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Aerodynamic shape optimization

Continuous adjoint approach

Validation and application in 2D and 3D
Coupled aero-structure adjoint approach
Validation and application in MDO context
(One shot approach)

Conclusions
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#Governmg Equations and Aerodynamic Coefficients:

& ks
Yy ER‘I:"

Compressible 2D Euler-Equations Dimensionless pressure
ow of o0 2(p -
—|— _|_ _g — O Cp — (p > poo)
ot oOx oy yM2p,
while
Drag, lift, pitching moment coefficients
P pu o
w=| ™ ,f:pu+p B o C, = L ij(anosa+nysina)dl
N puv PP ref C
pE pouH ovH

C, = Cl J‘Cp(ny cos & —n, sin ¢ )dl

. ref C
Pressure (ideal gas)

1
P = (7/ 1),0(E—— ) Cm:CIrzef icp(ny(x—xm)—nx(y—ym))dl
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/.#7 Finite Differences
DLR

i-loop Variation of i-th design variable
1I=1,...,n

2 j&(nxcosaJrnysina)dl

&y =
7/M§>pooCref C

+iij(5£X cosa +on, sina)dl
ref C

Metric sensitivities — pressure variation —» aerodynamic sensitivity

i-th component of cost function‘s gradient

* Finite Differences —> n design variables require
n+1 flow calculations
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/.#7 Motivation of Adjoint Approach
DLR

High number of design variables

* Finite Differences

* Adjoint Approach

N. Gauger, HU Berlin, 09.05.2005

=

=

n design variables require
n+1 flow calculations

n design variables require
1 flow and
1 adjoint flow calculation

Independent of number of
design variables

High accuracy




/.#7 Continuous Adjoint Approach
DLR

Adjoint 1% (ﬂjT 8_;//_(69 jT oY _q

Euler-Equations: ot lew!) ax  \oaw oy

¥. Vector of adjoint variables

Boundary conditions: | YVall: ny,+nw,=-d(l)

Farfield: oX;,...,0y, =0, ow=0
Adjoint formulation of cost function’s gradient:

51 = =| p(=¥ 20y + vk )dl + K (1)

C
—[wI @By, =%, 0)+w] (=dy. f +x.g)dA
D
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i DLR

Continuous Adjoint Approach

2 :
d(Cp) = n cosa+n, sin « Drag
( D) 7/Mo§>poocref ( ' )
K(C,) = L ij(éanosa+5nysin o )dl
ref C
d(C,)= 22 (n, cosa —n, sin a) Lift
?/Moopoocl’ef
1 ¢ :
K(C,)= C,(on, cosa —on, sin a)dl
Cref E;
2 S
d(C.) = (n,(x=x_)=n(y-y.)) Pitching moment
7/Moipoocrzef ’
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K(C,) =

Ciz..Cpé‘(ny(X— Xm) - nx(y_ ym))dl

ref C




Block-Structured RANS Solver FLOWer

DLR (Reynolds-Averaged Navier-Stokes)

* advanced turbulence and transition models
* 2nd order finite volume discretization

(cell centered & cell vertex option)

central and upwind schemes

multigrid

implicit treatment of turbulence equations
implicit schemes for time accurate flows
preconditioning for low speed flow

* design option (inverse design, adjoint)

pitching-moment .
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Z Adjoint Flow Solver
DLR

Adjoint solver on block-structured grids

MAIN | ADJOINT

continuous adjoint approach

+ implemented in FLOWer T
+ cost functions: lift, drag & moment r N —e--- singlagrid
. . " multigrid
and combinations 10°

adjoint solver based on multigrid
Euler & Navier-Stokes (frozen )

AD for turbulence equations
(FastOpt)

residual
=

°
=
o
|

10" -

10% -

| il
1002 20030 3004 4004 50040 53040 704
cycle

convergence history, FLOWer
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DLR

adjoint gradient vs. finite differences’ gradient

finite differences:

51 calls of FLOWer MAIN
adjoint approach:

1 call of FLOWer MAIN

3 calls of FLOWer ADJOINT
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0.8 [ | L L L L | L L L L | L

o - - -0 - - Adjoint

RAE?2822
M_=0.73, a = 2.0°
50 design variables
(B-spline)

———a—— Finite Differences

0 10 20

30

n-th Design Variable
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A#‘I Validation of adjoint gradient based optimization @

DLR e

Objective function
» Drag reduction for RAE 2822 airfoil
> M_=0.73, a=2.00°

Drag reduction by constant thickness

Constraints % RAE 2822 - M_=0.72, 0=2°

» Constant thickness sl &

- - -+ - - Steepest Descent
-——<——- Conjugate Gradient
———<=—— Quasi Newton Trust Region

Approach ol

» FLOWer Euler Adjoint S oo
» Deformation of camberline S sof
(20 Hicks-Henne functions) sl
Optimizer 30 - -me" =
> S 1I0FLO\;V9;C;II1I5 T wm

>

> Quasi Newton Trust Region ). Brezillon, N. Gauger 12



#7 Validation of adjoint gradient based optimization @

DLR e

Objective function
» Drag reduction for RAE 2822 airfoil
> M_=0.73, a=2.00°

Constraints
—————— - Initial geometry
- s ., = = — = Steepest Descent
. Y o e 1 . Conjugate Gradien
> Constant thickness R M - Quas! Newton Trust Reglon
Approach

» FLOWer Euler Adjoint

Cp

» Deformation of camberline
(20 Hicks-Henne functions)

05

Optimizer

> Steepest Descent
» Conjugate Gradient

> Quasi Newton Trust Region

J. Brezillon, N. Gauger
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A#'r' Multi-constraint airfoil optimization RAE2822
DLR

S
Objective function
» Drag reduction for RAE 2822 airfoil 0009
> M_=0.73, a.=2.0° 0'008;
Constraints 0.007 |
> Lift, pitching moment and 0.006 | AC, > 60 %
angle of attack held constant 0.005 F — 51.9 drag counts
> Constant thickness @ ooak
Approach 0.003 : )
> FLOWer Euler Adjoint . AC,<0.2% dio Jois
: | [ ————— ] E -
> Constraints handled by B D_ T EO'MO
feasible direction ; AC,<0.2% i B
ok L YR — 1'0_0.0 d0.10
» Deformation of camberline Optimization Stage

N. Gauger, HU Berlin, 09.05.2005
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#7 Multi-constraint airfoil optimization RAE2822 @
DLR

Objective function

» Drag reduction for RAE 2822 airfoil e r
> M_=0.73, a.=2.0° L
Constraints
> Lift, pitching moment and o5t
angle of attack held constant i
> Constant thickness T
Approach i Initial
05 R R [;‘lla;aign
> FLOWer Euler Adjoint
> Constraints handled by 1T ,..-—>
feasible direction o mrrrer S R I
0 0.25 3!5(: 0.75 1

} = =
Deformation of camberline surface pressure distribution

N. Gauger, HU Berlin, 09.05.2005 J. Brezillon, N. Gauger 15



i DLR

Multipoint airfoil optimization RAE2822 @

//
<
Objective function ,
» Reduction of drag in 2 design points | — ZWCd ((Z- M )
i ir Y
Design points i—1

>

>

1:M_=0.734, CL = 0.80, a = 2.8°, Re=6.5x106, xtrans=3%, W,=2
2:M_=0.754, CL=0.74, o = 2.8°, Re=6.2x105, xtrans=3%, W,=1

Constraints

>

>

>

>

>

No lift decrease, no change in angle of incidence

Variation in pitching moment less than 2% in each point

Maximal thickness constant and at 5% chord more than 96% of initial
Leading edge radius more than 90% of initial

Trailing edge angle more than 80% of initial

N. Gauger, HU Berlin, 09.05.2005 J. Brezillon, N. Gauger
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i DLR

Multipoint airfoil optimization RAE2822

,/'// \,
Parameterization
» 20 design variables changing camberline, Hicks-Henne functions
Optimization strategy
» Constrained SQP
> Navier-Stokes solver FLOWer, Baldwin/Lomax turbulence model
» Gradients provided by FLOWer Adjoint, based on Euler equations
Results
Pt| o | M | cI' [cd'(10%)| cl |cd'(.107)| Acd/cdf Acl/cl'| Acm/cm!
12.8/0.734 0.811 1971 |0.811| 135.5 -31.2%| 0% +1.6%
2 |2.8/0.754 0.806/ 300.8 [0.828| 215.0 | -27.4% | +2.7% | +2.0%

J. Brezillon, N. Gauger
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Multipoint airfoil optimization RAE2822
DLR

Airfoil Geometry

0.08

- =r==or

1. design point 0.06 7-——-*—-—.. — op 2. design point
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Aeroshape

A# Optimization of SCT Configuration ?Q
DLR

Drag reduction at constant lift

° Mach number =2.0 z
° |ift coefficient = 0.1207
X

Design variables

°* Fuselage 10 parameters — Thickness

* twist deformation: 10 parameters —— Camberline :
°* camberline (8 sections): 32 parameters |
° thickness (8 sections) : 32 parameters |

° angle of attack: 1 parameter 4

85 parameters

I

|

I

I

Geometric constraints :
°* minimum wing thickness distribution |

along the spanwise direction :

° minimum fuselage radius |
Approach :
° inviscid flow computation |

° Euler adjoint for calculation of flow sensitivities |

* 230.000 points '

N. Gauger, HU Berlin, 09.05.2005 J. Brezillon, N. Gauger 19




4#7 Optimization of SCT Configuration Wz
DLR

Aeroshape

Mach

250
l 244
Z2.38
2,33
227

2.21
215

optimized geometry

baseline geometry

100
-0.034 1
14.6 Drag Counts £
‘."’_\95_ o L
o -0.040 L
—
Z90t 0.121p
90 .
g Q0120 &A—a—a—a oo —a—a
= 0.119 1L
Qg5+ =
11 times faster than classical approach *g 3.5 o—e
80 1 L 1 L L 1 1 1 -g- 3'0'_ o -0 O
o 1 2 3 4 5 6 7 8 = 25 R T S T S R S—
o : < ~0 1 2 3. 4 5 6 7 8
Optlmlsatlon steps Optimisation steps
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4#7 Optimization of SCT Configuration Wz
DLR

Aeroshape

Mach

250
l 244
Z2.38
2,33
227

2.21
215

optimized geometry

2.09
2.04
1.98
1.92
81
baseline geometry 149
187
1.52
146
140
100
0.15 -
o5 | 14.6 Drag Counts 14.6 Drag .8
E counts
jv 0.10
Z90t +
o 3
o
Qg5+ 0.05 Basell
: : aseline
11 times faster than classical approach Optimised
80 1 1 1 1 Il 1 1 1 . . . . f
0 1 2 3 4 5 6 7 8 0.005 0.005 0.01 0.015
Optlmlsatlon steps Drag

N. Gauger, HU Berlin, 09.05.2005



4#7 Coupled Aero-Structure Adjoint
DLR

Motivation

Wing deflection up
to 7% of wing span!

Deflected aerodynamic
optimal shape can be
worse than the initial ...

Boeing 737-800 at ground and in cruise (Ma = 0.76)

'Fgﬁygfr_up

TECHMISCHE UMNMNERSITAT CAROLOWILHELMIMNA ZIJ BRAUMNSCHWEIG %’ L

) (GRADUIERTEMNKOLLEG WECHSELWIRKUNMNG wOr STRUKTUR UnND FLuiD e
N. Gauger, HU Berlin, 09.05.2005 %




i DLR

Coupled Aero-Structure Adjoint

AMP wing

15 design variables
(shape bumping

functions based on
Bernstein polynomials)

Ma=0.78
alpha=2.83

Drag reduction by
constant lift

Taking into account
static deformation

N. Gauger, HU Berlin, 09.05.2005

NASTRAN
shell/beam model
126 nodes

7
)
%

%
7
QI

.
i

,/'

o
f'

%

o

L

FLOWer MAIN/ADJOINT
15 design variables
Ma=0.78

alpha=2.83

(300.000 cells)

A. Fazzolari, N. Gauger 23



/-#7 Coupled Aero-Structure Adjoint
DLR

Conventional Gradient:

Aerodynamics, dC, oC, oC,ow oC, ou
e.g EulerEqn.: R, =0 = + +

dx OX OW OX Ou OX
Structure: Aero/Structure Adjoint System:

R =Ku-f =0

K: Symmetric stiffness matrix
f: Aerodynamic force

u: Displacement vector

x: Vector of Design variables

" Aerod ic Adjoint ~——
Va - AETOCYRAMIC AGIOM Adjoint Gradient
. Structure Adjoint

~: Lagged ... dx = o WA o — Vs P

N. Gauger, HU Berlin, 09.05.2005 A. Fazzolari, N. Gauger 24



/-#7 Coupled Aero-Structure Adjoint
DLR

Ry R, : perturb shape by u,x — calculate change in CFD residual

ou ~ ox
6;:[) , 6;3[) : perturb shape by u,x — calculate change in drag coefficient
u X
oCy : treat I@(nx COSa +N,Sina)... — boundary condition
oW C
_ 0
ORs — o(Ku-—1T) = _ﬂ : treat j—p — boundary condition
oW oW oW c ow
OR, :8(Ku— f) _K—KT
ou ou

ORy O(Ku-f) oK u—ﬂ
OX OX OX OX

N. Gauger, HU Berlin, 09.05.2005 A. Fazzolari, N. Gauger 25



/-#7 Coupled Aero-Structure Adjoint
DLR

: AMP wing
10" L
i
102 l
| |
i |
§ 10° L ll W ,_A\ ,
E 1 0-4 = | l N 10-2 =
.| o
10°F | VPV | 107
10° |- || 10*
= -..'. Il'. I'. | | III M = .
10-? = l.II | I | L | | ‘ | |. I | ! | | i L “| 10 L | | | ] | | ] | | | ] | l
500 1000 1500 250 500 750 1000
cycle cycle

Finite Differences:

Perturb the shape by each design
variable and converge the aero-
elastic loop until stationary behavior

N. Gauger, HU Berlin, 09.05.2005

Coupled Aero-Structure Adjoint: __
Each 100 iterations the lagged ¥/
is updated ...

A. Fazzolari, N. Gauger 26



ﬁ Coupled Aero-Structure Adjoint

Validation of Adjoint Gradient

— A S /P | A\
dx OX OX OX -0sf- — \
, g 2 '
2 [/ "
g 1 .
o 4
EL / AMP wing
s I
5150,/
i | :ilg:fe difference
NASTRAN 15 design variables 2| T ol ot
shell/beam model Ma=0.78 i | | |
126 nodes alpha=2.83 5 _ ~ 10 15
(300.000 cells) design variables

N. Gauger, HU Berlin, 09.05.2005 A. Fazzolari, N. Gauger 27



i DLR

Coupled Aero-Structure Adjoint

Validation of Adjoint Gradient

R
— Yy —

OX

NASTRAN
shell/beam model Ma=0.78

126 nodes alpha=2.83
(300.000 cells)

N. Gauger, HU Berlin, 09.05.2005

gradient of lift

-10

15 design variables -20

1

T T 'I' T

| -l"_‘l'

T 'I' 1 T

‘ AMP wing

. finite difference
coupled adjoint

s L 1 I. | | | ] L

5 10
design variables

A. Fazzolari, N. Gauger
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Coupled Aero-Structure Adjoint

DLR

AMP wing

240 design variables

(control points free form -5
deformation)
10 —a— D(C,)
Ma=0.78 2 —&— D(g)
~ » gradient evaluation
alpha=2.83 O . gradient evaluation
Da-15
Drag reduction by a

constant lift -20

feasible direction method

N. Gauger, HU Berlin, 09.05.2005 A. Fazzolari, N. Gauger



Coupled Aero-Structure Adjoint

DLR

AMP wing

240 design variables
(control points free form
deformation)

Ma=0.78
alpha=2.83

Drag reduction by
constant lift

N. Gauger, HU Berlin, 09.05.2005

09

0.3;—
O.Ti—
0.6;
0.5;—
0.4;—
0.3;—

02

cp
0.A93147
0.720781
0.546439
0.376087
0.203736
0.0313842

-0.140887
-0.313314
-0.485671
-0.658022
-0.830374
-1.00273
-1.17508
-1.34743
-1.51978

01 F

0|||I T I R RN

0.25 05 0.75
baseline

cp
0.833142
0.720791
0.548439
0.376087
0.203736
0.0313842

-0.140967
-0.313318
-0.485671
-0 626022
-0.830374
-1.00273
-1.17508
-1.34743
-1.51878

optimized

baseline

optimized
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4#7 Coupled Aero-Structure Adjoint
DLR

AMP wing

240 design variables ] i

(control points free form Comparison of numerical effort:
deformation) (PC Pentium IV, 2.6 GHz, 2GB RAM)
Ma=0.78 » Coupled adjoint: 15 days
alpha=2.83 (11 gradient and 91 state evaluations)

Drag reduction by
constant lift

 Finite differences: 227 days

N. Gauger, HU Berlin, 09.05.2005 A. Fazzolari, N. Gauger 31



4#7 Aero-Structure MDO
DLR

Range R: ’ k

C 1+ A ks
R oc CL In W :—Lln 3.75+004

C W _ F C F Bar Stresses, Bending -won Mises, At Point C 3.53+004
D D 1 _I_ ﬂ/ kS - 3, Bar Stresses, Bending -won Mises, At Point C

3.28+004
3.03+004

: Displacements, Translational

2.77+004
2.52+004
2.27+004
2.02+004

Fuel Weight F
Weight W:

1.77+004
1.52+004
1.26+004
1.01+004
7.60+003

W =W, (1+ A ks)

5.08+003
2.57+003
0
4.76+001

== Z - =~ ¢ - I & m m O o m ¥

Kreisselmeier-Steinhauser:

lefault_Fringe :

dks oks  ; OR,

1 o, -0, ix  ox " ox s

kS = — In(Z eXp(IB )) X lefault_Deformation
I o

ad-oint b.c. a0 9.41-002 @Md 1
° ’ ks

2=0.2 , 5, =30.000 and B=40 MWW LW T LY. =70

N. Gauger, HU Berlin, 09.05.2005 A. Fazzolari, N. Gauger 32

z




4#7 Aero-Structure MDO
DLR

AMP wing i T VR R
L |I| LI_" w '.;' 7 R ,'I \ g D el P g B
B | ” ) #l 3 5 d W _l._{ _
240 design variables s i || J ;H AR 4 AR = +37 %
(control points free form g I et S
deformation) 0 5[ ¢ 1 1f ——=—— D({Range)
< F N —=— Diks)
E.a - e . —=—— DI(C,y)
Ma=0.78 Q 10 ﬁ f:' . D(C,)
alpha=2.83 e [ ;
E I:r »— e 'rH gPaePeey :-‘E'-'_,: E"-'-,.:'3'_*_-‘5??*35'5'5‘?:{'
Range maximization by B {
constant lift 5 | Xﬂ%ﬁ Nﬁ '
z ﬁg Aks = -10 %
o :
F%E% ACp = -25 %
\ '“%f@mmam
T oo ot e g o g b a= v g v b g by oy o Bk o g by g a1y

10 20 30 | 40 50 60 70
t

feasible direction method

N. Gauger, HU Berlin, 09.05.2005 A. Fazzolari, N. Gauger 33



i DLR

Adjoint Based Optimization

min /(w,x)
s.t. R(w,x)=0

dimx=M

k-loop

k-loop ¥ n-loop
Adjoint solver n=1,...,N
gradient
w (VD = [i(W,p, (5", )dV
\Y
m-loop
RANS solver m=1,...,M VI
R(wk,x")=0
X0 t optimization

strategy

xn+1

start geometry

N. Gauger, HU Berlin, 09.05.2005

x0

All at once method ?7?
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i DLR

Simultaneous Pseudo-Time Stepping
One Shot Approach

University of

min /(w,x)

L(w, X, i) =1 (w,X) =y R(W, X)
@ KKT

V.,L(w,X,y) =0 (adjoint equation)

s.t. R(w,x)=0 V. L(wW,X,y) =0 (design equation)
dimx=M R(w,Xx) =0 (state equation)
B ~ - 71 _
w+Aw | [w L, L, (6R/ow) | [V, L
X + AX X|-| L, L, (R/ax) | |v,L || NewienSaP
w+Ay| |y| |RIow RIax 0 R
- - -1 7| inexact Newton
AW 0 0 | -V, L rSQP method
Ax|=l0 B (6R/ox) | |-V,L u
simultaneous
_A Y | | OR/0X 0 4 L R || preconditioned

N. Gauger, HU Berlin, 09.05.2005

pseudo time stepping

V. Schulz et al. 35



#7 Simultaneous Pseudo-Time Stepping
DLR One Shot ApproaCh University of Trier

k+1
Yy

k-loop

dual update
\Vk+1= Wk-At'R*(Wk+1 ,\|!k,Xk)

gradient
(VL) = [ 1", (565) . )dV
\

m-loop
m=1,...,M

primal update
wkHT=wk-At-R(w¥k,x¥)

design update
k+1 _ Jk -1 -1 oR

X" =x"-A{B,V,L-B | —

yk+1 0

start geometry B, — BFGS updates
x0 of reduced Hessian L,

N. Gauger, HU Berlin, 09.05.2005 V. Schulz et al. 36



i DLR

Simultaneous Pseudo-Time Stepping
One Shot Approach

University of Trier

Optimization problem
» drag reduction for RAE 2822
 inviscid flow
« M=0.73, a=20

Tools
 FLOWer
« FLOWer ADJOINT

N. Gauger, HU Berlin, 09.05.2005

-1.5

Optimized (one shot)

Optimized (steepest descent)

0.25 0.5 0.75 1
X/C

V. Schulz et al.
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‘#7 Simultaneous Pseudo-Time Stepping ey
DLR One Shot ApproaCh University of Trier

o

@ | I

(] | Drag (Cd) |

| Exact Drag |

| |

0.01 H|'| | |

| |

| |

|

8 | |

7 | |

o | |

0.006F| |

. — | | |

_ T e |
105 | .E [ - | —

| 8’ 2 | 8’ |
8 g 8

10° | B O | "E:'. -

1O | 0002F 1O

] L L L 1 || M M 1 X |

1000 2000 3000 4000 SO0 1000 2000 3000 4000 500C
cycle cycle
\(9%
Optimization at the cost of 4 flow simulations! 3&’

N. Gauger, HU Berlin, 09.05.2005 V. Schulz et al. 38



‘# Conclusions
DLR

Adjoint approach

 |s efficient

* leads to accurate sensitivities

* handles multi-constraints

* handles multi-point designs

* enables innovative optimization strategies
(e.g. one-shot approaches)

« can be easily extended to MDO

« can handle multi-objectives?!

N. Gauger, HU Berlin, 09.05.2005
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