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FUNDAMENTAL FSI/AEROELASTIC ISSUES OF LARGE SCALE AIRCRAFT

THE PHYSICAL PHENOMENA OF INTEREST

WING/STORES FLUTTER/LCO OF FIGHTER AIRCRAFT

WING ROCK/LCO and ABRUPT WING STALL OF FIGHTER AIRCRAFT

FLUTTER/LCO OF HIGH ALTITUDE LONG ENDURANCE (HALE) LARGE 
SPAN, HIGHLY FLEXIBLE AIRCRAFT

PANEL FLUTTER/LCO OF SUPERSONIC/HYPERSONIC AIRCRAFT

FOR A BETTER UNDERSTANDING OF THESE PHYSICAL 
PHENOMENA, A NONLINEAR MODEL OF THE FLUID AND/OR STRUCTURE 
IS REQUIRED.
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NONLINEAR AEROELASTIC PHENOMENA ARE NOT NEW!

STALL FLUTTER (TURBOMACHINERY and ROTORCRAFT BLADES)

SEPARATED FLOWS THAT LEAD TO FLUTTER AND LCO HAVE BEEN STUDIED FOR MANY YEARS OFTEN USING 
EMPIRICAL AND HIGHLY SIMPLIFIED AERODYNAMIC (FLUID) MODELS. HOWEVER, MORE RECENT WORK USES 
COMPUTATIONAL FLUID DYNAMIC/STRUCTURAL DYNAMIC (CFD/CSD) MODELS.

SEPARATED FLOW IS THOUGHT TO BE IMPORTANT FOR THE F-16 LCO AS WELL.

PANEL FLUTTER (THIN SKINS OF HIGH SPEED VEHICLES)PANEL FLUTTER (THIN SKINS OF HIGH SPEED VEHICLES)

EARLY MAJOR DIFFERENCES BETWEEN THEORY AND EXPERIMENT WERE EVENTUALLY RESOLVED WHEN IT WAS
REALIZED THAT STRUCTURAL NONLINEARITIES ARE ESSENTIALTO UNDERSTANDING THE PHYSICAL PHENOMENA. 
THE FIRST REPORTED INSTANCE OF PANEL FLUTTER WAS ON THE V-2 ROCKET OF WW II.

ROTORCRAFT BLADE FLUTTER (AEROMECHANICAL INSTABILITY)

BECAUSE LARGE DEFORMATIONS OF THE STRUCTURE OCCUR PRIOR TO THE ONSET OF THE DYNAMIC INSTABILITY, 
A NONLINEAR STRUCTURAL MODEL IS ESSENTIAL TO PREDICTING EVEN THE ONSET OF THE DYNAMIC INSTABILITY. 
THIS WORK DATES TO THE DESIGN OF HINGELESS ROTORS IN THE 1970s.

HALE AIRCRAFT HAVE SIMILAR STRUCTURAL AND FLUID (?) NONLINEAR BEHAVIOR

NEITHER ARE NONLINEAR FLUID INSTABILITY PHENOMENA NEW!

HYDRODYNAMIC INSTABILITY OF LAMINAR FLOWS LEADS (EVENTUALLY) TO TURBULENCE

FROM A DYNAMICS PERSPECTIVE, TURBULENCE IS A VERY COMPLEX LIMIT CYCLE OSCILLATION DUE TO A HOPF
BIFURCATION (FLUTTER).

ABRUPT WING STALL MAY BE A LARGE SCALE INSTABILITY OF A SEPARATED FLOW

WHAT IS NEW?

COMPUTATIONAL MODELS HAVE BEEN DEVELOPED THAT ARE OF HIGHER PHYSICAL FIDELITY and WITH EVER 
FASTER SOLUTION METHODS.

NAVIER-STOKES FLUID MODELS AND NONLINEAR ELASTIC STRUCTURAL MODELS ARE NOW WIDELY AVAILABLE.
BUT ARE THEY USEABLE?

REDUCED ORDER MODELS

MODAL MODELS FOR THE FLUID AND STRUCTURE (Eigenmodes Proper Orthogonal Decomposition)MODAL MODELS FOR THE FLUID AND STRUCTURE (Eigenmodes, Proper Orthogonal Decomposition)

PERIODICITY IN TIME (Harmonic Balance Methods)

LINEAR AND NONLINEAR TRANSFER FUNCTIONS (Volterra Series)

A MORE SUBSTANTIAL WIND TUNNEL AND FLIGHT TEST DATA BASE IS AVAILABLE

F-16 FLIGHT TESTS (SEEK EAGLE OFFICE, EGLIN AFB)

HALE WING WIND TUNNEL TESTS (DUKE UNIVERSITY)

AIRFOILS AND WINGS WITH FREEPLAY WIND TUNNEL TESTS (DUKE UNIVERSITY, ONERA)

TRANSONIC AEROELASTIC WIND TUNNEL TESTS (NASA LANGLEY RESEARCH CENTER, DLR GOTTINGEN, NLR 
AMSTERDAM)

ABRUPT WING STALL WIND TUNNEL AND FLIGHT TESTS (NASA LANGLEY RESEARCH CENTER, NAVY)
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WHAT ARE THE KEY RESEARCH QUESTION AND ISSUES?

WHAT ARE THE FUNDAMENTAL PHYSICAL PHENOMENA OF INTEREST?

FLUTTER (LINEAR INSTABILITY OF FLUID-STRUCTURAL SYSTEMS)

LIMIT CYCLE OSCILLATIONS (NONLINEAR OSCILLATIONS OF 
FLUID-STRUCTURAL SYSTEMS)FLUID STRUCTURAL SYSTEMS)

DYNAMICS OF SEPARATED FLOWS

DYNAMICS OF THE INTERACTION BETWEEN OSCILLATING 
SHOCK WAVES AND SEPARATED FLOWS

IS THERE AN ADEQUATE DATA BASE OF EXPERIMENTAL RESULTS TO UNDERSTAND THESE 
PHENOMENA AND EVALUATE THEORETICAL/COMPUTATIONAL MODELS? 

HOW WELL DO CURRENT THEORETICAL/COMPUTATIONAL MODELS DESCRIBE THESEHOW WELL DO CURRENT THEORETICAL/COMPUTATIONAL MODELS DESCRIBE THESE 
PHENOMENA EITHER FOR GAINING FUNDAMENTAL UNDERSTANDING OR FOR DESIGN? 

TABLE I
THE FOLLOWING SIX VIDEOS ARE FOR THE HALE WING, THE F-16 AIRCRAFT, AND A FOLDING WING, RESPECTIVELY.

• VIDEO #1 IS A VIDEO FROM A COMPUTATIONAL SIMULATION OF A NONLINEAR AEROELASTIC MODEL OF THE HALE 
WING THAT IS BASED UPON

(1) A LARGE AMPLITUDE NONLINEAR STRUCTURAL MODEL 
AND 
(2) A NONLINEAR AERODYNAMIC (ONERA) MODEL THAT INCLUDES THE EFFECTS OF FLOW SEPARATION

• VIDEO # 2 IS A VIDEO OF THE WIND TUNNEL TEST OF AN AEROELASTIC MODEL OF THE HALE WING

NOTE THE COMPUTATIONAL SIMULATION AND THE WIND TUNNELTEST BOTH SHOW THE SAME LCO PHENOMENA.

• VIDEO #3 IS A VIDEO FROM A COMPUTATIONAL SIMULATION OF A NONLINEAR AEROELASTIC MODEL OF AN F-16 
CONFIGURATION THAT IS BASED UPON 

(1) A NONLINEAR NAVIER-STOKES AERODYNAMIC MODEL AND 
(2) A LINEAR STRUCTURAL MODEL. 

THE INSET SHOWS THE LCO AMPLITUDE AT THE WING TIP PLOTTED VERSUS MACH NUMBER. THE VIDEO PER SE 
SHOWS THE STRUCTURAL MOTION OF THE ENTIRE WING AT THREE DIFFERENT MACH NUMBERS LABELED AS 
POINTS 1, 2 AND 3. NOTE THAT THE STRUCTURAL NODE LINES ARE MOVING DURING THE LCO AS INDICATED BY 
THE LIGHT AND DARK SHADING.

• VIDEO #4 IS A VIDEO FROM THE SAME COMPUTATIONAL SIMULATION, BUT NOW SHOWING AN END-ON VIEW OF 
THE WING TIP AND ALSO SHOWING THE FLOW FIELD IN TERMS OF MACH NUMBER CONTOURS. THE SHOCK IN THE 
FLOW AND THE TRAILING EDGE SEPARATION ARE VISIBLE IN THE VIDEO. NOTE THE STRUCTURAL MOTION IN THIS 
VIDEO IS THE ACTUAL SIZE WHILE IN VIDEO #3 THE STRUCTURAL MOTION HAS BEEN MAGNIFIED FOR EASIER 
VIEWING.

• VIDEO #5 TOP VIEW OF FOLDING WING FLUTTER AND LCO WIND TUNNEL TEST.

• VIDEO #6 END VIEW …….
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LCO

• FIGURE 1: Hale Simulations: Front View

HALE WING LCO

• FIGURE 2: Hale Experiments: Front View
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• FIGURE 3: F-16 LCO

• FIGURE 4: F-16 LCO
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FOLDING WING LCO

• FIGURE 5

FOLDING WING LCO

• FIGURE 6
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• FIGURE 7

LCO AMPLITUDE VS. FLOW VELOCITY 

• FIGURE 8 HALE WING LCO
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LCO FREQUENCY VS. FLOW VELOCITY

• FIGURE 9 HALE WING LCO

THE SEVERAL PHYSICAL SOURCES 
OF NONLINEARITIES

STRUCTURESTRUCTURE

• CONTROL SURFACE FREE-PLAY (SUBCRITICAL & VERY STRONG)
• WING-STORE FREE-PLAY (?)
• PLATE-LIKE STIFFNESS (SUPERCRITICAL & STRONG)
• VERY HIGH ASPECT RATIO WING (SUBCRITICAL & MODERATELY

STRONG)

FLUID (OUR FOCUS TODAY)( )

• SHOCKWAVES (SUB OR SUPERCRITICAL & WEAK USUALLY, BUT
MAY BE STRONG)

• SEPARATED FLOW (SUB OR SUPERCRITICAL & STRONGER)

• FIGURE 10
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• FIGURE 11                F-16 LCO

• FIGURE 12
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• FIGURE 13 F-16 FLUTTER BOUNDARY

FF--1616



9/29/2008

12

Stn. Configuration 1 Configuration 2 Configuration 3

FIGURE 14:  FFIGURE 14:  F--16 (Block 40) Experimental LCO Aircraft 16 (Block 40) Experimental LCO Aircraft 
Weapons and Stores ConfigurationsWeapons and Stores Configurations

1 LAU-129 launcher AIM-9L missile/LAU-129 launcher LAU-129 launcher

2 AIM-9P missile/LAU-129 launcher AIM-9L missile/LAU-129 launcher AIM-120 missile/LAU-129 
launcher

3 Air-to-ground missile Air-to-ground missile General purpose bomb

4 Empty 370-gal fuel tank Half-full 370-gal fuel tank Quarter-full 370-gal fuel tank

5 Empty station Empty station Empty station

6 Empty 370-gal fuel tank Half-full 370-gal fuel tank Quarter-full 370-gal fuel tank

7 Air-to-ground missile Air-to-ground missile General purpose bomb

8 AIM-9P missile/LAU-129 launcher AIM-9L missile/LAU-129 launcher AIM-120 missile/LAU-129 
launcher

9 LAU-129 launcher AIM-9L missile/LAU-129 launcher LAU-129 launcher

FIGURE 15: FFIGURE 15: F--16C Configuration Natural 16C Configuration Natural 
FrequenciesFrequencies

Antisymmetric Modes Via NASTRAN
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FIGURE 16: LCO Response vs Mach Number: FIGURE 16: LCO Response vs Mach Number: 
Sensitivity to Uncertainty in Aerodynamic Modeling of Sensitivity to Uncertainty in Aerodynamic Modeling of 

Tip Missile and Structural Natural FrequenciesTip Missile and Structural Natural Frequencies

FIGURE 17: FFIGURE 17: F--16 Flight Test Wingtip LCO 16 Flight Test Wingtip LCO 
ResponseResponse
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STRUCTURAL NATURAL 
FREQUENCY EFFECT ON FLUTTER BOUNDARY: 

ALTITUDE VERSUS MACH NUMBER

FIGURE 18: Flutter Onset Altitude vs FIGURE 18: Flutter Onset Altitude vs 
Mach NumberMach Number
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FLUTTER VELOCITY VS. FOLDING ANGLE

• FIGURE 19 FOLDING WING FLUTTER BOUNDARY

FLUTTER FREQUENCY VS. FOLDING ANGLE

• FIGURE 20 FLUTTER FREQUENCY
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ACCURATE, EFFECTIVE AND EFFICIENT COMPUTATIONAL 
METHODS: THREE IMPORTANT IDEAS

1. FIRST DETERMINE A NONLINEAR STATIC STATE OF THE SYSTEM, THEN 
CONSIDER SMALL (LINEAR) DYNAMIC PERTURBATION ABOUT THAT STATIC 
STATE, E.G. A NONLINEAR STEADY FLOW WITH SHOCKS AND/OR FLOW 
SEPARATION. THE “LOCAL” (IN PHASE SPACE) SYSTEM STABILITY MAY 
THEN BE DETERMINEDTHEN BE DETERMINED.

2. FOR A NONLINEAR, DYNAMIC MODEL EXPAND THE SOLUTION IN A FOURIER 
SERIES IN TIME AND RETAIN ONLY A FEW HARMONICS. THIS IS NORMALLY 
SUFFICIENT TO DETERMINE LIMIT CYCLE OSCILLATIONS OF FLUID-
STRUCTURAL SYSTEMS.

3. EXPAND SOLUTION IN TERMS OF GLOBAL MODES FOR STRUCTURE AND 
FLUID.

• COMPUTATIONAL COST OF (1) OR (2) IS COMPARABLE TO THAT OF THE 
NONLINEAR STATIC OR STEADY FLOW SOLUTION

• COMPUTATIONAL COST OF (3) IS USUALLY REDUCED BY SEVERAL
ORDERS OF MAGNITUDE OVER THAT OF A SOLUTION BASED
UPON A MODEL USING GENERALIZED COORDINATES ON LOCAL
SPATIAL GRIDS
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UNSTEADY VORTEX SHEDDING AFT OF A CYLINDER IN 
CROSSFLOW, RE=150.
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Oscillation Amplitude vs. Ratio of Strouhal Frequency of Wake to 
Prescribed Frequency of Cylinder Motion
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LCO Amplitude versus Reynolds Number 

Schematic Diagram for Stretching of the Molecule by an AFM 
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Total RMS Error vs. Number of Eigenmodes for Different Excitation 
Amplitudes Using the Linear ROM f=100GHz

Total RMS Error vs. Number of LNM or POM Included in the 
Nonlinear ROM. A=1Å and f=100GHz
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Ratio of Computational Time for ROM (POD and CMS) model to 
that of a Time Marching Solution Vs. the Chosen Numerical Time 

Step for Different Number of Modal Coordinates retained, N, in the 
whole system. A=Å and f=20GHz

CONCLUSIONS

• A COMBINATION OF OLD AND NEW METHODS CAN
GREATLY REDUCE THE SIZE OF MATHEMATICAL MODELSGREATLY REDUCE THE SIZE OF MATHEMATICAL MODELS
AND INCREASE THE SPEED OF THEIR SIMULATION

• THESE METHODS INCLUDE:
• HARMONIC BALANCE SOLUTIONS
• GLOBAL FLUID MODAL REPRESENTATION
• DYNAMIC LINEARIZATION ABOUT NONLINEAR 

STATIC EQUILIBRIASTATIC EQUILIBRIA

• CORRELATIONS OF LCO COMPUTATIONS AND 
TESTS ARE ENCOURAGING, BUT MUCH WORK 
REMAINS TO BE DONE


