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Introduction: CFD as a Design Tool
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Introduction: CFD as a Design Tool

/ Optimization \

Gradient Based Non Gradient Based
Finite Difference Method Control Theory Approach
Adjoint Method
g U+AD-1
I AF - N design variables
where, I = (w, F) is the Cost Function
w = Flow Variable l

F = Geometry Function 1 Flow and
1 Adjoint Calculation
- N design variables — N Flow Calculation
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Objectives

Review the formulation and development of the viscous
adjoint equations for both the continuous and discrete approach.

Investigate the differences in the implementation of boundary
conditions for each method for various cost functions.

Compare the gradients of the two methods to complex step
gradients for inverse pressure design and drag minimization.

Study the differences in calculating the exact gradient of the
inexact cost function (discrete adjoint) or the inexact gradient
of the exact cost function (continuous).
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Overview of Adjoint Method

Let I be the cost {(or objective} function and R the flow field equation
I'=I{w,F)
Rlw, F) =0

where

= flow field variables

W
F = design variables
The first variation of the cost function and flow field equation are

art ar’

Here the variation dw of the flow variables will depend on the variation 8F of the design
variables through the variation of the flow equation.
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Overview of Adjoint Method

Introducing a Lagrange Multiplier, i, and using the flow field equation as a

constraint
oIt ar’ 7 ([OR OR)
6] = 2= $w+ — 6F — s hauld ¥
ow WtaF 0 Y {aw T laF F}
oIT . [OR oIt L [OR]
- {a_w - a_wHJWF{ﬁ - ﬁ_}”

By choosing i such that it satisfics the adjoint equation

-
Ow - B’
we have
(or? 7 [OR]]
= 57 - ﬁ“ 5F
= G'6F
Hence sctting d.F = —AG we get an improvement

61 = =2GTG < 0, unless G =0
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Continuous Adjoint Method
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Continuous Adjoint Method

The Navier-Stokes equations in steady state,

0
(F'_Flé;;):[]

Rlw, F) = 35_;

The first variation of the flow field equation is

d
SR(w, F) = 8&5 (F, —F,)=0
Then,
fpy" 8& Fy, — F,,)dD=0.
Integration by parts,
25 Ry D+ TR~ ) a5 =0
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Continuous Adjoint Method

The first variation of the cost function,

1
SI= [ (p—pa)dp ds+ ) fg,, (P~ pa)” 8ds.

The variation of the cost function 1s added to the variation of the flow field equation,

1
51 = fgi (p — pd) §p ds+ i wa (p — pa)” 8ds

A‘ 35 — F,)dD + _Lg n’ 6 (Fy — Fy, ) dB.
k

Collect Ow terms,

d(F. — F,) 9y
Jdw 6&
Continuous Adjoint Boundary Condition : njy; = p — pqg

=0

Continuous Adjoint equation
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Discrete Adjoint Method

The discrete Navier-Stokes equations in steady state,

Rij =ty — Ryt —hy

The first variation of the flow solver is,

SRy, =0h,,y —6h_y  +6h 1 — 5k

1
LS I

Then’ |T 'T
S SR, = NG5 (Qu + Dig + Vi) = 0
7 B3

The discrete cost function,

1
I= 52(? — pa)’ds;,

The variation of the cost function 1s added to the variation of the flow solver,

51 =5(p—pa)ds; + =X ¢ ,0(Qi; + Dij + Vi)
z P

10
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Adjoint Method for the Calculation of
Remote Sensitivities

Continuous Adjoint Boundary Condition
Tﬂi’li,l — 1r':i’li:,-.z
V0 = W, 20y ((P — pa) — Moy, + nlﬁ"Si,z)

Tf:i"ai,l — Tr'i'13i,2 — 2 ((p — Pd) — 712@12{,2 + ?111,-:1-‘31-,2)
115""4';,1 — 1“::"!'1'4',2

Discrete Adjoint Boundary Condition

V—at?E — § —A?_ %?2 ('ﬂi’iﬁ - 1,5»51—1?2) - AZI—%?E (15,!3'4—112 — wi@)} + § [—B:% (1]._:',!1-?3 — 1__;,_-3.?2) + @

where @ is the source term for inverse design,

® = (—Ayeyn,, + Axeyis,, — (p— pr)Asi) Opig

A l[i]r:%pé ; Discrete Adjoint BC — Continuous Adjoint BC

11
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Adjoint Boundary Conditions

for Various Cost Functions

Boundary
Condition

Continuous Adjoint
Boundary Condition

Inverse
Design

Pri — P — Pa

Pressure Drag
Minimization

1 COS ov

Prng = —

— " .
%’}meﬁJgo sinal| *

Skin Friction Drag
Minimization

COS ¥

s1n ov

Total Drag
Minimization

Remote
Inverse Design

COs3 &Y

Discrete Adjoint
Boundary Condition

q)z'm; — (_&yfrtfi!%,z + ‘/—\IETT':L‘Ei,z - (p - pT)ASz) 5?1'12

D essure drag = Hefer to Paper
D tin friction drag — REfET‘ to Papﬁ?"

q)tota.E — (I)pr'essw'e drag + q)skm friction drag
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Design Procedure

\ 4
Navier-Stokes Solver

!

Adjoint Solver

I

Calculate Gradient

!

Moditfy Grid

* FLO103 Navier-Stokes Solver
» Modified Runge-Kutta Explicit Time
Stepping
» Jameson-Schmidt-Turkel (JST) Scheme for
Artificial Dissipation

» Local Time Stepping, Implicit Resdiual
Smoothing, and Multigrid.

Repeat Process

until Convergence 13
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Optimization Procedure

Let F represent the design variable, and & the gradient. An improvement can then
be made with a shape change

The gradient G can be replaced by a smoothed value G in the descent process. This
ensures that each new shape in the optimization sequence remains smooth and acts as
a preconditioner which allows the use of much larger steps.

G- %Gy
BT
d& 0¢

where € is the smoothing parameter.

14
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Inverse Design of NACA 0012 to Onera M6 at Fixed Cl

(Medium Grid - 512x64, M = 0.75, C1 = 0.65)
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Adjoint Versus Complex-Step Gradients for Inverse Design
(RAE to NACA 64A410, M = 0.75, Fixed CI = 0.65)
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Continuous Adjoint: Drag Minimization of RAE 2822 at Fixed CI

(Medium Grid - 512x64, M = 0.75, C1 = 0.65, AOA = 1 degree)

Initial Pressure
Distribution of
RAE 2822
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Total Drag = 0.0098
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Discrete Adjoint: Drag Minimization of RAE 2822 at Fixed Cl

(Medium Grid - 512x64, M = 0.75, C1 = 0.65, AOA = 1 degree)
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Adjoint Versus Complex-Step Gradients for Drag Minimization
(RAE Airfoil, M = 0.75, Fixed CI = 0.65)
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Geometry and Near Field Plane Description
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Mach Number = 1.8
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Adjoint Versus Complex-Step Gradients for Drag Minimization
(RAE Airfoil, M = 0.75, Fixed CI = 0.65)
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Conclusions and Future Work

The continuous adjoint boundary condition appears as an update in contrast to

the discrete adjoint which appears as a source term in the adjoint fluxes. As the
mesh 1s reduced, the continuous adjoint boundary condition is recovered from the
discrete adjoint boundary condition.

The viscous continuous adjoint skin friction minimization boundary condition
does not provide the right gradients. It appears that the extrapolation of the first
and fourth multipliers, as used in this work, is not adequate. The discrete version does.

Discrete adjoint gradients have better agreements with complex-step gradients

The difference between the continuous and discrete adjoint gradients reduce
as the mesh size increases.

The discrete adjoint may provide a route to improving the boundary conditions for the
continuous adjoint for viscous flows.

The best compromise may be to use the continuous adjoint formulations
in the interior of the domain and the discrete adjoint boundary condition.

22
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Conclusions and Future Work

 The discrete adjoint may provide a route to improving the boundary conditions for the
continuous adjoint for viscous flows.

» The best compromise may be to use the continuous adjoint formulations
in the interior of the domain and the discrete adjoint boundary condition.
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