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This pap er describ es the form ulation of optimization techniques based on control theory
for wing section and planform design in viscous compressible o w modeled by the Reynolds
Av eraged Navier-Stok es equations. Because the two disciplines that are relev ant to this
problem are aerodynamics and structures, an extension of a single to a multiple objectiv e
cost function is considered. A realistic model for the structural weight, whic h is sensitiv e
to both planform variations and wing loading, is implemen ted. Results of optimizing a
wing-fuselage of a commercial transp ort aircraft show a successful trade-o between the
aerodynamic and structural cost functions, leading to meaningful wing planform designs.
Results also indicate that large impro vements in lift-to-drag ratio can be achiev ed without
any penalt y on the structural weight by stretc hing the span along with decreasing the sweep
angle, thic kening the wing-sections, and modifying the airfoil sections. Furthermore, by
varying the weighting constan ts in the cost function, the \P areto front" can be captured,
broadening the design range of optimal shap es.

I. Intro duction

raditionall y the processof wing designhasbeencarried out by trial and error, relying on the intuition
Tand experience of the designer. With currently available equipmert and e cien t numerical algorithm
the turn-around for numerical simulations is becomingsorapid that it is feasibleto usecomputational uid
dynamics (CFD) to examinean extremely large number of variations. Howewer, it is not likely that repeated
trials in an interactive designand analysis procedurecan lead to a truly optimum design. In order to take
full advantage of examining a very large design spacethe numerical simulations needto be combined with
automatic seard and optimization procedures. This can lead to automatic designmethods which will fully
realize the potential improvemens in multidisciplinary optimization.

Gradient information canbe computed using a variety of approacdhessucd asthe nite-di erence method,
the complex step method,” and automatic di eren tiation. © Unfortunately, their computational cost is still
proportional to the number of designvariablesin the problem. An alternativ e is to treat the designproblem
as a control problem. This approac has dramatic computational cost advantagesover the other methods.
The foundations of control theory for systemsgoverned by partial di erential equations were laid by J.L.
Lions.

The control-theory approad is often called the adjoint method, sincethe necessarygradients are obtained
via the solution of the adjoint equationsof the governing equations. The adjoint method is extremely e cien t
sincethe computational expenseincurred in the calculation of the completegradiert is e ectiv ely independen
of the number of design variables. The only cost involved is the calculation of one ow solution and one
adjoint solution whose complexity is similar to that of the ow solution. Control theory was applied to
shape design for elliptic equations by Pironneau™ and it was rst usedin transonic ow by Jameson:
Sincethen this method hasbecomea popular choicefor designproblemsinvolving uid ow.””*“** During
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the last decade,the methods have beenintensively developed and have beenproved to be very e ectiv e for
improving wing section shapesfor xed wing-planforms.

In generalthe section shape changesneededfor the transonic wing designare quite small. However, in
order to obtain atrue optimum designlarger scalechangessuc aschangesin the wing planform (sweepbad,
span, chord, section thickness,and taper) should be considered. Becausethese changesdirectly a ect the
structural weight, a meaningful result can only be obtained by consideringa cost function that accourts for
both the aerodynamic and structural characteristics.

Our previous works™ > validated a design methodology for wing section and planform optimization
with simple estimation of wing weight, in both inviscid and viscous ow. We also extended our study
to validate a design methodology in inviscid ow with a more realistic structural-w eight-model that was
sensitive to changesof both geometry and aerodynamic load. In addition we also developed a large-scale
adjoint method to calculate the planform gradients.

We found that if the cost function contained both aerodynamic and structural weight dependenciesthe
trade-o betweenthesetwo dependencieswould lead to a useful design. However, this raisedthe question of
how to properly integrate these dependenciestogether. One practical way to solve the relative importance
of aerodynamic and structural dependencieswasto considerthe overall performance,suc asthe maximum
range of the aircraft.

We alsofound that while inviscid calculations were proven useful for the designof transonic wings at the
cruise condition, the required changesin the sectionshape were comparablein magnitude to the displacemern
thicknessof the boundary layer. Thus viscous designwas more realistic, and alleviated shocks that would
otherwise form in the viscoussolution over the nal inviscid design. Accurate resolution of viscouse ects
such as separation and shock/b oundary layer interaction was also essetial for optimal designencompassing
o -design conditions.

In this work, we report improvemerns in a designfor wing planform optimization basedon compressible
viscous o w calculation and a realistic structural weight model. We also consider an alternativ e approach
to combine the aerodynamic and structural cost functions to cover a broader design range, basedon the
conceptof the \P areto front". Optimized results of a transonic long-rangetransport aircraft show that large
improvemerts in lift-to-drag ratio can be achieved while meeting criteria of other disciplines by stretching
spanto reducevortex drag, decreasingsweep and thickening wing sectionto reduce structural weight, and
modifying airfoil sectionsto minimize the shock drag. This trend has beenfurther investigated for general
long-rangetransport aircraft and results are preserted in reference.

Il.  Mathematical form ulation

A. Design using the Navier-Stok es equations

The application of cortrol theory to aerodynamic designproblemsis illustrated in this sectionfor the caseof
three-dimensionalwing design using the compressibleNavier-Stokes equations as the mathematical model.
It provesconveniert to denote the Cartesian coordinates and velocity componerts by X1, X2, X3 and uz, Uz,
usz, and to usethe convention that summation overi = 1 to 3 is implied by a repeatedindex i. Then, the
three-dimensional Navier-Stokes equations may be written as

@V @I @vi

@ @I @i

where the state vector w, inviscid ux vector f and viscous ux vector f, are described respectively by

9
% uu1+p,1§
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and j is the Kronecker delta function. Also,
1
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where is the ratio of the speci ¢ heats. The viscousstressesmay be written as
@; | @ @ik
- B 5
! @ @ ey ®)

where and arethe rst and secondcoe cien ts of viscosity. The coe cien t of thermal conductivity and
the temperature are computed as
=% . T=F. (6)
Pr’ R’

where Pr is the Prandtl number, ¢, is the speci ¢ heat at constart pressure,and R is the gasconstart.

Using a transformation to a xed computational domain, the Navier-Stokesequations can be written in
the transformed coordinates as

@w)  @F_ Fu) _

@ @i

where the inviscid terms have the form

in D; (7)

@ @

@i‘ = @I (Si fj);
the viscousterms have the form

@| - @l 1) Vj L]

and Sj = JKj ! represen the projection of the ; cell face along the Xj axis.
The geometry changesare represerted by changes S; in the metric coe cien ts. Supposewe chooseto
minimize the cost function of a boundary integral
z z
= M(Ww;S)dB + N {(w;S)dB
B B
where M (w; S) could be an aerodynamic cost function, e.g. drag coecient, and N (w;S) could be a

structural cost function, e.g. structure weight. A shape changeproducesa variation in the ow solution w
and the metrics S which in turn produce a variation in the cost function

Z Z
| = M (w;S)dB + N (w;S)dB ;
B B
with
M = [My], w+ My;
N = [Nw], w+ Ny;

where we continue to usethe subscripts| and Il to distinguish betweenthe contributions assaiated with
the variation of the ow solution w and those asswiated with the metric variations S. Thus [M ], and
[Nw], represer % and % with the metrics xed, while M, and N represen the contribution of the
metric variations Sto M and N.
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In the steady state, the constraint equation (7) speci es the variation of the state vector w by

Q (Fi Fu)=0

Here F; and F,; can alsobe split into cortributions assaiated with w and S using the notation

Fi = [Fiw]l, w+ Fiy
Fvi = [Fviwly W+ Fuip:

Multiplying by a costate vector , which will play an analogousrole to the Lagrange multiplier, and inte-
grating over the domain produces 7

T = (Fi Fy)dD =0
D i

If isdierentiable this may be integrated by parts to give
z z @7
ni T (Fi Fy)dB —— (Fi  Fy)dD =0 8
B D |
Sincethe left hand expressionequalszero, it may be subtracted from the variation in the cost function to
give
z
| = M+ N n T (Ff Fy) dB

z° .
+ —— (Fi  Fy) dD: (9)
D |
Now, since is an arbitrary dierentiable function, it may be chosenin such a way that | no longer
depends explicitly on the variation of the state vector w. The gradient of the cost function can then be
evaluated directly from the metric variations without having to recompute the variation w resulting from
the perturbation of eath designvariable.
The variation w may be eliminated from (9) by equating all eld terms with subscript\1" to produce
a di erential adjoint systemgoverning

T
%[Fiw FviW]| =0 in D: (10)

The corresponding adjoint boundary condition is produced by equating the subscript \ 1" boundary terms
in equation (9) to produce
n; T [Fiw I:viw]| = [M W]| + [NW]| on B: (11)

The remaining terms from equation (9) then yield a simpli ed expressionfor the variation of the costfunction
which de nes the gradient
Z

| = M + Nj n; T[Fi I:vi]|| dB
B

T
+ b @—[ Fi Fvi]|| dD ) (12)
|

Choosing to satisfy the adjoint equation with appropriate boundary conditions depending on the cost
function, the explicit dependenceon w is eliminated allowing the cost variations to be expressedin terms
of S and the adjoint solution, and hence nally in terms of the change S in a function S( ) de ning the
shape.

Thus one obtains Z

I = GSd =hG Si

where G is the in nite dimensional gradient (Frechet derivative) at the cost of one ow and one adjoint
solution. Then one can make an improvemert by setting
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S= G

In fact the gradient G is generally of a lower smoothnessclassthan the shape S. Henceit is important
to restore the smoothness. This may be a ected by passingto a Soholev inner product of the form

z
. @ @
hu; vi = uv+ ——)d
( @ @)
This is equivalent to replacing G by G, wherein one dimension
@ @ .
G — — =G G= zeroat end points
@ @ P
and making a shape change S = G

B. Adjoin t equations and boundary condition

Due to the additional level of derivativesin the stressand heat ux terms, it is proctical to derive the
cortributions form the inviscid and viscousterms separately
In order to derive the adjoint equation in detail, equation (8) can be expandedas

VA
T( ngfj + ng fj)dB
B
z T
@ Sj fj +Sj fj)dD
D @i
z
Szlfvj + SZJ fv] dB
B
Z @T
+ —_— Sij fvj + Sij fvj dD : (13)
b @i

It is conveniert to assumethat the shape modi cation is restricted to the coordinate surface ; = 0 sothat
n; = n3 = 0, and n, = 1. Furthermore, it is assumedthat the boundary contributions at the far eld may
either be neglectedor elseeliminated by a proper choice of boundary conditions as previously shown for the
inviscid case.”

1. Derivation of the Inviscid Adjoint Terms

In equation (13) the inviscid ux variation can be expandedby setting
g
@v
Taking the transposeof equation (13), it can be seenthat in order to eliminate the explicit dependenceon
w in the absenceof viscouse ect, should be chosento satisfy the inviscid adjoint equation

Sij fj = Sij W:

@ :
C' = =0 inD; 14
' @ (14)
where the inviscid Jacobian matrices in the transformed spaceare given by
@.
Ci = Sij @JZ
In order to designa shape which will lead to a desired pressuredistribution, natural choiceis to set
1 z
=5 (P p)°ds
B
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where pq is the desired surface pressure,and the integral is evaluated over the actual surfacearea. In the
computational domain this is transformed to
ZZ

(P pa)’iSsid 1d 3

1
NIl =

Bw

where the quartit y p
1S = " 5y

denotesthe face area corresponding to a unit elemen of face areain the computational domain. Now, to
cancelthe dependenceof the boundary integral on p, the adjoint boundary condition reducesto
ini=p pd (15)
where n; are the componerts of the surfacenormal
S .
ng = TEL:
1S2]

This amounts to a transpiration boundary condition on the co-state variables corresponding to the momen-
tum componerts. Note that it imposesno restriction on the tangential componert of at the boundary.

2. Derivation of the Viscous Adjoint Equations

The viscousterms are derived below under the assumptionthat the viscosity and heat conduction coe cien ts
and k areessetially independert ofthe o w, and that their variations may be neglected. This simpli cation
has beensuccessfullyusedfor may aerodynamic problems of interest. However, if the o w variations could
result in signi cant changesin the turbulent viscosity, it may be necessaryto accourt for its variation in the

calculation.
The derivation of the viscousadijoint terms can be simpli ed by transforming to the primitiv e variables

w' = (; Ug; Uz us;p);

becausethe viscousstressesdepend on the velocity derivatives @: while the heat ux can be expressedas

@ p
@i
where = % = D The relationship betweenthe consenative and primitiv e variations is de ned by

the expressions

w=M w, w=M w
which make use of the transformation matrices M = % andM 1= % These matrices are provided in
transposedform for future convenience

2 3
1 u; uz us H%i
0 0 0 wu;
MT = E 00 0 u»
0 0 O us
0 0 0 O Ll
2 3
1 ug uz us 12)UiUi
o 1 0 0 ( Duy
Mo =§ o0 f o ( Du
0 o 0 1 (  1us
0 o 0 0 1
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The consenative and primitiv e adjoint operators L and C corresponding to the variations w and w are
then related by Z Z
w'L dD = w'C dD ;
D D
with
C=M'L;
sothat after determining the primitiv e adjoint operator by direct evaluation of the viscousportion of equa-
tion (13), the consenativeoperator may be obtained by the transformation L = M 1T, Sincethe contin uity
equation contains no viscousterms, it makesno cortribution to the viscousadjoint system. Therefore, the
derivation proceedsby rst examining the adjoint operators arising from the momertum equationsand then
the energy equation. The details may be found in.
In order to make use of the summation corvertion, it is corveniert to set ;1 = ; forj = 1;2;3 and
5 = . Collecting together the cortributions from the momertum and energyequations, the viscousadjoint
operator in primitiv e variables can be nally expressedas

(€ ) - %n@_@I hS” @% io
(C liex = @_@|nS” h %}4' % o % i
+ 25 Ui+ & iUy
i Si & for i=123
C)y = *& S &

The consenative viscousadjoint operator may now be obtained by the transformation

1T

L=M C:

Finally, the resulting adjoint equationsfor the Navier-Stokesequationsare as follows:
CiT 9

@

The rst and the secondterms comefrom the corvective and di usiv e terms of the Navier-Stokesequations

respectively. The adjoint equation, a linear set of equations, is solved by marching the costate variables in
time after a time-lik e derivative has beenadded.

1T

M 'C =0 inD: (16)

3. Viscous Adjoint Boundary Conditions

The boundary term that arisesfrom the momertum equationsincluding both the w and S componerts
equation (13) takesthe form z

k (Sg (kp+ k) dB:

Replacing the metric term with the corresponding local face area S, and unit normal n; de ned by

T Sy
Sj= S55Sy; nj= 2
152 2j 925 N IS

then leadsto Z
k (S2n (kjp+ k) dB:
De ning the componerts of the total surfacestressas
k=0 (kP+ K)
and the physical surfaceelemen

dS = jSjdB ;
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the integral may then be split into two componerts
Y4 Y4
k k] S2jdB + Kk kdS; (7)
B B

where only the secondterm contains variations in the ow variables and must consequetly cancelthe w
terms arising in the cost function. The rst term will appear in the expressionfor the gradient.
A generalexpressionfor the cost function that allows cancellationwith terms containing ¢ hasthe form
z

= 1()dS; (18)
B

corresponding to a variation Z

- 9

B @«
for which cancellation is achieved by the adjoint boundary condition

_ 0.
kK — -
@«
Natural choicesfor | arise from force optimization and as measuresof the deviation of the surface stresses
from desiredtarget values.
The force in a direction with cosinesqg hasthe form

«ds;

If we take this asthe cost function (18), this quartity gives
I = G i
Cancellation with the o w variation terms in equation (17) therefore mandatesthe adjoint boundary condi-
tion
k= G-
Note that this choice of boundary condition also eliminates the rst term in equation (17) sothat it need
not be included in the gradient calculation.

In the inverse design case,where the cost function is intended to measurethe deviation of the surface
stressesfrom somedesiredtarget values, a suitable de nition is

I()Z%alk(l a)(k  dk);

where ¢ is the desired surface stress, including the cortribution of the pressure,and the coe cien ts ay
de ne a weighting matrix. For cancellation

k k=ak(r a) «

This is satis ed by the boundary condition

ak (1 a): (19)

Assuming arbitrary variations in g, this condition is also necessary
In order to control the surfacepressureand normal stressone can measurethe di erence

k

nif i+ k(P Pag;
where py is the desired pressure. The normal componert is then

n=NNj xj + P Pd;
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sothat the measurebecomes

2
n

()

NI NI =

NN fm + m (P Pa)g
f i+ (P Pa)g:
This correspondsto setting
ak = NN
in equation (19). De ning the viscousnormal stressas
vn = NkNj kj,

the measurecan be expandedas

1
() SNMmAN;
1
+§(nknj ki ¥ NiNm m) (P Pa)

1 2
+ é(p Pd)

1 1
E\?n"’ vn(p pd)"'i(p pd)z:

For cancellation of the boundary terms

k(N G +NkP) = NN om + 07 (P pa) Nk
(N« + Nk p)
leading to the boundary condition
k=Nk(vn*t P Pa):

In the caseof high Reynolds number, this is well approximated by the equations

k=Nk(P Ppa); (20)

which should be comparedwith the single scalar equation derived for the inviscid boundary condition (15).
In the caseof an inviscid ow, choosing

()= 30 b

requires
kNk P= (P Pa)Ng P= (P Pa) P

which is satis ed by equation (20), but which represens an over-speci cation of the boundary condition
sinceonly the single condition (15) needsbe speci ed to ensurecancellation.
The form of the boundary terms arising from the energy equation dependson the choice of temperature
boundary condition at the wall. For the adiabatic case,the boundary contribution is
z

@
k T—dB ;
B @
while for the constart temperature casethe boundary term is
z 2 P
Kk @, ST G
B J @2 J @2

one possibility is to introduce a cortribution into the cost function which dependson T or & sothat the
appropriate cancellation would occur. Sincethere is little physical intuition to guide the choice of such a
cost function for aerodynamic design, a more natural solution is to set

=0
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in the constart temperature caseor
=0

9|®

in the adiabatic case. Note that in the constart temperature case,this choice of on the boundary would
also eliminate the boundary metric variation terms in
z

(S Q) dB :
[1l.  Implemen tation
A. Planform design variables

In this work, we model the wing of interest using six planform variables: root chord (c;), mid-span chord
(c2), tip chord (c3), span(b), sweepba&(), andwing thicknessratio (t), asshowvnin gure 1. This choice of

C3

b/2

A
| _

C1 |

Figure 1. Mo deled wing governed by six planform variables; root chord (c1), mid-span chord (c2), tip chord
(c3), span (b), and sweepbac k( ), wing thic kness ratio (t).

designparameterswill leadto an optimum wing shape that will not require an extensive structural analysis
and can be manufactured e ectiv ely.

B. Cost function for planform design

In order to designa high performancetransonic wing, which will leadto a desiredpressuredistribution, and
still maintain a realistic shape, the natural choiceis to set
z

I = 1Cp + (P pa)’dS+ 3Cw (21)
B

2
where Cy ql% is a dimensionlessmeasure of the wing weight, which can be estimated either from
statistical formulas, or from a simple analysis of a represenativ e structure, allowing for failure modessuch
as panel buckling. The coe cient , is introducedto provide the designersomecontrol over the pressure
distribution, while the relative importance of drag and weight are represerted by the coe cients ; and ;.
The choice of theseweighting constarts is discussedin detainl in section F.

C. Structural weight model

To estimate Wy ing , @ realistic model should accourt for both planform geometry and wing loading, but it
should be simpli ed enoughthat we can expressit as an analytical function.

An analytical model to estimate the minimal material to resist material and buckling failures has been
developed by Wakayama.=* When shearand buckling e ects are small, they may be neglected,resulting in
a simplied model developed by Kroo.>~ In this paper, we follow the analysis developed by Kroo.
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The wing structure is modeled by a structure box, whosemajor structural material is the box skin. The
skin thickness(ts) varies along the span and resiststhe bending moment causedby the wing lift. Then, the
structural wing weight can be calculated basedon material of the skin.

t S
j
——
-z z b/2 = CS =
(a) swept wing planform (b) section A-A

Figure 2. Structural model for a swept wing

Consider a box structure of a swept wing whose quarter-chord swept is  and its cross-sectionA-A as
shown in gures 2. The skin thicknesstg, structure box chord cs, and overall thicknesst vary along the span.
The maximum normal stressfrom the bending momen at a sectionz is

_M(z)
T ttsGs

The corresponding wing structural weight is
z M
str uctual SEan
matg ~ M)
cof) » t(z)
z

4__mat g M(z )
co) o t(z)
and 7

CW=

dz

Nl

dz ;

FM(z)
cof) o tz)

= Amag.
G Sref ,
mat IS the material density, and g is the gravitational constart.
The bending momert can be calculated by integrating pressuretoward the wing tip.

dz ; (22)

where

2y p(x;z)(z z)

M(z) = o)A
2y a2
= , dedz
wing
Thus
ZovZob |
_ 228D bz z)
CW = W o , TdXdZdZ (23)

wing
R
To form the coggsponding adjoint boundary condition, Cw must be expressedas  dB in the computa-
tional domain, or dxdz in a physical domain to match the boundary term arise from the o w equations.
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To switch the order of integral of (23), introduce a Heaviside function

H(z z)-= 0 z<z
1, z>z2
Then (23) can be rewritten as
Cw = coy) 2
ZovZy | )
2 2 p(x;2)H(z z )z z )dxdzdz
o o t(z)
wing
Zy |
= W , p(x; z)K (z)dxdz; (24)
wing
where
Zy
K@ = He e 1),
20
_ tz z dz
o tz)
In the computational domain,
I
Cw = wol) ? 4 P( 15 3)K( 3)Sz2d 1d 3; (25)

and K ( 3) is a one-to-onemapping of K (z).

D. Adjoin t boundary condition for the structural weight

For simplicity, it is assumedthat the portion of the boundary that undergoesshape modi cations is restricted
to the coordinate , = 0. Then equation (13) may be simpli ed by incorporating the conditions

nt=n3=0;, n,=1 and dB =d1d3;

sothat the only variation F, needsto be consideredat the wall boundary. Moreover, the condition that
there is no ow through the wall boundary at , = 0 is equivalernt to

U, = 0;

and
Uz =0

when the boundary shape is modi ed. Consequetly,

N
[y

INGAY O
WO AXMN 00
» o
NGV €O

8
0
% Sa1
Fa= p_ Sy _+tP
E Sy3
' 0

Sz ¢ (26)

E Sa23 %

; : 0

The variation of Cy is
|

K Sy, K Sy,
Cw = + —=_ dd3; 27
w . pcos() 2 cos) 2 10 3; (27)

Since F, and Cy depend only on the pressure,it allows a complete cancellation of dependencyof the
boundary integral on p, and the adjoint boundary condition reducesto

So1+ 3Spm+ 4S;z= ——5KS 28
2921 3922 4923 cog) 2 22 (28)
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E. Gradien t calculation for planform variables

The gradient with respect to planform variation can be computed by integrating point-gradients projected
in the planform movemert direction. If onechooses as , where  satis es the adjoint equation (16)
then

I (w;S) = ZI(S) 7
= (M + Nyj)dB + " RdD
% 3%
(M + Nyjy) B+ R
N D
(M + Njy) B
X o |
+ Rjs+ s Rjs ;
D

where Rjs and Rjs: s are volume weighted residuals calculated at the original mesh and at the mesh
perturbed in the designdirection.

Provided that hasalready beencalculated and R can be easily calculated, the gradient of the planform
variables can be computed e ectiv ely by rst perturbing all the meshpoints along the direction of interest.
For example,to calculate the gradient with respectto the sweepbad, move all the points on the wing surface
asif the wing were pushedbadkward and also move all other assaiated points in the computational domain
to match the new location of points on the wing. Then re-calculate the residual value and subtract the
previous residual value from the newvalueto form R. Finally, to calculate the planform gradient, multiply

R by the costate vector and add the contribution from the boundary terms.

This way of calculating the planform gradient exploits the full benet of knowing the value of adjoint

variables  with no extra cost of ow or adjoint calculations.

F. Choice of weighting constan ts
1. Maximizing range of the aircraft

The choiceof ; and 3 greatly a ects the optimum shape. If -2 is h|gh enough, the optimum shape will
have lower Cp and higher Cyy than another optimum shape with ‘lower = value.

Leoviriy akit and Jameson” proposean intuitiv e choiceof ; and 3 by equatlng a problem of maximizing
range of an aircraft to a problem of minimizing the cost function

|=CD+—3CWZ
1

If the simpli ed Breguet range equation can be expressedas

VL W
R= Eﬁlog—

where C is specic fuel consumption, D is drag, L is lift, R is range, V is aircraft velocity, W, is take o
weight, and W, is landing weight, then choosing
C
_3 = 7D Cw X (29)
1 CW2|09 L

corresponds to maximizing the range of the aircraft.
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2. Pareto Front

In order to presen the designerwith a wider range of choices,the problem

of optimizing both drag and weight can be treated as a multi-ob jective weight

optimization problem. In this senseone may also view the problem as

a \game", where one player tries to minimize Cp and the other tries

to minimize Cyw . In order to compare the performance of various trial

designs,designatedby the symbol X in gure 3, they may be ranked for

both drag and weight. A designis undominated if it is impossibleeither

to reduce the drag for the sameweight or to reduce the weight for the

samedrag. Any dominated point should be eliminated, leaving a set of

undominated points which form the Pareto front. In gure 3, for example, Drag

the point Q is dominated by the point P (samedrag, lessweight) and also ,

the point R (sameweight, lessdrag). Sothe point Q will be eliminated. F9ue¢ 3. ~ Cooperatv e game
. . . strategy with drag and weight as

The Pareto front canbe t through the points P, R and other dominating pja yers

points, which may be generatedby using an array of di erent valuesof ;

and 3 in the cost function to compute di erent optimum shapes. With

the aid of the Pareto front the designerwill have freedomto pick the most useful design.

IV. Design cycle and parallel computation

Flow Solver
Adjoint Solver

Gradient Calculation
-Aerodynamics
-Structure

|

Shape & Grid
Modification

|

In general, the computational cost of viscous designis at
least one order of magnitude greater that the cost of inviscid
design. Three main reasonsfor this are the increase of the
number of grid points by a factor of two or more to resolve the
boundary layer, the additional cost of computing the viscous
terms and turbulent model, and a slower corvergencedue to
highly stretched cellsinside the boundary layers.

To make the design method feasible in practice, parallel
computing is implemented to parts of the design cycle that
dominate the computation time. Both ow and adjoint calcu-
lation have beenimplemented in a parallel setting using the
messagepassinginterface (MPI).

The designcycle starts by rst solving the ow eld until
at leasta 3 order of magnitude drop in the residual is achieved.
The o w solution is then passedto the adjoint solver. Second,
the adjoint solver is run to calculate the costate vector. Itera-
tion continuesuntil at leasta 2 order of magnitude drop in the
residual? The costate vector is passedto the gradient mod-
ule to evaluate the aerodynamic gradient. Then, the structural
gradient is calculated and added to the aerodynamic gradient
to form the overall gradient. The steepest descem method is usedwith a small step sizeto guarantee that
the solution will corvergeto the optimum point. The designcycleis shovn in gure 4.

Design Cycle
repeated until
convergence

Notation:
Environment
m Paraet computng
Environment

Figure 4. Design cycle

% Single processor computing

V. Flow solver and adjoint solver

The o w solver and the adjoint solver chosenin this work are codesdeveloped by Jamesonet al.
The o w solver solvesthe three dimensional Navier-Stokesequationsby employing the JST scheme,together
with a multistage explicit time stepping scheme. Rapid cornvergenceto a steady state is achieved via variable
local time steps, residual averaging, and a full approximation multi-grid scheme. The adjoint solver solves
the corresponding adjoint equations using similar techniquesto those of the o w solver. In fact much of the
software is shared by the ow and adjoint solvers.

aStudies~® have shown that, for the design purp ose, only a 3 order of magnitude drop in the residual of the o w calculation
and only a 2 order of magnitude drop in the residual of the adjoint calculation are su cien t.
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VI. Results

A. Validation of aerodynamic and structural gradien ts with respect to planform variables
To verify the accuracy of the aerodynamic and structural gradients with

e tho At gretierts with those fom the. mio.di oronce. methods -\
pare the adjoint gradients with those from the nite-d thd.

For the purposeof comparison,calculations are performedat a xed angle S AN
of attack to eliminate the e ect of pitch variation on the gradient. The \\\ mmmmmm\m\
casechosenis the Boeing 747 wing-fuselagecombination at Mach 0.86, W 'Hl:#%%%%%%j}ﬁ}) Ty
and wing angle of attack 2 degrees.The computational meshis shown in e
gur‘?hg'gradierts with respect to the planform variables are calculated " “““\‘\“R‘*“““““““““\““‘““““"ﬁilllllﬂ;
zzaazerrmimi i
= N

using both the adjoint and the nite-di erence methods. A forward di er- |

encingtechnique is usedfor the nite-di erence method with a moderate f//////////////////;?}} /////////////////////////////I

step size of 0.1% of planform variablesto achieve accurate gradient with /

both small discretization and cancellation errors. The ow and adjoint Figure 5. Computational  Grid of

solversare run until both solutions corverge v e order of magnitude. the B747 Wing Fuselage. Mesh
Figure 6 over-plots gradients from two methods for both drag and size 256x64x48.

structural weight. The plots shaw that the gradients agreequite well.

Comparison of planform gradients; Finite difference (blue) vs. Adjoint (red) Comparison of planform gradients; Finite difference (blue) vs. Adjoint (red)

015 015
A Sweep A Sweep
O Span O Span
O Thickness O Thickness
x  Root chord x  Root chord
0.1F * Mid-span chord 0.1F * Mid span chord
+ Tip chord + Tip chord
0.05+ A R - 0.05+
A ]
3 % 3
0.05 0.05
-01 01 [
B
0 1 2 3 4 5 6 7 0 1 2 5 6 7
Planform variables (x) Planform variables (x)
(a) Gradient of Cp (b) Gradient of Cy
Figure 6. Comparison between adjoin t and nite-di erence gradien t with resp ect to planform variables.

B. Redesign of Boeing 747 wing

We presert results to shaw that the optimization with atrade-o betweendrag and structural weight results
in a practical design. In these calculations the ow was modeled by the Reynolds AveragedNavier-Stokes
equation, with a Baldwin Lomax turbulence model. This turbulence model was consideredsu cien t because
the design point was at cruise condition with attached ow. The casechosenwas the Boeing 747 wing
fuselagecombination at normal cruising Mach 0.85and a lift coecient C. = 0:45.

As areferencepoint, we rst modi ed only the wing sectionsto eliminate the shock drag, while planform
of the baseline B747 was kept unchanged. Figure 7 shows the redesignedcalculation. Here the drag was
reducedfrom 137 counts to 127 counts (7.3% reduction) and the weight wasslightly reducedfrom 498 counts
to 494 counts (0.8%) in 30 designiterations with relatively small changesin the section shape.

Next, we allowed section changestogether with variations of sweepbad, span,root chord, mid-span chord,
and tip chord. However, due to high computational cost of the Navier-Stroke optimization, the planform was
initially designedby the inviscid method.”® The sectionsof this wing were then optimized with a viscous
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method while keepingplanform constart, showvn in gure 8. The inviscid-planform had a starting drag and
weight of 129 and 472 counts respectively, which were already lessthan those of the baseline B747 (Cp
137 counts and Cy 498 counts), indicating that the inviscid-planform was a good starting point for the
viscous optimization. To investigate contribution from shock drag, we performed section modi cation at
xed planform. In 30 design cycles, the drag was reducedto 120 courts, while the structural weight was
constart.

Now, we implement both sectionand planform optimization in viscousdesign, using the starting wing of
gure 8 as a starting point. Figure 9 shaws the e ect of allowing changesin sweepbad, span, root chord,
mid-span chord, and tip chord. The parameter 3= ; was chosenaccordingto formula (29) suc that the
cost function corresponded to maximizing the range of the aircraft. In 30 designiterations the drag was
reducedto 117 counts (14.5% reduction from the baselineB747), while the dimensionlessstructure weight
was decreasedo 464 courts (6.1% reduction), which correspondedto a reduction of 5,500Ibs. The planform
changesare shown in gure 10. This viscousredesignedwing has lessdrag and structural weight than that
of the optimized xed planform.

Both results from the inviscid and viscous planform optimization suggesta similar trend to yield large
drag reduction, while maintaining low structural weight:

Increasewing spanto reducevortex drag,
Reducesweepbut increasesection-thicknessto reduce structural weight,
Use section optimization to minimize shock drag.

Although the suggestedtrend tends to increasethe wing area, which increasesthe skin friction drag,
the pressuredrag drops at a faster rate, dominating the trade-o. Overall, the combined results yields
improvemerts in both drag and weigtt.

C. Pareto front

The problem of optimizing both drag and weight can be treated as a multi-ob jective function optimization
asin this paper. A dierent choiceof ; and 3 will result in a dierent optimum shape. The optimum
shapesshould not dominate eat other, and therefore lie on the Pareto front. The Pareto front can be very
useful to the designerbecauseit represers a set which is optimal in the sensethat no improvemert can
be achieved in one objective componert that doesnot lead to degradation in at least one of the remaining
componerts.

Figure 11 shows the e ect of the weighting parameters( 1; 3) on the optimal design. As before the
design variables are sweepbad&, span, chords, section thickness,and mesh points on the wing surface. In
gure 11 ead point correspondsto an optimal shape for one speci ¢ choiceof ( 1; 3). By varying 1 and

3, We capture a Pareto front that boundsall the solutions. All points on this front are acceptablesolutions,
and choosingthe nal designalong this front dependson the nature of the problem and se\eral other factors.
The optimum shape that correspondsto the maximum Breguet range is also marked in the gure.

VI I. Conclusion

This paper developsand validates an aerodynamic designmethodology basedon the Navier-Stokesequa-
tions for planform optimization. A model for the structural weight is included in the design cost function.
The results of optimizing a wing-fuselageof a commercial transonic transport aircraft has highlighted the
importance of the structural weight model and the the viscouse ects on the designprocess.

The trade-o betweenthe structural cost function and the aerodynamic cost function prevents an unre-
alistic result and leadsto a useful design. The inclusion of viscouse ects increasesthe level of realism of
the design. Methods of combining drag and wing weight also provide the designera better opportunity to
choosethe nal optimum shape.

Results indicate that the shape changesin the section neededto improve the transonic wing designare
quite small. However, in order to obtain a true optimum designlarger scalechangessuc as changesin the
wing planform (sweepbad, span, chord, and taper) should be considered. Becausethese directly a ect the
structure weight, a meaningful result can only be obtained by consideringa cost function that takesaccourt
of both the aerodynamic characteristics and the weight.
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When maximizing the range of the aircraft, both the inviscid and viscousoptimization follow the same
trend; increasing span to reducethe vortex drag, decreasingsweep and thickening wing-sectionsto reduce
structural weight, and modifying airfoil sectionsto minimize the shock drag. In addition this trend suggests
a way to reduce the computational cost by redesignin two steps; rst optimize by the inviscid optimizer
which is lessexpensiwe, then usethe viscousoptimizer to nalize the geometry.
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Mach: 0.850 Alpha: 2.533

CL: 0.449 CD:0.01270 CM:-0.1408 CW: 0.0494
Design: 30 Residual: 0.5305E+00

Grid: 257X 65X 49

Sweep: 42.1141 Span(ft): 212.43
ci(ft): 48.17 c2: 29.11 c3: 10.79
I: 0.01270

Tip Section: 92.5% Semi-Span

Cl: 0.431 Cd:-0.02153 Cm:-0.1873 T(in):12.186

Cp=-2.0 E - Cp=-2.0 E -

+ — + —

Root Section: 13.6% Semi-Span Mid Section: 50.8% Semi-Span
Cl: 0.373 Cd: 0.05530 Cm:-0.1449 T(in):66.1586 Cl: 0.647 Cd:0.00557 Cm:-0.2398 T(in):23.849

Figure 7. Wing-section optimization of Boeing 747 at xed baseline-planform. Dash and solid lines represen t
pressure distributions of the baseline Bo eing 747 and redesigned con guration resp ectiv ely.
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Mach: 0.850 Alpha: 2.120
CL: 0.449 CD:0.01208 CM:-0.1053 CW: 0.0472
Design: 30 Residual: 0.3769E+00
Grid: 257X 65X 49

Sweep: 38.0560 Span(ft): 228.81

cl(ft): 48.06 c2: 29.49 c3: 10.79
I: 0.01208

Tip Section: 92.5% Semi-Span
Cl: 0.405 Cd:-0.01615 Cm:-0.1954 T(in):12.009

+ — Cp =20 + +

Root Section: 12.9% Semi-Span Mid Section: 50.6% Semi-Span
Cl: 0.344 Cd:0.05929 Cm:-0.1259 T(in):75.4251 Cl: 0.594 Cd:0.00192 Cm:-0.2274 T(in):25.242:

Figure 8. Wing-section optimization of Boeing 747 at xed inviscid-optimized planform. The optimized
planform  from reference is used as a starting point and no mo dication is made to the planform. The
wing-sections  are redesigned to alleviate the shock drag. Dash and solid lines represen t pressure distributions

of the starting and redesigned con gurations resp ectiv ely.
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Mach: 0.850 Alpha: 2.287

CL: 0.448 CD:0.01167 CM:-0.0768 CW: 0.0464
Design: 30 Residual: 0.3655E+00

Grid: 257X 65X 49

Sweep: 36.6144 Span(ft): 231.72
ci(ft): 47.17 c2: 28.30 c3: 10.86
I: 0.01863

Tip Section: 92.5% Semi-Span
Cl: 0.390 Cd:-0.01648 Cm:-0.1736 T(in):12.044

Root Section: 12.7% Semi-Span
Cl: 0.347 Cd:0.06011 Cm:-0.1224 T(in):74.0556

Figure 9. Complete
the Braguet range,

optimization

using in viscid-optimized planform

+ +

Cp=-2.0

%+

of Boeing 747. Both wing-section

e

Mid Section: 50.5% Semi-Span
Cl: 0.582 Cd:0.00213 Cm:-0.2154 T(in):25.301

and planform are optimized

as a starting points.
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Figure 10. Sup erp osition of the baseline B747 (green/ligh t) and the optimized secton-and-planform geometry
(blue/dark). The optimized-planform from inviscid calculation is also superimp osed (magen ta).

Effects of the weighting constants on the optimal shapes

540 T T
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Fixed Planform
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O . .
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Figure 11. Pareto front of section and planform mo dications. The ratios of —i are mark ed for each optimal
point.
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