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/-# Content of Lecture
DLR

B Why adjoint approaches?

B What is an adjoint approach?

E Continuous and discrete adjoint approaches / solvers
B Validation and Application in 2D and 3D

E Algorithmic / Automated Differentiation (AD)

B Coupled aero-structure adjoint approach

B Validation and application in MDO context

E One shot approaches
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Use of CFD in Aerodynamic Aircraft Design

DLR

Requirements on CFD
* high level of physical modeling ol eI tuent schrsiin
— compressible flow ' |
— transonic flow _ g,
— laminar - turbulent flow 7 dcinion
— high Reynolds numbers (60 million) =
— large flow regions with flow separation | Yo"

— steady / unsteady flows
* complex geometries
* short turn around time
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/-# Use of CFD in Aerodynamic Aircraft Design
DLR

Consequences

¢ solution of 3D compressible Reynolds averaged
Navier-Stokes equations

¢ turbulence models based on transport equations (2 — 6 egn)
* models for predicting laminar-turbulent transition

¢ flexible grid generation techniques with high level of automation
(block structured grids, overset grids, unstructured/hybrid grids)

e link to CAD-systems
e efficient algorithms (multigrid, grid adaptation, parallel algorithms...)
e large scale computations ( ~ 10 - 60 million grid points)
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ﬁ MEGAFLOW Software

Structured RANS solver FLOWer

= block-structured grids

= moderate complex configurations
= fast algorithms (unsteady flows)
= design option

= adjoint option

Unstructured RANS solver TAU

* hybrid grids
very complex configurations
grid adaptation
fully parallel software
adjoint option
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/_#7 Validation
DLR HiReTT Wing/Body Configuration

* M_=0.85, Re=32.5x10¢
» coupled CFD/structural analysis for wing deformation at o ~ 1.5°
* FLOWer, ko turbulence model, fully turbulent

“1F wing deformation computed
B by RWTH Aachen
-0.8F
0.6F
_04F
= ook
g 0.2 :
=~ OF
&) B
0.2F
- fully turbulent
0.4F def. pre-estimated n=0.837
ogEl-———- def. computed
e O exp. ETW
[ I L L L L I L L L L I L L L L I L L L L I 1
3.5 million grid points 0875 0.5 05 0.75 1o
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/_#7 Validation
DLR HiReTT Wing/Body Configuration

* M_=0.85, Re=32.5x10¢
» coupled CFD/structural analysis for wing deformation at o ~ 1.5°
* FLOWer, ko turbulence model, fully turbulent

0.01 _0.02 0.03 0.04 0.05  Co

- C___=C Czl(An)

D,net D L

- A aspect ratlo

D, nei)

wihg deformation computed

by RWTH Aachen

exp. ETW
——as—— def. pre-estimated
——=—— def. computed for o =~ 1.5

3.5 million grid points 5 1 5 G
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/-# Aerodynamic Shape Optimization
DLR

Requirements
E complex configurations

B compressible Navier-Stokes equations
with accurate models for turbulence and transition

B validated and efficient CFD codes
E multi-point design, multi-objective optimization, MDO
B large number of design variables

E physical and geometrical constraints
B meshing & mesh deformation techniques ensuring grid quality
B efficient optimization algorithms

E automatic framework

B parameterization based on CAD model
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i DLR

Aerodynamic Shape Optimization

Requirements

complex configurations

compressible Navier-Stokes equations
with accurate models for turbulence and transition

validated and efficient CFD codes U
multi-point design, multi-objectiv

large number of design variables = Sensitivity based
deterministic optimization

physical and geometrical constrs :
strategies !!!

meshing & mesh deformation tec
efficient optimization algorithms =

automatic framework

parameterization based on CAD model
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=
control points control polygon
P pHghhal curve
B-spline
Parametrized

airfoil

Search direction

OP.

N
Line search
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4#7 Governing Equations and Aerodynamic Coefficients
DLR

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 ol
w=| ™ ,f:pu“o . g= le: C, = L _[Cp(nxcosa+nysina)dl
N puv AN+ p -
o, = ouH ovH 1
C, = ij(nycosa—nXsin a)dl
Pressure (ideal gas) e
1

ref C

p — (y_l)p(E _%\72) Cm = C2 ij(ny(X_Xm)_nx(y_ ym))dl
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/.#7 Finite Differences
DLR

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

2

oL =
7/Mozopoocref C

g (N, cosa +n, sina)dl

4 ijcp(@x cosa +dn, 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 ) n design variables require
n+1 flow calculations

* Adjoint Approach —> n design variables require
1 flow and
1 adjoint flow calculation

Independent of number of
design variables

High accuracy

Summer School on AD, Bommerholz, August 14-18,2006
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% Dual or Adjoint (Linear) Problem
DLR

Mcdes Gauger

Letbe A c R*”™, hc R™, o € R®and b ¢ R".

We define the primal lineare problem:

evaluate I = hkip,
while A = B&.
Furthermore, 1/ < R” fulfills:
ATy = h.

Then eqgs. (2) and (3) imply
Wl = (A" ¢ = (AT, 0) = (4, Ap) = 4" Ap = b Yo, %
and we have the equivalent dual or adjoint linear problem:

evaluate 7 HTh
while AT = h.

The vector 1y = (31):ef1... ) I5 called the vector of adjoint variables ;.

Institut fiir Aerodynamik und Stromungstechnik



# Continuous Adjoint
DLR

We define now the scalar product

(h, ) = /ﬂ h' wdz . (7)

Let ¢ be the solution of the PDE

Lo=1» (8)
in the domain 2, which fulfills the homogeneous boundary conditions on 9%2.
Then L*, the dual or adjoint operator of L, is defined as:

L*: (¢, Le) = (LY, 9) Ve,1. (9)
Furthermore, 1, the vector(-field) of adjoint variables, solves the dual or adjoint PDE
L'y =h (10)

in the domain ©2 and again fulfills the homogeneous boundary conditions on 6%2.
Then finally we have as before:

(h,{p) — (Ltwn‘:‘c’) — (TJD:L‘P) — (tfbﬁb)- (11)
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# Examples of Adjoint Operators
DLR

Let's take e.g. the convection-diffusion equation

O<x<1,

with homogeneous boundary conditions ¢©(0) = ¢(1) = 0.

Integration by parts yields (¢, ¢ € C?):

(¢, L) =

Institut fiir Aerodynamik und Strémungstechnik

de dy]?
%bqo €Y— T + €p r
d 1
_Ew_ﬂ |
dx 0



# Examples of Adjoint Operators
DLR

For the adjoint convection-diffusion equation

di) dz”tf)
L'Yy=———
¥ dx Edmz ’

with homogeneous boundary conditions ¢)(0) = (1) = 0, the boundary

term (15) vanishes and it holds (11):

(h,9) = (L™, ) = (¢, Ly) = (3, b).

Some examples:

Operator| Adjoint
Convection-

. . E.E _ d’z _@ _ I'i2 i
Diffusion Eq. | 2¢ — €°- - Aalc==
Wave E do _ &g | _dv _ &y

q. dt dx? dit dr?
_ i ] h dy
Convection Eq % + % _% - %

Institut fiir Aerodynamik und Strémungstechnik



#7 How to get the gradient using adjoint theory

DLR

Let the optimization problem be stated as

min (W, X, D),
D
and with the governing equations
RW,X,D)=0

with W the flow variables, X the mesh and D the design variables.

We introduce the Lagrangian multiplyer A and define the Lagrangian L as

L=1+A'R

Summer School on AD, Bommerholz, August 14-18,2006
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A#? How to get the gradient using adjoint theory

DLR

The derivatives of L with respect to the design variables D are:

g[l_) :d(i) (1w, x,D)+ATRW, X, D))

Summer School on AD, Bommerholz, August 14-18,2006
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#7 How to get the gradient using adjoint theory

DLR

The derivatives of L with respect to the design variables D are:

g[L) =d(é) (1w, X, D)+ ATR(W, X, D))

o dw ol dX Jl T|OoR dW OR dX OR
= + + + A + +
oW dD oX dD oD oW dD oX dD oD

Summer School on AD, Bommerholz, August 14-18,2006
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#7 How to get the gradient using adjoint theory

DLR

The derivatives of L with respect to the design variables D are:

SEL) =d‘i) (1w, X, D)+ ATR(W, X, D))

(ol dw 4l dX ol T(O6R dW OR dX &R
+ + + A + +
oW dD o6X dD oD oW dD oX dD dD

ol T oRldW [l ToR|dX [al TR
oW oW | dD | 8X oXx JdD |eD oD

Il
o
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#7 How to get the gradient using adjoint theory

DLR

The derivatives of L with respect to D are:

Metric sensitivities
dL { ol T OR } dX } relatively inexpensive
— =1 tA + with finite differences
aD ) oX OX J dD Partial variations according to
ol T COR the design variables
T—+A —+ _ _
| 0D oD =) relatively inexpensive
( Variations w. r. t. the flow
8_| T OR variables
L OW oW ===) expensive to evaluate
\ v J
=0

The expensive component can be canceled by solving the adjoint

equation

Summer School on AD, Bommerholz, August 14-18,2006
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#7 How to get the gradient using adjoint theory

DLR

After solving the adjoint equation,

ol AT oR

T rA =0
oW oW

the derivatives of L with respect to D are evaluated according to

d_[a TeR|dX [al TR
dD oX oX | dD oD oD

Summer School on AD, Bommerholz, August 14-18,2006
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/.#7 Different Adjoint Approaches
DLR

» Continuous Adjoint

- optimize then discretize

- hand coded adjoint solvers
- time consuming in implementation
- efficient in run and memory

* Discrete Adjoint / Algorithmic Differentiation (AD)

- discretize then optimize

- hand coding of adjoint solvers or ...
- ... more or less automated generation
- memory effort increases (way out e.g. check-pointing)

- Hybrid Adjoint

- use source to source AD tools

- optimize differentiated code
- merge “continuous and discrete” routines

Summer School on AD, Bommerholz, August 14-18,2006
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# Nomenclature
DLR

D flow field domain
B farfield
C wall

C

oD = BuUC flow field boundary
S := (%) normal vector L 8D
i = () normal unitvector | 8D

o angle of attack
Cp drag coefficient
Cr lift coefficient
p pressure
M Mach number
Joo ... at free stream
+ ratio of specific heats
Sr.; area of airfoil

Z,Tj;;;‘” =: C, pressure coefficient




# 2D Euler Equations in body fitted coordinates
DLR

v
An
) A - L*

T

£

Body fitted coordinates:

P PU@&
w=ug| )\ rog| YT ar
P ’ pliv + i“ip
pE 2
pUH

Cartesian coordinates:
Buw af 87
5 Ta: T By O

p §'M+ pu
| e _ | e+ _ pru
=1 TS pu e R
pE puH prH
p=(y-1p(E-L(2+1?)), pH=pE+p
Body fitted transformation:
Az ) = (Gl ),z w)s
Bz Bz 7 By oz
szet(g g) (V)=%(_§lj_ 4
as By 8¢ 85

8W | 8F | 84 __
Bt +ag+aq_0



# Derivation of the continuous adjoint Euler equations
DLR

In the case of steady state it holds for the perturbed geometry

8 3
a—g(F—I—éF) +§(G+5G) =0

= (1) 3%(51?)4-%(5@)&0.

Furthermore

) F46 (Jag) g+ 7295 4, + %%,

(2) 6F=6(J ~ B e

P

and

¥

(3) 6G=6<J B T

) f+6 (J%) g+ J@a—f&iw—k J@@c‘iw.



# Derivation of the continuous adjoint Euler equations
DLR

Together with (1) and the fundamental lemma of variational calculus it holds
s 8 )
— (o F —(6G) | dédn =0
[ 97 (560 + 5-66) ) dean

for any Lagrangian multiplier +.

If +/ is differentiable one obtains together with Greens formula

f (a'li’TéF_l_a'li’TéG) ded / T T / T T _
_ (s O nt | (i TSF+nonyT6G)de— | (niwTsF4nT6G)de = 0.
o\ 9 an B o



# Derivation of the continuous adjoint Euler equations
DLR

Now the variation of the cost function can be expressed as

> . pT T
(SCD — TNIEOPOOSTEI Lﬁp(sz COS o —|— Sy 51N CE) dE = L (8—661? + E&G) dEd’f?
+ fB (n1" 6F + noy” 6G)dE — /C (:lf:fj; +noy” 6G)dé
+Sl / Cp(6S,; cosa + 65, sin o) d€.
ref JO

Along C it holds vV = 0 and yields

{ 0 \ [ 0 ) (o )
G=J 527 5G = J 2.9 e 5 (I
\%p ! ép 5 (J%
0

/ %/ \ o



# Derivation of the continuous adjoint Euler equations
DLR

Together with (2) and (3) one obtains

§Cp = ] d¢
&

T a¢ a¢ o¢ 8f d¢ dg
_ /D o (5 (J&E) F46 (Jay) g+ T2 bw+ Jayawéw)

RpT o o on of on Oy
-|-¥ (6 (J%> f+é (Ja) g+ JE%&U + Jaﬁﬁw) d€dn

[ (it (3) ) (04 (1) )

(@
—I—/ 1 + no dc 4+ L ] Cp(8S;cosa + 65, sina) dE.
B Sref -

If the adjoint Euler equations

O (FEE 4 gl L W (A RO = & (3_f)T3_ﬂ*_|_ (@)Ta_ﬂ) —0

oF Az tw oy dw Br Fw ty dw



# Derivation of the continuous adjoint Euler equations
DLR

... are fulfilled in the domain D with the boundary conditions

on the airfoil C (dependent on the cost function!) and

at the far field B one can simplify §C5 to

o0 = =[5 (2)) 5 (5 (2) ()

— / p(8Sps + 8Syp3) dE + ; / Cp{(6S; cosa+ 6Sysina) dt.
(35 (3

ef



ﬁ Continuous Adjoint Approach

Adjoint
Euler-Equations:

Boundary conditions:

_@_w_(
ot

@T@_w_(a_gfa_w_
ow) ox \ow) oy

¥. Vector of adjoint variables

Wall:
Farfield:

nxl/jz T nyl//3 = _d(l)
XKooy, =0, W=0

Adjoint volume formulation of cost function’s gradient:

51 == p(-w,0y: +wadx:)dl +K (1)

C

—IVQ (Sy, f =%, @)+, (—0y: f +x.g)dA
D
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i DLR

Continuous Adjoint Approach

2 :
d(C,) = n,cosa +n,sina Drag
( D) yMoipooCref ( ' )
K(C,) = 1 JCp(5anosa+5nysina)dl
ref C
d(C)=——>(n,cosa—n,sina) Lift
7/MoopooCref
K(C,) = 1 ij(5nycosa—5nxsina)dl
ref C
2 Pitching moment
d(Cm) — (n (X_Xm)_nx(y_ym)) e 9
7/Moipoocrzef ’

Summer School on AD, Bommerholz, August 14-18,2006

1

K(Cp) =7 | €0, (x=x3) = (y =y, )l

ref C
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Adjoint solvers
DLR

——f=—— FD [Besl agreement}
0.0002 — —_— DADJ

- — — CADJ

Continuous adjoint
« Euler implemented in FLOWer & TAU
« surface formulation for gradient evaluation
» one shot method (FLOWer)
» coupled aero-structure adjoint (FLOWer)
» Navier-Stokes (frozen p) implemented

0.0001

1E-04 |

-grad(CD)

-0.0002 F

-0.0003 f

) i pressure drag
in FLOWer, robustness problems 00004 Dot

15
Design Parameter

0,002 — ——f=—— FD [Besl agreement}
B —_—— DAL

Discrete adjoint : A
* implemented in TAU oo
» Euler & RANS with several turbulence
models
 currently high memory requirements

» experience with automatic differentiation :
(FLOWer and TAUi)) omebe e, mOment

5] 10 20 25 30

TAU-Code

0.001

-grad(Cm)

0.0005

15
Design Parameter

comparison of gradients (airfoil, inviscid) ;5
Summer School on AD, Bommerholz, August 14-18,2006



/-#7 Continuous adjoint solver FLOWer
DLR

Adjoint solver on block-structured grids

continuous adjoint approach MAIN | ADJOINT
implemented in FLOWer
cost functions: lift, drag & moment -l 5

and combinations S e

1%

1
10" |- \
W

- adjoint solver based on multigrid E
« Euler & Navier-Stokes (frozen p) BT
107 4
19" - "
101 - ““.
= I1<';II<';I'CI 2000 3900 440 504040 B0 = I7"{!{!'{!
3 —— cycle
convergence history, FLOWer
Yy

BT [T T ITTTITTITTIITT T T
-12.4408 -9.55489 -6.66898 -3.78306 -0.897145 1.98877  4.87468 7.7606
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é Validation of continuous adjoint solver in FLOWer
DLR

Adjoint approach vs. finite differences’ gradient

2r
finite differences: RAE2827
51 calls of FLOWer MAIN M =0.73. o = 2.0°
adjoint approach: SOOOcTes.i n \?a;ialbles
1 call of FLOWer MAIN 55 "ge)
3 calls of FLOWer ADJOINT[\PP
0.8 -
E - . o o
T Adjoint o o7 ?fjjft)lnltj'ﬁ
[ @ --—-0 - - join - ———=—— Finite Differences
04 ————=a—— Finite Differences B R e T e e C—
i ‘\ 3 n-th Design Variable
02f [ 3 - - - - - Adjoint
ok 1'X ——s—— Finite Differences
(&) B 2 ‘c< - B
> OF of
02
=
04 ‘5.’ .
B 2
06 | drag o o] i
_0.8 7' L L L L l L L L L l L L L L l L L L L l L L L L l E
’ " n-t2I10Design Varia%(ie 0 % 4f moment
Summer School on AD, Bommerholz, August 14-18,2006 N 7(; — ‘1|0‘ — : ‘4|0‘ — ‘5|07

20 30
n-th Design Variable



4#7 Validation of adjoint gradient based optimization

DLR

Objective function

» Drag reduction for RAE 2822 airfoil

4 M_=0.73, a=2.00°
Constraints

» Constant thickness

Approach
> FLOWer Euler Adjoint

» Deformation of camberline
(20 Hicks-Henne functions)

Optimizer
> Steepest Descent
» Conjugate Gradient

> Quasi Newton Trust Region

Summer School on AD, Bommerholz, August 14-18,2006

10.000 C,

90
80 |
70 |
60 |
s0
40 |
30 |

20_ L | | L

Drag reduction by constant thickness
RAE 2822 -M =0.72, ¢=2°

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

! L1 Lo
15 20 25

5 | l | l 10
FLOWer Call
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4#7 Validation of adjoint gradient based optimization
DLR

Objective function
» Drag reduction for RAE 2822 airfoil
> M_=0.73, 0=2.00°

Constraints

Drag reduction by constant thickness

—--—--—-— |nitial geometry
., = = — = SteepestDescent

} ConStant thiCkneSS I ~— T ‘ ——— Conjugate Gradient

Quasi Newton Trust Region

Approach
> FLOWer Euler Adjoint

05

Cp

» Deformation of camberline
(20 Hicks-Henne functions)

05

Optimizer

> Steepest Descent
» Conjugate Gradient

> Quasi Newton Trust Region

Summer School on AD, Bommerholz, August 14-18,2006
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Treatment

i DLR

of Constraints

Orthogonal VC,

-VC,
projection N

In direction r® the drag is reduced while
the lift is held constant

Co(r)~C(X™)

T9F=T10,ZUU0U

Summm

TT OUINuuUr urm AL, DUITITITTTIUIZ, AUYUST

Schmidt - orthogonalization

{al’ dy, as} = {VCL VG, ’_VCD}
l

{b,,b,,b,}:

b =a,

|=12.

I bT
By =8y, - Z ,a|+1 b
o

it holds a'b,=0, i=12

In direction b, the drag is reduced while the
lift and pitching moment are held constant

40



Treatment

i DLR

of Constraints

Orthogonal VC,

-VC,
projection N

ﬂ

o A lot of other

r

available !

In direction r® the drag is reduced while
the lift is held constant

K
- r®

(k)
dCL(X ) (Vx(k)CL) H (k)H

dr®

Co(r)~C(X™)

T9F=T10,ZUU0U

Summm

TT OUINuuUr urm AL, DUITITITTTIUIZ, AUYUST

Schmidt - orthogonalization

{al,laz ’ as} = {VCL VG, ’_VCD}

{b;,b,,bs}:

strategies and

commercial packages are

i dl+1

= | =12.
I l+1 — I+1 Z Hb H
it holds a'b,=0, i=12
2 T
b, =-VC, +Zb‘ V(';'D .
% b

In direction b, the drag is reduced while the
lift and pitching moment are held constant

11



4#;; Multi-constraint airfoil optimization RAE2822

Objective function
» Drag reduction for RAE 2822 airfoil
> M_=0.73, a=2.0°

Constraints

> Lift, pitching moment and
angle of attack held constant

» Constant thickness

Approach
» FLOWer Euler Adjoint

» Constraints handled by
feasible direction

» Deformation of camberline

Summer School on AD, Bommerholz, August 14-18,2006

0.009
oooaf
ooo7f
oooef
ooosf
ooo4f
ooosf
ooozf

0.001 |

AC, > 60 %

— 51.9 drag counts

AC <0.2% .
F—————————F1 |
B ————H E[f

AC _<0.2% .

| ! | ! | ! ] L
2 4 6 8 10
Optimization Stage

0.0

0.186
=
0.140

0.12

0.10
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ﬁ Multi-constraint airfoil optimization RAE2822

Objective function
-1.5

» Drag reduction for RAE 2822 airfoil

> M_=0.73, 0=2.0° A

Constraints

> Lift, pitching moment and
angle of attack held constant

cp

» Constant thickness
Approach
» FLOWer Euler Adjoint

» Constraints handled by )

feasible direction

» Deformation of camberline

Summer School on AD, Bommerholz, August 14-18,2006

-0.5

0.5

— — — = Initial

Design
-\_ "
0.25 0.5 0.75 1
x/c

surface pressure distribution
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4#7 Multipoint airfoil optimization RAE2822
DLR

| :ZZ:WiCd (o, M;)

. . <
Design points

> 1:M_=0.734, CL = 0.80, o = 2.8°, Re=6.5x106, xtrans=3%, W, =2

Objective function

» Reduction of drag in 2 design points

» 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

Summer School on AD, Bommerholz, August 14-18,2006



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, cl' lcd'(.10%)| cl |cd'(.10%)| Acd/cd!| Acliclt| Acm/cm!
112.8/0.734 |10.811] 197.1 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%

SumnlUl OUIVUI VIl AW, DUILTITTIEITIVIZ, AUYUDSL 14-10,£2UV0
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Multipoint airfoil optimization RAE2822
DLR

Airfoil Geometry
0.08
— — = = ofi
1. design point 0.06 B 2. design point
2 \\
0.04 2

/ )
p \\
M _=0.734, x=2.8° 0.02 M_=0.754, o=2.8°
-1.5 ( -1.5
. - = = = ori
e A opt \

i e \ -0.02

_1 i \ / _1 S vt —
\
\’J:\ -0.04 S A r l\

‘\ |
‘& \ - /
-05 - -05
. \ -0.06 —
.

= )

]
oy
bl

z/c
Q

& vhs 8 / N
~ »
i \ \ 0.08, 02 0.4 06 0.8 1 /47 N
0 A Ny -~ . g . . 0 ” o

/’ S : o
~
) o

shape geometry 05 /

05

A : : S
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é Optimization of SCT Configuration
DLR (SCT — Supersonic Cruise Transporter)

iz

Aeroshape

Objective function

» drag reduction by constant lift
Design point

» Mach number = 2.0

» lift coefficient = 0.12

Constraints
» fuselage incidence
>  minimum fuselage radius
» wing planform unchanged

> minimum wing thickness distribution in spanwise direction

Summer School on AD, Bommerholz, August 14-18,2006
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i DLR

Optimization of SCT Configuration PQ

Aeroshape

Approach

4
4
4

FLOWer code in Euler mode with target lift option
Lift kept constant by adjusting angle of attack
FLOWer code in Euler adjoint mode

Adjoint gradient formulation

Structured mono-block grid (MegaCads), 230.000 grid
points

Optimization strategy

4

Quasi-Newton Method (BFGS algorithm)
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4#7 Optimization of SCT Configuration ?Q
DLR

Aeroshape

Design variables
* fuselage: 10 parameters
* twist deformation: 10 parameters
* camberline (8 sections): 32 parameters
* thickness (8 sections): 32 parameters
* angle of attack: 1 parameter
85 parameters

Fuselage

10 sections controlled by Bezier nodes
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4#7 Optimization of SCT Configuration ?Q
DLR

Aeroshape

Design variables
* fuselage: 10 parameters
* twist deformation: 10 parameters
* camberline (8 sections): 32 parameters
* thickness (8 sections): 32 parameters

* angle of attack: 1 parameter
85 parameters
Camberline Thickness

Deformation in
8 sections

Deformation in
8 sections

Summer School on AD, Bommerholz, August 14-18,2006

50



Optimization of SCT Configuration ?Q

DLR Aeroshape

Design variables

* fuselage: 10 parameters
* twist deformation: 10 parameters

camberline (8 sections): 32 parameters
thickness (8 sections): 32 parameters
angle of attack: 1 parameter

Thickness and camberline

Normalised airfoil

..............
.....

.

X
Decomposition

Py [
Camberline Thickness

..............
"""""
. -

............ Baseline
Modified

0.5 075 1 ] 025 05
X X

Summer School on AD, Bommerholz, August 14-18,2006 51



4#7 Optimization of SCT Configuration Uz
DLR

Aeroshape

Mach

250
l 244
2.38
2,33
227
2.21
215
2.9
2.0
1.98
1.92
1.86
1.81
.75
169
1.63
157
1.52
146
1.4G

optimized geometry

baseline geometry

100
-0.034 1
14.6 Drag Counts e
§95 o I
E -0.040 L
Zg0t 0.121r
|
g& og_:?g-;;;;;;;;
Qg5+ o L
11 times faster than classical approach 3; 3957
80 1 1 1 L 1 1 1 1 .E- 3-0 B HM .' —. .
0 1 2 3 4 5 6 7 8 — \ . \ | ) !
< 25 —a

S 4 0 1 2 3 4 5 6
Optimisation steps Optimisation steps
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4#7 Optimization of SCT Configuration Uz
DLR

Aeroshape

Mach

250
l 244
2.38
2,33
227

2.21
215

optimized geometry

2.09
2.04
1.98
192
a1
baseline geometry 1%
187
162
146
140
100

o5 | 14.6 Drag Counts 0151 14.6 Drag -8

£ counts

e 0.10

Zoot =

(=) =l

o

Q85| 0.05} Baseline

. . |
11 times faster than classical approach Optimised
80 1 1 1 L 1 1 1 1 . . L ) L
0 1 2 3 4 5 6 7 8 0004 0.005 0.0 0.015
Optimisation steps Drag
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4#7 Optimization of SCT Configuration fQ
DLR

Aeroshape

Radius of the fuselage in freestream direction
and Area Rule

3r . Baseline = mmm==ee==- Baseline
E2.5¢ Optimised 141 Optimised
ﬁzﬂ 24 S s Sl
S 15F
© Minimum body radlus
> 1t
3
@05}
O I
> 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90
Freestream direction [m] Freestream direction [m]

Summer School on AD, Bommerholz, August 14-18,2006



DLR

Optimization of SCT Configuration

72

Aeroshape

Wing section and pressure distribution

n=0.92

Summer School on AD, Bommerholz, August 14-18,2006

0.5 0.75 1
c

Optimised
e Baseline

4] 0.25 0.5 0.75 1
x/c
Optimised
- mmmmmme- Baseline
" e Y~— ===
4] 0.25 0.5 0.75 1
x/c

Optimised
-------- Baseline

0 0.25 %5 0.75 1 55




/.#7 Algorithmic Differentiation (AD)
DLR

Work in progress and results

« ADFLOWer generated with TAF (3D Navier-Stokes, k-w),
first verifications and validation

« Adjoint version of TAUij (2D Euler) + mesh deformation
and parameterization with ADOL-C, validated and tested

* First and second derivatives of a “FLOWer-Derivate”
(2D Euler) + mesh deformation and parameterization
generated with TAPENADE, used for All-at-Once (Piggy-Back)
— See lecture of Andreas Griewank!
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/.#7 ADFLOWer by TAF(F2<Opt)
DLR

Test configuration

- 2d NACA0012

. k-omega (Wilcox) turbulence model
. cell-centred metric

. 2000 time steps on fine grid

. target sensitivity: d lift/ d alpha
Steps

Modifications of FLOWer code (TAF Directives, slight recoding, etc...)
tangent-linear code (verification)

. adjoint code

. efficient adjoint code

Major challenge

« memory management (all variables in one big field ‘variab’)
complicates detailed analysis and handling of deallocation
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ADFLOWer

DLR
TAF CPUs Code lines solve rel CPU solve memory
Nominal 166000 1.0 57
tangent 293 268000 3.3 75
adjoint 253 310000 6.3 489
Accuracy of Sensitivity \
(Adjoint - Finite Difference Approximation) in Test Configuration
et T R IR Usually better for larger
: : configurations
§ le-07 = =
Ef ] Ma = 0.734
] ] a=2.8°
£ el i Re = 6x1076
kw turbulence model
Le-09 ™ B

le-09 le-08 le-07 le-06
finite difference interval

Summer School on AD, Bommerholz, August 14-18,2006
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& ADFLOWer
DLR

. Demonstrates convergence of
discrete sensitivities including
turbulence

. Same sensitivity for Navier-
Stokes adjoint (Wilcox kw) and
tangent linear model

Ma =0.734

a=2.8°

Re = 6x1076

kw turbulence model

Summer School on AD, Bommerholz, August 14-18,2006

-04

Tangent linear model
NACAI12, single grid

— d{el)y/dialpha)
— ¢l

1000
# of iteration

1500 2000
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ADFLOWer

DLR
Sensitivity by FLOWer adjoint
NACAI2, single grid, Wilcox Turbulence
. Demonstrates convergence of 0.0905 | LI A R ' 2
discrete sensitivities including |
turbulence
-0.1 _
. Same sensitivity for Navier- -
Stokes adjoint (Wilcox kw) and 5 . B
tangent linear model )
%’ -0.101 -
Ma=0.734 I |
a — 2.80 -0.1015— _
Re = GX10A6 | | | | | | | | | | | | | | | | | | |
kW tu rbulence model 0 200 400 600 800 1000 1200 1400 1600 1800 2000

Iteration
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4#7 Automatic Differentiation of Entire Design Chain
DLR

X e dx m
design vector (P) —» defgeo Y difgeo —» meshdefo — flow solver —» C,

7

surface grid grid

« Adjoint version of entire design chain by ADOL-C (TU-Dresden)
* TAUij (2D Euler) + mesh deformation + parameterization

dC, 8CD om 8(dx) OX oy o odx)  a(x
P om a(dx) ox.. aP X

AN \

TAUij_AD meshdefo AD defgeo AD

new_xold) —1d
OX

new new
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4#7 Automatic Differentiation of Entire Design Chain
DLR

* Run time (2000 fixed-point iterations)
- primal: 2 minutes
- adjoint: 16 minutes

* Tape size: 340 MB (reverse accumulation approach!)
[Christianson in 94]
* Run time memory
- primal: 8 MB
- adjoint: 45 MB
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4#7 Automatic Differentiation of Entire Design Chain
DLR

Drag reduction

First Application / Validation:

0.008

0.008
-0.5

cp

0.5
FD

AD 0.005
— — — _ RAE2822

LT

0.25 05 0.75 0.004

Summer School on AD, Bommerholz, August 14-18,2006

RAE 2822, M =0.73, a =2.0°
inviscid flow, mesh 161x33 cells
20 design variables (Hicks-Henne)
steepest descent

——+—— FD flow computation
~— @ FD gradient computation
—H—— AD flow computation
——— AD gradient computation

(1 o rp Tl

AN T T [N T T A NN N N N N N TN M
10 20 30 40 50

step

Q
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1#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 ...

Summer School on AD, Bommerholz, August 14-18,2006

Boeing 737-800 at ground and in cruise (Ma = 0.76)
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/-#7 Coupled Aero-Structure Adjoint
DLR

AMP wing

15 design variables
(shape bumping

functions based on
Bernstein polynomials)

7
7
i
Dl
u

Ma=0.78
alpha=2.83

v_,,;,,,

i

"

Drag reduction by -
constant lift NASTRAN FLOWer MAIN/ADJOINT

shelllbeam model 15 design variables
Taking into account 126 nodes Ma=0.78
static deformation alpha=2.83

(300.000 cells)
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/-#7 Coupled Aero-Structure Adjoint
DLR

Conventional Gradient:

Aerodynamics, dC, _0C,  0C, ow  0C, ad
SO R R T P P  ow P od oP
Structure: Aero/Structure Adjoint System:

R, =Kd-a=0

K: Symmetric stiffness matrix
a: Aerodynamic force

d: Displacement vector @R
P: Vector of Design variables

od
W, . Aerodynamic Adjoint Adjoint\Gra_dm —
W . Structure Adjoint dC, _ oC, T @R WT OR,
~: Lagged ... dp oP @P S oP
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/-#7 Coupled Aero-Structure Adjoint
DLR

oR, @R, | .
2P : perturb shape by d,P — calculate change in CFD residual
6C, oC,
d | oP : perturb shape by d,P — calculate change in drag coefficient
Co : treat I...a—p(nX cosa +n, sing)... — boundary condition
ow L oW ’

... has been derived before!

— ",

IR = o(Kd —a) = _@ : treat j—p — boundary condition
oW ow oW L oW
Ry _0(Kd—a) _
od od

0R, _d(Kd—a) oK , oa
oP P P oP
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/-#7 Coupled Aero-Structure Adjoint
DLR

e AMP wing
10" :[—
o ‘ I'| |
3 , |
—=10° — I
3 | '“"
S10° |
- |
10°L L[ 'I ‘ 10°
10° _ | l. 10* |
: III'-I II"I III'. l- 5 -
107 '__ . ""-[I . I"'- . \ . .‘ I . J . . \ lll “ILM 10" F R R R R T SR N R S ST R R
500 1000 1500 250 500 750 1000
cycle cycle
Finite Differences: _ Coupled Aero-Structure Adjoint: __
Perturb the shape by each design Each 100 iterations the lagged Vg
variable and converge the aero- is updated ...

elastic loop until stationary behavior
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i DLR

Coupled Aero-Structure Adjoint

Validation of Adjoint Gradient

dC, oC, R, . 0R
PP Thap TSP
g
Eﬂ.&

NASTRAN 15 design variables -2
shell/lbeam model Ma=0.78
126 nodes alpha=2.83

(300.000 cells)

Summer School on AD, Bommerholz, August 14-18,2006

I

T T 'I' T

'I"I_-"'T1 T [ T T 1

|

|

'= ,
R .
! .- : ._.‘__.f"- "..
AMP wing
. rigid

finite difference
coupled adjoint

£

I 1 | ]

10 15

design variables



4#7 Coupled Aero-Structure Adjoint
DLR

Validation of Adjoint Gradient

dC, oC, ;0R, 1 0R

P P PP TP

-10

gradient of lift

NASTRAN 15 design variables -20
shell/lbeam model Ma=0.78
126 nodes alpha=2.83

(300.000 cells)

Summer School on AD, Bommerholz, August 14-18,2006

! -l"_‘l'

T 'I' 1 T

|

AMP wing

finite difference
coupled adjoint

il il d l

L

5

10
design variables

15
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i DLR

Coupled Aero-Structure Adjoint

AMP wing

240 design variables
(control points free form -5
deformation)
—-10
Ma=0.78 2
alpha=2.83 g
ﬂa-15
Drag reduction by a
constant lift .20
-25

Summer School on AD, Bommerholz, August 14-18,2006

—a—— D(C,)
—=—— DI[C))

. gradient evaluation
L gradient evaluation

feasible direction method

M1



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

Summer School on AD, Bommerholz, August 14-18,2006

O.Qf
0.8;
0.7;
0.6;
0.5;
0.42
0.3;
0.22

041F

cp
0.893142
0.720791
0.548439
0.376087
0.203736
0.0313842

-0.140867
-0.313314
-0.4B5671
-0.658022
-0.630374
-1.00273
-1.17308
-1.34743
-1.51878

093
0.82
O.T;
O.G;
OSE
045
O.S;

02k

01F £

0.25

0.5
baseline

0.75

cp
0.883142
0.720791
0.548434
D.378087
0.203738
0.0313842

-0.140887
-0.313318
-0.485871
-0.658022
-0.830374
-1.00273
-1.17508
-1.34743
-1.51978

05
optimized

075

1

baseline

optimized
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#7 Coupled Aero-Structure Adjoint
DLR

AMP wing

240 design variables i ]

(control goints 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

Summer School on AD, Bommerholz, August 14-18,2006 3



/.#7 Aero-Structure MDO
DLR

R oC L I n — N 3.78+004

3.53+004

C W _ F C F lar Stresses, Bending - von Mises, At Point C
D D 1 _I_ l kS - Bar Stresses, Bending -wvon Mises, At Paoint C

Displacements, Translational

3.28+004
3.03+004

2.77+004
2.52+004
2.27+004

Fuel Weight F
Weight W:

2.02+004
1.77+004
1.52+004
1.26+004
1.01+004
7.60+003

W =W, (1+ A ks)

5.05+003

O F LT - =~ - _ I & m m O o m

2.57+003

Kreisselmeier-Steinhauser: v dks ks T R, 476001

lefault_Fringe :

1 O, —O Z a ;xj??aB:uDuDﬁ @hr;Jdd21829
kS = E In(z eXp(ﬂ n 0 )) ¢ dp oP oP Iefault_DefD(?:nation:
n

ad-oint b_c_ A 9.471-002 EMNd 1
o j

1=0.2 , 5, =30.000 and =40 Ny, +Ny; +Ny, = )
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4#7 Aero-Structure MDO
DLR

AMP wing i e
- |'l| P Rf A o[ P bee® e o
B I |I iI III .:'I o f I| A @ :I I;'lll- & —
240 design variables s i || Hf I\ A § W AR = +37 %
(control points free form G T et S
deformation) 0 2l ¢ 11 — = D{Range)
;:‘;‘.. E ,"I!I | A —a—— g:lés]]
Ma=0.78 El: 10 ﬁ JIF.-:F - n{c:]
alpha=2.83 e -
E “r ~, jo==c" l,.H— = H-" el :r'.'-:"3_-_r_:'3'=‘5+£-,;1*:"5'i'€l3«3-:'
Range maximization by e Xﬂ%ﬁ Nﬁ
. 5 GEE?EIBEEEEdEEI
constant lift g ﬁg Y Aks = -10 %
Q :
7&2 oo ACp=-25%
iy Ialatan s
i N TN N NNY TN AN T o [N o N TR A NN RN TN AN N [N TN TN A AN P TN AN T NN T O AN IO
10 20 30 40 50 60 70

feasible direction method
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/.#7 Adjoint Based Optimization
DLR

k-loo
min /(w,Xx) D - s n-loop
Adjoint solver n=1,...,N
s.t. R(w,x)=0 R*(W,Lle,Xn)=O
dimx=M gradient
w (VD) = [i(wW,p, (5", )dV
Vv
k-loop m-loop
RANS solver m=1,...,M VI
R(wk,x")=0
X0 t optimization

strategy

xn+1
start geometry

N

All at once?

Summer School on AD, Bommerholz, August 14-18,2006
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‘#7 Simultaneous Pseudo-Time stepping =
DLR - One Shot Approach B University of

& L(w, X, i) =1 (w,X) =y R(W, X)
min ](W,X) V., L(w, X,iw) =0 (adjoint equation) @ KKT
s.t. R(w,x)=0 V. L(w,X,y) =0 (design equation)
dimx=M R(w,x) =0 (state equation)
_ - _ — 1-1- -
w+Aw | [w L, L, (éR/ow) | [V,L
x+AX |=|x|-| L, L, (6RIx)||wv,L| NewtnSap
w+Ay | |w| [OR/ow OR/ox 0 R |
= - r 1-1r 7| inexact Newton
Aw| (0 0 | ~Vul || “rsqp method
Ax|=|0 B (6R/ox) | |-V,L i i
Ap] [1 RIx 0 ]| R || prcondiioned

pseudo time stepping
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i DLR

Simultaneous Pseudo-Time stepping
- One Shot ApproaCh - University of Trier

k+1
Yy

k-loop

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

gradient
(V, L) = 1", (0¢5) ) dv
\Y

primal update
wkt1=wk-At-R (WX, xK)

design update
k+1 _ k -1 -1 OR
xk+1 g

start geometry B, — BFGS updates
x0 of reduced Hessian L,
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#7 Simultaneous Pseudo-Time stepping
DLR - One Shot ApproaCh - University of Trier

-1.5

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

Tools
 FLOWer 051/ ———- Initial
. FLOWer adjoint —— Optimized (Present)
(L Optimized (steepest descent)
150_ | | | IO.I25I | | | 0I5 | | | IO-I75I | | | 1

X/C

Summer School on AD, Bommerholz, August 14-18,2006 7



#7 Simultaneous Pseudo-Time stepping
DLR

- One Shot Approach - University of Trier
o
© | |
o | Drag (Cd) |
| Exact Drag |
| |
0.01 Hl'| ! |
| |
| |
|
g | '
@ | |
& | |
10 0.006 F | |
| .y | |
_ o c |
105 | .E C | m—
| 8’ &I | 8’ |
g 3 <
10° B O = =~ =
1O | 0002} 1O
| 1L [ 1 1 | ¥ L 1 1 |
1000 2000 3000 4000 500 | 1000 2000 3000 | 4000 500C
cycle cycle

Optimization at the cost of 4 flow simulations!

Summer School on AD, Bommerholz, August 14-18,2006 80



