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Effects of Forward Flight on Jet Mixing Noise
from Fine-Scale Turbulence
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It is known experimentally that a jet in forward � ight radiates less noise than the same jet in a static environment.
At a forward � ight Mach number of 0.2, the noise reduction, depending on the jet operating conditions, could be as
large as 4–5 dB in the sideline directions. In the past, a way to predict � ight effects was to use the method of relative
velocity exponent. Another method was to extrapolate measured static jet noise to the � ight condition by means of
scaling formulas. Both methods are semi-empirical. The � ne scale turbulence jet mixing noise theory of Tam and
Auriault (Tam, C. K. W., and Auriault, L., “Jet Mixing Noise from Fine Scale Turbulence,” AIAA Journal, Vol. 37,
No. 2, 1999, pp. 145–153) is extended for application to jets in simulated forward � ight. It will be shown that the
calculated noise spectra at different simulated forward � ight Mach numbers for both supersonic and subsonic jets
compare well with experiments. The effects of forward � ight on the sources of � ne-scale turbulent jet mixing noise
is also investigated. It is found that in the presence of forward � ight the dominantnoise sources move downstream.
The turbulence intensity and the size of turbulent eddies responsible for noise emission are reduced.

I. Introduction

E XPERIMENTALLY, it has been found that a jet in forward
� ight emits less noise than the same jet in a static environment.

The decrease in noise intensity is quite substantial. For instance, at
forward � ight Mach number 0.2, there is a drop of 4–5 dB in the
noise radiated to the sideline.

The standard practice to quantify the effect of forward � ight on
jet noise in a laboratory is to put the jet inside an open wind tunnel
and measure the emitted noise by microphonesmounted outside. In
this arrangement, the � ow around the jet will be the same as that in
actual forward � ight when viewed from the nozzle-�xed coordinate.
In the literature, such data are referred to as simulated forward � ight
measurements.1¡4 During the 1970s and early 1980s, two methods
were established for predicting the effects of forward � ight on the
noise of high-speed jets. Both were semi-empirical methods. One
methodused was the so-calledrelativevelocityexponent5;6 whereby
the noise intensitywas takento beproportionalto a high powerof the
relative velocity between the jet and the outside � ow. The velocity
exponentwas found empirically.The other was a scaling method.7;8

In this case, the measured noise of a static jet was extrapolated to
the forward � ight condition by semi-empirical formulas.

Beginning in the early 1990s, high-quality narrowband jet noise
data became available. At the same time, there was a much better
understanding of the nature and characteristics of jet turbulence.
These, together with the development of high-quality turbulence
models and computational aeroacoustics methods, made it possi-
ble for the development of signi� cantly improved understanding
of the sources of jet mixing noise. Subsequently, an accurate noise
prediction theory was established.

Tam et al.9 (seealsoRef. 10) found,afterexaminingthe entiredata
bank of the Jet Noise Laboratory of the NASA Langley Research
Center, that the spectrumof turbulentmixing noise from high-speed
jets appearedto � t two seeminglyuniversalspectra (for convenience
of reference, these spectra will be referred to as the TGS-1 and
TGS-2 spectra) regardless of jet Mach number and temperature ra-
tio. This unexpected � nding indicates that jet mixing noise consists
of two main components.To provide a physical meaning to the two
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spectra, Tam et al.9 noted that during the past 25 years there were
overwhelmingevidencethat jet turbulencecomprisedboth largeand
small scales. For high-speed jets, optical observationsand theoreti-
cal analysis11;12 indicated that the large turbulence structures of the
jet � ow, behaving like traveling wavy walls, emitted intense Mach
wave radiation in the downstream direction. In the downstream di-
rection, all of the noise spectra were observed to � t the TGS-1 spec-
trum well. Based on this, it was proposed that the TGS-1 spectrum
was a distinctive characteristicof large turbulence structures noise.
Tam et al.9 also recognized that the � ne-scale turbulence was more
isotropic and would, therefore,emit noise without a strong directiv-
ity. Because there was little large turbulence structures noise in the
sideline and upstream directions, the noise in these directions must
be that from the � ne-scale turbulence. In the sideline and upstream
directions,the noisewas found to � t the TGS-2 spectrumwell. Thus
it was proposed that this spectrum was a feature of � ne-scale turbu-
lence noise.

Since the identi� cation of the TGS-1 and TGS-2 spectra, Tam13

found that these same spectra shapes also � tted the measured noise
of jets fromrectangular,elliptic,andplugnozzleswell. In a recentin-
vestigation,Dahl et al.14 demonstratedthat the two TGS spectrapro-
vided excellent � t to their coaxial jet noise data. Wat et al.,15 on the
otherhand, performedanalysisto a large set of � yover jet noisedata.
They reportedthat thedatahad the spectralshapeof theTGS spectra.
Most recently,Tam and Zaman16 measured the noise from subsonic
jets issued from circular, rectangular, elliptic, as well as lobe noz-
zles. Despite the large difference in nozzle shape, it was found that
all of the measured noise spectra � t favorably the TGS spectra.

In this work, our interest is on the sidelinenoise.Thus, the present
investigation will be con� ned only to the effects of forward � ight
on the � ne-scale turbulence noise of jets. The present investigation
is based on the recently developed � ne-scale turbulence jet noise
theory of Tam and Auriault.17 Unlike many other jet noise theories,
the Tam and Auriault theory is a self-contained prediction theory.
The theory begins with the recognition,using the gas kinetic theory
analogy,that the time � uctuationsof the � ne-scaleturbulencekinetic
energy is the main source of noise. The theory accounts for mean
� ow refraction, as well as the source convection effect. The turbu-
lence informationneeded by the theory for noisepredictionpurpose
is provided by the k–" turbulence model. The theory contains three
additional constants beyond those of the k–" model. These three
constantswere determined by best � t to a large set of data. Tam and
Auriault showed, by comparison with experimentalmeasurements,
that the theory could predict the � ne-scale turbulence noise spec-
trum accurately over a large range of jet Mach number and jet to
ambient temperature ratio.
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One of the objectivesof this work is to use the Tam and Auriault17

theory, without any modi� cations of the constants, to predict the
noiseof high-speedjets in simulated forward � ight. It will be shown
that the calculated sideline noise spectra at different forward � ight
Mach numbers for both supersonicand subsonicjets agreewell with
experimental measurements. Because the theory as used involves
no additional adjustable constant, the calculated jet noise spectra in
simulated forward � ight may be regarded as absolute predictions.

Another objective of this investigation is to study the effects of
forward � ight on the sources of � ne-scale jet mixing noise. Of par-
ticular interest are the noise intensity and location. Information of
this kind is useful for noise suppressionpurposes.Forward � ight ob-
viously would also affect the far-� eld noise through changes in the
mean � ow refraction. However, in this work, our primary concern
is with source modi� cation alone.

In Sec. II, the Tam and Auriault theory17 is extended to the � ow
con� gurationof a high-speedjet in an openwind tunnelto determine
the effects of forward � ight on jet mixing noise. The � rst step of the
theory involves the predictionof the jet mean � ow and the basic tur-
bulence quantities. Extensive comparisons between the calculated
mean � ow pro� les and experimental measurements are provided.
The second step of the theory is to predict the radiated sound. It will
be shown that the theoreticalnoise spectraat differentforward � ight
Mach numbers are in good agreementwith experiments.Section III
is devoted to an assessment of the effects of forward � ight on the
sources of � ne-scale turbulence noise. The changes in noise source
are the direct consequenceof the effect of forward � ight on the tur-
bulenceof the jet. Therefore, the changes in the turbulenceintensity
and other relevant turbulence quantities are also investigated.

II. Open Wind-Tunnel Simulation of Forward Flight
Forward � ight effects on jet noise may be assessed by outdoor

� yover measurements. However, such experiments are expensive
and dif� cult to control.To provide a controllableand repeatableex-
perimental environment, most forward � ight experiments are done
using an open wind tunnel inside an anechoic chamber. The jet is
mounted in the potential core of the wind tunnel. Far-� eld micro-
phones are placed outside the wind-tunnel � ow. By measuring the
jet noise with and without the wind-tunnel � ow on, one can obtain
quantitativechanges in jet mixing noise due to forward � ight. In the
nozzle-� xed coordinate system, the � ow around the jet in a simu-
lated forward � ight experiment is no different from that of the jet in
actual � ight. In terms of possible source modi� cation by the ambi-
ent � ow, the � ow physics is completely reproduced in a simulated
forward � ight experiment.Because of the presenceof an outer shear
layer surrounding the open wind tunnel, the mean � ow refraction
effect, however, is not the same. This difference should be borne in
mind when interpreting the measured or computed data.

In this work, we will apply the Tam and Auriault17 jet mixing
noise theory to the open wind-tunnel simulated forward � ight � ow
con� guration.Before we present the computed results it seems use-
ful to � rst describe the theory brie� y. Tam and Auriault examined
how the kinetic energy of the random velocity � uctuations of a gas
contributed to the pressure of the gas in kinetic theory of gasses.
They reasoned that in a turbulent � ow, by analogy, pressure � uc-
tuations can be generated by the time � uctuations of the turbulent
kineticenergyof the � ne-scaleturbulence.The pressure� uctuations
would give rise to compressionand rarefactionin the � uid medium.
This results in acousticdisturbances.Thus, the � uctuation of turbu-
lence kinetic energy is the source of turbulent mixing noise in a jet.
In nearly equilibrium � ows, such as jets, the � uctuating part of the
turbulence kinetic energy would scale with the time-independent
part. This then allows one to use the k–" turbulence model to pro-
vide the necessary turbulence information, for example, intensity,
length, and timescales needed for noise prediction.

In the Tam and Auriault17 theory, a number of steps have to be
carried out before the radiated noise can be calculated. Without
getting into great detail, it is suf� cient to say that the � rst major task
is to calculate the mean � ow and the turbulence quantities through
the k–" turbulencemodel. The second task is to determine the mean
� ow refraction effect using the mean � ow found in step one. In
Tam and Auriault’s work, this is done by the use of the adjoint

Green’s function following the method of Ref. 18. The third task is
to determine the radiated noise spectrumby the use of a model two-
point space– time correlation function of the time � uctuation of the
kineticenergyof the � ne-scale turbulence.In this way, the following
formulas for the far-� eld noise spectrum, S.R; 2; Á; f D j =u j /, in
decibel per Strouhal number . f D j =u j / are derived:
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Equations(1) and (2) are Eqs. (35) and (36) of Ref. 17. Here x2 is the
source point, and x is the far-� eld measurementpoint with spherical
coordinates .R; 2; Á/. The spherical coordinate system is centered
at the nozzle exit with the polar axis in the direction of � ow. 2 is
the polar angle, and Á is the azimuthal angle. Also ! D 2¼ f is the
angular frequency, and pref is the reference pressure for the decibel
scale. D j and u j are the fully expanded jet diameter and velocity,
respectively, and f D j=u j (denoted by Sr ) is the Strouhal number.
Equation (2) contains a number of turbulence quantities including
OqS , the � ne-scale turbulence intensity; `S ; the eddy size; and ¿S ;
the eddy decay time. They are related to k, the turbulence kinetic
energy, and ", the dissipation rate, of the k–" turbulence model as
follows:

`S D c`` D c` k
3
2 " ; ¿S D c¿ ¿ D c¿ .k="/ (3)

Oq2
S c2 D A2q2; q D 2

3
N½k (4)

where N½ is the density of the jet mean � ow at x2 and c`, c¿ , and A are
the three empirical constants of the theory. Their numerical values,
as determined by the best � t to the data,17 are

c` D 0:256; c¿ D 0:233; A D 0:755 (5)

In addition, Nu is the mean � ow velocity at x2 and a1 is the ambient
speed of sound. Here pa.x2; x; !/ is the adjoint pressure Green’s
function (see Ref. 18).

Note that one advantage of using the adjoint Green’s function
method to calculate the noise of jets in simulated forward � ight is
that the refraction effect of the outer shear layer of the open wind
tunnel is automaticallyincludedin the computation.No (traditional)
shear layer correction is needed.

A. Jet Exit Conditions
In the work of Tam and Auriault,17 the mean � ow of the jet as

well as the values of k and " are calculated by a parabolized spatial
marching algorithm developed by Thies and Tam.19 The march-
ing algorithm uses the dispersion-relation-preserving scheme20 and
starts the computationat the nozzle exit plane. To initialize the com-
putation, the velocity and temperature pro� les at the nozzle exit
plane must be given. In all of the present computations,we use the
velocityand temperaturepro� les ofFigs. 1 and 2 as initial condition.
Figure 1 shows the radial pro� le of the jet exit velocity.In Fig. 1, r is
the radial coordinate of a cylindrical coordinate system centered at
the nozzle exit. The jet velocity is u j , the open wind-tunnelvelocity
is u f , and the radius of the uniform core region of the jet is r j : The
uniform core region of the open wind tunnel extends from r D r3

to r4. Between the two core regions is the wake region formed just
downstream of the nozzle lip. The minimum velocity is ue , which



TAM, PASTOUCHENKO, AND AURIAULT 1263

Fig. 1 Radial pro� le of jet velocity at the nozzle exit plane.

Fig. 2 Radial pro� le of jet temperature at the nozzle exit plane.

may be equal to zero, at r2 . Analytically, the mean � ow pro� le Nu.r /
is assumed to have the form

Nu D

u j ; r · r1

u1 C .u j ¡ u1/ exp ¡. 2/[.r ¡ r1/=b1]2 ; r1 · r · r2

u2 C .u f ¡ u2/ exp ¡. 2/[.r ¡ r3/=b2]2 ; r2 · r · r3

u f ; r3 · r · r4

u f exp ¡. 2/[.r ¡ r4/=b3]2 ; r4 · r

(6)

where

u1 D
ue ¡ u j exp ¡. 2/[.r2 ¡ r1/=b1]2

1 ¡ exp ¡. 2/[.r2 ¡ r1/=b1]2

u2 D
ue ¡ u f exp ¡. 2/[.r2 ¡ r3/=b2]2

1 ¡ exp ¡. 2/[.r2 ¡ r3/=b2]2

Velocitypro� le (6) is characterizedby the parametersr1, r2 , r3 , r4,
b1, b2 , b3 , and ue , in additionto u j and u f . In caseswhere a measured
velocitypro� le near thenozzleexit is available,theseparametersare
adjustedto give thebest � t to thedataat this station.The computation
will continuedownstreamwithout further adjustment.If no velocity
pro� le is available, the best estimated values of the parameters are
used in the computation.

Figure 2 is the radial pro� le of jet temperature at the nozzle exit
plane. T j , T f , and Ta are the jet, the wind tunnel, and the ambient
temperature, respectively. The analytical form of the temperature
pro� le used in the computation is

T D

T j ; r · r1

T1 C .T f ¡ T1/ exp ¡. 2/[.r3 ¡ r/=b1]2 ; r1 · r · r3

T f ; r3 · r · r4

Ta C .T f ¡ Ta/ exp ¡. 2/[.r ¡ r4/=b2]2 ; r > r4

(7)

where

T1 D
T j ¡ T f exp ¡. 2/[.r3 ¡ r1/=b1]2

1 ¡ expf¡. 2/[.r3 ¡ r1/=b1]2

In all of the computations in this paper, the starting values for k and
" are taken to be 10¡6 and 10¡4 , respectively.

B. Comparison Between Calculated Mean Flow Pro� les
and Experiment

As stated before, the � rst step in implementing the Tam and
Auriault17 theory is to calculate the jet mean � ow as well as the
distributed values of k and " throughout the jet. This is carried out
using the algorithmand computer code of Thies and Tam.19 The ini-
tial conditionsof Eqs. (6) and (7) are used at the nozzleexit plane. In
this section, we wish to present detailed comparisons between the
calculated velocity pro� les and experimental measurements. For
this purpose, the parameters of Eqs. (6) and (7) are chosen so that
the computedpro� le matches that of the experimentat the � rst mea-
surement station closest to the nozzle exit.

Figure3 comparesthecomputedandmeasuredcenterlinevelocity
distributionof a Mach 0.47 cold jet at 10%and 20%forwardvelocity
ratio .u f =u j /. The data are from Ref. 21. Figures 4a and 4b show
the corresponding radial pro� les of jet velocity at four locations
downstream.

Figure5 shows themeasuredand thecomputedcenterlinevelocity
distributionsof two high-speedjets.One is a coaxialjet fromRef. 22.
The inner jet is hot, operating at 657 K. The jet exit velocity is 411
m/s. The outer jet is cold at 292 K and has a velocity of 274 m/s.
The other jet is a cold Mach 0:9 jet at 10% forward � ight speed
from Ref. 21. Figure 6a shows the radial pro� le of the coaxial jet
velocity.Close to the nozzle exit, the difference in velocity between
the outer jet and the inner jet is very distinct.This is captured by the
computed result. As the coaxial jet evolves downstream, the inner
and outer jet merge to form a smooth pro� le. Figure 6b compares
the measured and calculated radial pro� les of the axial velocity of
the Mach 0:9 jet at 10% forward � ight speed.

Figure 7 provides comparisons between measurements and pre-
dictions for two supersonic jets at Mach 1:37 and 1:67 at 10% for-
ward � ight velocity. The experimental data are taken from Refs. 21

Fig. 3 Comparison between computed and measured centerline ve-
locity distributions of a Mach 0.47 cold jet; experiment (Ref. 21):

Uf /Uj = 0 1; Uf /Uj = 0 2; and ——, numerical result.
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Fig. 4a Comparison between computed and measured axial veloc-
ity pro� les of a Mach 0.47 cold jet at Uf /Uj = 0 1; experiment21: ,
x/D = 1 63; ©© , x/D = 3 25; , x/D = 7 50; and ¦, x/D = 16 0; and ——,
numerical result.

Fig. 4b Comparison between computed and measured axial veloc-
ity pro� les of a Mach 0.47 cold jet at Uf /Uj = 0 2; experiment21: ,
x/D = 1 63; © © , x/D = 3 5; , x/D = 7 0; and ¦, x/D = 16 0; and ——, nu-
merical result.

Fig. 5 Comparison between computed and measured centerline veloc-
ity distributions of a coaxial jet of Ref. 22 and a Mach 0.9 cold jet of
Refs. 21 and 23 at Uf /Uj = 0 1; experimental data: , Ref. 22; , Refs. 21
and 23; and ——, numerical result.

Fig. 6a Comparison between computed and measured axial velocity
pro� les of a coaxial jet with U1 = 411 m/s, T1 = 657 K, D1 = 3 92 cm,
U2 = 274 m/s, T2 = 292 K, D2 = 7 82 cm; experiment22: , x/D1 = 2 0;
© © , x/D1 = 4 0; , x/D1 = 8 0; and ¦, x/D1 = 16 0; and ——, numerical
result.

Fig. 6b Comparison between computed and measured axial velocity
pro� les of a Mach 0.9 cold jet at Uf /Uj = 0 1; experiment21: , x/D = 2 0;
© © , x/D = 4 0; , x D = 8 0;and¦, x/D = 16 0;and——, numerical result.

Fig. 7 Comparison between computed and measured centerline veloc-
ity distributions at Uf /Uj = 0 1; experiment21 23: , Mach 1.37 and ,
Mach 1.67 cold jet; and ——, numerical result.
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Fig. 8a Comparison between computed and measured axial veloc-
ity pro� les of a Mach 1.37 cold jet at Uf /Uj = 0 1; experiment21: ,
x/D = 2 0; © © , x/D = 4 0; , x/D = 8 0; and ¦, x/D = 16 0; and ——, nu-
merical result.

Fig. 8b Comparison between computed and measured axial veloc-
ity pro� les of a Mach 1.67 cold jet at Uf /Uj = 0 1; experiment21: ,
x/D = 2 0; © © , x/D = 4 0; , x/D = 8 0; and ¦, x/D = 16 0; and ——, nu-
merical result.

and 23. Figure 8a shows the radial distributionsof the axial velocity
of the Mach 1:37 jet. Figure 8b shows the corresponding velocity
pro� les for the Mach 1:67 jet.

Finally, Fig. 9 shows the measured velocity distributionsof a hot
coaxialjet with an invertedvelocitypro� le from Ref. 24. Shown also
are the computed velocity pro� les. The inverted velocity pro� le,
very prominent near the nozzle exit, diminishes in the downstream
direction. At suf� ciently far downstream, the merged jet exhibits
a pro� le indistinguishable from that of a regular jet. In all of the
preceding comparisons, there is good agreement in each case.

C. Comparison Between Calculated Far-Field Noise Spectra
and Measurements

Once the mean � ow velocity as well as the k and " turbulence
quantitiesare computed, the next step in the Tam and Auriault17 the-
ory is to calculate the adjoint Green’s functionaccordingto Ref. 18.
To � nd the far-� eld noise spectrum, all of these quantities are sub-
stituted into Eqs. (1) and (2). On performing the volume integration
over the noise source region, the radiated noise spectrum in the far
� eld is obtained.

Figure 10 shows the calculated and measured noise spectra of a
Mach1:5 jet froma convergent–divergentnozzleoperatingat design
conditionat three simulated forward � ight Mach numbers. The data

Fig. 9 Comparison between computed and measured axial velocity
pro� les of an inverted pro� le coaxial jet at U1 = 273 m/s, T1 = 434 K,
D1 = 5 22 cm, U2 = 477 m/s, T2 = 758 K, D2 = 7 14 cm; experiment24:

, x/D1 = 0 19; © © , x/D1 = 1 35; , x/D1 = 1 90; ¦, x/D1 = 5 75; and M,
x/D1 = 11 5; and ——, numerical result.

Fig. 10a Comparisonsbetween measured and computed far � eld noise
spectra of a Mach 1.5 cold jet at H = 60 deg: ——, experimental data4;
and computed results: - - - -, Mf = 0 0;¢ ¢ ¢ ¢ , Mf = 0 2; and – ¢ – , Mf = 0 4.

Fig. 10b Comparisonsbetween measured and computed far � eld noise
spectra of a Mach 1.5 cold jet at H = 90 deg: ——, experimental data4;
and computed results: - - - -, Mf = 0 0;¢ ¢ ¢ ¢ , Mf = 0 2; and – ¢ – , Mf = 0 4.

Fig. 10c Comparisonsbetween measured and computed far � eld noise
spectra of a Mach 1.5 cold jet at H = 100 deg: ——, experimental data4;
and computed results: - - - -, Mf = 0 0;¢ ¢ ¢ ¢ , Mf = 0 2; and – ¢ – , Mf = 0 4.
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are from the work of Norum and Brown.4 Figure 10a shows the
spectra at 2 D 60 deg measured from the jet exhaust direction. The
top curve is for zero � ight Mach number. The second curve is for
� ightMach number0:2. The bottomcurve is for � ightMachnumber
0:4. It is easily seen that thecalculatedspectraare in goodagreement
with measurements. For each 0:2 increase in � ight Mach number,
there is approximatelya 4:5-dBdecreasein the measuredpeaknoise
level. This drop in the measured noise level is matched well by the
computedresults.At simulatedforward � ight Mach number0:4, the
jet noise is greatly reduced. This exposes the low-frequencymixing
noise from the open wind tunnel. In Fig. 10a, the wind-tunnel noise
is responsible for the low-frequency hump of the noise spectrum.
This hump is predicted quite accurately by the theory.

Figures 10b and 10c show similar comparisons at 2 D 90 and
100 deg, respectively. Again, there is good overall agreement be-
tween the measured and calculated spectra at simulated forward
� ight Mach numbers of 0:0, 0:2, and 0:4. When the measured spec-
tra are examined carefully, it appears that they might have been
slightly contaminated by high-frequency broadband shock associ-
ated noise. This may explainwhy the agreement at high frequencies
is not as good.

Figure 11 shows the measured and calculated jet noise spectra
for subsonic jets at various jet and � ight Mach numbers, M j and
M f . The data are from Ref. 21. Figure 11a is for spectra measured
at 2 D 90 deg. The jets are at Mach numbers 0:98, 0:73, and 0:51.
For the particular facility used in the experiment, the open wind
tunnel has to be turned on all of the time to avoid certain kinds of
resonance. The static condition is represented by the case with a
very small forward � ight Mach number. The noise measurements
in Ref. 21 are reported in one-third octave band. The data are con-
verted to narrowbandbeforebeingplotted in Fig. 11a. It is clear from
Fig. 11a that the predictionsmatch the measurements quite well for
allMachnumbers.At subsonicjetMachnumber,it appearsthat there
is a 5 dB decrease in the noise spectrum for a 0:2 increase in for-
ward � ight Mach number. This reduction is reproducedwell by the
theory.

Figure 11b shows the corresponding change in the noise spec-
tra at 2 D 60 deg. Because of noise source convection and mean
� ow refraction effects, the spectra at 2 D 60 deg are consistently
2–3 dB higher than those at 2 D 90 deg. On considering that the
theoretical predictions are tantamount to absolute predictions, it is
deemed that there are good agreements between measurements and
theory near the peak regions of the spectra. At high frequencies,
the agreements are fair. It is not clear that the discrepancies here
are due to contamination of the measured data (including the error
involved in converting one-third octave band data to narrowband)
or a de� ciency of the theory. However, the 1 decibel changes be-
tween different � ight Mach numbers appear to be quite accurately
predicted.

III. Effects of Forward Flight on Jet Noise
Source Distribution

The effects of forward � ight on the mean � ow of a high-speedjet
are relativelywell known.Obviouslythe presenceof an outside� ow
reduces the shear gradient across the mixing layer of the jet. This
then leads to a reduction in the jet spreading rate. With a smaller
spreading rate, the potential core of the jet is lengthened.

The changes in the mean � ow due to forward � ight, in turn, alter
the turbulence and the source of noise in the jet. In this section, we
will investigate quantitatively the effects of forward � ight on the
noise source distributionby means of Eq. (2). Equation (2) provides
the formula by which the far-� eld noise spectrum of a jet can be
calculated. It has the form of a volume integral over the source
location x2. A simple interpretation of this formula suggests that
the integrand is the noise source. In the notation of the formula,
the source is located at x2 and is responsible for radiating sound to
the far-� eld observation point at x at frequency f (! D 2¼ f is the
angular frequency). Equation (2) contains the effects of mean � ow
refraction. Here our interest is on the source modi� cation effects
due to forward � ight alone. For this purpose, we will restrict the
observation point to 2 D 90 deg. At this angle of radiation, the
mean � ow refraction effects are minimal.

Fig. 11a Comparisons between measured and computed data for
cold jets at H = 90 deg; experiment21: , Mj = 0 98 and Mf = 0 05; ©© ,
Mj = 0 98 and Mf = 0 20; , Mj = 0 73 and Mf = 0 04; 5 , Mj = 0 74 and
Mf = 0 20;¦, Mj = 0 51 and Mf = 0 02;M, Mj = 0 51 and Mf = 0 10;com-
puted results, ¢ ¢ ¢ ¢ and ——.

Fig. 11b Comparisons between measured and computed data for cold
jets at H = 60 deg; experiment (Ref. 21): , Mj = 0 98 and Mf = 0 05; ©© ,
Mj = 0 98 and Mf = 0 20; , Mj = 0 73 and Mf = 0 04, 5 , Mj = 0 74 and
Mf = 0 20 ¦, Mj = 0 51 and Mf = 0 02; M, Mj = 0 51, and Mf = 0 10;
computed results, ¢ ¢ ¢ ¢ and ——.

When the preceding interpretation of Eq. (2) is followed, the
formula for the axial distribution of noise sources for a slice of the
jet between x2 and x2 C dx2 is Sx .x; x2; !/ dx2, where

Sx .x; x2; !/ D 4¼
¼

2

3
2 2¼

0

1

0

Oq2
S`3

S

c2¿S

£
jpa.x2; x; !/j2 exp ¡!2`2

S Nu2.4 2/

1 C !2¿ 2
S [1 ¡ . Nu=a1/ cos2]2

r2 dr2 dÁ2 (8)

SPLx x; x2;
f D j

u j
D 10 log

4¼ Sx .x; x2; !/

p2
ref u j

(9)

where x D .R; ¼=2; Á/ is the observationpoint and x2 D .r2; Á2; x2/
is the source point. Sound pressure level (SPLx ) has the dimension
of decibel per Strouhal number per unit axial length of the jet.

Another formula that is of interest to us is the azimuthally in-
tegrated noise source distribution, SÁ . This is the noise source
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Fig. 12 Contours of k/uj
2 in the x–r plane for a Mach 1.5 cold jet: a)

Mf = 0 0 and b) Mf = 0 3.

distribution in the x2¡r2 plane with Á2 integrated over from 0 to
2¼ . When starting from Eq. (2), the followingexpressionfor SÁ can
easily be found:

SÁ .x; x2; r2; !/ D 4¼
¼

2

3
2 2¼

0

Oq2
S`3

S

c2¿S

£
jpa.x2; x; !/j2 exp ¡!2`2

S Nu2.4 2/

1 C !2¿ 2
S [1 ¡ . Nu=a1/ cos 2]2

dÁ2 (10)

SPLÁ D 10 log
4¼ SÁ D2

j

p2
ref u j

(11)

SÁ providesa measure of the radial distributionof the noise sources
in a jet where the radial distance is measured in units of D j .

A. Effects on Turbulence
Because the change in noise sources due to forward � ight is a

direct consequence of the change in jet turbulence, we will � rst
examine the changes in turbulence intensity, the size of eddies re-
sponsible for noise radiation, and the eddy decay time. Figure 12a
shows a contour map of the turbulence intensity (nondimensional-
ized by the square of the jet velocity), k=u2

j , in the x2¡r2 plane for a
Mach 1:5 cold jet in static condition.For convenience,we will drop
the subscript 2 and label the plane as the x –r plane so no confusion
should arise. It is clear that the intensity is highest in the initial jet
mixing layer. The intensity decreases in the downstream direction.
Figure 12b shows the contour map for the same jet at 0:3 forward
� ight Mach number. When comparedwith Fig. 12a it is evident that
forward � ight at M f D 0:3 reduces the turbulence intensity greatly.
Also because the jet spreading is decreased, the jet turbulence is
con� ned to a thinner mixing layer.

Figure 13a shows the contours of `S=D j in the x –r plane for the
Mach 1:5 cold jet in static condition, where `S is the typical size of
noiseproducingeddies.Along the lip line where k is most intense, it
is easy to see in Fig. 13a that `S increasesalmost linearlywith down-
stream distance. The increase in eddy size in the downstreamdirec-
tion is expected on physical grounds. The linear increase is an indi-
cation of the self-similarityproperty of jet � ows. Figure 13b shows
the contours for the same jet at Mach 0:3 forward � ight. A simple
comparison of Figs. 13a and 13b indicates that the eddy size at the
same location downstream is smaller with forward � ight. The rate
of increase in eddy size is also reduced. If one associateshigher fre-
quencysoundto smallereddies,thenoneexpectsan increasein high-
frequency sound and simultaneously a decrease in low-frequency

Fig. 13 Contours of ls/Dj in the x–r plane for a Mach 1.5 cold jet:
a) Mf = 0 0 and b) Mf = 0 3.

Fig. 14 Contours of suj/Dj in the x–r plane for a Mach 1.5 cold jet: a)
Mf = 0 0 and b) Mf = 0 3.

noise resulting in a slight shift of the noise spectrum to higher fre-
quency. This is consistent with experimental measurements.

Figure 14a is a contour map of ¿Su j=D j , the eddy decay time for
the Mach 1:5 jet in a static condition.The eddy decay time increases
in the downstream direction. Physically, it means that small eddies
in the initial mixing layer of the jet decay much faster than the
large eddies in the developed region of the jet. Figure 14b shows
the contours at 0:3 forward � ight Mach number. When the contours
along the lip line of the jet are compared, it is clear that, up to 20
jet diameters downstream, the decay time is nearly unchanged by
forward � ight. This is somewhat unexpected.

We note that, although Figs. 12–14 show only the effects of for-
ward � ight on the turbulence characteristics of a Mach 1:5 jet, the
trends are the same for jets at other Mach numbers, including sub-
sonic jets. Qualitatively,one may use the relative changes indicated
in Figs. 12–14 to estimate thecorrespondingchangesfor jets at other
operating conditions.

B. Effects on Jet Noise Source Distribution
It is our intention to separate the effects of forward � ight on the

sources of jet noise from mean � ow refraction effect. Therefore, in
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presenting the noise source distribution we will � x the observer’s
coordinatesto be at R D 100D j and 2 D 90 deg as before.The mean
� ow refractioneffects is minimal at 90-deg radiation.We will again
drop the subscript 2 of the noise source coordinatesof Eqs. (8–11),
so no confusion should arise.

Figure 15a shows the calculated axial noise source distribution
[see Eqs. (8) and (9)] of a Mach 1:5 cold jet in static condition for
a number of Strouhal numbers, Sr D f D j=u j . Figure 15a indicates
that the high-frequencynoise sources are located very close to the
nozzle exit. The low-frequencynoise sources are located much far-
ther downstream and extend well beyond the potential core of the
jet. The noise source intensity peaks around Strouhal number 0:3.
Spatially, the peak intensity is located near the end of the poten-
tial core. Figure 15b shows the distribution at 0:3 forward � ight

Fig. 15 Axial noise source distribution for an observer at H = 90 deg
and R = 100Dj Mach 1.5 cold jet, 1) Sr = 0 01, 2) Sr = 0 05, 3) Sr = 0 1
4) Sr = 0 3, 5) Sr = 0 5, 6) Sr = 1 0, and 7) Sr = 3 0: a) Mf = 0 0 and b)
Mf = 0 3.

Fig. 16 Calculated and measured peak source strength locations;
experiment, , acoustic mirror, D = 20 mm, Mj = 1 0; 5 , acoustic mir-
ror, D = 25 mm, Mj = 1 0; , polar correlation, D = 25 mm, Mj = 0 86;
M, polar correlation, D = 51 mm, Mj = 0 86 (Ref. 25); ¦, polar correla-
tion, full-scale engine, 80% rpm (Ref. 26); and ——, model prediction,
Mj = 0 9

Mach number. It is evident from Figs. 15a and 15b that forward
� ight moves all of the noise sources downstream. The noise source
intensity is signi� cantly reduced for all frequencies.

Figure 16 is a comparison of the measured and calculated peak
source strength location as a function of Strouhal number for high
subsonic jets. The experimental data are from Refs. 25 and 26.
Experimentally, noise source locationmeasurementsare dif� cult to
perform and are usually subjected to a high degree of uncertainty.
Figure 16 shows good agreement between theory and experiment
overa large rangeofStrouhalnumber(0.1–10). The goodagreement
lends con� dence in the original jet noise theory of Ref. 17 from
which Eqs. (8) and (9) are derived.

Figures 17–19 provide a measure of the changes in noise source
distribution in the x –r plane due to forward � ight. Figure 17 is for
Strouhal number 0:01. It is representativeof the low-frequencypart
of the spectrum. Figure 18 is for Strouhal number 0:3 (frequencyat

Fig. 17 Contours of azimuthally integrated noise source intensity in
the x–r plane for an observer at H = 90 deg and R = 100Dj, Mach 1.5
cold jet, Sr = 0 01, contours in units of SPL dB/Sr/unit area of x–r plane
(length scale = Dj ): a) Mf = 0 0 and b) Mf = 0 3.

Fig. 18 Contours of azimuthally integrated noise source intensity in
the x–r plane for an observer at H = 90 deg and R = 100Dj, Mach 1.5
cold jet, Sr = 0 3 contours in units of SPL dB/Sr/unit area of x–r plane
(length scale = Dj ): a) Mf = 0 0 and b) Mf = 0 3.



TAM, PASTOUCHENKO, AND AURIAULT 1269

Fig. 19 Contours of azimuthally integrated noise source intensity in
the x–r plane for an observer at H = 90 deg and R = 100Dj, Mach 1.5
cold jet, Sr = 1 0, contours in units of SPL dB/Sr/unit area of x–r plane
(length scale = Dj ): a) Mf = 0 0 and b) Mf = 0 3.

maximum noise level). Figure 19 is for Strouhal number 1:0, repre-
sentative of the high-frequencypart of the spectrum. Figures 17–19
again indicate that the high-frequency noise sources are located
close to the nozzle exit, whereas the low-frequency noise sources
are locatedmuch farther downstream.The effect of forward � ight is
to move all of the noise sources downstream. In the radial direction
the noise sources are most intense around the nozzle lip line, where
the shear gradient of the mean velocity is largest. This is true even
in forward � ight. The sources are con� ned radially to the jet mixing
layer both in the static condition and in � ight.

One important point is that jet noise source distribution is not
completely dependent on the turbulence intensity k distribution of
the jet � ow alone. This is clear by comparing Figs. 12 and 17. The
obvious difference in the patterns of Figs. 12 and 17 indicates that
the noise source is in� uenced not only by k but also by the eddy size
and decay time of the eddies. The relationship is quite complex. It
would be wrong to regard the noise of a jet is simply a function of
k. Other aspects of jet turbulence are also important in the sound
generation processes.

IV. Conclusions
In this paper, the effects of simulated forward � ight on high-

speed jet noise from � ne-scale turbulence is investigated theoreti-
cally. The investigation is systematic, including the effects on the
jet mean � ow, the jet turbulence, the noise source distribution, as
well as the far-� eld noise spectra in the sidelinedirections.Compar-
isons with experimentalmeasurementsare carried out in every step,
limited only by the lack of data in the literature.Overall, very favor-
able agreements between theoretical predictions and experiments
are found, suggesting that the basic theoretical framework is valid
and that the model theory contains the essential physics of sound
generation by turbulent shear � ow.

The present study � nds that forward � ight can lead to signi� cant
reduction in jet turbulenceintensityand noise source strength.This,
in turn, leads to considerable reduction in the radiated noise. The
reduction is nearly uniform across the entire frequency range of the
spectrum. This is important in perceived noise level computation,
which is used for aircraft certi� cation.

From the point of view of noise suppression,knowledgeof the lo-
cation of the dominantsourcesof jet noise is important.The present
investigation reveals that forward � ight can move the noise sources
over some distance downstream. Any development of a noise sup-

pression device must take this into consideration if it is to remain
effective at takeoffs and landings.
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