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Bellevue, WA 2006



Array 48 (24 microphones)



Array-48
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Array-48 at NASA-Glenn

Dec. 2007, Gary Podboy





7x10 test 1995



7x10 test 1995



Inlet noise:
fan, low 
pressure 
compressor

Aft fan, turbine,
combustor and
jet noise



NASA/Honeywell EVNERT 2006



NASA/Honeywell EVNERT 2006





30.48 m Polar Arrays



Inverted B&K 4134



Point Spread Function

5° Polar Array

HF Array



60% Power, 5° High Frequency Array

dB



Array Coherence, 2048 Hz

5° Polar Array HF Array



What is beamforming?
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r 
ξ 1  

r 
ξ 2

 
r 
ξ M

 
r 
ξ 

  
r 
x 1

 
r 
x 2

 
r 
x n

 
r 
x N

 
gn

r 
ξ ( )



If the number of source points were ≤ N, it would be linear algebra problem
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Examples of the linear algebra case
(low frequency)

• Modes in cavities
• Modes ducts
• Antenna patterns
• Spherical  waves near the source
• Nearfield Acoustic Holography (?)



Beamforming is Different

• 2 m airframe noise model at 40 kHz
• Nacelle inlet with 10000 cuton modes
• All the stars in the sky 



Optical Beamforming



Acoustics Beamforming



Time-Domain Beamforming
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Delay and Sum:
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Frequency-Domain Model
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Some Free Space Models
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Comments

MN ≥ could be the linear algebra case
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n exw

vvvvr −−= ξξξ n indicates a lack of understanding
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Classical Beamforming
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Distributed Source Results

No DD

DD



Distributed Coherent Source, no Self Noise

Source

BF,
all source points +

4000 Hz tone



Choice of Method

• Time-Domain
- Delay and Sum

• Frequency Domain
- Phase-Shift and Sum
- Classical (Bartlett) Beamforming

• Time-domain may be better for wide analysis bands
• Time-domain is simpler for moving sources
• Frequency-domain is faster (FFT)
• Bartlett is fastest for large grids
• Bartlett is simpler for advanced techniques

- Linear algebra with the CSM
- Optimization-based derivations
- CLEAN-SC
- Non-trivial Green’s functions



Array Design
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Array48 

24 microphones 48 microphones

4 ft.



Array48 

24 mics

48 mics

-5.03 dB

-7.90 dB -6.36 dB

-4.44 dB

dB
2.54×2.54 m grid at z = 2.54 m

1 kHz 4 kHz 8 kHz 32 kHz



Array48: Depth Resolution 

dB

2.54×2.54 m grid at y = 0 m
48 microphones

1 kHz 4 kHz 8 kHz 32 kHz

z = 0

z = 100 in.

Source at
z = 50 in.

array



Airframe Noise Applications
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noise
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RWS





Accounting for Convection



Wind tunnel testing: setup for a closed jet test 

phased array

noise

phased arrays
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flow

noise

flow



Boeing/GE LSAF Test 1993



Wind tunnel testing: convection issues 

ray

beamforming grid point  
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Ray tracing equations
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Fan and LPC Noise



Boeing/Rolls Royce



Boeing/Pratt&Whitney ICD Array, 1999
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AARC TUBE* 2006

*Thematic Uniaxial Bladeless Environment



Boeing Large Test Chamber 
Jan. 10, 2006



Review of propagation mechanisms

AIAA 1996-1773 (RDIFF)



16 kHz, 1 octave BW, 10 dB color scale, outer array

Regular Beamforming for Broadside Configs.
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Beamforming results
Cfg. 11 (no TUBE) Cfg. 10

15 kHz

30 kHz

1/3 o.b.

10 inch Optical



AARC, NASA ANCF Testing



Array steering vectors: modal 
expansions
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(incident + scattered)
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Boundary element code: formulation
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Boundary element code: formulation



April Run 11: 444 RPM multipole
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Jet Noise



NASA-Glenn/Boeing (Premo) 1997



Boeing/Honeywell Cage Array, 1999



800 Hz630 Hz500 Hz

400 Hz250 Hz125 Hz

Cage Array, Baseline Configuration



August 2004, NASA Glenn RC, AARC



Traverse 
X/D = 10

2000

2800

4000

5700

8000

11000

16000

32000

23000

Freq, Hz Strouhal No.

dB

0.16

0.23

0.33

0.48

0.67

0.92

1.34

1.92

2.68

Traverse
X/D = 4 

Mach = 0.95
DAMAS2 ½ ob



Wake Vortex Test, Denver CO, 2003



Denver Test  Aug.-Sept. 2003



Denver Test  Aug.-Sept. 2003
Titan Corp, USDOT
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Array Design



Array Sidelobes, 200 Hz
Vertical Plane

Horizontal Plane (700 ft,)

1200 ft

12
00

 ft

1200 ft
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767 737



• systematic way to handle turbulent decorrelation
• determine autospectra after diagonal deletion (CLEAN-SC?)
• multipoles
• nacelle in-duct beamforming
• extended coherent sources (CLEAN-SC?)
• broaden user community

Open Issues



• similar to photography
• different from linear algebra
• robust
• an art
• not effective without careful array design
test technique, and interpretation

• constantly changing for demanding applications
• transformational in aeroacoustics measurements

Conclusions

Acoustics  beamforming is


