
VOL. 18, NO. 7, JULY 1980

ARTICLE NO. 79-0571R

AIAA JOURNAL 759

Direct Correlation of Noise and Flow of a Jet
Using Laser Doppler

W. G. Richarz*
University of Toronto, Toronto, Canada

Ribner's self and shear noise theory has successfully described many features of jet noise. However, earlier
attempts to cross-correlate postulated source terms and jet noise have been only partially successful owing to hot
wire-flow interaction. Thus a nonintrusive laser Doppler velocimeter (LDV) has replaced the hot wire. Source
strength distributions and far-field self and shear noise spectra are inferred from jet flow (measured with LDV)
correlations with jet noise for a model air jet operating at Mach 0.3. Source distributions over slices of jet are
unexpectedly somewhat pearshaped. Spectra computed from LDV-jet noise correlations are compatible with
corresponding spectra extracted from farfield intensities and with theory.

Introduction

THE generation of noise by turbulent flow is described by
a variety of theories. The governing equations differ

primarily in the interpretation of certain terms as either source
or propagation mechanisms. Measurable properties of the
sound field are predicted by summation over all sources,
typically a volume integral. These sources are described by an
approximate model of the underlying process. Integration
over the source region is a smoothing operation; thus pre-
dictions tend to be somewhat insensitive to variations of
parameters of the assumed model.

It is therefore desirable to eliminate the empiricism of
source modeling and to demonstrate a one-to-one
correspondence between the postulated source mechanism
and the radiated sound. Such relationships are readily
measured in terms of cross-correlations in the time domain
and cross-spectral densities in the frequency domain. These
functions are indicators of the measure of coherence between
two signals. Statistically independent functions possess no
coherence; input and output of a linear system, on the other
hand, are well correlated. The source terms measured herein
may be thought of as inputs and the jet noise as the output.

The existence of coherence is not sufficient proof of a
definite causal relationship between the assumed source terms
and the radiated sound. Both may be the result of an
unidentified forcing function. One must also demonstrate
that the measured cross-correlations are consistent with the
postulated source mechanism.

Consider a collection of independent radiators as a rather
heuristic model of jet nosie. The cross-correlation (cross-
spectrum) of a single source and the far-field pressure is a
measure of the contribution to the far-field pressure
autocorrelation (power spectrum). The latter can be con-
structed by adding the contributions of all sources. Closure
occurs only if the source model is a valid description of the
physical process.

Jet noise diagnostics combine the measurement of cross-
correlations between the postulated source terms and the
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effect they produce with computation of far-field properties
therefrom. Closure tests whether the theory is a self-consistent
description of the generation of sound by turbulent flows.

Experimental considerations dictate that the source terms
be amenable to measurements, preferably by a single sensor.
To date, cross-correlations have been measured only for the
pseudosound modelN3 and source terms based upon far-field
solutions of LighthhTs equation.4'6 The present work is an
extension of jet noise diagnostics via jet flow-jet noise
correlations which were pioneered at this laboratory.

Ribner's self and shear noise theory,7 a development of
LighthhTs theory of jet noise,8"10 serves as the source model
to be tested. The theory identifies the second time derivative
of momentum flux pv2

x in the direction of an observer at x as
an equivalent sound generator. The velocity vx is the sum of a
mean flow Ux and a turbulent component ux. This leads to
two families of sources which radiate self (<xd2/dt2pux) and
shear noise (<x2Uxd2/dt2pux), respectively.

Using certain mean flow and turbulence models, Ribner
computed the basic self and shear noise derivatives and
spectra.7 He found that the self and shear noise spectra have
the same shape after an octave shift, the self noise possessing
the higher pitch. Peak spectral amplitudes are comparable.
The self noise is omnidirectional, whereas the shear noise
exhibits a dipole-like directivity. The spectra and directivities
are powerfully altered by the effects of source convection and
refraction due to mean flow and density gradients.

The model allows for source convection but does not ac-
count for refraction. Nevertheless, the predictions were found
to be compatible with a large body of jet noise data for field
points outside the refraction valley.11 In particular self and
shear noise spectra extracted from farfield data exhibit the
key features predicted by theory.

Recently the analysis has been extended to deal with the
more general case of two-point far-field pressure
correlations.12 The predicted normalized cross-correlations
agree quantitatively with measurements of Maestrello.13 All
this has strengthened the credibility of the self and shear noise
theory.

Thus it was rather surprising that early attempts to cross-
correlate the self and shear noise sources and jet noise did not
appear to conform altogether to expectations. Lee and
Ribner4 pioneered jet flow-jet noise diagnostics and measured
cross-correlations of the total momentum flux pv2 and the
far-field pressure at x. Axial source distributions inferred
therefrom were found to be compatible with accepted scaling
laws.14'16

The farfield spectrum computed from jet flow-jet noise
cross-spectral densities, on the other hand, did not agree with
direct measurement. The former underestimated the low
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frequencies (Strouhal<0.3) by a considerable amount. Only
the first seven jet diameters were surveyed; one may well
argue that neglect of the sources further downstream, which
should radiate predominantly low frequencies, is solely
responsible for the discrepancy. However, the results are not
incompatible with the notion of probe noise, in particular the
bias toward the high frequencies. This possibility will be
discussed in more detail.

Morris5 and later Seiner and Reethof6 extended the
measurements of Lee and Ribner and cross-correlated self and
shear noise source terms separately with the jet noise. Their
data appeared to show that the shear noise dominated the self
noise by a factor of 10, whereas theory suggests both to be
comparable.

One is faced with a dilemma: the theory is capable of
describing many observed properties of jet noise, yet
diagnostics via cross-correlations do not demonstrate any
reasonable degree of closure. As the self and shear noise
model is derived from the equations of fluid motion, it is
reasonable to search for a possible common mechanism
responsible for the discrepancies before dismissing the theory
for lack of self-consistency.

All cross-correlation experiments cited above were per-
formed with hot wire sensors. It is well known that solid
surfaces in turbulent flow radiate sound in proportion to the
time rate of change of the forces acting thereon.17 Thus the
diagnostic tests were subject to a common mechanism which
may have contributed spurious but well-correlated "probe
noise."

The problem of probe interference has been studied ex-
tensively in connection with pressure measurements in tur-
bulent flows.18'19 The principal motivation was to devise a
scheme which corrects for the presence of the probe. Hot
wires do not appear to disturb the probe appreciably, and the
possibility of probe noise has been largely ignored when a hot
wire probe is placed in a jet flow, perhaps for the absence of a
measurable increase in the overall sound pressure level.

Although the noise radiated by a hot wire probe is com-
pletely masked by jet noise, it may contribute to the measured
jet flow-jet noise correlation nevertheless. A little thought will
show that the unsteady forces acting upon the probe are
proportional to the velocities measured by it. Therefore the
probe noise and the velocity signal are well correlated. The
velocity signal is also proportional to the sound emitted by a
single turbulent "eddy" which convects past the probe. One
may speculate that jet flow-jet noise correlations contain a
significant contribution due to probe noise which is an artifact
of the measurement.

Richarz20 has predicted the effects of probe noise on cross-
correlations and identified them in measured data. He
concludes that the probe noise is a significant contributor to
the cross-correlations at low Mach number (M<0.5).
Dominance at low Mach number is explained by the dipole-
nature of probe noise: flow-surface interactions give rise to
dipole sources. These are more efficient radiators at low Mach
numbers than jet noise sources which are quadrupoles. The
spurious probe noise is a higher pitched signal as temporal as
well as spatial fluctuations of the turbulence contribute to the
forces acting on the probe. This results in a bias toward the
high frequencies, as can be observed in the data of Lee and
Ribner. The apparent dominance of the shear noise found by
Morris and others is also predicted.

To avoid the possibility of probe noise, it is necessary to
measure the sources with a nonintrusive device. The laser
Doppler velocimeter (LDV) is the ideal tool for such an en-
deavor, if velocities are to be measured. This novel technique
has been refined over the last decade and is in widespread use
in major research laboratories. Knott et al.21 for example,
have performed parametric studies of high speed, high
temperature turbulent jets via LDV. They also demonstrated
that the LDV can be used in cross-correlation measurements
of jet flow and jet noise. The cross-correlation was, however,

restricted to a single pair of field points on the jet and the far
field.

More recently Schaffar22 measured cross-correlation of a
high speed jet flow (M=0.99) and the radiated sound via
LDV. The results appear to substantiate the conclusions of
Seiner and Reethof.6 However, simplifying assumptions
made therein, as well as the vastly different experimental
conditions are believed to be largely responsible for the
discrepancies with the results reported here.

The present investigation is an extension of the work of Lee
and Ribner4 and others5'6 in the field of jet noise diagnostics
via cross-correlations. A major difference is the replacement
of the hot wire, with its spurious noise, by an LDV. The self
and shear noise theory has been tested by measuring cross-
spectral densities of the assumed sources and the radiated
noise and deriving far-field spectra therefrom. The source
region was confined to 3-7 jet diameters downstream of the
nozzle (truncated jet). Extensive surveys have been perfomed
at selected axial positions to provide unprecendented detail of
the source distribution over a slice of jet.

Theoretical Considerations
In Ribner 's theory7 the instantaneous far-field sound

pressure is given by

L [l^ (i)

The square brackets indicate evaluation at retarded time t —
co1 \x-y\' Tne terms 2p0nxUx and p0n2

x are the unsteady
components of the momentum flux in the direction of an
observer at x. This particular description neglects fluctuations
in density. The assumption of constant density suppresses
refraction. Therefore, the solution is expected to be invalid in
and near the so-called valley of quiet close to the jet axis.

It follows that the autocorrelation of the far-field pressure
can be written as:

p(x,t)p(x,t-r) = Po
4irc2
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if a stationary process is assumed, and T = T—CO~I \x—y\. The
autocorrelation of the far-field pressure is constructed from
cross-correlations of the assumed sources and the jet noise,
evaluated at the correct time delay. Similarly the far-field
power spectrum can be shown to be the volume integral of two
weighted cross-spectral densities:

Po
4irc2

0\x\
\
J jet

(3)

where

—

—

Equations (1) and (2) form the mathematical description of
the diagnostic procedure employed herein. It reads: given that
the jet noise is proportional to the turbulent momentum flux
in the direction of the observer, then the far-field jet noise
spectrum can be computed from cross-spectral densities of the
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source terms and the jet noise. The conclusion is correct only
if the premise [i.e., Eq. (1)] is a valid description of jet noise
generation.

It must be remembered that the source model is not a
unique description of jet noise generation. The model is but
one of a number of mathematically equivalent formalisms.
Only the overall contribution to the far-field is identical.

The far-field spectrum is compounded of two distinct
spectra:

-ATOMIZER

(4)

The self noise spectrum <pSE is governed by the structure of the
turbulent flow. The orientation of the sources is random in
space and time. Thus the basic self noise should be om-
nidirectional, albeit source convection and refraction will
effect considerable modification.

The shear noise spectrum <pSH is strongly biased by the
mean flow Ux. For example, no shear noise is radiated in the
direction normal to the mean flow. For nearly parallel shear
flows, such as jets, the basic directivity of the shear noise
behaves at least as cos20 where 6 is the angle with respect to
the jet axis.

Furthermore, a single frequency component of shear noise,
eiwt say, has a corresponding self noise image of e2i(J)t . This is a
rather simplistic argument for the one octave spectral shift.
The shift is actually governed by the statistics of the tur-
bulence.23

Using a model of homogeneous isotropic turbulence Ribner
has shown that the farfield spectrum of the form

C= [(l-Mccosd)2+a2M2]*,<pSH(Cu)=2<pSE(2Cu) (5)

The convection factor C accounts for source convection at a
convection Mach number Mc. The effect is twofold. Source
motion enhances the intensity in the downstream direction
and increases the pitch of the radiated sound. The increase in
pitch is more than offset by the growing contribution of the
shear noise, the overall effect being a "reverse Doppler
shift." The basic directivities behave as expected. In addition
to the frequency shift, the self and shear noise spectra have
the same shape. Their peak amplitudes differ by a factor of 2.

Nossier and Ribner11 found that jet noise data are well
correlated with this model. Self and shear noise spectra ex-
tracted from farfield spectra by a procedure developed therein
serve as reference data for corresponding spectra estimated
from measured cross-spectral densities.

LDV System
The experiments were performed with the UTIAS 0.75 in.

(19 mm) model air jet installed in a 4.2x2.9x2.1 m 3

anechoic chamber. An LDV replaced the traditional hot wire
to eliminate the possibility of probe noise.

The LDV detects the Doppler shift suffered by light
scattered from a moving object. The "Doppler signal"
generated by a particle traversing the region of intersection of
two laser beams (probe volume) is proportional to the
projection of the instantaneous particle velocity on the dif-
ference of the incident wave vectors. This allows the
measurement of an arbitrary velocity component. The
frequency to velocity conversion was performed by a Disa
55L90 LDV counter processor.

The LDV depends upon light scattered from objects
suspended in the fluid. The scattering agents are microscopic

BEAM
SPLITTER

Fig. 1 General arrangement of laser Doppler velocimeter (LDV).

particles capable of following the flow even at high
frequencies (~20 kHz). The velocity information available at
the output of the processor is updated at a rate proportional
to the number of particles that cross the probe volume.

To ensure a virtually continuous velocity signal, the flow
had to be seeded. After considerable experimentation a very
quiet seeding generator based upon the atomizer principle was
installed in the settling chamber of the model jet. The working
fluid of the atomizer was water. The air in the settling
chamber does work in accelerating the water droplets; this
reduces the jet exit velocity. However, careful measurements
of near-field/far-field pressure correlations and spectra in-
dicated no detectable adverse effect on sound generation due
to the injection of water droplets.

The optical arrangement of the LDV, shown in Fig. 1,
consists of a 15 mW He-Ne laser on an aluminum channel
which supports the beam splitter optics and the
photomultiplier. The probe volume is formed by the in-
tersection of the two laser beams. Light scattered from water
droplets is focused on the photomultiplier and detected as a
"Doppler signal." The entire optical assembly can be rotated
about the vertical axis of the probe volume, thus permitting
the measurement of vx.

The performance of the LDV was validated by comparison
with hot wire measurements of the jet flow. Mean velocity
and turbulence measurements such as illustrated in Figs. 2 and
3 are indicative of the good agreement of the two methods.
Turbulence spectra measured with the LDV and hot wire
respectively were found to collapse onto a common curve.
This suggests that the data rate and the particle size have no
influence on the LDV measurement in the frequency range of
interest (0-20 kHz).

Cross-spectral densities of jet flow and jet noise were
computed on a Spectral Dynamics DSP 360 FFT analyzer. A
l/2 in. Bruel and Kjaer condenser microphone placed at 40 deg
to the jet axis served as the observer in the farfield. This
position is the best compromise between the detectability of
shear noise and minimal errors due to refraction effects. The
latter alter jet noise directivity and spectra near the jet axis
and are not accounted for by the present model. All ex-
periments were perfomed at a jet Mach number of 0.3. The
atomizer as well as the air supply system were found to have
no measurable effect on the radiated jet noise. The ex-
perimental procedure and some aspects of data handling and
analysis are described in detail in Ref. 24.

Results
As expected the cross-spectral densities are quite weak.

Normalized cross-spectral densities are of the order of
5x 10 ~ 3 . Such low levels are difficult to detect, and despite
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Fig. 2 Comparison of mean velocity profile measured with LDV and
hot wire.
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Fig. 3 Comparison of turbulence spectrum derived from LDV and
hot wire measurements.

averaging some spurious high frequency noise may still be
present. The low levels of coherence suggests that there must
be a large number of uncorrelated sources. The cross-spectral
densities are converted to contributions from unit volume to
the far-field spectrum by multiplication with 0.25 POTT~]

Cg2 \x\ ~7co2 [see Eq. (3)]. The contributions are normalized
by a common reference level for convenience. As all scale
factors are known, it is possible to construct far field spectra
after summing over all source location.

Measured self and shear noise contributions per unit
volume possess a rather broadband spectrum (Figs. 4 and 5).
The peak frequencies are functions of axial position. Self
noise spectral contributions are always of a higher pitch, the
average peak frequency ratio being 1.54. The inverse
proportionality of frequency and axial position is also
demonstrated.

The strength of the sources (proportional to the area under
the curves) is found to decrease with distance from the jet
nozzle. This effect is offset to some degree by the increasing
jet diameter. All these features are consistent with scaling
laws.

The shape of the spectral contribution per unit value is
invariant over a slice of jet. This behavior has been postulated
in many computational models of jet noise. The concept
appears to be valid at least in the region of intense turbulence
(r/R<\.5).

Whereas the spectral shape is invariant over a slice of jet,
the contribution per unit volume is not. In order to map the
effective distribution of sources, a detailed survey was per-
formed at three jet diameters downstream in the mixing
region and at six jet diameters in the transition region.
Contours of equal relative contribution to the farfield spectra
are plotted in Fig. 6.
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Fig. 4 Relative contribution to shear noise spectrum from unit
volume of jet.
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Fig. 5
of jet.

I 2 4 8 kHz
Relative contribution to self noise spectrum for unit volume

The contours are somewhat pearshaped, the small end of
the pear pointing toward the observer. Source patterns in the
self and shear noise format are fixed to the vector x and move
with the observer; therefore the axisymmetry of the jet will
insure that the mean square pressure is axisymmetric. The
quadrants of the jet nearest the observer appear to be the
strongest contributors to the sound heard by the observer.

Diagnostic tests performed with a pure tone injected in the
jet flow show that refraction and turbulence scattering are too
weak to cause such a bias toward the observer. It can be
argued that the shape of the contours are in part governed by
the RMS turbulent momentum flux. Contours of equal
relative momentum flux were found to behave in a similar

"fashion (Fig. 7). There is no one-to-one correspondence for
the sound is emitted from moving correlation volumes
("eddies") rather than stationary point sources.

The contours suggest that the turbulence is not isotropic.
This together with the radial mean flow explains a bias toward
the observer. In the mixing region one can identify the
potential core. For a given azimuthal angle the most energetic
sources are near r / /?=l , where the turbulence intensity is
greatest.25 The mean flow shifts this locus toward the jet axis
for the case of the shear noise distribution.

The contours do not define a correlation volume. In fact
source points on the same contour are uncorrelated, if they
are sufficiently far apart a typical correlation length is about
0.1 yj/D.26 It is also misleading to evaluate azimuthal and



JULY 1980 DIRECT CORRELATION OF NOISE AND FLOW OF A JET 763

SHEAR

Fig. 6 Contours of equal relative contribution per
unit volume to overall self and shear noise for slice
of jet. Reference point is at /•//? = 1, </> = 0 deg,
observer is at 40 deg to jet axis.
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Fig. 7 Contours of mean square turbulent momentum flux in the
direction of observer at x.

radial modes for the contours and interpret them as coherent
source distributions. The reader is referred to Appendix A of
Ref. 12 where a related problem of the directivity of randomly
oriented quadrupoles is discussed.

The contours merely define regions of equal relative
contribution to the farfield spectra due to the postulated self
and shear noise sources. One must keep in mind the parts of
the coherent source volume not measured by the LDV con-
tribute to the cross-spectral density as well. This is equivalent
to the space average over the coherent source volume, and can
be readily shown when p(x,t) in Eq. (2) is replaced by the
volume integral given in Eq. (1). It follows that any detailed
information about the spatial coherence of the sources is lost.

The contours are boundaries of regions that contribute
comparable energy to the farfield. The product of the relative
contribution and the area enclosed by neighboring contours is
a measure of the total contribution of the particular region.
Sources contained within the contours of 0.8 to 0.6 radiate
most of the energy (Fig. 8). A similar result is found for the
slice in the mixing region. It is reasonable to assume that the
total energy is a monotonically increasing functions for values
of relative contributions less than 0.5. A linear relationship is
thought to be a conservative estimate; whence one concludes
that on the average sources contained within the 0.5 contour
radiate at least 60% of the total acoustic energy.
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Fig. 8 Total energy of sources of equal relative contribution per unit
volume for slice of jet at yt ID — 6.
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Contributions to self and shear noise spectra from slices of

Summation over a single slice yields an estimate of the
contribution per unit length (Fig. 9). Theory predicts that at
40 deg from the jet axis the shelf and shear noise spectra
(including directivity) have virtually identical peak am-
plitudes. Contributions per unit length confirm this assertion.
The contribution per unit bandwidth appears to be inversely
proportional to axial position. The decay rates are frequency
dependent, low Strouhal numbers suffering the least decay
(Fig. 10).

These curves do not agree with measurements of Fisher, et
al.27 although the trends are similar. The polar correlation
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Fig. 10 Mean square source strength distribution per unit length.
Source strength distributions inferred from ' polar correlation
techniques27 are shown for qualitative comparison.
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Fig. 11 Self and shear noise contributions to mean square jet noise
per unit length.
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Fig. 12 Comparison of farfield self noise spectrum computed from
cross-spectral densities with one extracted from farfield jet noise data.
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Fig. 13 Comparison of farfield shear noise spectrum computed from
cross-spectral densities with one extracted from farfield jet noise data.

technique, however, does not rely on a realistic jet noise
model. Rather a source distribution along the jet centerline is
adjusted for best fit of the farfield data.

As a final test the far-field self and shear noise spectra have
been derived from the cross-spectral density measurements.
Only a finite portion of the jet volume, namely >>,/£> = 3-7,
has been surveyed. It is anticipated that the spectra will be
underestimated. From a plot of relative power radiated per
unit length (derived by integrating corresponding spectra
shown in Fig. 9), one may infer that the truncated source
region is responsible for about 40% of the overall jet noise
(Fig. 11). A hybrid model proposed in Ref. 24 is shown for
comparison. The model combines measurements of RMS
turbulent momentum flux over a slice of jet with postulated
frequency scaling. The qualitative fit lends support to jet
noise prediction schemes such as employed by Balsa and
Gliebe.28

Figures 12 and 13 compare self and shear noise spectra
extracted from the farfield and predicted from measured
cross-spectral densities. The self noise spectrum derived from
the cross-spectral densities differs from the reference spec-
trum by about 4 dB. This is compatible with the estimates
discussed above. There is however some discrepancy in the
case of the shear noise. It is believed that neglect of phase
information is responsible. Analysis suggests that the shear
noise cross-spectrum is more susceptible to phase errors. A
major factor is the mean flow which tends to distort the
region of shear noise source coherence toward the centerline
of the jet. The shape of the spectrum should be unaltered,
although a decrease in amplitude is expected.

That is why the similarity of the self and shear noise spectra
can be demonstrated. Ribner has predicted that peak nor-

1 2 4 8 k H z
Fig. 14 Test of similarity of peak normalized self and shear noise
spectra after frequency shift, shear noise spectra have been shifted in
frequency by factor of 1.6.

malized spectra should have the same shape after about an
octave shift. It was found that the peak normalized self and
shear noise spectra extracted from the field measurements
collapsed onto a common curve after a shift of 1.6. Ap-
plication of the identical shift to the spectra derived from
cross-spectral densities results in a similar fit (Fig. 14). The
two sets of data exhibit the same behavior, although they have
been derived from vastly different experimental procedures.

Conclusion
Over the years Ribner's self and shear noise model, an

extension of LighthilFs theory of jet noise, has been
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demonstrated to describe the major features of jet noise, but
direct measurement of the postulated source terms via cross-
correlations has met only limited success. The spurious
4'probe noise" generated by hot wire-turbulence interactions
is believed to be the major source of error. In the investigation
described herein the sources, which are proportional to
certain rates of momentum flux, have been measured with an
LDV, thus eliminating the possibility of probe noise.

Cross-spectral densities of the postulated self and shear
noise source terms and the radiated sound have been
measured. For radiation to a field point 40 deg to the jet axis,
the effective source distributions, as derived from the cross-
spectra, show a marked deviation from axisymmetry.

Self and shear noise spectra predicted from an aggregate of
cross-spectral densities are compatible with corresponding
spectra extracted from farfield measurments by a method due
to Nossier and Ribner. Both sets of spectra do match very
nearly inshape and exhibit a common frequency shift. Both
sets have comparable absolute spectral amplitudes. All this is
predicted by theory. The compatibility suggests that the
theory is internally consistent and lends it further credibility.
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