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AGENDA

e Adjoint theory:
Numerical Optimisation
Why do we need the adjoints?

Continuous adjoint formulation

e OpenFOAM Adjoint Solver:
Our baseline: adjointShapeOptimizationFoam (version 2.3.1)
Enhance the code
Applications:
pitzDaily
Airfoil 2D
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INTRODUCTION
NUMERICAL OPTIMISATION
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e Find the minimum of f(x)

* Analytical expression

e Here:Vf =2x,x
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NUMERICAL OPTIMISATION
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In the computational world the analytic functions
are not known

A simulation is a black box with specific inputs
and outputs (i.e. Input: Car geometry, flow
conditions — Output: Flow field, drag force)

To optimise an output (Objective Function) with
respect to an input (Design Variables) we need
the gradient

An accurate and fast way to compute the
gradient is needed!!

A way is with Finite Differences:

af _ f+—1-

dx x,—Xx_




VO LKSWAG EN

nnnnn

ADJOINT METHOD
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INTRODUCTION
* Primal Equations s o .
R=R (v, b) —0
* Objective Function LI
F=F (V._ b)
e Differentiation of these: 3
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b 9b 9V b
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ADJOINT METHOD
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INTRODUCTION
e Direct Problem 5V 10F 63‘
& b
OF OF OF &V
e Adjoint Problem b db AV b
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b ab oV ob
g7 = _ 9L 4
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CONTINUOUS ADJOINT FORMULATION

 Navier-Stokes Equations:

pr— 2% _
o
y dv;, 0 dv;  Ov; dp
R!=u ! )1 : J
| l”?dz o {(J/Jrr/f) (anJra )} erz

e Generic objective Function

= / Fs.n;dS+ / Fodf)
S 2
e Augmented objective functions

FaugFﬂ—/ H,-_;B?dQﬂ—/ QdeQ
Q Q
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CONTINUOUS ADJOINT FORMULATION

» Differentiation of the augmented function:

0l g 6F 0 0 |
— R df) RP )
5b,, 5 b, / ity R 5bnfgq
ORY ORP ;.
/ui — dQ+/ @bn dQJr/S(u;R;'Jqup)nk 5;2 dS
where: PP B p avj
ob, Ox;\0b,

OR;  Ovj Dvu; N d [ Jv; J (v + 1) d [ Ov; +8-’Uj N d ([ Op
v V
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CONTINUOUS ADJOINT FORMULATION

e Product Rule:
9,
a&?g

e Green-Gauss theorem:

Hf

(fFi;) —

ox;

of OF,
ox; ox;
LV — 51;5 Fin,dS
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CONTINUOUS ADJOINT FORMULATION

 Applying these rules:

0 0’1*-
P () = —
/Q Tor, (abn) /

0 df OF;
F) =
Aa.’l‘??; (f tA) A(‘?m 8:1:,, A
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CONTINUOUS ADJOINT FORMULATION

 Applying these rules:

dv; v, d [ Ov;
i ) 1O —
/“ O, Ob, +/Q“ I (abn)

dv; v, Jv; 0 Ov;
1O 15 — 3 2% a0
/ U on, B /J”f”ﬂabn / oz ) gy,
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RY + F
R+ Fo)y "
9y ~O(vjuy) O v+ 1) Ju; I du;\ I Jq e dv;
), O d “\dr; Ox; )| Oz, L on,
du ()p “Adjoint Methods for Turbulent Flows
—|— J F —dg) ied to Shape or Topolo |
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CONTINUOUS ADJOINT FORMULATION

* Field Adjoint Equations
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Ri=——2 + FF=0
—  Ju; ‘
Jv;  Jd(vju;) 0 du;  Ou;
Ri=u—L——1 " _—_ -+
: ﬂ_;.' aJJE aJJ‘? drj (I} + I}t) alj aJJE
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CONTINUOUS ADJOINT FORMULATION

e Boundary conditions at inlet:

8ES'I i ’ p
Wty = M) =g T sy
I aFSJ k I aFSJ k I
uﬂ——aﬂﬁﬁnfﬂn 'aﬂﬁﬁntﬂn
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CONTINUOUS ADJOINT FORMULATION

e Boundary condition at outlet:

Ou (n)

rrrrrrrr

ks, ,

q_’tim)’i;{n)—l—g(lf + I,ft/, . |

N1+ So ni=0

at;i

au.'!(t) | a’li<ﬂ> OFS

’U,n_’u-it} +(v + 1) 5
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CONTINUOUS ADJOINT FORMULATION

e Boundary condition at walls:

_ Ol sy, “p
u (n) = — ap I; S
OFs,. . OFs, .
- ; ‘K | ; L 1
(ﬂ aﬂ'j J aﬂj J
OFs, . OFs, .
II 1 fII | ] / TII
’U-(ﬂ — Ty | _ . j T
aTij aﬂ-_j
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AKTIENGESELLSCHAFT
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CONTINUOUS ADJOINT FORMULATION
TOPOLOGY OPTIMISATION

* Navier-Stokes for topology optimisation:

Rp _ 8?}.}; B

. 0’1;1-_ 9,
R! =, o) _ oz, (v+14)

e Extra “porosity” term: Ta v
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AKTIENGESELLSCHAFT

CONTINUOUS ADJOINT FORMULATION
TOPOLOGY OPTIMISATION

 Field adjoint equations with porosity:

O ,
Rl=——= J +F£:O
a;rj
Jv;,  J(vju;) 0 Ou;  Ou, dg -
RY =, — A7 v+ v L) 4 - FY 4+ au; =0
! ”?('3;}:.3- alj alj ( t) aij alz aJJE 2,0 ‘-\[T/Ef-’t.
Tau

* Sensitivities wrt. porosity:
O F
— = [ w;v;df)
Oy 0
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APPLICATIONS

PITZ DAILY
e Objective Function: Power Losses

e

1 1
F / Ui —’UQ +p dS —/ VT —’UQ +p
0 2 i .
* Field Adjoint Equations
ou;
RY = L — ()
3:}:?;
v O(v;u; 9, Ju;  Ou
RY = wu—, — (15" ) 9 (v+u) | — + =
Ox; x; x; dr;  Ox
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APPLICATIONS

PITZ DAILY
* Inlet boundary condition:

W; = — VN1

7'%

e Qutlet boundary condition:
du,, 1
2 2
ni — —v- —u, —p
J n
x 2
Dy

0 = wv, + u,v, + (v + 14) T'n i = Uy
j

q = Uujvj + upvy + (V + 1) —

e Sensitivity derivatives:

OF
— = / w;v;df)
W]’ 0

Group Research| Vehicle & Electronics| Vehicle Technology / CAE Methods (K-GERFG/V) | Christos Kapellos



VOLKSWAGEN

APPLICATIONS

2D AIRFOIL
 Objective Function: Drag

Ffsw [(v+vt)(

e Field Adjoint Equations

AKTIENGESELLSCHAFT

dv; — Ov;

T

Ou;
R = T
v, d(vuy) 0
RY — .2 _ gt Y
! 4 ({)3_”1 C)lj.
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APPLICATIONS

2D AIRFOIL
e Wall boundary condition:

e Qutlet boundary condition:

auﬂ
&r
Out
&r

q = u;vj + upv, + (v + 1)

0 = wv,, + uy,v, + (v + 1)

e Sensitivity derivatives:

SF dui O,
oF / w4+ ) i Y dS
Saw
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