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3) A centerbody on the flat-plate models had little effect on the
lift coefficient and did not produce better agreement with the three-
dimensional model than the flat-plate model alone.

4) Caution should be exercised when attempting to apply re-
sults and overall trends from flat-plate, swept-wing models to three-
dimensional models and full-scale aircraft.
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Introduction

HE need for addressing optimization problems that are charac-

terized by the presence of a large number of design variables,
complex constraints, and discrete design parameter values exists in
many fields including engineering design. A variety of local and
global optimization algorithms have been developed for addressing
such problems. Besides deterministic methods, stochastic methods
such as genetic algorithm (GA) and simulated annealing (SA) al-
gorithm have recently found applications in many practical engi-
neering design optimization problems. These algorithms are easily
implemented in robust computer codes as compared with deter-
ministic methods because they do not depend on direct gradient
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information, which most deterministic methods do. However, SA
and GA methods require a large number of functionevaluationsand
relatively longer computation time than deterministic methods, es-
pecially in the case of complex design problems. Although the use
of parallel GA and parallel SA as outlinedin Wang and Damodaran’
offers a way to reduce the large computational time, an attractive
alternative to SA and GA could be the simultaneous perturbation
stochastic approximation (SPSA) method described in Spall.> The
SPSA method has been applied to numerous difficult multivariate
optimization problems in many diverse areas such as statistical pa-
rameter estimation, feedback control, simulation-based optimiza-
tion, signal and image processing, and experimental design. The
essential feature of SPSA, which accounts for its power and relative
ease of implementation, is the underlying gradient approximation,
which requires only two measurements of the objective function re-
gardless of the dimensions of the optimization problem. This feature
allows for a significant decrease in the cost of optimization, espe-
cially for problems with a large number of variables to be optimized.

The aim of this Note is to compare performance of SPSA with
SA and GA and to explore any advantages that SPSA might offer
to overcome the large computational efforts of SA and GA when
appliedto wing-designproblems. These methodsare briefly outlined
following the statement of the wing-design optimization problem,
which will form the application problem to assess and compare the
performance of SPSA in relation to SA and GA.

Wing-Design Problem

The application concerns the design of wing shape such that the
aerodynamic efficiency of the wing or the lift L to drag D ratio
reaches a maximum value during cruise with the wing weight act-
ing as a constraint, that is, the goal is to determine the wing geom-
etry by either minimizing D/L or maximizing L/D with the wing
weight as a constraint. The D /L ratio can be formulated in detail
using the analytic formulas for aerodynamic analysis as defined in
Raymer.® The lift L is defined as L =C,¢S, where ¢ =1pV?is
the dynamic pressure, p is the density of air, V' is the flight speed,
C, = Cp,a is the the lift coefficient where « is the angle of attack
andCp, =2m AR /{2 + /[4 + (A B/n)2(1 + tan® A/B?)]} is the lift
curve slope. In the expression for lift curve slope, Ag(=5b?/S) is
the wing aspect ratio, where b is the wing span, A is the wing
sweep angle, n (value of which lies in the range 0.95-1.0) is the
airfoil efficiency factor, B=1— M? is the compressibility fac-
tor, and M is the Mach number. The total drag is defined as
D =CpqS, where the total drag coefficient is Cp = Cp; + Cpy,
which consists of the induced drag coefficient Cp; = Cz/(nARe)
and the zero-liftdrag coefficient Cpy = C; F Q. In these expressions
e=4.61(1—0.045A%%)(cos 1)**> —3.1 is the wing planform
efficiency factor, C;=0.455/[(log,, Re)>3*(1 +0.144M*)*53]
is the surface skin-friction coefficient, which is a func-
tion of the Reynolds number Re, F'={141[0.6/(x/c),](t/c)+
100(7 /c)*}[1.34M 8 (cos 1)>%] in which 7/c is the airfoil
thickness-to-chordratio, (x/c),, is the chord-wise location of the
maximum thickness-to-chord ratio, taken as 0.3 in the present
study, and Q is a factor accounting for interference effects on
drag taken as 1.0 in the present study. The weight of the wing (in
pounds) is Wiing = 0.0106( Wy, N,)> 850622 A%7 (1 /) =04 (cos 1)1,
where W, is the design gross weightin poundsand NV, is the ultimate
load factor, which is assumed to be 13.5 for subsonic flow.

The design variables for the wing design optimization, that is,
a, b, c, &, and W, , represent the angle of attack, wing span, mean
aerodynamicchord,sweepangle,and wing weight, respectively.The
objective function to be optimized is F'(X)= D/L and is defined
as follows:

Minimize F (X) (D)
subjectto six constraintson the design variables defined as follows:

1.0deg < o < 10.0deg, 10.0 < b <50.0

3.5 <c¢<10.0, 0.0deg < A < 35.0deg

0.5 < Ag <15.0, Waing < 2473 (Ib) 2)
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Tablel Comparison of optimal results from SA, GA, and SPSA

Algorithm «, deg b, ft c, ft A, deg W, 1b D/L NFE

SPSA 3.432 44.994 5.986 18.115 2443.93 0.0319 1,149
GA 3.199 43.861 4.955 19.912 2444.03 0.0324 13,040
SA 3.199 44,987 5.947 18.002 2443.93 0.0319 9,601

An external penalty function method is used to incorporate the
constraints so that the composite function to be minimized can be
defined as

D
F(X)=—+ > max(0, g,)? 3)

where X is the vector of the six design variables and the design con-
straints g ; (X) < 0, which are represented as inequality constraints.

Optimization Algorithms

The optimization algorithms used in this study are stochastic
global search methods. SPSA is relatively easy to implement and
does not require gradient information. It is a fairly robust method
and has the ability to find a global minimum when multiple minima
exist. SPSA is an algorithm that is based on a “simultaneous per-
turbation” gradient approximation. The simultaneous perturbation
approximation uses only two function measurements independent
of the number of parameters (say, p) being optimized. The SPSA
algorithm works by iterating from an initial guess of the optimal
vector X. First, the counter index k is initialized to a value of
0, an initial guess of the design variable vector X, is made, and
nonnegative empirical coefficients are set. Next a p-dimensional
random simultaneous perturbation vector A, is constructed, and
two measurements of the objective function, namely, g (X + ¢, Ax)
and g (X, — ¢ Ay), are obtained based on the simultaneous pertur-
bation around the given vector X,. The parameter ¢, =co/(k™),
where ¢ is a small positive number taken as 0.01 in this study, &
is the loop index, and m is a coefficient taken as é in this study.
The term A, represents the random perturbation vector generated
by Monte-Carlo approaches, and the components of this pertur-
bation are independently generated from a zero-mean probability
distribution; a simple distribution that has been used in this study is
the Bernoulli £1 distribution with probability of % for each of the
=+1 outcome. This is followed immediately by the calculationof the
gradient approximationbased on two measurements of the function
based on the simultaneous perturbation around the current value of
the design variable vector and the updating of the design vector X,
to a new value X ; ; using standard SA form. Finally the algorithm
is terminated when insignificant changes in several successive iter-
ations occur or if the maximum allowable number of iterations has
beenreached. The details of the step-by-stepimplementation of the
SPSA algorithm can be found in Spall.*> The SA method used is
described in Deb. For this problem SA is implemented by setting
the initial temperature to 5, and the cooling schedule is algebraic of
the form 7}, | = y Ty, where y takes a value of 0.5. The GA method
used in this study is outlined in Deb® and essentially follows the
method in Goldberg.” For this problem GA method is implemented
with a population size of 80; a crossover probability of 0.90 and
mutation probability of 0.05 have been used to arrive at optimal
values.

Results and Discussions

For the wing-design optimization problem the values of the pa-
rameters used are M =0.7,¢/c=0.12, 0 = 1.0, (x /¢),, =0.3, and
n =0.95, and the same termination criterion | f (x; 1) — f(xx)| <
10~% was used to terminate the optimizationmethods. Table 1 shows
the optimum values of the objective function and design variables
reachedby the two optimizationalgorithms. In this table NFE refers
to the number of function evaluations required to reach the global
minima. Figure 1 shows the variation of the objection function with
the number of functionevaluationsrequired using the SPSA method
to reach the optimal value. It also shows the variation of the com-
puted objective function (D /L) with wing weight. Figure 2 shows
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angle X\ vs wing weight toward the global optimal values.

the variation of angle of attack and wing sweep with wing weight.
It can be seen that the optimal values of the objective function and
design variables subject to the same constraints from SA and GA
are very similar to those attained by SPSA. It can be seen that SPSA
attained optimal design values in 383 iteration steps, that is, 1149
measurements of objectivefunction. At the same time GA took more
than 13,000 iterations, and SA took more than 9,000 iterations to
reach the optimal results. The SPSA method is a significantly faster
method than either GA or SA as a global optimization method for
this wing-design problem and can serve as a potential cost effective
stochastic global optimization design tool than either SA or GA for
similar classes of design problems.

Conclusion

A wing-designoptimizationproblem was performedusing SPSA,
SA, and GA methods in this study. It can be seen that SPSA is more
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efficient than SA and is also relatively easy to implement. SPSA re-
quires only two measurements of the objective function regardless
of the dimensionsof the design space correspondingto the optimiza-
tion problem and the cost of optimization decreases. Although SA
and GA canavoid gettingtrappedin local optima, they requirea large
number of functionevaluationsand a long computationtime to reach
the optima. Future work to assess the performance of SPSA for con-
strained and unconstrained aerodynamic shape design studies will
be carried out in the near future to establish the cost benefits and to
investigatethe extentto which SPSA offers comparativeadvantages
over GA or SA for aerodynamic design optimization problems.
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Nomenclature

Cp = coefficient of drag
C; = coefficient of lift
C,/Cp = lift-to-dragratio

MLE = coefficient of pitching moment about leading edge
c = chord length
h = true ground clearance
Re = Reynolds number
Xcp = center of pressure measured from wing leading edge
o = angle of incidence
£ = total solid and blockage correction factor

Introduction

T is well known thatin close proximity to the ground the aerody-
namic characteristicsof a wing change considerably, something
that has come to be known as wing in ground effect. There have
been several numerical studies to model the aerodynamic charac-
teristics of airfoils under ground effect,' = but reliable experimental
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data are somewhat limited.* Ground effect is important because it
can modify the aerodynamicperformanceof an aircraftduring land-
ing and takeoff. It assumes even a greater importance in the design
and operation of aircrafts that take off from and land on water and
cruise in proximity to the water surface such as the wing-in-ground
vehicles. Another possible application of such study lies in the de-
sign of naval vessel such as the high-speed catamaran where the
vessel can be conceived to be a wing body at very low angle of in-
cidence, and end plates extending beyond the wing bottom surface
are used to representits hulls. The aerodynamic lift would support
partof the weight of the vessel and thus decrease the hydrodynamic
drag by reducing the wetted area of the hulls. The aspect ratio of
such a wing representing a high-speed marine vessel would, how-
ever, be low. Additional fixed angled flaps could, therefore, be used
to boost the production of lift. With these considerations a wind-
tunnel investigation of lift augmentation of a low-aspect-ratio wing
of high thickness-to-chordratio at a very low angle of incidence
using ground effect, flaps and end plates was, therefore, carried out.

Experiment

Initial Considerations

The Reynolds number Re for a catamaran (for example, the AMD
K50 Sunflower) of length of approximately 80 m and operating at a
speed of around 50 knis about 1.35 x 10®. Experimental and numer-
icalstudies*® show thatabove Re of 3.2 x 10°, the aerodynamicper-
formance characteristicsof wing under ground effect remain virtu-
allyunchangedif the angle of attackis keptbelow 5 deg. A 1:50 scale
model at a speed of 40 m/s and tested below angle of incidence 5 deg
would give the test Ry a valueof around3.6 x 10° forthis study. This
value was chosen for wind-tunneltesting to avoid Reynolds-number
effectin the performance between the model and the full size of the
craft.

Assuming a vessel clearance of 2 m from the water and again
using the 1:50 scale, the minimum length with which the end plates
under zero-deg flap condition could be extended was found to be
40 mm. The design of a ground board was considered necessary to
representa calm horizontal surface. Also, for aircrafts flaps are gen-
erally 20-40% of chord length, and they can operate at very high
flap angles, 60 deg for example, and for short durations,usually dur-
ing takeoff or landing. For this study, therefore, the flap length was
consideredto be much less than those used in aircrafts. Thus, taking
a flap length of 12.5% of chord requires a flap of 168.75 mm in
length, which was rounded off to 170 mm. This, along with 40-mm
clearancefor water surface gave a flap angle of 13.2deg. A 0-10-deg
range of flap angle was, therefore, considered adequate for this
study.

Test Facility

The 1270 x 915-mm closed-circuitwind tunnel fitted with a six-
componentbalance of the aerodynamicslaboratoryof the University
of New South Wales was used in the tests. The wind tunnel has
a velocity range of 0-70 m/s and a turbulence intensity of 0.2%.
A pitot-static tube with a Betz manometer was used to record the
wind-tunnel speed upstream of the test model. Force and moment
measurements from strain gauges were obtained from digital display
on the control panel of the wind tunnel.

Test Model

The upper surface cross-sectional profile of the wing body was
generated through a consideration of a modified deck arrangements
of an existing commercial high-speed catamaran while keeping the
bottom surface flat. The top and middle decks were moved forward
so that the maximum camber was obtained at 25% of chord from
the leading edge. A schematic of this process is shown in Fig. 1.
Using 1:50 scale, the chord, span, and height dimensions of the wing
were worked out to be 1350, 180, and 230 mm, respectively. The
maximum thickness-to-chord and aspect ratios of this wing then
became 0.17 and 0.13, respectively.

The wing body was designedusing the modelingpackage CATIA,
and then NC milling codes were generated from CATIA facility. The



