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Introduction: Motivation

Motivation

ü The system involving multi-physics is difficult to analyze with high fidelity analysis.

ü For example, difficulties associated with simulation of helicopter flight

ÅAerodynamic challenges: Complexity of unsteady and vortical air flows

ÅStructural dynamic challenges: Long and flexible rotor blades

ÅCoupled physics of aerodynamics and structures

Objective

ü Develop an accurate but efficient analysis and design method for rotor blade.

Source: https://qph.ec.quoracdn.net/main-qimg-85267c6f4bb30dfa7bd5

e86ba427fa8f-c?convert_to_webp=true
Source: https://en.wikipedia.org/wiki/File:UH-60_2nd_Squadron,_2nd_Cavalry_Regiment_(cropped).jpg
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Introduction: Literature Review

Literature Review for Rotor Design

ü A comprehensive rotor design code

ÅCAMRAD (NASA Ames Research Center / U.S. Army, 1980)

ï Lifting-line theory, Lifting-surface theory

ÅCAMRADII (Johnson Aeronautics,1994)

ÅUMARC (University of Maryland, 1990)

ï FEM formulation + Quasi-steady 2-D strip theory

ü CFD/CA coupling

ÅCAMRAD II, RCAS and UMARC started to include main rotor 3D-CFD coupling. (in 2000s)

ÅHybrid solver: OVERFLOW + CHARM (by CDI, 2016)

Smith, Marilyn J., et al. "An assessment of CFD/CSD prediction state-of-th

e-art using the HART II international workshop data." 68th Annual Forum of 

the American Helicopter Society, Ft. Worth, TX. 2012.
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Introduction: Contributions

Literature Review

ü Adjoint-based shape optimization for static aeroelastic problem

ÅKenway, Kennedy and Martins (U.Mich, 2014)

ü Time Accurate approach with unsteady adjoint-based shape optimization of rotor (Dynamic FSI problem)

ÅMishra, Mani and Mavriplis (Wyoming University, 2014)

Å 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.
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Traditional FSI Approach

Partitioned and Staggered Approach

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

Source: C. Farhat, M. Lesoinne, ñTwo efficient staggered algorithms for the serial and parallel solution of three-dimensional nonlinear transient aeroelastic 

problemsò, Computational Methods in Applied Mechanics and Engineering, Vol. 182, 2000, Pg. 499-515 

Fluid: 

Computational Fluid

Dynamics

(CFD, R(W,x)=0)

Pressure Field

Displacement Field

Structure: 

Finite Element

Method

(FEM, S(U,x)=0)

ὡ : fluid state vector

Ὗ : structural state vector

ὼ: position of grid point

ὖ: fluid pressure

ό : structural displacement

serial staggered 

partitioned approach
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ÅFor collocation method, the equation should be satisfied at each time instance (Fourier collocation point) 

ÅFourier collocation derivative in (physical) time space 

ÅFinal form of the time-spectral equation in a time-domain and steady state ! 
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Time Spectral Formulation (Fluids)
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Time Spectral Formulation (Structures)

Dynamic Structural Analysis

ü Governing equation

ü First order ODE form
●: nodal displacements

ⱶ: azimuth angle (0 ~̄ 360 )̄

ὓ●‪ ὅ‪●‪ ὑ‪●‪ Ὂὼȟὼȟ‪

ώ‪ ὃώ‪ ὄὪ‪

where, ώ‪ , Ὢ‪ , ὃ
π Ὅ
ὓ ὑ ὓ ὅ

, and ὄ
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Time Spectral Formulation (Structures)

Dynamic Structural Analysis using Spectral Formulation

ü State-vector form equation

ώ‪ ὃώ‪ ὄὪ‪

ü Assuming the solution with a Fourier series

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

stepping

‬ώ

‬†
Ὀώ ὃώ "Ὢ π

ώὸ ώ ώ ÃÏÓ‫ὲὸώ ÓÉÎ‫ὲὸ

ώ

ώ‪ Ў‪
ώ‪ ςЎ‪

ể
ώ‪ ς“

where, Ὢ

Ὢ‪ Ў‪
Ὢ‪ ςЎ‪

ể
Ὢ‪ ς“

Spectral Method

× solution approximation

- Trigonometric(Fourier)

- Chebychev

- Legendre

× error minimization

- Galerkin

- Collocation

- Tau

†: pseudo time
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Proposed FSI in Time-Spectral Formulation

Time Spectral form of Governing Equations 

Fluid Equation Structural Equation

ὠ
‬◌◄▼
‬†

ὠⱷ╓◌◄▼ ╡◌◄▼ π ‬◐◄▼
‬†

▼◄◐╓‫ ═◐◄▼ ║█◄▼ π

ύ ύ ύ ύ

ὖ ὖ ὖ

ύ : fluid state vector

ό: structural state vector

ὼ : position of grid point

ὖ : fluid pressure

‏ : structural displacement

Pressure Field

Displacement Field
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TS FSI Validation: Sectional AirloadsComparison (CFD/CSD)
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Sensitivities and Design

Approach: Sensitivity Analysis for unsteady problems.

ü Shape Optimization requires gradient with respect to a large number of design variables.

ü Adjoint Method is extremely handy in such cases

ü Disadvantage: For unsteady problems, physics residuals and adjoint variables need to be stored at each phy

sical time stepĄ Memory and time intensive.

N+1 AeroelasticSimulations

With N design variables

1 Aeroelastic
Solution

1 Adjoint
Solution

+

Finite Difference Method

(FDM)

Adjoint Method

Ὢ ὼ
Ὢὼ Ўὼ Ὢὼ

Ўὼ

‬Ὑ

‬ύ
‗

‬Ὅ
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Coupled Adjoint for Coupled Sensitivity Analysis

Coupled Adjoint Analysis

ü Gradient computation using adjoint method for a coupled FSI problem

ü Objective function: Ὅ Ὅύȟώȟὼȟὦ

ü Total derivative of objective function w.r.t design variables
ὨὍ
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ü State equations for fluid and structural system and their derivatives w.r.t design variables

Fluid:  Ὑύȟώȟὼȟὦ π­ π

Structure:  Ὓύȟώȟὼȟὦ π­ π

ü As the residual derivatives are zero, they can be multiplied with an adjoint vector and added to the objective 

function derivative.

◌ȡfluid state variables
◐ȡstructural state variables
●ȡmesh state variables
╫ȡdesign variables

ⱦȡadjoint vector for flow state
:ꜚ adjoint vector for structural state
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Coupled Adjoint Analysis

ü Rearranging the terms

ü The arbitrary adjoint vector can be chosen to be independent of the derivative of state variables w.r.t. 

the design variables.

ü The adjoint equation to be solved

ü Total derivative of objective function w.r.t. design variables is

R: fluid residuals
S: Structural residuals
◌ȡfluid state variables
◐ȡstructural state variables
●ȡmesh state variables
╫ȡdesign variables
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Design Framework

Source: S. Choi, K. Lee, J.J. Alonso ñHelicopter Rotor Design using a Time Spectral and Adjoint Based Methodò, Journal 

of Aircraft, Vol. 51, No. 2, March-April, 2014, 
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ω At each iteration, new control angles and aeroelasticdeformation sh
ould be provided from the Comprehensive Analysis

ω {ƛƳǇƭƛŦƛŎŀǘƛƻƴǎ ŦƻǊ άŀŜǊƻŘȅƴŀƳƛŎ ŘŜǎƛƎƴέ 
- constant aeroelasticdeformation, and constant shaft angle.
- only two constraints. 

Aero-Only Design at Forward Flight (Flight 8534 of UH-60A)

ω Objective function : reduce Torque (     ).
ω Constraint 1 : same Thrust (     ).
ω Constraint 2 : same or less Drag Force (     ).

ω A total of 4 harmonics (9 time instances) are used
ω Using NPSOL (Nonlinear Programming SOLver).

   

CQ

   

CT

   

CD

Design condition: 
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Design variables 

19

ω Chord lengthand position of leading edge / sweepat 84.7% and 94.2%, 100% = 6

ω Twistangleat the 10 span locations = 10

ω Airfoil camber/thickness changesat 10 locations around airfoil along 9 sections on 
the span (using Hicks-Hennebump functions) = 90 

ω A total of 106design variables chord length, sweep

Twist at 10 radial locations

Example of bump
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Sensitivity Analysis Results

Sensitivity Analysis Results (Aero only)

ü Object Function : Drag
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Sensitivity Analysis Results

Sensitivity Analysis Results (Aero only)

ü Object Function : Lift 1
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