AIAA JOURNAL

Vol. 46, No. 6, June 2008

Unsteady Discrete Adjoint Formulation for Two-Dimensional

Flow Problems with Deforming Meshes

Karthik Mani#* and Dimitri J. Mavriplist
University of Wyoming, Laramie, Wyoming 82071-3295
DOI: 10.2514/1.29924

A method to apply the discrete adjoint for computing sensitivity derivatives in two-dimensional unsteady flow
problems is presented. The approach is to first develop a forward or tangent linearization of the nonlinear flow
problem in which each individual component building up the complete flow solution is differentiated against the
design variables using the chain rule. The reverse or adjoint linearization is then constructed by transposing and
reversing the order of multiplication of the forward problem. The developed algorithm is very general in that it
applies directly to the arbitrary Lagrangian—Eulerian form of the governing equations and includes the effect of
deforming meshes in unsteady flows. Itis shown that an unsteady adjoint formulation is essentially a single backward
integration in time and that the cost of constructing the final sensitivity vector is close to that of solving the unsteady
flow problem integrated forward in time. It is also shown that the unsteady adjoint formulation can be applied to
time-integration schemes of different orders of accuracy with minimal changes to the base formulation. The
developed technique is then applied to three optimization examples, the first in which the shape of a pitching airfoil is
morphed to match a target time-dependent load profile, the second in which the shape is optimized to match a target
time-dependent pressure profile, and the last in which the time-dependent drag profile is minimized without any

loss in lift.

1. Introduction

ECENTLY, the use of adjoint equations has become a popular

approach for solving aerodynamic design optimization
problems based on computational fluid dynamics [1-6]. Adjoint
equations are a very powerful tool in the sense that they enable the
computation of sensitivity derivatives of an objective functional to a
set of given inputs at a cost that is essentially independent of the
number of inputs. This is in contrast to the finite difference method, in
which each input or design variable has to be perturbed individually
to obtain a corresponding effect on the output functional. This is a
tedious and costly process, which becomes impractical in the
presence of large numbers of design variables or inputs.

Solutions of steady-state aerodynamic optimization problems
using adjoint methods [4,7-10] are now fairly well established.
However, relatively little work has been done in applying these
methods for unsteady time-dependent problems [11-13]. In the
context of unsteady flows, frequency-domain methods [14,15] have
been investigated that allow for reduced computational expense,
particularly for problems with strong periodic behavior. More
recently, unsteady time-domain adjoint methods have been
investigated by Rumpfkeil and Zingg [13], although this work is in
the context of structured meshes using relatively simple mesh
deformation strategies. The goal of this paper is to develop an
efficient framework for computing sensitivity derivatives in
unsteady flow problems operating directly in the time domain using
unstructured meshes and including the effect of general mesh
deformation techniques. It is important that dynamic deformation of
unstructured meshes be addressed because such techniques are now
commonplace in unsteady computations, particularly in the field of
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aeroelasticity. Additionally, although rigid-body motion in unsteady
computations may be handled by overset-grid methods, shape
deformation in such flows can be handled only via the use of mesh
deformation equations.

The daunting computational expense associated with unsteady
optimization problems has prompted the development of frequency-
domain approaches, which have been shown to be more economical
for problems with periodic behavior. Although time-domain
methods may be more expensive for such problems, they can be
expected to be more suitable in the general case for problems with no
dominant periodic behavior, and the two approaches should be
considered complementary to one another. In general, the total cost
of an optimization is equal to the number of design iterations required
to reach an optimum solution multiplied by the cost of a single design
iteration. The cost of a single design iteration can be broken down
into the cost of a flow solution and the cost of a sensitivity solution.
Reduction of the total number of design cycles to obtain an optimum
solution can be achieved by using sophisticated optimization
algorithms. For our work, we use the reduced Hessian Broyden—
Fletcher—Goldfarb—Shann (BFGS) optimization algorithm with
bounds (LBFGS-B) developed in [16]. Considering the fact that
unsteady analysis solutions themselves are inherently expensive, all
possible methods to improve efficiency both in the case of the flow
solver and the sensitivity solver must be exploited to the fullest
extent. This necessitates the use of multigrid methods to reduce
dependency on mesh resolution and also the use of high-order time-
integration schemes to obtain high-quality, unsteady solutions with a
minimal number of time steps [17]. Conversely, it is important that
adjoint methods developed for unsteady problems be general enough
that they are applicable to any order of time-integration scheme.
Also, convergence acceleration methods, such as multigrid, must be
easily extendable to the developed algorithms. The unsteady adjoint
algorithm presented in this paper partially addresses both of these
concerns. The algorithm takes into account high-order backward-
difference formula (BDF) time-integration schemes and can be
extended to higher-order implicit Runge—Kutta schemes without
severe additional cost. The algorithm also uses the linear multigrid
method [18] for convergence acceleration.

The optimization examples presented in the paper are based on a
sinusoidally pitching airfoil under transonic conditions. Although this
is a periodically steady-state problem, which can be treated using
frequency-domain methods, we use the same case for demonstration of
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the algorithm by treating it directly in the time domain over one period
of oscillation beginning with a steady-state solution. The primary
motivation for this arises from the potential of applying the algorithm
in aeroelastic design of rotorcraft blades although the time-domain
approach developed in this work should be equally applicable to more
complex unsteady motions such as aeroelastic flutter problems.

II. Analysis Problem Formulation

A. Governing Equations of Flow Problem in Arbitrary Lagrangian—
Eulerian Form

The conservative form of the Euler equations is used in solving the
flow problem. The paper is limited to inviscid flow problems because
the primary focus is the development and verification of an unsteady
adjoint method. Extension of the algorithm to viscous flow problems
with the inclusion of turbulence models should prove to be relatively
straightforward. The differences arise only in the linearization of the
additional flux contributions and not in the base formulation
presented in this paper. In vectorial form, the conservative form of
the Euler equations may be written as

W—I—VoF(U):O (1)

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

0 é)u PV
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Here, p is the fluid density, («, 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= (= D[E ot + )] 3

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(¢) yields

3—UdA—i-/ F(U) -ndB=0 (€))
A 0t B(1)

Using the differential identity

0
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Equation (4) is rewritten as

9 UdA+/ [F(U) — xU]-ndB =0 ©6)
ot Jaw B(1)

or, when considering cell-averaged values for the state U, as

3A7U+/ [F(U) —xU]-ndB=0 7
ot B(0)

This is the arbitrary Lagrangian—Eulerian (ALE) finite volume form
of the Euler equations. The equations are required in ALE form
because the problem involves deforming meshes in which 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
either a first-order accurate backward-difference formula (BDF1) or
a second-order accurate (BDF2) scheme. These discretizations are

shown in Egs. (8) and (9), respectively. The index n is used to
indicate the current time level as the convention throughout the
paper. The discretization of the BDF2 scheme shown in Eq. (9) is
based on a uniform time-step size.

8AU _AnUn _An—lUn—l (8)
ar At
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C. Spatial Discretization

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

| ) = %0 0B =S = > F B~ V. Uiy (10
dB(1) :

i=1

where, fora 2-D problem, B; is the edge length,V,, is the normal edge
velocity, and F3- is the normal flux across the edge. The normal flux
across the edge is computed as

Fe = 3{FH@) + Fi(ao) + [A]@ —a0] (D

where q; and q are the left and right extrapolated state vectors, and
F/ and F}, are the left and right normal fluxes for the edge computed
as

pv+
pVru +ip
pViv+a,p
(E, + p)V+

Ft= (12)

The velocity normal to the edge V- is defined as uii, + vii,, where i,
and 71, are the unit edge normal vector components. The dissipative
flux is computed using Roe’s approximate Riemann solver [19], and,
therefore, matrix [A] is the Roe-averaged flux Jacobian. Second-order
spatial accuracy is achieved by using a gradient-based reconstruction
of the state vector at the edges based on cell-centered values. The
extrapolated state q is calculated as

q=U+VUr (13)

Here, r is the vector between the cell centroid and the edge midpoint,
and VU is the gradient of the state vector. The gradient is computed
by first obtaining nodal state values via arithmetic averages of cell-
centered values from elements that share the node, and then using
Green—Gauss reconstruction to obtain the state gradients at the cell
centers. An arithmetic average is used rather than more accurate
polynomial-based interpolation methods to simplify the linearization
procedure. No limiting procedure is employed in the reconstruction
scheme as shown in Eq. (13).

D. Discrete Geometric Conservation Law

The discrete geometric conservation law (GCL) requires that a
uniform flowfield be preserved when Eq. (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 = const being an exact solution of Eq. (7). For
a conservative scheme, the integral of the inviscid fluxes around a
closed contour goes to zero when U = const. Applying these
conditions to Eq. (7) results in the mathematical description of the
GCL as stated here:

A _

/ x-ndB =0 (14)
ot dB(1)

For a first-order BDF1 time-integration scheme, this can be
discretely represented using Eqgs. (8) and (10) as
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Equation (15) 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
Eq. (15) is satisfied. Whereas various methods for computing the
edge velocities satisfying the GCL have been developed for different
temporal discretizations [17,20], a unifying approach applicable to
first-, second-, and third-order BDF schemes, as well as higher-order
accurate implicit Runge—Kutta (IRK) schemes, has been developed
in [21]. 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" and
x"~! for BDF1 and x”, x"~!, and x"~2 for BDF2.

E. Mesh Deformation Strategy

Deformation of the mesh is achieved through the linear tension
spring analogy [7,22], which approximates the mesh as a network of
interconnected 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

[K](Sxint = Bxsurf (16)

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

F. Geometry Parameterization

Modification of the baseline geometry is achieved through
displacements of the surface nodes defining the geometry. To ensure
smooth geometry shapes, any displacement of a surface node is
controlled by a bump function, which influences neighboring nodes
with an effect that diminishes moving away from the displaced node.
The bump function used for the work presented in this paper is the
Hicks—Henne sine bump function [23]. The design variables or
inputs for the optimization examples presented form a vector of
weights controlling the magnitude of bump functions placed at
various chordwise locations.

G. Analysis Procedure

The example problems chosen to demonstrate the unsteady adjoint
algorithm involve a deformable airfoil that pitches sinusoidally. The
procedure to determine the unsteady flow solution for such a case is
as follows:

1) Determine the surface coordinates (shape) of the deformed
airfoil as

0 base base
X qurf = Xgurf + sturf (17)

where §x%¢ are the displacements of the surface nodes computed as
afunction of the design variables D. In this case, the function refers to
the Hicks—Henne sine bump function. The variable x?®¢ refers to the
surface coordinates of the baseline nondeformed airfoil.

2) Solve mesh motion equations to determine displacements of
interior nodes 8x,. Add to interior node coordinates of baseline
mesh to get the interior node distribution for the deformed airfoil as
X?m = x?natse + 5X?m'

3) Begin time integration at time n = 0.

4) Transform the deformed surface coordinates to their new
orientation for the current time level n through multiplication of the
rotation matrix [B]", which prescribes the motion of the pitching

airfoil as a function of time. The center of rotation for the airfoil is

taken to be the quarter-chord location. The rotation matrix [B]" is a
function of the angle of attack at the current time level and can be
determined using the sine function shown in Eq. (18). The
transformed airfoil is then used to compute the surface displacement

vector 6x”, ; for the current time level n as shown in Eq. (19).
A" =y + Apyyy Sin(01") (18)
Xy = ([B]" = UDXGs (19)

5) Solve the mesh motion equations again to obtain the interior
node displacements éx! at time level n. The interior node

nt
coordinates are then computed as x!', = x0 + 8x!, where x{, are

int int nt?
the interior node coordinates for the deformed airfoil at the time level
n=0.

6) Calculate edge velocities V, in accordance with the GCL for the
chosen time-integration scheme. For a BDF1 scheme, V, is a
function of coordinates x!, and x!, whereas, for a BDF2 scheme,
V, additionally depends on the coordinate values x!2. Further
details can be found in [21]. New cell areas A" are also computed at
this point using xJ, .

7) For an implicit time step, the nonlinear flow residual is defined
as

R" = LaAtU) +S(Vi,n", U") =0 (20)
where the discretization of the time derivative is based on the chosen
time-integration scheme. The second term is the spatial residual of
the flow and is a function of the edge velocities V,, the edge normals
n, and the flow solution at the current time level U”.

8) Solve the nonlinear flow residual using Newton’s method as
shown in Eq. (21) in conjunction with an agglomeration multigrid
scheme to accelerate convergence of the intermediate linear systems.

[8R(Uk)

PTG j|5U"’ =-R(UY Ukt = UF 4 §UF 21

9) If the current time level is n = 0, obtain a steady-state solution
for use as an initial condition by solving S(n?, U") = 0.

10) Compute lift and drag coefficients C} and C}, for the current
time level. The load coefficients are functions of both the current flow
solution and the current mesh coordinates.

This analysis capability is very similar to previously developed
unsteady Euler solvers and has been validated through mesh
refinement and temporal refinement studies and comparisons with
the two-dimensional unstructured mesh solver described in [24].

III. Sensitivity Formulation for Unsteady Flow
Problem

A. Functional Dependence

The time-integrated objective functional L# that is to be
minimized can be written with intermediate dependencies as a
function of the design variables D to assist with the chain rule
differentiation process. For the problem of the unsteady pitching
airfoil, the design variables form a vector of weights controlling the
magnitudes of bumps placed at various surface node or chordwise
locations. The intermediate dependencies for a flow solver based on a
BDF1 temporal discretization can be written as

Lo =F[L0.L 1%, 1] (22)
L= F[Un, x] (23)
U= F[Ur g x| (24)
U", U"il, Un—2 JRp— F[D] (25)
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X X X2 = P[] 26)
X S = F[D] 27)
where L", L"~! ... denote local functional values at each time level.

Sequentially differentiating Eqs. (22-27) results in a general
expression for the final sensitivity derivative dL$/dD for the
unsteady flow problem

oL ax;;n] o8

ox" JdD

int

dLe X oLs [oL" 9U”
dD 4 dL"|dU" 9D

where several of the intermediate derivatives are not shown for
simplicity.

B. Tangent or Forward Linearization

Consider the case of a single design variable D. Equations (16) and
(20) form the constraint equations for the sensitivity problem and can
be differentiated with respect to the design variable D in order to
obtain convenient expressions for both the flow variable sensitivity
(0U/0dD) and the mesh-coordinate sensitivity (0x;,,/dD) that appear
in Eq. (28). For a BDF1 time discretization, the flow constraint
equation (i.e., the nonlinear flow residual at a given time level) can be
written as

R” (xt x5, U U 1) =0 29)

Differentiating this with respect to the design variable D yields

drR" _OR"0x! ~ OR" axi'  OR” U OR” U
dD ~ oxi, aD  oxi;' aD  9U" aD  JU*! D

(30)

Rearranging the equation in terms of the flow Jacobian results in an
expression for the flow variable sensitivity as

OR"TIU" _ (OR"dxp,  OR" axi'  9R" 9U!
au" | ap — \oxy, aD  ox;t D QU™ 9D
(€20)

The second constraint is the set of mesh motion equations.
Differentiating these with respect to the design variable produces an
expression for the mesh-coordinate sensitivity as

ox'  ox” .
K% ="3p 32

The stiffness matrix [K] is based on the initial configuration of the
mesh and does not change through the time integration or design
optimization process and can therefore be treated as a constant in the
differentiation. The procedure to obtain the sensitivity dL/dD using
the forward linearization can be summarized as follows:

1) Begin time-integration loop at n = 0.

2) Determine the surface node sensitivities 9x°,./dD by
differentiating the shape functions.

3) Multiply the surface node sensitivities with the rotation matrix
[B]" to obtain the rotated surface node sensitivities for the current
time level n.

4) Iteratively compute the mesh-coordinate sensitivities for the
current time level as shown in Eq. (32).

5) Compute the flow variable sensitivities iteratively as shown in
Eq. (31), in which the flow variable and the mesh-coordinate
sensitivities from the previous time level are known quantities. In
the case of the first time step, these are the outputs from the steady-
state sensitivity solution (if the unsteady solution is restarted from the
steady solution), or these are derivatives of the initial condition for
the unsteady flow. The initial condition may be assumed to be
uniform flow to remove dependence on the design variable D.

6) Continue integrating forward in time, performing matrix—
vector or vector—vector inner products as per Eq. (28). At the end of

the time-integration process, the complete sensitivity of the global
objective functional L# to the design variable D is available.

C. Adjoint or Reverse Linearization

For problems with multiple design variables and a single objective
functional, Eq. (28) is transposed to obtain the adjoint or reverse
linearization. Shape optimization problems require the adjoint
linearization to obtain sensitivities because they typically involve
numerous design variables and one or few objective functionals. The
transpose of the forward linearization can be written as

dre’  X[our oL axr oL ] aLs
= — — 33
D ;[an 50" T 9D axr | L (33)
Expanding the summation backward,
dre’  (0U" oL™  oxi oL™\ OL¢
ap \ 9D 9U" 9D oxp, ) AL"
X)
gu oL oxart oLty aLs’ )
D oU! oD ox: ' J oLt
)

Considering only term (X) in the expansion, we can now rearrange
and transpose Eq. (31) to determine an expression that can be
substituted for the flow variable sensitivity. Term (X) can now be
rewritten as

) = — axp OR™ oxpt ORY gUu! 9R”
— \ aD axy, D oxp! D U
OR"|-T L™ dLE"  axr AL™ AL 35)
du" | U aL* ' D 9xy, AL"

Here, 0L$ /dL" is ascalar quantity, while dL" /0U" and 0L" / dx., are
vectors that are easily computable because L” is a scalar quantity.
These are merely linearizations with respect to the flow variables and
the mesh coordinates. From Eq. (35), it is clear that the inverse of the
transposed flow Jacobian matrix is required to proceed with the
sensitivity computation. Because direct inversions of the flow
Jacobian matrix are to be avoided, we introduce a flow adjoint
variable defined as per Eq. (36) to enable an iterative approach:

Ap— _[ann]—r[au]rau 6

au” ou"| oaL"
This is a linear system that can be iteratively solved as

IR"]7 aL" T oLs
Ay =— 37
[ -5 @)
The convergence of the linear system in Eq. (37) is similar to the
convergence of any single linear system arising while solving the
nonlinear flow constraint equation because both problems contain
the same eigenvalues. Solving for the flow adjoint and substituting

into Eq. (35) results in three terms: (A)”", (B)", and (C)". The
remaining preexisting contribution to term (X) is denoted term (E)".

x) = axi OR" N axitOR™ N au" 9R"
oD oxy, Y 9D oxptTY T oD qurtTY
N e’
@y (B)" ©r
YlT YlT T
axp L™ ALE 38)
9D 9xr, dL"
N——————
(E)"

Terms (A)" and (E)" can be combined and expanded in terms of the
surface displacement sensitivity of the deformed airfoil as follows:



MANI AND MAVRIPLIS 1355

axY axm . axm (OR" AL dLE"
A E)t = surf surf int 3
( ) - ( ) oD axgurf aXgurf { aXinnt v * aXinm aL" } ( 9)

where the second term is the transpose of the rotation matrix [8]", and
the third term can be written in terms of Eq. (32) as

axn

o = (K] (40)
8Xsurf

Substituting Eq. (40) into the combination of terms (A)" and (E)", we

can introduce a mesh adjoint variable A} to avoid a direct inversion

of the stiffness matrix [K] as

IR" aL" Ls'
AL = [K]*T{—A" +——} 1)
X ax:, Y T oxy, aL”
This is again a linear system that can be iteratively solved as
IR" aL" aLs’
K = {0+ | @

Here, the term (OR”" /9x!,) Ay, transfers the effect of the flow adjoint
variable residing at the cell center to the mesh coordinates, which are
nodal quantities. This occurs first through the linearization of the
cell-centered flow residual with respect to the flux integral around
the edges of that cell and then via the linearization of the flux across
each edge with respect to the edge normal from which it gets
transferred to the nodes defining the edge normal. As in the case of
the forward linearization, the surface displacement sensitivity is
found by differentiating the shape functions and can be precomputed
and stored. The first contribution to the total sensitivity vector
dL/dD can be now be determined simply by

dL” aX(s);rf T

— =B AL+ 43
=B AL+ 3
Moving onto the remaining terms (B)" and (C)", we first gather
terms from time level n — 1 that appear in term (Y) and rewrite in
combined form as

axn-1" (9R™ axn-1" gpn-1"
n n Y — nt An nt
(B)" + ()" + () oD {ax;lnjl vt oD axﬁ;l}
U [9R" oL oLe
oD {BU"“ ot Hpe BL”"} 49

We next write an expression analogous to Eq. (31) but at time level
n — 1 and then transpose and rearrange results in a convenient form
for 9U*!" /3D, which appears in Eq. (44). We can now introduce a
flow adjoint variable Aj;! at time level n — 1 and solve for it as

AR aR""
|:8Un—li| A% = _{aUn—l A{I +
This gives rise to new terms at time level n — 1, namely (A)"~!,
(B)"1, and (C)™!, of which (A)"~! can be combined with the
remaining mesh-coordinate term in Eq. (44). This now permits the

definition of a mesh adjoint variable A”~! at time level n — 1 that can
be solved for iteratively as

aL"\" gLs"
aurt oLt

} (45)

IRV aR" axn—1" gpn-1"
KTAn—] — An—l An nt 46
KT Az {ax:;:‘ U g M D Bxﬁ;'} @0

Once the mesh adjoint variable A2~ at time level n — 1 is available,
the sensitivity vector dL/dD can be augmented with the contribution
from time level n — 1 with the product of the mesh adjoint variable
with the rotation matrix [B]*""" and the surface displacement
sensitivity 9x% . /9D.

A recurrence pattern is clearly seen at this point. Assembling the
complete sensitivity vector dL/dD involves starting at the final time
level and sweeping backward in time by solving for a flow adjoint

variable and a mesh adjoint variable at each time level. The forms of
the flow adjoint equation and the mesh adjoint equation to be solved
at each time level are similar to Eqs. (45) and (46) with the
appropriate modifications to the time indices. The backward sweep
or recurrence terminates at the first time level n = O through the
solutions of steady-state adjoint equations for both the flow and mesh
coordinates. At this point, the complete sensitivity vector dL/dD is
available.

D. Modification of Formulation for BDF2 Time-Integration Scheme
The nature of the previously described derivation permits the
application of the same technique regardless of the employed
temporal discretization. For a second-order accurate two-step
backward-difference formula, the constraint equation has contribu-
tions from time indices n, n — 1, and n — 2. The new flow constraint
equation can be written as
R" (Xinm‘ XinnTl , XinnTZUn7 Un—l , Un—Z) =0 (47)
The flow variable sensitivity at time level n obtained through
differentiation of Eq. (47) with respect to design variables D becomes

9U" _ [OR"]7'(OR"9xp,  OR" oxi'  OR” Oxl’
ap | U axi, D  axi;' aD - dx!? aD
aRn aUn—I aRn aUn—Z
ou! aD ou™? oD ) “8)

The linearization at time level n now has additional contributions
from time level n — 2. For the BDF1 scheme, the unsteady adjoint
derivation resulted in a two-point recurrence relation in time
involving the time indices n and n — 1. For the BDF2 time-
integration scheme, the recurrence relation is based on three points in
time, namely indices n, n — 1, and n — 2. Equations (45) and (46)
will now have additional source terms as a consequence of this. It is
interesting to note that irrespective of the number of backward steps
required in the time-integration scheme, only one flow adjoint and
one mesh adjoint solution are required at each time level.

IV. Implementation Details
A. Code Structure

The software is divided into three main components, namely, the
flow solver, the adjoint/tangent solver, and the optimization routine.
The flow solveris an unstructured cell-centered unsteady finite volume
code with moving mesh capability that is spatially and temporally
second-order accurate. The flow solver performs the time-integration
process to compute an unsteady flow solution that is then written to
disk periodically at each time level. The adjoint or tangent solver reads
the solution from disk and computes the required sensitivities. A
simple driver program is used as the optimization controller and calls
the LBFGS-B optimization routine, the flow solver, and the adjoint/
tangent solver. All data exchange between the flow and adjoint/tangent
solvers occur via files written to disk. This is necessary because the
adjoint solver performs a backward integration in time and thus
requires the entire solution history. It would be impractical to hold the
entire unsteady solution set in memory for later use by the adjoint
solver; however, file I/O operations represent negligible overheads
with respect to overall solution time.

B. Linearization for Second-Order Spatial Accuracy

Computation of the flow adjoint variable requires the linearization
of the flow constraint or flow residual equation with respect to
the flow state variables. Such a linearization results in the flow
Jacobian matrix dR /0U and is used in the Newton solver employed
for the flow solution. In the case of a spatially first-order accurate
discretization, this results in a nearest-neighbor stencil in which the
flow residual R for any element in the mesh is a function of its own
state variables and the state variables of its immediate neighbors. On
triangular unstructured meshes, this translates into the flow Jacobian
matrix being a sparse matrix with each row consisting of a dominant
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diagonal block element and three off-diagonal block elements.
A simple edge-based data structure is sufficient for the purpose of
constructing and storing the elements of the flow Jacobian matrix.
In the case of second-order spatial accuracy, the flow residual of each
element is no longer restricted to a nearest-neighbor stencil because
the residual R depends not only on the state variables but also their
spatial gradients. This is can be seen in Eq. (13), describing the
reconstruction scheme used for second-order accuracy in which VU
is the spatial gradient of the state vector U. Because the state variable
gradients are functions of element states extending beyond the
nearest-neighbor stencil, constructing and storing an exact flow
Jacobian matrix quickly becomes impractical due to large memory
requirements and the lack of a simple data structure. For the flow
solver, itis not required that an exact linearization of the flow residual
R be available because only the solution of R(U) = 0 is necessary.
To achieve second-order accuracy, it is only required that the flow
residual itself be constructed using second-order extrapolations of U.
An inexact Newton’s method is employed in which the first-order
accurate flow Jacobian matrix is used in solving second-order
accurate residual equations R,(U). The method, being inexact, no
longer exhibits the quadratic rate of convergence typical of a Newton
solver but greatly simplifies the solution procedure.

In the case of the adjoint solver, it has been shown that
approximating a second-order accurate flow Jacobian matrix with a
first-order accurate matrix leads to significant errors in the computed
sensitivities [25]. The linear systems that involve the flow Jacobian
matrix are Eqs. (37) and (45). Although computing and storing the
exact second-order Jacobian is impractical, it is quite straightforward
to construct the product of the second-order Jacobian and a vector
using a two-pass approach [7,8]. This property is taken advantage of,
and a defect correction method is used to solve the linear system
involving the second-order flow Jacobian matrix. For example,
consider the left-hand side of the linear system shown in Eq. (37). In
the case in which the flow Jacobian matrix is second-order accurate,
this can be split into the sum of two matrix-vector products as
follows:

JR"T JR" JR" [oVU" | T
] K (el A e R

aRn T aVUn T 8Rn T
- [B—U"]lAU + [ au" ] [BVU"] At (50)

[
©) 2

where [0R"/0U"], is the first-order Jacobian. Term (1) can be easily
computed because the first-order Jacobian is already stored. Term (2)
can be computed via a series of matrix-vector products on the fly
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Fig. 1 Computational mesh of approximately 20,000 elements used in
optimization examples.

if Ay is available. The defect correction method is similar to a
nonlinear solution method and can be expressed mathematically as

L oR"T [aL”]T[BLg}T}

PRAG = {[aun]z/‘“ ou" ] |aL Gb
Here, [P] refers to the preconditioner and §A ;; the correction for A ;.
When the correct value for A ;; has been achieved, the right-hand side
of Eq. (51) goes to zero. In order for the system to converge, the
preconditioner [P] must be closely related to the second-order flow
Jacobian matrix. Typically, the preconditioner is taken to be the
transpose of the first-order flow Jacobian matrix [8,26]. The right-
hand side includes the effect of the second-order flow Jacobian
matrix and is evaluated as described by Eq. (50).

C. Optimization Algorithm

The LBFGS-B optimization routine from [16] is used for all of the
examples presented in this paper. The optimization algorithm is an
extension of the LBFGS algorithm, which does not require bounds
on the design variables. The bounded algorithm was chosen to
prevent the generation of invalid geometries that would cause code
crashes in the flow and adjoint solvers. A simple program was used to
adaptively select the bounds by calling the mesh deformation routine
with different combinations of design variables and checking for
degenerate elements in the resulting mesh.

10’

T

10°
—_ Norm of gradient vector
——— Functional

—
e
T

T

oA
RAY N N
\

~
e
%

/. N
ALY AP AN \.
AN

T T

NN

L%, Norm(dL%dD)
=)

T

-
S
L

T T

105

T T

10°® (RTINS NN TN SIS NI SN AIN N N SAVA A AR |
0 10 20 30 40 50 60 70

Number of Function/Gradient Calls
Fig. 2 Convergence of functional L¥ and gradient for optimization
case 1.

777777 Baseline
——— Optimized

0.06

0.04

0.02

-0.02

-0.04

-0.06

o
Fr T 1 T rrrrrrrfrrrrrrrrrrrrrrr

Fig. 3 Optimized airfoil for case 1 (exaggerated scale).



MANI AND MAVRIPLIS 1357

D. Verification of Adjoint Sensitivity sensitivity vector computed using the adjoint linearization matches
The procedure to validate the computed sensitivity is twofold. that computed using the forward linearization. For finite
First, the sensitivity computed using the forward linearization is differencing, each design variable is individually perturbed to
verified by comparing against finite differenced values. Then, duality record its effect on the global objective. Similarly, the forward
[27] between transpose operations is invoked to assure that the linearization code is called np number of times to obtain the entire
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Fig. 4 Comparison of target and computed time-dependent lift profiles at various design iterations for case 1.
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sensitivity vector. The finite differencing is done over a range of step the forward linearization are required. Determining the validity of the

sizes to obtain a converged value. The two-step procedure was computed sensitivity and tracking down errors can be quite tedious

employed over directly verifying the adjoint sensitivity with the when attempting to use the finite difference method to validate the

finite differenced values because the forward linearization is far more adjoint solver directly. The gradients produced by the finite

intuitive than the adjoint linearization in which transposes of steps in difference approach and the forward linearization approach were
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verified in this manner to be in agreement to within four significant
figures, whereas the forward linearization and adjoint values were
verified to be in agreement to 15 significant figures, as expected.

V. Optimization Examples

Three test cases are presented to demonstrate the unsteady adjoint
algorithm. All three involve the sinusoidal pitching of a NACA0012
airfoil about its quarter-chord location. The flow and pitch conditions
are identical for all cases with a freestream Mach number of 0.755
combined with a mean angle of attack of 0.016 deg. The time-
dependent pitch criteria consists of an amplitude of 2.51 deg and a
reduced frequency of 0.0814. The computational mesh consists of
approximately 20,000 triangular elements as shown in Fig. 1, with
290 surface nodes defining the geometry. Although the algorithm is
applicable in the time domain, a periodic problem with initial transient
behavior is chosen for demonstration purposes. As described earlier,
the design variables form a vector of weights that control the
magnitude of bump functions placed at various chordwise locations
of the airfoil, which is to be deformed. The chordwise locations
are chosen such that they coincide with the x-coordinate locations of
the nodes defining the surface of the airfoil. In general, we place a
single bump at each one of the surface node locations, and, because the
computational mesh consists of 290 surface nodes, this translates into
an equal number of design variables.

A. Case 1: Time-Dependent Load Matching

The goal of this test case is to optimize the shape of a NACA0012
airfoil such that the time-dependent load profile matches that of a
sinusoidally pitching NACA64210 airfoil. The time integration for
this example is carried out from a steady-state solution to a
nondimensional time of 48.2431. The temporal resolution consists of
40 time steps. The time-integrated global objective functional is
defined as the mean of local functionals at each time level as

1 l’l:l‘lf
fg— n
L (nf i 1) Z L (52)

n=0

and the local objective functional at each time level is the linear
combination of the differences between target and computed loads
defined as

2 2
L"= %(CZ - szrget) + 1_20(CW[I) - CnDIarget) (53)

where the factor of 10 for the drag coefficient is introduced to
equalize the difference in order of magnitude between the lift and
drag coefficients. Note that there is no constraint in the functional
that controls the shape of the optimized airfoil. The only guarantee
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Fig. 6 Comparison of target airfoil and true NACA64210 airfoil.

based on the formulation is that when the functional goes to zero,
the target and computed time-dependent load profiles match. The
shape is constrained in a loose sense only through the bounds placed
on the design variables such that degenerate geometries do not result
during the course of the optimization. As described earlier, these
are computed a priori and are read in by the optimization routine at
the onset of the optimization process. It is not necessary that the
optimized airfoil match the shape of the NACA64210 airfoil,
although it is one of the possible solutions to the optimization
problem. The convergence of the time-integrated functional and
the norm of the gradient vector are shown in Fig. 2. Figure 3 shows
the optimized airfoil for this case. A pronounced hook shape close to
the trailing edge of the optimized airfoil is visible from the figure.
Since the target airfoil has finite lift at zero angle of attack, the
baseline symmetric airfoil must be deformed such that it gains some
degree of camber. The trailing-edge flow exit angle, being the most
influential on turning the flow from the freestream direction (i.e.,
camber), has pushed the optimization in that direction. In reality, a
severely curved trailing edge will typically lead to flow separation
and loss of lift with increase in drag. This is not the case for the
presented example because the flow and adjoint solvers are based on
the Euler equations and do not include the effect of viscous terms. It
should be interesting to observe the results of a shape-unconstrained
optimization based on the Navier—Stokes equations in comparison
with those presented here.
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Figures 4 and 5 compare the computed and targeted time-
dependent lift and drag profiles at various stages in the optimization.
The drag comparison figure indicates what appears to be a slightly
larger error between the optimized and target values than the lift
curves at the final design iteration because of the different scales of
these coefficients. There is approximately a 2 orders of magnitude
reduction in the functional and gradient within the first five design
iterations beyond which the convergence rate greatly diminishes.
No convergence specific stopping criteria was used except for total
computational time to terminate the optimization. For this particular
example, the optimization was terminated after 15 wall-clock hours,
and this corresponded to 58 calls of the flow solver and the adjoint
code.

B. Case 2: Time-Dependent Pressure Distribution Matching

The second optimization example is that of inverse design from a
NACAO0012 airfoil to a NACA64210 airfoil in the context of
unsteady flows. The target time-dependent pressure profile for this
example is that of a sinusoidally pitching NACA64210 type airfoil.
Since inverse design is shape constrained, it is important to know
a priori whether the geometric parametrization permits the target
airfoil to lie within the design space of the problem. An optimization
using only the shape parametrization independent of the flow
equations was performed to check if this were true. It was determined
that an exact NACA64210 was not achievable based on the current
parametrization. As a consequence, the closest possible match from
the result of this exploratory geometric optimization was used as
the target because this guarantees an achievable shape. Figure 6
compares the airfoil that was used as the target against the true
NACA64210 airfoil.

The objective functional for this example is similar to that of
case 1, with the difference in computed and target loads replaced by
the difference in computed and target time-dependent pressure
profiles. The local objective functional at each time level for this
example is defined as

L — i{% <I’:'1 - Pﬁarge‘)z} -

i=1

Figure 7 shows the convergence of the global objective functional
L#. As in the previous case, the global objective functional drops by
about 4 orders of magnitude before the convergence begins to stall.
This is not an acceptable scenario because it is known that the target
airfoil lies within the design space. Theoretically, the functional
should be able to reach machine zero and the gradient to the square
root of machine zero. The problem was suspected to be the
complexity of the design space and the inability of the LBFGS-B
algorithm to navigate through it. Because the optimization consists
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Fig. 11 Convergence of global objective function L$ for optimization
case 3.

—————— Baseline

0.06 .
Optimized

0.04

0.02

-0.02

-0.04

-0.06

o
|3 B N L L L L L N Y L B B L

T TN N T N N NI N R R
0.2 0.4 0.6 0.8 1
X

Fig. 12 Comparison of baseline NACA0012 and optimized airfoils for
optimization case 3.

of 290 design variables, the problem was simplified by reducing the
total number of design variables to 14. As previously described, a
new target airfoil was chosen using the parametrization based on
fewer design variables, and a second unsteady inverse design
optimization was run. Figure 8 shows the convergence for this case.
The results verify our suspicions because, in this case, the expected
trend is observed. The functional reaches machine zero in 28 design
iterations, whereas the gradient approximately reaches square root of
machine precision. The termination criteria used in this case was a
value of 10~ for the functional.

Figures 9 and 10 compare the target and computed pressure
profiles at different design iterations for three temporal locations for
both the 290 and 14 design variables cases. Although qualitatively
the results look impressive in both cases, it is clear from the
convergence plots that the true optimum has been achieved only in
the 14 design variable case.

C. Case 3: Time-Dependent Drag Minimization

The final optimization example is that of lift-constrained time-
dependent drag minimization. The objective formulation for this
case is the same as that used for the time-dependent load matching
problem. The difference lies in the target loads used in the
formulation. Since this a lift-constrained drag minimization problem,
the target time-dependent lift is set to be that of the baseline
NACAOQ0012 airfoil itself, whereas the target drag is set to be zero at
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Fig. 13 Convergence of time-averaged and maximum drag coefficients
for optimization case 3.
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profiles for optimization case 3.

all temporal locations. The flow conditions and pitch criteria remain
identical to the previous two examples. The objective functional
cannot reach zero in this case because the drag acting on a pitching
airfoil is always nonzero. Figure 11 shows the convergence of the
functional and the gradient, and it is clear that the optimization levels
out very quickly. Figure 12 shows the optimized airfoil in
comparison with the baseline NACA0012 airfoil. Figure 13 shows
the convergence of the time-averaged and maximum drag
coefficients during the course of the optimization. An approximate
reduction of 85 counts of drag in the maximum drag coefficient and
50 counts in the time-averaged drag coefficient is observed.
Figures 14 and 15 compare the baseline and optimized time-
dependent lift and drag profiles.

VI. Conclusions

An adjoint method for computing sensitivities in time-dependent
flow problems based on an ALE formulation with deforming meshes
was developed. The algorithm was demonstrated by applying it to
time-dependent flow problems in the context of shape optimization.
The method is feasible for substantially large cases because the
solution history is written to disk and read in as and when required.
Consequently, the memory overhead is never more than what is

required for obtaining a single unsteady flow solution. Typical three-
dimensional unsteady flow problems that run in parallel with
approximately 200,000 elements per processor for about 2000 time
steps would require roughly 15 GB of hard drive space per processor
to hold the solution history. Such space requirements can be easily
accommodated at low cost on today’s computational clusters. Also,
because the solution set is written piece by piece at the conclusion of
each time step in the time-integration process, the speed of the I/O
operation itself has little impact on the overall speed of computation.
The other factor weighing in on feasibility when extended to large
cases is the number of design iterations required to reach an optimum
design. To this end, future work will explore the use of advanced
optimization algorithms and will test the algorithm in three-
dimensional problems.
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