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High-Fidelity Aerodynamic Shape Optimization
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Start from a baseline geometry provided by a
conceptual design tool.

High-fidelity models required for transonic
configurations where shocks are present,
high-dimensionality required to smooth these
shocks.

Accurate models also required for complex
supersonic configurations, subtle shape
variations required to take advantage of
favorable shock interference.

Large numbers of design variables and
high-fidelity models incur a large cost.



Aero-Structural Aircraft Design Optimization
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Aerodynamics and structures are core
disciplines in aircraft design and are very
tightly coupled.

By including structural analysis and design
there is no need to impose artificial wing
thickness constraints.

Want to simultaneously optimize the
aerodynamic shape and structure, since there
is a trade-off between aerodynamic
performance and structural weight, e.g.,
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The Need for Aero-Structural Sensitivities

Aerodynamic
g
Optimization
e Sequential optimization
does not lead to the true

Structural optimum.

Optimization
6p e Aero-structural optimization
4 requires coupled
12 sensitivities.

o6k Aerodynamic optimum
. (elliptical distribution) /
04r-

Aero-structural optimum

(maximum range)
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e Add structural element sizes
to the design variables.

e Including structures in the

Spanwise coordinate, y/b high—fidelity Wing
Optimizer optimization will allow
S\ larger changes in the design.

Aerodynamic —| Structural
Analysis ~<——  Analysis
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The Need for Aero-Structural Sensitivities
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Optimization Methods

@ e Intuition: decreases with increasing dimensionality.

e Grid or random search: the cost of searching the design
space increases rapidly with the number of design variables.

e Genetic algorithms: good for discrete design variables and

A m e very robust; but infeasible when using a large number of design
—mm variables.

e Nonlinear simplex: simple and robust but inefficient for more
than a few design variables.

e Gradient-based: the most efficient for a large number of

design variables; assumes the objective function is “well-
behaved” .
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Motivation

e By default, most gradient- %0
based optimizers use finite- |
differences  for  sensitivity (Optimizer l

J

A

e Accurate sensitivities are
required for convergence. N

analysis.
L > _
Searf:h Analysis
e When the cost of direction
calculating the sensitivities is v ><:,

' Sensitivit
propor.tlonal jco the numbe.r X Line search ity
of design variables, and this ---»  Analysis
number is large, sensitivity v
analysis is the bottleneck. Converged? >
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Sensitivity Analysis Methods

e Finite Differences: very popular; easy, but lacks robustness and accuracy;
run solver N, times.

df  f(zn+h)— f(z)
dz, h

+ O(h)

e Complex-Step Method: relatively new; accurate and robust; easy to
implement and maintain; run solver IV, times.

df _ Im[f(zn +ih)]

~ h?
dx,, h +O(h)

e Automatic Differentiation: accurate; ease of implementation and cost
varies.

e (Semi)-Analytic Methods: efficient and accurate; long development time;
cost can be independent of N,.
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Complex-Step Derivative Approximation

Can also be derived from a Taylor series expansion about x with a complex step
th:

_ h2fﬂ(5’7) _iR3 "(z)

f(z +1ih) = f(z) +ihf'(2) o1 T+

No subtraction! Second order approximation.
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Simple Numerical Example
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A Forward-Difference
Central-Difference
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Estimate derivative at x = 1.5
of the function,

eCC

flz) =

Vsind3x + cos3z

Relative error defined as:

’f,_ 7/“ef

E —=

/
ref
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Connection to Automatic Differentiation

Same example as previous talk: f = (xy + sinz + 4)(3y? + 6),

ti = x+1th, ty=y

ts = xy+wyh

ty = sinxzcoshh + icosxsinh h

ts = xy-+sinxcoshh + i(yh + cosxsinhh)

te¢ = xy+sinxcoshh + 4+ i(yh + coszsinhh)

tr = y?, ts=3y>, to=3y>+6

tio = (zy+sinzcoshh+4) (3y*+6) +i(yh + coszsinhh) (3y” + 6)
(;_i _ Im [f(:L'};I— th,y)| _ (y N COSJZSIH; h) (3y2 + 6)

Superfluous calculations are made.

For sufficiently small h they vanish but still affect speed.
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Objective Function and Governing Equations

Want to minimize scalar objective function,

I = I(:Cna yz)a

which depends on:
e x,: vector of design variables, e.g. structural plate thickness.

e ;. state vector, e.g. flow variables.

Physical system is modeled by a set of governing equations:

Ri (0, yi (1)) = 0,

where:
e Same number of state and governing equations, i,k =1,..., Ny

e N, design variables.
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Sensitivity Equations

Y

Ry

Yi

Total sensitivity of the objective function:

d/

dx,,

oz, + Oy; dx,,

Total sensitivity of the governing equations:

MOO> Lab

de o 8Rk 8Rk dyi

dx,, 0x., + oy; dx,
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= 0.
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Solving the Sensitivity Equations

Solve the total sensitivity of the governing equations

(9Rk dyi (9Rk

Substitute this result into the total sensitivity equation

— dy% dzn,

dI oI oI [9R;] ' Ry
de, Oz, Ovy;| Oy oz,

\ 7

U,

where V. is the adjoint vector.
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Adjoint Sensitivity Equations

Solve the adjoint equations

8quj __(9[
0y; " 3,%;.

Adjoint vector is valid for all design variables.

Now the total sensitivity of the the function of interest I is:

d/ 0l OR
= —+ U
dz,, Oz, T % ox,,

The partial derivatives are inexpensive, since they don't require the solution of
the governing equations.
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Aero-Structural Adjoint Equations

>

Yy

Two coupled disciplines: Aerodynamics (.Aj) and Structures (S;).

| Ak | wi | vk
o[ 8] we[a]e[2)

Flow variables, w;, five for each grid point.

Structural displacements, u;, three for each structural node.
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Aero-Structural Adjoint Equations

0Ar 0AL]" - Ol
28, 0S| ¢ |~ | oI
ow; (9Uj _auj_

e 0A;/Ow;: a change in one of the flow variables affects only the residuals of
its cell and the neighboring ones.

o 0Ay/0u;: wing deflections cause the mesh to warp, affecting the residuals.
o 05;/0w;: since §; = Kju; — fi, this is equal to —0f;/0w;.
e 0S5;/0u;: equal to the stiffness matrix, Kj;.

e 0I/0w;: for Cp, obtained from the integration of pressures; for stresses, its
Zero.

e 01/0u;: for Cp, wing displacement changes the surface boundary over which
drag is integrated; for stresses, related to o, = Sy,;u;.
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Lagged Aero-Structural Adjoint Equations

Since the factorization of the complete residual sensitivity matrix is impractical,
decouple the system and lag the adjoint variables,

aAk (3’] _88[ ~

%W = — Ju, 8wi¢l’

Aerodynamic adjoint

0S; 0l 0A; -~

8—W¢l = "ou;, ou; Vi,

Structu:z;xrl adjoint
Lagged adjoint equations are the single discipline ones with an added forcing

term that takes the coupling into account.

System is solved iteratively, much like the aero-structural analysis.
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Total Sensitivity

The aero-structural sensitivities of the drag coefficient with respect to wing shape
perturbations are,

d/ 0l 8Ak 851
i~ oz, % ¢z

e 0I/0x,: Cp changes when the boundary over which the pressures are
integrated is perturbed; stresses change when nodes are moved.

e 0A;/0x,: the shape perturbations affect the grid, which in turn changes the
residuals; structural variables have no effect on this term.

e S;/0x,: shape perturbations affect the structural equations, so this term is
equal to 0K;;/0xpu; — Ofi/0xy,.
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Coupled Direct Methods

The single discipline direct method equations vyield,

An equivalent alternate approach is,

Solving either of these, we then use the total sensitivity equation

MO0 Lab

df

_aAk a.Ak_ i dwz i
ow; Ou; dx.,
IS 3_5; du;
ow;  Ou; | Ldx,_

__é)lUi- -(1lUi_
((19. 0uj (Ci,lajn
U Uy
8wjz z | L dz,, ]

of

o an

af d’LLj

04,
€Z
S

Oxy, _

O,

ox,,

| 0%y, _

dzx,,

0x,, +
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Alternate Coupled Adjoint Method

Similarly to the alternate coupled direct method, there is an alternate coupled
adjoint method.

- 4T - -
_(9’(1]7; _ (’9f
g Ou; [%] _ %"c%
U . )
o T W |a

Y, has a different meaning from the standard adjoint and therefore requires a
different total sensitivity equation,

df (9f - 6’w@ - 8uj

Q. or. Vigr TPigy

where the partial derivatives of the state variables (Ow;/0xy,0u;/0x,) also
require the solution of the corresponding governing equations.
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3D Aero-Structural Design Optimization Framework

Flow Surface Geometry
pressures

Mesh
displacements

Nodal forces

>

Nodal

displacements

B ;‘T‘f:f.‘f‘)ﬁ/)m‘/

Structure
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Aerodynamics: SYN107-MB, a
parallel, multiblock Navier—Stokes
flow solver.

Structures: detailed finite element
model with plates and trusses.

Coupling: high-fidelity, consistent
and conservative.

Geometry: centralized database for
exchanges (jig shape, pressure
distributions, displacements.)

Coupled-adjoint sensitivity analysis:
aerodynamic and structural design
variables.
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Sensitivity of C'p wrt Shape

0.016

—<— Coupled adjoint

0.014 ) —e— Complex step

0.012 -—-- Coupled adjoint, fixed displacements
0.01 - -—C-- Complex step, fixed displacements

0.008 -
0.006
0.004 -

dCp/ dx,

0.002
O |
-0.002

-0.004 -
Avg. rel. error = 3.5%

-0.006

1 2 3 4 5 6 7 8 9 10
Design variable, n
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Sensitivity of C'p wrt Structural Thickness

0.08

0.06 -

0.04 - —<— Coupled adjoint

—o&— Complex step

0.02

-0.02

-0.04 -

-0.06

Avg. rel. error = 1.6%

-0.08 | | | | | | | | | |
11 12 13 14 15 16 17 18 19 20
Design variable, n
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Structural Stress Constraint Lumping

To perform structural optimization, we need the sensitivities of all the stresses
in the finite-element model with respect to many design variables.

There is no method to calculate this matrix of sensitivities efficiently.

Therefore, lump stress constraints

gm =1——"—20,
Oyield

using the Kreisselmeier—Steinhauser function

1
KS(gm):—;ln Ze_pgm :

m

where p controls how close the function is to the minimum of the stress
constraints.
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Sensitivity of KS wrt Shape

o o
o O =

o
~

dKS / dx,,

S o
N —

—— (Coupled adjoint
—&— Complex step

----- <o Goupled adjoint, fixed loads

------ o GComplex, fixed loads

Avg. rel. error = 2.9%
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.
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Sensitivity of KS wrt Structural Thickness

MO0 Lab

dKS / dx,

80
—<— Coupled adjoint

70 —e— Complex step

50 j - Goupled adjoint, fixed loads
1 | o+ Complex, fixed loads

50

N
o
|

Avg. rel. error = 1.6%

w
o
I|I

20

11 12 13 14 15 16 17 18 19 20
Design variable, n

[http://mdolab.utias.utoronto.ca]

28



Computational Cost vs. Number of Variables

—&— (Coupled adjoint
1200 -| =-® - Finite difference
| -®- Complex step
/’,‘
b
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Computational Cost Breakdown

04, _ 91 [9S;
ow; B ow; |Ow; ‘1'10.60
0.64
0S ol 0A
8—l¢l = —— — k?/)k < 0.001
U Ou,
1.20
df 0A; 0S5
L = L 4 ok + bt

MO0 Lab
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2.4

0.01 N,
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Supersonic Business Jet Optimization Problem

19-25 October 2004  www.flightinternational.com - £2.40/ USA$5.75

ELIGHT - . .

lNTERNATlONAL

where Cp is that of the cruise

Mach to the future  <ondiion

Wraps come off SSBJs as NBAA goes supersonic

Subject to:
([P KS(om) > 0
P - d : where KS is taken from a maneuver
B condition.

With respect to: external shape and
Top50a|r||nes 3 internal structural sizes.

Ch e mq of the guard

oy /4 gstiearriers shake up old"ordér'v
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Baseline Design

S
[

0.007395

Weight 9,285 Ibs

Surface density (cruise) Von Mises stresses (maneuver)
O. 5 = Tl 14 O. 0O ' 1.0
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Design Variables

Total of 97 design variables

10 Hicks-Henne bumps

TE chamber\

6 defining airfoils

9 bumps along fuselage axis
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Aero-Structural Optimization Results

S
[

0.006922
5,546 Ibs

Weight

Surface density (cruise) Von Mises stress (maneuver)
OS5 mmmm 14 0.0 s m 1.0
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Conclusions

e Developed the general formulation for a coupled-adjoint method for
multidisciplinary systems.

e Applied this method to a high-fidelity aero-structural solver.

e Showed that the computation of sensitivities using the aero-structural adjoint
Is extremely accurate and efficient.

e Demonstrated the usefulness of the coupled adjoint by optimizing a supersonic
business jet configuration.

] —— Coupled adjoint
1200 ] Finite difference
] -e- Complexstep .

800
] o

&
3.
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~ .'.
] V. oW
400 - o2

] N AQ

3.4+0.01 N,

L S B T — T T T T T
0 400 800 1200 1600 2000
Number of design variables (N,)
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MDO Architectures

Integrated Decoupled Hierarchical
(Monolithic ) (Optimizer-Based A (Collaborative (CSSO
Opt Decomposition (OBD) Optimization (CO) SL Opt.
X Opt. SL Opt. E{"El
y \d y
A l«——|B /\ s 4 a b
A B y v ! !
N g . ) A B B
Sensitivity Analysis
Global Sensitivity
Equations (GSE) Bi-Level Integrated
Synthesis System
Coupled (BLISS)
Adjoint
Equations
| 1 I
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Aero-Structural Optimization Convergence History
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Long Term Vision

Build a large-scale, versatile MDO framework for aircraft design

_>( CAD ) Central
Conceptual Database
DeS|gn *
(Discretizationj
Aerodynamics)

Preliminary
DeS|gn
EA

Structures)
ulti-Disciplinary

AnaIyS|s

Propulsion )
Detailed

Design j N
Optimizer |V||SS|0”)
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