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Abstract
Measuring the fluctuating static pressure within a jet has the potential to depict in-flow sources
of the jet noise. In this work, the fluctuating static pressure of a subsonic axisymmetric jet was
experimentally investigated using a 1/8” microphone with an aerodynamically shaped nose cone.
The power spectra of the fluctuating pressure are found to follow the -7/3 scaling law at the jet
centerline with the decay rate varying as the probe approaches the acoustic near field. Profiles of
skewness and kurtosis reveal strong intermittency inside the jet shear layer. By applying a continuous
wavelet transform (CWT), time-localized footprints of the acoustic sources were detected from the
pressure fluctuations. To decompose the fluctuating pressure into the hydrodynamic component and
its acoustic counterpart, two techniques based on the CWT are adopted. In the first method the
hydrodynamic pressure is isolated by maximizing the correlation with the synchronously measured
turbulent velocity, while the second method originates from the Gaussian nature of the acoustic
pressure where the separation threshold is determined empirically. Similar results are obtained from
both separation techniques, and each pressure component dominates a certain frequency band
compared to the global spectrum. Furthermore, cross-spectra between the fluctuating pressure and
the turbulent velocity were calculated, and spectral peaks appearing around Strouhal number of 0.4
are indicative of the footprint of the convecting coherent structures inside the jet mixing layer.
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Introduction
Turbulence generated noise from subsonic jets represents fundamental flow phenomena that has a wide
range of applications. The aviation community has made significant efforts at investigating jet noise since
the advent of jet powered aircraft yet there are still many open questions as to the turbulent sources. From
the commercial perspective, the noise level near airports has become an important factor limiting the
growth of air traffic. During take-off, jet engines are responsible for most of the noise produced from the
aircrafts, in which jet noise is the dominant noise source from the engine1. From the acoustic analogy
work of Lighthill2,3, a cause-effect relationship exists between the effect of turbulent flow and its induced
far-field acoustics. Hence, examination of sound sources inside turbulent jets becomes a prerequisite for
a detailed understanding of the mechanisms.

Acoustic sources in the jet mixing layer have been intensively investigated both numerically (for
example, see Freund and Colonius4 and Unnikrishnan and Gaitonde5) and experimentally. Non-intrusive
measurements of fluctuating density, which is closely related to the pressure, have been performed
by Panda and Seasholtz6 to investigate the possible correlation with the far field acoustics. However,
this Rayleigh-scattering-based approach will most likely fail when the jet is operated at low subsonic
speeds7 hence there is a need for direct measurements of the in-flow pressures. Direct measurements of
the fluctuating static pressure in turbulent flows play an important role in identifying acoustic sources
responsible for the sound generation. Various attempts have been made measuring the in-flow pressure
fluctuations in subsonic, turbulent jets. Pioneering work can be traced back to the 1970s when Fuchs8,9

first used circumferentially displaced standard condenser microphones with a streamline-shaped forebody
to investigate the turbulence structures in a low speed jet. From the velocity-pressure correlations a wave-
like pattern was captured which is consistent to the wavepacket model proposed by Mollo-Christensen10.
The fluctuating static pressure was measured with a bleed-type pressure transducer by Jones et al.11 to
validate the spectral similarity laws at the low wavenumber range. George et al.12 used a 1/8” condenser
microphone sensor mounted in a Pitot-static tube to measure the in-flow pressure signals in a round
jet, finding good agreements with the k−11/3 and k−7/3 laws which were derived from the pressure-
Poisson equation. Despite the above-mentioned contributions, few studies have focused on detecting
time-localized signatures of the acoustic sources from in-flow pressure measurements.

Wavepackets, defined as spatial and temporal modulated travelling waves, have been proposed to
describe spatiotemporal structures in the jet and its radiated sound13. The footprint of wavepackets was
first reported by Mollo-Christensen10 and was described as semi-infinite line emitters for sound. Over
the past years, wavepacket models have been intensively investigated experimentally and numerically.
Wavepacket models indicate only a small portion of the energy from the acoustic sources will match
linearized waves and propagate to the far field14. This problem was addressed by making a distinction
between the acoustic pressure (sound) and the hydrodynamic pressure (pseudo-sound), with the acoustic
component travelling to the far field and its hydrodynamic counterpart being convected downstream15,16.
These distinctions highlight the necessity to separate the acoustic pressure from the hydrodynamic
perturbations, from which one is able to isolate the portion of energy which is being radiated to the
far-field and reduce the noise level by altering the flow structures through flow control techniques.

The possibility to separate hydrodynamic pressure from its acoustic counterpart originates from the
phase speed associated with each component in the wavenumber–frequency space. A pressure component
travelling subsonically and at the order of the flow velocity can be characterized as hydrodynamic, and
the one with a phase speed greater than or equal to the speed of sound is classified as acoustic17. Several
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attempts have been made to distinguish the acoustic sources measured in the jet near field, which is
the region just outside the shear layer containing both acoustic and evanescent waves. Fourier-based
filtering techniques has been reported by Tinney and Jordan17 where the acoustic pressure was separated
by its supersonic phase speed in the wavenumber-frequency domain. However, to resolve the appropriate
wavenumber range a large number of microphones are required during the experiments. The intermittency
of the convecting coherent structures and the induced acoustic near field18–20 motivates the use of wavelet
tools to capture localized events which are associated with the hydrodynamic pressure. Ukeiley and
Ponton21 first used wavelet analysis to investigate the streamwise evolution of the short-duration bursts
measured from microphone arrays in the near field of a transonic jet. Furthermore, wavelet-based filtering
techniques have been implemented to extract the intermittent component from the near field pressure and
far field acoustic signals22–24 .

In the present work, a subsonic axisymmetric jet was experimentally investigated in an attempt
to identify sources in the hydrodynamic field. The fluctuating static pressure inside the jet shear
layer was directly measured from a 1/8” microphone equipped with an aerodynamically-shaped nose
cone and the evolution of the pressure spectra was analyzed. Two wavelet-based filtering techniques
were applied in this work in an attempt to separate the acoustic pressure from the hydrodynamic
perturbations. Additionally, cross-spectral analysis of the fluctuating pressure and the turbulent velocity
were performed to explore the signature of the convecting coherent structures inside the jet mixing layer.
The measurement and analysis techniques mentioned above provide insights characterizing acoustic
sources and can be used to guide the development of noise suppression techniques.

Analysis Techniques

In this section a brief review of the analysis methods being used in this work are presented. The
continuous wavelet transform will be introduced first, and the wavelet-based filtering techniques to
separate the acoustic and hydrodynamic components are presented and discussed subsequently.

Continuous Wavelet Transform
The inherent intermittent nature of the fluctuating static pressure in turbulent jets facilitates the use
of wavelet analysis which allows one to retrieve time-localized events from the original signals. The
definition of the continuous wavelet transform (CWT) and some important properties will be briefly
presented in the following. For a more detailed introduction one can refer to Mallat25 and Torrence and
Compo26.

The CWT of a time sequence p′ is defined as a convolution:

w(s, t) =

∫ ∞
−∞

p′(τ)ψ∗(
t− τ
s

)dτ (1)

where ψ represents the wavelet function and discussions of its properties can be found in Mallat25. The
asterisk (∗) indicates the complex conjugate. The dilatation factor, s, translates the wavelet function to
different scales. This integral equation evaluates the similarity of the shape of the local signal and that of
the transformed wavelet function. For a discrete time signal p′n (n = 0, 1, 2..., N − 1) with a sampling
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period ∆t, the CWT can be defined in an analogous manner as26 :

Wn(s) =
N−1∑
m=0

p′mψ
∗
(

(m− n)∆t

s

)
(2)

in whichm is the dummy index. In this manner one is able to depict how the amplitude of the convolution
varies with scales and time. The complex-valued Morlet wavelet function ψ0 is used in this work, which
is mathematically formulated as:

ψ0(η) = π−1/4eiω0ηe−η
2/2 (3)

Equation 3 describes travelling waves enveloped by a Gaussian window, in which ω0 is a constant
representing the angular velocity of the waves. In the following discussions ω0 = 6 is selected and the
shape of the corresponding wavelet function is shown in Fig. 1. To make the wavelet coefficients Wn(s)
comparable to each other at each scale s, the wavelet function is normalized as,

ψ(n∆t/s) =

√
2πs

∆t
ψ0(n∆t/s) (4)

In this work a total number of 300 scales sj with fractional powers of two are chosen, such that sj =
s02jδj (j = 0, 1, ..., J ; J = 300). s0 is the smallest scale and δj determines the resolution. Furthermore,
from the wavelet coefficients Wn, the original time sequence can be reconstructed by the following
equation:

p′rec =

∑J
j=0 Re(Wn(sj))/s

1/2
j∑J

j=0 Re(Wδ(sj))/s
1/2
j

(5)

where Wδ(s) = 1
N

∑N−1
k=0 ψ̂

∗(sωk). ψ̂ is the Fourier transformed wavelet function and ωk represent the
frequencies obtained from the discrete Fourier transform of p′n.

Figure 1. Shape of a Morlet wavelet with ω0 = 6.
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CWT-based Hydrodynamic/Acoustic Pressure Separation Techniques
By definition, the hydrodynamic pressure represents the portion of the pressure possessing subsonic phase
speeds in the wavenumber-frequency space, and it is quite unbiased by the compressibility in the flow27.
Previous investigations on the near field pressure of subsonic jets17,23 have shown that the hydrodynamic
pressure is dominated by axially coherent structures at the low-frequency range. Meanwhile the acoustic
counterpart is the pressure components owning supersonic phase speeds which is dominated by random
fluctuations at higher frequencies. Similar behaviors should be expected for the in-flow pressure
fluctuations. Because no wavenumber information can be obtained in the pressure signal measured from
one microphone, in the present work the CWT is applied to separate the acoustic component from the
pressure fluctuations p′ measured inside the jet shear layer. The separation techniques are based on the
assumption that the hydrodynamic component of the in-flow fluctuating pressure, which is associated
with the convecting coherent eddies inside the flow field, correlates well with the compressed wavelet
function22, while the acoustic pressure associated with homogeneous and fine-scaled eddies are less
significant in the time-scale space23. Therefore, by selecting a proper threshold T , the hydrodynamic
component of the fluctuating pressure can be reconstructed using the wavelet coefficients exceeding the
certain threshold in an absolute sense. This allows the wavelet coefficients to be divided into two portions,
the part greater than T in magnitude is denoted by Wh, representing the hydrodynamic component of the
signal p′h, and the remaining coefficients which are less than the threshold is denoted by Wa, indicating
the acoustic counterpart p′a. It is obvious that selection of the threshold value T is crucial in the separation
process. Two different methods that will be used in this work to determine the proper threshold, are
introduced and discussed in the following.

Method 1. The first method requires synchronous measurements of the fluctuating pressure from the
microphone and the single-point, streamwise turbulent velocity u′, which in this work is measured from
hotwire anemometry. Without loss of generality, the hotwire probe was fixed on the jet centerline and
was in the same cross-stream plane as the pressure probe. The threshold T is optimized by maximizing
the peak of |ρu′p′h

(τ)|, which represents the absolute value of the cross-correlation coefficient between
the hydrodynamic pressure and the fluctuating velocity. Fig. 2 shows the variation of max(|ρu′p′h

|) with
different thresholds levels. At first the peak value increases gradually with T due to the reduction of
the uncorrelated portion from the pressure. After reaching its maximum, the correlation peak decreases
monotonically because the correlated portion of the original signal begins to be filtered out. In practice,
a searching algorithm is implemented to locate both the maximum peak and the corresponding threshold
value. The algorithm starts from an initial guess of the threshold denoted as T0, then an iterative process
with a varying threshold is executed until the optimized threshold with the maximized correlation peak
is located.

Method 2. The second approach originates from the coherency extraction technique reported in
Mancinelli et al.23. In this method only the in-flow pressure measurements are required, and the
separation process is based on the random (Gaussian) nature of the acoustic pressure p′a. Since the far
field noise from subsonic jets has been shown to be Gaussian both experimentally and numerically28,29,
it is natural to postulate that the acoustic sources from the jet should possess the same property due
to the causality relation between the acoustic sources and the radiated noise30–33. When modelling the
acoustic pressure as an additive, Gaussian white noise, it has been demonstrated29 that the ideal threshold
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Figure 2. Variation of the absolute cross-correlation coefficient peak at different threshold levels. The
threshold value is normalized by the variance of the wavelet coefficients. In this figure turbulent velocity was
measured at x/D = 5, r/D = 0 and the fluctuating static pressure at x/D = 5, r/D = 0.5.

to remove the additive Gaussian white noise, in a min-max sense, is,

T =

√
2〈p′a2〉log2Ns (6)

where 〈p′a
2〉 is the variance of the acoustic pressure and Ns represents the total number of the sampling

points. An iterative procedure is applied to seek the appropriate threshold value. Starting from the initial
guess T0:

T0 =

√
2〈p′2〉log2Ns (7)

The estimated threshold at each iteration is employed to extract the acoustic component from the original
signal, which comprises wavelet coefficients less than the local threshold. Then the acoustic pressure is
used to update the threshold estimation for the next iteration from Eqn. 6. The iterative process stops
when the threshold converges to a certain value. As mentioned in Grizzi and Camussi22, in this method
the intermittent events are recognized based on their localized features in time and not of their shape, the
results should be independent of the choice of the wavelet basis.

Experimental Setup
The experiments were carried out in the anechoic jet facility located in the Department of Mechanical and
Aerospace Engineering at the University of Florida. A schematic of the facility can be found in Fig. 3. For
more details of this facility refer to Mathew et al.34 and Li et al.35. The axisymmetric subsonic jet nozzle
is centered in front of the inlet of the wind tunnel, and has been installed to prevent unwanted recirculation
occurring inside the chamber. The jet exit diameter is D = 5.08 cm with an area contraction ratio of 9:1.
For Mach numbers M = 0.3 and 0.5, the corresponding Reynolds numbers are ReD = 3.8× 105 and
6.4× 105, respectively. A unitary Strouhal number St = 1 corresponds to a frequency of 2047 Hz.

A brief summary of the test conditions for different experiment campaigns is presented in Table 1. The
fluctuating static pressure was measured using a Brüel and Kjær (B&K) Type 4138 1/8” microphone with
a Type 2670 1/4” preamplifier as well as a suitable adaptor in between. The microphone has a dynamic
range of 52.2 dB∼168 dB (ref. 20 µPa) and a flat frequency response from 4 Hz to 100 kHz. To avoid
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Figure 3. Schematic of the anechoic wind tunnel and the installation of the jet facility 35.

any contamination from total pressure fluctuations36, an aerodynamically shaped nose-cone (B&K UA-
0355) was installed on the microphone. The outer diameter of the nose-cone is 0.15”, and the shape of
the assembled probe is shown in Fig. 4. Taniguchi and Rasmussen37 have shown the application of a
nose-cone will significantly reduces the deviation in the microphone response equipped with a grid cap.
Solderman and Allen36 measured the microphone nose-cone free-field response at different frequencies,
and found a small deviation around 2 dB at 10 kHz and 5 dB at 40 kHz. These results indicate that the
installation of a nose-cone will generate negligible effect at the frequency range of interest (150∼20k
Hz) in the current work. Although spatial filtering effects will exist when the microphone is placed in
the flow, given the fact that the diameter of the nose-cone is only 1/13 of the jet diameter, the averaging
effect will only emerge for fine-scale turbulence in the flow. Assuming fine-scale turbulence is locally
isotropic38 and the convection speed Uc is ∼ 0.7UCL where UCL represent the local centerline velocity,
one may get a corresponding cut-off frequency Stc at the order ofO(10) using Stc = fc

D
U∞

= Uc

Dmic

D
U∞

.
The microphone was mounted on a two-axis Velmex traverse system for precise motion along both the
streamwise and the radial direction, and the positioning errors are less than 0.5 mm. The streamlined
body of the microphone was aligned with the jet axis by a 1.5 mm thick laser sheet and the angular
positioning error is less than 1◦. The measurements focus on the regions where the turbulence generated
noise originates, which is typically near the end of the potential core where the shear layer merges. As
presented in Fig.5, at x/D = 4, 5, 6, the microphone was traversed throughout the jet shear layer from
r = 0D to 3D with 21 measurement points in between (here r refers to the distance with regard to the
jet axis).

Far-field acoustic characterization was performed at M = 0.5 using a GRAS 46BE 1/4” free-field
microphone fitted with a compatible preamplifier. The microphone has a dynamic range of 35 dB∼160 dB
(ref. 20 µPa) and a flat frequency response up to 80 kHz. The microphone was mounted on a tripod boom
microphone stand which was wrapped with sound absorbing materials to minimize acoustic reflection
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Figure 4. Configuration of the assembled pressure microphone with the B&K nose-cone in front.

Figure 5. Schematic of microphone positioning for fluctuating static pressure measurements at M = 0.3.

from the stand. The microphone was adjusted to the same height as the jet axis and was orientated at
normal incidence, pointing toward the center of the jet nozzle. The distances between the center of the jet
exit and the microphone was fixed to 40D and the microphone was placed at different polar angles (φ)
ranging from 40◦ to 110◦ with respect to the jet centerline (φ = 0 is pointing downstream).

To extract the coherency of the pressure fluctuations with velocity, synchronous measurements of
the turbulent streamwise velocity with the fluctuating static pressure were conducted. The velocity was
measured from a Constant Temperature Anemometry (CTA) with a Dantec 55P11 miniature single
hotwire probe. Two different experimental campaigns were carried out for synchronous measurements
(see Fig.6). In the first set of experiments, the hotwire probe and the in-flow microphone were placed
on the same cross-stream plane at x/D = 5. The hotwire was fixed on the jet axis by a non-adjustable
strut and the microphone was radially traversed between r = 0.2D and 1D with a uniform interval of
∆r = 0.1D. The lower bound was chosen to avoid any interference between the probes, and the upper
limit is where the microphone approaches the acoustic near field. To investigate the azimuthal dependence
of the velocity-pressure correlation, the two probes were both placed at x/D = 4 and r/D = 0.5 in
the second test campaign. Since the jet mixing layer is statistically axisymmetric in the azimuthal
direction39–42, the influence of the azimuthal angle between two probes was investigated by fixing the
hotwire at a certain position while traversing the microphone azimuthally, such that the azimuthal angle
between the two probes (∆θ) ranges from 30◦ to 180◦.
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Figure 6. Two test campaigns for synchronous velocity-pressure measurements.

Table 1. A list of experiment campaigns and corresponding test conditions.

Experiments Test conditions
(M = 0.3 if not mentioned)

In-flow Pressure x/D = 4, 5, 6, r/D 6 3.
Far-field Acoustics R/D = 40, 40◦ 6 φ 6 110◦,

M = 0.5.
Synchronous #1 Velocity: x/D = 5, r/D = 0.

Pressure: x/D = 5, 0.2 6 r/D 6 1.
Synchronous #2 Velocity: x/D = 4, θ = 0◦.

Pressure: x/D = 4, 30◦ 6 θ 6 180◦.

Data acquisition of single-point pressure, acoustic and velocity measurements was accomplished with
a 24-bit NI PXI-4472 dynamic signal acquisition module. For all experiment campaigns listed in Table 1,
a total number of 3.6× 106 samples were acquired for each channel at each measurement point, and
signals were sampled at 80 kHz and bandpass filtered between 150 Hz and 35 kHz. Major experimental
uncertainty comes from the uncertainty of the jet exit Mach number (∼ ±0.76% of the target Mach
number as reported in Li et al.35) and the positioning uncertainty of the microphone (±0.5mm in all
directions, and ±1◦ in angle).

Results and Discussions

Test Rig Validation
The mean streamwise velocity and the rms streamwise turbulent velocity field of the jet test rig at
M = 0.3 was obtained from previous PIV measurements in Li et al.35 and is presented in Fig. 7 for
reference. The streamwise and the radial directions are denoted by x and r, respectively. The potential
core is seen to collapse at x/D = 5.73D where the shear layers merge and the centerline velocity
becomes 95% of the nozzle exit velocity. Good agreement of the measured velocity profiles with
previously published datasets40,42 have been reported in Li et al.35 which validate the jet properties in the
current facility.

To characterize the directivity pattern of the far-field acoustics in the anechoic jet facility, the overall
sound pressure level (OASPL) was exhibited in Fig. 8 as a function of the polar angle φ between 40◦
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(a)

(b)

Figure 7. (a)Mean streamwise velocity and (b) rms turbulent streamwise velocity field from PIV at M = 0.3.
Figures from Li et al. 35

and 110◦. The sound level reaches its maximum at 40◦, then begins to attenuate as the polar angle
keep increasing. The experimental results from Tanna44 and LES results from Bodony43 have also been
plotted and were both scaled to a polar distance of 40D based on the method in Brown and Bridges45.
Good consistency can be observed by comparing the sound levels measured from the current experiments
with the existing data, which validates the quality of the acoustic measurements.

Figure 9 presents the power spectral density (PSD) of farfield acoustics measured at six different
polar angles. The frequency has been non-dimensionalized to the Strouhal number which is defined as
St = fD/U∞, and the amplitude of the spectra was divided by D/U∞ according to Parseval’s theorem
before being converted into the logarithmic scale. The maximum sound levels appear at φ = 40◦, and
the magnitude of the spectra decays as the polar angle increases. Additionally, Figure 10 exhibits the
sound spectra at polar angles 40◦ and 90◦, along with the results reported in Cavalieri et al.46 and Bridge
and Brown45, and satisfactory agreement can be observed from the comparison. In short, the anechoic
jet facility used in this work is validated against different jet test rigs considering its flow and acoustic
properties.
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Figure 8. Comparison of OASPL (ref. 20µPa) at different polar angles from the current anechoic jet facility
and Bodony 43 and Tanna 44 for M = 0.5. Data were scaled to a common distance of 40D.

Figure 9. Power spectral density at different polar angles with a polar distance of 40D.

In-flow Fluctuating Static Pressure Measurements
In order to capture the transition of the fluctuating static pressure before/after the potential core breaks
down, the pressure was acquired at three different streamwise locations x/D = 4, 5, 6 which encompass
the end of the potential core, and at each streamwise station the probe was radially traversed throughout
the shear layer from the jet axis to the acoustic near field at r/D = 3. It should be noted that since both
the hydrodynamic pressure and the acoustic pressure exist in the in-flow measurements, only a small
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Current
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Figure 10. Comparison of PSD with the spectra from other test rigs at (a) φ = 40◦ and (b) φ = 90◦. Polar
distances for all cases have been scaled to 40D.

portion of the energy will propagate to the acoustic far field13. However, to evaluate the intensity of the
pressure fluctuations inside the jet flow, the OASPL notation is still adopted in the following discussion by
taking the logarithmic scale to the pressure fluctuations with regard to a reference value (pref = 20µPa).
Profiles of the OASPL measured at three different streamwise locations mentioned above are presented in
Fig. 11. Along the radial direction, the OASPL peaks inside the jet shear layer (around r/D = 0.5), with
a faster decaying rate on the ambient air side than on the jet axis side. As the pressure probe approaches
the end of the potential core from x/D = 4 to 5, the fluctuating pressure remains the similar level inside
the flow regime but holds a slower roll-off towards the ambient air side at 5D downstream, which leads
to a 4.3 dB difference at r/D = 3. This is consistent with the finding reported in the literature (Bogey &
Bailly31, Tam et al.47 among many other) that more energy is radiated out to the acoustic near field while
approaching the end of the potential core. Since the potential core closes between x/D = 5 and 6, an
attenuation of the OASPL at 6D downstream can be observed inside the jet mixing layer. However, such
attenuation gradually disappears as the probe keeps moving radially, and the profiles measured at 5D and
6D downstream almost coincide with each other after r/D = 1.75. This phenomenon is consistent with
the fact that the acoustic wavelength is larger than the nozzle diameter D.

The skewness of the static pressure fluctuations is presented in Figure 12 as a function of the
radial location, which sheds light on the asymmetry of the probability distribution functions. In jet
flows negative skewness factors have been shown to likely be linked with the appearance of vortical
structures48. For all three streamwise stations, a negative peak can be detected between r/D = 1 and
1.5. From 4D to 6D downstream, the negative peak becomes more pronounced and the radial location of
the peak gradually moves outward. Comparing peak locations to the rms streamwise turbulent velocity
profiles in Figure 7b, one may find the peaks residing on the outer edge of the expanding jet shear layer
where the vortical structures are generated by the entrainment effect. The increased magnitude of the
absolute skewness along the streamwise direction may suggest the vortical structures become more and
more prevalent as the flow travels downstream. When r/D > 2, the skewness factor approaches zero,
indicating intensive events can rarely be detected in the jet near field. Furthermore, because of the decay
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Figure 11. OASPL measured at x/D = 4, 5, 6 with radial locations between 0D and 3D.
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Figure 12. Skewness of the fluctuating pressure measured at x/D = 4, 5, 6.

of the jet core, the absolute value of the skewness factor at the jet centerline is found to increase along the
streamwise direction, which coincides with the fact that the flow on the jet axis becomes turbulent after
the potential core closes.

To evaluate the intermittent events from the signal, the kurtosis of the fluctuating static pressure is
plotted in Figure 13 with varying r. Similar to the previous discussions, a peak formed at the outer edge
of the jet shear layer can be observed in all three cases. After careful examination, one may find the
peak locations in Figure 13 are close to the ones in Figure 12. Comprehensively, these facts imply the
appearance of intermittent structures around the peak locations which hold large vorticity will induce
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Figure 13. Kurtosis of the fluctuating pressure measured at x/D = 4, 5, 6.

Figure 14. Pressure spectra at different radial locations for x/D = 4. Dashed line ( ): −7/3 line; dotted line
( ): −11/3 line.

negative pressure fluctuations. After reaching the peak, a rapid attenuation occurs and the Kurtosis factor
tends to approach 3 , indicating the Gaussian nature of the pressure fluctuations49 as the probe approaches
the acoustic near field.
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Figure 15. Pressure spectra at different radial locations for x/D = 5. Dashed line ( ): −7/3 line; dotted line
( ): −11/3 line.

Figures 14 to 16 show the sound pressure levels calculated at 9 different radial locations ranging from
the jet axis to the entrainment region for x/D = 4, 5, 6, respectively. The classic−7/3 and−11/3 scaling
laws from George et al.12 are also plotted for comparison, in which the slope of −7/3 represents the
effect of the second order turbulence-shear interactions and the −11/3 law is a result of the turbulence-
turbulence interactions. Although some spurious spikes occasionally appear in the power spectra (for
example, the one at St ≈ 3 for r/D = 1 in Figure 14), these spikes are essentially electrical noise and
won’t affect the overall trend of the spectral rolling-of rate. For x/D = 4 (see Figure 14), the spectra
peaks around St = 0.4 when r/D 6 0.4, followed by an power-law roll-off asymptotic to −7/3 at the
high frequency range. At r/D = 0, this rapid decay slows down when the Strouhal number is greater than
2, which is due to the initial turbulent fluctuations generated inside the piping and the jet plenum. From
r/D = 0.6 to 1, the Strouhal 0.4 peak is replaced by a broadband event between St = 0.1 and 0.3. At the
same time, the roll-off rate at high frequencies steadily increases and asymptotes to −11/3 at r/D = 1.
Moving outward, the pressure probe approaches the acoustic near field and the pressure spectra begin
to possess the characteristics of the near field spectra, with a fast decay rate inside the inertial subrange
followed by a slower roll-off in the range of the propagating pressure field as defined in Arndt et al.50.

At x/D = 5 (Figure 15), the pressure probe is closer to the end of the jet core in the streamwise
direction. Similar to the observations at 4D downstream, pressure spectra measured near the jet centerline
peak around St = 0.4, then exponentially decay with a−7/3 roll-off at high frequencies. In this case the
spectrum measured at r/D = 0 keeps decaying with the constant slope for large Strouhal numbers since
the sound level at the high frequency range overwhelms the initial fluctuations mentioned above. As
the radial distance r continues increasing, the spectral decay rate continuously raises and a −11/3 law
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Figure 16. Pressure spectra at different radial locations for x/D = 6. Dashed line ( ): −7/3 line; dotted line
( ): −11/3 line.

is achieved around r/D = 1, meanwhile the Strouhal number 0.4 peak gradually disappears from the
spectra. From then on, the probe moves towards the acoustic near field, and the inertial subrange as well
as the region of the propagative pressure field can be clearly seen from the pressure spectra at r = 2D.
Identical trends can be observed for x/D = 6 (Figure 16), including the transition from the −7/3 law to
the −11/3 law, the disappearance of the St = 0.4 peak, and the evolution to the near field features as r
keeps increasing. The only differences are the overall magnitude of the individual spectrum which will
account for the OASPL profiles shown in Figure 11, and the radial transition intervals which is caused
by the radial expansion of the jet shear layer when the flow moves downstream.

The pressure spectra measured from r/D = 3 have been compared with the near field acoustic data
by Ponton et al.51 at three streamwise locations, which are shown in Figure 17. Based on the power laws
introduced in Arndt et al.50, the −20/3 and −2 lines are also plotted which represents the scaling laws
at the inertial subrange and the propagative pressure field, respectively. The near field pressure spectra
from Ponton et al.51 were acquired from a linear microphone array and the microphones were orientated
perpendicular to the jet axis while in the current measurements the pressure probe was placed parallel to
the axial direction. In spite of the distinct experimental setup, the two sets of pressure spectra coincide
well with each other. Furthermore, a power-law decay with a slope of −20/3 followed by a −2 roll-off
exists in all three cases which is consistent with the theoretical scaling laws.

Synchronous Measurements
The experimental results from synchronous pressure-velocity measurements will be discussed in this
subsection. One general concern for synchronous in-flow measurements with two or more probes comes
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Current
Ponton et al. 1999

(a) x/D = 4

Current
Ponton et al. 1999

(b) x/D = 5

Current
Ponton et al. 1999

(c) x/D = 6

Figure 17. Pressure spectra measured at r/D = 3 for (a) x/D = 4, (b) x/D = 5, and (c) x/D = 6 and
comparison with Ponton et al. 51. Dashed line ( ): −20/3 line; dotted line ( ): −2 line.

(a) (b) (c)

Figure 18. Effect of the the hotwire probe at r/D = 0 to the pressure spectra at (a) r/D = 0.2, (b)
r/D = 0.5, (c) r/D = 0.9. Both probes are at x/D = 5.

from the possible interaction among probes. Therefore, as a precursor to further signal processing
procedures, the effect of noise generated by the hotwire probe on the in-flow pressure measurements
was first examined. Figure 18 presents the pressure spectra measured individually at r/D = 0.2, 0.5, 0.9
for x/D = 5, as well as the pressure spectra measured at the same locations with the hotwire probe in the
flow at r/D = 0, x/D = 5. Although a slight attenuation (around 3 dB) of the spectral amplitude may
be seen from the synchronously measured pressure spectra, little difference has been found with respect
to the spectral shape throughout the jet shear layer. These observations indicate there is negligible effects
of noise generated by the hotwire probe being introduced to the in-flow pressure measurements.

The time-lagged velocity-pressure correlation coefficients (ρu′p′(τ)) at x/D = 5 are presented in
Figure 19. The pressure was measured at nine equally-spaced radial locations r with ∆r/D = 0.1,
and the velocity was measured on the jet centerline in all cases. The time lag, τ , is scaled by the
nozzle outlet diameter D and the jet exit speed U∞. The contours of ρu′p′ in Figure 19b are plotted by
vertically stacking the cross-correlation results obtained at all r’s. In all instances, significant wavepacket
envelopes can be clearly observed, each possessing one negative peak and two positive but asymmetric
side lobes. This indicates the pressure fluctuations are always in anti-phase with the centerline streamwise
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Figure 19. Time-lagged cross-correlation coefficients ρu′p′ with different radial separations at x/D = 5.
Velocity was measured at r/D = 0 and pressure at different radial locations between 0.2D to 1D. (a) ρu′p′ at
five representative radial locations r; (b) the contour of ρu′p′ .

velocity throughout the jet shear layer, which is consistent with the discussion of the phase relationship
between pressure fluctuations and streamwise velocity in the jet core by Lau et al.52. The strongest
correlation appears at r/D = 0.2 when the two probes are closest to each other and ρu′p′ ≈ 0.53 at the
negative peak. As r increases, the overall magnitude of the wavepacket envelope is attenuated, and a
rapid loss of correlation occurs before r/D = 0.6. Since the hydrodynamic component of the fluctuating
pressure is highly correlated to the coherent structures passing by the jet mixing layer, the fast decay of
coherency should be a result of the exponential decay of the hydrodynamic pressure fluctuations along
the radial direction. Although the coherency decay is still recognizable after r/D = 0.6, the damping
effect becomes weaker, and the magnitude of the negative peak maintains a level around −0.18 when
0.6 6 r/D 6 1. According to Cavalieri et al.53 and Batchelor & Gill54, only axisymmetric streamwise
velocity component will exist on the jet axis. Therefore, these radially separated cross-correlation results
will serve as a reference to evaluate the intensity of axisymmetric coherent structures in the radial
direction.

As a measure of the correlation level between two signals, the cross-spectra obtained at r/D =
0.3, 0.6, 0.9 are examined in Figure 20. Similar to the autospectra of p′ presented above, a peak around
Strouhal number 0.4 can be clearly captured in all 3 cases, which represents the footprint of large-
scale structures being convected downstream. Additionally, the magnitude of the cross-spectra peaks
reduces with increasing r, which indicates a loss of coherence as the pressure probe moves outward. At
higher frequencies, the cross-spectra are submerged into the instrumentation uncertainty which limits the
resolvable bandwidth for Strouhal number greater than 0.8.

Similarly, the azimuthal dependence of the velocity-pressure correlation coefficients is investigated
and shown in Figure 21, with both u′ and p′ measured at x/D = 4 and r/D = 0.5. The upper bound
of the azimuthal separation angle ∆θ is set to 180◦ due to the symmetry in the cross-stream plane, and
the lower bound ∆θ = 30◦ was chosen to avoid possible interference between probes and from support
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Figure 20. Velocity-pressure cross-spectra measured at r/D = 0.3, 0.6, 0.9 for x/D = 5.

struts. Figure 21b was generated using the same method in Figure 19b, and the azimuthal resolution is
30◦ in this case. For each discrete ∆θ value, the locations of the four most significant peaks/troughs
have been marked by black dots, and the dots were grouped into five polylines 1 to 5 to represent the
azimuthal evolution of the wavepackets. In general, the overall correlation level drops down significantly
compared to the results in Figure 19, and the maximum correlation level in Figure 21b is merely around
0.08. This indicates the flow structures that govern the jet lipline are less coherent than the ones passing
through the jet centerline. At ∆θ = 30◦, as shown in Figure 21b, the dominant feature of the cross-
correlation coefficients can be described as a (+−+−) wavepacket (from left to right), which contains
a pair of opposite-signed peaks possessing similar magnitudes and two opposite-signed side lobes which
are weaker than the main peaks. The main peaks can be represented by lines (3, 4) and the side lobes by
lines (2, 5). Similar descriptions also apply to ∆θ = 45◦ (in Figure 21a) and 60◦ cases. The (+−+−)
pattern is sill distinguishable at ∆θ = 90◦ (see lines 2, 3, 4, 5), however, in this case the magnitudes
of main peaks have been attenuated to the same level as the side lobes. The interval 90◦ 6 ∆θ 6 120◦

can be best described as an intermediate stage. In this stage, a new side lobe 1 emerges from the left,
and the original side lobe 2 is gradually intensified and becomes a new main peak. The amplitude of
peak 3 is gradually recovered and groups with peak 2 to form a new pair of opposite-signed main peaks.
Nevertheless, the original main peak 4 is weakened and eventually becomes the new side lobe on the right,
at the same time the original side lobe 5 is flattened and becomes unrecognizable after 120◦. Following
the above-motioned process, the wavepacket is transformed into a (−+−+) structure with two main
peaks (2, 3) and side lobes (1, 4). After this peak-relocating process, the amplitude of the wavepacket
continues to raise and the overall magnitude at 180◦ becomes comparable to the one at 30◦. Besides the
shape transformation of the wavepacket, the wavepacket also travels in time as the distance between the
two probes keeps increasing, and the travelling speed, which can be represented by slopes of the lines,
is directly related to the change of the linear distance between the probes when the microphone moves
from one azimuthal angle to another. These comprehensive effects result in a nearly 180◦ phase change
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(a) (b)

Figure 21. Time-lagged cross-correlation coefficients ρu′p′ with different azimuthal separations at x/D = 4
and r/D = 0.5. (a) ρu′p′ at five representative azimuthal separation angles ∆θ; (b) the contour of ρu′p′ in
which black dots (·) represents the locations of the four most significant peaks in ρu′p′ at six different ∆θ’s.

Figure 22. Velocity-pressure cross-spectra with different azimuthal separations (∆θ = 30◦, 60◦, 120◦, 180◦).
Both u′ and p′ were measured at x/D = 4 and r/D = 0.5.

of the wavepacket shape from ∆θ = 30◦ to 180◦, which exhibits significant similarity to the behavior of
a helical mode in azimuth.

Figure 22 presents the cross-spectra obtained at 4 different azimuthal separation angles with x/D = 4
and r/D = 0.5 for both velocity and pressure measurements. For all test cases, the spectra are found
to peak between Strouhal number 0.2 and 0.4, indicating the strong coherency of u′ and p′ in the low
frequency range around the azimuthal direction. In higher frequencies, as the result of random phased,
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(a) r/D = 0.3.

(b) r/D = 0.6.

(c) r/D = 0.9.

Figure 23. Non-dimensionalized wavelet scalograms |w| at x/D=5 over a short time period.

smaller-scaled vortices inside the flow, a power-law decay of the cross-spectra is still recognizable, this
trend is overwhelmed by the extraneous instrumentation noise from both measurement results.
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(a) (b)

Figure 24. SPLs of the original, hydrodynamic and acoustic pressure (named p′, p′H , p′A, respectively)
measured at x/D = 5 using Method 1. (a) r/D = 0.2 and (b) r/D = 1.

Wavelet Analysis and Acoustic/Hydrodynamic Pressure Separation
One disadvantage of Fourier-based analysis techniques is the lack of ability to capture events with short
durations and localize them in time. On the contrary, wavelet analysis is able to provide this missing
piece of information by convolving the time series with the wavelet basis function at different scales.
Figure 23 shows the pressure scalogram over a short time period at r/D = 0.3, 0.6, 0.9 for x/D = 5, in
which the time is non-dimensionalized as tU∞/D and the wavelet coefficients are scaled by the dynamic
pressure 1

2ρU
2
∞, such that the scalogram levels are comparable. The temporal scale s is transformed into

the pseudo-frequency26 fs and is converted to the pseudo-Strouhal number defined as Sts = fsD/U∞.
The red areas of the scalograms highlight the intense, time-localized activities from the pressure signal,
which identify the signature of the intermittent sources in the flow. At r/D = 0.3 which is close to
the jet centerline, intense source activities can be detected, which are compact in time and are mostly
concentrated inside a frequency band centered at Sts = 0.4. At r/D = 0.6, more source activities are
highlighted from the scalogram, most of which possess a similar order of magnitude but are less compact
compared to the previous case. Meanwhile, more low frequency content appears around St ≈ 0.1, and
the dominant frequency band becomes a more broadband one which extends between 0.1 6 Sts 6 0.5.
As the pressure probe continues traversing away from the acoustic sources, at r/D = 0.9, the source
activities become more dispersed in its temporal and frequency extensions, and apparent attenuation is
found from the overall level of the wavelet coefficients. The dominant frequency band in this case is
within 0.1 6 Sts 6 0.4, which is consistent with the properties of the pressure spectrum in Figure 15 at
r/D = 1.

To separate the hydrodynamic pressure from its acoustic counterpart, the two different methods
which have been introduced above were applied to the pressure measured at x/D = 5, and results will
be discussed below. Figure 24 shows the SPL spectra of the original pressure signal as well as the
hydrodynamic and acoustic components at r = 0.2D and 1D from Method 1, in which synchronous
sampling of turbulent velocity and pressure fluctuations was involved. In this method, the hydrodynamic
pressure is the portion of the pressure fluctuations that correlates well with the velocity measured at the jet
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(a) r/D = 0.2. (b) r/D = 1.

Figure 25. SPLs of the original, hydrodynamic and acoustic pressure (named p′, p′H , p′A, respectively)
measured at x/D = 5 using Method 2. (a) r/D = 0.2 and (b) r/D = 1.

centerline and the acoustic pressure represents the residue. For both radial locations, the hydrodynamic
component preserves the properties of the original pressure spectra at low-middle frequencies, especially
around the low frequency peaks which are associated with the large-scale coherent structures inside
the jet mixing layer. Then the hydrodynamic pressure decays rapidly and becomes insignificant at high
frequencies. The acoustic pressure, on the other hand, follows the original spectra faithfully in the higher
frequency range. Comparatively it holds a broadband energy distribution although the energy contained
at low frequencies is still trivial compared to the original signal for both instances.

Similar features can be found from the separation results implemented by Method 2, in which the
threshold was determined empirically from Equation (6). As displayed in Figure 25, the hydrodynamic
pressure dominates the region at low-middle frequencies including the low frequency peak, while the
acoustic counterpart matches the global spectra at the high frequency range. Although for both instances
(r/D = 0.2 and 1) the acoustic pressure contains lower energy levels comparing to results from Method
1, no significant difference between the two methods was noticed with regard to the major characteristics
of the hydrodynamic/acoustic spectra.

Conclusions

In the present work a subsonic axisymmetric jet was examined experimentally. Direct measurements
of the fluctuating static pressure describe the transition of the OASPL and the power spectra from
the jet centerline to the acoustic near field at x/D = 4, 5, 6, and different scaling laws are observed
at different stages as the pressure probe moves radially. Cross-correlation and cross-spectra between
pressure and velocity with radial and azimuthal separations both indicates strong coherency around
St = 0.4. Furthermore, profiles of skewness and kurtosis coefficients indicate strong intermittent events
inside the flow region, and a continuous wavelet transform was employed to extract the time-localized
bursts from the pressure signals.
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In an attempt to separate the hydrodynamic fluctuations from the acoustic pressure, two wavelet-based
separation techniques were adopted. They are based on the coherency between turbulent velocity and
hydrodynamic pressure and the Gaussian nature of the acoustic pressure, respectively. Good agreement
can be found from the individual spectra and in general the hydrodynamic component dominates the
low-middle frequency band while the acoustic counterpart governs a higher frequency band. These
observations can be used to shed light on how to improve the noise mitigation of subsonic jets through
various flow control techniques. Specifically, by introducing excitation to alter the flow field events
associated with the generation acoustic pressure signature.
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