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20, Abstract
A review of techniques aimed at maximizing C
showed the necd for wore exhaustive testing

deflection, slot geometry and airfoil angle of attack.
alrfoil, the nunier of possible configurations can easily be in the billions.
new techniyue, based on evolution strategy, has been developed for the problem of

.
3
-

optimizing a multi-clement airfoil w

co-fficients.
tion ¢f the envelope of {(£yCs\vs Qj
winiwun, €, coastralnt was solved,

The result
figu“1lin%

th respect to its envelope of maximum/C./C
versus (€. , This tecimique was applied to an airfoil having a slotted lead}§%~ig_i
edge flap and a double-slotted trailing edge flap using an existing computer
program for 2D subsonic multi-elewent airfoils to provide values of aerodynawic
Althougi, limitations of the program precluded the full determina-

y the problem of maximizing G,(C, for a

5 penerated by the random mutatica-natural selectioa proccdure of
evolution scrategy was an 8-fold increase in L,/C)y with a 12 % increase in

Qs\qndféﬁtfor multi-element airfoils
’%gésib ‘configurations of flap

For a typicai 4-element
A

.

of testing approxinately 400 con-
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“7> over the initial geometry. F:Ehe conclusions reached from this work are 1)
evolution strategy applied to the optimization of aulti-element airfoils can

yield substantial improvements in aerodynamic performance, 2) the number of
configurations required to find the optimum can be reduced from the total
number possible to a small fraction of the total with the same final result,
3) the inherent simplicity and speed of the technique develored lends itself
well to further application in wind tunnels, 4) evolution thecry appears to

be the best choice for techniques aimed at the optimization of systems defined

by a large number of degrees of {reedom,
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"But it can't gLy, Newtons Laws prove it !

Th., von Karman, early 1900's
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1 INTRODUCTION
1.1 Multi-Element Airfoil Optimization

It is no secret %oday that comvetitvion among civilien and .°
militeary aircraft menufacturers in the international marketvlace is
tough. This competition has demanded improved Zlight efficiency, and
as a result 2 strong emohasis has been placed on dcsign optimization
with respect to take-off, cruise, snd landing aerodynaunic cheracter-
istics. Design considerations for take-~off and landing werodynemics
are primerily directed towerds the reduction of wing area, inerease in
meximum teke-off weight, improved fuel efficiency, reduced field
length renuirements and lowered ground naise levels, The ralative
importance of 'the nondimensional coefficients of 1ift and dreg, Cj
and Cq resvectively, for toke-off end landine are shown in figure (l)}

Over the entire regime of flieht, the nerformence at take-off,
when agireraft weieht and enaine noise are at a maximum for the flight,
is the most critical facter in the desisn of lifting surfaces, To
achieve the maximum rate O0F angle of climb, thue reducing runway
recuirements and noise footorint, meximum Cl/Cd is degired for s
given Cy, The envelove of values of maximum C1/Cq versus Cy for the
Boeing 727 wing, obtained from flight measurements, is given in figure
(2), and is more or less similar to the envelone obtazined for all
other airfoils?,

Phe complexity of multi-clement sirfoils, as seen in fisure (2)
and in more detail in firure (34), has been dictated by the need for
b awooth, and ior high~speed transnort aircraflt shock-free airflow
at cruise conditions, combined with the high-1ift configurations re-
quired at take-off and 1anding?’3. Although significent effort has
been devoted to the study of advenced high-lift devices such as
those employing blown flens, jet flans, boundary laver control or
augmentor wings, it is reasonable to exmect the continued use of
mechanical devices for the next generation of civilian and military
aircraft. Indeeéd, as shown in figure (4), values of Clmax for large,
high-subsonic aircraft nearly doubled between 1950 ané 1970 as a
result of imnroved desien of mechanicel flao s,stems“. Once the

choice of high~lift svstem and associcted flen anéd airfoil gecome-
tries has been made, the relative vositioning of the elements must
bpe determined such that the ovizincble values of Gy and C1/C4 ere
sufficient to meet performance demands (or preflight nromises!).
The ideal set of confisurations would be those thet would result in
the largest C7/Ca-vs-C1 envelone, The number of all vossible
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leading edge flap, as depicted in figure (3B).

1.2 Empiricel Methods ~ R
The most common means of determining the best airfoileflapﬁig ,;
configurations involves many hours of wind tunnel testing for a.ﬁqie‘i:.‘»
resentative set of variations of slot gap width and overlap, flap -
deflection and angle of attack. Optimum configurations are then
made by adding to the main airfoil the leeding and trailing edge.
devices, whose individual slot geometries have been optimized with

- - o F+ 243 -

resnect to only one sdjiscent element, An exarmle of this empirical
method, renroduced from the work of Ljungstroid, enpears in figure l
(5). Althoush this emwiricel method can greatly improve ti 2 sero=
dyremic rerformance of a multi-element airfoil, there are two signif-
icant disadvantages that must be considered. PFirst, the aceuracy of
an empirical method is dependent on 2 large number of test confige
urations; however, for cven the most well-funded design relatively
few different confisuretions are actually tested., For instance, for
a 4-clement eirfoil, 500 test cases is only 5¢10-6 ¢ of the number

of possible ceses, if each of the 10 degreces of freedom cean be

varied across 10 increments., Increasing the number of test cases
comes at the exveunse of time end airect omeretine cost of wind
tunnels, If wind tunnel time end cost trends increase at the rate dew
picted in fipure (6), however, it is doubtful that empirical methods
will »roduce better results than at the oresent time, when a great
emphesis is being nleced on imwroving higsh-lif* device performances.
The second disadvantege of emniricel methods is that by combining
elements ontimized with resmect to only adjacent elements, the
imvortent viscous interasction between 11l elements is unaccounted

for, This interaction, however; is strong ond tests have shown that
the combination of individuclly—-o-~timized comnonents rucely results

in an ontimum overall configurations.

1.3 Self-Ontimiring Airfoils

It would be desiresble then to have a self-optimizing scheme,
where the sy~ten seceks it3 own best confisurrtion without the need for:
tectine every nosiibiligr, Far from s-ecrleotive, such schemees have
been used with a good deal of success in several dgifferent oroblems
where svsteme are described bv several degrees of freedom and
relative 'factors of fitness' result for each variation of varame-

ters. One such an~lication éescribed by Levinsky7 attenpted to
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maximize Cy for a fixed meximum Cg and minimize Cg for a fixed
minimum Cj.Tor a flexible 2-dimensional airfoil mounted in a
transonic intermittant wind tunnel. Results of this work, and
results of further investigation of a 3-dimensional flexible airfoil8
in a transonic continuous wind tunnel are given in figures (7) and
(8)s In both cases, the hydraulically-esctuated leading end trailing
edges were modified automatically by on-line computers programmed
with a gradient-strategy ovwtimization scheme., This is described

in section 2. The only humen input was {the factor of fitness to be
meximized or minimized (C3,Ca, or volume) and a constraint. Gradient
strategy has also been used in the work of Hicksg, where 2-dimen-
sionzl transonic airfoils were modified to improve Ci, C4 or
maximize volume., Some of the more sisgnificant results of this work,
performed numericelly as onvosed to tle above mentioned wind tunnel
work, &re shown in fisure (9). Although these examples have resulted
in substantial imniovements in airfoil performance, the aosclicetion
of their ontimization methodolozy wes found to be more cumbersome
than the methoé described in this work, FExisting owtimizetion
methods are comoered below to & new scheme bazsed on 'evolution
strategy's. This scheme hus heen developed to determine the config-
urations of & 4-element cirfoil giving maxinum Cl/Cd for each value
of Cy, where only the geometry of each elemert is knovm initiclly.
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2 THEORY
2.1 Simvle Ovrtimization Problem~Existing Solution Methods
Consider the ontimization problem faced by an exverimentalist

standing ebove & room in which there is a single geographicel peek
whose location with respect to a 2-dimensional coordinate system is
to be determined, In this problem, the 'system', this being the hu-
man, has two depgrees of freedom, his locetion with resnect to the
x-8Xis end the y-axis., At each X,y coordinete positior, the value
is determined of the geogrephicel 'fitness fector', or the distance
between the X-y nlane and the surface below., The most rudimentary
method to find the peak would be to make a number of rendom soundings
in order %o obtain 2 rough impression of the surface. In order to

improve accurecy, the grid could be divided into a fine mesh end the
height is then recorded at each mesh voint. Although this scheme
guarantees that all possible X,y cobinations have been checked,
the number of possible combinetions incresses with the scuare of the
number of grid divisions and with a vower enruel to the number of
derrees of freedom for hisher order svstems, Pigure (10) denicts
these 2 basic schemes along with two eradient-hased stretegies thet
were develoned to converge to the neak with & reduced amsunt of
effortl0,

In the first of these two gradient-bascd strategies, known
as the Gauss-3Jeidel Strotegy, the experimentelist, trving to find the
peak with the leest smount of effort, simnly nroceeds in the direc-
tion of the steevnest positive gradient, determined at the sterting
noint, until the gsradient becomes zero or negetive, From this
voint, he turns in the direcction of & new, locally-steenest gradient
and continues in this new direction, This orocedure is continued
until the vegk is found, that is, ¢ mosition has been reached on the
X~y nlane where no nogitive eradients exist bhelow, The seconéd of
these techniecues, knovm os the 'gonercl rrodient stratecy', is sinm-
ilar to the fires excert thet at ench sten the marmitude of gradients
in 21l directicns is re-evelusted, Althoursh the second scheme may
result in the chorter totel distence between the stertine voint and
the neek with resnecct to the firet scheme, it reauires more vork
ver sten, Clearly, the use of either of the pradient sirstegies
renresents e subsioentisl imwrovernent over the inswvection of every
possible conmbinetion of the viriable varameters, It is noted thet
in order to recuce the emount of eoffort invelved in scheme B of

fieyre (10), one is termted to incrers- the rrid s»macina. The
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tiet the pealk will be completely missedy this is precisely the Q'E
point mentioned previously related to optimizing eirfoils by
empiricel methods. The danger of using gradient strategies in‘g
more complicated systems is that only & relative optimum may bhe
reached, as the smaller of two peaks for the simple problem just
described,

2,2 Simvle Optimizetion Problem-~Evolution Stetegy Solution

A fifth, and relatively new optimization scheme that may
further reduce the effort reouired to improve a system described by
o number of degrecs of frecdom is based on 'ovelution strategy!,
'Relatively! new is stressed, beceuse the begis of this stratesy is
derived from the theories of natural selection first positulated by the
108th century biologint, Charles Darwin, As jin biologicel systems,
which in their simplest classificetions can be grouvped amccording to
2 number of varemeters, such as size, numoer of eopendases, means
of ronroduction or mobility, en engineecring system survives if the
comynotion of each of its defining varameters results in a '‘heast!
that is sunerior to all othor combinations. OCnly reecontly has this
concent been annlied to realistic vhyaicnl problems, the majority
of the work to drte being attrivuted to Professor Ingo Rechenberg,
of the Technischen Universitet Berlin, In ord r to describe thin
scheme, we considex» agein tre task of the exverirentnlist, UVsing
evolution strateery, rs devicted in firure (114), a number of test
points are sclected randomlv over a repgion necer the starting moint,
The heigrt is recorded at each point, then the e. merimentelist
moves to the hircheast of these mointe., .rom there, the same numher
of new noints are rendomlvy chosen, and the nmrocedure continués as
before,

The distance from one 'hi~h voint' t2 each new voint in a
successive set is contrelleéd bv the nrevious distance, that is if a
larece stevw resulted in a lercer helght then a smaller stevn, 2ll new
pointe would be determined using stens aviroximately enunal to the
large step. This immortent fector of evelution stratecy allows
lerse stens t0 be itaken early in the ontimization vrocess, and
decreasing otev size as the ontimune mosition is apnroached. The
inclusion of largse mutation stevs elso nrevents the convergence to
local mexima, 2 mroblem ascsociated with gradient sirategies. In the
case of a locel maxima or small berrier in the ovtimization process,
evolution strate~y will jumm ghesd &s the result of a large
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mutation length. T R

2.3 Evolution Strategy Examples

Several examples of evolution strategy awnlication are sHown .
in figures (11) and (12)10 s a gimple verification %est, figurw
(11B) depicts a segmented plate having 5 degrees of freedom thet ™ !
is mounted in e wind tunnel.. The objective is to reduce the ovéra’l “
drag of the plate as measured by the momentum defect between the i i
leeding and the trailing edges. From the initial configuration, ‘?fQF
several new configurations, or cases, were created by random mod-f
ifications of the engle of each segment with resnect to an adjacent
sagmeant, After 140 cases, the segmented plate heecsme nearily planér,‘j

the expected result. The importent result is that 140 cases rep= -
resents only 4.06°10=5% of the total possible, 345 million.

The second example is an attempt to modify & system whose op~
timum configuration is unknown!l, In this case, shown in figure
(12A), the objective was to maximize the efficiency of a two-phase
suversonic nozzle constructed from a number of discs., The optimal
configuration is radically different from conventional designs and
verifies the ability of evolution strategy to converge to unknovn
solutions., It is also interesting to note thet flow mixing regions
seen in the figure have been previously sugerested for improving noz-
zle efficiency.

The third exsmvle, thet of xeducing the head loss for a 909
bend of flexible tubing, also has an unnredictable result, As
depicted in figure (12B) the finel shane is a subtle change from
the initial, a standerd circular ere, but the result of 300 muta-
tions is a helving of the heead lossll,

2.4 Selection of Optimization Method

The advantares of using evolution stratesy over an exhaustive
evaluation of every noscible configuration are clear, excevt perhavs
for the case of a system having only one degree of frsoedom, The
advante~es of evolution strateecy over & *'strictly determined
mathematical strategy', such as gradient methods, have been sum-
marized by Rocnenbor"lo

1 When a2 larre number of varameters are involved, the
evolution strategy attains the desired result more ravidly
than the more famwiliar strictly deternined search strategies,
essuming the size of the search stevns to be the same in both
cases, So far, this could only be nroved for the case of an
n-dimensional aypernlane risinc in any arbitrary direetion.

A more general proof is being attemwnted,

2 “hereecs the mathematical search sirstegies used so far
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require very small steps (in the sense of the truncation o£~¢he
Teylor series efter the first term), the evolution method- can:
and should operate also with much larger stevs which exceed the
linear region in the neighborhood. Taking larger stenps sig— .
nifies s
(a) in meny situations a more rapid advance towards the -

desired aim, and
(v) a shorter time to decide whether the step taken has been

Successful or not., (The change in the value of a function will :

generally be grester in the case of a large parameter change
than in the case of & small change.)

3 A so=called "steady signal® in the measurement of the

velue of & function is a methematicel fietion. Disturbances are

always present, which give rise to errors in measurement, The
effectivenesa of the strictly determined mathematical seerch
stretesies is markedly reduced by small errors of measurement,
It in of the nature of the evolution method (2s & stochastic
seerch method) that small random errors of measurement

canr:ot have a decisive influence on the develonment of the

procese,

4 There are ceger in which the more familiar mathematical
search strotesies mugt reach deadloclk, Sueh ceges are fre-
ouently ohserved in ohysics: examnles are hysteresis phenomena
end locally limited extremsl values, The evolution rethod can
generallv cone with much situations without difficulty.

5 The algorithm of the evolution stvretesy is evtraordin-
arily simnle, Thin imnlies that the effort reuvuired for an
autorniisntion of the seerch process is relatively low,

Since the work associated with this revort wes strictly numer-
ical, as ownozed to exnerimental, the small error effeet noted above
related to the use of mathematicnl wtrategics could not heve eny
significences thus an arsument could etill be made in fevor of gra-’
dient methods, Rechenberge, however, hes found that & eross-over
voint exisie at which serrch effort for imnroved configurations
using evolution stratesy is lewss than the effort reouired for
gradient strategiesg. This moint is for system~ having 5 or more
degrees of freedon,

The sveatem of interest in the woark described hrre i~ a A-
element zirfoil described by 10 parameters s shown in figure (13),
Threc vivot vwoints describe the relative nosition of edjecent ele-
ments. The individual geometry of an element is given with resvect
to a2 locel coordinete system wita the origin on its leading edge.
Pivot points 1 and 2 are fixed with resvect to element 2 and are
veriable wit resnect to elements 1 and 3, ILikewise, pivoi voint
3 is fixed wita resnect to element 3 and variatvle wita reswnect 1o
element 4, The two depreces of freedom for each of the pnivot points
plus the reletive deflection between adjacent elewents define 9
degrees of freedom. The 10th decree of freedom is the angle of

)
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attack between the main airfoil and the freestream velocity vector,
As previously stated, the objective of this ontimizetion is

to obtain the best envelove of C1/C4-vs-Cy values, The fitness face-

tor for this system is the magnitude of Cy/Cy for each velue of Cq,

which is equivaelent to minimizing C5 for fixed C;. This imnlies a

series of individucl ontimizations over all desired values of Cy.

The flexible nature of evolution strategy allows a two-sten proce-

dure, however, Tiret Cl/cd is maxirized while meintaining Cy

above the initiel value; the 1limit of this meximizetion is e point

on the envelone, The sccond sten is then to move alons this envel-

one with moderate mutotinn lenmths, relectins those confiesurations

havine the best combination of C1/Cg and Cy. Lt 18 becruse of tais

flexibility counled with the ehovemertioned esvweects of evolution .
strate~y that this method wra chosen over gradient stretegies as a

basis for multi-clerent rirfoil ontimizition,
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3 CAIGUTATION OF ARRODYNAYIC COEFFICTENTS L e

3.1 Description of Progrem Theory and Use _ : T

Aerodynamic Coefficients are calculated by th: progfaf

detailed in reference 13. This program is composed of fhe Following

task areas: o o
A. Potential Flow Solution PR
B. Ordinary Boundary Layer Solution
¢. Confluent Boundery layer Solution ,
D, Slot-Flow Analysis 4 T
E. Combined Solution ‘
The inviscid, potentisl flow solution makes use of the distributed
vortex concent with the veortex singularity commrising the funda-
mentel solution {» the Lavnlace equation. Airfoils, arbitrarily 3
arrenged and commosad of from one to four elements, have surfaces
epmroxirated by a closcdnolycon whose linear seaments are reoresented
by digtributed sineularities., Airfoil contours are limited to smooth,
regular shanes with sharvn or nointed treiline edges, ©The only
restriction on the slot formed by two adjwucent elements is that the
magnitude of flan overlan must be greecter than about 17 of the
airfoil chord.
The ordinary boundery laver solution is comprised of mathe-
matical models for laminar, transition, end turbulent boundcry
layers in subsonic flow. The lumincr boundary layer model is based
on the basic anwrosch of Cohen and Reshotko modified to suit the
needs of the nrogram. TLanminer stall criterion develoned by the aunthor
of the prosram predicte the formation of short or long sevaration
bubbles or bubble burst, a flow condition which causes the termination
of further program execution. The trensition model, evolving from
the instability criteria of Schlicting end Ulrich , establishes
limiting conditions for definine the nosition of transition on the
airfoil, Two separate methemeticul models for ordinery turbulent
boundery layer develovmrnit are used., The first, an approximate
nodel develoned by Goradia, is used in the initial iterative calcu-
lations, The second 2nd more accurate model, based on the methods
of Nash, deter~ines the turbulent boundary layer in the final, vis-
cous soluvion,
A significent featuvre 0° the vnrogrem id the inclusion of a
confluent boundery leyer model thet reflects i1he merging of an upver
surface boundery layer with slot efZlux, This model, developed from

the exnerimentel and eneslvticel work of Goradia, accounts for the
5

28I

%

25

A

7

~
|

s b b d e




S SR ey Ry

highly complex viscous phenomena as~ociated with slqtted~§ip£9i¥é,\ﬂ
Associated with the confluent boundary layer, o slot-flow model »
is defined for flow between slot regions, :

The final viscous solution uses an iterative technique to-
combine the inviscid solution with the boundary layer calculation§;
The geometry of the 'ecuivalent airfoil', reflecting local boundary
layer thicknesses, is successively defined over a varieble numbey of
, iterations until vressure distributions have converged to @ steady
condition., As the work described in this revort was more of a

T T IR
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\ i
I , qualitative nature than cuantvitative, only one iteration between
y, 1
: ,; ; viscous and inviscid calculations is made, in the interest of
: ; ) reduced computation time., A comvarison of nredicted and experimental
ot i N " N . ~ o=
i . pressure coefficients using the vorogrem for a two-element airioil ;
t ! . . . . . . R . z
;4 eppeers in figure (15). 4 listing and descrintion of »rogram inout ;
o is given in awnendix (i) for the 4~element airfoil considered in é
. this work. i
v i
n
g
n! g
:{ ‘ Lo
oo
. | z
s A
! ?
§
Lo
TN

R e mfa

v
ey

RENEO -4 A
f
h PN
h
3%

=%
.

L
-~ "i
Roid.

N

wad

.

b3 ’,",jr
g

Lo,

3
N
A
%
*
a3
3
b

P
;W«M.Mwﬂ .
e~

T .
L
. -~ f&‘
" h
A . ?ﬁ
- .
L g
v E
S 2 ! A
o 2% e
P 2 R
®a, -
®al, oy %
]
K
3 <
2573 $ 2 ;E
‘}ql L fed
i L) %
& * w7
| 75 _ ;4;




- ——— .

3 N R A e R

Y I

R T e S e R

- 11 -
4 OPTIMIZATION PROCEDURE
4., Geometry Modifications

The choice of evolution strategy required the preliminary
development of the followings

A. Scheme for Random Geometry Hodifications

B, Mutation Tength Control

C. Criterion for Convergence to Optimum

D, Initial Airfoil Geometry
0f fundamental importance to the effectiveress of evolution strategy
is the combination of lerge and small mutation lengths, If only
small sizes are used, the number of imoroved cases will be high, but
the rate of progress will he slow, On the other hand, if only lerge
gsizes are uscd, the optimum mey be entirely skioned over, For this
reason, new cases were divided into 3 groups, one having all mutation
lengths of a base value, the second group having lengths of 50% of the
bage value, and the third groun having lenasths 150% of the base..
The control of the value of this base mutation length will be
described below., For cach new geometry, then, 18 new conficurations
arc generated, divided into 3 groups of 6 cases each, The choice of
18 cascs per set was somewhat arbitrary, but it was felt that this
would be a good trade-off hetween effort and resulting improvement.
As the optimization nroceduvre was cerried out, it wes found that 18
cases was a safe cholce, as the »rogram used to determine C1 and Cg
had certein limitations., In cxveriment, a sqaller nwiber of caces
vper set wmight be desireable.

£1) mutations were gencrated by a compubter nrogram, whose
listinz appears in amnendix (ii) and is described bv its logic
diagram in figure (154). The random choice reauived hy this vroeram
is made using a rendom number gencrator that determines. for each
case which of the 10 merameters is to be modified, and in the event of
a modification, wvhether the increment is pozitive or negative, As
geen in fisure (16C), two columns of mutation lengths sre »nrinted,
The firet gives the three lensths used to modify the X,y vosition
of nivot noints. These values represent a nercenta~e of the ranee
defined for each wivot moint, as showm in fi-ure (163)., The second
column is desrees of mutation for flan deflection and angle of attack.

The Rondom number eeneraior is a computer system function thet
returns an even distribution of reel values in the range 0.0-1.0,
£ descrintion of its algurithm is given in aomendix (iii),
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4,2 Mutation Liength Control .
ks described above, three modification lengths are used for

each new set of configurations, The control of the base, or

middle length is critical, as rapid convergence to. an optimum requires

an expansion of mutation size far from the optimum and a compression

close to it. In this optimization vproblem, the base length for a

new set was controlled by the hest case from the previoud set.

For instance, if case 1 , a member of the third mutation length grouy,

is the best in its set, its mutation length will be nsged as the base

value for the next set. In this way, increasing lengths will be

favored, On the other hand, if case 3 is the most improved, smaller

lengths will be favored in the next set. Using this scheme, the

optimizetion strategy self-adjusts to the distance from convergence,

B

4,3 Convergence Criterion

Concerning the cuestion as to when convergence has been
reached, a criterion is uscd thet recognizes that mutation lengths
will automaticelly comoress as the point of convergence is apnroached.
When the medification of an immroved configuration fails to increase
C1/Cg for a minimum C1, the airfoil has 'aporoximately converged'.
TFor zbsolute convergence, an additional set of configurationa is gen-
erated, based on the best case of the set that failed to improve
over the point of apnroximate convergence. II asain there is no
improvement, convergence is said to exist.,

The procedure provosed to determine the envelone of aero-
dynamic coefficients is comprised of the following two basic sieps:

1. Leximize C7/Cq while maintaining Cy greater than Clpin?

the value obtained from the initial geometry

2. Move across the envelovne from the maxima point found from

steo 1 to the maximum Cy limit, when flow separation occurs

Results from this vrocedure are presented in section 5,

4,4 Initial Airfoil Geometry

The initial airfoil confipuration was an arbitrary but
realistic placement of elements so as to guarantee good flow condi-
tions throush the slots, The vilue of the 10th parameter, angle of
attack, was determined from the polar shown in figure (14). tn
angle of 0.5° wzs used as it resulied in the maxirmum Cl/Cd. This
initial confisuration and angle of attack thus set the value of
Clmin at 2,71, 1In 2ll1l subseaquent program calculations, mach number
and Reynolds number, referenced to an-airfoil chord of 350mm,
were 0.12% nd 1.26°106, resvectively, TElement vrofiles were
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taken from reference 14, with epnropriate modification to”qq@t X

the reauirement of smooth contours.
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5.1 First Three Configuration Sets ( ,
The first sten of the optimization nrocedure, the maxlm--':‘»":}gi
wl ization of Cl/Cd with the constraint of Clpins Was started af :
. the initial geometry. Figure (17) shows the scatter of deta.n
7"; points for the first three sets (54 éases) of airfoil conflﬂuratlons.
"Some p01ntﬂ have becn omitted for clarltv. )

Circled aata p01nts are
%Lw'tquent modlflcatlone. The automatlc mutatlon length control reactq‘
v "well in these first sets, far from the point of convergence, with
an increasge in hoage lenghths hetwaen sets nne and two and a constant .
base lehgth between sets two and three. As exnected, points scattered
in the immediate vicinity of the initielizing case were from the first
mutation lensth group, and voints scatitered further away were from the
w7 -second and third groups., As seen in figure (17), the ratio G1/Cgq . -
V apnears more sensitive to airfoil modification than Cy. This effect
“continued for all other sets, with most points located in 2 narrow
C1 band between 2,0 and 3.0 and a scatter of other points in a rel-
atively low C;/Cg - low Cq region. The tabulation of all configurations

(37 sets, 6355 cases) is given in Appendix (iv) tozether w1th 1n1t1a1
“at. and final conf1gurat1on data. RN

Lo 5.2 Descrlntlon of Comnlete Ovntimization o
Figure (18) shows the result of continued max1mwzatlon of
C1/Cq, plotting the best case for each of 37 sets. Up to set 11,
mutation lengths genorelly exvpanded or remained constent, Sets
‘Q*f” 12-14, however, resulted in & comvression of 1envths, and convergence
© was thoucht to be imminent. Beyond set 14, lengths began to exnand
again until the bsse valuce stabilized et apyroximetely 24 and 10 -
for pivot point location and deflection angles, respectively., This
effect small barrier' in the optlmlzutlon
sc, which the evolution strategy was able to step over with the
larecer of the three mutation len~ths.

was considered to be a
proce
A gradient strategy-based
technioue would heave converged to such a barrier, or local maximum.
Beyond set 22, the accuracy of the zerodynamic coefficients

beceme auestionable, resulting in erratic behavior of the ovptimiza-
tion »nrocesn, When the nrocess wvias continued without the Clmin

constircint, lirge chenges in C1/Ca ané Cq occurred for relatively E
Ls an

the »rocecs wes res

smell geometrv modifications, attemnt to return to smaller

varietions of coefficients, tarted ot set 24

U
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with a forced reduction of step sizes, asfShqwﬁ by the dpfté&tiéﬁéé=
of figure (18). This réulted in sets 27 snd 28 which Hgain were.
characterized by laerge variations of coefficients for small modifi-
cations, This sequence of forced lengzth compression and optimiza-
tion restart wés continuéd to the 37th, but by this voint values

of C1/C4q were unrealistically high, even for the simplified two=
dimensional airfoil medel without induced drag or body interféerence
effects, Indeed, during the process of optimization, numerous
configurations resulted in unsuccessful program termination or

ﬁiﬂ extremely high values of C1/Cg.end in several cases, negative CGgl

" The reasons for this inaccuracy are thought to be one or a com-

e bination of the following:

,” 1l Invelid geometry; i.e., overlap less than 1% of chord

' 2 Confluent boundary leyer or slot flow model failures for

K= small slot cross-sections
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J Inadecuate verificetion of wrogrem by euthors for 4-element

- . airfoil confisurations (note-the freouency and severity of

: inaccuracies were substantially lese for the vreliminary
optimization of & 2-element airfoil)

, In the further prescntetion of results, rets 21-22 are taoken to be the

?’i f apnroximate limit of date accureacy, tclthough all points are shown.

i*r' g 01/Cgq and € are shown with resnect to set number in figure

: , (19). 'The points agzin are from the best cases for each set., Asm

‘ ,  seen in this fisure, the result of 22 sets of configurations and

- ' 296 total cages, C1/CGq hes been increased from 4.28 to 36.6, a factor

E of 8.5%., At the seme time, Cq has been increased from 2.31 to 2.59,

a result that evolved by fevoring the configurction having the larger

Cy when two or more hrd avnrocimately the same Cl/Cd. Increasing

i Ci, however, was not the vrimary objective of the owntimization,

Because of the limit of dato accuracy, the optimization process
; was terminateld at the 37th set, thus meking it impossible to find
the cnvelope of eerodynamic coefficients and thus carry out the
sncond sten of the nronosed ontimization.

’ 5.3 Tnitial-Finsl Confieretion Compnarison
®ieyre (70) shows volars generated for the initial configur-
ation end the configureztions resulting from the vprocess of Cj/Cg

maximization, The resulting drauatic immrovement in aerodynamic

e 1 nerformance is aunarent. During the process of ostimization, 2 num-
y w1
%,m *x ber of configurctions produced values of C1/Cq and C1 that when plot-

ted fell to the right of the polar for maximized C1/Cg. & poler
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was generated from the point that was furthest to. the righx;gn&'iés SN

denoted as the 'optimized Cp configuration®. This configuration, it | .3

is interesting to note, was a member of the optimum C;/Cy set, ‘ %

number 22, The dotted lines have beén added t0 these polars to ShoW - §

the real flow behavior for multi-elément airfoils such as shown in i

figure (2). , ' 3

A comparison of initial and finel configurations is given in P

figure (21). A noticeable effect of the optimization is the *

reduction of slot area and improved contour smoothness 6f the trails ,‘%

P | ing edge flans. Both of these effects have been shown experimentally Mj
' ; to improve serodynemic performence, The seame .changes &id not occur ?
[ 1 . . N © 8
. 3 for the leading cdge flap. It was found that the multi-element . 3
Lo ; eirfoil program was very sensitive to reduction of slot crea of the P
s ; leading edge device when both trailing edge flaps were present. It §
i ; is suspected that the reasons for this sensitivity arc the same asg 4
: , ) 4
o, | i those mentioned above, 1
- : ¥4
oo ; A comparison between tho optimum C;/Cq configuration found .
o | using evolution strategy and that suggested by the empirical reco=- 1
: i amendations of reference % was ettempted, but the slot geometries f
LI | required were not connble of being modelled by the airfoil vrosrém. k.
FE ¢ ! . . . {
l. f Any change from these recommendations so as to suit profsram input 3
. : :

: ; requirements would have resulted in a meaningless comparison. 3
4 1 >
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CONCIUSIONS

*

et

Although thé inaccuracy of the program used to- determmne aero-‘
Aynemic coefficiénts precluded the full solution of the alrf011 per-

formgnce envelope, thé problem of maximizing Cl/Cd was~ea31ly=han@le¢

by the evolution strategy~based optimization technioue: A review of
existing techniques showed that evolution strategy is the best choice
for systems described by 5 or more degrees of freedom, duée to its
relative incomplexity, flexibility to hendle a wide variety of prob-
lems, and to the knowledge that the converged solution is an absolute
optimum within the renge of veriation of these desrees of freedom,

The problem exnerienced with the usé of the above-mentioned
program reinforces the opinion that es of yet numerical solution
methods are severely limited in their range of apnlication.to complex
engincering systems, such ag for a multi-element airfoil with ito '
large number of configurations, The value of numericel methods,
however, lies in their ability to provide preliminery results to be
used as a starting point for further design refinement in the
laboratory., Of course, as long as the limits of numerical methods
are not exceeded, experimental optimization may be well predicted.

The next logical step related to the work describved here is the
apnlication of evolution strategy to optimization in a wind tunnel,
A setun is envisioned, similar to those of rererences 7 and 8, where
modifications to the airfoil, enalysis of zerodyhemic coefficients,
and optimization procedure are carried out by on-line computers.
The importance of using the wind tunnel is that 211 configurations of
an airfoil are capable of being tested, as omwnosed to computer model-
imposed restrictions such as slot geometry and separation-free flow,
An important note is thet multi-element airfoils often are designed
to perform with separated flow and negative overlap, two conditions
that can not exist for the successful use of the progrem of refer-
ence 13,

The effect of increasing Cl/Cd through the modification of
slot geometries while at the same time maintaining adecuate Cy is
best seen for the design trade-off
Increascd Cl/Cd at teke-off allows increased rate or angle of climb,
decreased overall distance to reach a required screen height,

increased teke-off weight for the same runway requirement, or a

combination of the three. An increase in Cl/bd at take~off also has
a strone influence on cruise flight efficiency througa the reduction

of the installed mower needed for tske-off.

between take—-off and cruise flight.
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By using an evolution-based strategy, the‘convergéé~6§timuﬁ~
is an 'absolute' optimum within the rangeé of variations of the
degrees of freedom of a particuler system. The question of whether
convergence has been obtained or not is thus eliminated; this vias
not the case for the design of the Boeing 737. This is seéen in
figure (4) by the 3 increments in Clax Tor its high-1ift aeﬁiées;‘
At each point, the design wes probably considered to be an optimum!

Other areas of aerodynamic design that should lend themselves:
well to evolution-stretegy ovntimization are the wing-fuselage
junction, empennége, sunercritical airfoils, engine nacelles, and
fuselage rear up-sweep, These design areas are currently annroached
using procedures similar to those of flap design, the wind itunnel
testing of e relatively small number of different configurations.
Bach of these nroblems is deseribed by many degrees of freedom, &
characteristic that has been shown to he well-suited to evolution
stratesy. The techniocue descrived in this work is by no means resir=
icted to aerodynamic design, however, A wide range of ammlications
can be imagined; the examples included in this rewort are only a few
preliminary cases whose results show wromise for this new techniaque to
be used as a powexrful tool in the desisn process,

One can consider the develomment of evolution sirategy as a
result of man learning from his observations of nature., Figure (22)
depicts what might result if nature learns from the serodynemic
achievements of man,
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! D.4.9 RANDU Subroutine g
’ The RANDU subroutine computes a pseudo-random number, as a single 9
precision value uniformly distributed in the range: . 3
0.6 .LE. value .LT. 1.0 :
Format: E
“ CALL RANDU(il,i2,x)
‘:’
o Arguments: b
- '*\ : ;
¥ il'iz : %
: INTEGER*2 variables or array elements that contain the seed for 2
P ‘ computing the random number, : 3
X ‘ %
. a real variable or array clement where the computed random number ; §
s is stored. 3
{. Notes: X
4
. ; 1, ‘he values of il and i2 are updated during the computation to %
! contain the updated secd. i
. g 2. The algorithm for computing the random number value 1is as 'é
y foliows: *f
v i
W If 71=0, I2=0, set generator base g
v f.‘J 5;
X(n+l) = 2%%16 + 3 §
lﬁﬁt otherwise . '3
(n L 'l.,‘:_
. X(n+tl) = (2**16+3) * X(n)mod 2%*32 §
‘:. »‘ N "‘g
\{%;~ Sture generator base X{(n+l) in 11,12, . 3
LN %
3 . 4
S Result is X(ntl) scaled to a real value Y(ntl), for 0.0 ,LE, *
kel Yintl) .LT. 1. . i
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APPENDIX (iv<b) INERLAS, ATD PIUAL CONEIGURATION POTAR DATA

ANGTE OF ADTACK INTOIAT GROFEERY  PINAL GEOMBTRY
Degrécs Cy /04 Cy Ca/Cq B
0:0 2,26 485 252 . LEO . 0
0.5 233 4.26 2,60 3643
1.0 2,39 4425 2.67 29:2
1.5 2,45 4,22 - -
2.0 2.52 4,20 2044
3.0 2,64 4.10 15..5 g
4.0 297 3,00 2.2 S
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1 5.0 - - - =
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7.0 3L 3,57 = - i
8.0 - - 3.76  5.97 {
; 9,0 3,00 3.25 3,90  5.27 - b3
S 10.0 1,08 3.0 4.05 4,84 ’
kS 12,0 3.77 2.73 4,33 3.9 :
Nt 14,0 4.00 2. 4R 4,60 +2Q .
1 16.0 4.6 2,29 4,80 .82 |
md 18,0 t.41 2,08 5,06  2.44 ‘ |
445 20.0 4,50 1,87 .05  2.14 :
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