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Aeroacoustic Characterization, Noise Reduction,
and Dimensional Scaling Effects of High Subsonic Jets
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A comprehensive far-� eld acoustics database was generated for high subsonic, turbulent jets along with mean
total pressure and temperature surveys in the � ow� eld. The effects of core jet temperature and of external co� ow
on the far-� eld noise and mean � ow� eld characteristics are investigated.The results show peak jet noise generation
in aft angles (110< µ < 150 deg). The mean velocity measurements indicate an average potential core length in the
range of 3–8 jet diameters Dj, depending on the core jet � ow temperatures and speed of external tunnel co� ow,
after which self-similar velocity decay is evidenced. Mixing devices (tabs) were used to enhance near-� eld jet
mixing and were explored as a means for far-� eld noise reduction. These devices decreased the peak jet noise but
were accompanied by increases in high-frequency noise. The effect of scaling from model-scale to engine-scale
conditions shifts spectral peaks to lower frequencies, thereby driving high-frequency mixing noise increases (due
to tab-generated � ows) into the peak annoyance range.

Nomenclature
A = area
b = jet half-width
D = diameter of nozzle
H = shear layer shape factor
K = Witze proportionalityconstant,

0.08 (1 ¡ 0:16M j / .½e=½ j /
¡0:22

M = Mach number
P = pressure
Re = Reynolds number
r = radius
T = temperature
U = axial velocity component
x = axial coordinate, along jet axis
µ = observer angle, referenced to upstream
½ = density
Â = x=r j

Subscripts

a = ambient
cl = centerline
e = exit condition
f = full scale
j = jet condition
m = model scale
s = static condition
t = wind-tunnel condition, stagnation condition

Introduction

T HE generation of noise from turbulent jets is of signi� cant
practicable interest, for example, for subsonic civil transport,

andhas receivedwidespreadattentionfor severaldecades.Noise has
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typically been measured and described by relatively simple charac-
teristics such as level, frequency distribution, direction, and range.
Thesecharacteristicshavebeenreportedto be a functionof jet thrust,
jet velocity, scale (dimension), jet composition (density, tempera-
ture, etc.), engine type, and supply or reservoir conditions. Histor-
ically, engine designers have achieved jet noise reduction through
the decreaseof engine exhaust velocitiesU j , a feature derived from
the U 8

j scaling law contained in Lighthill’s1 benchmark theoretical
research on aerodynamically generated sound. Lighthill’s theory
predicts that jet noise scales on the eighth power of jet speed, with
a large range of experimental data corroborating this behavior. In
Lighthill’s � rst idealization of a jet, turbulence was regarded as the
source of sound, a source characterizedby the jet’s speed and size.
When such a model is followed, the mitigation of turbulence be-
comes a crucial step needed to reduce (aerodynamicallygenerated)
sound, and devising means to quiet turbulence becomes the chal-
lenge. Consequently, much of jet noise research has concentrated
on understanding turbulence generation and associated noise, par-
ticularly in simple round jets, where complications arising due to
complex � ow phenomena and their interactions, for example, mul-
tiple shear layers, are avoided.

However, an understandingof the fundamental mechanisms un-
derlying the generationof jet noise continues to remain a challenge.
Computational techniquesfor aeroacousticsare still under develop-
ment and remain limited in their use for reliable noise predictionsin
realistic� ow conditionsand geometries,for example, see the review
by Tam.2

Because of the lack of understanding of the noise-generation
process, experimental databases have represented the best source
for developing analytical and computational models, for exam-
ple, see Seiner3 and Bridges and Podboy.4 To date, however, there
are few available databases having mean � ow, turbulence, and far-
� eld acoustics over relevant � ight conditions, that is, heated, high-
subsonic, high Reynolds number � ows. The most noted of these
limited databases have been published by Lush,5 Lau,6 Lau et al.,7

Seiner and Norum,8 and Lepicovsky.9

Seiner and Norum’s8 experiment was for a heated supersonic
round jet without co� ow. A water-cooled axisymmetric nozzle
(D D 3:6 in.) (9.14 cm) was tested in the NASA Langley Research
Center Jet Noise Laboratory. The nozzle design M j was 2.0 at
T0 j D 2000±F (1093±C). These conditions are much higher than of
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interest to commercial engine applications.The nozzle operated at
fully expanded conditions for the range of jet total temperatures
considered in the test program. The � ow Reynolds number, based
on nozzle exit diameter D j , varied from 2 £ 106 to 3 £ 106 . Aero-
dynamic measurementsof total temperatureand total pressurewere
obtained and provided along the nozzle centerline using a water-
cooled probe for a range of jet total temperatures. Additional data,
that is, radial � ow pro� les and acoustic spectra, have not been pro-
vided. Over this range of temperatures, one can estimate the effects
of compressibility in terms of the convective Mach number Mc.
Whereas some far-� eld acoustics measurementswere made, no tur-
bulence data were reported.

An experimentalprogramconductedat LockheedbyLepicovsky9

investigatedmixing of near sonic heated round jets. A round nozzle
having an exit diameter of 2.0 in. (5.08 cm) was examined over a
range of jet total temperatures. No co� ow was used in these ex-
periments. Downstream total pressure and temperature axial and
radial � ow surveys were obtained using a United Sensor combined
pressure and temperature probe. Boundary-layer surveys were ob-
tained at the nozzle exit plane. These surveys con� rm that, as the
� ow is heated to practical temperature levels, the Reynolds num-
ber decreases and eventually the � ow transitions from turbulent
(H D 1:8) at cold conditions to laminar (H D 2:5) at hot conditions.
No turbulence or acoustic measurements were measured/published
to complement the mean � ow data.

Various passive control techniques have been proposed for jet
noise reduction purposes. Flow control for mixing enhancement is
relatively clear, that is, the goal is either to modify the large-scale
turbulence structures in the � ow or to generate new structures to
enhance entrainment and mixing. Various nozzle geometry mod-
i� cations such as lobed trailing edges, tabs, and simple in-plane
cutouts along the trailing edges (also termed chevrons) have been
used. Recently the role of streamwise vortex generators as effective
mixers hasbeen exploredin detail.However, thedetailsof the mech-
anisms of vortex generation, vortex interaction, and mixing scales
in such devices are still sketchy. These devices have also been pro-
posed and evaluated for noise reduction. An understanding of the
noise reduction aspects of these devices is even poorer. The main
reasons are as follows: 1) noise is a byproduct of turbulence,which
in itself is not well understood; 2) measurement and understand-
ing of noise is more involved than mixing because it involves not
only the noise intensity but also frequency content and directional-
ity; and 3) although intimately related, noise and � ow are generally
measuredand studiedseparatelydue to the dif� cultieswith facilities
and instrumentation.

Passive devices, such as tabs (e.g., see studies by Zaman10;11 ) and
� exible � laments,12 and activedevices,such as glowdischarge13 and
pulsed-blowing-type actuators, have been considered, with mixed
results. To date, only the passive tab and chevron approaches have
demonstrated jet noise reduction in laboratory experiments (typi-
cally in supersonic jets).

The objectiveof the current study was generate a detailed bench-
mark aerodynamicand acoustic database for turbulent, high-speed,
high Reynolds number, heated round jets and to evaluate � ow con-
trol devices for jet noise reduction for full-scale turbofan engines.

Experimental Setup Description
The experiments were carried out in the United Technologies

Research Center Acoustic Research Tunnel (ART) using a simple
round nozzle (see Fig. 1). The tunnel is an open circuit design,
which uses a 1500-hp (1.12-MW) fan to draw outside air through
the open jet test section. A 36-in. (91.44-cm)-diam wind-tunnel
nozzle was used for these tests. The test section is a 15 £ 18£ 22 ft
(4:57 £ 5:49 £ 6:71 m) anechoic chamber, providing an anechoic
environmentdown to 200 Hz. A jet mass � ow rate of up to 10 lbm/s
(4.54 kg/s) is achievable. A propane combustor supplies heated air
up to 1000±F (538±C) for heated jet studies.

Mean velocity measurements were obtained using a three-probe
rake consisting of a total pressure probe, a static pressure probe,
and a total temperature probe. The three probes were mounted 2 in.
(5.08 cm) apart on a double wedge wing support (diamond-shaped
cross section) with a wedge half-angleof 7 deg. The pressureprobes

Fig. 1 Round nozzle installation and supersonic probe assembly in
ART.

were close coupled to pressure transducersin the anechoicchamber
to minimize the lags. The total pressure probe was a square edged,
roundpitot tube with a 0.0625-in.(1.588-mm)diam. The static pres-
sure probe is similar to the one described by Pinckney.14 Seiner and
Norum8 employed this same probe design in an earlier supersonic
jet noise study. The total temperature probe was a double radiation
shielded design with 0.25- and 0.12-in. (6.35- and 3.05-mm)-diam
tubes.

Data were obtained for both cold and hot turbulent jets (1000±F)
(538±C) at high subsonic speeds (M j D 0:6 and 0.9) and Reynolds
number (ReD D 1:7 £ 106 ). The nozzle diameter was 3.239 in.
(8.23 cm) and is shown installed in the ART in Fig. 1. The model
scalewas approximately 1

20 th of a large,commercialfull-scalejet en-
gine [suchas the V2500 with a fan tip diameterof 63.5 in. (1.61 m)].
The effect of forward � ight on jet development was also examined
with tunnel speedsup to Mt D 0:3. A varietyof noise reductiontech-
niques were investigated including � exible � laments12 and small
tabs10;11 that are reported here.

Acoustic data were measured with a far-� eld array of eight B&K
4135 1

4 -in. microphones at grazing incidence with the microphone
grids removed. The array was located about 29.5 nozzle diameters
from the nozzle centerlinepositionedat 10-deg increments from 80
to 150 deg relative to the upstream jet centerline axis to determine
noise source directivity. The microphones were mounted 12 in. in
front of 2 £ 4 in. (5:08£ 10:16 cm) steel tube support beams that
were covered with acoustic foam. Third octave and narrowband
(250-Hz bandwidth) data were acquired sequentially using a bank
of four Hewlett–Packard HP3451 spectrum analyzers. Pistonphone
calibrations were performed for each data set acquired. The nar-
rowband and one-third octave band sound pressure levels (SPL),
from 50 Hz to 80 kHz, are stored together with relative humidity,
temperature, and Mach number data. Adjustments to the processed
data are made to subtract ART background noise and correct for
atmospheric absorption.

The raw acoustic spectra were � rst corrected for high-frequency
microphoneresponseby applying individualmicrophonefrequency
calibration corrections to the data. The data were then converted to
an ideal,loss-lessday, that is,no attenuationdue to humidity.Scaling
to full scale was done by shifting the frequenciesdown by the ratio
of the scale-to-full size diameters and increasing the amplitude by
the full-scale to model-scale area ratio, namely, 10 log10.A f =Am/.
The data are then extrapolated to a standard 150-ft (45.7-m) radius.
A weather correctionis applied to the data to bring them to standard
conditions [77±F (25±C) and 70% relative humidity]. Finally, noise
metricssuchas overallSPL (OASPL) and integratedperceivednoise
level (PNLI) are calculated from the data. For the single-streamjet
studiedhere, the scalingto full scale is more applicableto low bypass
ratio engines with mixed streams than to high bypass ratio engines
with separate streams.

The acoustic results from jet noise reduction concepts at model
scale were converted to be representative of the full-scale engine
size, and perceived noise levels were predicted to evaluate their
potentialfor jet engine application.Scaling of measured model data
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to full scale and extrapolating to 150-ft (45.7-m) radial distance is
then needed for comparison to full-scale or engine conditions.

The scaling to full-scale engine15 is accomplishedby shifting the
model scale spectra “to the left” (in frequency space) by a model-
to-engine scale factor. For example, the 80-kHz one-third octave
frequency band of model jet noise spectra becomes the 4-kHz one-
third octave band for an engine 20 times larger. Because the result-
ing full-scale spectra have missing values, for example, 6.3 kHz,
8 kHz, etc., these values are � lled in using an assumed jet noise
high-frequency rolloff rate of 3 dB per one-third octave band. The
extrapolation to 150-ft (45.7-m) radius is accomplished by using
correctionsfor sphericaldivergenceand atmosphericabsorptionfor
the additional extrapolated distance.

In addition to far-� eld acoustics measurements reported here, a
phased microphone array was also utilized to determine the noise
source location.A detaileddescriptionof the phased array system is
providedelsewhere.16 A companion paper17 describes the results of
hot-wire and sourcedistributionmeasurements for the same jet con-
ditionsand discussesthe effectof turbulenceon jet noisegeneration.

Noise Metrics
The sound emitted from a general sound source varies in fre-

quency content with directivity. Basic laboratory noise measure-
ments are made withoutweighting the sound over a frequencyspec-
trum. One measure of the total energy being emitted by a noise
source at a given directivity angle is the OASPL. This is determined
by integrating the noise over the spectrum. However, for the same
amplitude level, the human ear perceives some frequencies louder
than others.

There are severalmetrics that havebeendevelopedto better relate
the human perceptionof noise at different frequencies.An example
is the A-weighted SPL used by many commercial sound level me-
ters. For aircraft noise, a perceivednoise level (PNL) was developed
for this purpose.The PNL is a subjectiveassessmentof the perceived
noisiness of aircraft noise. The PNL levels are calculated by cor-
recting measured third octave levels using a standard noy table. A
noy is a subjectively developed measure of equivalent noisiness.

The noise certi� cation of aircraft is governed in the United States
by Federal Aviation Regulation (FAR) 36 (Ref. 18) and interna-
tionally by International Civil Aviation Organization � yover noise
regulations.19 The noise level of a single aircraft operation is de-
scribed by an effective PNL (EPNL). It is derived from the instan-
taneous PNL by applying corrections for pure tones and for the
duration of the noise. The formulas used to compute the EPNL are
given in FAR 36 Appendix B.18

Database Results
Jet Physics

The jet external� ow� eld is typicallydivided into three character-
istic regions: 1) a potential core region in which mixing is initiated
in the shear layers from the nozzle lip, leaving a region of uniform,
essentially inviscid, velocity close to the jet exit velocity: 2) a far-
� eld decay or similarity region, where the mixing rate is nominally
proportional to the inverse of the axial distance from the nozzle,
1=x [radial pro� les of � ow properties can be superimposed under
an appropriate scaling, e.g., U=U j ¼ f .y=b1=2/], where b1=2 is the
radial location where the velocity is half the core velocity; and 3) a
transition region from region 1 to region 2. These characteristics
can be extracted from either experimental or computationaldata by
identifying the end of the potential core Xc and the slope of the
far-� eld decay rate n, obtained from the scalar variables (velocity,
Mach number, temperature), that is,

U=Ucl D .x=D/¡n

log.U=Ucl/ D ¡n log.x=D/

This expressioncanbeobtainedfromsimilarityargumentsfor turbu-
lent round jets. Empirical evidence, obtained by Witze,20 indicates
that the centerlinedata for heated jets overa rangeof exit Mach num-
ber conditions follows a more elaborate form, that is, for large x ,

U=Ucl D 1¡expf®=[1¡.x=xc/]g ) 1¡f1C[®=1¡.x=xc/C¢ ¢ ¢]g

Fig. 2 Centerline velocity decay for cold and heated round jets;
Mj = 0:6 and 0.9.

Fig. 3 Centerline velocity decay plotted using Witze20 axial correlation
parameter.

Fig. 4 Effect of jet Mach number and co� ow on the jet temperature
decay rate.

and therefore

log.U=Ucl/ D logf®=[1 ¡ .x=xc/]g ) log[®xc=x]

where ® is a constant. Therefore, for large x=xc, the two scaling
laws agree when the far-� eld decay rate n is ¡1.

Aerodynamic Results
Measurementsof the jet centerlinevelocity and temperaturewere

made as a function of the streamwise distance for several jet Mach
numbers, temperatures, and co� ow velocities. The velocity decay
along the jet centerlineas a function of jet Mach number and jet exit
temperature is shown in Fig. 2. The length of the potential core is
seen to increase with Mach number while decreasing with temper-
ature. These same data are shown in Fig. 3 using the Witze20 axial
correlation parameter ·Â.½e=½ j /

0:5. The use of the parameter ap-
pears to collapse the four differentoperating points. A similar result
for the centerline temperature decay is shown in Fig. 4. Clearly, the
ambient tunnel � ow impacts the jet mixing characteristics.

From these data, displaysin a log–log format were generated,and
the length of the potential core and rate of mixing were determined.
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Fig. 5 Slope of centerline velocity far-� eld decay rate.

Fig. 6 Length of velocity potential core for round jet.

Figure 5 shows the slope of the log–log jet centerline velocity vs
distance curve as a function of jet Mach number, temperature, and
tunnelspeed.It is seen that co� owincreasesthe lengthof thevelocity
core. Care has been taken to obtain suf� cient data in the transition
region from the potential core region to the far-� eld decay region
(where the largestnoise is believed to be generated). Figure 6 shows
the potential core length as a function of jet Mach number for cold
and heated jets, with and without co� ow. The potential core lengths
predicted by Witze20 for static jet conditions (no co� ow) are also
shown. Use of the Witze scaling predicts a small increase in core
length with jet exit Mach number and a substantial decrease in core
length with heating. Both trends are consistentwith current results.

When consideringheated jets, one needs to consider the velocity
rather than the Mach number, thereby isolating thermal effects on
mixing. Mean � ow aerodynamics data were obtained for jet exit
Mach numbers ranging from 0.45 to 0.90, with and without co� ow,
as well as for cold and heated jets. Results demonstrate the effect
of jet exit � ow, co� ow, and heating on the potential core length and
on the far-� eld decay of temperature and velocity.

The decay results are referencedto the classical .x=D/¡n expres-
sion, where n is the far-� eld decay rate. The velocity slope for a
cold static jet matches the previously published results of Lau6 and
Lau et al.7 These results clearly con� rm previous21;22 observations
for heated jets that the temperatureslope is greater than the velocity
slope, that is, the rate of thermal mixing is greater than momentum
mixing. Other observations are that heating increases the rate of
momentum mixing, whereas co� ow decreases it; heating decreases
the length of the velocity core, whereas co� ow increases the core
length; and heating and co� ow in� uence the thermal mixing rate or
thermal potential core.

Radial pro� les of total pressure, static pressure, and total temper-
ature were recordedusing the probesdescribedearlier.These results
were processed to producea local Mach number using two separate

Fig. 7 RadialMach number pro� les for Mj = 0:9, cold, no co� ow, using
chamber static pressure.

Fig. 8 RadialMach number pro� les for Mj = 0:9, cold, no co� ow, using
local static pressure.

approaches:1) using local PT and the chamber static pressure (note
that most jet measurementsdo not measure the local static pressure)
and 2) using the local PT and PS values. These results are shown
for a static (without co� ow) M j D 0:9 cold jet in Figs. 7 and 8. In
the case where the Mach number is derived from the chamber static
pressure,the velocityhas a � at-toppro� le.However, the Mach num-
ber derived from the local PS initially exceeds the jet exit value. If
one looks closely at the x=D j D 0 pro� les in Figs. 7 and 8, it can be
seen that PS is not close to ambient in the jet near � eld.

Acoustic Results
A representativeset of baselinejet acousticdata is shown in Fig. 9.

The test condition was M j D 0:9 [T j D 1000±F (538±C)], with no
forward � ight effect (Mt D 0:0). These data are shown to be in good
agreement with the semi-empirical code data of Ref. 23. The shape
of the noise spectra changeswith observationangle from a symmet-
ric, round hump shape at angles perpendicular to the jet to a non-
symmetric pattern at angles approaching the downstream jet axis.
The frequency of the peak noise decreases from around 3 kHz at
angles perpendicularto the jet to around 1 kHz at angles close to the
jet axis. The peak amplitude of the measured jet spectra increases
in downstream angles, in good agreement with the predicted trend
in Ref. 23.

There are some undulations in the low frequencies of the third
octave data whose source is yet unclear.The anechoicquality of the
chamber was checked by extensive acoustic decay measurements,
and no problems were observed above 200 Hz. The “lumpiness”
of the spectra may have been caused by standing waves set up by
re� ections from the microphone support beams. The steel beams
were covered with acoustic foam that is known to be ineffective
at low frequencies. The support-induced re� ections and potential
contaminationof acoustic spectra at low frequencieshas since been
veri� ed.

A study was also conducted to examine the repeatabilityof base-
line third octave data for M j D 0:6 and 0.9, hot and cold conditions.
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As expected, the repeatability of the cold data was better than the
hot data. The maximum differences between two runs for the four
cases are given in Table 1.

A comparisonbetween measured narrowbandresults and the em-
pirically derived spectral shape from Tam et al.24 for the M j D 0:9,
T j D 1000±F (538±C) jet is shown in Fig. 10. The “Tam � ne-scale
spectral model” is shown at 80 deg, whereas the “Tam large-scale
spectral model” is shown at 140 deg. The peak amplitude and its
frequency for the empirical � t were shifted to best � t the measured
data. The spectral shapes agree quite well except at very high fre-
quencies.

Flow and Noise Control Results
Experiments were performed for the round nozzle with small

tabs10;11 mounted at the trailing edge of the nozzle (Fig. 11). The
tabs are triangular in cross section, angled into the � ow at 45 deg,
and have a trailing edge angle of 90 deg, consistentwith recommen-
dations in Refs. 10 and 11. The tab con� gurations tested consisted
of 0.25-in.-wide,0.19-in.-long,0.012-in.-thick,stainless steel trian-
gles. Con� gurations studied included two, four, six, and eight tabs,
equally distributed around the jet exit plane.

Figure 12 shows acoustic spectra at M j D 0:9 for the eight-tab
con� guration, in cold conditions, in conventionalcoordinates (SPL
vs frequency) alongwith equivalentbaseline round jet spectra.A jet
noise reductionat peak frequencies is evident, but a high-frequency
increaseis also noted.The actual level of the high-frequencynoise is
at a signi� cantly lower decibel level. A more realistic view of these
acoustic results is to consider their effect in a full-scale (nominally
chosen at 20 times larger) implementation.

Fig. 9 Third octave spectra for Mj = 0:9, Tj = 1000±±F (538±±C), baseline
and predictions23 (ordinate scale offset for ease of viewing).

Table 1 Experimental repeatability

Third octave dB Velocity, ft/s (m/s) Temperature, ±F (±C)

Standard Standard Standard
Mach number Maximum¡minimum deviation Maximum¡minimum deviation Maximum¡minimum deviation

0.6, cold 0.50 0.26 9 (2.7) 1.5 (0.46) —— ——
0.9, cold 0.80 0.33 6 (1.8) 0.2 (0.061) —— ——
0.6, T j D 1000±F (538±C) 1.40 0.42 26 (7.9) 6.4 (1.9) 20 (11) 4.8 (2.7)
0.9, T j D 1000±F (538±C) 1.80 0.51 18 (5.5) 6.2 (1.9) 11 (6) 2.2 (1.2)

Three spectra for the 130-deg orientation (Figs. 13–15) are com-
pared to the baseline round nozzle. The measured spectra in model
scale are shown in Fig. 13. The effect of scaling (Fig. 14) is to shift
the model scale spectra to the left by a factor of 20. The scaling
approach is cited by Soderman,15 where one assumes that acoustic
spectra remain unchanged when scaled by a nondimensional fre-
quency, the Strouhalnumber.With this assumption,when a constant
velocity jet U j is scaled up in size D, the resultant spectra f shifts
proportionately to the left. The effect of human annoyance (noy
weighting) is thenapplied(Fig. 15). One can clearlysee that the low-
frequencynoise reduction is more than offset by the high-frequency
mixing noise, which is now located in the peak annoyance range.

Fig. 10 Comparison of measured narrowband spectra at Mj = 0:9,
Tj = 1000±F (538±C) with Tam et al.24 model.

Fig. 11 Small tabs at the trailing edge of a round nozzle.
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Fig. 12 Third octave spectra for Mj = 0:9, cold, baseline and eight-tab
jets.

Fig. 13 Model-scale spectrum for eight-tab case, Mj = 0:6, Tj = 1000±±F
(538±±C), 130 deg.

Fig. 14 Full-scale spectra (20 X), eight tabs, Mj = 0:6, Tj = 1000±±F
(538±±C), 130 deg.

A contour plot (Fig. 16) is presented, which summarizes the re-
sults for the cold six- and eight-tab acoustic results. A complete
acoustic data set is represented in each plot. The data are plotted as
the difference in SPL in decibels between the tab mounted on the
roundnozzle trailingedge and the baselineroundnozzle.The darker
gray contour areas are indicative of noise reduction with tabs. The
lighter gray contours represent noise increases over the baseline.

The M j D 0:6 and 0.9 results are similar, showing some noise
reduction. The two-tab and four-tab data showed a slight increase
in noise at high frequencies.The largest effect occurred for the six-

Fig. 15 Noy weighted spectrum for eight-tab case, Mj = 0:6,
Tj = 1000±±F (538±±C), 130 deg.

Fig. 16 Spectral shift of tab nozzles from baseline, cold jets.

and eight-tabcases.At low to midfrequenciesnear the jet noisepeak
(300 Hz–3 kHz), 1–2 dB of noise reductionwas achieved.However,
there is a large increase in high-frequency noise, particularly at
sideward angles. The highest increase is seen in the bottom right
corner of the eight-tab, M j D 0:9 plot at the bottom of Fig. 16. The
best tab con� guration appears to be the six-tab case because it had
nearly the same noise reduction at midfrequencies as the eight-tab
case, but with less increase in high-frequencynoise. There was also
a large noise increaseat high frequenciesnoted for the four-tabcase
at M j D 0:9, which is not as apparent for M j D 0:6.

The acousticperformanceof the tabcon� gurationsandconditions
testedwas evaluatedvia a PNLI. The PNLI is the log sum of the PNL
at all microphone angles. These results are summarized in Table 2.
All cases show an increase in PNLI over the baseline round nozzle
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Table 2 Tab PNLs compared to baseline

Number of
Zaman10;11 tabs M j T j , ±F 1 PNLI, dB

2 0.6 59 0.21
2 0.9 57 0.55
4 0.6 58 0.30
4 0.9 58 0.57
6 0.6 54 0.16
6 0.9 52 0.65
8 0.6 57 0.33
8 0.9 58 0.88
2 0.6 1000 0.32
2 0.9 1000 0.39
4 0.6 1000 0.17
4 0.9 1000 0.90
6 0.6 1000 0.27
6 0.9 1000 0.66
8 0.6 1000 0.27
8 0.9 1000 0.48

Table 3 Flexible wire PNLs compared to baseline round jet

String length Number of Length after
diameter strands knot diameter M j 1PNLI, db

3 2 —— 0.6 0.02
3 2 —— 0.9 0.40
3 2 0 0.6 0.34
3 2 0 0.9 0.32
5 2 —— 0.6 ¡0.08
5 2 —— 0.9 0.08
2 —— 1 0.6 0.13
2 —— 1 0.9 ¡0.03
4 6 —— 0.6 0.21
4 6 0.2 0.6 0.34
5 6 0.3 0.6 1.14
5 6 0.3 0.9 1.38
3 —— 0.3 0.9 1.90
3 9 —— 0.9 0.26
2 9 —— 0.9 0.24
4 Many —— 0.6 1.18
4 Many —— 0.9 0.28
3 Many —— 0.9 0.04
3 Many —— 0.6 0.79
3 Many —— 0.6 0.21

Fig. 17 Flexible wire operating in Mj = 0:6 cold jet.

from 0.16 to 0.9 PNLI dB. This indicates that although model-scale
peak noise reduction was achieved, these devices are unlikely to be
bene� cial in full-scale engines.

Flexible Filaments
The use of a � exible string12 for jet noise reduction was tested

at M j D 0:6 and 0.9 for T j D cold and 300±F (149±C). A � exible
� lament mounted in the center of a jet interacts with the � ow in a
yet undetermined manner to effect the jet noise. Its use is appeal-
ing for jet engines because it could be deployable and not suffer a
drag penalty at cruise, which many passive devices incur. A multi-
stranded,unbraidedKevlar¨ stringwas used forboth cold and warm
conditions.A photographof the � exible � lament(s) at the exit of the
jet nozzle is shown in Fig. 17.

A robust material has not yet been found for high-temperature
operation. The string was attached to 0.010-in. (0.254-mm)-diam
cross support wires in the center of the nozzle exit with a small
knot. Support wires of this size were shown not to effect the base-
line acoustics. The length of the string was varied from 2 to 5 jet

diameters. The thickness was approximately 0.02 jet diameters. A
knot was typically placed at the end of the string.

The noise reductions observed were similar to those obtained
by Anderson et al.12 Noise reductions achieved were also similar
to those obtained with the small tabs. Noise reductions of 1–2 dB
were observed in the low to midfrequency range, but increases of
1–2 dB were seen in the high-frequency region. The PNLI results
are shown in Table 3. Except for a couple of cases, possibly due to
measurement error, all cases displayed increased PNLI.

Summary
A benchmark database for round, heated, high-speed jet acous-

tics and aerodynamics is presented, which can be used to validate
(perhaps tune) noise prediction models. The passive noise reduc-
tion concepts tested in model scale, using a � exible string and small
tabs, were shown to reduce peak jet noise amplitude by 1–2 dB.
However an increase in high-frequency jet noise was observed for
both devices. The six-tab con� guration appears to be optimum be-
cause it has the maximum peak noise reduction with the smallest
high-frequency noise increase (penalty). However, full-scale esti-
mates, with frequency shifting and noy weighting for the model-
scale data, nullify the peak jet amplitude reduction and intensify
the high-frequency noise effect, resulting in an overall perceived
noise level increase.Extreme cautionmust be exercisedwhen using
model-scale results to predict full-scale trends.
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