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Introduction

Research Activities:

(A) CFD (running on GPUs)
(B) Evolutionary Algorithms (“plus”)
(C) Adjoint Methods
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Activities related to the Adjoint Methods

Development of both continuous and discrete adjoint methods.

For compressible fluids (in-house, primitive variable solver, GPU-enabled).

For incompressible fluids (OpenFOAM or in-house code).

For steady & unsteady flows (check-pointing, storage of approximates).

Internal (turbomachinery) & external aerodynamics (wings, cars).

U 0O 0 0 0 O

Development of Adjoint Methods for:
® Shape Optimization,
® Optimization of Flow Control systems,
® Robust-design Optimization,
® Topology Optimization.
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Selected Topics for MUSAF II - Outline

0 Continuous adjoint method for widely-used turbulence models, including
wall functions. Recent findings.

0 Computation of high-order sensitivities, using both continuous & discrete
adjoint, for:
® Exact Newton methods,
® Truncated Newton methods,
® Robust Design-Optimization methods.
0 Continuous Adjoint for Flow-Control. Steady & unsteady problems.
O Various (Topology Optimization), On-going Research
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Starting Point: A reliable adjoint for Laminar Flows

Computation of Sensitivity Derivatives on the starting airfoil
Laminar Subsonic Flow in a 2D Compressor Cascade, Fixed stagger angle & solidity.
Without running the Optimization Loop

F=(pV.pdS- [ pV, pdS
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D.I. PAPADIMITRIOU, K.C. GLANNAKOGIL.OU: A Continnons Adjoint Method with Objective Function Derivatives Based on
Boundary Integrals for Inviscid and Viscous Flows’, Computers & Fluids, 17ol. 36, pp. 325-341, 2007.

D1 PAPADIMITRIOU, K.C. GLANNAKOGILOU: Total Pressure Losses Minimization in Turbomachinery Cascades, Using a
New Continnons Adjoint Formulation’, Proc. IMechE, Part A: Journal of Power and Energy (Special Issue on Turbomachinery),
Vol 221, pp. 865-872, 2007.
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The commonly used approach - The “frozen turbulence assumption”

Demonstrated for incompressible flows, exists & runs also for compressible flows

* State Equations Ov.

. dv; dp 0 Ov; | 9uy -
=, o B [(V ! Vt)<aﬂfj +8:1:Z->] -

(plus the turbulence model eqs.)

* Development of the Adjoint Equations & Boundary Conditions

For any objective function F:
Foug = F —I—/ u; R} dS) —I—j qRPd)
€2 0

Differentiate F, , w.r.t. to b, where b, are the N design variables...

* Adjoint Equations Rt _ ?U-j — 0
dSUq'
Ou;  Ou; d (Ou; Ou; dq
Ru — — ) ¢ J — : J — O
! 0 <0IJ * 813) (V + Vt)aCL’j <8T] * ail?i> + 81’2

No adjoint equation to the turbulence model!
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Exact Differentiation of the Turbulence Model Egs.
Demonstrated for incompressible flows, exists & runs also for compressible flows
Demonstrated for the Spalart-Allmaras model. Exists for k- E & k-t SST.

v

RP = —L =
0:17j
v,  Op 0 v,  Ov; —
RY = v, — — : L) =0 vy = vt
1 1.] 8:1:]- + axi ail?j [(1/ + l/t) (8113 + 81171-)] t .}(L]

. 7 ‘P- ) P Yt - )~ 2
= 2t l(—[<v+‘f) d"] - (”’) 7P (0)+7 D (7)=0

) — -
();"L‘j o c);zrj ();17]- o c):zrj

pressure q Adjoint pressure
V; velocities u, Adjoint velocities
L turbulence variable Vg Adjoint turbulence variable

AS. ZYMARIS, D.1. PAPADIMITRIOU, K.C. GLANNAKOGI.OU, C. OTHMER:  * Continnons Adjoint Approach to the
Spalart-Allmaras Turbulence Model for Incompressible Flows’, Computers & Fluids, 38, pp. 1528-1538, 2009.
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How Important is to Differentiate the Turbulence Model Eqgs.?

The computationally expensive Direct Differentiation (DD) method
15 used to compute reference sensitivities (to compare with).

F=(pV.pdS- [ pV, pdS
Sfmp Sfpp
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CONCIUSION: Depending on the case & the Reynolds number, the “frozen turbulence assumption” may lead
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F=(pV.pdS- ( pV pdS
{pnp Sofmpp

optimization history

0.012 K. full differentiation —e— |
0.0115 _‘x | frozeq turbglencg G
0.011 ‘ ‘ ‘ ‘ ‘ ‘
0.0105

0.01
0.0095
0.009
0.0085
0.008
0.0075

objective function

0 2 4 6 8 10 12 14
optimization cycle

RED : inwards displacement
BLUE : outwards displacement

CONCI.USIONS: (a) Some problems are solved faster if the exact gradient is used.
(b) Some problems cannot be solved withont differentiating the turbulence model!
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Adjoint Wall Functions (k- € Model)

Differentiation of High-Re Turbulence Models
A New Adjoint Law of the Wall
Demonstrated for the k- € model. Exists for Spalart-Allmaras & k- W

5Fpy  OF SRY SRY 5 R¥ SR?
= = w;——dS) —f) ko= 1€ £a—dS)
by obm /Q St 0T /Q TSt +/Q 5o +/Q b

o2

, A
UT
. . av. 81) .
FflCtl.On U% — (V + Vf) (_I + _J ;7J-fl-
velocity dxj  Ox;
“®I" adjoint al
: rrma
. - velocity P _
A.d]cfmt , ou;  Ou; ! velocity
friction u; = (v+v) 5 + 7 | it o
Velocity X i ‘014 — 'o:e | 'Xlo:a — olz —

A.S. ZYMARIS, D.I. PAPADIMITRIOU, K.C. GLANNAKOGLOU, C. OTHMER: Adjoint Wall Functions: A New i
Concept for Use in Aerodynamic Shape Optimization’, . Comp. P hysics, 229, pp. 5228—5245 , 2010.
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Adjoint Wall Functions (k- € Model)

Computation of Sensitivity Derivatives on the starting geometry
Subsonic Flow in an axial diffuser, with incipient separation, Re=1x10°
Obyective function: mass-averaged total pressure losses
Without running the Optimization Loop

0.014 T T T T T
5 : ADJOINT (ka-ea) 4
0012 — ,,,,,,,,,,,,,, ,,,,,,, F|N|TE D|FFERENCES O -
T 7T T 7 : : : : :
||u || 055 04 065 07 075 0B 085 09 085 1 o 001 . .......... ...... .................. R
2 33 + ¥ o >
) S 0.008 | S & : . O s -
é : : : : :
_g 0.006 .............. ,,,,,,,,, -
g 0.004 : é f —
-g 0.002 — feecscssanscasse feeees .................. L ececcncnsenedes -
e & * 5 . :
0 . . Q Q ...... -
||'i|.-:I H -0.002 - S S e, e, ® -
0.3 04 0.5 06 0.7 0.8 0.8 -0.004 i | : : i i

CPix CP2x CP3x CPiy CP2y CP3y

CONCILUSION: Turbulence models based on the wall function technique may/ should be differentiated!
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Adjoint Wall Functions (Spalart-Allmaras)

Computation of Sensitivity Derivatives on the starting geometry
Subsonic Flow around NACA4415

naca4415, Re = 6.10%, a = 10°

| T |
60 _E.djl:lil'lt WF ——
FD P
50 rozen turbulence  #% b e _
40 Ladjoint "lowRe" [ a---a-e i

-0.1 | L | 1 i 1
02 0 02 04 06 08 1 12

0 3 10 15 20 25 30 35
control point

CONCILUSION: Primal model with Wall Functions? Using the adjoint “low-Re” model yields worst
results than the “Frozen Turbulence Assumption”!!!
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Design-Optimization of two Peripheral Compressor Cascades
Target: Minimum Viscous 1 osses

Constraints on the Flow Turning & the Blade Thickness

Turbulence Model: Spalart-Allmaras

Reference Blade

132 H -

5 Reference Blade
g 13 1
R 1 & 1.28 R 2
oW > ow
g 1.26
i

1.24

5 10 15 20 25 30 35
Cycle

Optimal Blade Optimal Blade
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Differentiation of Distance A (in Turbulence Models)

Applied for Turbulence Models involving the Distance from the Wall
Including Wall Functions
Inspired by the ALAA |. paper, March 2012 by Bueno-Orovio, et al.
Differentiate the Hamilton-]acobi eq., governing the distance A

(5Faug E)ul 3?1,]' a’l)z' (5$k —— dA
=— V+v + n;—qn;| =——nmnE——dS —l-/m/ac —df)
/Swp[( t) (8$j axi) i ] : Q Adbn

J(c;A) 0*A
. A_Z\I9=) 1= . ‘
New State Eq.: R== or, A o2 1=0 |, ;= 0N/,

Fpg=F+ / u; RV dQ+ / gRPAQ+ / v, R dO+ / A RAdQ
_ ) ) 9) Q .

New Adjoint Eq. (decoupled): RAa — _Qi A oA 1 51,Ca =0
81’1 “ BIJ .

New Sensitivity Derivatives:
5Faug 8“2 au] avz' 6$k : 0A OA (S:Ck
3, —‘/SWP[(”““) (5 30 roman] Gmane s — [28,on g

~"

-
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Demo: In some cases, ignoring O (A ) might be detrimental
NACAT2 Airfoil, Re=6x10°, a,, =5
NACAT2 F= -Laft, Sensitivities wrt the y of Bezier control points
Spalart-allmaras, low-Re model, Re=6x10°, a,,~3’

25 ! T r . I
; complete adjoint —e— 0.08 . — I
50 | adjoint, frozen A —8— _ 006 Lt m m Tolcontor

FD — o
i 0.04

> 0

dF/db

-0.06 : ' '

-0.08

0 5 10 15 20 25
control variable

CONCILUSION: In some cases, the ‘frozen distance assumption” produces wrongly signed

sensitivities!
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Newton Method & Hessian(F) Computation

The straightforward way to compute the Hessian
Twice application of the Direct Differentiation Method (DD-DD)
Shown in Discrete. Formulated and programmed also in Continnous Mode

bl = b+ dby

Newton Method: >

d*F _ _dF
db;db dby — db;

PF  0*F  0°F dU, 0*F dU,
dbndb,  Dbndb, | O, 00y, db, | 0Urdb, db,

0?F  dUy, dU,, OF
T DU dby db, | OUNdbydb,

AF _OF OB/ dU}
db; — 9b;  OU,

k=1,...,N design variables

PR, R, R, dUp R, dUj

dindb; — Obyob, | 06,00y db, o,
2R, dU, dU,,

T Ut b db,

ARy, . aRm
db; Ob;

> Cost of the DD-DD approach scales with N2
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Computation of the Hessian Matrix, via DD-AV

How to compute the Hessian with the lowest CPU cost
DD-AV, equivalent to “tangent mode, then reverse mode”
Shown in Discrete. Formulated and programmed also in Continnous Mode

=omeomSh oo Iy |5 N
tJd System solutions (EFS)

II:> lij”‘ ES

The Adjoint equation is the same with that solved to compute the Gradient !!!
d2F _O°F i O*R, N O*F AU, aZUm+ . O*R, dU,dU,
db;db; — Ob;0b; "ob;ob;  OULOU,, db; db; "oULOU,, db; db,
O*F dUy . O’R, dU, OP*F dU, . O*R, dU,
o U e B e, e
ob;0U}, db, ob,oUy db; — oULOb,; db; U, 0b; db;

OF . O

> The cost per Newton cycle is N+1+1=N+2 EFS! Scales with N, not N2

CONCILUSION: Much better if N<<. But, what about N>>!
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Computation of the Hessian Matrix, via DD-AV

With Continuous Adjoint

See references (on both discrete & continnous approaches)

0*Faug _ 0°F [ 9% (ofime /0
(5[)1'51)1' 51)1'6[)]' Q n(')l).i(')[)j f).I';\.
P, Ofine / AW, P2 fine / W, P2 fine
(V) () ()
* /Q(')bi()bj xS b do, T by O
O, Dfine §a / OV, Dfine ,
B . . A rinv o pinv S ; a rinv I ———— N - nk  dS
()lj—aug _ £+ \If.,,i ().f;'k{l s [ ”-fé’;i‘é#“ 5 (.)\I/ﬂ ()-fﬂbdf + /S(I)b'i Do (Sbjm( + b, e b mdS +
ob; ob; "Ob; \ Oy, . "oz S ob; Dy, : 9 pine\ 5 : HfinvN S
: - i . = . v, 9 (2 ﬂn ds+ [ U 9 (Ofnk 0-1'1” ds
n P, - l n’ P, - 1
s Ob; \ Oz ) ob; s Obj \ Oxy ) Ob;

ofine §, /i)\l/n, Dfin 5, by

,—nk - ) ———nydS
+ /q day, ()bi()bj”l( + g Oz day Ob; ()bj”l(

92 £V 5.0 8. O finv So. S J
R T L
S Darday ob; Ob; s dxy 0b;  0b;

+

DI PAPADIMITRIOU, K.C. GLANNAKOGILOU: Direct, Adjoint and Mixed Approaches for the Computation of Hessian in Airfoil
Design Problems’, Int. Num. Meth. in Fluids, 56, 1929-1943, 2008.

DI PAPADIMITRIOU, K.C. GLANNAKOGILOU: ‘Computation of the Hessian Matrix in Aerodynamic Inverse Design using
Continnons Adjoint Formulations’, Computers & Fluids, 37, 1029-1039, 2008.

K.C. GLANNAKOGLOU, D.I. PAPADIMITRIOU: Adjoint Methods for gradient- and Hessian-based Aerodynamic Shape
Optimization’, EUROGEN 2007, [yvaskyla, Finland, June 11-13, 2007.

DI PAPADIMITRIOU, K.C. GLANNAKOGILOU: Aerodynamic Shape Optimization using Adjoint and Direct Approaches’, Arch.
Comp.Meth. Engi.(State of the Art Reviews), Vol. 154), pp. 447488, 2008 .

DI PAPADIMITRIOU, K.C. GLANNAKOGILOU: ‘The Continnous Direct-Adyoint Approach for Second Order Sensitivities in 1V iscous
Aerodynamic Inverse Design Problems’, Computers & Fluids, 38, 1539-1548, 2009.
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An Improved Approach — Application 1

The Exactly-Initialized-then-Quasi-Newton method

& its One-Shot variant
Application: Inverse design of a Compressor blading
Compute the Hessian only in the first cycle, then switch to auasi-Newton method (BFGS)

100000 [ T T T T T T T T T ] i | 1 |
: Quasi Newton ] L SQN ——
1TF Exact Newton ------- . 1 | SEN ======- 1
s Ex Init. Qua3| Newton -------- ] SEQMN -------- ]
1e-05 ~~~~~~~ SR B S s . i g%” SR——
$ enf N ] ek OFaN -
g R Tl :
te-15 v\ B R e S S N \\__x )
- E L e 1 teto oo d R — - -
1e-20 ~~~~~~~~~~~~~~ R N i i ' . ;
1e-25 : ' \\\ rrrrr — 1a-15 _ : T . % _
1e-30 : T R B B Bk i ir W , L e
0 20 40 60 80 100120140160180200 0 4000 8000 12000 16000 20000

Equivalent Flow Solutions CPU time units

D.I. PAPADIMITRIOU, K.C. GIANNAKOGLOU: ‘One-Shot Shape Optimization Using the Exact
Hessian’, ECCOMAS CFD 2010, 5" European Conference on CFD, Lisbon, Portugal, June 14-17, 2010.

CONCILUSION: Quite often, it suffices to initialize the solution with the exact Hessian. Work
with the one-shot approach!

K. GIANNAKOGLOU, NTUA
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The AV-DD Truncated Newton Method (with CG)

k—20
Handling problems with N>> b; — init()
Compute Hessian-vector products instead of the g3 while k < kyq, do
Hessian itself U, — Flow Equations [1 EFS] *
U, — Adjoint Equations [1 EF S]*
k=0 'r? = % — Gradient Expression
x — init() db? — nit(0)
0
. _ pj — =T
0 — g p— —r°
i m «— 0
while r* # 0 and k < Mce do 3 while " #£ 0 and m < My do
PRVT ok . )
1 — (p ‘g—t';;‘pj — DD (Flow Equations) [1 EFS] *
r— x4+ Ax=Db ‘SI’T"pJ — DD (Adjoint Equations) [1 EFS] *
S D ,@ w; = d‘f{g ———p; — Hessian Expression
g Lo e
(=)t | dbm+1 - dbm +1p;
P —Thtt + 3}) r;n+1 m 4 nw.
(o =
end while p; — _,r;n+1 + ,Bpj
m—m+ 1
end while
bj — bj -|- de
k—k+1
end while | T4¢a] Cost= 24+2M ., << N
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AV-DD Truncated Newton method — Why?

Application: Inverse design of an isolated airfoil, N=42 DOFs
Compute Hessian-vector products instead of the Hessian itself
Comparison of three solution methods

0.0001

1e-005 [\»

1e-006 |

AV-DD Truncated Newton method
Quasi-Newton BFGS
(Exact) Newton

1e-007 |

1e-008 |

Objective Function Value

1e-009 |

1e-010 L ‘ ‘ ‘ ‘
0 2000 4000 6000 8000 10000

CPU time units

D.I. PAPADIMITRIOU, K.C. GTANNAKOGLOU: ‘Aerodynamic design using the truncated Newton algorithm
and the continuous adjoint approach’, Int. J.for Numerical Methods in Fluids, 68, 6, pp. 724-739, 2012.

CONCIL.USION: Truncated Newton method is a viable alternative!
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Robust Design

The Second-Order, Second-Moment (SOSM) Approach
For N design (b)) & M environmental (c,) variables
Minimize the estimated mean & standard deviation of F
Third-order mixed derivatives must be computed

Proposed method: DD -DD -Av, (if M<N)

Conventional Algorithm

Robust Algorithm F\ A k A
= HF T ROF

Optimization Function, F

Environmental variable

L 3[ dE P 52 4 o0
dF dF 1 d°F 9 de; de;dby =t dejdey degdejdby =1~ g

d2F A3 F 2 92
J

o; +k

" 2 2 dby

2 : 2
dr 2 1 d?F 2 2
2\/|:dci:| O-i + 2 |:(/(',(/(“/:| 0-7;0-'
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Robust Design - Application

Robust Design of a Compressor Cascade

Two environmental variables (M=2): Inlet flow angle & exit isentropic Mach number
0.02 3.6

DD-DD-AV — ] e A
0 FD o 3.55 . .
[ ] 0.7 initial —
' 3.5 06 o 1
-0.02 C 0.5 o
= 2 3.45 bt 0.4 > ;/7
< .0.04 = S Wil
o 34 " pars
s -0.06 S 335 0 A
0
'008 33 -0.1 0 0.1 0.2 0.3 04 05 0.6 0.7 0.8 09
0.1 3.25 . F
0.12 3.9 f
0 2 4 6 8 10 12 14 2.8 3 3.2 3.4 3.6 3.8 4
bq HE * 103

E.M. PAPOUTSIS-KIACHAGIAS, D.I. PAPADIMITRIOU, K.C. GIANNAKOGLOU: ‘Robust Design in
Aerodynamics using 3rd-Order Sensitivity Analysis based on Discrete Adjoint. Application to Quasi-1D
Flows’, International Journal for Numerical Methods in Fluids, Vol. 69, No. 3, pp. 691-709, 2012.

E.M. PAPOUTSIS-KIACHAGIAS, D.I. PAPADIMITRIOU, K.C. GIANNAKOGLOU: Discrete and
Continuous Adjoint Methods in Aerodynamic Robust Design problems, CFD and Optimization 2011,
ECCOMAS Thematic Conference, Antalya, Turkey, May 23-25, 2011.

D.I. PAPADIMITRIOU, K.C. GIANNAKOGLOU: ‘Third-Order Sensitivity Analysis for Robust
Aerodynamic Design using Continuous Adjoint’, International Journal for Numerical Methods in Fluids,
Vol. 71, No. 5, pp. 652-670, 2013.

CONCILUSION: Robust Design? Don't go with E.As!
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Flow Control Optimization

Optimal flow control using suction/blowing/pulsating jets
Idea: Compute the sensitivity derivatives by solving the flow & adjoint problem once,

for normal_jet_velocity=0. Use the computed sensitivity maps to optimally locate the jets
and their sign to decide whether suction or blowing is needed.

Stop here or iterate to optimize all jet parameters.

0.02

F

o Drag=0-0222

Fp..,=0.0095

Drag

U Magnitude

0.00 0.322 0.643 0.965

Controlled Case

A.S. ZYMARIS, D.I. PAPADIMITRIOU, K.C. GIANNAKOGLOU, C. OTHMER: ‘Optimal Location of Suction
or Blowing Jets Using the Continuous Adjoint Approach’, ECCOMAS CFD 2010, Lisbon, June 14-17, 2010.
A.S. ZYMARIS, D.I. PAPADIMITRIOU, E.M. PAPOUTSIS-KIACHAGIAS, K.C. GIANNAKOGLOU, C.

OTHMER: ‘The Continuous Adjoint Method as a Guide for the Design of Flow Control Systems Based on
Jets”, Engineering Computations, to appear 2013.
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Unsteady Continuous Adjoint for Flow Control
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Unsteady Continuous Adjoint for Flow Control

Flow around a circular cylinder (Re=100) — “More” Control
Case A: Design variables=Amplitudes
Case B: Design variables=Amplitudes & phases

Mean Lift Mean Drag
Minimization Minimization
| A &) & || & o | &
Uncontrolled Case || 0.0 | 0.0303 | 1.3892 | 0.9656 || 0.0 | 0.0303 | 1.3892 | 0.9656
Case A 0.0 0.0 1.0630 | 0.7892 || 0.0 0.0 0.6119 | 0.3382
Case B 0.0 0.0 1.0946 | 0.6045 || 0.0 0.0 0.4902 | 0.1023
Without Jets '
With Jets (A) ——

With Jets (B) ——— |

41 41.2 41.4 41.6 41.8 42
Time (s)
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Flow Control Optimization - Application

Optimal flow control of a Compressor Cascade
Sensitivity maps were computed & then the jets were placed “manually”
With the continuons adjoint to the k- SST model

Urel Magnitude
35
f30
20
10

0

Urel Magnitude
35
f30
20
10

dFdurel.n S e slot 1 active
4000 it i
] l'll llIIIHIHI F = 8.12
-0 ] T
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-4000 T
lllllllllllllll

-8000

llllllll
lllllllll
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Why Continuous Adjoint?

Primal Equations:
| Std_Continuity=0

| So Std Momenum;,+av,=0

*Std _Energy+a(T-T )=0
Std_TurbModel(V )+av =0

E.A. KONTOLEONTOS, E.M. PAPOUTSIS-KIACHAGIAS, A.S. ZYMARIS, D.I. PAPADIMITRIOU, K.C.
GIANNAKOGLOU: ‘Adjoint-based constrained topology optimization for viscous flows, including heat
transfer, Engineering Optimization, 2012.
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Why Continuous Adjoint?

Optimal
Porosity
Field

Objective: Min. pt Losses — Continuous Adjoint to [RANS & Spalart-Allmaras].
Recirculation areas disappeared - 15% reduction in total pressure losses.

P N e N N S R e e ~ OUUN S e T e L e e e — T
SN ST S I T TN
RN N NN S I NN I ~ T N\
N SN I < NN
N\ \\ R e ~ @‘\\
L W S N
Ry R, ~ 3

N
N O SN

NN s

\\‘é\‘\\f N \i\\\\\\:\\\\\\_ N S

Primal e =2 . Adjoint <&
Velocity “&&ggpyvosiants Velocity
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CONCILUSION: Interesting physical interpretation of the adjoint fields!
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On-going Research

» Make the continuous adjoint as consistent as the discrete adjoint. Consistent
discretization schemes for the adjoint PDEs & their boundary conditions. The Think-

discrete-do-continnous approach.

» Low(er)-cost solution of robust design problems using adjoint methods and truncated
Newton methods.

» Efficient adjoint methods for Pareto optimization. Truncated Newton.

> Approximate adjoints for DES solutions.
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