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High Subsonic Jet Experiments: Turbulence
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Experimental results from exploring the � ow� eld and noise generated by turbulent, high subsonic, single-
stream jets are presented. We study the nature and directly measure the distribution of subsonic jet noise sources
and attempt to establish their connection to some of its turbulence characteristics. Detailed measurements of
the jet turbulence characteristics and of the spatial distribution of noise sources (using a linear phased array) are
performed for an Mj = 0:6, ReD

»»»= 106 isothermal jet. Noise source distributions are investigated for a wide range
of jet Mach numbers (0:5 <– Mj <– 0:9) with and without heating (Tj = 80, 1000±F). The turbulence and source
distribution measurements provide a unique experimental database for high subsonic turbulent jets with which
to validate aeroacoustic prediction models. Key observations and conclusions of this exploration are 1) peak jet
noise sources (dominant in the aft angle range 110 < µ < 150 deg) occur near the time-averaged potential core end
of the jet; 2) there is a general trend of low-frequency noise sources being located downstream and high frequency
noise sources being located close to the nozzle exit plane; 3) the jet turbulence equilibrates far downstream of
the potential core end (beyond 10 jet diameters), where noise generation is relatively insigni� cant; and 4) the
turbulence intensities reach a maximum near or after the potential core end inside the shear layer, displaying
signi� cant anisotropy.

Nomenclature
a = speed of sound
b = jet half width
D = diameter of nozzle
f = frequency,Hz
G = power spectral density
k = turbulent kinetic energy
M = Mach number
Re = Reynolds number
Sr = Strouhal number, fD=U
T = temperature
U = longitudinal velocity
u 0 = turbulence intensity
u 0v0 = component of Reynolds stress
x = axial coordinate, along jet axis
y = radial/transverse coordinate
±¤ = boundary-layerdisplacement thickness
µ = observer angle, referenced to upstream
µe = exit boundary layer momentum thickness

Subscripts

amb = ambient
cl = centerline
j = jet exit condition
uu = longitudinal velocity component � uctuation

(used for velocity spectra amplitudes)
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I. Introduction

W HEREAS the study of generationof noise from turbulentjets
has received widespread attention owing to its practical rel-

evance in commercial aircraft applications(e.g., see Tam1 ), the fun-
damentalmechanismsunderlyingthe generationof jet noise remain
poorly understood. Figure 1 shows a schematic of the � ow� eld in
a top-hat pro� le, turbulent jet with organized (spatially coherent)
motion, and disorganizedrandom(� ne-scale) turbulence,which are
typical of the near-� eld jet evolution and the associated turbulence
generation. However, it is unclear as yet how such organized and
disorganized motions affect the far-� eld noise generation in high
subsonic jet � ows.

Computational techniques for aeroacoustics, capable of resolv-
ing � ow� eld details simultaneously with noise source generation
and radiation (e.g., see Freund2 ), continue to suffer from the lack of
predictions at realistic Mach and Reynolds numbers. On the other
hand, state-of-the-art experimental techniques (also typically lim-
ited to low ReynoldsnumberRe, Mach number M , and temperature)
are limited in the spatiotemporal resolution needed to resolve the
� ow� eld details (from which to compute or estimate the acoustics).
Signi� cant advances have been made on the computational1 and
experimental3;4 fronts, enabling more detailed exploration of the
noise generation process in high subsonic jets.

This study is a follow on to the one reported by Simonich
et al.,5 where an extensive aeroacoustic database regarding the
time-averaged characteristics of high subsonic jet � ow� elds and
the associatedfar-� eld acousticswere discussed.Here, we report an
experimental investigationaimed at further exploring the turbulent
� ow� eld and noise source distributions in turbulent high subsonic
jets. Although the experimental data compiled is far from being
comprehensive, we wish to gain some preliminary insight into the
noise generation process and their implications for modeling jet
noise. With signi� cant advances in experimental diagnostics, mea-
surements of turbulence statistics more directly relevant to noise
generation, such as the two-point turbulence correlations, are now
becoming feasible and will be needed for high subsonic jet noise
model developmentand validation.The availabilityof such a unique
database in high-Reynolds-number, turbulent, high-Mach-number
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Fig. 1 Flow schematic of the turbulent jet.

Fig. 2 Experimental facility schematic displaying jet exit, anechoic
chamber, and acoustic measurements (near and far � eld).

jets is believed to be essential for validating high-� delity compu-
tations, for example, direct numerical simulations and large-eddy
simulations, as well as for mechanistic model development.A crit-
ical objective of this study is also to interrogate the nature of the
jet near-� eld turbulence and source distributions in the light of as-
sumptions made in various aeroacoustic theories and models.

II. Experimental Facility and Instrumentation
The experiments were conducted in a 82.27-mm axisymmetric,

single-stream circular jet housed in a large anechoic chamber at
the United Technologies Research Center (UTRC) with a co� ow
capability for simulating � ight effects; see facility schematic in
Fig. 2 (further details may be found elsewhere5/. Single hot-wire
and hot-� lm probes (TSI 1210-T2 and TSI 1210-20, respectively)
were used to explore the turbulence characteristics in the near � eld
of an M j D 0:6, ReDj D 1 £ 106 , top-hat pro� le jet at room temper-
ature. Dual TSI hot-� lm sensorswere used as well for surveyingthe
degree of anisotropy in the � ow. Hot-wire probes were employed
for high-frequencyresponsemeasurements,for example, turbulence
spectra surveys, and the more robust hot-� lm probes were used for
time-averagedmeasurements.The nozzle exit plane boundary layer
was con� rmed to be fully turbulent with nearly 0.5% freestream
turbulence intensity levels, up to 3.5% peak turbulence intensity
levels, broadband velocity spectra, and Reµe > 2000 (the Reynolds
number based on the exit momentum thickness). Figure 3 shows the
mean velocity and turbulence intensitypro� les measured across the
boundary layer at the nozzle exit plane, showing peak turbulence
intensitywithin one displacementthickness±¤ of theboundarylayer
(as expectedfor turbulentboundary layers). Boundary-layerspectra
were measured to con� rm the absence of dominant facility related
tonesor disturbances.Totalpressureand temperatureandstaticpres-
sure measurements,as well as far-� eld acousticsmeasurements,are
reported by Simonich et al.5

A 36-microphone, linear phased array (developedat UTRC) was
used for source localization in both cold and heated jet � ows. The
sources were assumed to be radially compact, but axially noncom-
pact, producing an equivalent noise source distribution on the jet
centerline.For the simple delay-and-sumbeamformer, the outputof
time-delayed sensor measurements are summed, with the delays a
function of focus position and sensor location, to form an estimate

a)

b)

Fig. 3 Boundary-layerpro� le of longitudinal component of velocity at
nozzle exit for Mj = 0.6 jet, showing a) mean and b) turbulence intensity.

of the source distribution.6 In practice, the processingis usually per-
formed in the frequencydomain,where phase shifts are used instead
of time delays. When a source exists at the focus position, the sig-
nals add coherently to produce an enhanced signal; whereas when
the focus position contains no source, the signals add incoherently.
The performance of the simple delay-and-sumbeamformer can be
signi� cantly improved by weighting the microphone signals before
summation. In the array processing developed and used here, the
optimum sensor weighting is determined for each focus position
by minimizing the measured source contribution from all positions
away from the focuspositionrelative to the sourcecontributionfrom
the focuspositionitself.This novelprocessingtechniqueattemptsto
enhancesigni� cantlythe spatialresolutionfor locatingnoisesources
while minimizing sidelobe level (away from the source peak) and
is discussed further elsewhere.7

The array was positioned parallel to the jet aerodynamic center-
line (aligned to within 1 deg) at a distance of 1.65 m (D19:9D j /.
Acoustic foam treated all exposed portions of the array beam. The
microphone sensors were positioned in a linear geometry using an
orthogonal restricted basis,8 where the � rst 18 microphones were
separatedby 0.007m and the last 18 were separatedby 0.143m. The
actualmicrophonepositionswere measured with a micrometerwith
an error of less than 0.5 mm. The total array aperture was 2.70 m
(D32:6D j ), and the � rst microphonewas at µ D 85 deg, whereas the
36th microphonewas at µ D 147deg.Because sourcedirectivitywas
not accounted for in the processing, the measurements can be con-
sidered a weighted average over the subtended µ . Omnidirectional
sourceshave also been assumed in other jet noisesource localization
studies.9;10 Furthermore,the arraygeometrywas designedso that the
18 closelyspaced microphones,primarily responsiblefor localizing
high-frequencysources, were all nearly 90-deg aligned with where
the high-frequencysources were expected, namely, upstream. Sim-
ilarly, the 18 farther-spacedmicrophones,primarily responsible for
localizing low-frequency sources, were all aligned approximately
90 deg with respect to where the lower frequency sources were
expected, namely, downstream.
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Condensermicrophones(B&K 4939)wereused in thearray.Each
data channel was bandpass � ltered between 0.5 and 40 kHz and si-
multaneouslyacquiredat 100kHz with 16-bitresolution.The source
distributions were produced using 2.5 s of data, which was suf� -
cient because the distributions converged to better than 0.5 dB at
all frequencies after 2.0 s of data. The amplitude response of the
data acquisition system was calibrated by a pistonphone at 1 kHz.
Because typical pretest and posttest results differed (by less than
0.2 dB) for each sensor, the mean of the amplitude correctionswere
applied to the raw data before processing. The phase response of
the data acquisition system was measured by injecting broadband
noise into the microphone preampli� ers simultaneously. The max-
imum phase difference of any two channels at any frequency from
1 through33 kHz was found to be less than 5 deg. Phase corrections
were not applied to the raw data.

The performanceof a phasedarrayis measuredin termsof its side-
lobe rejection and beamwidth when attempting to resolve a point

Fig. 4 Schematic of a phased array SL and beamwidth.

Fig. 5 SL rejection and beamwidth of UTRC linear phased array.

Fig. 6 Source distribution for Mj = 0.6 (Tambient = 83±F), measured using linear phased array, for center frequencies f = 1, 2, 5, 11, 20, and 33 kHz
(using constant bandwidth of 195 Hz) corresponding to 0:4 < SrD < 14.

source. The former determines the instrument’s dynamic range,
whereas the latter determines the spatial resolution (Fig. 4). The
sidelobe and beamwidth can be determined by scanning a region
of space containing a point source. Although the theoreticalperfor-
mance of a processingalgorithm can be determined by introducing
a delta function into the processing, the preferred approach is to
use an in situ experimental technique because this includes the ef-
fects of imperfect sensors, imperfect instrumentation,and nonideal
acoustic propagation in the test chamber. For the UTRC array, a
5-mm-diam air jet with its axis orthogonal to the array dimension
was used as a broadband point source. Figure 5 shows a summary
of the array performance, showing that, at frequencies greater than
1.5 kHz, the new beamformingalgorithmachievesa 20-dB or better
sidelobe (SL) rejection with a 5-deg beamwidth (enabling an accu-
rate sourcemagnitudeand locationmethod). For the jet noise source
measurements reported here, accounting for the spectral averaging
errors (typically minimized by the use of a large data sample) and
those from the array processing,the sourceamplitudesmeasuredare
consideredto be accurate to within §1 dB. The sourcepeak location
(for any given frequencyband) are measured reliably to within 1D j .
Flow refraction effects due to gradients within the primary jet were
ignored for the array processingbecause they are expected to intro-
duce relativelysmallererrors in the source locationestimate.Further
discussion of the array hardware, instrumentation, validation, and
processing details are presented elsewhere.7

III. Experimental Characterization
of Jet Noise Sources

A detailed benchmark aerodynamic and acoustic database was
generatedfor a high-speed,high-Reynolds-number,heatedand cold
round jets (see Simonich et al.5 ). Certain passive noise control con-
cepts, for example, the use of tabs, a � exible string, were inves-
tigated and produced mixed results for far-� eld noise reduction.
Generally, noise intensities in low-frequency ranges were found
to be reduced, whereas the intensity at high frequencies saw an
increase. These results suggest source modi� cation as a result of
certain device/control-induced� ow changes.However, no evidence
or insight into the � ow processes that led to the modi� cation of
the noise spectra was possible using the conventionalmeasurement
techniques,motivating the followingexplorationof the noise gener-
ation process.To complement the database, a detailed set of experi-
ments were performed to 1) locate the noise sources and 2) explore
the turbulencecharacteristicsrelevant to noise generation.

A. Jet Noise Source Location and Distribution
A 36-microphone linear phased array was used to examine the

sourcedistributionin the single-streamjet.Figure6 shows the source
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distributions(processed in narrowband) for a cold, M j D 0:6 jet for
several frequencies in the range 1 < f < 33 (kHz). The frequency
of 1 kHz for M j D 0:6, cold jet corresponds to SrD D 0:4 and peaks
near x=D j D 6. The nondimensional Strouhal number is de� ned
as SrD ´ f D j=U j . We will see in the next section that this is lo-
cated where the time-averaged potential core end resides. This is
also the frequency band around which the jet noise peaks in the
far-� eld acoustic spectra in aft angles, that is, 100 < µ < 140 deg
(Fig. 7). As the noise radiation frequencyincreases, the correspond-
ing source locationpeakmoves upstream,reachingx=D j D 1 for the
high frequencies ( f > 10 kHz, that is, SrD > 4 for M j D 0:6, cold
jet). This trend is evident in Fig. 6, showing the source distributions
overlaid for different frequencies for an M j D 0:6, cold jet. (Note
that the spatial resolution associated with the source distributions
is 1x=D j D 1, providing an upper bound on the uncertainty in the
measured source peak location.)

Theseviewsmatchwellwith resultspresentedfromanalyticaland
experimental studies,9;11;12 and one can make similar observations
as follows:

1) The main contributionto thenoise intensityfor low frequencies
of 0:4 · SrD · 0:8 occurs from the region 5 · x=D j · 10.

2) The main contribution to the noise intensity for high frequen-
cies of 2 · SrD · 10 occurs in the region 0 · x=D j · 3.

Fig.7 Far-� eld third octaveacoustic spectrum measured at a rearward
angle of 150 deg to the upstream jet axis (compared with the Society of
Automotive Engineers prediction).

Fig. 8 Peak noise source locations as a function of the nondimensionaldownstream distance.

3) The low-frequency noise generation region is spread over a
large � ow region, but its downstream (x=D j ¸ 10) contribution to
the total noise is small.

4) The present data indicate a more rapid drop off at high
frequencies compared to that in previous studies.11;12

5) In contrast to the present results (suggestingintense noise gen-
eration for x=D j < 10), the lower frequency noise sources from
previous analyses appeared to be much more distributed in the
streamwise direction, remaining intense at farther downstream lo-
cations (perhaps due to larger uncertainties in the source locations
and poorer source amplitude estimates).

The locations (x=D j ) of the peak noise sources occurring at var-
ious nondimensional frequencies of the noise source are shown in
Fig. 8, with a logarithmic ordinate, for M j D 0:6, 0.7, and 0.9 and
T j D 80 and 1000±F. The peak locations were extracted from the
noise source distribution measured by the phased array. Although
qualitative, the rough boundary drawn around the scattered data in-
dicates a general trend for the location of the noise source peaks for
cold as well as heated, single-streamjets over a range of M j . These
resultsare consistentwith those reportedin relativelylower M j cold
jets, using a different source localization technique,13 where it was
possible to locate the source peak locations but not their distribu-
tions. In particular, note that the noise source associated with the
dominant frequency in the aft angle far-� eld noise spectra, corre-
sponding to SrD ¼ 0:4, is located near the end of the averaged po-
tential core (x=D j D 6). Note again that the linearphased array used
here determines the source strength and distribution at a sideward
angleof 90 deg. Whereas the source amplitudesare clearly higherat
the rearwardangles(becauseof the jet noisedirectivity), the location
of the peak noise frequency is most reliably measured at the side-
ward angle (with minimal refraction effects). Recent experiments
using a simpler source location technique,14 but aimed at an angleof
150deg relative to the upstreamjet axis,also reveal thepeakjet noise
source location in an M j D 1:3 jet to be between 5D j and 11D j .

Figure 9 summarizes the source distribution pattern in the
M j D 0:6 jet as a function of Strouhal number SrD . The general
trends of low-frequencynoise sourcesbeing located downstreamof
the jet and high-frequencynoise sources being located close to the
nozzle exit plane are consistent (in low and high speed, and in cold
and heated jets) with earlier observations.The turbulencecharacter-
istics associatedwith such sourcedistributionsare the subjectof dis-
cussions in the forthcoming section. The source distribution for an
M j D 0:9 heated jet is shown in Fig. 10, displayingsimilar trends of
downstream-located low-frequency sources and upstream-located
high-frequency sources. However, the sources are distributed far-
ther downstream for the heated jets compared to distributions for
the cold jets. Source distributionsfrom cold jets at otherMach num-
bers are similar in spatial extent to those for the M j D 0:6 cold jet.
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Fig. 9 Noise source distribution in Mj = 0.6 cold jet for 0:4 < SrD < 14 (corresponding to 1 < f < 33 kHz, using constant bandwidth of 195 Hz).

Fig. 10 Source distribution in Mj = 0.9, Tj = 1000±F jet for 0:15 < SrD < 6 (corresponding to 1 < f < 33 kHz, with constant bandwidth of 195 Hz).

The potential temperature-driven mechanisms responsible for the
difference in the cold- and heated-jet source distributions are not
yet well understood.

Figure 11 shows the sound power (in decibel) in the frequency
band corresponding to SrD D 0:4 (the peak noise frequencyband in
far-� eld acoustic spectra) for a range of jet exit conditions, com-
puted by spatial integration of the measured source distribution on
the jet centerline. The constant slope for the cold and heated jets is
evident, as is the difference in the intercepts (also see Tam1 ); fur-
ther data for low Mach number heated jets are clearly needed to
con� rm this trend. Furthermore, the sound power level in the afore-
mentioned frequency band is seen to scale as U 8

j , as expected for
quadrupoletype noise radiation.Here again, the levelsare computed
for a nominally sideward angle of 90 deg; the sound power levels
are expected to be higher for aft angles (where the peak jet noise
frequency appears to be dominant), but the suggested trend is not
expected to change.Similar correlationof the sound power levels in

a high-frequencyband (not shown here), located closer to the noz-
zle exit plane, with the jet velocities indicates a scaling of neither
U 6

j (for dipole noise) nor of U 8
j (expected for turbulence-generated

quadrupole noise). This suggests the possibility of a combination
of source types associated with near-nozzle high-frequency noise
generation.15 The generationof coherentvorticesas a result of shear
layer instabilitiesnear the nozzle exit plane suggestsnoise radiation
due to possibly two mechanisms: vortex–solid body interaction (as
a dipole-type noise source) and vortex-generated turbulence (as a
quadrupole-typenoise source).

B. Near-Field Turbulence Characteristics
of High-Reynolds-Number Jets

Hot-wire measurements of the mean and � uctuation velocities
in the jet were performed. The jet Mach number, M j D 0:6, is not
believed to be high enough for compressibility effects to contami-
nate the hot-wire measurements. The objective of this study was to
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Fig. 11 Sound power level variation with jet exit velocity in the fre-
quency band for peak jet noise generation, that is, SrD ¼ ¼ 0:4, for cold
(Tj = 83±F) and hot (Tj = 1000±F) jets.

Fig. 12 Streamwise variation of longitudinal components of mean ve-
locity and turbulence intensity on jet centerline (Mj = 0.6, Tambient =
83±F).

explore the time-averagedcharacteristicsof a high subsonic jet (for
which turbulencedata are limited in the published literature) and to
examine the implication of these results for noise prediction.

The normalized mean velocity and turbulenceintensity on the jet
centerline, obtained using a single hot-� lm probe for an M j D 0:6
cold jet, are shown in Fig. 12. The displayed quantities have been
normalized by the peak jet velocity (occurring near the nozzle exit
plane). The end of the potential core (in a time-averagedsense) can
be seen to be near x=D j D 4. The mean velocity rapidly decays in
the aerodynamic far � eld (proportional to 1=x , as expected for a
turbulent jet). The peak turbulence intensity on the jet centerline is
seen to be reached near x=D j D 10.

Radial mean velocitypro� les for M j D 0:6, at several streamwise
locations, are shown in Fig. 13. The potential core is evident in the
x=D j D 1 pro� les and barely visible in the x=D j D 4 pro� les. The
mean velocity pro� les are normalized by the local (in x ) centerline
mean velocity Ucl, as a function of the radial distance from the jet
centerline line, normalizedby the jet half width (for M j D 0:6 data).
The half width b is de� ned as the radial location where the local
velocity reaches half of the centerline value. Self-similarity of the
mean velocity pro� les can only be discerned beyond x=D j D 10.

Figure 14 shows the radial pro� les for the turbulence intensity
measured with the single sensor hot-� lm probe, displaying higher
levels (compared to the centerline values) in the shear layer, as
expected. Repeatability tests were conducted for the longitudinal
turbulenceintensitymeasurementsprovidingerror boundsof §1%.
The peak seems to occur in a large region around 4 < x=D j < 10

Fig. 13 Normalized mean longitudinal velocity pro� les (for Mj = 0.6)
at several streamwise locations.

Fig. 14 Radial pro� les of longitudinalturbulence intensity at different
streamwise locations for Mj = 0.6 (Tambient = 83±F).

Fig. 15 Normalized radial pro� les of longitudinalturbulence intensity
at different streamwise locations for Mj = 0.6 (Tambient = 83±F) showing
similarity of turbulence intensity pro� les for x/Dj >– 10.

close to the nozzle lip line. The normalized turbulence pro� les
using local variables, namely, the local peak turbulence inten-
sity level u 0

max and the peak level transverse location yu 0 max , are
shown in Fig. 15. A similar display method was used by Lau16

to explore the universal distribution of axial turbulence intensity
among various Mach number jets for a � xed streamwise loca-
tion. Here, we investigate similarity among turbulence intensity
pro� les at various streamwise locations. No sign of self-similarity
or universality for the turbulence intensity pro� les is evident for
x=D j < 10 (as was the case for the mean velocity pro� les). Several
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Fig. 16 Pro� les of longitudinal and transverse turbulence intensities at various streamwise locations for Mj = 0.6 (Tambient = 83±F).

Fig. 17 Velocity spectra for Mj = 0.6 (Tambient = 83±F) along jet centerline.

modelingapproaches,therefore,wrongly seem to assume the jet tur-
bulence to be self-similar in the most intense noise-generation� ow
region.

Signi� cant anisotropy was also evidenced from measurements
of the u 0 and v0 component (Fig. 16, measured using a dual TSI
hot-wire sensor), displaying nearly 30–40% difference in the peak
levels within the near-� eld jet shear layer for x=D j · 10. (Uncer-
tainty errors in measuring the transverse component of turbulence
intensity v 0 were found to be higher in the jet core, namely, §10%,
due to low levels of its mean component inside the potential core,
but these errors reduce signi� cantly inside the shear layer.) How-
ever, the presentmeasurementsare not an adequatecharacterization
of anisotropyin the � ow. The measured degree of anisotropy,due to
differences in the turbulence intensity amplitudes, does not include
the discrepancies in the turbulence correlation length scales, also
a source of anisotropy. Such anisotropy can have signi� cant im-
plications for noise source modeling. Consider the simpli� ed case
of axisymmetric turbulence, where the characteristics, that is, am-

plitude and correlation length, of the longitudinal component of
turbulence is different from the other two components (which are
believed to be similar. It has been shown that the noise generation is
signi� cantlyalteredby consideringanisotropyin correlationlengths
(e.g., see Goldstein and Rosenbaum17 and Khavaran and Krejsa18 ).
When axisymmetric turbulence was assumed and correlations de-
rived from measurements in a M j D 0:3 jet (Ref. 19) were used,
Goldstein and Rosenbaum17 showed that the sound intensity can
be highly directional for correlation length anisotropy, producing
nearly 3-dB increase in aft angle spectra (compared to that expected
from assuming isotropic turbulence).

The time-averaged normalized Reynolds stress component pro-
� les u 0v0.y/ were also measured (not shown here) at a few stream-
wise locations, showing that the peak of the u 0v 0 Reynolds stress
component is reached in the shear layer (near the nozzle lip line
y=D j D 0:5). The peak (indicativeof regions of turbulenceproduc-
tion) is, however, only reached for x=D j ¸ 4, coinciding with the
� ow region displaying the highest turbulence intensities.
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The cited experimental surveys were also performed for an
M j D 0:4, single-stream, cold jet (not shown here), with similar
trends and conclusions.The result of turbulenceintensitiesreaching
a peak in the shear layer fartherdownstreamof the potentialcore end
have implications for current aeroacoustic models, namely, those
basedon the use of Reynolds-averagedNavier–Stokes (RANS) sim-
ulations with turbulencemodeling (e.g., Balsa et al.19 and Tam and
Auriault20 ). Such models predict noise source distributionbased on
� ow region of intense turbulentkinetic energy, for example, scaling
with k7=2 , which are located in the region where turbulence inten-
sities are observed to be large. The observation of high-turbulence
intensities near and farther downstream of the potential core end,
extending from 4D j to 12D j , suggests the location of the noise
sources in that � ow region. Our source localization measurements
suggest that this is only partially true (see earlier section and re-
sults within). In particular, only the low-frequency noise sources
(typically in the frequency range below where the peak of jet noise
generation is evidenced in aft angle far-� eld acoustic spectra) are
located beyond x=D j D 6. A bulk of the noise generation (in par-
ticular at high frequencies) is in fact generated several jet diame-
ters farther upstream than expected to be predicted by conventional
models.

An investigationwas conducted to determine the streamwise ex-
tent over which the jet turbulence equilibrates, that is, an inertial
subrange in the spectra is evident. Figure 17 displays the velocity
spectra [Guu. f /] obtained from time series recorded by a hot-wire
probe at four streamwise locations on the jet centerline, namely,
x=D j D 0, 5, 10, and 20. Overlaid in Fig. 17 is also a ¡ 5

3 slope line,
which is indicative of an equilibrated (Kolmogorov-type) inertial
subrange. We � nd a reasonable indication of equilibrated turbu-
lence, that is, observation of ¡ 5

3 slope over at least one decade
only for x=D j ¸ 10, where the mean velocity pro� le also displays
self-similarity(see earlier results). Velocity spectra for the upstream
locations between 0 < x=D j < 5 were also obtained inside the tur-
bulent shear layer, where more broadbandbehavior was noticed but
evidence of equilibrated turbulence (in the form of a ¡ 5

3 slope)
was absent. Current noise prediction models, for example, based
on RANS computations,19;20 assume that an equilibrium, isotropic
turbulencemodel applies, for example, the k–" model, for the noise
producing � ow region. The lack of equilibration in the � ow region
within 10D j questions the validity of such models for noise predic-
tion in the dominant noise producing jet region.

IV. Conclusions
The noise source distribution measurements combined with the

turbulence measurements provide a unique (although preliminary)
experimental database with which to validate jet noise prediction
models, providing much needed insights into the noise-generation
processes. The � ow regions of peak turbulence levels in the shear
layer (near the potential core end of the jet) correlate well with
the band of frequencies in which the peak noise radiation in the
far � eld (in rearward angles) is noticed. There exists, however, a
signi� cant portion of the noise spectrum originating from the near
� eld of the jet (before the end of the potential core of the jet), where
lower intensity, but practically relevant,5 high-frequency sources
are located. Note that high-frequency noise in model scale would
translate in engine scale to sound generation at frequencies that
would contribute the most to human hearing and annoyance.5 The
� ow structure dynamics in this region and their connection to noise
generation is yet to be explored in detail.

A majorityof jet noise studiesand associatedpredictionand noise
reduction approaches have focused on peak jet noise generation
mechanisms associatedwith the jet’s aerodynamicfar-� eld features
(both at large aswell as small � ow scales). Consequently,turbulence
generation near the end of the jet potential core and farther down-
stream has received the most attention. Although not responsible
for peak noise generation, near-� eld high-frequency noise sources
(in laboratory-scaleexperiments) become relevant in full-scale en-
gine noise characteristics.5 The ultimate noise reduction bene� ts
are realized as a result of an integrated effect over a broad range of
frequencies, requiring control of noise generation at low and high

frequencies, for example, see results of some noise reduction con-
cepts reported by Simonich et al.5 The present studies indicate that
accurate representations or computations of the near jet � ow� eld
(where high-frequency noise sources are shown to dominate) are
also essential. Because the � ow in this region is highly nonequi-
librium and anisotropic, turbulence models need to account for the
related effects as well.18 It is evident that signi� cant further devel-
opments (in advanced diagnostic experiments closely coupled with
modeling) are required for physics-basedmodelingof aeroacoustics
and for its use to evaluate noise reduction concepts.
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