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Aerodynamic Optimization of Supersonic Transport Wing
Using Unstructured Adjoint Method

Hyoung-Jin Kim,* Daisuke Sasaki,” Shigeru Obayashi,* and Kazuhiro Nakahashi®
Tohoku University, Sendai 980-8579, Japan

An aerodynamic design method has been developed by using a three-dimensional Euler code and an adjoint
code with a discrete approach. The method is applied to wing design problems of supersonic transports with wing-
body-nacelle and wing-body configurations. Hicks-Henne shape functions are adopted for the surface geometry
perturbation, and the elliptic equation method is employed for the interior grid modification during the design pro-
cess. Interior grid sensitivities are neglected except those for design parameters associated with a body translation
such as nacelles. The sequential quadratic programming method is used to minimize the drag with constraints on
the lift and airfoil thickness. Successful design results confirm validity and efficiency of the present design method.

Introduction

ITH the advances in computational fluid dynamics (CFD)

and computing power of modern computers, aerodynamic
design optimization methods utilizing CFD codes are more impor-
tant than ever. Among several design optimization methods appli-
cable to aerodynamic design problems, the gradient-based method
has been used most widely because of its well-developednumerical
algorithms and relatively small computational burden. In the appli-
cation of gradient-based methods to practical aerodynamic design
problems, one of the major concerns is an accurate and efficient
calculation of sensitivity derivatives of an aerodynamic objective
function. The finite difference approximation is the simplest way
to calculate the sensitivity information because it does not require
any sensitivity code. However, the accuracy of such an approach
depends critically on the perturbation size of design variables and
the flow initialization!

Sensitivity derivatives can be evaluated more robustly and effi-
ciently by using a sensitivity analysis code based either on a di-
rect method”™* or on an adjoint method.>>~'* An adjoint method is
preferable in aerodynamic designs because it is more economical
when the number of design variables is larger than the total number
of an objectivefunctionand constraints.Reutheretal.,? forexample,
designed aircraft configurations using a continuous adjoint method
with the Euler equations in a structured multiblock grid system.

For complex aerodynamic configurations the unstructured grid
approach has several advantages over the structured grid approach.
This approach can treat complex geometry with greater efficiency
and less effort. It also has a greater flexibility in the adaptive grid
refinement/unrefinement; thus, the total number of grid points can
be reduced. Newman et al.* developed a direct sensitivity code via
a discrete approach for the two- and three-dimensional Euler equa-
tions in the unstructured grid framework and demonstrated design
examples of multielement airfoil in a subsonic flow and Boeing
747-200 in a transonic regime. Elliot and Peraire!! reported a dis-
crete adjointmethod for the Euler equations with unstructuredgrids,
which was appliedto designa two-dimensionalmultielementairfoil,
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athree-dimensionalwing, and a wing-body configuration. Recently,
Nielson and Anderson'® developed a discrete adjoint code for the
three-dimensionalNavier-Stokes equations with a one-equationtur-
bulence model and examined numerical effects on the accuracy of
sensitivity derivatives caused by the flux Jacobian simplification
and turbulence model differentiation. Mohammadi'* developed an
unstructured adjoint code for the two-/three-dimensional Navier—
Stokes equations with a two-equation turbulence model using an
automatic differentiationtool with the reverse mode. Extensive pre-
vious works on aerodynamic design using structured/unstructured
sensitivity analysis methods can be found in a recent review paper
by Newman III et al.’

In this study direct and adjoint sensitivity codes have been devel-
oped from a three-dimensional unstructured Euler solver based on
a cell-vertex finite volume method. With the resultant adjoint code
designed are supersonic transport (SST) wings with wing-body-
nacelle and wing-body configurations. Wing geometry is perturbed
in an algebraic manner at five design sections. Interior grids are
moved accordingly by the elliptic equation method. Grid sensitivi-
ties of interior nodes are neglected except those for design variables
associated with nacelle translationin order to reduce required com-
putational time for the mesh sensitivity calculation.

The restof this paper presentsa briefreview on the flow solverand
the direct and adjoint methods with a discrete approach. Sensitivity
code validation is then given, followed by design methodologies
including surface mesh deformation and interior mesh movement
techniques. Design examples utilizing the resulting design method
are then given for SST wings.

Flow Analysis
The Euler equations for compressible inviscid flows are written
in an integral form as follows:

i/de+/ F(Q)-ndS =0
at Q 0Q

where Q@ =[p, pu, pv, pw, e]” is the vector of conservative vari-
ables; p the density; u, v, w the velocity components in the x, y, z
directions; and e the total energy. The vector F(Q) represents the
inviscid flux vector, and n is the outward normal of 02, which is
the boundary of the control volume . This system of equations is
closed by the perfect gas equation of state with a constant ratio of
specific heats.

The equations are solved by a finite volume cell-vertex scheme.
The control volume is a nonoverlapping dual cell. For a control
volume Eq. (1) can be written in an algebraic form as follows:
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where AS;; is a segment area of the control volume boundary as-
sociated with edge connecting points i and j. This segment area
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AS;; as well as its unit normal r;; can be computed by summing up
the contribution from each tetrahedron sharing the edge. The term
h is an inviscid numerical flux vector normal to the control volume
boundary, and Ql.ij are flow variables on both sides of the control
volume boundary. The subscript of summation j (i) means all node
points are connected to node i.

The numerical flux & is computed using an approximate Riemann
solver of Harten-Lax-van Leer-Einfeldt-Wada (HLLEW).!® The
second-order spatial accuracy is realized by a linear reconstruction
of the primitive gas dynamic variablesq = [p, u, v, w, p]” inside
the control volume using the following equation:

O=y=1 3)

where r is a vector pointing to point (x, y, z) and i is the node in-
dex. The gradientsassociated with the control volume centroids are
volume-averagedgradients computed by the surrounding grid cells.
Venkatakrishnan’ limiter'® is used for the function y; in Eq. 3)
because of its superior convergence properties.

To integrate Eq. (2) in time, the lower-upper symmetric Gauss-
Seidel (LU-SGS) implicitmethod'” is adopted. WithAQ = Q" T —
Q" and a linearization of numerical flux term as hlf’j+1 = hl’.’j +
ATAQ; +A7AQ;, Eq. (2) becomes the following equations:

v, . .
(EI—F > ASA; )AQi +Y AS,ATAQ =R, (4

J(@) J(@)

qr)=q; + y;Vq; - (r—r;)

where R is a residual vector,

R, == AS;h, 5)
J@)

The LU-SGS method on unstructured grid can be derived by
splitting node points j(i) into two groups, j € L(i) and j € U (i),
for the second summation in the left-hand side of Eq. (4). The final
form of the LU-SGS method for the unstructured grid becomes the
following.

Forward sweep:

AQ; =D—‘<Ri - > AS,.].A]—.AQ;) (62)

JeLw
Backward sweep:
AQi=AQ; =D Y AS;ATAQ, (6b)
jeu
where D is a diagonal matrix derived by Jameson-Turkel approxi-

mation of Jacobian'® as AT =0.5(4 + pal), where p, is a spectral
radius of JacobeanA:

V.

D= (A—Jt +0.SZASiij)I (7
J(@)

The lower/upper splitting of Eq. (6) for the unstructured grid

is realized by using a grid reordering technique'® to vectorize the
LU-SGS method and to improve the convergence.

Sensitivity Analysis
Direct Method
An aerodynamic sensitivity analysis begins with the fact that the
discrete residual vector, Eq. (5) of the nonlinear flow equations, is
null for a converged flowfield solution of steady problems, which
can be written symbolically as

R[Q,X,B]=0 ®)

where X is the grid position vector, 8 the vector of design variables.
Equation (8) can be directly differentiated via the chain rule with
respectto f3 to yield the following equation:

ar _[or7fa0) (o)
- [22]t] v

where {C;} = [Z—I;}{%} + {88_1;,} 9

This equation is the direct sensitivity equation for the flow vari-
able sensitivity {dQ/d}. The vector {C;} has no relation with the
{dQ/dpB} and, thus, is constant throuthout the solution process of
the sensitivity equation for a design variable 8. {dX/dp} in the {C;}
is a vector of grid sensitivity, which can be calculated by a finite
difference approximation or the direct differentiation of a routine
for the grid generation or modification.

To find the solution {dQ/dB} of Eq. (9) iteratively,a pseudotime
term is added as follows to obtain the incremental form:

00, [ar7[do """
%7_[5}{@} +{C}) (10)

where Q’ represents the solution vector {dQ/dB}. The preceding
system of equationsis solved with the LU-SGS scheme that is used
for the flow solver. By comparing Egs. (2) and (10), one can obtain a
direct sensitivity code by directly differentiatingthe right-hand side
of the flow solver.

The Jacobian matrices[0R/0Q] and [0 R/0X]in Eq. (9) are very
large sparse matrices. Even for a two-dimenisonal grid system, if
its banded structure is not considered, the memory requirement can
be prohibitively large. To circumvent this problem, Newman et al.*
adopted an efficeint matrix-vectorproductmethod. In the presentdi-
rect sensitivity analysis, however, the terms [0R/ 0 Q1{dQ/dpB} and
[oR/0X]{dX/dB} in Eq. (9) were calculated without any “matrix-
vector product.”® This could be done by directly differentiating
those terms in the residual vector R that are explicit functions of
the flow variable Q with respect to S for the [0R/0Q]{dQ/dB}
calculation. The same procedure is applied to [0R/0X {dX/dp};
those terms in the residual vector R explicitly related with the grid
position vector X are differentiated with respectto .

When the flow variable sensitivity vector {dQ/dp} is obtained,
the total derivative of the objective function F' can be calculated.
The objective function F is usually aerodynamic coefficients such
as Cp, Cp, Cy, or differences of surface pressures with specified
target pressures. F is a function of flow variables Q, grid position
X, and design variables 3, i.e.,

F=F[Q(B), X(B), B] an

The sensitivity derivative of the cost function F* with respect to a
design variable 3 is given by

dF oF )" [do oF | [dx oF
— =1 —+t1=—= — Tt 1= (12)
dg 00 dg oX dg op
Adjoint Method
Because the total derivative of the flow equations in the steady

state is null as can be seen in Eq. (9), we can introduce adjoint
variables and combine Egs. (9) and (11) to obtain

(5} -5 ) ) {5

+{A}T{[%“%} +{C}} (13)

If one arranges Eq. (13) for the flow variable sensitivity vector
{dQ/dpB} and sets coefficients of the sensitivity vector {dQ/dS}
equal to zero, one can obtain the following adjoint equation:

T
| aR 3F |
? [@M@} =0

T
ol

or by transposing

00 00

If one finds the adjoint variable vector {1}, which satisfies the pre-
ceding adjoint equation, one can obtain the sensitivity derivative of
F with respectto B without any information about the flow variable
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sensitivity vector {dQ/dB}. This makes the computational cost for
the sensitivity analysis remarkably reduced for a large number of
design variables. Equation (13) eventually becomes the following

form:
T
dF oF dX oF
—t =1 — — A C 15
{dﬂ} {ax} {dﬂ}+{aﬂ}+”” 1
As Egs. (2) and (10), the adjointequation(11) is also convertedto

the following system of linear algebraicequationswith a pseudotime
term added and is solved with the LU-SGS scheme:

Vi +T _T _ .
(EI—FZASUAI. )A/li—ZASiin AX; = Readj, (16)

J(@) J(@)

where R_adj; is the adjoint residual defined as

, R " oF
R‘a‘”":[aQ} {”{aQ}

Flux Jacobian matrix A~ in the second summation of Eq. (16) is
calculated at node i instead of node j and of negative sign. This
shows that the wave propagation direction of the adjoint equations
is opposite to that of the flow equations. However, the information
on grid reordering used in the LU-SGS routine of the flow solver for
the convergence improvement and vectorization is still valid here
for the adjoint equations.

As mentioned earlier, the flux Jacobian [0R/2 Q] in the right-
hand side of Eq. (16) is a very large sparse matrix. In the adjoint
method, unlike the direct method, all of the elements of the Jacobian
matrix should be calculated explicitly. If all of the calculated ele-
ments are stored in memory, computational time can be drastically
reduced, but the memory requirement would prohibitivelylarge for
three-dimensional problems. On the other hand, if the elements are
not stored but recalculated every iteration repetitively, the memory
requirement can be remarkably reduced with increased computa-
tional costs. This demands a compromise, which should be made
considering avaliable computer resources.'! In this study, among
the elements of [0R/3Q]7, stored in memory are those calculated
by the differentiationof y; V¢;, the reconstructionand limiter terms
[see Eq. (3)]. Other parts obtained by the differentiated HLLEW
flux are recalculated every iterations of the adjoint analysis instead
of being stored in memory.

Figure 1 compares a two-dimensional example of flux accumu-
lation for the flow solver and the adjoint method. In the flow solver
primitive flow variables are reconstructedat the control volume sur-
face using surrounding node point values. Then the flux & through
the control volume surface is calculated and acculuated at both
nodes 1 and 2. This is repeated for all edges to obtain flux residual
for the control volume. On the other hand, in the adjoint method, the
adjoint flux [0R;/ 8 Q] {1} is accumulated at all of the node points
that have effects on the reconstructed flow variables at the control
volume surface. For example, if we set the flux for the edge con-
necting node 1 and node 2 as Ry, (= —AS,hy,), accumulation of

Fig. 1 Simple example of flux accumulation for the flow solver and
adjoint method.

the adjoint residual R_adj is made at nodes related with node 1 as
follows:

O0R»

T
R-adj; <= R-adj; + |: i| A, j=1,2,3,4,56, and7

a7
For nodes surrounding node 2,

O0R,
an

This causes small loops for the neighboringnodes to be inserted into
the big loop for all edges. The length of the small loop was usually
from 5 to 25 around a node point for a three-dimensional grid set
for an inviscid computation depending on the grid structure. If the
adjoint code is run on a vector machine, it would hamper the flux
calculationroutine of the adjoint code to be vectorized with the big
loop of edges.

To simplify the differentiationprocess of [0 R/ 2 Q] , the residual
vector R is differentiatedby primitive variablesq =[p, u, v, w, p]*
rather than by the conservativevariables 0.6 Then, the flux Jacobian
via the conservative variable can be obtained introducing the trans-
formation matrix M =2 Q/dq:

) - (D) - [ 5] - 5]

(18)

T
R.adj; <= R_adjj—|: i| Aj, j=12,3,7,8,9, and 10

The transformation matrices in a transposed form are given as
1L u v w @WH+vi+w?)/2

p 0 O pu
M'=10 0 p 0 pv
0 0 0 p pw
00 0 O Uy -1
M- =

1 —ulp —vip —wip [(y — D@ +v*+whH]/2

0 1/p 0 0 —(y — Du
0 0 1/p 0 —(y — 1)y
0 0 0 1/p —(y —Dw
0 0 0 0 (r—"

(19)

In this study the required differentiation process is conducted by
human hand. Hand differentiationof a modern CFD codeis a tedious
job to do. However, if once done carefully, it provides an efficient
sensitivity analysis tool.!?

Boundary Conditions for Discrete Sensitivity Analysis

Boundary conditions for the direct method can be simply imposed
by differentiating the boundary conditions for the flow equations.
This section is thus mainly devoted to the boundary conditions for
the discreteadjoint method. The adjointequation (14) can be written
in a more detail form containing boundary conditions as follows:

[aRz}T |:8R”i|r_ {i}

() o | (o
orR ] ToR’ {W}}+ {aF} ‘{{0}} @0
[aQJ ] 7

EL Y aRbT/lb oF T—o -
0 {}+_8_Q"{}+8_Q" = {0} a

Q)Q)

b T
e aR}{”} {aF —(0) @b

00" 00"
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where the superscripti presents values of inner node and b values of
boundary nodes. For example, R’ is the residual at nodes in compu-
tational domain, and R? is the residual of the boundary conditions
at boundary nodes. Equation (21a) is solved in an incremental form
of Eq. (16). The adjoint variable vector at boundary nodes {1°} is
calculated from Eq. (21b) with the adjoint variable vector at the
interior nodes {A'} of the earlier time level and the flux Jacobian
[oR /2 Q"] .

An alternative way to impose boundary conditions of the discrete
adjoint equationsis to treat boundary conditions of a flow solver as
an implicitmanner. A discrete adjointcode developed from the flow
solver with implicit boundary conditions would then automatically

satisfy the boundary conditions for the adjoint equations *!!

Sensitivity Code Validation

To validate the direct and adjoint sensitivity codes developed in
this study, sensitivity analyses are conducted for a typical SST im-
mersed in a supersonic flow. Flow conditions are M, =2.0 and
a=2.0 deg. The number of nodes and cells for the adopted vol-
ume grid are about 260,000 and 1,390,000, respectively. All of the
computations for the code validation were conducted with a single
processor of a NEC SX-4 vector computer.

We used the following wedge-type shape function for the purpose
of test:

B: Ynew =y — Aﬂ*x (22)

where x and y are coordinatesof longitudinaland normal direction,
respectively. The sensitivity derivatives are compared with those
computed by the forward finite difference approximation with a
step size AB of 1077, The residual of the flow solver is reduced by
17 orders from the initial value for the finite difference calculation.
Table 1 compares the sensitivity derivatives by the adjoint, direct,
and finite difference method. They compare very well with one
another with errors less than 0.004%.

Figure2 shows a comparisonof convergencehistoriesof the Euler
solver, adjointand direct sensitivity codes. All of them show similar
convergencepropertiesbecause they all have the same flux Jacobian
matrices, and also they adopt the same implicit time-marching al-
gorithm of LU-SGS scheme. The initial values of the sensitivity

Table1l Comparison of sensitivity derivatives: errors are with respect
to the values of finite deference

Finite Direct code Adjoint code
Derivative  difference (% error) (% error)
dcp/dp 1.308065 1.308050(0.00115) 1.308056 (0.00069)
dCp/dp 0.0983594  0.0983587(0.000712)  0.0983557(0.00376)
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Fig.2 Convergence history of flow solver and sensitivity codes.

Table2 Comparison of memory and CPU time

Compared items Flow solver Direct code Adjoint code
Required memory, MB 160 222(1.39) 360 (2.25)
Time per iteration, s 3.75 5.7(1.52) 26.5(7.07)

AFigures in parentheses are relative ratios to the flow solver.
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Fig. 3 Convergence trends of sensitivity derivative with respect to
residual of the adjoint code.

derivative {dQ/dp} are obtained by differentiating the initial con-
dition of the flow solver, and the initial adjoint variables {1} are set
to zero. Table 2 compares required memory and computational time
for the Euler solver and its sensitivity codes. The required mem-
ory for both direct and adjoint codes seems to be reasonable. The
adjoint code costs somewhat large computational time per iteration
because of the poor vectorization performance of the adjoint resid-
ual accumulationroutine as mentioned in the preceding section. We
also tested the ratio of computational time of the flow solver over
the adjoint code at an Compaq o workstation, a scalar machine, and
found that the adjointcode costs only 1.5 times the CPU time of the
flow solver per iteration.

Figure 3 shows convergence history of the Cp, gradient as the
adjoint code converges. Even only one-order reduction of the ad-
joint residual gives accurate gradient value within 1% error for the
present design parameter. This is a well-known property of adjoint
methods ?

Design Methodology
Design Objective
The objective of the present design study is defined as follows:

Minimize Cp
Subjectto C, =C; (23)

where Cp and C are drag and lift coefficients of an aircraft under
consideration and Cj is specified target lift coefficient. If the lift
constraintis dealtas an explicitconstraintin an optimizer, it requires
an additionaladjointcode computationforthe C; derivatives.In this
study, therefore, the lift constraintis satisfied running the flow solver
in a fixed-liftmode, in which the incidenceangle o is adjustedbased
on C;,. The incidence angle is modified every 20 iterations of the
LU-SGS time integrationafter the residualis reduced by two orders
of magnitude to obtain a lift coefficient satisfying the following
conditions:
C; <C, =1.003C;

Because we would like to minimize drag when C;, =C7, i.e., at
an adjusted incidence angle, the objective function F = C, should
be modified as follows to consider the lift constraint consistently:

aC
F=Ch=Cp+ _aaD Aa (24)
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where Cp, is a drag coefficient without any incidence angle mod-
ification and A« is a required incidence angle variation to match
the lift with the target one. A similar relation can be written for the
lift:

aC
Cr=C,+—%Aa (25)
oo

where C; is a lift coefficient without any incidence angle variation
and C7 is the target lift coefficeint. If we arrange the preceding
equationfor A aand inputto Eq. (24), we obtaina modified objective
function

(BCD/aa)

(3C./0a) (€ -ci) (26

D

where the second term of lift acts as a penalty term, which prevents
the design from reducing the drag by simply reducing the lift. The
expression for the modified objective function was suggested in a
variational form by Reuther et al.®

Design Parameters and Grid Modification Method
The wing section geometry is modified adding a linear combina-
tion of Hicks and Henne shape functions’® f; as follows:

Ynew = Yinitial 1 Z B Jr

k=1

1n(0.5)

in(xy)

fi = sin’® [nrx”(k)], e(k) 27

where B, are design variables, n, the number of design variables,
and x; represents the peak location of f;. Although these Hicks-
Henne shape functions are not orthogonal, they have been widely
used for aerodynamicdesign optimizationproblems with successful
results>®

We used five design sections along an SST wing span and de-
fined 20 Hicks-Henne design variables (coefficients of the shape
functions) and one twist angle per a design section resulting in 105
design variables. Figure 4 shows 10 Hicks-Henne functions used
for upper and lower surface perturbation. For the case with an en-
gine nacelle, the height of diverter leading edge is also considered
as a design parameter in addition to the 105 design variables. If the
diverter height is varied during the design process, the nacelle is
moved vertically as a solid body.

With the new geometry of design sections, vertical coordinatesof
wing surfacenode points are linearly interpolated. When the surface
grid is modified, the interior grid points should be moved accord-
ingly. In the structured grid approach the interior grid positions can

w05

Fig.4 Ten Hicks-Henne shape functions used in this study: SST wing-
body-nacelle configuration.

be moved with a relative ease using an algebraic mesh movement
strategy, which modifies the grid point coordinatesalong a grid line
of the same index. In the unstructured grid method, however, such
a simple grid modification method cannot be applied, and a more
sophisticated grid movement method is needed.

For the movement of the grid points with the perturbed surface
grid, we used the elliptic partial differential equation method pro-
posed by Crumpton and Giles.?! In the method the displacement Sx
from initial grid point x, is prescribed by the following equation
with Dirichlet boundary conditions:

V. (kVox) =0 (28)
Diffusion coefficient k is constant in each cell and is given by
k = 1/ max(Vol, &) 29)

where Vol is a control volume of each grid point and ¢ is a small
positivenumberto preventk frombecoming negative.In the original
form of the method in Ref. 21, Vol is obtained from deformed grid
systemx, + 6x. In this study, however, the cell volume is calculated
from initial grid x, with an assumption that the cell volumes (or at
least their relative ratios) do not change much through one iteration
of the optimizationprocess, which is often the case for aircraft wing
sectiondesign problems. With this assumption the nonlinearelliptic
equation becomes a linear one, which is much simpler and thus
can be solved with a less computational time because the control
volumes of the grid points do not need to be calculated during the
iterationstep. Althoughthis causedno problemin the presentdesign
study, it might need to consider the original nonlinear equation for a
robust grid modification if the geometry changes much throughout
the design process. The elliptic equation (28) is discretized by a
finite volume method, and subsequentlinear algebraic equations are
solved by the conjugate gradientmethod.?? Required computational
time to obtain converged solution 6x was the same with that of a
few iterations of the Euler solver.

Grid Sensitivity

The elliptic equation method for the interior grid movement is
differentiated to be applied to the grid sensitivity calculation for the
vector {C} in Eq. (9) with respect to each geometric design variable.
Because this requires almost the same computational cost with the
grid movement procedure, the total computational burden would
be a substantial amount if the number of design variables becomes
large, say, more than 100.

One possible way to reduce the computational burden of the grid
sensitivity calculation is to neglect the grid sensitivity of interior
node points. In this study we made a comparisonbetween the deriva-
tives with and without the interior grid sensitivitiesin order to evalu-
ate the accuracy of the simplification approachignoring the interior
grid movement. As a testbed for this comparison, we used an SST
wing-body-nacelle configuration, which is an initial geometry for
one of the design examples of this paper. Figure 5 shows surface
shape and grids of the configuration. A flow-through type engine
nacelle is attached to the lower surface of the wing via a diverter.
The number of nodes and cells for the adopted volume grid are about
270,000 and 1,500,000, respectively.

Figure 6 compares the derivatives of the objective function ob-
tained with and without the interior grid sensitivity information for
the configuration. Derivatives with respect to the design variables
show little difference between the two values except for design vari-
ables having indices of 21-30. The design variables with indices
from 21-30 are defined on the lower surface of the second design
section, which is located on the centerline of the diverter. Thus, they
cause the nacelle to be translated vertically because the leading-
edge height of the diverteris controlled only by the design variable
for the height. The interior grid sensitivities are required for design
variablesassociated with translation of the nacelle, and, on the other
hand, the grid sensitivities can be ignored for other ordinary design
variables, i.e., coefficients of shape function or twist angles, with
little accuracy degradation.
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Fig.5 Surface grids of National Aerospace Laboratory, Japan, experimental supersonic aircraft with nacelles.
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Fig. 6 Comparison of sensitivity derivatives with and without interior grid sensitivity information for SST wing-body-nacelle configuration.

This result agrees well with Ref. 7 in which it was shown that for
geometry with singularity such as sharp trailing edges interior mesh
sensitivities must be included for the calculation of the derivatives
associated with translation. In the present case the nacelle inlet and
outlet have sharp edges, which seems to cause the derivatives cal-
culated without interior mesh sensitivities to be deviated from those
values obtained with the mesh sensitivities. Also, Eyi and Lee? de-
fined grid sensitivities on the body surface only by ignoring the
movement of interior grid points in their study on direct sensitivity
analysis with two-dimensional Euler equations. Although they did
not present an explicit accuracy comparison, they reported that the
simplification approachdoes not affect the accuracy of the resulting
sensitivity.

Recently, on the other hand, Anderson and Bonhaus'? compared
the accuracy of sensitivity derivatives with and without interior grid
sensitivities with an adjoint code for Navier-Stokes equations with
a one-equation turbulence model. In the reference it was reported
that derivatives with and without the grid sensitivities differ signifi-
cantly, and therefore the design could fail if the grid sensitivity terms

were not included. Reminding the fact that the present study deals
with an Euler solver with a relatively coarse grid near-wall bound-
ary compared to those for viscous computations, this disagreement
seems to be caused by the effects of the near-wall fine grid, viscosity,
or turbulence model consideredin the reference. This issue was dis-
cussed well by Nielson and Anderson."

In this study interior grid sensitivities for the 10 design variables
(21-30) of the case with nacelle are calculated by the elliptic equa-
tion method, whereas for other design variables only the surface
grid sensitivities are defined. This simplification approach reduced
the computational time for the vector {C} in Eq. (15) by about
75% compared with the approach consideringall of the interior grid
sensitivities.

Optimization Method

For the minimization of the objective function with specified
constraints, the ADS program®’ was used as an optimizer. The
sequential quadratic programming (SQP) method** is adopted in
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Fig. 7 Lower surface contours of nondimensional pressure of initial
and design configuration: left-hand side = initial, and right-hand side =

design.
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which the objective is approximated by a quadratic Taylor-series
expansionto create a direction-finding problem. This subproblemis
solved using the modified method of feasibledirections. Lagrangian
multipliers are calculated at the optimum of the subproblem.
The one-dimensional search is conducted using quadratic polyno-
mial interpolation. When the one design iteration is complete, the
approximated Hessian matrix is updated by the Broydon-Fletcher-
Goldfarb-Shanno formula. Detailed algorithms and methodologies
of the SQP method are described in Ref. 24.

Design Results

The present design method using the unstructured Euler solver
and the adjointcodeis applied to two experimentalsupersonictrans-
ports. One is wing-body-nacelle and the other wing-body configu-
ration, both of which are under developmentby National Aerospace
Laboratory of Japan as basic studies for the next generation super-

sonic transport.?

Design I: Wing-Body-Nacelle Configuration

Surface shape and grids of the configuration are shown in Fig. 5
Design conditions are a freestream Mach number of 2.0 and C; of
0.100. The number of nodes and cells for the adopted volume grid
are about 270,000 and 1,500,000, respectively.

As mentioned earlier in the section on design parameters, the
total number of design variables is 106 for this design example.

03l  mmeeeeees Initial
[ Design
I R R S
0.40 0.25 0.5 075 1
xlc
7n=0.561
0.2

Tfrrrrfrrrrrrrrm

0
o
9.1
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03f Design

7=0.430

n=0.762

Fig.8 Comparison of wing section shapes and pressure distributions; SST wing-body-nacelle configuration.
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Constraints are imposed so that wing section thickness values at
front (5% chord), rear (80% chord) spar position and maximum
thickness position (50% chord) should be larger than those of the
initial geometry. In addition, the diverter leading-edgeheightis also
constrained to be larger than the initial value. This lower side con-
straint is to prevent boundary-layerflow from being entrained into
the engine nacelle, which might occur if the height of the diverter
leading edge becomes smaller than the initial value.

The SQP optimization was run for five iterationsin order to min-
imize the modified objective function of Eq. (26) with the geomet-
ric constraints. However, no further performance improvement was
made after design iteration three. As can be noted in Table 3, the
drag coefficient was reduced by 16 counts from 0.0205 to 0.0189
retaining the lift coefficient as the specified value. The thickness
constraints were also satisfied by the optimizer.

Figure 7 shows the surface pressure contours on the wing lower
surface. The strength of the impinging shock wave on the wing
lower surface generated by the diverter leading edge is greatly re-
duced through the design procedure. The strength of the expansion
wave at the trailing edge of the diverter has also been remarkably
reduced. Figure 8 compares wing section shapes and pressure dis-
tributions at design sections. The wing section shapes are enlarged
by a factor of three in the normal direction. Section pressure distri-
butions also show that the shock strength on the lower surface has
been remarkably reduced.

The leading-edge height of the diverter remained the same as
the initial value because the gradient of the objective function with
respect to the height is positive throughout the design iterations.
This is quite natural in a sense that the diverterheightincrement will
increase the aircraft volume and also the pressure drag accordingly.

Because the presentdesign study is based on the Euler equations,
the estimated amount of the pressure drag reduction might be de-
viated from the realistic value, especially for this kind of case with
strong shock/boundary-layerinteraction.To considerthe viscousef-
fects in the design process, employment of a Navier-Stokes solver
and its adjoint code is necessary.

Design II: Wing-Body Configuration
Figure 9 shows the initial wing-body geometry for the second
design example. Design conditions are the same with design exam-

Table 3 Design results for SST
wing-body-nacelle configuration

Aerodynamic

performance Initial Design A, %
Cr 0.10017 0.10020 +0.03
Cp 0.020513  0.018918  +7.78
L/D 4.883 5.297 +8.48

Fig.9 Surface geometry of SST wing-body configuration and grids on
symmetric plane.

Table4 Design results for SST
wing-body configuration

Aerodynamic

performance  Initial Design A, %
Cr 0.10002  0.09993 —0.088
Cp 0.006349 0.006242 1.675
L/D 15.75 16.01 1.614

1.0e4  ————————

—— with interior grid sensitivity
--&-- without interior grid sensitivity

5.0e-5

Sensitivity Derivatives
(=1

-5.0e-5 -

Design Variables

Fig.10 Comparison of sensitivity derivatives with and without interior
grid sensitivity information for SST wing-body configuration.

ple I; freestream Mach number of 2.0 and C; of 0.100. The initial
wing geometry has been designed by an inverse design method with
the natural laminar flow (NLF) concept, and possesses very good
aerodynamic performance at the design condition? The number
of nodes and cells for the adopted volume grid are about 260,000
and 1,390,000, respectively. In the present optimization the same
design variables are employed as the design example I except the
diverter leading-edge height. Therefore, totally 105 design vari-
ables are used for the wing section shape modification and twist
angles variation. The same thicknessconstraintsare alsoimposed as
in example L.

Before the design process is conducted, a comparison is made
between the derivatives with and without the interior grid sensitivi-
ties in order to evaluate the accuracy of the simplification approach
ignoringthe interior grid movement. Figure 10 compares the deriva-
tives of the objective function obtained with and without the interior
grid sensitivity information for the configuration. Derivatives with
respect to the design variables agree well one another. The grid sen-
sitivities are, therefore, ignored for all design variables adopted in
this case.

Table 4 summarizes the design results. The SQP optimizer was
run for 15 iterations to obtain a drag coefficientreduced by only one
count from 0.006349 to 0.006242 retaining the lift coefficient as the
specified value and satisfying imposed thickness constraints.

Figure 11 compares wing section shapes and pressure distribu-
tions at wing sections. Section pressure distributions show that the
suction peak at the leading edge has been increased by the design
with other features of pressure distributions being almost the same
although the section shapes have been changed remarkably. This
implies that the initial shape is already near optimum design; thus,
further performance improvementis hard to be made from the ini-
tial one. Furthermore, the NLF conceptrequires the surface pressure
not to increase along streamlines so that the boundary-layerinsta-
bility does not grow up. The increased suction peaks of the design
wing, therefore, do not meet the NLF concept that was employed
as a design philosophy for the initial wing. To consider the design
requirement for the NLF, a Navier-Stokes-based design should be
employed.
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Fig. 11 Comparison of wing section shapes and pressure distributions; SST wing-body configuration.

Conclusions

An aerodynamic design optimization system is developed us-
ing the unstructured Euler solver and the discrete adjoint method.
The interior grid position movement is made by the elliptic equa-
tion method. For an efficient calculation of terms related with the
grid sensitivities, grid sensitivities of interior node points are ig-
nored except those for the design variables associated with nacelle
translation. The present method is successfully applied to design
the SST wing-body-nacelle and wing-body configurations. For the
wing-body-nacelle configuration the impinging shock wave from
the diverter on the wing lower surface has been greatly reduced,

and as a consequence, drag is remarkably reduced by five itera-
tions of the SQP optimizer. On the other hand, the initial shape of
the wing-body configuration was near optimum itself, and thus only
one countdragreductionwas made by 15 designiterations. Through
the design examples the present design optimization tool including
the adjoint method was shown to be an efficient and reliable design
tool for complex aerodynamic vehicles.
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