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The classic geometric acoustic solution for propagation through a mean flow velocity1

discontinuity is evaluated experimentally using an approximate point source in mo-2

tion. The geometric approximation of the pressure field in both the frequency and3

time domains is first revisited for arbitrary subsonic flow and source motion along4

the flow axis. The derivation, computed via the method of stationary phase, shows5

the expected Doppler behavior of the radiated acoustic field due to the source motion6

acting in conjunction with the convective amplification effect for a stationary source7

in flow. The model is validated with a minimally intrusive, approximate point source8

of heat in the Quiet Flow Facility at the NASA Langley Research Center. Within9

the limitations of the experiment in this open-jet wind tunnel, data generally show10

agreement with the model across a range of flow speeds and microphone positions for11

a broad range of frequencies. Where disagreement between measurement and theory12

is noted, possible causes are discussed.13
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I. INTRODUCTION14

In aeroacoustic wind tunnel testing, acoustic instrumentation is often separated from a15

given facility’s test section flow to minimize measurement contamination by hydrodynamic16

pressure fluctuations. Many such facilities utilize an open-jet test section arrangement,17

where microphones are separated from the flow field by a free shear layer.1 These wind18

tunnels are never perfect acoustic measurement environments due to the various design19

decisions required in the tradeoffs between tunnel aerodynamic requirements and acoustic20

behavior.2 One of the ways of assessing real tunnel effects is to operate an approximately21

known acoustic source in the test section and calculate the deviation between measurement22

and the source’s expected behavior in the modeled propagation environment. Any devia-23

tion would indicate inaccuracies in the propagation model, limitations in knowledge of the24

source’s characteristics, or both.25

Such measurements are usually complicated by the source’s installation requirements.26

Many controllable sources are intrusive and alter the flow field in an active wind tunnel27

test section. Sources may also have an unknown behavior change once immersed in flow.28

Recently, attempts have been made to circumvent these limitations by using laser-induced29

plasmas for facility characterization.3,4 Such sources are minimally intrusive, can approx-30

imate a point source, can be isolated in time to mitigate multipath effects, and have an31

existing model for their behavior in a mean flow.5 The shear layer refraction of the acoustic32

field generated by these sources, which convect with the test section flow, can be analyzed by33

solving the classic stationary point source refraction problem for a velocity discontinuity6,734
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while incorporating source motion. Note that more general formulations of this model exist35

that account for a realistic mean velocity distribution in a shear layer.8,9 However, a velocity36

discontinuity is often assumed in practice both for computational expedience and to avoid37

requiring detailed measurements of a facility flow field. Historically, such a simplification38

has shown a minimal influence on data analysis in open-jet wind tunnels for a broad range39

of measurement angles,10 though errors in modeling the shear layer shape may cause more40

significant problems than the discontinuity assumption.1141

This work revisits the classic planar shear layer refraction problem by using a laser-42

induced plasma to expand the operational bandwidth of model validation while minimizing43

source size and influence on the test section flow. It starts by summarizing the classic44

geometric acoustic model for refraction at a velocity discontinuity, while accounting for45

source motion in a mean flow. It then validates the model using experimental data acquired46

in the Quiet Flow Facility at the NASA Langley Research Center, demonstrating the ability47

to collapse source characteristics for a laser-induced plasma at a variety of measurement48

locations and Mach numbers. Conditions where the data and model disagree are identified49

and discussed to assess limitations in both the test setup and modeling. These analyses50

can be used to scope the utility of a laser-induced plasma source in future open-jet facility51

characterization efforts, as well as steer where further work should be focused to improve52

wind tunnel data modeling and reduction.53
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FIG. 1. (Color online) Schematic of the problem of interest at the source initiation time.

II. MODEL DEVELOPMENT54

The simplified problem of interest is shown in Fig. 1. Here, the bounding shear layer is55

approximated as an infinitely thin velocity discontinuity defined as a surface of constant z56

in the three-dimensional problem domain. The source, located at the origin at time t = 0,57

is assumed to move at a speed of Us in the x-direction. A mean flow is present in the58

x-direction with speed U∞. Both Us and U∞ are assumed to be subsonic. The isentropic59

speed of sound, c∞, is assumed to be constant throughout the domain. The shear layer has60

a constant offset of zi from the source location and is a boundary between the flow and a61

quiescent medium. The observer is located in the quiescent region.62

A. Problem formulation63

This is treated as an interface problem, so the incident acoustic field must first be defined.64

This field is based on the model given by Rossignol et al.5 for a point source of heat in a65
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unidirectional mean flow, which can be stated as66

1

c2∞

∂2pI
∂t2

+ 2
M∞

c∞

∂2pI
∂x∂t

− β2∂
2pI
∂x2

− ∂2pI
∂y2

− ∂2pI
∂z2

=
γ − 1

c2∞

(
∂q

∂t
+ U∞

∂q

∂x

)
. (1)

Here, pI is the incident acoustic pressure, q is the heat release per unit volume, c∞ is the speed67

of sound, M∞ is the Mach number defined by the free stream flow speed U∞ = M∞c∞, β =68 √
1−M2

∞, and γ is the ratio of specific heats. The heat release function is assumed to have69

the form of a point source in space moving at speed Us, q = qs (t) δ (x− Ust) δ (y) δ (z) with70

δ as the Dirac delta function. It is assumed that γ is constant. Note that this formulation is71

equivalent to that of a point source of mass if (γ − 1) c−2
∞ on the right-hand side of Eq. (1)72

is replaced with the mean fluid density ρ∞ and the appropriate dimensional change is made73

to the source function q.74

A wavenumber decomposition in the x- and y-directions is performed on Eq. (1) using75

the spatiotemporal Fourier transform, in this work defined for a function g as76

ĝ (νx, νy, z, f) =

∫∫∫ ∞

−∞
g (x, y, z, t) ej2π(νxx+νyy−ft)dx dy dt, (2)

with spatial wavenumbers νx and νy, temporal frequency f , and imaginary unit j =
√
−1.77

The associated inverse transform is given as78

g (x, y, z, t) =

∫∫∫ ∞

−∞
ĝ (νx, νy, z, f) e

−j2π(νxx+νyy−ft)dνx dνy df. (3)

Applying the forward transform to Eq. (1) yields the inhomogeneous ordinary differential79

equation80

d2p̂I
dz2

+ 4π2
[
ν2
∞η2∞ − ν2

x − ν2
y

]
p̂I = −j2πfη∞

γ − 1

c2∞
q̂s (fηs) δ (z) , (4)
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where ν∞ is the acoustic wavenumber defined by f = ν∞c∞ and η∞ is the index of refraction81

defined by ν∞η∞ = ν∞ − M∞νx. Index of refraction ηs is defined in the same way using82

fηs = f − Usνx.83

The solution to Eq. (4) consists of84

p̂I (z > 0) = A+e
j2πζ∞z +B+e

−j2πζ∞z (5)

and85

p̂I (z < 0) = A−e
j2πζ∞z +B−e

−j2πζ∞z, (6)

where the substitution ζ2∞ = ν2
∞η2∞ − ν2

x − ν2
y for the z-component of the wave vector is86

made for brevity. As this incident field is defined for an unbounded medium, A+ = B− = 087

since only waves propagating away from the source can exist. Pressure must be equal at88

z = 0, so B+ = A−. The jump condition of the source can be addressed by integrating89

Eq. (4) from −ϵ to ϵ across z = 0. In the limit of ϵ → 0, the second term on the left90

side vanishes since pressure is continuous across the jump. The remaining term on the left91

(after integration) is expressed as first derivatives of Eqs. (5) and (6). For z > 0, this yields92

2ζ∞B+ = fη∞ (γ − 1) c−2
∞ q̂s (fηs) and93

p̂I (z > 0) =
fη∞e−j2πζ∞z

2ζ∞

γ − 1

c2∞
q̂s (fηs) . (7)

B. Interface transmission94

The interface problem can now be evaluated. Two conditions are required to solve for95

the reflected and transmitted pressure fields, given by96

p̂R (νx, νy, z, f) = Rej2πζ∞z (8)
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and97

p̂T (νx, νy, z, f) = Te−j2πζz, (9)

with ζ2 = ν2
∞−ν2

x−ν2
y . The first condition states that, since the interface is not accelerating98

in the z-direction, pressure must balance across it. This is expressed as99

Te−j2πζzi =
fη∞e−j2πζ∞zi

2ζ∞

γ − 1

c2∞
q̂s (fηs) +Rej2πζ∞zi . (10)

The second interface condition is a displacement condition, where the interface is treated100

as a wavy, impermeable stream surface. Miles,12 Ribner,13 and Amiet7 all express this in101

a reference frame moving along the interface in the direction of the surface wave and at102

its phase speed, f/
√

ν2
x + ν2

y . In this reference frame, matching displacement across the103

interface is equivalent to matching the slope of the velocity vector in the plane defined by104

the surface-wavevector-tangent and interface-normal components of the wave vector. Note105

that in the limiting case where flow speeds match across an interface, this simplifies to106

matching the normal velocity. The tangential velocity component is approximated as the107

mean speed in the direction of the surface wave vector in this moving reference frame, under108

the assumption that accounting for the acoustic velocity component contribution is a second-109

order effect.13 The normal component is determined from the z-derivative of the acoustic110

velocity potential, ϕ, so matching slopes across the interface gives111

1

U∞
νx√
ν2x+ν2y

− f√
ν2x+ν2y

(
dϕ̂I

dz

∣∣∣∣∣
zi

+
dϕ̂R

dz

∣∣∣∣∣
zi

)
=

1

− f√
ν2x+ν2y

dϕ̂T

dz

∣∣∣∣∣
zi

. (11)

The velocity potential when mean flow is present is given by the linearized Euler equation112

as113

ρ∞

(
∂ϕ

∂t
+ U∞

∂ϕ

∂x

)
= −p, (12)
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or in the transformed domain as114

ϕ̂ =
j

2πρ∞fη∞
p̂. (13)

When there is no mean flow, the index of refraction term becomes unity. Evaluating Eq. (13)115

for each pressure field and substituting into Eq. (11) yields the second interface expression116

in terms of R and T ,117

ζη2∞Te−j2πζzi

ζ∞
=

fη∞e−j2πζ∞zi

2ζ∞

γ − 1

c2∞
q̂s (fηs)−Rej2πζ∞zi . (14)

Equations (10) and (14) can be added to eliminate R. Solving for T and then substituting118

into Eq. (9) yields119

p̂T (νx, νy, z, f) =
fη∞e−j2π[ζ(z−zi)+ζ∞zi]

η2∞ζ + ζ∞

γ − 1

c2∞
q̂s (fηs) . (15)

C. Approximate spatial solution120

The wavenumber transform must now be inverted to recover the frequency-domain pres-121

sure for a given location in space. This takes the form of122

p̃T (x, y, z, f) =

∫∫ ∞

−∞

fη∞e−j2π[νxx+νyy+ζ(z−zi)+ζ∞zi]

η2∞ζ + ζ∞

γ − 1

c2∞
q̂s (fηs) dνxdνy. (16)

An approximate solution to this type of integral can be computed using the method of123

stationary phase,14 given in two dimensions as124

∫∫ ∞

−∞
Ψ(νx, νy) e

jkΦ(νx,νy)dνxdνy ≃
2π

k

∑
∇νx,νyΦ=0

ej
π
4
sgnH(Φ)|0 Ψ|0ejkΦ|0√

|detH (Φ) |0|
, (17)

where Ψ is the magnitude function, Φ is the real-valued phase function that drives the125

oscillations of the complex exponential, and k ≫ 1 is a scale parameter for Φ. This geometric126
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acoustic approximation is summed over all stationary points (νx,0, νy,0) that satisfy∇νx,νyΦ =127

0. H (Φ) |0 is the Hessian matrix of Φ evaluated at a stationary point. Operators det and sgn128

represent the matrix determinant and matrix signature, where the signature is the difference129

between the number of positive and negative eigenvalues of the matrix.15 For this problem,130

defining r =
√

x2 + y2 + z2 as the distance between the source and observer, k = 2πν∞r,131

Ψ(νx, νy) =
fη∞

η2∞ζ + ζ∞

γ − 1

c2∞
q̂s (fηs) , (18)

and, defining coordinate system (x′, y′, z′) = (x− xi, y − yi, z − zi) with the origin at the132

shear layer intersection point in Fig. 1 and r′ =
√

x′2 + y′2 + z′2,133

Φ (νx, νy) = − 1

ν∞r
(νxx

′ + νyy
′ + ζz′ + νxxi + νyyi + ζ∞zi) . (19)

There is one stationary point that satisfies ∇νx,νyΦ = 0 for a wave propagating in the134

positive z-direction, and its value depends on the intersection location (xi, yi, zi) of the135

acoustic ray path with the shear layer. Various expressions are available for relating this136

location in different coordinate systems, derived by matching the x- and y-components of137

respective slowness vectors across the interface.7 The x- and y-coordinates of the intersection138

can be determined with the problem setup of Fig. 1 by solving the related system of two139

equations with known source and observer locations,16140

0 =
xi

σi

− β2x′

r′
−M∞ (20)

and141

0 =
yi
σi

− y′

r′
, (21)

where σi =
√
x2
i + β2 (y2i + z2i ). The stationary point values given in both coordinate sys-142
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tems are then143

νx,0 = ν∞
x′

r′
= ν∞

xi −M∞σi

β2σi

(22)

and144

νy,0 = ν∞
y′

r′
= ν∞

yi
σi

. (23)

The resultant expressions for ζ∞ and ζ are145

ζ∞,0 = ν∞
zi
σi

(24)

and146

ζ0 = ν∞
z′

r′
. (25)

The determinant of the Hessian matrix and the matrix signature must now be computed.147

The determinant at the stationary point is given as148

detH (Φ) |0 =
H2

ν4
∞r2

=
1

ν4
∞r2

×[(
x′2 + z′2

z′2
r′ +

x2
i + β2

∞z2i
z2i

σi

)(
y′2 + z′2

z′2
r′ +

y2i + z2i
z2i

σi

)
−
(
x′y′

z′2
r′ +

xiyi
z2i

σi

)2
]
, (26)

where H2 contains all terms within the square brackets and can be shown to be positive.149

Determining the matrix signature of the Hessian requires calculating its eigenvalues. As the150

Hessian matrix is real and symmetric, it must have real eigenvalues. As the determinant of151

this matrix is positive, it can be shown that both eigenvalues are positive, and the matrix152

signature is 2. The approximate solution for the pressure field in the frequency domain is153

thus154

p̃T =
jfη∞,0e

−j2πν∞

(
r′+

σi−M∞xi
β2∞

)
(
η2∞,0

z′

r′
+ zi

σi

)
H

γ − 1

c2∞
q̃s (fηs,0) , (27)

where155
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η∞,0 = 1−M∞
x′

r′
(28)

and156

ηs,0 = 1−Ms
x′

r′
. (29)

This can now be brought to the time domain using the inverse Fourier transform, giving157

pT =
η∞,0

2π
(
η2∞,0

z′

r′
+ zi

σi

)
H

γ − 1

c2∞

∫ ∞

−∞
j2πfq̃s (fηs,0) e

j2πf

(
t− r′

c∞
−σi−M∞xi

c∞β2∞

)
df. (30)

Here, 2π has been included in both the numerator and denominator to make clear that a158

time derivative will be present in the solution. Recognizing that the source function is given159

in terms of Doppler-shifted frequency, a change of variables is required. Defining f = fs/ηs,0,160

df = dfs/ηs,0, and emission time161

τ =
1

ηs,0

(
t− r′

c∞
− σi −M∞xi

c∞β2
∞

)
(31)

allows162

pT =
η∞,0

2π
(
η2∞,0

z′

r′
+ zi

σi

)
H

1

η2s,0

γ − 1

c2∞

∫ ∞

−∞
j2πfsq̃s (fs) e

j2πfsτdfs. (32)

This yields the time domain solution163

pT (x, y, z, t) =
η∞,0

2π
(
η2∞,0

z′

r′
+ zi

σi

)
H

1

η2s,0

γ − 1

c2∞

dqs (τ)

dτ
. (33)

Here, both the source motion and mean flow contribute to the directivity of the acoustic164

field, with some term cancellation in the limiting case of Us = U∞.165

III. MODEL VALIDATION166

The classic model rederived in the previous section is now evaluated using data acquired167

in the NASA Langley Quiet Flow Facility (QFF). The QFF is an aeroacoustic wind tunnel168
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equipped with a 2- by 3-foot rectangular nozzle. The test section is usually bounded by169

hard walls on the 2-foot sides and free shear layers on the 3-foot sides. It has a nominal170

maximum test section Mach number of 0.17.171

A. Test configuration172

For this test, the laser-induced plasma source was generated using an Nd:YAG (Gemini173

PIV 120 mJ, 532 nm, 3–5 nsec pulse width) system operating at six pulses per second. The174

laser was focused to a point in space using a set of 3-inch diameter achromatic expansion,175

collimating, and focusing lenses. When used in this fashion, such lasers generate a plasma-176

induced shockwave17 that quickly decays to a linear acoustic wave and acts as a minimally177

intrusive acoustic source moving with the flow.5 It is considered minimally intrusive rather178

than nonintrusive as, near the source, enough energy is imparted to the fluid to allow for179

active flow control.18 It is treated as an approximate rather than true point source as the180

most energetic band of its spectrum occurs at frequencies where the acoustic wavelength181

is on the order of the effective source size of several millimeters. However, for the overall182

measurement dimensions in a typical wind tunnel, noncompactness effects are considered183

negligible.184

The acoustic emissions from the source were measured by a set of microphones covering185

a partial spherical wedge of radius 66 inches with an origin at the source location. This186

coverage, located entirely outside of the test section flow, consisted of two arcs of seven187

microphones each. The microphones in each arc were separated by 15◦ increments in polar188

angle, defined from the flow direction. The arcs were separated by 30◦ in azimuth angle,189
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defined from the modeled shear layer surface normal. Schematics of the two microphone190

arcs are shown in Fig. 2. An additional microphone, not shown in the figure, was installed191

on a tripod at (90◦, 15◦). A reference microphone was also installed in one of the test192

section sidewalls. A photograph of the overall installation is shown in Fig. 3. In this193

photograph, the laser system is installed behind the right sidewall. The beam passed through194

a glass panel and was focused at the center of the test section. The reference microphone195

was in the left sidewall, with an angular location of (78◦,−90◦). While close to the beam196

axis, this microphone was not directly illuminated by laser light. For this test, all acoustic197

instrumentation consisted of Brüel & Kjær type 4138 1/8-inch pressure-field microphones198

powered by type 2690 NEXUS conditioning amplifiers with extended upper frequency limits199

of 140 kHz. The protective gridcaps on the microphones were removed to reduce installation200

effects on the measured microphone signals. The in-wall reference microphone was flush201

mounted in the sidewall using a 3D-printed sleeve.202

(45°,0°)

(60°,0°)

(75°,0°)

(90°,0°)

(105°,0°)

(120°,0°)

(135°,0°)

(135°,30°)

(120°,30°)

(105°,30°)

(90°,30°)

(75°,30°)

(60°,30°)

(45°,30°) Flow Direction

Modeled 

Shear 

Layer 

Plane

(a)

Flow Direction

(45°,0°)

(60°,0°)

(75°,0°)

(90°,0°)

(105°,0°)

(120°,0°)

(105°,30°)

(90°,30°)

(75°,30°)

(60°,30°)

(45°,30°)

(b)

FIG. 2. (Color online) Microphone arcs used in acoustic measurements, 2(a) isometric and 2(b)

side view. Each microphone position is labeled as (polar,azimuth).
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FIG. 3. (Color online) Photograph of facility measurement setup [Source: NASA].

B. Acquisition and processing203

Data were aquired using National Instruments PXIe-4480 cards set to a sampling rate204

of 1.25 MSamples/sec. All microphones, along with lamp and q-switch signals from the205

laser and the output from a reference photodetector, were simultaneously recorded for 30206

sec, acquiring a total of 180 plasma events per test condition. No analog filter was applied207

beyond the antialiasing filter for the data system, but a 900 Hz zero-phase digital highpass208

filter was applied to all recorded microphone data prior to processing.209

The records were subdivided into individual blocks of 20480 samples for each plasma210

event with each block starting 25 samples prior to the laser firing. The laser firing time211

was defined as t = 0 for each block. This was determined from the q-switch signal and212

verified with the photodetector. A 200 µsec long 25% Tukey window was applied to each213
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block of data around the initial pulse acoustic waveform to isolate the direct propagation214

signal. This removed reflections from the facility sidewalls and nozzle edges and reduced215

the influence of facility background noise. The specific window selection and sizing was216

empirically found to successfully mitigate secondary signals for most test conditions while217

being wide enough to accomodate pulse distortion effects caused by propagation through the218

turbulence of the free shear layer.19,20 Due to these distortion effects, data were analyzed in219

terms of energy spectral densities. Background noise spectra, computed using measurement220

data without a plasma event, were processed in the same way as the data of interest and sub-221

tracted from the spectra of interest. These resultant spectra were corrected for atmospheric222

attenuation,21 microphone actuator response, and directivity22 in an attempt to approach223

the spectra of the undisturbed acoustic field. Atmospheric attenuation and directivity were224

corrected using the references, while actuator responses for each microphone were measured225

via electrostatic calibration. From Eq. (27), the resultant corrected spectral density of a mi-226

crophone measurement, Gpp, is related to the spectral density of the heat release function,227

Gqq, by228

Gpp (x, y, z, f) =
f 2η2∞,0(

η2∞,0
z′

r′
+ zi

σi

)2
H2

(γ − 1)2

c4∞
Gqq (fηs,0) . (34)

This equation was used to compare heat release estimates from each microphone.229

If the model and all corrections are accurate, Gqq estimates should match across all230

microphones. Mismatch in Gqq estimates would indicate limitations in the propagation231

model, considered subsequently, or limitations in the source model, for example nonlinear232

effects and source directionality. Nonlinearity is not evaluated with these measurements,233

though the pressure waveforms are in the linear propagation regime by the time they arrive at234
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the out-of-flow microphones. Omnidirectionality can be assessed within the limited coverage235

provided by the microphone arcs.236

C. Results and discussion237

Example waveforms from the test are shown in Fig. 4. Here, all 180 pulses acquired238

in a given acquisition are synchronized based on the signal from the laser q-switch and239

superimposed. As shown in Fig. 4(a), the source shows high repeatability when no flow240

is present. However, the aforementioned propagation through the turbulence of the test241

section free shear layer randomizes both the waveform arrival time and shape,4 as shown in242

Fig. 4(b). Note that even with no flow, the waveform shape is distorted by the microphone243

impulse response function and installation effects.23,24244

(a) (b)

FIG. 4. (Color online) Superimposed plots of 180 sequential, synchronized, gated waveforms for

4(a) no flow and 4(b) Mach 0.17 as measured by the microphone at (45◦, 0◦).

Energy spectral densities for all microphones with no flow are shown in Fig. 5(a). If all245

spectral corrections are accurate and the source is an ideal point source, the spectra from246
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the spherical wedge of microphones should overlay each other perfectly for this condition247

while the reference microphone should have the same spectral shape at a higher level. From248

the plot, it is clear that the spectral shape of the reference microphone differs from that of249

the other microphones, particularly in terms of the spacing and width of the secondary and250

tertiary lobes in the plotted frequency band. As with the waveform shape, these spectral251

lobes are highly dependent on the instrumentation selection and installation.23–25 Note that252

these installation effects are not captured by the correction curves supplied by the instru-253

mentation manufacturer,22 and further study is warranted if an accurate model of the true254

source spectrum is desired. It is unclear whether the observed difference between the refer-255

ence microphone spectrum and other microphone spectra is due to source directivity near256

the beam axis, said installation effects, or the reference microphone observing nonlinearity,257

and the test setup does not provide sufficient information to separate these possibilities. As258

such, in this work, the reference microphone can only be used to track source stability, which259

was excellent throughout the test duration.260

The microphone measurements with no flow are used to construct a source model,261

Gqq,model, plotted in Fig. 5(b). This is the average of the source estimates, Gqq, from most262

of the microphones. The reference microphone is excluded, as are the two microphones at263

polar angles of 135◦ and the tripod microphone at an azimuth angle of 15◦. The two micro-264

phones at 135◦ are excluded as, without flow, the selected Tukey window cannot fully isolate265

the acoustic signal of the direct propagation path from that scattered by the test section266

nozzle edge. Due to changes in propagation time, this issue is mitigated with increasing test267

section flow speed and these microphones are included in subsequent analyses. The tripod268
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microphone at 15◦ azimuth appeared to have a bad frequency response function calibration.269

Data from the tripod microphone are not considered further in this work.270

(a) (b)

FIG. 5. (Color online) Energy spectral densities for 5(a) all microphones with no flow and 5(b)

the resultant model source function Gqq,model after microphone downselection.

Energy spectral densities for all included microphones at all test section speeds are plotted271

in Fig. 6(a). This overlay of 112 spectra shows that the data with flow share the same spectral272

shape as those without flow in Fig. 5(a), but misalign in terms of frequency and level. The273

visual collapse of Gqq for all 112 conditions given in Fig. 6(b) shows that, qualitatively, the274

classic shear layer propagation model holds well across the range of test section speeds and275

measurement locations. Some low-frequency variability is apparent. This is likely due to276

reduced signal-to-noise ratios at lower frequencies and higher Mach numbers.277

For quantitative evaluation, a decibel-scale deviation function is defined as278

∆dB (fηs,0) = 10 log10 (Gqq/Gqq,model) . (35)
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(a) (b)

FIG. 6. (Color online) Energy spectral densities for 6(a) all out-of-flow microphones at all test

section speeds and 6(b) the associated source function estimates.

Here, linear interpolation is used to compute deviations where the Doppler-scaled frequencies279

do not align with the frequency bins of the model. This deviation function is plotted for all280

microphones, subdivided by test section speed, in Fig. 7.281

Broadly speaking, the plots show differing behaviors at low (< 5 kHz), mid (5 –40 kHz),282

and high (> 40 kHz) frequencies. At low frequencies and low Mach numbers, the microphone283

at (135◦, 30◦) shows more deviation than the other microphones. This is due to the afore-284

mentioned scattering from the test section nozzle edge and disappears with increasing Mach285

number. At higher Mach numbers, deviation in the low frequency range increases, moreso286

for the downstream microphones at lower polar angles. This is caused by contamination by287

facility background noise, which due to the poor signal-to-noise ratio in this frequency range288

cannot be completely mitigated by the gating effect of the Tukey window or by background289

noise subtraction.290

At high frequencies, the deviation function shows sharp peaks and troughs. These are due291

to the misalignment of the troughs between spectral lobes, as the Doppler correction does not292
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completely collapse data along the frequency axis. This behavior is not observed in a similar293

calculation performed on the reference microphone in the test section wall (not shown), and294

suggests that there is some unknown interplay between uncertainty in the shear layer state295

and the specifics of the installation effects of the microphone on the recorded acoustic signal.296

Since neither of these issues can be addressed with the data at hand, further quantitative297

evaluation of the high frequency range is not possible.298

The mid-frequency data show very little deviation (± ∼ 0.25 dB) at lower Mach num-299

bers, indicating that the combined source and propagation models are in strong agreement300

with the measured data. However, starting at Mach 0.09 the microphone data at the 45◦301

polar angle begin to diverge from the rest of the measurements. This divergence irregularly302

increases with Mach number, and by Mach 0.17 several other microphones show this be-303

havior. Generally, these are downstream, suggesting a directivity influence on the deviation304

function.305

This directivity effect is briefly evaluated in Fig. 8, where the deviation function is plot-306

ted for all Mach numbers at three microphones on the 0◦ azimuth polar arc. For reasons307

previously identified, only the mid-frequency data are discussed. In general, the upstream308

and centered microphones show strong model agreement in this frequency band, while the309

downstream microphone shows more deviation with increasing Mach number. The test ge-310

ometry might indicate that this is an issue related to shear layer thickness. However, for311

this maximum Mach number and polar angle range, previous work suggests deviation due312

to shear layer thickness should not be significant.7,11 The measurement locations are well313

outside the expected zone of silence,8 so related effects are unlikely. While shear layer curva-314
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(a)

(b) (c)

(d) (e)

(f) (g)

FIG. 7. (Color online) Deviations from model predictions for 7(a) Mach 0.05, 7(b) Mach 0.07, 7(c)

Mach 0.09, 7(d) Mach 0.11, 7(e) Mach 0.13, 7(f) Mach 0.15, and 7(g) Mach 0.17.
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ture has been demonstrated to have a more significant effect on downstream measurements315

when applying a parallel flow model,11 previous work in the QFF has never shown signs of316

flow curvature during empty test section operations.317

One possibility warranting further investigation is the influence of propagation through318

the turbulence of the free shear layer. Previous work has shown that strong turbulence319

scattering effects are present in open-jet operations of the QFF, that they increase with320

increasing test section Mach number, and that they are more significant for downstream321

measurement locations.4 This would certainly account for the observed behavior of the de-322

viation function, aside from the jump in the result for the 135◦ microphone at Mach 0.17 in323

Fig. 8(a). Insufficient data are available to assess this jump further.324

(a)

(b) (c)

FIG. 8. (Color online) Deviations from model predictions for 8(a) (135◦, 0◦), 8(b) (90◦, 0◦), and

8(c) (45◦, 0◦).
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IV. SUMMARY & CONCLUSIONS325

A classic model for sound wave refraction at a velocity discontinuity between a moving326

medium and a quiescent one is revisited using an approximate point source in motion. The327

source is known to act as one of heat release, making it relatable to a mass source. The328

approximate solution from classic derivations is restated using the traditional geometric329

acoustic approximation and the method of stationary phase. Both source motion and mean330

flow contribute to the directivity of the radiated acoustic field. The model for the pressure331

field is validated using an Nd:YAG laser focused to a point in the test section of a subsonic,332

open-jet test section wind tunnel. This focused beam generates a laser-induced plasma.333

The resultant acoustic source has unique properties that enable detailed characterization of334

the aeroacoustic wind tunnel environment, in this case isolating the effects of propagation335

through the free shear layer.336

Pressure measurements at a variety of microphone locations and test section speeds are337

evaluated using the model by extracting the equivalent heat release function. Qualitatively,338

the data show good collapse for both amplitude and frequency among all of the out-of-flow339

microphones. Data without flow are used to compute a quantitative metric to evaluate data340

with flow. This metric is used to identify facility background noise and instrumentation341

installation effects as likely limitations in the current model validation test setup for low342

and high frequencies. At mid-range frequencies, where factors such as these do not appear343

to interfere with the results, good agreement with the source and propagation model is344

generally seen. Deviation from the model at downstream locations is hypothesized to be345
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due to the effects of propagation through the turbulence in the free shear layer. If this346

hypothesis is true, it suggests that the mean flow effects on propagation and associated347

wind tunnel data corrections are well understood. Further improvement on wind tunnel348

data analysis, when a shear layer is approximately planar, requires accounting for random349

media propagation in any models and related corrections. Future work should be planned350

accordingly.351

That said, the good agreement between the data and model at mid-range frequencies sug-352

gests that this source and the associated deviation metric can be used to assess propagation353

in larger facilities with more complicated propagation characteristics, assuming sufficiently354

high signal-to-noise ratios for the source. Often the same propagation assumptions (planar355

shear layer, no reverberance) are applied in large tests with complex aerodynamic flows.356

Using a laser-induced plasma source in such experiments and computing deviation from the357

presented model can illustrate where and by how much the conventional assumptions fail358

due to, for example, mean flow/shear layer curvature or turbulence effects. Additionally,359

evaluating the ungated waveforms may provide greater insight into facility reverberance and360

its associated interaction with the flow field. Understanding the causes of such deviation361

can provide bounds on, and possibly lead to improvements in, source analysis techniques362

such as microphone array signal processing.363
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