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Background and Motivation

▶ Transonic flutter experiments on a supercritical wing show more
complex behavior than at lower Mach numbers.

▶ The flutter q can dramatically drop as the Mach changes from .7 to
.8 and beyond.

▶ A greater sensitivity to the nominal angle of attack (in both
experiments and computations) occurs at the higher Mach number.

▶ Computations suggest greater sensitivity to structural damping and
the viscous boundary layer at the higher transonic Mach numbers.

▶ Fundamentally, this appears to be associated with (1) a change in
flutter mode from coupled mode flutter to single degree of freedom
flutter due to negative aerodynamic damping and (2) possibly a flow
instability due to shock wave boundary layer interaction (buffet).

▶ Different CFD models with different grids and different turbulence
models can give widely different results.
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NASA BSCW Experimental Aeroelastic Configuration

Figure: From Dansberry et al. (1993).
AIAA Paper 93-1592.

Figure: From Dansberry et al. (1993).
AIAA Paper 93-1592.
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NASA BSCW Experimental Flutter Onset Results

Figure: Frequency and Dynamic Pressure vs. Angle of Attack in Degrees. From
Dansberry et al. (1993). AIAA Paper 93-1592.
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Objectives and Approach

▶ Objective #1: Can a two-dimensional computational model predict
results in the vicinity of the three-dimensional experimental results
for the NASA Benchmark Super-critical Wing (BSCW)
configuration?

▶ Objective #2: What sort of predicted aeroelastic Limit Cycle
Oscillation (LCO) trends will the two-dimensional computational
model yield? i.e., sub-critical or super-critical LCO response?

▶ Objective #3: Does the two-dimensional computational model
predict transonic flow buffet?

▶ Approach: A nonlinear frequency domain Harmonic Balance (HB)
based Computational Fluid Dynamic (CFD) and aeroelastic solver,
which allows for the direct computation of aeroelastic LCO response
curves.
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Airfoil Aeroelastic Configuration Governing Equations
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NASA BSCW Aeroelastic Configuration Transonic RANS CFD Model
Structural Parameters:
xα = 0.0, r2

α = 1.024, (ωh/ωα) = 0.646,
ζh = 0.0, ζα = 0.0,
a = 0.0

Computational Grid - 193 × 49 ”O-Mesh”:

Figure: Computational Grid.
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NASA BSCW Aeroelastic Configuration Transonic RANS CFD Model Continued

Flow Near the Flutter-Onset Condition, M∞ = 0.80, Re∞ ≈ 4, 000, 000.

Figure: Mean Flow Mach Number Contours,
αe0 =0.0 Degrees.

Figure: Mean Flow Mach Number Contours,
αe0 =5.0 Degrees.

8 / 26



NASA BSCW Aeroelastic Configuration CFD Grids

(a) Grid #1 193x49. (b) Grid #2 97x25.

(c) Grid #2 193x49. (d) Grid #2 385x97.

9 / 26



NASA BSCW Aeroelastic Configuration Mach Contours at Flutter Onset for αe0 = 0◦ and µ = 1000.

(a) Grid #1 193x49. (b) Grid #2 97x25.

(c) Grid #2 193x49. (d) Grid #2 385x97.
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NASA BSCW Aeroelastic Configuration Computed LCO Unsteady Pitch Response Trend
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NASA BSCW Aeroelastic Configuration Computed LCO Frequency Response Trend

90 100 110 120 130 140 150 160 170 180 190 200 210 220 230 240 250 260 270

Dynamic Pressure, q
∞
 lbf/ft

2

3.0

3.5

4.0

4.5

5.0

5.5
L

C
O

 F
re

q
u

e
n

c
y
, 

f 
H

z

Experiment, α
e

0

 = 0.0
o
, ζ

h
=ζ

α
=0.002

Experiment, α
e

0

 = 5.0
o
, ζ

h
=ζ

α
=0.002

Computation, α
e

0

 = 0.0
o
, Grid #1, 193 x 49,  ζ

h
=ζ

α
=0.000

Computation, α
e

0

 = 0.0
o
, Grid #2,   97 x 25,  ζ

h
=ζ

α
=0.000

Computation, α
e

0

 = 0.0
o
, Grid #2, 193 x 49,  ζ

h
=ζ

α
=0.000

Computation, α
e

0

 = 0.0
o
, Grid #2, 385 x 97,  ζ

h
=ζ

α
=0.000

Computation, α
e

0

 = 5.0
o
, Grid #1, 193 x 49,  ζ

h
=ζ

α
=0.000

Computation, α
e

0

 = 5.0
o
, Grid #1, 193 x 49,  ζ

h
=ζ

α
=0.002

Pitch Natural Frequency = 5.25 Hz

Plunge Natural Frequency = 3.32 Hz

12 / 26



NASA BSCW Configuration Computed LCO Aeroelastic Mode Shape Response Trend
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NASA BSCW Aeroelastic Configuration Computed Mean Angle of Attack Response Trend
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NASA BSCW Aeroelastic Configuration Computed LCO Unsteady Pitch Response Trend
Note: Reynolds Number is Fixed at Re = 4006103 for Computations.
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NASA BSCW Aeroelastic Configuration Experimental Flutter Results
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NASA BSCW Aeroelastic Configuration Computed LCO Unsteady Pitch Response Trend
Note: Reynolds Number is Fixed at Re = 4006103 for Computations.
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NASA BSCW Configuration Computed LCO Aeroelastic Mode Shape Response Trend
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NASA BSCW Aeroelastic Configuration Wind Tunnel Flow Conditions
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NASA BSCW Aeroelastic Configuration Computed LCO Unsteady Pitch Response Trend
Effect of Matching Reynolds Number in Computations.
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NASA BSCW Aeroelastic Configuration Computed LCO Unsteady Pitch Response Trend
Effect of Matching Reynolds Number in Computations.
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NASA BSCW Aeroelastic Configuration Computed LCO Unsteady Pitch Response Trend
Harmonic Convergence.
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NASA BSCW Aeroelastic Configuration Computed LCO Unsteady Pitch Response Trend
Structural Damping Effect.
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NASA BSCW Experimental Aeroelastic Configuration Measured Structural Damping

Figure: Dansberry et al. (1993). NASA TM 4457.
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NASA BSCW Experimental Aeroelastic Configuration Measured Structural Damping

Figure: From Dansberry et al. (1993). NASA TM 4457.
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NASA BSCW Aeroelastic Configuration Computed LCO Unsteady Pitch Response Trend
Effect of Variable Structural Damping.
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