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Computational Aeroelasticity using the One-Shot
Method

Introduction
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Computational Aeroelasticity

The Collapse of Tacoma Narrows Bridge (Nov. 7th, 1940)

Transverse mode excitation followed by a torsional mode
vibration caused the failure.
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Computational Aeroelasticity

The Collar’s Aeroelasticity Triangle
Collar (1946)

Aerodynamic
Forces

Static Flight
Aeroelasticity Mechanics

==
N =

Inertia Forces

N
NS

Elastic Forces
Structure
Dynamics

“;Ilq _:-F THE UNIVERSITY OF

=1 7 TENNESSEE i §

y _d,- KNOXVILLE



Flutter and Limit Cycle Oscillation

> Flutter:
The onset point of self-excited vibration

(Stability problem)

> Limit Cycle Oscillation (LCO):
The vibration following the flutter point having a finite amplitude

(Response problem)

A A
Weaker Nonlinearity
Stable Branch
(0] [0}
'5 Stable LCO 3
2 s
S S
< <
O Stronger Nonlinearity @)
O O
- - 3
A\ :
Unstable '\ i
7N : i
Flutter Point Branch ' o Flutter Point
Reduced Velocity Reduced Velocity
Benign LCO response Explosive LCO response Flutter test of the DG-300 Glider
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Aeroelastic Governing Equations

» Structure Dynamics:
Mg+ Tq+ Kq=P(q,t

» Fluid Dynamics: Reynolds-Averaged Navier-Stokes (RANS) equations
closed by the one equation Spalart-Allmaras turbulence model
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Harmonic Balance (HB) Method
| |

V" Fourier-based mixed time-frequency
domain method

u .-~ ¥ Capacity of modeling strong nonlinear

. periodic unsteady flows and structural

) / vibrations by incorporating multiple

; harmonics

v" Significant computational cost savings
by transferring unsteady problem into
mathematically stable problem

v" More convenient to analyze the flutter

Harmonic

and LCO problems

T = Period
Hall et al. (2002, 2013) , Ekici and Huang (2012)
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Harmonic Balance (HB) Method

------

ou 8F 0G OH

l
Original RANS equation: ' -5
g g Lot : 830 By s 0z
1 [] N
: E U'=U(z,y,t; Z (2, ) cos(wnt;) + Usgp (2, y) sin(wnt;)
; E U* = E~'U #=t U = EU”
E E |
: : { S
E : ( U 1 ) ? E?J:}:;Iozgzz::ZUg-time levels, U :
Equation in a number of LUt OF  0GT  oH® . 52
sub-time levels: Lot e T oy T os o < ’ I
E E [ Uany1 )
: : —_——
: : U* One Time Period
Approximate time derivative © 9F* 0G* OH* dE™!
PP DU+ + + =S5" with @D = E
by pseudo-spectral operator: ‘.- 7 Ox Oy 0z S dt
§pseudo-spectral operator
Equation with pseudo- 5 OF* 0G* OH*
. - +wDU” S
time derivative: oty Ox dy Dz
0.0000 0.8507 —0.5257 0.5257 —0.8507 |
—0.8507 0.0000 0.8507 —0.5257 0.5257
Dpy_o = 0.5257 —0.8507 0.0000 0.8507 —0.5257
—0.5257 0.5257 —0.8507 0.0000 0.8507
Hall et al. (2002, 2013), Ekici and Huang (2012) 0.8507 —0.5257  0.5257 —0.8507  0.0000
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Structural Dynamics Equations

Original structural dynamics equation: MG+Tq+Kq= P(q,t

|
Unstable when solved in pseudo-time !

4
State-space formulation: n+An+Rf =0

_q _ 0 | -I o] o _Jo
R e e e S Ra=r s A

l

l

Approximate time derivative
by pseudo-spectral operator:

Equation with pseudo- on*

time derivative: 0T

“ ‘F’Tﬁ THE UNIVERSITY OF

M1 TENNESSEE i §

ez KNOXVILLE



The “One-Shot” Approach

Equation with pseudo- on*
time derivative: 0T

+oDnp*+ A"+ R f* =0

* The essence of the One-shot approach is to determine the value of the reduced
frequency by minimizing the residual of the structural dynamics equation using an
optimization.

* The structural dynamics equation is much simpler (ODE) to deal with

* It can be solved using a very efficient implicit Euler method with a global
“Structural” pseudo timestep allowing values as high as 100.

* The difficulty due to the nonlinearity (the term f due to the generalized
aerodynamic forces) in the ODE can be mitigated by lagging the term by one
pseudo time iteration.

* The resulting technique is very efficient with computational times that are orders
of magnitude smaller than a time-accurate approach.

N . " A" + f"R"|Dy
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Aeroelastic Governing Equations

Fluid Dynamics Structure Dynamics

X
Fixed parameters

|
|
|
|
I
U™ OF* 0G* OH" | on*
~DU* :S* | ~ * * ok *x pk —
o7 +w + 5 + 9y + o i . +oDn "+ A"+ R fF =0
1 | 1
I
|
U f Ry (Moo Bewon(@y, 6r r € LR).E) =0 | 01 4R (M.T K. f(U).V.0) = 0
an IEEs=soEm=== = 67-3 R T LR
§§§ | F§§§
¥, } A
I
|
|
|

Compact form: ]—'( f. n(G, ¢, r€[1,R]), V, cD) =0

:

Assume both flow and structural vibrations share
the same frequency, i.e. frequency “lock-in”
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Flowchart of the One-Shot Method

nitialize CFD & CSD Solver

— ———> f°d =cCsD

‘l' Prescribed g, & ¢
March forward CSD [---------------

Prescribed V & ¢

Correct phase + Correct phase difference |

difference in """ : : & amplitude ratio in v

! D

Prescribed Velocity = 7 =>CFD = = Prescribed Amplitude
Update unsteady grids

v

March forward CFD [---------------

Prescribed V & ¢

Update @ Update @ & V
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Computational Aeroelasticity
Results

1-DOF VIV
2-DOF Pitch-Plunge Airfoils
AGARD 445.6 Wing
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One-Shot Aeroelastic Results
1-DOF Vortex Induced Vibration (VIV)

> Elastically Supported Circular Cylinder in Two-Dimensional Laminar Cross-Flow

!

+h
U oo
K Th

mph + Thh + Kph = qoo DsC

Anagnostopoulos and Bearman (1996)

> Vortex shedding remains 2D and laminar
Rey, < 18C

> Strouhal frequency is used
St=w/2n

» Constant damping and linear elasticity
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One-Shot Aeroelastic Results
1-DOF Vortex Induced Vibration (VIV)

» Case 1: Re,, = 11C

> Sweep over the Reynolds number
and determine the LCO conditions
(amplitude/frequency) of the
system using the one-shot

approach
0.8 T T T T T T T T T I
- %—x Anagnostopoulos and Bearman, Exp. (1973) g
0.7- @—& Besem et al., HB/LCO (2016) =
- &—o One-shot, increasing Re
0.6 — << One-shot, decreasing Re —
K L _
2 05
o
£ o4
2
S 03
C
3
o o2
0.1
0.04<€ D
90.0 ' 100.0 ' 110.0 ' 120.0 ' 130.0 ' 140.0 ' 150.0

Reynolds Number
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Aeroelastic Results
2-DOF Pitch-Plunge Airfoil

h
D

o

Elastic Axis

Mass Center

Mid Chord
Mean Position

Static equation: Kol — ) = ¢ooc?sCinc

mph + Soci + Thh + Kph = —(oosC

Unsteady equations: S i 4 Toi+ T+ Koo = Goa25C,

LCO, Schewe and Deyhle (1996) Flutter, Isogai (1979,1981)

airfoil geometry supercritical NLR 7301 symmetric NACA 64A010
plunging mass-wing mass ratio, mp/mg  5.729 1.0

elastic axis position, e 0.25 -0.5

airfoil static unbalance, x, 0.555 1.8

radius of gyration (squared), 2 0.822 3.48

natural frequency ratio, wp /W, 1.83 1.0

plunge damping coefficient, (j, 0.0175 0.0

pitch damping coefficient, (, 0.00411 0.0

mass ratio, p 172.0 60.0

freestream Mach number, Ma, 0.75 multiple Mach numbers
flow condition viscous & turbulent inviscid
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Aeroelastic Results

=—= One-shot, prescribed ¥ ]
G—6 One-shot, prescribed a, ]
4--A HB/LCO, prescribed a, ]

X  Flutter onset point 2

3.00 3.20

Reduced Velocity, ¥
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Computational Efficiency

2-DOF NLR 7301 Airfoil e e e
L —— Time-accurate, At = 0.05
_ 3F ]
age ~ I
» Stable LCO condition |V = 3.9 S ,
£
S off b
Compared to the HB/LCO method: g |
a .
0.0 L B e 2
I i Z 2f ]
.. 7 o
E? - —— One-shot, prescribed ¥ i & 3F —
%, 50 ---- One-shot, prescribed a, ) %7 L ‘ ‘ | | |
c . — i -0 2.0x10°  4.0x10° 6.0x10°  8.0x10° 1.0x10° 1.2x10°  1.4x10°
B [ e T HBLCO, prescribed «, CPU Time (Seconds
8 .
= h I
o -10.0 T O _IQne-shot
— e — — Ti - te
@ . [ \. Ime-accurate
g 0.5+ N _
e} -] -
§)-15.o >
\W § |
1 1 1 1 I 1 II 1 1 I 1 1 1 g 0-077 ]
0.0 1.0x10° ° ° 2
CPU Time (SecoW S
n_ L
.05— —
Time-accurate results -~ . . . . .

Pitching Displacement - o (deg)
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Aeroelastic Results
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Aeroelastic Results
Flutter Prediction for AGARD 445.6 Wing

Mode 1 (first bending) - 9.6 Hz Mode 2 (first torsion) - 38.1 Hz

Yates (1963, 1985)

Mode 3 (second bending) - 50.7 Hz Mode 4 (second torsion) - 98.5 Hz
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Aeroelastic Results
Flutter Prediction for AGARD 445.6 Wing

77 7 07—
F O—© Yates, Exp. (1963) 1 I O—© Yates, Exp. (1963) 1
_ | &8 One-shot results ] & o8 O£ One-shot results E
> 06 &< Lee-Rausch and Batina (1995) - < &—< Lee-Rausch and Batina (1995) ]
> | & Thomas etal. (2002) ] g [ oaa 'II_'lhomas ettali ((22%c127)) ]
'S || v—v Howison et al. (2017) 1 . . o o7[ v—v Howisonetal. b
S os|- ] Validation of g ]
= L ] > [ ]
g I < One-shot S oo |
T o4l 2 3 1
3 ] Method § ool ]
o r ] “t ]
S [ ] v r ]
Tt ! £ o4l ]
. . v vy ] L L j

0'%‘4 0.6 0.8 1.0 1.2 0%4 1.2

Freestream Mach Number Freestream Mach Number
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=06l O—H One-shotinviscid results N g° o8 O—1 One-shot inviscid results .
v One-shot viscous results ] s Vv One-shot viscous reS.uItS 1
£ [ & Lee-Rausch and Batina (1996) i . ook © Lee-Rausch and Batina (1996) ]
8 o ] Comparison g 7 ]

2 o5 o
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Aeroelastic Results
Flutter Prediction for AGARD 445.6 Wing

Comparison of Inviscid and Viscous Surface Pressure Distributions

My, = 0.960, Inviscid My, = 0.960, Viscous My, = 1.141, Inviscid My, = 1.141, Viscous
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Aeroelastic Results
Flutter Prediction for AGARD 445.6 Wing

LCO response M., =0.960, g, = 0.01

I-nzﬁ | D25
02 0.2
Wi 0.15 “' D16
¢ I a1 eyl I-m
.09 0.0%
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Aerodynamic Design Optimization
Introduction
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Aerodynamic Design Optimization

» Computational Fluid Dynamics (CFD): . “"DNs

O Low-Fidelity: Blade-Element-Momentum @ I;ii

O Moderate-Fidelity: Euler and Navier-Stokes Solvers S ﬁsﬂﬂ“

o High-Fidelity: (U)RANS Solvers, DES, LES, DNS E Q‘ﬂs)
(-
S| (Bem

> Design Optimization: —

O Non-Gradient-Based ity

O Evolution Strategies, Genetic Algorithms, Random
Search

- Repeated cost function evaluations

“evolved antenna” for 2006 NASA FPA A s SO

. ST5 spacecraft designed using an WEE o N \

O @Gradient-Based evolutionary algorithm |

O lterative solution of nonlinear programming
problems

- Faster convergence (less design cycles)
- Sensitivity (gradient) information is required

J "
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Aerodynamic Design Optimization

- Grid-Transparent Unstructured Parallel Solver

- Reynolds-Averaged Navier-Stokes (RANS) Eqn’s +
S-A Turbulence and B-C Transition Models

- Steady, Time-Accurate, Time-Periodic (HB)

- Fast and Fully-Automated Discrete Adjoint Sensitivity Analysis
- Operator-Overloading Technique with OOP

- Computationally and Memory Efficient

- Easy Implementation into any Solver

UNPAC
Design Optimization
Framework

UNPAC-DOF

v
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1) UNPAC Solver

i

Governing Equations o 2 . 5%
» Reynolds-Averaged Navier-Stokes Equations: E f U dv -I—f [ e n] dS = [ Q) dV
v av v

where - _ - - - - - o
fils 0 { Continuity
Conservation Variables . gy e
(7 0. pE ~]T puV + p n, Ty TR O fex x-Momentum
= P, PV, PL, PV A T -
s wV +p e " Toy - T - ¥ -Momentum
F=]|f ¥ B=| ™ (- Pley y
eV + p o, Tey o T £fe.z z-Momentum
pHV & - i ;}_f: - Energy
|V T [ 1 Spalart-Allmaras
Convective Flux Viscous Flux Source Terms

Flux-Difference Splitting (Roe scheme) Central Averaging (2™ order) Volumetric (nodal)
1t order & 2™ order (Corrected face averaging of External forces defined by “Coriolis” and
(w/ Venkatakrishnan’s limiter function) gradients) “Centrifugal” terms for RFR

1 u] .o
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2) FDOT Toolbox

Operator-Overloading and OOP

» Overloading operators:

O Considering
y = x1 cos(xa)

O Recording “expression tree” @ indices of x, & x,
. OPT_MUL
index of x,
OPT_COS

-
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2) FDOT Toolbox

Operator-Overloading and OOP

» Overloading operators:

O Considering
y = 71 cos(z2)

indices of x, & x,

O Recording “expression tree” Q
OPT_MUL

index of x,
OPT_COS

» Primal and Adjoint Operations

| 1 v" In the forward (primal) pass, the

\ J; = expression tree, that includes all
. \ = 52 = Falen) \ operations, is recorded to the
Primal , ¥ Adjoint “tape”
(CFD) & }% w4 = falzs) \ Solver
Solver | . r v" In the reverse (adjoint) pass, the
| = folas) \ recorded tape is rewound and
S\ ‘ fz Im = fr(zs) \ sensitivities/gradients are
i

evaluated.
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2) FDOT Toolbox

Operator-Overloading and OOP

» Overloading operators:

O Considering
y = 71 cos(z2)

O Recording “expression tree” @ indices of x, & x
. OPT_MUL
index of x,
OPT_COS
» Minimal changes need to be made
in order to convert the primal code to Pseudo-code: Nozzle Flow Solver (adjoint code)
the adjoint code: 1| eall start up
2 call mesh
3 call load_fully_converged_salution
. @ call FLDOT _set_iterative_soln_input (0]
Pseudo-code: Nozzle Flow Solver (primal code) 5 call FDOT set checkpolnt
L
1 call Startc_up 7 da iter = 1,1
4 call mesh e : B call cne_iteration
3 call flow _initialization 4 | eall FDOT_set_iterative_soln_output(Q) |
4 10| end do
3 do iter = 1, max_iter i1
B PALL- okl teration 12| [ call FLOT_set_checkpoint )
¥ end do 13 oall cost_functlon
4 14 call FOoT_=et_objective (1)
9 call cost_function 15 call FDOT_evaluate_adjoints

o ". THE UNIVERSITY OF

TENNESSEE i §

KNOXVILLE




2) FDOT Toolbox

Implementation
> FDOT Toolbox Module:
O Module is included in source codes

CFD Solver
(Primal)

FDOT
Toolbox

O Real variables are replaced by AReal type
O Nominal solver is run and the

s ”n . H i h i 4':||
fully-converged SOIUuon IS used to '[J-l't'!F]'!]'l'.'I{'E‘.‘_"Eiillg PI".LIltL’I'HTI“"" Eﬂ IJIE""iH‘T“-t ives ,E
initiate the adjoint solver IS . g ) =
(GFD ersion) : abH 15

Q o o o ” o ] Mmerablions e !HLHH i J - ; 3 m
.Usmg-a checkpointing fu nction, the Ulx") - oPD feration | &5 1 [AD iterations o
iterative part of the tape is marked —_— : < 3 =
q . =
Iterative variables are flagged - T e 1
prst-processing post-iterative post-iterative -"1'1:

O Adjoint of the cost function is set to unity

with all others initialized by zero

O “Tape evaluation” function is called |

O Djeddi, R., and Ekici, K.. "FDOT: A Fast, memory-efficient
and automated approach for Discrete adjoint sensitivity
analysis using the Operator overloading Technique."
Aerospace Science and Technology 91 (2019): 159-174.
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3) UNPAC-DOF

UNPAC-AD

» UNPAC Adjoint Solver:
O UNPAC solver coupled with the FDOT toolbox

UNPAC-OPT

» Optimizer Program:
O Unbounded and Bound Constrained Optimization

O L-BFGS-B Optimizer: o Objectives:

min f{F) U Drag (Minimize)
. S O Lift (Maximize)
subject to IS E=<1 Q Lift/Drag (Maximize)

Shape Deformation/Parameterization

» Surface Grid Points:
O Smoothing process applied to surface perturbations
» Free-Form Deformation (FFD) Box:

Agy =27

m

MNeh,
Al + z e |Axl — Axy] = Axy

=1

Nl NJ NK _ A+ Ar
x, =33 Y BY(&) B (n,) BY¥(C) xep | Bpls)=Cps"1—s)" "

i=[) y=1 k=]
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3) UNPAC-DOF

UNPAC-DOF n' e ”“PMLDGF\“;

> Wrapper Program: I NgTT <
o Couples the UNPAC, UNPAC-AD, ‘ L

|r|ir|irr|i:-':ﬂ'|':'

and UNPAC-OPT programs e o s s . S =
©  Written in Modern Fortran l
: EE TR T pre-lterative | g E [erat i s g @
s m\ =Y =
O Uses “bash scripting” to organize | N I = 0 Ei
solution files and folders at each €I il mm of ) hEﬂE rAD ild'ml:'m-:u-: E il I||||||||I|-.II
de5|gn CyC|e LrE™) E"F“I'.I '.h'“'ru1|n|'|J "g: \ 'J e fEm WEY
Pt~ T ek peiskiafrnd lvn 1| post-iterative "I:I' ) - ’ 5
5 - ' - OptiTniseT
O Applies a pseudo-Laplacian to ' '
smooth surface perturbations w @
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Aerodynamic Design
Optimization Results

NACAO0012 Airfoil
ONERA M6 Wing
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Design Optimization Results

NACA0012 Airfoil Subject to Inviscid Transonic Flow
» Drag Minimization:

© M=0.8,AcA=1.25deg

O  “Surface Points” used as DV’s for deformation

‘ ; 15
— Original
0.2 -- Optimized - > -1
1 g
0
g 05
[
Q
o
4 0
3
A
<
% 0.5 — Original
8 —- Optimized
t©
]
-0.2 - 0 1
! ! ! ! 15 ! ‘ ! ‘ !
0 0.2 0.4 0.6 0.8 1 04 0.6 0.8
x/C x/C
0.025— T T T
0.4 0.4
L Unsmoothed Smoothed 0.02- -
L Perturbations Perturbations
0.2 0.2 [=}
[ L o
| o g’ 0.015+ 7
ok 1T T AR e 0 3 96% reduction!
I r L
i i 5 0.01-
02 0.2 3
i [
i [ 0.005
0.4 0.4 0.005
L1 1 1 L 1 1 1
0 0.2 0.4 06 0.8 1 0 02 0.4 06 0.8 1
X X 0

2 4 6 8 10 12 14 16 18 20
Design Cycles
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Design Optimization Results

NACAO0012 Airfoil Subject to Inviscid Transonic Flow
» Drag Minimization:

O M=0.8,AcA=1.25deg

O  “2D FFD Box” used for shape parameterization

— Lrgny

p

aiiinse---

Surface Pressure Coefficient, C

a8

¥ Optimized

=
=
@

96% reduction!

oot

‘Dol Funclion, -I:ll:

;
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Design Optimization Results
NACA0012 Airfoil Subject to Inviscid Transonic Flow

» Drag Minimization:
O M=0.8,AcA=1.25deg

O Comparison of Shape Parameterization Results

o

| ERREEEN
EEAETINEis

T T
; — Original 1
05k - - Optimized (Surlace Points) |
s—= Optimized (FFD Bax)

i

Drigieal
== Cjfiricied |Buruco Poin)
s+ Cipfimiend |FFD Baz)

J

L
e

11—
L)
gt

DG

nJm

D00 -

1

| II:
L]
Fa
e
v
48
e
al

I il

i : i 1 : 3
% Z £ & ] 1 €2 14 18 18 20
Deipn Cyckes
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Design Optimization Results
NACA0012 Airfoil Subject to Inviscid Transonic Flow

» Drag Minimization:
O M=0.8, AcA=1.25deg
O Comparison of Shape Parameterization Results

T 1

|

W

45

1 T
— Criginal
-- Oplimized (Surlace Points) |
s~= Opimized (FFD Bax)

%
Geometry Cp Reduction . /c  Reduction
Original 2.1638E-2 - 0.120 -
Optimized (Surface Points)  9.1755E-4  95.7% 0.093 22.5%
Optimized (FFFD Box) B.T265E-4 095.9% 0.115 4.2%,

Memory Footprint:
Adjoint Solver -> 800 Mbytes
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Design Optimization Results

ONERA M6 Wing

» Drag Minimization:

O Based on ONERA D airfoil section (10% t/c)
O 30 degree sweep angle

O Aspect Ratio = 3.8, Taper Ratio = 0.562

O M =0.8395, AoA =3.06 deg

~39K
triangles

" FFD Box
11x9x2
Control Points

=
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Design Optimization Results

ONERA M6 Wing
» Drag Minimization:
O M =0.8395, AoA =3.06 deg

154 o Egpeimn i 5 & Beparmant

= URPAC - Dogrnal — UMPAL - Ciginal

aurfoce Fssine Costtoers,

Sirface Prassure Losticlen: &,
Burinos Prossony Coalhoont, '-q,

os-
-t
EICE
A il 1 - S W T - | I ISP T I R —
u TAr N4 0f& of | 0 ©F 04 08 0n | 0 02 0d. &6 [DA |
=0 = F1
Lpl AR mpam thl 4 apan ) 65T mpam
2 2
_15! O Mapenmen a 18- 0 Lspsnmen g O Nupewireeni
o — LINPAL - Criginel u — LNPAL - Origingl g — UNPAE - Crigival
i i :
i 4 &
E naf 3 ak 5
[ T S DY,
= g I T | I
] | i 3 |Popmora: €l 08 O OT 6B OB 1 11 1R AY N4 0S|
; .n:i- .E o8 E
i
e | ISP P SN P DA 'Y SN NN (NS S T R | | U T IS S NI (M §
=] 0F o4 00 ‘na 1 I':‘ nZ &4 Q6 0B 1 n n2 o4 of [ I
(1) (1 H [t
|l &IV, apan (] TR mpoas (11 A, apan
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Design Optimization Results

ONERA M6 Wing
» Drag Minimization:
O M =0.8395, AoA =3.06 deg

Geometry Cp Reduction

Original  1.1734E-2 -
Optimized  8.4601E-3 27.9%

2 T T 2 T T T ] T T
a | mmE
- — Liigm - - -
3 5.5 i3 15 5 18
5 i 5
: ; f : 1 nan
E = E I.‘F
[ 4] i A
§. 5 a6 g a5 é
B = 2 g oo 28% reduction!
[ . g Loy iZ
— i 3 E —
- - | Ty
n oA L 1. 0005
=k i J -y L] e | — ] L — .
i k2 O£ 08 OF t ] G2 o4 OB 08 1 i G2 &4 OB OA 1
e W G i g T 15 ] 25 %)
Crmagn Cryclem
fab 805 HpHLR b I BT |} W5 s
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Design Optimization Results

ONERA M6 Wing
» Drag Minimization:
O M =0.8395, AoA =3.06 deg

. b . A . A . A

Geometry C'p Reduction

Original 1.1T34E-2 -
Optimized 8.4601E-3 27.9%

Memory Footprint:
Adjoint Solver -> 14.1 Ghytes
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Machine Learning and Neural Networks
For Unsteady Flow Predictions
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Machine Learning (ML)
Artificial Neural Networks (ANN)

Artificial Intelligence Based on ML/ANN

» Multi-Layer Perceptron Network 0C  0C  Of(zn41) Ozpsr 0X, / )
95 O omy) mnn X, 7y Ot (Wnia)(f(zn)) = On

0C  9C  3f(zns1) Dzan
80 8wn+1 8f(Zn+1) 8Zn+1 8wn+1

- n~|—1Xn

Predicting
transient lift
coefficient, C,




Machine Learning (ML)
Artificial Neural Networks (ANN)

Artificial Intelligence Based on ML/ANN

» Problem Formulation: Ow N Ow O Ow 1. 0w Pw  Pw Ow  Ow
E‘Fj(a—na—g—a—ga—n) ( o +278£8 ﬁ +P8_§ Q—)
9% 9% 8% N Oy

aa€2+ 9Eam —I—ﬁ 8§+Q8_77:_w

Governing Eqn’s:

Rotationally oscillating cylinder in cross-flow:

T I l ' '
08 x X x x5 X x 7
(@]
x x X X e x X
a“‘ c
= 0.6~ x x x x 9 x X ;
) g (!
& 3 P = =
2 - (e e s
qh') 2 5 P#'x .‘ B
o B i 1 | i —
L;’ 0.4 O ) L% T - h%:-.‘__"_‘ o =
£ i el '
g O O c - .
kg S 4
0.2 @ O & =
o
—
(@) (@)
(@) O
0 | | X. | T___—I__n__'
0 0.5 1 15 2 25 3 Choi et al. 2002

Rotational Velocity, Q
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Machine Learning (ML) —

Artificial Neural Networks:.. - = ‘. :7
Artificial Intelligence Based on ML/ANN ol &

I-I-0.2 g O % -
> Flow Prediction Results: i e___S.___|

A N A N A Lock-In and Non-Lock—In Regions
0 6 S O O R L Predicted Using ML
- 1 “Lock-in case” e e
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P v b N s R R = o R R A e T T - T
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Conclusion

Summary
Future Works
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Summary: Computational Aeroelasticity

> A novel dynamic aeroelastic solution approach, called the One-shot

method, is developed, which features the following advantages:

M High efficiency and robustness
Both flow and structure solvers converge simultaneously, and numerical
convergence is ensured for a wide range of initial guesses

M DOF-independent computational cost

M Free from time-synchronization
Both flow and structure solvers preserve relative independence while being
coupled in pseudo-time, which greatly improves the efficiency

M Flexible inputs
Prescribe either aerodynamic parameter (velocity) or structure parameter
(amplitude) as the input; Capacity of resolving both benign and detrimental
types of LCO, and flutter onset point using one solver
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Summary: Computational Aeroelasticity

M Frequency (and Velocity) search procedure
Determine self-excited flutter and LCO;

M Implicit CSD solver
Significantly reduces the artificial energy at interface of CFD and CSD
solvers, and stabilizes the coupled aeroelastic solver;

M Easy implementation
Partitioned code-coupling can be done based on off-the-shelf standalone
solvers; No dynamic mesh technique is needed, and no Jacobian terms are
involved;

» The One-shot method has been applied to model various aeroelastic
systems. Numerical results show that this new approach can rapidly
predict flutter boundary and different types of LCO responses,

offering a promising tool to solve dynamic aeroelasticity problems

;m THE UNIVERSITY OF

TENNESSEE i §

KNOXVILLE



Future Works: Computational Aeroelasticity

}/E;m;f\

Apromaraaelasticty ——

. THE UNIVERSITY OF

" TENNESSEE [ o

KNOXVILLE




Summary: Aerodynamic Design Optimization

O/

O O O O

» Grid-transparent unstructured 2D and 3D compressible RANS solver
UNstructured PArallel Compressible (UNPAC)

» A novel toolbox for sensitivity analysis based on discrete adjoint method:
O Fast automatic Differentiation using Operator-overloading Technique (FDOT)
O Efficient and fully-automated; requiring minimal changes to the primal solver
“* Memory efficient (manageable memory footprint for 2D and 3D cases)

** Computationally efficient (Adjoint/Primal normalized CPU time ~ 2 - 5x

» Design Optimization Framework
UNPAC-DOF Wrapper Program

Performs Gradient-Based Design Optimization
Uses L-BFGS-B Optimizer Program

Unbounded and Bound Constrained Optimization
Surface Points (2D) & FFD Box for Shape
Parameterization/Deformation
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Future Works: Aerodynamic Design Optimization

» Improving the Memory and Computational Efficiency:
O Optimizing the tape recording process for the
expression tree

O Use of recursive patterns for reducing tape size
(will require more changes to be made to the
original solver)

» using directive functions to automize tape
recording without requiring a significant
amount of user intervention

» One-Shot Method for simultaneous solution
of “Primal”, “Adjoint”, and “Design”
problems

J "
‘ﬁ THE UNIVERSITY OF T

* TENNESSEE

KNOXVILLE






—

i

= b W ﬂu i
o e HEEE S
W

T

e

r|rEi-

i

1L




Validation & Verification
Results

RAE “A” Wing-Body Configuration
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Aeroelastic Results
1-DOF Vortex Induced Vibration (VIV)

Frequency Ratio

> Sweep over Reynolds number

16 T | T | T | T | T | T

" &—© Anagnostopoulos and Bearman, increasing Re (1973) |
1'5__ =—8 Anagnostopoulos and Bearman, decreasing Re (1973)
JaL OO One-shot, increasing Re

<+—< One-shot, decreasing Re
13- +—+ Ratio for St of stationary cylinder

1.2
1.1

1.0p--------- :

0.
§0.0 100.0 110.0 120.0 130.0 140.0
Reynolds Numbqr

\ J
!

Resonance
“Lock-in” of three frequencies: Wy v, Wyorters

Wh

Plunging Amplitude

05—
0.4 I
0.3 I
0.2 I

0.1

0.Ki<keee

T T T T T T

- %—x Anagnostopoulos and Bearman, Exp. (1973) | E

0.7~ —& Besem et al., HB/LCO (2016)
- O0—o One-shot, increasing Re

0.6 — <+ One-shot, decreasing Re

“‘unstable” -
branch

90.0

Plunging Amplitude

100.0

110.0 120.0
Reynolds Number

| . .
130.0 140.0 150.0

Overlapped lock-in region
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"‘-1
1.II..n'.‘

W2

>
Frequency
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Results

ion

t

ica

if

RAE “A” Wing-Body Configuration (AGARD-AR-

> M=0.9, AoA
» RAE “A” Wing:

idation & Ver

Val
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138, Case 6)

36.7 deg
22.3 deg
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0.375
O RAE 101 symmetrical airfoils (untwisted)

» Unstructured Grid

=55
O L.E. Sweep Angle

O T.E. Sweep Angle
O Taper ratio
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Validation & Verification Results
RAE “A” Wing-Body Configuration (AGARD-AR-138, Case 6)

» Mach number and Pressure Contours

MACH: 0.1 02 0.3 0.4 05 0.6 07 08 08 1 1.1 12 : i |

P DBO70DBDS 1 11121314 15
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Validation & Verification Results
RAE “A” Wing-Body Configuration (AGARD-AR-138, Case 6)

> Pressure Coefficients at Various Spanwise Location Along the Wing

o Exgmorisnt o Esparidianl
oy — UKF&C 0% — LMPAC
0 7hE- 2.
g oH 1 L nz =1} o 2 na

o4 on =X ] na nd ]
K Tewmrididnal Langth, = Py Dhrareiniran| Langih, off Hen-Dimpegioned Lmgth, <C

(&) 25% span (b) 40% span

fe) G006 span

o
a.mf- o B

o Lapeemant
o — NP
A3 i i - - i i - F.} I " 3
i} na T4 it} [+F I 1] ha a4 ik} [+18] 1 1} na2 a4 I8} =] i
Mor Dimersonal Lang, i Hi: Derandeonad Lirgin, wiT Hon- Dimarreon Longin 29
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Validation & Verification Results
RAE “A” Wing-Body Configuration (AGARD-AR-138, Case 6)

» Pressure Coefficients Distributions for 2 Longitudinal Sections along the body

el

¢ = 90 degree
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ROM-Based Convergence
Acceleration
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ROM-Based Convergence
Acceleration

ROM-Based Convergence Acceleration

» Model Reduction:
r:u w gt l (fbf) +¢TJ@(:]}§) — 0 where [/ =df

T+l 7T ST — —
> Update formula: U™ =U"+ R(U) R(U7) = AU —
Assumption
[ 3
o Correlation-Based Approach
=
o
o | I af
8 = = |lh e ... Tu r?|lr|.-_'|-ﬂ'1-:‘|l = z [?lil = 'E
J b
E e Covariance-Based Approach
= 1 O TEm=aL_
Bl a e = I -8 -
3 = = l = = | = - = ;'?F'""-i”"l"nl = 4'{' + r.' e 1_I' ]
__J?T_J_-',__.!.:._._.I il — = -0 Ug- ... Uu-U ol
| | =l
W owf fr-lrnr'inn-?

"4 THE UNIVERSITY OF

TENNESSEE i §

KNOXVILLE




ROM-Based Convergence
Acceleration

Inviscid Transonic Flow Past NACA0012 Airfoil

» ROM-Based Convergence Acceleration:

O Covariance-based approach
© 10, 20, 40, and 80 solution snapshots used for projections (over a span of 2000 iterations)

O  Process lagged by 1000 iterations (2 orders of magnitude drop in residual)

-4
— No Acceleration
6 0 Snaps - 200 - 2K (Lagged 1K) Case Settings
<1w,\_ Bl 20 Snaps - 100 - 2K (Lagged 1K)
8 <1,“\ - 0 Snaps - 50 - 2K (Lagged 1K) MOO =0.8
q 80 Snaps - 25 - 2K (Lagged 1K)
a = 1.25 deg

L2 Norm of Total Residuals - Log, ,

Reductions in Iterations and CPU Time

. 3 Teat Iterations | Redoction | CPU time (5] | Redoction
No. of Iterations x 10 - : -
Mo Acceleration 14,204 o 215.58 -
10 - 200 - 2K (L-1K)® 12,530 13.21% 18R 12.75%
20- 100 - 2K (L-1K) 10,451 20.86% 154,064 28,27%
40 - 50 - 2K (L-1K) 5,659 41.61% 131.59 38.96%
&) - 25-2K (L-1K) 5,THS G1.15% 493.28 i, T3%

* 10 snapshots every 200 iterations during a evele of 2000 itrs. and lagsed by

1,00K) itrs
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Adaptive Mesh Redistribution (AMR)

r-Adaptive Mesh Redistribution (AMR)

» Ball-Vertex Approach (Spring Analogy): >—‘ - ?ﬂﬂl‘
© Node relocation to have clustering around regions of

large flow gradients F; = K;Ax;

O Hook’s law: @/
. 1

Force field: combination of gradient & curvature forces acting on the two end nodes

5000, ( k\
Baseline Grid Solution Field Adapted Grid
i
\Mesh Entanglement‘
. — TEW —obd ;. AT
> Local relaxation: T = E Ay A
"" LI il o _.l
. ﬁ_lh | ]f |!ﬁ-|r" = '}lL'l.nliu
% Boundary Correction: where  wy = Jink
J7.\"l.l||||l- orerion _ I:. = |:-1-_'j. - Ii] II;. ]. I.JT|1'['I"'.'I.'I:1I'
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Adaptive Mesh Redistribution (AMR)

Inviscid Transonic Flow Past NACA0012 Airfoil Case Settings
» r-Adaptive Mesh Redistribution (AMR): Mo =08

O Convergence and Errors
a = 1.25 deg

— Baseline Grid
— Fully-Refined Grid

— r-Adapted Grid

&

&

4
o

1

L
N

Baseline Grid

L2 Norm of Total Residual (Log, )

-14
\ \ \ \ \
i 60 5000 10000 15000 20000 25000 30000
No. of lterations
Lift and Drag Predictions
Cirwd i, HI:'[EI Error [relagives LT Ermor  Error (rel.) Computational Cost
Yano & Darmedal [217] 03514640 z - 0.2 262 - - = i TP Time [s) Nonoaiecsd CPU Thane
J"II”:I"RI'l.IIIH:I lI':I-'nffI".'Iil |:|_u'|.|l.!{ - (IR L] R.R-’l'.:{ - Bﬂ"’."".".l!' 1558 1.0
Basoline 020 (L0 1AREYE (L2445 AP0 408 Fullv« Bl AT 0,45
renclnpind [AMBR) o450 (ed's i, 311, VLK T Wiy 2 'F-Br.‘ln.l:l.lﬁd {AMR} a6, 27 1.42
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Adaptive Mesh Redistribution (AMR)

AGARD-702 CT5 Case /~ CaseSettings

> Inviscid Periodic Flow: Moo = 0.755
O  Unstructured Grid: ag = 0.016 deg
Nodes = 5,233 ap = 2.51 deg
Cells =10,216 \ k =0.0814 J
O Harmonic Balance Method 0

— Time Accurate (Da Ronch et al.) o s C‘ — Time Accurate (Da Ronch et al. )
B UNPAC - NH5 /{ 0.02 O UNPAC - NH5

m

O UNPAC - NH7

- Bl UNPAC - NH7 o C
O 0.2 / o 5
c ©
Q =4
5 (] 5 0.01 =
& o
3 / 8
0.5 S § / o £
> g © o £, |
g - s
s 5 z
g Zeroth 3 3
2 Harmonic 50 Oﬂ/ / ] £ o1 -
T 05 of Surface 6.0 o
5 — Time Accurate > o B~ L
N IIUNPAC - NH7 Pressure 0 , , , , , . | . | . | . | . | .
E o o 2 -1 0 1 2 -3 -2 -1 0 1 2 3
Angle of Attack [deg] Angle of Attack [deg]
1 ‘ ‘ ‘
0 0.2 0.4 0.6 0.8 T :
xIC Mesh Motion Unsteady Mach number contours
—_ 0.4[ 5 L
g
E
2 o2k i o ™ o
g Jeere e °\q First . .
> &8 omgounuuuuguuaaam Harmonic Sine Motion about
5 5 ¢, 8o00ns6a0a0 of Surface 25%-chord pitching
5 9,550, 4 o nd Pressure .
E -0.2 > 005" — Real(-Cp) - DaRonch etal. ® axis
f I 'mag(-Cp) - Da Ronch et al.
@ i Real(-Cp) - UNPAC
it o
T '0'4r Imag(-Cp) - UNPAC
0 02 0.4 06 08 T
XIC
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Adaptive Mesh Redistribution (AMR)

AGARD-702 CT5 Case

» r-Adaptive Mesh Redistribution (AMR): Baseline Grid
O Baseline grid:
Nodes = 1,837
Cells = 3,542 AT
O Fully-refined grid: Sk
Nodes = 5,233
Cells =10,216

S

AN [
&

VLY.
3
mon

Fully-refined Grid

Computational Fluid Dynamics Lab, MABE Department

( Case Settings \

Mo, = 0.755
ap = 0.016 deg
ap = 2.51 deg
\_ k = 0.0814 J

r-Adapted Grid at various
sub-time levels
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Adaptive Mesh Redistribution (AMR)

AGARD-702 CT5 Case

> r-Adaptive Mesh Redistribution (AMR):

O Significant improvements

in numerical accuracy at a fraction

of the computational cost

L2 Norm of Errors in C, and C,,

Coefficient  Baseline Grid - r-Adagted Crid
£ -2 BTEMGG =0, TH2TAS
I =1 99287 =5 EEEE

P.I-I‘ h#
STy

ol )
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B £ e e
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Computational Fluid Dynamics Lab, MABE Department
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( Case Settings \

Mo, = 0.755
ap = 0.016 deg
ap = 2.51 deg

\_ k = 0.0814 J

Computational Cost Comparison

Gl CP Timao 18] Musrmalized CPL Tim
Baslive LTdE ] L
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