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A method to compute sensitivities for use in gradient-based shape optimization applied to unsteady aeroe-
lasticity problems is presented. The method takes into account the coupling between all three fundamental
aspects of computational aeroelasticity, namely, unsteady flow equations, time varying structural response to
aerodynamic loads, and dynamic meshes that accommodate geometric deformations. The devised method
provides discretely exact sensitivities of time-integrated and non-time-integrated objective functions with re-
spect to design variables that control the shape of geometry. The algorithm is formulated in a general manner
and can be readily extended to coupled multidisciplinary problems involving any number of disciplines. The
algorithm is applied to a simple two-dimensional flutter model in order to demonstrate the proof-of-concept.

I. Introduction

With advances in computational power, large scale aeroelastic simulations in CFD are becoming more and more
commonplace. This paper is concerned with advancing the role of unsteady aeroelastic simulations in aircraft design
by complementing them with the strength of adjoint equations for obtaining functional sensitivities. The strength of
adjoint equations lie in the fact that they permit the computation of functional sensitivity derivatives at a cost that is
essentially independent of the number of design variables. Adjoint equations have become very popular in solving
aerodynamic shape optimization problems, particularly for steady-state conditions.!” While only recently adjoint
methods have begun gaining ground in the aerodynamics community especially for time-dependent problems, they
have been well established in the field of structural optimization for some time now.’ The coupling between the fluid
and structure equations and the use of sensitivity analysis on such a system has been addressed but primarily from
a steady-state standpoint.'®!! Until now relatively little work has been done toward addressing unsteady aeroelastic
optimization problems mainly due to prohibitive cost and complexities in the linearization of coupled time-dependent
systems. Recently, efficient linearization techniques for the unsteady governing flow equations both viscous and
inviscid have been developed and applied to unsteady shape optimization problems.'>~!¢ It is only natural that such
methodology be extended to include coupling effects brought on by the introduction of structural equations or any
other set of governing equations. This paper presents work done on developing a generalized modular framework
for obtaining sensitivities for the coupled unsteady fluid-structure equations. The method is modular in the sense
that multiple sets of governing equations from various disciplines that are coupled may be addressed in a unified
manner independent of the number of disciplines. Also, the choice of solution technique employed for the individual
disciplines has little impact on the overall framework. This is particularly important from a cost standpoint since
efficient solution techniques such as multigrid methods and high-order time integration schemes exploited for the
purpose of reducing overall costs inherent in unsteady simulations should carry over to the sensitivity computations.
It should also be noted that no approximations in the process of linearization have to be made and all components
contributing to the solution of the multidisciplinary analysis problem are taken into account. The work presented here
utilizes the time-dependent inviscid Euler equations in an unstructured finite-volume framework for the flow solver and
a simple two-dimensional flutter model with pitch and plunge degrees-of-freedom to represent the structural response.
While we use a direct solution procedure for the structures discipline by transforming the governing equations into
linear differential equations, comprehensive problems based on modal analysis or nonlinear structural models may
also be treated by this method.
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II. Analysis Problem Formulation

A. Equations of the flow problem in ALE form

The conservative form of the Euler equations is used in solving the flow problem. The paper is limited to inviscid
flow problems since the primary focus is to demonstrate the linearization of the coupling between unsteady fluid
and structure equations. Extension of the algorithm to viscous flow problems with the inclusion of turbulence models
should prove straightforward, based on previous work for time-dependent adjoints of the Navier-Stokes equations.'> 14
The differences arise only in the linearization of the additional flux contributions and not in the base formulation
presented in the paper. In vectorial form the conservative form of the Euler equations may be written as

oU(x,t)
ot

where the state vector U of conserved variables and the cartesian inviscid flux vector F = (F*,F”) are

+V-F(U)=0 (1)
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Here p is the fluid density, (u,v) are the cartesian fluid velocity components, p is the pressure and E; is the total energy.
For an ideal gas, the equation of state relates the pressure to total energy by

p=(r-1) B 302 +2) ®

where Y = 1.4 is the ratio of specific heats. Applying the divergence theorem and integrating over a moving control
volume A(#) that is bounded by the control surface B(r) yields

/ Wias [ FU)-ndB=0 @)
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equation (4) is rewritten as
)
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or when considering cell-averaged values for the state U as
0AU
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This is the Arbitrary-Lagrangian-Eulerian (ALE) finite-volume form of the Euler equations. The equations are required
in ALE form since the problem involves deforming meshes where mesh elements change in shape and size at each
time-step. Here A refers to the area or volume of the element, X is the vector of mesh face or edge velocities, n is the
unit normal of the face or edge, and B refers to the area or length of the bounding surface or edge.

B. Temporal discretization

The time derivative term in the Euler equations is discretized using a second-order accurate backward-difference-
formula (BDF2) scheme as shown in equation (8). The index n is used to indicate the current time-level as the
convention throughout the paper. The discretization shown is based on a uniform time-step size.
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AU AU 24U 4 A .
ot At

20f 19



C. Spatial discretization

The flow solver uses a cell-centered finite-volume formulation where the inviscid flux integral S around a closed
control volume is discretized as

Nedge
s=[ [F(U)-xU]-ndB= Y F.(V,,U.n.)B,, ©)
dB(1) i=1
where B, is the edge length, V, is the normal edge velocity, n, is the unit normal of the edge, and F," is the normal
flux across the edge. The normal flux across the edge is computed using the second-order accurate matrix dissipation
scheme!” as the sum of a central difference and an artificial dissipation term as shown below,

B = 3 {FF (UL, Vo) £ B (Un, Veone) £ O TIITT {(F0), — (20} } (10)

where Uy, Uy are the left and right state vectors and (V2U)y, (V2U)g are the left and right undivided Laplacians
computed for any element i as

neighbors

(VU)i= Y (G-U)) (11)

k=1
The matrix [A] is diagonal and consists of the eigenvalues (adjusted by normal edge velocity V,) of the flux Jacobian
matrix %, and the matrix [T'] consists of the corresponding eigenvectors. The scalar parameter @ is empirically
determined and controls the amount of artificial dissipation added to the centrally differenced flux. For transonic
problems this is usually taken as 0.1. The advantage of using the difference of the undivided Laplacians in the con-
struction of the convective flux is that it offers second-order spatial accuracy without the need for state reconstruction

techniques. The normal native flux vector is computed as

P(VL —Ve)
FL _ p(Vl—Ve)u+ﬁxp (12)
p(VE—V.)v+aiyp

EI(VL —Ve) ""‘pvL

where the fluid velocity normal to the edge V- is defined as ui, + vily, where i, and 7y are the unit edge normal vector
components.

D. The discrete geometric conservation law (GCL)

The discrete geometric conservation law (GCL) requires that a uniform flow field be preserved when equation (7) is
integrated in time. In other words the deformation of the computational mesh should not introduce conservation errors
in the solution of the flow problem. This translates into U =constant being an exact solution of equation (7). For
a conservative scheme, the integral of the inviscid fluxes around a closed contour goes to zero when U =constant.

Applying these conditions to equation (7) results in the mathematical description of the GCL as stated below: '3 1°
0A
7_/ %-ndB =0 (13)
or  Jas@)
For the second-order accurate BDF2 time-integration scheme used in this work, this can be discretely represented
using equations (8) and (9) as:
3 n—1 1 -2 Nedge
SA" —2A"M 4 S A" g
2 2 - Y V.Bi=0 (14)
At i=1

Equation (14) implies that the change in area of an element in the mesh should be discretely equal to the area swept
by the bounding edges of the element. The edge velocities V,; for each of the edges encompassing the element must
therefore be chosen such that equation (14) is satisfied. While various methods for computing the edge velocities
satisfying the GCL have been developed for different temporal discretizations,'®1° a unifying approach applicable to
first, second and third-order backward differencing schemes (BDF) as well as higher-order accurate implicit Runge-
Kutta (IRK) schemes has been developed in reference.?’ This formulation is used exclusively in the current work.
While the details of the formulation are not central to the current work, the functional form of the face-integrated edge
velocities is important for the derivation of the adjoint equations. In our formulation, these values depend on the mesh
coordinates x", x"~! and x"2 for the BDF2 scheme.
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E. Mesh deformation strategy

Deformation of the mesh is achieved through the linear tension spring analogy*2! which approximates the mesh as a
network of inter-connected springs. The spring coefficient is assumed to be inversely proportional to the edge length.
Two independent force balance equations are formulated for each node based on displacements of neighbors. This
results in a nearest neighbor stencil for the final linear system to be solved. The linear system that relates the interior
node displacements in the mesh to known displacements on the boundaries is given as

[K] 8Xim = sturf ( 1 5)

where [K] is the stiffness matrix assembled using the spring coefficients of each of the edges in the computational
mesh.

F. Geometry parametrization

Modification of the baseline geometry is achieved through displacements of the surface nodes defining the geometry.
In order to ensure smooth geometries, surface node displacements are controlled by bump functions placed at various
chordwise locations on the airfoil. Each bump function influences the displacements in the y direction of all surface
nodes with a diminishing effect moving away from the location of the bump. The bump function although a function
of x does not have any influence in the x direction. The bump function used for the work presented in this paper is
the Hicks-Henne Sine bump function.?? The design variables or inputs for the optimization example presented form a
vector of weights controlling the magnitudes of bump functions placed at various chordwise locations.

G. Aeroelastic structural equations

The aeroelastic model is based on the response of an airfoil with two degrees-of-freedom, namely pitch and plunge.
The equations of motion for such a system can be summarized as

mh+Sq0.+Kyh = —L (16)
Sah+I0+Keo = M,

where
m: mass of airfoil

Sq:  static imbalance
Iy: sectional moment of inertia of airfoil
Kj:  plunging spring coefficient
Ky:  pitching spring coefficient
h:  vertical displacement (positive downward)
o: angle-of-attack
L: sectional lift of airfoil
M,,: sectional moment of airfoil about elastic axis (positive nose up)

Non-dimensionalizing equations (16) and (17) yields

MI{a) +K{g} = {F} an
where
o \? h
[M]:[xla o w= (wg) ol {F}zmjkg{z‘cj } {q}:{&} 1s)
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are the non-dimensional mass matrix, stiffness matrix, load vector and displacement vector and
b:  semichord of airfoil
kc:  reduced frequency of pitch, k., = 2‘*’727

Y . m
w:  airfoil mass ratio, u = s
oy, Wy:  uncoupled natural frequencies of plunge and pitch
Xo: structural parameter defined as %
2 1o

rq:  structural parameter defined as - %

C;,C,:  section lift coefficient and section moment coefficient about the elastic axis
The reduced frequency k. is typically written in terms of the flutter velocity Vy as

g, C 1
W Viyu (19
where c is the chord length of the airfoil, Us is the freestream velocity, and the flutter velocity Vy is defined as
U
V= (20)
! mab\/ﬁ

H. Transformation of structural equations

The aeroelastic equations as shown in Equation (17) are second-order partial differential equations. These are trans-
formed into two first-order linear equations in order to facilitate a direct solution procedure. The transformation is

given as>3
rr = {q} (21)
r, = fl
The resulting first-order equations are then
rr = 1n (22)
ry = —[M]"'[K]r -+ [M]HF)

or in matrix notation as

r _ 0 m r 0
{} l—wwm 0 {rz}+{[M]l{F}} @)

i = [Wr+{®} (24)

The matrix [¥] is a constant and can be precomputed and stored for use during the time-integration process. The time
derivative term I is discretized using the second-order accurate BDF2 scheme as in the case of the time derivative term
in the flow equations. It should be noted that the time-step At appearing in the denominator of the discretized version
of the structural equations is different from the time-step of the flow equations, and their relation is AT = 2k.At, where
At is the non-dimensional time-step used for the flow equations. This is due to the non-dimensionalization of time in
the structural equations by the uncoupled natural frequency in pitch ®y. Once the vector r” at a time-level n has been
solved for, the displacement vector {¢} is known and the configuration of the newly deformed mesh (i.e. x") can be
computed using the mesh deformation equations (15).

III. Solution Procedure for Analysis Problem

An implicit solution method is employed to solve both the flow and structure equations. At each time-level n an
implicit flow residual equation R” can be defined as

A
R" = aa—tU +8"(U V" ") =0 (25)
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where a BDF2 time discretization of the flow residual equation in functional form can be written as
R” (Un7 Unfl 7Uan7Xn’anl 7anZ) -0 (26)

Constructing a Newton scheme by linearizing the flow residual equation about the flow state variables U", the solution
can be iteratively obtained as

oRK
— | 8U* = —R* 27
= @
Ut = U 4+ SUF
UK — 0,U" = UF
Similarly, at each time-level n an implicit structural residual equation can be defined as

. or . _
V= - [ - {2} =0 (28)

In functional form, for a BDF2 time discretization the residual can be written as
J (e U x") =0 (29)

The corresponding Newton scheme is then

oJ¥
{E)rk} ork = —Jk (30)

Although the above equation is derived from a Newton scheme, the solution can be obtained linearly since the Jacobian
matrix is a constant. The interior mesh coordinates at any time-level n can be described as a function of the boundary
mesh coordinates at that time-level using the mesh deformation equations as

K]3x" = 8, 31
' = x"—x°
n n 0
sturf = Xsurf - Xsurf
where
Xgurf = f(x(s)urfrrn) (32)

Here Xgmf refers to the baseline airfoil coordinates at the neutral position, and in the case of an optimization refers

to the shape of the current optimum airfoil, while x° refers to the baseline interior mesh coordinates. The coupling
between the fluid and structure equations is now apparent, since the flow residual equation depends on the vector r”
through the mesh deformation equations, and the structural residual equation depends on the flow solution U"” and
mesh coordinates x".

The solution procedure for the coupled system at each time-step can be broken down as follows.

1. Initiate r", U", and X" with values from the previous time-level.
2. Obtain an approximate solution for r” by partially solving the structural dynamics system as per equation (30).

3. Use the approximate r” to determine an approximate x" by partially solving the linear mesh deformation equa-
tions as given by equation (31).

4. Obtain an approximate solution for U” by partially solving the nonlinear flow problem based on the approximate
mesh coordinates x”".

5. Use the new estimate of U” and X" to solve for an improved estimate of r”".
6. Keep repeating the procedure until r”*, x* and U" converge.

7. Proceed to the next time-level.
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It is important to note at this point that only partial solutions of each set of equations are required during the coupled
iterative solution procedure. Completely solving each system during the coupled iterations does not change the final
result but will impose severe additional cost. In our work the Newton solver for the flow equations is driven by
an agglomeration linear multigrid algorithm, while the mesh and structural equations are solved using Gauss-Seidel
iterations. Typically a single coupled iteration consists of one nonlinear Newton iteration for the flow equations driven
by two linear multigrid cycles, 50 Gauss-Seidel iterations for the mesh motion equations and three Gauss-Seidel
iterations for the structural equations. The larger number of iterations used for the mesh motion equations is due to
the absence of a multigrid acceleration scheme for these equations. However, the overall cost of solving the mesh
motion equations remains small compared to that required by the flow solution process. Based on these settings, it
takes approximately 130 coupled iterations to reach machine precision on all three sets of equations. A plot of the
typical convergence of the coupled system is shown in Figure (1(a)).

IV. Adjoint Sensitivity Formulation

Consider a functional L computed using the solution set of an unsteady aeroelastic simulation. The functional
when linearized with respect to a vector of design inputs D can then be expressed as

dL _"gefoLar AL U | oL 3w (ALl
or' oD  oU" oD  ox"dD | oD

n=1

dD n=1
This represents the linearization of a time-integrated functional L that depends on the state variables at all time-levels,
and we use this case to present the derivation of the sensitivity. The non time-integrated case is a subset of this where

the only non-zero term in the summation would be at n = ny.p;. Each term in the sum can be written in the form of an
inner product of two vectors as

(33)

oL"

i =1
The elements in the first vector of the inner product shown in equation (34) are vectors by themselves and the elements
in the second vector are matrices. The linearization of the functional L with respect to the various state variables
(i.e. r,U,x) are vectors and easily computable since L is a scalar quantity. However, the linearization of the state
variables with respect to the design inputs are matrices. In order to determine convenient expressions for the state
variable sensitivity matrices, we linearize the corresponding residual equations. Considering the final time-step in the
summation (n = ngeps), the three residual equations arising from each discipline (i.e. flow, mesh and structure) when
linearized against design inputs D can be written as

aJyror”  9J" or"~!  9J* or*=2 3J' JU" 9J" ox"

T
oL 9L oL ot T qurT  oxn T
e } { E VI )] (34)

"D o T 9D o2 aD " U" oD T oxiaD \ G3)
JR" y+ oR" oU""! N dR" aU"—2+y y+ oR" ox"~! N OR" 9x"2 . 36)
oU" oD ' oU"! oD QU2 9D ' ox* dD  ox*! oD ' ox*2 oD
ox" aXi‘lurf or” aXi‘zurf ax(s)urf
KISp = 3 D ax,, D =0 (37)

Since the governing system of equations are coupled between the three disciplines, the linearized residual equations
can be expressed in combined matrix form as

n n n _ aJ" ar”’l _ aJ" al'ykz
" n oR" 9u~! OR" JU"2 _ 9R" ax"~! _ 9R" ox'?
0 L W p={ T0rT aD gurZ aD w1 dD  oxrZ oD (38)
ox" X" ox" . ax?
f ox” surf “surf
=m0 [K] oD a0, oD

Equation (38) represents the forward or tangent linearization of the state variables and the corresponding sensitivity
matrices may be constructed by solving the coupled system once per design variable by integrating forward in time
as indicated by the summation representing the total sensitivity vector. This process is inefficient as the cost of con-
structing the sensitivity vector is identical to a finite-difference procedure since there is a direct dependence on the size
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of the design input vector D. The principal advantage of using the forward linearization is that it provides discretely
exact sensitivities unlike finite-differencing where the sensitivity is approximated by a heuristically determined step
size. Adjoint methods circumvent this dependence on the size of the design input vector D by transposing the entire
sensitivity equation (33). The transposed sensitivity equation can be written as

d L T Nsteps T
i Z o  JU"  ox" oL OJL oL (39)
4D .1 a0 D D Er: | T
n—
Transposing and rearranging equation (38) to obtain an expression for the state variable sensitivities we get
" -l oy a2 T o T 77!
— 5 — 5 A" T Xur f
or"—1 dD or"—2  dD % 0 _ afru’;/
IR oun—! IR" JU"2 JR" Jx"! IR" ox"*2
at U ax" _ _ - — - — -~ — — ar T ornT
{ S 9 55 } U1 oD U2 oD x"-1 oD 9x"—2 D ailj n pL 0
axrvlur/ ax(y)urf T T
LLLF > J aJVl aRn T
o0,y 9D e K]

Substituting back into the final term of the summation in the complete sensitivity equation (39) and defining a vector
of adjoint variables as

n T T
a n T axsur aiL
Ay a‘l!n 0 ~ Tort : or’
n — ot T or* T o T
Ay S U 0 v (1)
n T arnT T o’
Ax ai" ox" [K ] ox"
we can recover a coupled linear adjoint system at time-level n as
T T
aJ" T axnur i oL
% 0 - asrnl A¥ or”
n T nT n 4 _ aL T
&r & 0 Ay (=) o (42)
T arnT T n ol
S g K] A o

This system of equations is coupled and can be solved in a manner similar to the nonlinear coupled analysis problem.
In segregated form the adjoint system can be written as

a’ LT ox,l
[ar”} A = or" or” Ax 43)
or"\" VAR ) LR
[aun} vo= o o M 9
row _oLT oy’ . or'T
K" Ay = W o T o Ay (45)

For which the solution process can be broken down as:
1. Construct right-hand-sides of equations (43) through (45) using estimates of adjoint variables.

2. Partially solve each individual disciplinary adjoint equation to obtain improved estimates for the corresponding
disciplinary adjoint variables.

3. Keep repeating steps 1 and 2 until coupled adjoint system converges.

8of 19

(40)



The convergence of these adjoint equations is similar to the convergence of the linear systems in the solution process
of the nonlinear analysis problem since the coefficient matrices are identical with the exception of the transpose. The
typical convergence of such a coupled linear adjoint system is shown in Figure (1(b)). Once the vector of adjoint
variables has been obtained at time-level #n, the final term in the sensitivity equation sum may be written as

. AJ" arn—l . J" arn—Z T
or'-1 dD or'—2 JD Al}:l
oL"! _ OR" aU"!  9R" QU2 OR" ox™!  oR" ax'?
3D oUn—T oD oUn—2 oD ox'—T D ~ ox*2 dD AY (46)
ox; mrf axmrf n
ax,(r)urf oD AX

Expanding and factoring terms with respect to state variable sensitivities at time levels n — 1 and n — 2 we obtain

Jn T Jn T

al'" or—1 An arn An
nT ax T oxn
8714 _ surf Surf n + or—1 Jun—! ox! JR" TAn + o2 Jur—2 Ix2 JR" TA”
oD D o, oD oD D T T U oD oD oD “aun2 fu
SUur.
( A) Rn T n Rn T n
aX" A axn A
(B) (©)
Term (A) in the above expression forms the contribution from time-level n to the total sensitivity Vector " The state

variable sensitivity vectors that appear in terms (B) and (C) may now be combined with the correspondlng vectors
that appear in the summation of the total sensitivity equation (39) at time-levels n — 1 and n — 2. The procedure of
linearizing the residual equations and constructing a coupled adjoint system can now be repeated at time levels n — 1,
n — 2 and so forth cascading all the way to the first time-level. It is clear that constructing the complete sensitivity
vector involves a recurrence relation backward in time beginning at the final time-level and ending at the first time-
level. At each time level n in the recurrence, a coupled adjoint system is to be solved, and a contribution to the total
sensitivity vector is computed. When the backward recurrence relation terminates at the first time step, the complete

sensitivity vector dD " is available. The general form of the system of adjoint equations to be solved at time-levels
ranging between n — 2 and the first time-level can be expressed as

nT T ox" T n+1T n+2
IR e el @
aRn} r VAR ) GRS : oR27
— | A, = — A — AT — A2 (49)
our| U our  our 'Y ogur "V our U

orT ayT  or'T oR17 oR27
T an __ R n__ 7™ n o n+1 7™ n+2
KA = 50 a0 M e M e M e Mo (50)

where the adjoint variables at time-level n are being solved for, and the adjoint variables at n+ 1 and n+ 2 are known.

By transposing the sensitivity linearization and introducing the vector of adjoint variables at each time-level, we
have eliminated the need for the state variable sensitivity matrices, and hence the direct dependence of the cost of
obtaining the final sensitivity on the number of design variables. The dependence on the design variables has been

o T
pushed to a single term, namely E):;Wf appearing at each time-level in the form of term (A) in equation (47). This
particular matrix is essentially the linearization of the shape functions which modify the airfoil geometry with respect
to the design inputs and is easily computable.

An important observation at this point is that the method described above for computing sensitivities can be gen-
eralized for any number of coupled disciplines. The functional linearization may be extended to any number of
disciplines by simply linearizing with respect to the state variables of each discipline. Similarly the residual equations
for each discipline may be linearized with respect to the design input vector D to construct expressions for the corre-
sponding state variable sensitivity matrices. The assembly of the total sensitivity vector then involves introducing an
adjoint variable per discipline at each time-level and sweeping backward in time while solving a coupled linear adjoint
system at each time-level.
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V. Implementation, Validation and Results

A. General implementation details

The analysis solver and the adjoint solver form two separate codes that share several subroutines in the implementation.
As described in section (II), the analysis code is second-order accurate both spatially and temporally, while the adjoint
code is a discretely exact linearization of all aspects of the analysis code. Both codes run in parallel on multi-core
hardware architectures with commonly addressable memory using OpenMP parallelization. All results presented in
the paper were run on a quad-core Intel desktop with 4 gigabytes of memory using 4 OpenMP threads. Both codes
exhibit good scaling between 1,2 and 4 cores, with the adjoint code scaling slightly better than the analysis code.
This is most likely due to the linear nature of the adjoint code where, once the coefficient matrices have been setup,
only a single linear solution of a coupled system per time-level is required. On the contrary, the nonlinear nature of
the analysis problem requires repeated construction of coefficient matrices for multiple linear solutions at each time-
level. Figures (2(a)) and (2(b)) indicate the performance scaling between 1,2 and 4 cores for the analysis and adjoint
problems respectively. It should also be noted that the solution of the adjoint problem typically consumes less time
than the analysis problem. Again, this is attributed to the fact that only linear solutions are required in the adjoint
problem while the analysis problem requires both nonlinear and linear solutions. The analysis code performs the
forward integration in time and writes the solution of the coupled system at each time-level to the hard-drive, which
is then read by the adjoint solver sweeping backward in time. It is necessary that the unsteady solution set be written
to disk and read-in by the adjoint solver since the adjoint code involves a backward sweep in time. Holding the entire
solution set in memory would quickly become impractical for large problems. However, disk I/O operations consume
trivial computational resources especially when done in a piecewise manner (i.e. at each time-level) as in this case.

B. Solver validation

The first step in the validation of the analysis code is to verify that computed time-dependent load coefficients (in-
dependent of structural response) match experimental and other computational results. The problem chosen for this
purpose is the AGARD test case No.5.%* The problem involves a NACA0012 airfoil sinusoidally pitching at a transonic
Mach number of M., = 0.755. The angle-of-attack of the airfoil as a function of non-dimensional time ¢ is defined as

Ol = Ol + OrSin(2ket) (51

For AGARD test case No.5, the airfoil pitches around its quarter-chord with a mean angle-of-attack oy of 0.016°, an
amplitude of pitch O,y as 2.51° at a reduced of k. = 0.0814. We use a computational mesh consisting of approxi-
mately 10,000 elements, shown in Figure (3(a)), for the unsteady validation. Figures (4(a)) and (4(b)) show the time
varying lift and moment coefficients computed by the solver which match well with results from references,?!-23-2
thus establishing confidence in the non-aeroelastic unsteady aspect of the solver.

The next step is to validate the aeroelastic aspect of the solver for which the two-dimensional swept wing model
exhibiting the transonic dip phenomenon suggested by Isogai® is chosen as the test case. The structural parameters
for this case are

xq =138
r, =348
Wy, 0 = 100 rad/s
u =60
a =-20

The quantity a is the non-dimensional elastic axis location along the chord of the airfoil measured from the mid-
chord of the airfoil when it is in the neutral position. Since it is non-dimensionalized by the semi-chord of the airfoil,
the elastic axis is located half a chord length ahead of the leading edge of the airfoil in this particular case. The airfoil
under consideration is the NACA64A010 (Ames) airfoil operating with a mean angle-of-attack o of zero and an
amplitude of forced pitching o, of 1°. The computational mesh used for this case consists of approximately 6,600
elements and is shown in Figure (3(b)). The solution process involves obtaining a steady-state solution at the mean
angle-of-attack and then forcing the airfoil in pitch for three periods at the natural frequency of pitch before allowing it
to respond aeroelastically. The goal of the validation procedure is to compute and compare a flutter boundary against
existing data. Computation of the flutter boundary is performed by manually modifying the flutter velocity at various
Mach numbers with the objective of obtaining a neutral aeroelastic response. Although the aeroelastic solver was not
directly validated against experimental data, the predicted flutter boundary matches well with computational results
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from References?>?> as indicated by the flutter diagram in Figure (5). The aeroelastic response of the airfoil in both

pitch and plunge degrees-of-freedom at various locations (stable and unstable) in the flutter diagram are shown in
Figure (6) and follow expected trends.

C. Sensitivity validation

The procedure to validate the adjoint based sensitivity is twofold. The forward linearization is typically more intuitive
since it follows a framework very similar to that of the analysis code (i.e. forward in time). Issues with the discrete
derivatives of the different pieces of the code contributing to the total linearization can be tracked down far more
easily using the forward linearization than with the adjoint or backward linearization. For this reason, the forward
linearization is first verified against finite-difference values, and then the adjoint linearization is validated by verifying
the property of dual consistency?’ with respect to the forward linearization. Once the issues with the general framework
of the adjoint linearization have been worked out in this manner, minor modifications to the analysis code can typically
be directly carried over to the adjoint code and verified against finite-difference. Table (1) compares adjoint-based and
finite-differenced sensitivity values for a few design variables, while Figure (7) shows the comparison over all design
variables. The adjoint-based sensitivity values typically match to a minimum of 4 digits against finite-difference values
as indicated by Table (1), and are virtually indistinguishable from one another when overlaid on a plot as shown in
Figure (7).

Design Variable ID | Adjoint Sensitivity | Finite-difference
183 6.36845285306436 | 6.36825832067700
184 6.79732288068724 | 6.79734654118747
185 7.49093700072817 | 7.49087240015101
186 8.83156670890565 | 8.83124061656915
187 12.2612224955801 | 12.2613669883975
188 19.4222465094799 | 19.4224766714157

Table 1. Comparison of adjoint sensitivity and finite-difference (matching digits in bold font)

D. Optimization algorithm

The obvious choice for an optimization algorithm is one that is gradient based and proceeds in a direction that min-
imizes the objective of interest. The simplest approach is to use steepest-descent or some form of a line-search
algorithm, but it has been determined in previous work!? that these methods perform poorly on stiff nonlinear opti-
mization problems particularly when the number of design parameters is large. The optimization example presented
uses the LBFGS-B bounded reduced Hessian algorithm developed in Reference.?® The algorithm not only uses gradi-
ent information but also builds an approximate Hessian matrix (2"¢ derivative of the functional with respect to design
parameters) on-the-fly using the optimization history in order to speed up the overall convergence to minimum. The
bounded rather than the unbounded LBFGS algorithm was chosen in order to prevent the generation of degenerate
geometries during the optimization process. The actual bounds themselves were established a priori by manually ex-
ploring the effect of the design variables on the shape of the airfoil and limiting them to regions which do not collapse
the geometry.

E. Optimization example

The goal of the optimization example is to consider a point in the flutter diagram of the described aeroelastic test
case where the airfoil exhibits divergent behavior, and to change the shape of the airfoil such that it produces a
damped aeroelastic response while satisfying a constraint on the steady-state lift of the airfoil. The time-integration
process consisted of 36 uniform time-steps per forced pitch cycle combined with 3 pitch cycles and 214 time-steps
of the same size for the aeroelastic response to evolve. The chosen number of time-steps for the aeroelastic response
evolution correspond to approximately 5 % periods in both the pitch and plunge axes at the starting design point of the
optimization. With these time-step parameters and the 6,600 element mesh described earlier, a single design cycle
consisting of a forward analysis solution and a backward adjoint solution roughly cost 30 minutes of wall-time. The
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objective function for the optimization was chosen to be
T
L=r/ [W] }I‘f + Wz(CLS — CLSmrget) (52)

where r/ refers to the structural state vector at the end of the time-integration process, [W;] is a diagonal weighting
matrix with equal weighting parameters of 100, W, is a weight on the constraint, chosen to be unity, and Cg; is the
steady-state lift coefficient of the airfoil. Since the airfoil is symmetric and has zero lift at zero angle-of-attack, the
steady-state solution is computed at the maximum pitch angle of the forced pitch cycles. The forced unsteady pitching
of the airfoil around the elastic axis begins at this point and stops at the neutral position of zero angle-of-attack (after
3 pitch cycles) at which point the aeroelastic response is allowed to evolve. The target value for the steady-state lift
coefficient was taken to be that of the baseline NACA64A010 airfoil at the maximum pitch angle of 1°. The objective
function formulation when zero results in zero displacements and zero velocities in both degrees-of-freedom of pitch
and plunge. Since the aeroelastic time-integration ends fairly quickly (5% periods), this infact creates a stiff objective
formulation. However, it is not necessary to drive the objective to zero and the optimization may be stopped once a
damped response is observed and the constraint on the steady-state lift is satisfied. For the described test case, the
airfoil produces a neutral response for a flutter velocity Vy = 0.65 at a Mach number of M., = 0.825. An unstable
point of V¢ = 0.75 at this Mach number was chosen to be the starting design point for the optimization. Figure (8(a))
shows the aeroelastic response of the airfoil at the starting design point. The divergent behavior is clearly visible
in both pitch and plunge axes. Prior to running the optimization, the time-integration for the aeroelastic response
was carried out over a temporal domain that was 10 times the size of the chosen domain (214 time-steps) in order
to ensure that the divergent response did not lead to limit-cycle behavior. The shape of the airfoil was controlled by
an equal distribution in the chordwise direction of 16 bump functions on the upper surface and 16 bump functions
on the lower surface resulting in a total of 32 design variables. As mentioned earlier, the design variables are the
weights controlling the magnitudes of each one of the bump functions. Although in theory any modification of the
shape of the airfoil would result in changes to the structural parameters controlling the aeroelastic response, we assume
them to be constant and independent of geometry for the optimization example presented here. The optimization was
terminated after 41 design iterations and Figure (8(b)) shows the aeroelastic response of the optimized airfoil. In terms
of wall-time the optimization cost approximately 21 hours. The entire process required about 200 megabytes of disk
space at each design iteration to hold the unsteady solution set for use by the adjoint solver which is then overwritten
by the following design iteration. While the displacements and the velocities have not been driven to zero, the plot
clearly indicates a rapidly decaying response. Figure (9) shows the convergence of the objective function and the L,
norm of the sensitivity vector. During the course of the optimization, a decaying response was indeed observed after
only 11 design iterations, but the optimization was not terminated at this point since the tolerance on the constraint
was not satisfied. The tolerance was set to be a maximum of 0.25% deviation from the target constraint over at least
two consecutive design iterations. Figure (10) indicates that the constraint satisfies the set tolerance only at 41 design
iterations at which point the optimization was terminated. Figure (11) compares the optimized and the baseline airfoil
geometries using 1:1 and exaggerated scales.

VI. Conclusions

The strength of adjoint equations has been employed in computing sensitivity derivatives for the coupled unsteady
fluid-structure equations. The algorithm developed was demonstrated in the context of shape optimization applied to a
standard two-dimensional flutter problem. Extensions to three dimensions will require the additional step of linearizing
the transfer of forces and displacements between fluids and structures grids, which is trivial for the two-dimensional
case. The observed computational cost of the two-dimensional problem suggests that full three-dimensional unsteady
aeroelastic optimization problems, although relatively expensive, should be tractable on current-day large parallel
machines both in terms of computational time, memory, and disk space for storing the solution time history. We also
note that relaxing the criterion of fully converging the coupled problem to machine precision at each time step can
be expected to yield significant efficiency improvements, although this will require a quantification of the effect of
coupling error on the analysis and optimization processes. Finally, the current approach should be easily extendable
to computing discretely exact sensitivity derivatives for any number of coupled discplines.
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