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Abstract

Despite the significant advances in Computational Aeroacoustics for predicting jet noise, there

is still a considerable need for experimental data. However, traditional measures of the

directivity of Overall Sound Pressure Levels or the spectral distribution of the acoustic energy

yield limited understanding of the nature of the sources. There is hence a need to use different

approaches to the analysis of jet acoustics, among them applications of statistical methods

such as auto correlation, self-correlation etc to understand the noise sources. In this paper,

the acoustic characteristics of supersonic and high subsonic jets from nozzles of different exit

geometries are measured and analyzed using these methods. The results show that these

statistical methods of analysis can reveal the presence of two distinct noise sources in the flow

and are applicable to both subsonic and supersonic flows. The information can be used to

determine the appropriate model for the data and is useful for forming new theories about the

noise generation mechanism in turbulent jets.

Introduction

The noise from the jet engine exhaust is one of the

major components of aircraft noise. The problem of super-

sonic jet noise has been investigated very extensively

since the 50s [1]. However, a complete description that

explains all observed phenomena is lacking, as is universal

agreement on a theory of noise generation in turbulent,

often heated flows. Such a theory is urgently needed for

developing a suitable suppression technique. The suppres-

sion of jet noise is of paramount importance, both from the

view of the increasingly stringent criteria for commercial

aircraft as well as the needs of stealth for military aircraft.

Over the past several decades, significant progress has

been made towards theoretical descriptions of jet noise

[2-4]; its experimental documentation [5-8] and on its

numerical prediction using large-eddy simulation (LES)

and direct numerical simulation (DNS). Previous studies

[9] have shown that a two-pronged strategy of experimen-

tal and computational approaches is best suited to handle

such jet flows.

The need to identify the noise generation mechanisms

and relate changes in the flow to the acoustic field in order

to evolve methods of suppression has led to a enormous

effort in experimental aeroacoustics [10-19]. It is now well

accepted that jet noise can be thought of as having three

components namely  the screech caused by supersonically

convecting large structures [20]; broadband shock associ-

ated noise caused by the passage of these structures

through the shock cells and turbulent mixing noise which

occurs in both high subsonic and supersonic jets. The last

is the most difficult to suppress as the sources of mixing

noise are not clearly understood.

The mixing noise is directionally independent and

consists of higher frequencies. This sound is generated in

the same manner as in subsonic flow by the fine-scale

chaotic turbulence. Analysis of experimental data by Tam

[21] clearly shows the contributions of the distinct com-

ponents to the total far-field spectrum: the Mach wave

radiation due to large-scale motions and radiation due to

small-scale turbulence. Tam [22] has suggested a "Two-

Source Model", according to which the sources of jet noise

radiated in the downstream and sideline directions are

physically different; the sound generated by large scale

structures is highly coherent and is highly dominant in the

downstream direction while small scale structures contrib-

ute to noise in all directions incoherently.

The identification of these two distinct sources is ex-

tremely difficult with traditional non-simultaneous single

or multiple microphones. Typical setup scenarios in-

volved measurements with microphones mounted along a

polar array or a linear array with the microphones arranged

at regular intervals. These studies have been carried out in

both acoustic near field and far field, with supersonic and

subsonic nozzles of different exit geometry. The acoustic
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field of the jet emanating from the nozzles is usually

characterized by analysis of the frequency spectra ob-

tained from the microphone signals. Further, these studies

were limited to comparisons between sound pressure lev-

els and OASPLs alone or correlations between two micro-

phones traversed along the jet flow direction [19,22]. The

comparisons were able to provide a qualitative view of

advantage or disadvantage of a nozzle configuration but

shed very little light on noise source modification due to

nozzle exit geometry. It has been realized that the jet noise

source identification efforts require simultaneous meas-

urements that can be correlated to ascertain the extent of

sources both in time and space.

Due to the lack of high speed instrumentation, earlier

efforts at simultaneous measurements were limited to two

or three microphones directed at regions of interest. Re-

cently, high fidelity systems capable of multi-channel

simultaneous data acquisition with sampling rates as high

as 250 kHz have been developed. Such systems have

expanded the horizons of jet noise research and provided

the researchers with capabilities to apply different statis-

tical tools such as cross-correlation factor, coherence,

bi-coherence etc., other than just auto-correlation factor.

These tools provide new methods for understanding jet

noise localization and its characterization using far-field

measurements. Nance [23] suggests using these tools to

separate the contributions of small-scale and large-scale

turbulence which has been successfully used to validate

the "Two-source Noise model" in [24].

This paper presents a look at one such approach to-

wards analyzing jet noise data. Statistical tools are used to

compare the acoustic field of a supersonic flow through a

C-D nozzle of design Mach number 1.5, operating at

ideally expanded condition and high subsonic flow at a

Mach number of 0.8 issuing through convergent nozzles

of circular and rectangular exit geometries. Since turbulent

mixing noise occurs in both high subsonic and supersonic

jets, it is of interest to see whether there are similar features

which can be extracted by the application of these statis-

tical tools.

Experimental Setup

Facility

The measurements were carried out in the Jet Aera-

coustics Research facility at NAL. The jet is supplied with

dry compressed air from a 10 bar reservoir through a

computerized globe valve (Make: Fisher, Type: ET). The

driving pressure for the jet was maintained to within ±0.35

psi during the run. The jet exhausts in to an anechoic

chamber (Fig.1a) of inner dimensions 3.6m (L) x 3.6m

(W) x 3m (H) for carrying out acoustic measurements.

The anechoic chamber walls are mounted with fiber-

glass covered acoustic wedges, which are designed to

achieve a low-frequency cutoff of 330 Hz. A catcher of

0.6m x 0.6m outlet provided with proper acoustic termi-

nation collects the jet exhaust. Preliminary acoustic tests

showed that the room is anechoic above 400Hz with a

partial floor grating in place. Fifteen microphones were set

up in an arc that had a radial distance of 1.93m from the

nozzle exit. This corresponded to 50.6 diameters for the

C-D nozzle, 76 diameters for the circular convergent

nozzle and 67.3 diameters for the convergent rectangular

nozzle. As all three cases are sufficiently farther than the

regulation 35 diameters distance, the measurements are

thus in the acoustic far-field.

The arc (shown in Fig.1a) covered the polar angle, θ
ranging from 90° to 160° (0° being jet inlet axis) with a

spacing of 5°. The corrections for the actuator response as

well as the free-field response are applied at each fre-

quency. The corrected SPL values are then converted back

into pressure values and integration is then performed over

the corrected spectrum. The resulting squared pressure

value is then used to obtain the OASPL.

Figures 1b and 1c present two views of the anechoic

chamber showing the jet pipe with nozzle, microphone

setup and the exit catcher.

Instrumentation

The acoustic measurements were carried out with 15,

1/4 in diameter B & K Type 4939 (TEDS enabled) Fal-

con range free-field microphones. The data acquisition

is carried out through B & K’s Lan XI (11 x 3 channel

102.4 kHz module) simultaneous data acquisition system.

The data was acquired using PULSE Time Data Re-

corder module which is specifically designed for real-time

data acquisition and analysis. The simultaneous measure-

ments from all the 15 microphones were recorded and

stored in ASCII text format. The signals from the micro-

phones were sampled at the rate of 262 kHz thus providing

usable data up to 100kHz. This has been established to be

sufficient for studies on jet mixing noise. For each angular

location, 409600 samples were collected and analyzed

with a 4096 point fast Fourier transform (FFT) and aver-

aged. Averaging the results for the 100 subsets reduced the
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random error in the calculation to within 0.1%. The result-

ing resolution of the narrowband spectra is 48.8Hz. The

sound pressure level (SPL) is defined in the conventional

manner,

SPL  =  20 log
10

  




P
rms

P
ref





(1)

where pref  is taken as 20 µPa. The overall sound pressure

level (OASPL) was calculated by numerical integration of

the spectra.

Nozzle

Three types of nozzles were used in the present study

- an axisymmetric convergent-divergent (C-D) nozzle

with design Mach number of 1.5, and two subsonic con-

vergent nozzles of which one had a circular and the second

had a rectangular exit. The rectangular nozzle had a ratio

of width to height of 4:1. The exit areas of the nozzles are

1.767 in
2
, 0.7853 m

2
 and 1 m

2
 respectively. These sonic

nozzles are manufactured using fiber reinforced plastics

(FRP) while supersonic nozzle is fabricated using SS-304.

For the FRP nozzles, the nozzle lip thickness is maintained

at 2mm keeping in mind the limitations on the strength of

the FRP at small thicknesses. For the CD nozzle the nozzle

lip thickness is 0.5mm. The rectangular nozzle has a h/d

ratio of 4:1. Table-1 gives a summary of the nozzle ge-

ometry.

The nozzles were fitted to the jet pipe by using an

adapter. The nozzles were designed such that whatever be

the geometry, the exit of the nozzle was always coincided

with the center of the microphone arc. The nozzles are

shown in Fig.1d. The rectangular nozzle can be operated

in two configurations. These correspond to the longer side

being horizontal or vertical. This is achieved by an az-

imuthal rotation of the nozzle, designated by the angle φ
which corresponds to 0° for the horizontal (longer side)

case and 90° for the vertical case.

Test Conditions

In the present study, the nozzles are run ideally ex-

panded at a pressure ratio such as to result in an exit Mach

number of 1.5 as in case of the C-D nozzle and a subsonic

Mach number of 0.8 for the convergent nozzles. This was

achieved by setting different nozzle pressure ratios (NPR)

is defined as stagnation pressure (Po) to the ambient static

pressure (Pa). For the Mach 1.5 nozzle, ideal expansion at

the nozzle exit is obtained at NPR of 3.66, while the ideal

NPR for sonic nozzles is 1.89. For the chosen subsonic

Mach number of 0.8, this corresponded to an NPR of 1.52.

Ambient pressure and temperature in the anechoic room

are measured at 13.27psi (Pa)  and 293 K (Ta), respec-

tively.

Analysis

The purpose of this analysis is to determine whether

the time series of the acoustic signals of mixing noise

displays the behavior of a random process or there is an

underlying order within in. The presence of such order can

be used to determine the appropriate model for the data.

While there are a number of statistical methods available,

both simple and complicated, some of them are very

specific for certain purposes. 

This section presents the statistical tools which were

used to analyze the time-series data obtained from the

microphone signals. Three tools namely, autocorrelation,

cross correlation and coherence are presented.

Autocorrelation

Auto correlation or self correlation is the measure of

how well a signal remembers itself in time. It represents

the coherence of the signal in time. For the given signal

from the n
th

 microphone pn (t) with a time delay of τ
seconds, the normalized auto correlation function is given

by,

R
n n

 (τ)  =  
| p

n
 (t) • p

n
 (t + τ) |

| p
n

2
 (t) |

(2)

Table-1 : Summary of Nozzle Geometry

Nozzle Diameter

(in)

Area

(inch
2
)

Area (m
2
)

Converging-

Diverging

1.5 1.76625 0.01139514

Conver-

ging

Circular 1 0.785 0.000506451

Rectan-

gular

1 (w) x

0.25 (h)

AR 4:1,

Eqvt. Dia.

= 1.129

1 0.00064516
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Here, |.|, indicate the ensemble or the time averaged

values of the signal, and Rnn is the autocorrelation coeffi-

cient. For a completely random signal the values of auto-

correlation are very low or zero.

Cross-correlation

Cross correlation between two time signals measures

how well the signals correspond together. The time signals

have to be acquired simultaneously. If Rmn is large and

positive, it means that an increase in the first signal corre-

sponds with increase in the other and vice versa. On the

other hand if is large and negative, then increase in the first

signal corresponds with decrease in the other. A cross

correlation factor very low and near to zero indicate that

the two signals dont correspond at all. For better under-

standing the cross correlation factor is generally normal-

ized with the magnitude of the signals so that the values

remain between -1 and 1.

Cross correlation between two microphone signals m

and n is defined by,

R
m n

 (τ)  =  
| p

m
 (t) • p

n
 (t + τ) |

√ | p
m

2
 (t) |   √ | p

n

2
 (t)  |

(3)

Here, |.|, indicate the ensemble or the time averaged

values of the signal and  Rnm is the autocorrelation coeffi-

cient.

Coherence Function

The coherence function is the measure of linear de-

pendency between two signals as the function of the

frequency. It is a function of frequency. This implies that

it enables us to ascertain the correlation at each frequency

i.e., correlations that exist between the spectral compo-

nents. The coherence function Cmn between two micro-

phone signals m and n is given by,

γ
mn

 2
 ( f  )  =  

| G
mn

 ( f  ) |
2

G
mm

 ( f  ) G
nn

 ( f  )
(4)

Where, Gmn( f ) is the cross power spectrum between

the two microphone signals, Gmm( f ) and Gnn( f ) are the

auto power spectrum of the m
th

 and n
th

 microphone signal

respectively.

Results and Discussions

The comparison of overall sound pressure level for

nozzle for different nozzle exit configurations is shown in

Fig.2. The noise level from the supersonic nozzle is con-

siderably greater than that of the subsonic nozzles as

expected as known from the work of Lighthill [2,3] who

showed that the acoustic power increased as the cube of

the exit velocity. Further, the noise distribution from the

supersonic nozzle exhibits the signature directivity pattern

characteristic of supersonic jets with the convection and

Mach wave radiation effects adding up towards the peak.

This is because turbulent structures responsible for noise

generation start to convect at supersonic speeds relative to

the surrounding flow giving rise to Mach wave radiations.

This component of noise which radiates predominantly in

the downstream direction increases noticeably after an

angle of 130° and peaks at an angle of 150°. Fig.3 shows

the sound pressure level plots for microphone locations

from 90° to 160°, at a distance of about 1.93m from the

nozzle exit plane. The location legend is provided in

Fig.3a. It is observed there is increase in noise levels at

lower frequencies particularly in the downstream direction

for all the nozzles. This increase in SPL for supersonic

flow is very much higher than for the subsonic particularly

in the downstream direction, hence the directivity pattern.

It is seen that it is difficult to obtain any more insight into

noise fields with only SPL and OASPL comparisons.

Normalized auto correlations at selected microphone

locations, over a period of 2ms, are presented in Fig.4a-d.

The autocorrelations for all locations are not shown here

in order to reduce clutter. The time delay τ is about 300ms

corresponding to the sampling frequency of 262 kHz. The

numbers of samples taken for a correlation is 262 samples

or for a time period of 1ms. These sub-plots show the

normalized autocorrelation values for the nozzles operat-

ing at conditions described above. A detailed look at the

plots reveals that, for all configurations, certain consistent

trends and features are observed in the normalized auto-

correlation values. Autocorrelations of microphone data at

location angles lower than θ = 130° show a more spiky

signal spread over a smaller time interval (τ), than at angles

greater than 130° which is the angle of Mach wave radia-

tion. At all angles the values of self-correlations at τ = 0

ms is unity as expected. For θ  < 130° the value of

normalized autocorrelation drops to low values within

very small τ as one would expect from small scale turbu-

lence being completely random. Further, on careful ex-

amination the normalized auto correlation values for 120°
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show a narrow spike with superposed skirts of lesser

correlation at rather longer durations of  τ. Tam [24]

attributes this to the presence of two different timescales

associated with small scale turbulence: one due to the

small scale turbulence itself and other due to the modula-

tion of noise from these structures which are being con-

vected downstream by larger structures in the flow. The

time over which these larger structures are correlated is

much longer than that for small scale turbulence. This

leads to autocorrelation shapes with the skirt. Beyond θ =

130°, the plot of autocorrelation coefficient exhibits a

much wider base, without the presence of any skirt. This

indicates that the correlation timescales at these angles is

much larger and also that there are not multiple timescales

associated with large scale turbulence. This leads us to

conclude that there are two distinct sources of jet noise

irrespective of the nozzle configuration. While the simi-

larity of these plots for Mach numbers ranging from 0.3 to

0.9 was commented on in an earlier investigation [23], the

current work which shows that this similarity extends even

to the data for the supersonic case is revealing as to the

nature of the noise generating mechanisms. The plots also

show the presence of negative correlation peaks for the

angles beyond 130°. These can be explained as resulting

from the correlation between the compression and expan-

sion regions in the acoustic waves.

Figures 5a-d presents the cross-correlations at eight

locations which were the same as used for the autocorre-

lation, with the reference microphone at 120°, which is

outside the Mach wave radiation region. It must be kept in

mind that, for the location of 120°, this corresponds to a

self-correlation. It is seen that the cross-correlation levels

are very low with the neighboring microphones within the

mach wave radiation cone. The cross-correlation of the

reference with microphones above 120° shows even lower

values. The maximum peak is around 0.3 for the rectan-

gular convergent nozzle at 110°. Interestingly for the

ideally expanded C-D nozzle case even such correlation

peaks are not observed indicating there is no correlation at

all at other locations.

Figures 6a-d presents the cross correlation data with

reference microphone at 150° which is inside the cone of

Mach wave radiation. Here a strong correlation with

neighboring microphones within the mach wave radiation

cone is observed. The value of the maximum cross-corre-

lation falls as we proceed away from the reference micro-

phone. There is very little or no correlation for θ = 130°
which is outside the cone of Mach wave radiation.

Comparison of the results of the cross correlation with

the reference microphone at 150° to those with the micro-

phone at 120° leads us to conclude that the zone of

significant spatial and temporal correlation is within the

region of Mach wave radiation. This is the zone associated

with high intensity and low frequency Mach waves.

Figures 7a-d presents the results of calculations of

coherence of the spectra with the reference microphone at

120°. The plots are presented in a semilog format in order

to improve their readability. The well known fact that jet

noise coherence reduces with increased frequency is im-

mediately seen in the plots. The plots help us to understand

the how well correlated the signal is at a given frequency.

As is expected, the coherence of the reference microphone

with itself is unity.

The coherence between the microphones is found to

fall to low levels beyond 10 kHz. Here again, the sound

radiated is highly coherent within the mach wave radiation

cone. Outside this region, the value of coherence is rather

small and quickly reduces even for frequencies lower than

10 kHz.

Figures 8a-d presents the coherence calculated with the

reference microphone at 150°. Again the coherence of the

reference microphone with itself is unity. It is observed

that the coherence of the neighboring microphones with

the reference is much higher than seen in the previous

figure for the reference at 120°. This is in line with the

earlier finding of greater spatial and temporal coherence

in the region of Mach wave radiation.

Figure 7c,d and Fig.8c,d show that for the far-field

measurement there is no distinction between the orienta-

tion of the rectangular nozzle for the high and low angles.

However the values for the intermediate angles between

120° to 150° show differences. This is in line with the

OASPL plot presented earlier which showed similar

trends.

Conclusions

Acoustic measurements were carried out on three noz-

zle configurations. Measurements were made with 15

microphones in an arc of constant radius in the far field.

Data was taken for three conditions: one supersonic Mach

number of 1.5 running at ideally expanded conditions and

three subsonic Mach numbers of 0.8 with differing nozzle

geometry. The results are analyzed using autocorrelation,

cross correlation and coherence methods. The analysis
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shows the presence of two distinct sources in jet noise, a

fact that is not revealed by conventional methods of exam-

ining the directivity and spectral spread of the sound

pressure levels. The methods help to discern order in such

apparently random noise data which can be used to frame

new theories about the mechanism of noise generation in

turbulent jets.
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Fig.1a : Schematic Showing Anechoic Chamber and Micro-

phone Placement (All dimensions in mm)

Fig.1b View of Anechoic Chamber Towards Inflow End

Fig.1c View of Anechoic Chamber Towards Catcher End

Fig.1d Nozzles used in Present Study
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Fig.2 OASPL Comparison for Nozzles of Different Exit

Geometries

Fig.3 Variation of Sound Pressure Level with Frequency for the four Configurations (a) M=1.5, C-D Nozzle, (b) M=0.8, Circular

Nozzle, (c) M=0.8 Rectangular (φ=0°), Convergent Nozzle, (d) M=0.8 Rectangular (φ=90°), Convergent Nozzle
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Fig.4 Auto-correlation for Microphones at all Locations (a) CD Nozzle M=1.5

Fig.4 Auto-correlation for Microphones at all Locations (b) Circular Convergent Nozzle M=0.8
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Fig.4 Auto-correlation for Microphones at all Locations (c) Rectangular Convergent Nozzle M=0.8, φ=0°

Fig.4 Auto-correlation for Microphones at all Locations (d) Rectangular Convergent Nozzle M=0.8, φ=90°
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Fig.5 Cross Correlation at with Correlating Microphone at 120° (a) CD Nozzle M=1.5

Fig.5 Cross Correlation at with Correlating Microphone at 120° (b) Circular Convergent Nozzle M=0.8
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Fig.5 Cross Correlation at with Correlating Microphone at 120° (c) Rectangular Convergent Nozzle M=0.8, φ=0°

Fig.5 Cross Correlation at with Correlating Microphone at 120° (d) Rectangular Convergent Nozzle M=0.8, φ=90°

100 JOURNAL OF AEROSPACE SCIENCES & TECHNOLOGIES VOL.63, No.1



Fig.6 Cross Correlation with Correlating Microphone at 150° (a) CD Nozzle M=1.5

Fig.6 Cross Correlation with Correlating Microphone at 150° (b) Circular Convergent Nozzle M=0.8
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Fig.6 Cross Correlation with Correlating Microphone at 150° (c) Rectangular Convergent Nozzle M=0.8, φ=0°

Fig.6 Cross Correlation with Correlating Microphone at 150° (d) Rectangular Convergent Nozzle M=0.8, φ=90°
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Fig.7 Coherence Function Values with Reference Microphone at 120° (a) CD Nozzle M=1.5

Fig.7 Coherence Function Values with Reference Microphone at 120° (b) Circular Convergent Nozzle M=0.8
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Fig.7 Coherence Function Values with Reference Microphone at 120° (c) Rectangular Convergent Nozzle M=0.8, φ=0°

Fig.7 Coherence Function Values with Reference Microphone at 120° (d) Rectangular Convergent Nozzle M=0.8, φ=90°
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Fig.8 Coherence Function Values with Reference Microphone at 150° (a) CD Nozzle M=1.5

Fig.8 Coherence Function Values with Reference Microphone at 150° (b) Circular Convergent Nozzle M=0.8
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Fig.8 Coherence Function Values with Reference Microphone at 150° (c) Rectangular Convergent Nozzle M=0.8, φ=0°

Fig.8 Coherence Function Values with Reference Microphone at 150° (d) Rectangular Convergent Nozzle M=0.8, φ=90°
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