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What has happened since last year?

e XDSM paper has appeared:

A.B.Lambe and J. R. R.A. Martins.“Extensions to the design structure
matrix for the description of multidisciplinary design, analysis, and

optimization processes”. Structural and Multidisciplinary Optimization,
46:273-284,2012.doi: 10.1007/s00158-012-0763-y.

e MDO survey was submitted to AIAAJ,and is now in Revision |. Draft
available at: http://mdolab.engin.umich.edu/publications

® New paper on computing derivatives for coupled systems; presented at
the AIAA SDM

® New aerostructural design optimization results

® New CAD-free geometry engine in development

| = | \+\
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dw_0m+d—r ox
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What
motivates
MDQ!?
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The next generation of aircraft demands
even more of the design process

® Highly-flexible high aspect ratio wings

e Unknown design space and |nterd|SC|pI|nary trade
® High risk

“'V'w
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Next generation MDO will be

computationally demanding...

Full flight envelope

. AN

>
/

o
=

LOAD FACTOR
=
@
n
/

Vslg

separated flow,
unsteady

[DLR]

m D

Configurations

clean

50 flight points
|00 mass cases
|0 configurations
5 maneuvers
20 gusts
4 control laws

4

20 million analyses

Use engineering
experience from
conventional designs

100,000 analyses



...but next generation computing will be
much more powerful...
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Why we need high-fidelity MDO, and why
it is so challenging

¢ High-fidelity needed fo

» Compressible flow

Cp vonms

0.50

- 0.80 - 0.43
0.40 0.36

» Viscous drag

. 0.00 0.29
0.40 0.21

- -0.80 = 0.14
-1.20 0.07

» Nonlinear coupling - 000

» Accurate failure analysis

® As high-fidelity analyses mature, the question becomes: How do we use
these analyses to design a system!

® How do we utilize the full potential of a new technology?

® L arge numbers of design variables and constraints required to take
advantage of high-fidelity analyses



Some of the main challenges are:

|. Multiple highly coupled systems
2. High computational cost of analysis

3. Large numbers of design variables
and constraints

4. Relevant problem formulation



Gradient-based optimization is our only hope

to explore large-dimensionality design spaces
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Gradient-based optimization is our only hope
to explore large-dimensionality design spaces
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Gradient-based optimization is our only hope
to explore large-dimensionality design spaces
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Gradient-based optimization is our only hope

to explore large-dimensionality design spaces
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Why sequential optimization is not MDO:
A wing design example

[roto]

Sequential MDO :

7
. .
707150 =
O 6:R 0 .
: Iterz;r\ / FAL0 0y /; Functions
/1,3 -
7—1 1
== e
X
[7] Optimization ~ /77 S >
3—2 ’ ;
- EE Aerodynamics —@
. 3
— .
L/D Aerodynamics E 3
4
4 @ Structures
T/
E Optimization
D 5)
6—5
5)
6
oy W,o — oy Structures

Aerodynamics: Panel code computes induced drag.Variables: wing twist and angle of
attack

Structures: Beam finite-element model of the spar that computes the displacements
and stresses.Variables: element thicknesses



Watch sequential optimization get
stuck in a rut

0.25 “
{
\
\
\
\
0.2 - 3000 3000 ‘1\ 3000
= &
\
|
0.15+ \
Range (km) :
—&— Sequential 000 \ 4000
— | —e—MDO b-lg
Stress constraint \

Thickness (m)

0.1 — — — Aerodynamic optima \ \
b

0.05

Jig Twist (degrees)
[Chittick and Martins, Structural and Multidisciplinary Optimization, 2008]
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Computing derivatives:
a short review




One Chain to Rule Them All

The total variation of a variable with respect to another is
k—1

oV o]
A?Jk — Z a—UfAfUl =

[=7 i

We want the total derivative

d’Ui Avi

dvj B Av;

This yields the chain rule




Chain Rule in Matrix Form

Define the partial and total derivative matrices

B . ] 1 0
% 0o ... 3—5? 1
(%
oV, oVs Vs 0 L dv; dvs dvs 1

Dy, = = | Oun1 Ova D, = — | dvs Ova
(%j : . d?}j . .

Vo Ve ... _OVa | dv,  do,

B Ovy Ov2 Ovp 1 _ B dv; dvs

Use this notation to write the chain rule in matrix form

dv; L oV. du,
= ), = D,=1+ DvD,
dvj it 2; v, dvj + v

nXn nXn

dv,, 1

dvy,—1



The Chain Rule in Reverse

The two matrices are each other’s inverses, so

(I-Dy)D,=I= D,=(I-Dy) " =
DI=(I-Dy) "' = ((I-Dy) DI=1

U

And we get the reverse form of the chain rule

Both forward and reverse modes of the chain rule yield the identity

(I -Dy)D,= I = (I—-Dy) D,T

(N-AN - N - (NFIY




Forward and Reverse Chain Rule
(I -Dy)D,= I = (I—-Dy) D,T

1 0 1 0 1 0
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Forward and Reverse Chain Rule
(I -Dy)D,= I = (I—-Dy) D,T
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0% 1 0 10 o1 0 -
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Forward and Reverse Chain Rule
(I -Dy)D,= I = (I—-Dy) D,T
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Methods for Computing Derivatives

18

v=(x,f) v=(X,...,f) v=(x,1,Y,f) v=(x,1,,y,f)
Monolithic (black Algorithmic Differentiation Analytic Methods Coupled — Residual
box) methods Forward Reverse Direct Adjoint Direct Adjoint
L ri=yi-Yi) i ri=yi-Yi) v

Coupled — Functional

Direct

Adjoint

Coupled — Hybrid

Direct

Adjoint




Direct vs.Adjoint Methods

ng > Ng Ng > Nyf
if OF OF [0R] ' OR =0-
de Ox oy | Oy ox
Direct method ng > Ny Ng > Ny
df _OF OF dy =0+
de Oz Oy dx
__812(h/__8f2 - =
oy dx Oz
Adjoint method ng > Ny Ng > Ny
df _OF _df OR =0+

dx ox dr Ox

e
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In a2 nutshell...

® Algorithmic differentiation (forward and reverse) and analytic
methods (direct and reverse) can be derived from:

(I -Dy)D,= I = (I—-Dy) D,

e |t is all about defining the variables involved to the right level of
decomposition

® More details in the paper

] — —
V.
2

[Martins and Hwang, AIAA SDM, 2012]
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What tools do we have for
high-fidelity aerostructural
analysis and optimization?



MDO for Aircraft Configurations with High-fidelity (MACH)

AeroStruct

= globalComm: Comm
= localComm: Comm

flags: scalar
aeroOptions: Dict
structOptions: Dict
mdOptions: Dict

__init_ ()

initialize()

solve()

solveCoupledAdjoint()
initializeCoupled Adjoint()
setupCoupledAdjointSystem()
computeTotalCoupledSensitivities()
solveCSMCoupledAdjoint()
getCSMAdjointRHS()
solveCFDCoupledAdjoint()

= getTotalDerivativeStructural()

Reference

K A 2

Geometry TransferDisp
= name: String = name: String
e __init_ () w __init_ ()

& ListAttributes() | |a= ListAttributes()
= _ str () = _ str ()

?¢

CoefPressure
1
0.8
06
0.4
e
-0.2
04
-0.6
-0.8
-
12
) I I I
StructSolver
= name: String
-~ StructProblem
= —nit_() name: String
= _ solve_ () = :
w _ call_ () L g & __init_ ()
= initializeSolve() = ListAttributes()
= setForces() - _ str_()
= getDisplacements()
= getSolution()
AeroSolver
= name: String
= category: Dict
= def_options: Dict
= informs: Dict AeroProblem
- __init_ () = name: String
= _ solve_ () = geometry: Dict
= _call_() = flow_set: Dict
& initialize() > — = ref_set: Dict
= initAdjoint() init__()
= getSurfaceCoordinates() - =
. = ListAttributes()
= setSurfaceCoordinates() st ()
= getSolution() =
= totalSurfaceDerivative()
= total AeroDerivative()
= solveAdjoint()
& addAeroDV()
MeshWarping

= name: String

& __init_ ()
= ListAttributes()
- _ str_ ()

name: Dict
sref: Scalar
bref: Scalar
cref: Scalar
xref: Scalar
yref: Scalar
zref: Scalar

__init_ ()
ListAttributes()
_str_ ()

Flow

name: String
mach: Scalar
alpha: Scalar
= beta: Scalar
= phat: Scalar
= rhat: Scalar
= ghat: Scalar

w __init_ ()
= ListAttributes()
 _ str ()

22



Fully coupled aerostructural analysis

Solve CFD:
A(w) =0
/) \ A: Aerodynamic residuals
Disg{ggesrﬁgnts Transfer w: Aerodynamic states
Forces S: Structural residuals
A\ /J w: Structural states
Solve CSM:
S(u)=0

Two available methods:

e A nonlinear block Gauss—Seidel method with Aitken acceleration

® A coupled Newton—Krylov method

_%} a—“j_ Aw A(w)
o 88 Aul | S(v)
_ 0w Oud L _ i il




The coupled adjoint is the reason we require

the source code for each component

Adjoint equations for the aerostructural system

DA 9A]

ow Ou

a5 08

OJw Ou
Total derivatives

if of

dr Oz

[Martins et al., Optimization and Engineering, 2005]
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The coupled adjoint is the reason we require

the source code for each component

Adjoint equations for the aerostructural system

9A _ T
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ow| OJOu_
Total derivatives

df af

de Oz

[Martins et al., Optimization and Engineering, 2005]

o o p-

o| |55
9,

o ok
0A 0S
& or ' Oz

4


http://mdolab.engin.umich.edu/content/coupled-adjoint-sensitivity-analysis-method-high-fidelity-aero-structural-design-0
http://mdolab.engin.umich.edu/content/coupled-adjoint-sensitivity-analysis-method-high-fidelity-aero-structural-design-0

Let’ |
et's optimize a
wing!




Chose the CRM geometry as a first

e Common Research Model (CRM) from DPW4

e 2 million cells in CFD mesh

® |ncludes a structural model with 300 thousand DOFs



The coupled adjoint is the key for

corre

400

N}
o)
o

Normalized Time
\)
o
(@)

350 |

300 |

ct and efficient gradients

/! *2M CFD cells
) ¢ 300k CSM DOFs

— — — - Finite Difference
Adjoint

/ *56 processors

e | aerostructural
solution = 5.5 min

1.76 + 0.00004N_

500 1000 1500 2000
Number of Design Variables

[Kenway, Kennedy and Martins, AIAA Journal, 2012 (forthcoming)]
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The baseline aircraft is similar to a 777-200ER




Design and Maneuver Conditions

@ Multi-point optimization considered a necessity In
transonic flow with sufficient design freedom

Group |dentifier Mach  Altitude, (ft) Load Factor
Cruise 1 0.85 35 000 1.0
2 0.84 35 000 1.0
3 0.86 35 000 1.0
4 0.85 34 000 1.0
5 0.85 36 000 1.0
Maneuver 1 0.86 20 000 2.5
2 0.85 32 000 1.3
Stability 1 0.85 35 000 1.0

@ Static margin estimate requires an additional flow analysis
to estimate derivatives Cy;. and Cp




“Aerodynamic’ shape variables also
affect the structure directly

A
L
I \l\\\\\l\\\\l\\;

160 FFD Wing Coordinates, Z direction

4 Chords
2 Sweeps

M
I

.‘; 5 Twist Angles
:lfmﬂml'f!‘iﬁ."'

Span Il
- iy

Tail Rotation Angle — g

Y

@ 12 global geometric
design variables

@ 160 local shape design
variables

@ 2.1 million cell CFD
mesh

@ 1 angle of attack and 1
tail rotation angle for
each operating
condition



Structural sizing patchwork

Upper Skin (54) &% . .
| ] @ 288 thickness design
Upper Stringers (54) - 1 Variable per Patch -
Spars/Ribs/ .' Y varia b | es
Rib Stiffeners (72)
Lower Stringers (54) o 300 OOO St r U Ct U I’a |
Lower Skin (54) S degrees of freedom

SS3
.

@ 476 total design
variables

s -
-~ N~

.
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Need these constraints to make
realistic (and probably more)

@ A variety of geometric constraints are required to produce
physically realistic designs

@ Lift and moment constraints at each cruise and maneuver
condition

@ Three Kreisselmeier—Steinhauser (KS) yield stress
constraint aggregation functions each maneuver condition

Geometric/target constraints Aerodynamic constraints Structural constraints
Description Quantity Description Quantity Description Quantity
tLE/t'—Einit > 1.0 11 (L — W) cruise = 0.0 5 2.5 g Lower skin: K S < 1.0 1
tTE/tTEinit > 1.0 11 Cmycruise = 0.0 5 2.5 g Upper skin: K S < 1.0 1
A/ Ainit > 1.0 1 (L — W)Manvr. = 0.0 2 2.5 g Rib/spars: K S < 1.0 1
V' /Vinit > 1.0 1 CmyManvr = 0.0 2 1.3 g Lower skin: K S < 0.42 1
tTE Spar > 0.20 5 Cruise K, > 0.15 1 1.3 g Upper skin: K .S < 1.0 1
ttip/ttipinit > 0.5 5 1.3 g Rib/spars: KS < 1.0 1
MAC-MAC~ = 0.0 1
Total 36 Total 15 Total 6
Grand total 57




Don’t forget the fuel!

Z
Leading Edge
Constraints Y
X
> / Fuel Volume

Constraint

Tip Thickness

Trailing Edge Constraints

Constraints

Trailing Edge
Spar Constraints




Parallelize, and then parallelize some

MOore

52

4

45

45

52 52 52 52 52
4 4 4 4 4
Cruise Processes

Stabil

N——
ity Processes

4

4

Vv

Maneuver
Processes

Total: 435 processors

@ Structural Process
O Aerodynamic Process

O Friction Process

—f——

——
Friction Processes
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Click here to see the video
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Let’s see what

happened when we
minimized the TOGWV...



At the same time, under the skin, the
structural sizing processors did their job
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Let’'s compare this
result with a fuel burn
minimization...

° ° ‘
th custom v'\sua\\zat\on.
Wi



A MTOW 2.59 109 Initial MTOW

/ .
Initial Fuel Burn
& nitia .
| / —1 10

N

Initial Jig — ===
| Shape
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: I ’ L
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10 T
I E 10 --
= —
20 | 20
30 / 4 \ 30 AT
40— 40 |
50 _ 50 _
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Y
[Kenway, Kennedy and Martins, AIAA SDM 2012]
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The tale of two objective functions

Mass, Kg

40000 1275 40000 1275
I MTOW i I Fuel Burn )
: 250 250
35000 ] 35000 ]
i —225 —225
i = Mass E i = Mass E
30000 | 8 Pressure Drag 1200 30000 ~ 4+ Pressure Drag 200
. v Skin Friction Drag 5 O i ——v—— Skin Friction Drag 5
B Total Dra . - - B Total Dra . -
i > 9 11758 g i ” g 4175 &
- | & & | | &
i 125 i 125
20000 - : 20000 - :
I 100 : - 100
_| | | | [ | | | | | | L - _| | | | | | | | [ | | L -
15000 0 50 ~ 100 150 75 15000 0 50 ~ 100 150 75
lteration lteration

[Kenway, Kennedy and Martins, AIAA SDM, 2012]



http://mdolab.engin.umich.edu/content/scalable-parallel-approach-high-fidelity-aerostructural-analysis-and-optimization
http://mdolab.engin.umich.edu/content/scalable-parallel-approach-high-fidelity-aerostructural-analysis-and-optimization

Composites

o .
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It's taken decades, but composites finally
made it to commercial airplanes

Materials used in 787 body

" Fiberglass M Carbon laminate composite - Total materials used
B Aluminum " Carbon sandwich composite - By weight
Aluminum/steel/titanium : Other
Steel % Composites

10%

|tanium’
15%
Aluminum

20%

By comparison, the 777 uses 12 percent
composites and 50 percent aluminum.,

50%

[Flight International]



Step aside CFD; meet the new
CPU hog

10 Metallic wing
Composite wing

10" F
S
o
® 10°
E
©
» 10°F 1
. Full 3D model
p -
o

10" |- -
- Shell model

10°F I

Beam model

Model complexity
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How to tackle 107> possible
lamination sequences

Lamination sequence design:

@ Determine a sequence of lamination angles
{01,0,,...,0,} to optimize structural performance

4 |ssues:

@ Available ply angles may be limited to a discrete
set of values, © = {—45°,0°,45°,90°}

@ Parametrization should handle design for strength,
buckling and stiffness

@ Constrain lamination sequence: matrix cracking

Common approaches:
@ Genetic algorithms
@ Discrete material optimization (DMO) — a SIMP-type method
Our proposed approach:
@ Use continuous design variable weights for a discrete set of angles
@ Use gradient-based optimization so we can handle large problems
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40 hours later... we have an optimum

Lamination sequence:

@ Use a thick, guide laminate: changes in thickness accomplished by
removing outer-most layers

@ Group plies into 03, £45° and 909
@ No more than four contiguous 0° or 90° plies

The design problem: . 40
o ,
@ 157 plies, 472 design variables R
O 130
. =< \
@ 30 KS failure and 30 KS 1051 Y Z
buckling constraints: 15 for g A —=—— Loadfactor (3) =
g : S8 ‘g, -—-0--- Infeasibility 120 8
each load case S N | €
o 1f N | =
. . . I o) 110
@ 293 contiguity constraints : ‘o |
! o ]
157 ~ 74 I I I I I I I |\$_'$_'Q_Q'"'@"@-~m P,
OTher_eare3 ~ 38 x 10 0'95123456789_101111141‘?51‘61”70
possible sequences Iteration

@ Optimization time: 39 hours 53 minutes on 64 processors

@ 3230 function evaluations, 1101 gradient evaluations



How these results stack up

@ Symmetric laminates: sequence e e
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[Kennedy and Martins, AIAA SDM, 2012]
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Aerodynamic shape + Structural sizing + Control gains =

Aeroservoelastic Optimization



This aeroservoelastic optimization
considers maneuver and gust loads
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Aeroservoelastic optimum was
significantly better than the
aerostructural one...

Optimization results with and without load alleviation system.

Load alleviation Off On

Sref (M?) 219.18  191.47 14.5% smaller
AR 13.98 14.03

L/D 34.29 34.37

Qelastic 1499.95 1499.88

Arigid 90.63 75.71

Wing mass (kg) 13,378 7,817  41.5% lighter
Endurance factor 31.90 38.83  21.7% higher




... but the aerostructural optimization
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0.08F

found it's own way to alleviate loads

—————————
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[Haghighat and Martins, Journal of Aircraft, 2012]
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GeoMACH is a NASA-funded
open-source project to handle parametric aircraft

geometry
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OML modeler developed with
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CFD grid for each configuration

Cp

1

0.6

=f

-0.2

-0.6
-1

-1.4

-1.8

57



58

The devil is in the junctions




59

In addition to the OML, we also
generate the internal structure
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Morphing video

[Hwang and Martins, AIAA MA&O, 2012]
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Thank you!
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