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Hot-Wire Sensitivity

Comte-Bellot & Mathieu (1958)
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Hot-Wire Measurements (1960’s)

� Issues:

� Making the wires

� Electronic multiplication

� Space-time correlations

� Minimizing wake interference effects

� Spectral analysis
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Instrumentation
� Hot-wires

� Platinum-rhodium (3.5µm x 0.4mm) soldered to 
the tips of jewelers’ broaches

� Electronic multiplication by “quarter-square”
principle

� Time delay for cross-correlation
� Moving head on Sangamo 284RB tape recorder

� Spectral analysis
� Hewlett-Packard 302A (constant bandwidth) wave 

analyzer
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Hewlett-Packard Wave Analyzer
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“Corrsin” Wind Tunnel

Johns Hopkins University, Maryland
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� Lighthill (1952)

� Lilley (1974)

� Goldstein (2003)

“Source Terms”
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� Second Order

� Fourth-Order (I)

� Fourth-Order (II)

Cross Correlations

( ) ( ) ( ), , , ,ij i jR u t u tτ τ= + +x η x x η

( ) ( ) ( ), , , ,ijkl i j k lR u u t u u tτ τ= + +x η x x η

( ) ( )( )( )( ), , , ,ijkl i j i j k l k lC u u u u t u u u u tτ τ= − − + +x η x x η

( ) ( )

( ) ( )( ) ( )
2 2

, ,
, , ijkl

ijkl

i j k l

R
r

u u u u

τ
τ =

+

x η
x η

x x η

( ) ( )

( ) ( )( ) ( )
2 2

, ,
, , ijkl

ijkl

i j i j k l k l

C
c

u u u u u u u u

τ
τ =

− − +

x η
x η

x x η



12

2nd and 4th Order Statistics
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Cross Spectral Density and Cross 
Coherence

Cross spectral density
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Experimental Facility

� Nominal exit velocity: 285 ft/sec

� Jet exit diameter: 2 inches

x

r

-7 -6 -5 -4 -3 -2 -1 0
0

1

2

3

4



15

Cross Correlation Coefficients
/ 5, / 0.5 j jx D r D= =

Time delay τU j/D j
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Spatial Cross Correlation
/ 5, / 0.5 j jx D r D= =
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Complex Cross Coherence: Phase

Strouhal number, fD j/U j
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Phase Velocity: Frequency 
Dependence

Strouhal number, St = fD j/U j
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Strouhal number, fD j/U j
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Length Scales
/ 5, / 0.5 j jx D r D= =

Strouhal number, fD j/U j

Le
ng

th
sc

al
e,

L
ξ/D

j,
L

η/
D

j,
L

∆θ
/D

j

10-2 10-1 100

10-1

100

Lξ/D j, s11

Lξ/D j, s1111

Lη/D j, s11

Lη/D j, s1111

L∆θ/D j, s11

L∆θ/D j, s1111

St-1

~ St-1



21

Radial Variation: Convection Velocity

Radial distance, r/D j
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Flatness Factor

Radial distance, (r-D j/2)/x
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Spatial Cross Correlations
/ 5, / 0.0 j jx D r D= =
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Length Scales

Radial distance, r/D j
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RANS Calculations
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High Speed Jet Noise Models

Doty & McLaughlin (2005)
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Broadband Shock-Associated Noise
Problem: Predict the component of noise due to presence of shocks and 

expansions contained in supersonic jets operating off-design 

Only know:

NPR = po / p∞

TTR = To /T∞

Nozzle Geometry

Po ,To 

θ

y

r
x, Observer Position

Nozzle

Turbulent Jet

Need to know:

Far-field spectral 
density of fluctuating 
pressure
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Present Approach
� Equations are separated into a linear operator (the 

linearized Euler equations: LEE) and interaction terms 
(sources)

� Solution for the far field pressure written in terms of 
the vector Green’s function for the LEE

� Pressure autocorrelation and spectral density are 
obtained

� Model introduced for turbulence statistics

� Shock cell represented in terms of its wavenumber 
content

� Expression obtained for spectral density in terms of 
quantities provided by a RANS CFD solution with a 
two-equation turbulence model
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Final Prediction Formula
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Wavenumber 
Region

Md = 1.0

Mj = 1.5

TTR = 1.0
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Rectangular Jet 
Operating Conditions
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Rectangular Jet
Md = 1.5 Mj = 1.7 TTR = 1.0
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Summary

� Hot-wire measurements have played an 
important role in noise source modeling

� Other instrumentation clearly has a role

� Use of RANS to determine scales is 
problematic

� BBSAN can be predicted using an 
acoustic analogy and RANS
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Centerline Traverse

Axial distance, x/D j
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Mean Flow Similarity

Radial distance, η=(r-r0.5)/δω
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Convection Velocity
/ 5, / 0.5 j jx D r D= =
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Spatial Cross Correlations
/ 9, / 0.5 j jx D r D= =
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Length Scales

/ 9, / 0.5 j jx D r D= =

Strouhal number, fD j/U j
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Time delay τU j/D j
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Power Spectral Density

Strouhal number, fD j/U j
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Length Scales

Strouhal number, fD j/U j
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Dimensional Cross Correlation

Time delay τU j/D j
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Downstream Centerline Measurements

/ 9, / 0.0 j jx D r D= =

Strouhal number, fD j/U j

Le
ng

th
sc

al
e,

L
ξ/D

j

10-2 10-1 100

10-1

100

Lξ/D j, s11

Lξ/D j, s1111

Axial separation distance, ξ/D j

S
pa

tia
lc

or
re

la
tio

n
co

ef
fic

ie
nt

0 0.2 0.4 0.6 0.8 1
-0.2

0

0.2

0.4

0.6

0.8

1

r11(ξ,0,0,τ)
c1111(ξ,0,0,τ)
Eqn. (11)



45

Supersonic Jet Noise Sources

BBSAN

ScreechMixing
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Present Approach

� Based on the Euler equations in terms of the 
logarithm of pressure and velocity

� Variables separated into four components*
� Long time average

� Shock cell structure

� Coherent turbulent fluctuations

� Fluctuations associated with the interaction of the 
turbulent fluctuations with the shock cells – this is 
the Broadband Shock-Associated Noise (BBSAN)

*This follows Tam’s general formulation
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Two Cross-Wires



48

Cross Correlation Coefficients
/ 5, / 0.5 j jx D r D= =
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Cross Correlation Coefficients
/ 5, / 0.5 j jx D r D= =
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