimal design of high-

performance airfoil and wing applying two kinds of optimization
methods [deterministicoptimization (DOM) and genetic algorithm
(GA)] are discussed. An objective function combination method
(OFCM) of constructing a resultant objective function in DOM or
a � tness function in GA for biobjective optimization is suggested.
Comparing to LWO, OFCM does not require user’s experience of
giving a suitable weighted coef� cient combination. Numerical re-
sults in both two-dimensional(airfoil)and three-dimensional(wing)
cases show the following:

1) All of the optimal solutions improve the original performance
obviously.

2) Using the suggested OFCM, a better than or at least the same
as LWO’s compromised solutioncan be achieved without requiring
the user’s experience.

3) Solutions using DOM and GA are similar and comparable
because their optimizationsare initiated from same baseline airfoils
or wings.

4) The optimization method presented in this Note can be used
to optimize different kinds of initial airfoils, wings, and � ow condi-
tions. The performance of the optimized shape is improved signi� -
cantly. The method works successfully and effectively.
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Introduction

T HE vortex system shed from an aircraft wing rolls up rapidly
downstream of the aircraft to form two counter-rotating vor-

tices.These vorticesmay persist for some time after their generation
and can induce signi� cant upsetting rolling or pitchingmotions and
thus pose a hazard to other aircraft that penetrate them. Moreover,
tip vortices shed from helicopter rotor blades and propellers interact
with following blades causing rotor noise and vibration.Therefore,
to minimize the wait time of aircraft on the ground and in the air,
as well as to reduce the tip-vortex-generatednoise and accompa-
nying potential hazards, the tip-vortex-wake characteristics must
be measured and predicted accurately and controlled to allow the
most ef� cient use of airport facilities and to ensure � ight safety
as well.

Numerous experimental, theoretical, and computational investi-
gations have been conducted to improve the understanding of the
tip-vortex structure and its dissipation or persistence.However, un-
like the usual void of experimental data, a substantial effort has
been invested in developing theoretical and numerical models for
the rollup process of tip vortices. Excellent reviews of the underly-
ing theories are given by Williams1 and Spalart.2 The bulk of the
experimentaleffort has been mainly directed toward � nding the rate
of change of the tangential velocity and the strength of trailing vor-
tices in the intermediate- or far-� eld regions, while addressing the
issues of vortex development, stability, and breakdown. However,
the dynamics of the initial rollup of a tip vortex around the wing tip
and its subsequentdevelopment in the near � eld behind the trailing
edge have not been studied suf� ciently.3¡8 The near-� eld behav-
ior of a tip vortex is signi� cant in the � ow behind canard wings,
helicopter blades (a major noise source), sails of submarines, and
propellerblades, where controlof tip-vortexcavitation to reduce the
noise and wear is of extreme importance.

The objective of the present study was to characterize the for-
mation and growth of a tip vortex along the tip of a rectangular
high-lift wing and its subsequent development in the near � eld (up
to 1.5 chords downstreamof the trailing edge of the wing) by using
a miniature seven-holepressureprobe and particle image velocime-
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try at low Reynolds numbers. Special attention was focused on the
effects of airfoil incidence angle, and Reynolds number, and sweep
angle on the vortex strength, size, and tangential and axial velocity
distributions. It is anticipated that the present measurements will
add more information to the understanding of a tip vortex and its
prediction.

Experimental Apparatus and Methods
The experiment was carried out in a low-turbulence

0:9 £ 1:2 £ 2:7 m subsonic wind tunnel. A single-element rectan-
gular high-lift Bombardier Research and Development wing with a
chord c of 50.8 cm and a span of 50.8 cm was used to generate the
tip vortices. The square-edgedairfoil was mounted vertically at the
center of the bottom wall of the wind-tunnel test section. The ori-
gin of the coordinateswas located at the leading edge of the airfoil
with x , y, and z aligned with the streamwise, transverse, and span-
wise directions,respectively.A miniatureseven-holepressureprobe
(with an outside diameter of 2.8 mm) was used to measure the three
mean velocity components at x=c D 0.5–2.5 with the angle of at-
tack ® D 6 and 10 deg and also at x=c D 1:5 with ® D 2–18 deg. The
probewas calibrated in situ before the installationof the model. The
calibrationprocedurefollowed the proceduresdescribedby Wenger
and Devenport.9 Eight pressuretransducers(sevenfor the probeand
one for tunnel reference total) were used to maximize data rate of
the probe measurements system at each measurement location.The
pressure signals were sampled at 500 Hz and were recorded on a
586 personalcomputer througha 16-bit A/D converterboard.Probe
traversingwas achievedthrougha custom-builtcomputer-controlled
traversing system. Data planes taken along the tip and in the near
� eld of the wing model had 49 £ 49 measuring grid points with
increments of 1y D 1z D 3:2 mm.

Double-exposureparticle image velocimetry (PIV) was also em-
ployed in a 50 cm £ 50 cm £ 1:8 m tow tank. Sodium chloride
(FisherS127-3)was addedto thewater to keep the70-¹m-diamAm-
berlite � uorescent particles neutrally buoyant. The particles were
illuminated with a laser light sheet with a thickness of 1.5 mm
and a width of 30 cm. The directional ambiguity was resolved by
employing a stepper-motor-driven rotating mirror image shifting
technique.10 The desired particle illuminations and duration were
obtained through an electronic shutter (Uniblitz Model LS6T2),
triggered by a predetermined time delay signal, in conjunctionwith
a time delay and pulse generator (Hewlett-Packard 8015A). The
output of the electronic shutter was also used to actuate the rotat-
ing mirror system. The particle images were recorded on Kodak T-
Max 3200 black and white � lm with standard wet processing. The
negatives were scanned and digitized by using a Nikon LS-1000
35-mm � lm scanner and were analyzed by using the AEA Tech-
nology VisiFlow PIV postprocessingsoftware to obtain the instan-
taneous two dimensional velocity and vorticity distributions. Both
straight and swept (3 D 25 deg) airfoilmodels, Numerical-Control-
machined from aluminum, were tested in the PIV experiment at a
chord Reynolds number Re D 6:7 £ 103.

Results and Discussion
Figure 1 shows the typical mean velocity vectors and vortic-

ity contours of a tip vortex at x=c D 0.5–2 and ® D 6 deg for
Re D 3:25 £ 105. The numerical values shown in the vorticity con-
tours indicate the normalized vorticity levels. The presence of the
multiple secondary vortices (indicated by the small patches of vor-
ticity existingbetween the feedingvortex sheet and the main vortex)
at midchord (x=c D 0:5) and its wrapping around the main vortex
as it progresseddown the chord, as well as the subsequentdevelop-
ment with distance aft into a progressively stronger tip vortex, can
be clearlyseen from the vorticitycontours.At x=c D 1:05, the rollup
was complete and a well-de� ned tip vortex already existed. The re-
sults also indicate that at lower Reynolds number, Re D 1:63 £ 105

(not shown here), the � ow structure around the vortex core became
considerably less symmetric and that the presence of secondary
vortices was much more evident. Further studies with modi� ed tip
geometry are needed to quantify the role of the secondary vortices
on the tip vortex size and growth.


