Aerospace Multidisciplinary Design Laboratory

Coupled Adjoint -based Rotor Design using a Fluid Structure
Interaction in Time Spectral Form

Seongim Choil, Hyunsoon Kim?, and Rachit Prasad?

Department of Mechanical Engineering
Gwangju Institute of Science and Technology (GIST)

Virginia Polytechnic Institute and State University W I

1




Contents

. Introduction

II. Fluid-Structure Interaction in Time Spectral Form

lll. Adjoint Sensitivity for Time Spectral Form

V. Sensitivity Analysis Results

V. Conclusions

VIRGINIA
2 TECH




Introduction: Motivation

Motivation
U The system involving multi-physics is difficult to analyze with high fidelity analysis.
U For example, difficulties associated with simulation of helicopter flight
A Aerodynamic challenges: Complexity of unsteady and vortical air flows

A Structural dynamic challenges: Long and flexible rotor blades
A Coupled physics of aerodynamics and structures

Objective
U Develop an accurate but efficient analysis and design method for rotor blade.
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e86ba427fa8f-c?convert_to_webp=true



Introduction: Literature Review

Literature Review for Rotor Design

U A comprehensive rotor design code

A CAMRAD (NASA Ames Research Center / U.S. Army, 1980)
i Lifting-line theory, Lifting-surface theory

A CAMRADII (Johnson Aeronautics,1994)
A UMARC (University of Maryland, 1990)
I FEM formulation + Quasi-steady 2-D strip theory
U CFD/CA coupling
A CAMRAD I, RCAS and UMARC started to include main rotor 3D-CFD coupling. (in 2000s)
A Hybrid solver: OVERFLOW + CHARM (by CDI, 2016)

Partner Partner label CFD Code C5D Code

U.S. Army Aero-flightdynamics Dir. AFDD-1 OVERFLOW CAMRADII

U.S. Army Aero-flightdynamics Dir. AFDD-2 NSU3D-SAMARC RCAS

NASA-Langley NL-1 OVERFLOW CAMRADII

NASA-Langley NL-2 FUN3D CAMRADII

Georgia Institute of Technology GIT-1 FUN3D DYMORE4 ) ) } o

Georia it of Technoogy ~~ GIT2  GENCAS  DYMORE2 ST Marn et n ascessmrtof CFOICSD prdin st ot
Konkuk University KU KFLOW CAMRADII the American Helicopter Society, Ft. Worth, TX. 2012.

University of Maryland UM TURNS UMARC

German Aerospace Center DLR N/A 54
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Introduction: Contributions

Literature Review

U Adjoint-based shape optimization for static aeroelastic problem
A Kenway, Kennedy and Martins (U.Mich, 2014)

U Time Accurate approach with unsteady adjoint-based shape optimization of rotor (Dynamic FSI problem)
A Mishra, Mani and Mauvriplis (Wyoming University, 2014)

A Contributions of th present study
- Time-Spectral form of fluid and structural equations of motion
(steady form of governing equations)
- Steady adjoint formulation for unsteady, dynamic problems in time-spectral form.
- Fluid-structure interface (FSI) and coupled adjoint solution

1. Kenway, Gaetan KW, Graeme J. Kennedy, and Joaquim RRA Martins. "Scalable parallel approach for high-fidelity steady-state aeroelastic
analysis and adjoint derivative computations." AIAA journal 52.5 (2014): 935-951.

2. Mishra, Asitav, et al. "Time-dependent adjoint-based aerodynamic shape optimization applied to helicopter rotors." Rn 3 (2014): 2. VIRGINIA
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Traditional FSI Approach

Partitioned and Staggered Approach

be() B8()eC) O()eC)
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essure Field Structure:

vl iR =0
Computational Fluid I— Finite Element
Dynamics _ _ Method
CFD, R(W,x)=0 Displacement Field (FEM, S(U,x)=0)

U For the unsteady problems, physics of the problem limits the time step

| Xn+e1= Yn Xp+2™ Yo+l

<”’m\> Wa  At/ngg Whi1
w : fluid state vector
"Y : structural state vector
w : position of grid point

0 : fluid pressure

O : structural displacement
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Source: C. Farhat, M. Lesoinne, A Two ef ficient
probl emso, Computationa Met hods in Applied ¥®EBchanics and Engineering, Vol.




Time Spectral Formulation (Fluids)

AFor collocation method, the equation should be satisfied at each time instance (Fourier collocation point)
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Time Spectral Formulation (Structures)

Dynamic Structural Analysis

U Governing equation

Do) OC)e( ) U( )e( ) "Octuh

N ®: nodal displacements
U First order ODE form + : azimuth angle (0~ ~ 360)

O ] and O
0
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Time Spectral Formulation (Structures)

- Spectral Method )

X solution approximation X error minimization

Dynamic Structural Analysis using Spectral Formulation
U State-vector form equation

W) o0d) 67Q - Trigonometric(Fourier) - Galerkin
- Chebychev - Collocation
U Assuming the solution with a Fourier series \_ Legendre - Tau )
W0 W (W A& ow ORIt

U The time derivative can be converted into a Matrix Vector product. It can be solved by applying pseudo-time

stepping
TTLT Ow ow "Q 1 t: pseudo time
wr Y L
where, ® Wl écyf "Q = écyf

or ¢t/ o YiRINiA




Proposed FSI in Time-Spectral Formulation

Time Spectral form of Governing Equations
Pressure Field

—
_

Displacement Field

Fluid Equation Structural Equation

Tt
T
0 0
Fluid _— —— ——
T Subiteration;r "7 ) v
Pk A kT A k+2r s . _
P X K i P 0 : fluid state vector
1 ’ 1 - T < 0 : structural state vector
: 5l Pelel P2 =
LI 6 67 6 : position of grid point
S 4 A P : L .
P U SV ) A : 0 : fluid pressure
R i iy v, 2N + 1 . structural displacement
Structure é“; ’ i“;ﬂ y:+2 - — ) P
u; u; u;

Time-spectral Procedure - Pseudo-time level
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TS FSI Validation: SectiomarloadsComparison (CFD/CSD)

UH-60A
C8534
with 7 harmonics
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Sensitivities and Design

Approach: Sensitivity Analysis for unsteady problems.
U Shape Optimization requires gradient with respect to a large number of design variables.

Finite Difference Method ‘ With N design variables
(FDM) N+1 AeroelasticSimulations

o Yo Qw
Y
U Adjoint Method is extremely handy in such cases

69

Adjoint Method ‘ 1 Aeroelastic 1 Adjoint

Solution Solution
TY O
T 0= TO
U Disadvantage: For unsteady problems, physics residuals and adjoint variables need to be stored at each phy
sical time stepA Memory and time intensive. VIRGINIA
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Coupled Adjoint for Coupled Sensitivity Analysis

Coupled Adjoint Analysis

U Gradient computation using adjoint method for a coupled FSI problem - djluid state variables
«(structural state variables

i Objective function;:"O__"00 huduhio ecimesh state variables
{ddesign variables

U Total derivative of objective function w.r.t design variables
Q0T OT DU T Lw T Tw
Q! OTotTw Td OTd ®
U State equations for fluid and structural system and their derivatives w.r.t design variables
Fluid: 'YOhohy) m- — — —— —— —— T

AV V.

Structure: " YOhtvbo) 7wW- — — —/—4m —— —— T

U As the residual derivatives are zero, they can be multiplied with an adjoint vector and added to the objective
function derivative.

Q0
101 D6 1POIDe ANIYOLYalYdy [WYLYOINAl N
Tol 00 ol o ®o~=\T 0T U0 0o d 'l ' w!? 0 ! ®

¥ dadjoint vector for flow state

. adjoint vector for structural state



Coupled Adjoint for Coupled Sensitivity Analysis

Coupled Adjoint Analysis

U Rearranging the terms

R: fluid residuals

S: Structural residuals
Q0! O 1Y . 1Y 2 dfluid state variables
QO T O=1¢ %00 s «dstructural state variables

egmesh state variables

@ ®
PO Ty x tO 1Y 1o {ddesign variables
_— — = %0_' . . — m %O_r
Trv =T U ! [T w=-T o T

U The arbitrary adjoint vector can be chosen to be indepéndent of the derivative of state variables w.r.t.
the design variables.

U The adjoint equation to be solved

U Total derivative of objective function w.r.t. design variables is
QO O DL T MW !T O0_.1Y T Y
QOT AT T OT OOT O=1 &7 ¢ e A




Design Framework

Aerodynamic Optimization Aero-Structural Optimization

Time Spectral Aeroelastic Solver
| @ o m
Time-spectral Flgw Solver ‘ 7 Vdd—; +VwDw; + R(w)) = 0 < >
@ l Wi, Yj
Discrete Adjoint Solver .
‘ Coupled Adjoint Solver
(R F A Gradient Based P - J Gradient Based
| Y =— Optimization R OR o Optimizer
i ou - ow dy| (A) _ ow i
oS 0S {d)} oo
l v, dl w ay oy
Gradient Sensi%ivi dx 0, b
d’r ﬁe — v
S=—-y [— J S _
a ax Gradient
Sour ce: S Choi K Lee J. J Al onso nHelicopter Rotor De s|i n us‘ziii iIa—l—']?LT-lézﬂui—I—S‘d):)"‘"eé—](‘:ztraI a
of Aircraft, Voi. 51, No. 2, March-A’priI, 2(514, ’ . . P 17 ? dbn:g ob db ab




AercOnly Design at Forward Flight (Flight 8534 -6DA

Design condition:

w At each iteration, new control angles aadroelasticdeformation sh
ould be providedrom the Comprehensive Analysis

W{AYLEAFAOFIAZ2Y & F2NJ alF SNPReéylIYAO RSaAradyé
- constantaeroelastiadeformation andconstant shaft angle
- only two constraints.

w Objective function : reduce Torqu&f ).
w Constraint 1 : same Thrust( ).
w Constraint 2 : same or less Drag Fofgg ().

w A total of 4 harmonics (9 time instangese used
w Using NPSOL (Nonlinear Programnsiay_vey.
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Design variables

w Chord lengtrandposition of leading edge / sweegt 84.7% and 94.2%, 100% = 6
w Twistangleat the 10 span locations = 10

w Airfoil camber/thickness changas 10 locations around airfoil along 9 sections on
the span (using Hickdennebump functions) = 90

w A total of106design variables chord length, sweep

' ] VIRGINIA
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Sensitivity Analysis Results

Sensitivity Analysis Results (Aero only) T
U Object Function : Drag

v 'Y
T [

LYV %

T 0 &

Forward
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Sensitivity Analysis Results

Sensitivity Analysis Results (Aero only)
U Object Function : Lift

Forward
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