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Comparison Data Matrix  

 

CONFIGURATION 

 
REQUIRED  CALCULATIONS 

GRID 
CONVERGENCE 

STUDIES 

TIME 
CONVERGENCE 

STUDIES STEADY CALCULATIONS DYNAMIC CALCULATIONS 

 
Steady-Rigid Cases  

(RSW, BSCW) 

 
CL, CD, CM vs. N-2/3 

 
 

n/a 

 
¶Mean Cp vs.  x/c 
¶Means of CL, CD, CM 

 

 
 

n/a 
 

Steady-Aeroelastic 
Cases 

 (HIRENASD) 

 
 
 
CL, CD, CM vs.  N-2/3 

 
 
 

n/a 
 

 
¶Mean Cp vs.  x/c 
¶Means of CL, CD, CM 
¶Vertical displacement 

vs.  chord 
¶Twist angle vs. span 

 

  
 
 

n/a 
 

Forced Oscillation 
Cases  

(all configurations) 

¶Magnitude and 
Phase of CL, CD, 
CM vs. N-2/3 at 
excitation 
frequency 

 

 
 
¶Magnitude and 

Phase of CL, CD, 
CM vs. Dt at 
excitation 
frequency 

 

 
 
 
 

n/a 

 
¶Magnitude and Phase of Cp vs.  x/c 

at span stations corresponding to 
transducer locations 

¶Magnitude and Phase of CL, CD, CM at 
excitation frequency 

¶Time histories of CpΩǎ ŀǘ ŀ ǎŜƭŜŎǘŜŘ 
span station for two upper- and two 
lower-surface transducer locations 

 



Comparison Data Matrix: Experimental  Data Analysis  

 

CONFIGURATION 

 
REQUIRED  CALCULATIONS 

GRID 
CONVERGENCE 

STUDIES 

TIME 
CONVERGENCE 

STUDIES STEADY CALCULATIONS DYNAMIC CALCULATIONS 

 
Steady-Rigid Cases  

(RSW, BSCW) 

 
CL, CD, CM vs. N-2/3 

 
 

n/a 

 
¶Mean Cp vs.  x/c 
¶Means of CL, CD, CM 

 

 
 

n/a 
 

Steady-Aeroelastic 
Cases 

 (HIRENASD) 

 
 
 
CL, CD, CM vs.  N-2/3 

 
 
 

n/a 
 

 
¶Mean Cp vs.  x/c 
¶Means of CL, CD, CM 
¶Vertical displacement 

vs.  chord 
¶Twist angle vs. span 

 

  
 
 

n/a 
 

Forced Oscillation 
Cases  

(all configurations) 

¶Magnitude and 
Phase of CL, CD, 
CM  

     (vs. N-2/3 at 
excitation 
frequency) 

 

 
 
¶Magnitude and 

Phase of CL, CD, 
CM  

     (vs. Dt at 
excitation 
frequency) 

 

 
 
 
 

n/a 

 
¶Magnitude and Phase of Cp vs.  x/c 

at span stations corresponding to 
transducer locations 

¶Magnitude and Phase of CL, CD, CM at 
excitation frequency 

¶Time histories of CpΩǎ ŀǘ ŀ ǎŜƭŜŎǘŜŘ 
span station for two upper- and two 
lower-surface transducer locations 

 

Completed In progress Stalled 



In-progress Experimental Data Analysis:  

Balance loads  

 

CONFIGURATION 

 
REQUIRED  CALCULATIONS 

GRID 
CONVERGENCE 

STUDIES 

TIME 
CONVERGENCE 

STUDIES STEADY CALCULATIONS DYNAMIC CALCULATIONS 

 
Steady-Rigid Cases  

(RSW, BSCW) 

 
CL, CD, CM vs. N-2/3 

 
 

n/a 

 
¶Mean Cp vs.  x/c 
¶Means of CL, CD, CM 

 

 
 

n/a 
 

Steady-Aeroelastic 
Cases 

 (HIRENASD) 

 
 
 
CL, CD, CM vs.  N-2/3 

 
 
 

n/a 
 

 
¶Mean Cp vs.  x/c 
¶Means of CL, CD, CM 
¶Vertical displacement 

vs.  chord 
¶Twist angle vs. span 

 

  
 
 

n/a 
 

Forced Oscillation 
Cases  

(all configurations) 

¶Magnitude and 
Phase of CL, CD, 
CM  

     (vs. N-2/3 at 
excitation 
frequency) 

 

 
 
¶Magnitude and 

Phase of CL, CD, 
CM  

     (vs. Dt at 
excitation 
frequency) 

 

 
 
 
 

n/a 

 
¶Magnitude and Phase of Cp vs.  x/c 

at span stations corresponding to 
transducer locations 

¶Magnitude and Phase of CL, CD, CM at 
excitation frequency 

¶Time histories of CpΩǎ ŀǘ ŀ ǎŜƭŜŎǘŜŘ 
span station for two upper- and two 
lower-surface transducer locations 

 

Ma=0.80, 
q/E=0.48e-6 

From Aachen University published results 

Balance data exists for calculating comparison 
data only for HIRENASD 
Status:   Not complete 
Issues:   Axis definitions, orientation,  
  normalizations, transformations, other? 



Steady (Static) Experimental Data  

 

CONFIGURATION 

 
REQUIRED  CALCULATIONS 

GRID 
CONVERGENCE 

STUDIES 

TIME 
CONVERGENCE 

STUDIES STEADY CALCULATIONS DYNAMIC CALCULATIONS 

 
Steady-Rigid Cases  

(RSW, BSCW) 

 
CL, CD, CM vs. N-2/3 

 
 

n/a 

 
¶Mean Cp vs.  x/c 
¶Means of CL, CD, CM 

 

 
 

n/a 
 

Steady-Aeroelastic 
Cases 

 (HIRENASD) 

 
 
 
CL, CD, CM vs.  N-2/3 

 
 
 

n/a 
 

 
¶Mean Cp vs.  x/c 
¶Means of CL, CD, CM 
¶Vertical displacement 

vs.  chord 
¶Twist angle vs. span 

 

  
 
 

n/a 
 

Forced Oscillation 
Cases  

(all configurations) 

¶Magnitude and 
Phase of CL, CD, 
CM vs. N-2/3 at 
excitation 
frequency 

 

 
 
¶Magnitude and 

Phase of CL, CD, 
CM vs. Dt at 
excitation 
frequency 

 

 
 
 
 

n/a 

 
¶Magnitude and Phase of Cp vs.  x/c 

at span stations corresponding to 
transducer locations 

¶Magnitude and Phase of CL, CD, CM at 
excitation frequency 

¶Time histories of CpΩǎ ŀǘ ŀ ǎŜƭŜŎǘŜŘ 
span station for two upper- and two 
lower-surface transducer locations 

 



Steady (or Static) Pressure Coefficients  

ÅRSW:   
ïHistorical tabulated values, obtained from archival 

publications, available through RTO 

ïBased on steady state measurements; mean values 

ÅBSCW 
ïCalculated from time history data  

ïSteady point: Mixed mean and mode values 

ïOscillatory points: Mean values of unsteady time histories 

ÅHIRENASD 
ïAngle of attack polar data:  pressures did not stabilize 

ïNon-excitation portions of oscillatory time histories used; 
mean values 



BSCW Steady Pressure Distribution  

ÅNon-oscillatory data point: 

ïFor almost all sensors: 

ÅMean value calculated 

Å+/- 3 standard deviations used as upper and lower bounds 

ïFor shock-traversed sensor: 

ÅMode value calculated 

Å1% and 99% values used as upper and lower bounds 

ÅOscillatory data point: 

ïMean values calculated 

 



BSCW steady data  



BSCW Static Data:   

Steady Cp estimates from non -oscillated data  
Data is assumed to be Gaussian when the mean is calculated. 
For BSCW:   
Most pressures are approximately Gaussian 
Data in the region of the shock is poorly represented in this way 

-1.2 

-0.4 



Mode 

Using the mean value to represent the steady distribution: 
Shock strength underestimated 
Ą    Value at transducer 12:  Mean value is 8% too low if mode is considered as the proper estimated value 
Ą The lower bound shown, turquoise circle, represents a value that is never achieved (overestimate of bound) 
Ą The upper bound, magenta circle, does not capture 99% of the data which is implied by the 3s calculations 

(underestimate of bound) 
Ą Mode, 99% and 1% values used instead of mean and std  for this point 

BSCW Static Data:   

Steady Cp estimates from non -oscillated data  



BSCW Static Point, Lower Surface  

Sensor 31 
x/c = 0.503 

Sensor 33 
x/c = 0.602 

Å Sensor 32 was not functional 
ÅWhile variations for sensors aft 

of lower surface shock (?) is 
larger, the distributions are 
relatively Gaussian 

Å Mean and Std used to 
represent all lower surface 
points 



HIRENASD Static Data  

ÅMode not used as replacement for HIRENASD data 

ïItôs more difficult 

ÅMore sensors to evaluate 

ÅMore cases to evaluate 

ïGaussian assumption not as bad as for BSCW shock 

ïMultiple sensors display ñmoderatelyò non-Gaussian 

characteristics  

ïNeed method to quantify ñgood enoughò in terms of 

Gaussian assumption 

ïOR é  Decide to replace mean and standard deviation 

with other statistics 



HIRENASD Steady Data Selection  

ÅEach HIRENASD oscillatory point contains 2 regions 

of oscillation:  low excitation and high excitation 

ÅThese excitations are separated by several seconds 

 



HIRENASD data subset for static analysis:  

time histories  

Excitation signal 

Example 
pressure 
subset 



Frequency Response Functions  

 

CONFIGURATION 

 
REQUIRED  CALCULATIONS 

GRID 
CONVERGENCE 

STUDIES 

TIME 
CONVERGENCE 

STUDIES STEADY CALCULATIONS DYNAMIC CALCULATIONS 

 
Steady-Rigid Cases  

(RSW, BSCW) 

 
CL, CD, CM vs. N-2/3 

 
 

n/a 

 
¶Mean Cp vs.  x/c 
¶Means of CL, CD, CM 

 

 
 

n/a 
 

Steady-Aeroelastic 
Cases 

 (HIRENASD) 

 
 
 
CL, CD, CM vs.  N-2/3 

 
 
 

n/a 
 

 
¶Mean Cp vs.  x/c 
¶Means of CL, CD, CM 
¶Vertical displacement 

vs.  chord 
¶Twist angle vs. span 

 

  
 
 

n/a 
 

Forced Oscillation 
Cases  

(all configurations) 

¶Magnitude and 
Phase of CL, CD, 
CM vs. N-2/3 at 
excitation 
frequency 

 

 
 
¶Magnitude and 

Phase of CL, CD, 
CM vs. Dt at 
excitation 
frequency 

 

 
 
 
 

n/a 

 
¶Magnitude and Phase of Cp vs.  x/c 

at span stations corresponding to 
transducer locations 

¶Magnitude and Phase of CL, CD, CM at 
excitation frequency 

¶Time histories of CpΩǎ ŀǘ ŀ ǎŜƭŜŎǘŜŘ 
span station for two upper- and two 
lower-surface transducer locations 

 

P 

P P 

P 

P 

P 

P 

P 

P P 





Considerations in computing FRFs  

ÅSubset selection 

ÅDisplacement by integration of acceleration 

ÅFourier analysis block size determination 

 



HIRENASD oscillatory data  



HIRENASD FRF, subset effects  



HIRENASD data subset used for unsteady 

data reduction - Excitation signal  



HIRENASD data subset used for unsteady 

data reduction - Acceleration signal  



Fourier analysis:  analysis time length varied by 

1 sample increments to determine block size  

Power spectral density function of excitation signal: 
Analysis block size determined by minimum standard deviation among ensembles 



Frequency response functions for several 

transducers  



Coherence for corresponding transducers  

 



Frequency response function at excitation 

frequency: all sensors at 1 span station  



Corresponding coherence  



Example of dynamic comparison data:  

HIRENASD Frequency Responses at  

2nd Bending Mode Frequency (78.9 Hz)  

Pressure coefficients 
at span station 4 due 
to displacement at 
location (15,1)  

Reference quantity: 
Displacement at location 
(15,1) 

Cp(x)/displacement 





CFD displacement amplitude calculation  

ÅFourier analysis of integrated displacement 



HIRENASD data, displacement signal  



HIRENASD data, Fourier analysis of 

displacement signal  



HIRENASD Response Amplitudes  

Å Updated information: 

ï Amplitude of excitations for 2nd bending modes for each of the 3 unsteady 

cases, extracted from the experimental data: 

 

 

 

 

 
 

33 

Exp Test Pt 159 271 155 

Mach # 0.8 0.8 0.7 

Rec 7M 23.5M 7M 

Amplitude 
(mm) 

2.4 0.90 2.0 

Frequency 
(Hz) 

78.9 80.4 79.3 

For those analysts using strictly forced oscillations (similar methodology to RSW and BSCW), 
it is recommended that they use the frequencies extracted from the experimental data at the test conditions, 
as given in the table above.  It is recommended that they oscillate the model in the 2nd bending mode shape 
as given by the finite element model. 
 
For those analysts who are performing a coupled aeroelastic analysis, proximity of the oscillatory frequency to 
the modal frequency may be a dominant effect, and these frequencies are likely not exactly correct.  The next 
slide contains a summary of the air-off natural frequencies of the 2nd bending mode.  The first 2 columns show 
the experimental data; the last column shows the current finite element model frequency. 



Additional Information  

 



Comparison Data Matrix  

 

CONFIGURATION 

 
REQUIRED  CALCULATIONS 

GRID 
CONVERGENCE 

STUDIES 

TIME 
CONVERGENCE 

STUDIES STEADY CALCULATIONS DYNAMIC CALCULATIONS 

 
Steady-Rigid Cases  

(RSW, BSCW) 

 
CL, CD, CM vs. N-2/3 

 
 

n/a 

 
¶Mean Cp vs.  x/c 
¶Means of CL, CD, CM 

 

 
 

n/a 
 

Steady-Aeroelastic 
Cases 

 (HIRENASD) 

 
 
 
CL, CD, CM vs.  N-2/3 

 
 
 

n/a 
 

 
¶Mean Cp vs.  x/c 
¶Means of CL, CD, CM 
¶Vertical displacement 

vs.  chord 
¶Twist angle vs. span 

 

  
 
 

n/a 
 

Forced Oscillation 
Cases  

(all configurations) 

¶Magnitude and 
Phase of CL, CD, 
CM vs. N-2/3 at 
excitation 
frequency 

 

 
 
¶Magnitude and 

Phase of CL, CD, 
CM vs. Dt at 
excitation 
frequency 

 

 
 
 
 

n/a 

 
¶Magnitude and Phase of Cp vs.  x/c 

at span stations corresponding to 
transducer locations 

¶Magnitude and Phase of CL, CD, CM at 
excitation frequency 

¶Time histories of CpΩǎ ŀǘ ŀ ǎŜƭŜŎǘŜŘ 
span station for two upper- and two 
lower-surface transducer locations 
 

P 

P P 

P 

P 

P 

P 

P 

P 

P 

P 

P 



RSW ï BSCW ï HIRENASD 

cp Time Histories  

Pawel RSW calculation, coarse grid, eta=0.309 
Alpha = 2deg, Unsteady, f=10Hz, theta=1deg 

The purpose of this series of charts is to look for evidence of nonlinearities in the computational aeroelastic solutions. 
 
For each configuration, for two specified pairs of points within a specified span station, time histories of analytically-predicted CpΩǎ ŀǊŜ ǇƭƻǘǘŜŘΥ 

1. The first pair is comprised of the upper- and lower-surface CpΩǎ ŀǘ ǘƘŜ ŎƘƻǊŘǿƛǎŜ Ǉƻǎƛǘƛƻƴ ǿƘŜǊŜ fourier analysis of the experimental data shows the experimental upper-surface Cp to be at its peak; 
2. The second pair is comprised of the upper- and lower-surface CpΩǎ ŀǘ ǘƘŜ ŎƘƻǊŘǿƛǎŜ Ǉƻǎƛǘƛƻƴ ǿƘŜǊŜ fourier analysis of the analytical predictions shows the analytical upper-surface Cp to be at its peak. 
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Comparison Data Matrix  

 

CONFIGURATION 

 
REQUIRED  CALCULATIONS 

GRID 
CONVERGENCE 

STUDIES 

TIME 
CONVERGENCE 

STUDIES STEADY CALCULATIONS DYNAMIC CALCULATIONS 

 
Steady-Rigid Cases  

(RSW, BSCW) 

 
CL, CD, CM vs. N-2/3 

 
 

n/a 

 
¶Mean Cp vs.  x/c 
¶Means of CL, CD, CM 

 

 
 

n/a 
 

Steady-Aeroelastic 
Cases 

 (HIRENASD) 

 
 
 
CL, CD, CM vs.  N-2/3 

 
 
 

n/a 
 

 
¶Mean Cp vs.  x/c 
¶Means of CL, CD, CM 
¶Vertical displacement 

vs.  chord 
¶Twist angle vs. span 

 

  
 
 

n/a 
 

Forced Oscillation 
Cases  

(all configurations) 

¶Magnitude and 
Phase of CL, CD, 
CM vs. N-2/3 at 
excitation 
frequency 

 

 
 
¶Magnitude and 

Phase of CL, CD, 
CM vs. Dt at 
excitation 
frequency 

 

 
 
 
 

n/a 

 
¶Magnitude and Phase of Cp vs.  x/c 

at span stations corresponding to 
transducer locations 

¶Magnitude and Phase of CL, CD, CM at 
excitation frequency 

¶Time histories of CpΩǎ ŀǘ ŀ ǎŜƭŜŎǘŜŘ 
span station for two upper- and two 
lower-surface transducer locations 

 





Re-Variation: Influence on lift and drag 

Increasing Re 

 Static Test Results, Reynolds Number Varied 

Ma=0.80, q/E=0.48e-6 



Additional things about the BSCW data  

 







 



 

Ceiling behavior as in the steady case 
Excitation frequency in evidence for half cycles 
 
Excursion of shock across transducer (past transducer towards leading edge ) 
Occurs principally during the first ½ cycle of excitation shown 



Frequency content of the excursions?  

Sensor #11 

Sensor #12 

Sensor #13 

Nothing stands out when I  look  
At these to differentiate 
Sensor 12 from the ones before and  
!ŦǘŜǊ ƛǘΧ 



BSCW Static Data:   

Steady Shock Location  

Location:  just barely aft of upper surface transducer #12, x/c (12) = 0.448  
(Note: x/c (13) = 0.498) 
 
Upper surface pressure transducer 12: magenta data plot 
 Pressure floor at -1.17, i.e. it is bounded by -1.17 
 No well-defined, repeated ceiling value 
 Not sinusoidal 
Expected pressure change across the shock:   
 large negative pressure ahead of the shock;  
 reduced negative pressure aft of the shock 
Actual shock location is suspected to be just aft of this transducer location:  the value oscillates to a higher pressure (aft of shock) as the shock moves 
Sensors towards leading edge (#10 and #11) have values near the minimum of #12 
Sensors towards trailing edge (#13 and #14) have values beyond the maximum of #12 

{ƛƳǇƭŜ ƛƴǘŜǊǇǊŜǘŀǘƛƻƴΥ  ǘƘŜ ǎŜƴǎƻǊΩǎ ǇǊŜŦŜǊǊŜŘ ǾŀƭǳŜ ǊŜŦƭŜŎǘǎ ǇǊŜǎǎǳǊŜ ŀƘŜŀŘ ƻŦ ǎƘƻŎƪΣ ǊŀǘƘŜǊ ǘƘŀƴ ŀŦǘ ƻŦ ƛǘΦ 

-1.2 

-0.4 

Mode 



Standard Deviation of Static Data  



BSCW  Steady Angle  



BSCW non -oscillated data  

Splitter plate mode:  ~15 Hz 
Appears in the Wall Angle Measurement (WALLADT) 
Appears in some of the wing sensors 
 
Natural frequencies of BSCW: 
24.1 Hz  (spanwise 1st bending) 
27.0 Hz (in-plane 1st bending) 
79.9 Hz (1st torsion) 



BSCW Static Data point  

Splitter Plate Accelerometer  
ƛƴ ǘƘŜ ǾŜǊǘƛŎŀƭ ά½έ ŘƛǊŜŎǘƛƻƴΣ {t!//½ 

Splitter Plate Accelerometer  
in the wall-ŘƛǊŜŎǘƛƻƴ ά¸έΣ {t!//¸ 

Vertical splitter plate mode, 15 Hz 



BSCW Non -oscillated data  

The different upper surface pressure transducers respond most strongly at different frequencies. 
?to the different modes of the model? 



BSCW Static point, aeroelastic modes?  

Splitter plate mode:  ~15 Hz 
Appears in the Wall Angle Measurement (WALLADT) 
Appears in some of the wing sensors 
 
Natural frequencies of BSCW: 
24.1 Hz  (spanwise 1st bending) 
27.0 Hz (in-plane 1st bending) 
79.9 Hz (1st torsion) 


