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Measurements on 7° Cone, AoA ≈ 6°  

!  Purdue BAMQT data (Schneider, Ward, Edelman,…)  
̶  Multiple peaks: 100 kHz to 400+ kHz  
̶  Secondary instability of stationary crossflow? 
 

!  TAMU measurements (Craig & Saric) 
–  Two bands:  
       15 kHz-60 kHz (traveling crossflow?) 

              80 kHz-130 kHz (spanwise-shear mode of secondary instability?) 
 

!  TU Braunschweig measurements (Munoz et al.) 
–  Two bands:  
      20 kHz-50 kHz : 60 to 70 deg propagation angle (traveling crossflow?) 

             300 kHz-350 kHz (second mode disturbances?) 
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Measurements on 7° Cone at AoA ≈ 6° and 
HIFiRE-5  

!  Objectives 
–  Help reconcile measurements and guide follow-on experiments 

by using DNS and secondary instability theory  
–  Use computational data to guide the application of primary and 

secondary instability theory for transition prediction over 3D 
bodies  

!  Strategy 
–  Use relatively simple controlled forcing in DNS to excite 

stationary crossflow pattern that resembles naturally occurring 
crossflow disturbances in wind tunnel experiments in terms of 
azimuthal length scale and range of amplitudes 
!  Previous work: Azimuthally periodic, axially localized, non-compact 

“bracelet” source 
!  Current work: Azimuthally compact source 
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Flow Configurations 

!  7° Circular Cone at 6° AoA  
̶  Mach 6 quiet tunnel at Purdue University  
̶  Re = 3×106/ft 

!  HiFIRE5 wind tunnel model (38 percent scale) 
–  AFRL experiments in Mach 6 quiet tunnel at Purdue University,  
      Re = 2.5×106/ft 
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Evolution of Vortex Pattern: Periodic Source 
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!  Li, F., Choudhari, M., and Paredes, P., “Nonlinear Evolution and Secondary Instability of Crossflow Disturbances in Hypersonic 
Boundary Layer over a Cone,” NATO�STO AVT�240 & RTG-082 Meeting on Hypersonic Boundary Layer Transition, Prague, 
Czech Republic, Oct. 15�16, 2015.   

!  Li, F., Choudhari, M., Paredes, P., and Duan, L., “Secondary Instability of Stationary Crossflow Vortices in Mach 6 Boundary 
Layer over a Circular Cone,” NASA/TM-2015-218997, Dec. 2015.   

!  Li, F., Choudhari, M., Paredes, P., and Duan, L., “High-Frequency Instabilities of Stationary Crossflow Vortices in a Hypersonic 
Boundary Layer,” Phys. Rev. Fluids, 1, 083601.   



Axial Velocity Contours 
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X = 0.387 m 



Local Growth Rates (V10, X = 0.25 m) 
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Local Growth Rates: Downstream Locations  
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X = 0.33 m 



PSE Predictions: N-Factor Evolution 
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|u’| Mode Shape Evolution for V10 (PSE) 
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Mode MM0 (260 kHz) 

Mode SI (360 kHz) 
X ! 



Effect of Azimuthal Extent of Source 
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Axial velocity contours at X = 0.4 m 



Localized Source 
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Axial velocity contours 



Vortex Trajectories: 
Effect of Azimuthal Source Distribution 
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vortex 
trajectories 



Vortex Amplitudes: 
Effect of Azimuthal Source Distribution 
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Growth Rate Spectra at Selected Stations 
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|u’| Mode Shapes for Windward Vortex: 
Mack Mode 
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X = 0.313 m X = 0.330 m 

X = 0.346 m X = 0.364 m 



|p’| Mode Shapes for Windward Vortex: 
Mack Mode 
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X = 0.313 m X = 0.330 m 

X = 0.346 m X = 0.364 m 



|u’| Mode Shapes for Leeward Vortex:  
Mack Mode 
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X = 0.313 m X = 0.330 m 

X = 0.346 m X = 0.364 m 



|p’| Mode Shapes for Leeward Vortex:  
Mack Mode 
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X = 0.313 m X = 0.330 m 

X = 0.346 m X = 0.364 m 



DNS Data 
N-Factor Distribution: 440 kHz 
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High-frequency 
Secondary 
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N-Factor Distribution: 400 kHz 
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N-Factor Distribution: 320 kHz 
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N-Factor Distribution: 240 kHz 
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N-Factor Distribution: 160 kHz 
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N-Factor Distribution: 120 kHz 
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N-Factor Evolution 
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Mode Shape Evolution: 240 kHz 
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Mode Shape Evolution: 440 kHz 
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Localized Unsteady Forcing 
N-Factor Contours: 100 kHz 
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N-Factor Contours: 100 kHz 
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N-Factor Contours: 160 kHz 
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N-Factor Contours: 240 kHz 
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N-Factor Contours: 320 kHz 
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N-Factor Contours: 360 kHz 
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Pattern of Stationary Crossflow Vortices 
Due To Point Source  
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HIFiRE-5 Localized Source:  
Axial Velocity Contours 
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|u’| Mode Shapes: Mack Mode 
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X = 0.175 m (310 kHz) X = 0.267 m (290 kHz) 

X = 0.294 m (350 kHz) 

X = 0.230 m (280 kHz) 

X = 0.294 m (200 kHz) X = 0.294 m (260 kHz) 



|p’| Mode Shapes: Mack Mode 
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X = 0.175 m (310 kHz) X = 0.267 m (290 kHz) 

X = 0.294 m (350 kHz) 

X = 0.230 m (280 kHz) 

X = 0.294 m (200 kHz) X = 0.294 m (260 kHz) 



HIFiRE-5: Spatial Evolution 
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HIFiRE-5: N-factor Spectra 
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!  DNS + secondary instability analysis for nonlinear  
   evolution of crossflow disturbances over cones 

–  Azimuthally compact vortex patterns over circular cone and HIFiRE5 model in BAMQT   

!  Simulated vortex structures resemble those from quasi-periodic 
vortex pattern 

–  Provides conceptually easier path to interpret results from planar eigenvalue + PSE 
analysis for entire vortex pattern 

!  Secondary instability of compact crossflow vortex pattern 
–  Mode shapes of dominant modes concentrated in individual vortices 
–  Intricate modal structure with concentration of peak fluctuations along inclined shear layer 
(“Z” modes) and b.l. edge in region of downwelling 
–  Modes along  the top of the rolled up vortex generally subdominant 
–  Broad range of  frequencies with similar range as Purdue BAMQT measurements 

!   Disturbance evolution from DNS resembles predictions of secondary 
instability theory  

–   Need to perform quantitative comparisons 

Summary 
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* Benchmark Problems for Airframe Noise Computations 
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Outline 

!  Introduction to BANC Workshops  
!  Ingredients of integrated studies combining  
    CFD, CAA, and experiments  
!  Examples of collaborative integration within BANC 

Workshops 
–  Quasi-2D configurations 
–  3D landing gear configurations 

!  Lessons learned 

" Wake interference between inline tandem cylinders 
" Slat cove noise 
" Landing gear noise 

!  Summary 
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 BANC Workshops 
(Benchmark Problems for Airframe Noise Computations) 

Goal: Enable systematic progress in the understanding and 
high fidelity predictions of airframe noise via collaborative 
investigations that integrate CFD, CAA, and in-depth 
measurements of selected configurations to advance the 
state-of-the-art in multiple respects 
# BANC-I : Stockholm, Sweden (2010) 
# BANC-II: Portland, OR (2012) 
# BANC-III: Atlanta (2014) 
# BANC-IV: Lyon, France (2016) 

$  50-85 participants on average from up to 12 countries 
 
 

 

 BANC Workshops 
(Benchmarks in the making!) 
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1. Airfoil Trailing Edge Noise 

 -- Canonical problem, final frontier for AFN 
2. Unsteady Wake Interference Between a Pair of Tandem Cylinders 

 -- Developed as a model, comprehensive aeroacoustic dataset 
 -- Deceptively simple: requires substantial compute power, grid 
convergence difficult to demonstrate 

3. Rudimentary Landing Gear (RLG) 
 -- Grid convergence easier to demonstrate 
 -- Evolving nature of experiment allows greater  
interplay between simulations and experiment design 

4. Partially Dressed Cavity Closed Nose Landing Gear (PDCC-NLG) 
 -- Reflects complexity of real landing gears 

•  

 

BANC-I Problem Categories 
(component level / specific physics of noise generation) 
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BANC-I Problem Categories 
(component level / specific physics of noise generation) 
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BANC Problem Categories (BANC-II Onward) 
5. LAGOON simplified landing gear  (Airbus-ONERA) 
    -- Complementary to RLG & PDCC-NLG 

 -- Rich, holistic measurement database 
6., 7. Slat cove noise: 
         F16 (DLR) and 30P30N (NASA) datasets 

 -- Canonical high-lift configurations with and without  
       installation effects, respectively 

 -- Rich legacy of prior aerodynamic benchmarking 
    -- Evolving benchmarks enabling true impact of collaborative efforts  
8. Acoustic propagation phase of airframe noise prediction 

 -- Isolate propagation phase to allow meaningful comparisons for the  
       other categories 

•  
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Category Leads & NASA Investments + Collaborations 

      

      

1.  Michaela Herr (DLR), Chris Bahr (NASA), Mohammad 
Kamruzzaman (Vestas Technologies UK Ltd.) 

2.  David Lockard (NASA) 
3.  Philippe Spalart (Boeing) 
4.  Mehdi Khorrami (NASA), Thomas Van de Ven (Gulfstream) 
5.  Eric Manoha (ONERA), Caruelle Bastien (Airbus) 
6.  Michael Pott-Pollenske, Jan Delfs (DLR), Eric Manoha 

(ONERA) 
7.  Meelan Choudhari, David Lockard, Mehdi Khorrami, (NASA) 
8.  Leonard Lopes, Nikolas Zawodny (NASA), Tomoaki Ikeda 

(JAXA) Stephane Redonnet (ONERA), Taro Imamura (U. 
Tokyo) 

+ others (Hutcheson, Brooks, Stead, Neuhart, Jenkins, …) 
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!  NASA investment via stewardship for categories, model 
fabrication, measurements, and simulations  



Well resolved CFD 

Hybrid Aeroacoustic Prediction  
(CFD + CAA Integration) 

Acoustic propagation(CAA) 

Source 

Modeling Validation 

Final 
Metric 

Experiment 
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Measurement Strategy  
(Nearfield-Farfield Integration) 

                                    Surface Cp, oil flow       
         
         Mean flow 
                          
                                 Off-body mean flow:  
                                 PIV, LDV, hot wire 

                Surface Cp’, hot films,  
                global unsteady PSP 
 
Unsteady nearfield (source) 
 
                  Off-body q’:  
                  PIV, LDV,hot wire 

Near-field acoustics 
Mics, in-flow mics 

Far-field acoustics 
Microphones: individual, arrays 

Holistic data + computational metrics  
addressing full chain of acoustic causality 

       (Space-time correlations) 
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Key Features of BANC Workshops 

!  Intrinsically multi-disciplinary focus (fluid dynamics+acoustics) 
!  Holistic rather than predictive emphasis 
    ≠ CFD validation against experiments 
    = Equal role for both (cross-comparison to ensure common focus) 
       + understanding of noise sources 

!  Concurrent, long term evolution of experiments and 
simulations with powerful interplay 

     ⇒   Most categories continue over multiple workshops until the category  
            objectives have been met 

!  Strongly integrative effort involving multi-team, multi-facility, 
multiple-entry measurements 
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Scope of presentation:  
!  Illustrate these features for selected BANC problem 

categories 
!  Outline challenges involved and how they were addressed 



Drivers for Integration 

!  Intricate noise source physics 
–  geometric complexity of airframe components 
–  high Reynolds number turbulence 
–  multiple regions of separation 
–  strong interaction between flow unsteadiness and solid 

surfaces, and between adjacent physical components 
!  Sensitivity to installation effects and facility details 

in experiments 
–  Closed wall wind tunnels better suited for in-depth flow 

measurements 
–  Open jet anechoic facilities reduce difficulties in farfield 

noise measurement, but may compromise aerodynamic 
simulation 
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= Validation Challenges 



Ingredients of Integration within BANC Workshops 
•  Strong role of computational stakeholders in design, conduct, and 

analysis of experiments  
•  Selection of canonical problem(s)  

–  Realistic, with a balance between geometric complexity, relevant physics, 
computational requirements, and experimental constraints 

–  Multi-facility experiments wherever possible 
–  Multiple configurations for a given noise source 

•  Holistic measurements 
–  Address full causal chain leading up to far field noise 
–  Unsteady aerodynamics + spatial coherence distribution in nearfield and 

nearfield/farfield acoustic data 
–  Redundant, multi-facility measurements 

•  Continuous interplay between computations and experiments 
–  Niche workshop contributions to quantify effects of experimental 

artifacts (“being on same page” is pre-requisite for validation) 
•  Paradigm shift: single group, single facility experiments to multi-

organization, multiple facility experiments over multiple entries  
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!  Developed as a model aeroacoustic dataset to anchor BANC-I 
$  BANC dataset adopted by EU 7th Framework project Advanced Turbulence 

Simulation for Aerodynamic Application Challenges (ATAAC) 
$  Majority of category objectives successfully met 
$  35+ papers thus far 

!  Deceptively simple 
$  Installation effects, extraneous sources, secondary scatterers 
$  Bistable flow behavior in simulations 
$  Measurable effects of tripping along rear cylinder 

 
•  

 

Examples of Integration in BANC Configurations 
2. Unsteady Wake Interference Between a Pair of Tandem Cylinders 
 

!  Spacing = 3.7 D  
  → synchronized co-shedding, 
       predominantly tonal flow and noise 
!  Turbulent separation via trips 

$  Other challenges:  
      Optimal tripping under favorable dp/dx, 
      effect on spectra, modeling in LES 13 



Testing in Closed Wall and Open Jet Facilities 

BART Facility Tandem Cylinders in QFF 
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FLOW"

Cylinders 
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Facility-Scale CFD/CAA Simulation Clarified Installation Effects 
(Informal Collaboration with Exa Corporation)  

With installation effects 

OASPL Directivity 

w/o 

Noise spectrum 

w/o with 
data 

data 

→ Basis for improved assessment of workshop contributions 
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Slat Cove Noise 
Cat. 6. LEISA II High-Lift Configuration (DLR, ONERA) 
        7. 30P30N High-Lift Configuration (NASA, JAXA, FSU, Boeing) 
 !  Synergistic, 2D configurations to characterize 

sensitivity to facility + model geometry 
$  Allow confirmation of trends 
$  Overlapping & complementary measurements 
$  Baseline for realistic configurations (sweep, taper, 

twist, brackets, geometric details) 

!  Rich legacy of prior aerodynamic benchmarking  

!  Evolving benchmarks, enabling true 
impact of collaborative efforts  •  

 

!  Broadband spectra, but with multiple  
   narrow-band peaks (NBPs) due to  
   flow-acoustic resonance 

$  Sensitive to model geometry  
     and flow conditions 
$  Possible dependence on facility 
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Technical Challenges 
•  Primarily broadband noise + narrow-band peaks (NBPs) that tend to be sensitive 

to configuration and facility details  
•  Complex source physics (multiple competing mechanisms) 
•  Extraneous, model-intrinsic noise sources (flap separation, wing/flap trailing 

edges) 
•  At times, conflicting findings between scaled model measurements and flyover 
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Measurements of 30P30N High Lift Configuration  

BART Wind Tunnel JAXA-LWT2 Wind Tunnel  

Phased array

2 m span

FlapMain wing

QFF Open Jet Facility KevlarTM wall test section (FSU)  

18 + Embraer facility 



Validation Success: CFD to Calibrate AoA in Wind Tunnels 
Mean Cp: Measurements vs. Open Air RANS  
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Validation Challenges:  
Comparison With Microphone Array Measurements 
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closed wall 
ONERA F2 CEPRA 

FSU 
JAXA 

 

open jet 
DLR AWB 

Strategy 1 LEISA2 

Strategy 2 

Microphone 
array 

Rejection region 



•  Surface Pressure Spectra on main wing leading edge 
  JAXA-NASA Measurements (Murayama et al. 2014) 

Origins of Spectral Peaks (Who Dun It) 
and Associated Acoustic Radiation Patterns 
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separation  
over flap 

resonances of 
main-wing cove 

resonances of 
slat cove 

Vortex shedding 
from slat TE 



•  
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Landing Gear Noise 
Cat. 3. Rudimentary Landing Gear (Boeing) 
        4, 5. PDCC-NLG (NASA, Gulfstream), LAGOON (ONERA, Airbus) 
 

!    Mostly broadband spectra with an occasional  
     narrow-band peak (NBP) 
!  Minimal jet deflection in open jet facilities  
 

!  Synergistic configurations representing both 
main and nose landing gears via varying degrees 
of geometric fidelity 

$ All highly complex geometries 
and fully 3D 



Validation Challenges: CFD vs. Acoustics   
Less Variability in Predicted Acoustics than Unsteady Nearfield? 

23 

 

3 
American Institute of Aeronautics and Astronautics 

II. The LAGOON geometry and homonym project 
The LAGOON (LAnding Gear NOise database for CAA validatiON) program was initiated and funded in 2006 by 

Airbus-France, also involving Onera and DLR, the French and German aerospace research centers, and Southampton 
University. This project (completed in 2012) was motivated by the need to acquire extensive experimental data on 
landing gear unsteady flow and noise at representative scale, with simplified shapes compatible with a large panel of 
numerical methods. The LAGOON geometry is presented on Figure 1. The project had a dual objective: (1) to build an 
extensive experimental aerodynamic and acoustic database for a simple generic 2-wheel LG structure and, (2) to assess 
available CFD/CAA tools on this configuration. From the start, the driving constraint was to design a simplified (but 
representative) geometry that would allow the comparison of a large suite of numerical methods. Inside the LAGOON 
program, Onera has been in charge of collecting the experimental database combining two experiments: 
steady/unsteady flow measurements in the F2 aerodynamic closed-section wind tunnel 9, and noise acquisitions in the 
CEPRA19 aeroacoustic open-jet facility 10. In parallel, CFD/CAA activities have been conducted by the three 
LAGOON partners. 

In 2010, Airbus-France, owner of the LAGOON experimental database, decided to make it available to the 
aeroacoustic community in the framework of the Benchmark for Airframe Noise Computations. Over the last four 
years, the problem statement and the experimental database were provided to about 30 laboratories around the world. 
Beyond the 7 contributions which are summarized in this paper, the authors are aware of 3 more computations which 
are currently under progress and could contribute in a next BANC workshop. 

III. The LAGOON 2-wheel problem definition 
The LAGOON experimental database can be provided to any interested contributor. General 

documents can be directly downloaded from the BANC III web site 11: a detailed description of 
the experimental database 12, the problem statement 13 and a document describing the conditions 
to access the database 14, to be signed and sent to the category leaders before downloading the 
numerical data from Onera’s FTP server. 

The LAGOON configuration is a simplified two-wheel landing gear. The geometry under 
consideration is shown in Figure 1. The wheel diameter D is 0.3 m with realistic cross section, 
the diameter of the main leg is Dml = 55 mm in the lower part (close to the axle) and Dmh = 71 
mm in the upper part. The spanwise separation distance S between the median plane of both 
wheels is S = 198 mm.The global dimensions correspond to the scale 1:2.5 compared to the 
nose landing gear of an Airbus A320 aircraft. 

The chosen coordinate sytem is as follows (see Figure 3 in Ref. 12). The origin is located at 
the intersection of the axle and the main leg. The X axis is parallel to the flow direction, 
opposite to the flow, the Y axis is transverse, from the left wheel to the right wheel, and the Z 
axis is vertical, oriented from the wheels to the aircraft. All coordinates are given in millimeters. 
The velocity components U, V and W are parallel, respectively, to the X, Y and Z axis, but U is 
oriented by –X (flow direction), V is oriented by Y and W is oriented by –Z. 

 
Figure 1: LAGOON 

CAD model 

Transition tripping devices were mounted on the model (see Figures 6, 7 and 8 in Ref. 12), at positions adjusted to 
ensure that the transition of boundary layers from laminar flow to turbulent flow was effective. All cylinders (axle and 
main strut) were equipped with CAD-CUT stripes aligned at ± 60° with respect to the mean flow (cylindrical dots of 
thickness 0.25 mm and diameter 1.5 mm, 2.5 mm apart). On the wheels, ZIG-ZAG stripes of thickness either 0.4 mm 
(inner, lower, upper stripes) or 0.2 mm (outer stripes) were mounted. The distance between inner and outer stripes was 
44 mm. In the azimutal directions, the stripes extended on ± 55 ° or ± 144 mm (curvilinear distance). The same tripping 
devices were used in both windtunnels F2 and CEPRA19. 

Aerodynamic experiments have been performed in Onera’s F2 wind tunnel at Onera Le Fauga (France), providing 
steady surface pressures, detailed off-surface measurements of the steady/unsteady flow field using two-dimensional, 
two-component Particle Image Velocimetry (PIV), 2- and 3-component Laser Doppler Velocimetry (LDV), hot-wire 
measurements combined with LDV in the wake of the landing gear, and unsteady surface pressure data 9. 

F2 is a subsonic, atmospheric wind tunnel equipped with optical devices (PIV, LDV) to investigate the fundamental 
characteristics of complex flow fields. The tunnel has a closed test section with a height of 1.8 m, a width of 1.4 m and 
a length of 5 m. A large range of free stream velocities between Mach = 0.10 and Mach = 0.28 were used to establish 
classic velocity laws, but most aerodynamic measurements available in the experimental database were obtained at M = 
0.23 (or 78.2 m/s) corresponding to a Reynolds number based on wheel diameter of 1.564 millions. 

The LAGOON model tested in the F2 windtunnel was also investigated in Onera’s CEPRA19 anechoic wind tunnel 
located in Saclay (France)10. CEPRA19 is an anechoic open jet facility specifically designed for aeroacoustic testing 
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Summary  

!  Model installation effects = critical factor in development 
of benchmark quality datasets for airframe noise 
–  Cannot be addressed without CFD/CAA/measurement integration 
–  Boundary layer tripping an important consideration 

!  BANC effort has shown that a thorough integration leads 
to fuller insights, improved measurement strategies, and 
broad advances in computational modeling 
–  Integration is optimally achieved via focused collaborative effort 

among multiple stakeholders (strong stewardship by NASA/
JAXA/ONERA/DLR and industry partners) 

–  Remarkable success in case of 3D landing gear configurations 

!  BANC data continues to be used beyond the workshops 
–  Substantial return on moderate NASA investment 

!  BANC-V Workshop currently in (early) planning stage 
–  New noise sources (slat tracks) + realistic semi-span configuration (HL-CRM) 24 


