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Numerical Investigation of the Noise Radiated
from Hot Subsonic Turbulent Jets

Véronique Fortuné¤ and Yves Gervais†

Université de Poitiers, 86022 Poitiers CEDEX, France

Experimental studies have highlighted the existence of additional sources of sound due to temperature � uctua-
tions in heated jets, in comparison with unheated jets. Whereas cold jets have been the subject of many numerical
investigations, little research has been devoted to the topic of hot jets. Thus, a speci� c model to investigate the
acoustic radiation from these jets based on numerical predictions using a k–" turbulence closure is attempted.
First, a model for the additional source term is suggested, which is a function of mean axial velocity, mean tem-
perature, and turbulent kinetic energy. Next a computation model of acoustic intensity spectrum is developed in
which three different contributions appear: The � rst represents the contribution of the velocity � uctuations in the
sound emission, the second that of the temperature � uctuations, and the third a mixed term issuing from the two
preceding contributions. Then the model is applied to compute the acoustic radiation of hot jets. Results provided
quite a full description of the acoustic features of a hot jet: spectrum shape, radiated acoustic intensity levels,
and in� uence of jet temperature. Finally, the model seemed capable of predicting the trends in noise radiation of
turbulent hot jets correctly.

Nomenclature
A = instantaneousacoustic source term related to

velocity � uctuations
OA = root mean square amplitude of A

C = convection factor
C p = speci� c heat at constant pressure
C pp = normalized pressure autocorrelationfunction
c = sound speed
D = exit nozzle diameter
E = spatiotemporal intercorrelationfactor
f = frequency
I = acoustic intensity
k = turbulent kinetic energy
k = acoustic wave vector
L = turbulence length scale
Mc = convection Mach number
Mi; j = local source point
M0 = observation point
p; p0 = pressure, acoustic pressure � uctuation
S = acoustic source term related to temperature

� uctuations
OS = root mean square amplitude of S
Sr = Strouhal number
s = entropy
T = temperature
T j = jet exit temperature
t = time
Uc = convection velocity
U j = jet exit velocity
u i = � uid velocity components
V = acoustic source volume
x = vector related to the observer position
y; y0; y00 = vectors related to the source points
0 = spatiofrequentialcoherence function
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±i j = Kronecker delta function
" = dissipation rate of the turbulent kinetic energy
´ = separating vector of source points
» = separating vector of source points in the moving

frame
½; ½ 0 = density, acoustic density � uctuation
¿i j = viscous stress tensor
! = angular frequency
!t = turbulence characteristic angular frequency

Subscripts

r = in the radial direction
x = in the axial direction
0 = in the medium at rest

I. Introduction

T HIS work is situated in the general contextof researchon noise
emission from aerospace launchers. It is well known that the

payload is likely to be damaged because of noise emissions from
jet engines during takeoff. The jet engines of launchers such as Ar-
iane are strongly supersonic and heated (typically, U j=c0 ¼ 7 and
T j ¼ 1800K). Within thepast10years, theCentreNationald’Etudes
Aérospatialeshas been at the origin of many overall studies relative
to subsonic and supersonic turbulent jets, with a view to improve
the understandingof thephysicalmechanismsof aerodynamicnoise
generation.Thus, experimental studies on launcher models such as
the Banc MARTEL1 are carried out, and moreover, it is of great
interest and also less expensive to work out numericalmodels capa-
ble of predictingacoustic radiation of freejets, even if their physical
characteristics seem remote from those of real launchers.

Acoustic radiation of ambient temperature turbulent freejets has
been widely studied from experimental (for example, by Lush2 and
Tanna3) and theoretical4;5 viewpoints.More recently,Bécharaet al.6

and Bailly et al.7 developednumerical models to predict the acous-
tic emission of cold turbulent jets using information on the mean
aerodynamic� eld obtained from Reynolds averagedNavier–Stokes
equation solver associated with a k–" closure. Unfortunately, there
is little research related to the noise from jets whose mean static
temperature differs from the ambient. However, it is still possible
to point out general characteristics of the noise generated by hot
free turbulent jets thanks to some experimental studies. At � rst,
as shown by Fisher et al.,8 who have made a general review of
the literature on this subject, for a constant mean velocity of the
jet, a variation in the mean temperature of the jet increases the
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acoustic level if the velocity of the jet is such that its Mach num-
ber is lower than 0.7 and decreases the level if the Mach number
is larger than 0.7. Furthermore, spectrum measurements made by
Tanna3 and Tanna et al.9 on cold and hot subsonic and supersonic
jets show that the acoustic intensity radiated from the hot jet is
higher than the one radiated from the cold jet in the low-frequencies
domain, evidently involving a shift of the hot jet spectrum central
frequency in comparison to the cold one. These results clearly indi-
cate that the acoustic emission of hot jets is fundamentallydifferent
from that of cold jets. Indeed, there appears an additional physi-
cal mechanism of noise emission in hot turbulent jets related to the
difference in mean temperature between the jet and the ambient
� uid.

Hence, there is interest in developing a numerical model that is
able to correctly give the acoustic emission from hot jets. First we
mention the approach due to Lilley,10 who suggested a formulation
derived from that of Lighthill, which included the total energy rela-
tion in the wave equation.This model was applied to the calculation
of the acoustic emission of cold and hot jets and allowed direct
evaluation of the radiated acoustic power using results from direct
numerical simulations of isotropic homogeneous turbulence.11

Here we try to develop a predictive model of the noise radiated
from a hot subsonic air circular freejet using statistical quantities
obtained from a � uid mechanic turbulent k–" computation code.
Our approach is still based on the Lighthill aeroacoustic analogy,
which has the advantageof having a simple far-� eld solution in free
space as soon as the source term is known. The � rst step consists of
identifying acoustic source terms, i.e., those due to the turbulence
of the � ow and those related to the difference in mean temperature
between the jet and the ambient. Afterward, the evaluation of the
acoustic emission is made from the statistical approach generally
adopted for the calculation of the acoustic radiation of free turbu-
lent cold � ows. Then the model is applied to calculate the acoustic
spectrumof differenttemperatureand velocityjets,where root mean
square amplitudesof source terms are estimated from mean and sta-
tistical characteristics of the � ow given by the k–" model. Finally,
a general discussion of our numerical results is presented.

II. Hot Jet Noise Modeling
As stated in the Introduction, the model is based on Lighthill’s

acoustic analogy. By combining the mass and momentum conser-
vation equations, one obtains the wave equation for the density ½.
As the wave operator refers to the ambient, i.e., an homogeneous
medium at rest, we can directly write the wave equation for the
acoustic pressure:
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where p0 represents the acoustic pressure � uctuations at the obser-
vation point M0 due to the turbulentvolume V , respectively located
at x and y. Using the far-� eld assumption again, Goldstein12 shows
that this may be expressed as
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where quantities in brackets are taken at time t ¡ jx ¡ yj=c0 .
This last relation clearly shows two distinct contributions to the

noiseemissionof ahot jet.The � rst one is relatedto the instantaneous
� uctuations of velocity and viscous stress. For a subsonic, high-

Reynolds-number air� ow expanding in an homogeneous medium
at rest, the acoustic contribution of viscous stress is known to be
negligible in comparison to that of velocity.4 The second important
source results from nonisentropic turbulent heat transfer. This term
had to be de� ned explicitly.

For simplicity,we introducethe followingnotationsfor the acous-
tic source terms:
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The expression of the acoustic pressure radiated from the source
volume V at the observation point M0 becomes
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A. Acoustic Source Terms Modeling
In this section, we give a statement of the root mean square am-

plitude of the acoustic sources from the mean � ow quantities. Let
us call OA. y/ and OS. y/ the rms amplitudesof the instantaneousaero-
dynamic and entropic sources A. y; t/ and S. y; t/, respectively.We
just have shown the two origins of the noise radiated by a hot jet.
As this type of noise source was of no interest to us, we adopt a
very simple expression that only takes into account the noise due
to the turbulence–turbulence interactions.Our main focus is on the
entropic noise source term de� nition.

1. Aerodynamic Source Term
According to the Reynolds decomposition, the rms value of the

aerodynamic source term is

½ui u j D N½. Ui U j C Ui u0
j C U j u0

i C u 0
i u

0
j / .6/

with N½ the local mean density.
The � rst term does not contribute to noise generation, the last

term represents noise generated by turbulence– turbulence interac-
tions, often called self-noise,12 whereas the two remaining terms
represent noise generated by turbulence–mean � ow interactions,
usually referred to as shear noise.12 As already stated, for simplic-
ity we chose to retain the contributionof the turbulence–turbulence
interactionsonly and to keep the local mean density for accounting
for density variationswithin the jet. Finally, we approximate the ve-
locity correlation from the kinetic turbulent energy k (provided by
the k–" turbulent model), and the following expression is retained
to estimate the aerodynamic acoustic contribution:

OA. y/ D ½ui u j . y/ ¼ N½
¡

2
3
k
¢
. y/ .7/

2. Entropic Source Term
We try here to express explicitly the relation between this last

kind of source and entropy � uctuations.This is made from a devel-
opment similar to that of Morfey,13 who suggested to split the term
@. p=c2

0 ¡ ½/=@t to de� ne all of the effects it contains separately.
A general discussion about the in� uence of all of these effects on
the acoustic emission yields a good approximation of the entropic
source term.

FollowingMorfey,13 the � rst step consists in givingan expression
of the entropic source in terms of material derivativeof the pressure
and density:

@

@t

³
1
c2

0

p ¡ ½

´
D 1

c2
0

dp

dt
¡ d½

dt

¡
@

@xi

µ
ui

³
1

c2
0

.p ¡ p0/ ¡ .½ ¡ ½0/

´¶

C
³

1
c2

0

. p ¡ p0/ ¡ .½ ¡ ½0/

´
@ui

@xi

(8)
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and combining this with a state relation [such as ½ D ½.p; s/ and
assuming a perfect gas] and the mass conservation law. This yields
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A dimensional analysis is then conducted to extract the dom-
inant phenomena contained in this expression. As suggested by
Morfey,13 1=c0 and 1=c can be formally regarded as small param-
eters. Thus, one can consider as negligible the contribution of the
terms of O.1=c2

0/ or O.1=c2/ in the right-hand side of Eq. (9) on
the far-� eld acoustic pressure. Furthermore, according to the far-
� eld approximation to estimate the acoustic contributionof the last
term of the right-hand side of Eq. (9), it appears that only the term
½0.ds=dt/=C p has a signi� cant contribution.This allows the follow-
ing approximation of the entropic acoustic source:
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B. First-Order Closure for Entropy Fluctuations Evaluation
We now give an expression of the acoustic term related to the

entropy � uctuations only as a mean statistical quantities function
of the � ow. It is possible to obtain neither temperature � uctuations
nor an equivalent quantity from a classical turbulent code, so that
the numerical computation of these � uctuationshas to be made ac-
cording to a speci� c closure model. Following Berman,14 modeling
of the entropic acoustic source term is obtained by considering the
� rst and second thermodynamic principles for a perfect gas and as-
suming constant pressure evolution, an assumption which remains
valid as long as we consider a jet expanding in free space. Absolute
entropy and temperature could simply be related by
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From a statistical point of view and according to Reynolds decom-
position,it is still possibleto express the time averageof the material
derivative of the temperature:
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As the noise from entropy � uctuations is to be related to turbulent
heat � ux, the time average of entropic acoustic sources is given by
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Assuming a quasi-unidimensional free � ow and according to the
thin-layer approximations,we can now develop the entropic acous-
tic source term as a function of the velocity temperature velocity
correlation:
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where r is the direction perpendicular to the jet axis.
It is now necessary to introduce a closure model to compute the

velocity– temperature correlation from quantities given by a turbu-
lent k–" code. Here we retain a � rst-order closure model, as sug-
gested by Berman14 and Fulachier and Dumas15:
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where NUx is the mean � ow velocityin the jet direction,which implic-
itly considersa strong correlationbetween temperature (or entropy)
and velocity � uctuations. The acoustic source term due to entropy
� uctuations is then expressed as
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Though the entropic acoustic term as just formulated appears to
be only a function of statistical quantities of the � ow (mean ve-
locity and temperature and velocity correlation), such a modeling
is not suf� cient because one recalls that a k–" model, based on an
isotropic description of the turbulence, only gives the kinetic en-
ergy k, whereas the correlation u 0

x u 0
r is needed. In practice, this

correlation could still be related to the kinetic energy according to
experimental investigationsdue to Abramovich,16 who showed that
it was closely approximated by k=3.

Finally, we propose the following model of the entropic acoustic
source term, which is entirely composed of mean � ow properties,
mean temperature and axial velocity, and turbulent kinetic energy:
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C. Hot Jet Noise Radiation Estimation
The statisticalapproachadoptedactually implies that the compu-

tation of an instantaneous acoustic quantity is no longer possible.
Only quadratic values such as rms acoustic pressure or acoustic in-
tensity could still be worked out. We then develop a computation
model of an acoustic quantity of order two, the acoustic intensity,
using rms valuesof source terms. Our approachis basedon that gen-
erally adopted for determining the noise radiated from cold jets and
consists in evaluating the acoustic pressure autocorrelation func-
tion in terms of the rms values of source terms, taking into account
their interactions, and giving the acoustic intensity spectrum from
a simple Fourier transform.12

1. Acoustic Pressure Autocorrelation Function
The normalized pressure autocorrelationfunction is de� ned as12

C pp.x; ¿ / D 1
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Z t C T
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dt .18/

Upon assuming a stationary turbulenceand using far-� eld approxi-
mation again, the autocorrelationfunction yields
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where ´ D y00 ¡ y0 is the separating vector of points Mi and M j lo-
cated inside the source zone.

This expression highlights three different kinds of contribution:
The � rst represents the contribution due to velocity � uctuations
in the sound emission, the second the contributiondue to tempera-
ture � uctuations, and the third a mixed term issuing from the two
earlier contributions. It could still be expressed as a function the
rms amplitudes of source terms, by introducing a spatiotemporal
intercorrelation factor E. y0; ´; ¿ ¡ x ¢ ´=jxjc0/, which represents
the interactions between the contributions of each source volume.
Note that the choice of the same intercorrelationfactor for all con-
tributions is justi� ed by the modeling of the entropic source term
[Eq. (17)], which involvesa strong correlationbetween temperature
and velocity � uctuations.

2. Acoustic Intensity Spectrum
The acoustic intensity spectrum is directly obtained by taking

the Fourier transformof the autocorrelationfunctionof the acoustic
pressure12:
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where k D !x=c0jxj is the acoustic wave vector.
One of the main dif� culties in computingacoustic intensityis that

both retarded time and the characteristic turbulence time appear in
this calculation. This problem is generally avoided by introducing
a coordinate system that moves with the eddies.12 It is possible in
the case of subsonic � ows, as shown by Goldstein,12 to neglect the
retarded time in comparison with the characteristicturbulencetime,
which here corresponds to the decay time of the turbulence and
which is evidently maximal in the moving system. Therefore, the
intensity spectrum becomes
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where » D ´ ¡ iUc¿ is the separating vector of source points in the
moving frame, with i a unit vector in the mean � ow direction and
Uc the convection velocity of eddies, and 0( ) is a spatiofrequential
coherence function, which describes the interactions between the
source terms in the spectraldomain.This functionis stronglyrelated
to the spatial and frequential scales, which feature the turbulenceof
the � ow, and the following section is devoted to its de� nition.

3. SpatiofrequentialCoherence Function Modeling
The spatiofrequential coherence function is the Fourier trans-

form of a spatiotemporalintercorrelationfunctionof sound sources.

This function features the spatial and frequentialdistributionsof the
heated jet. The scarcityof this type of data leadsus to retain theusual
Gaussian form suggested by Ribner17 for unheated jets and to take
into account the jet axisymmetry:
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with L x the longitudinalintegralscale, »x the axial distancebetween
the two source points, Lr the transversal integral scale, »r the ra-
dial distance between the two source points, and C D 1 ¡ Mc cos µ ,
where Mc D Uc=c0 is the convection Mach number.

III. Numerical Computation of Acoustic Radiation
of Subsonic Hot Jets

The aerodynamic � eld simulation is achieved using a k–" tur-
bulence closure, which provides us with the mean temperature and
velocities, the turbulent kinetic energy, and its dissipation of a sub-
sonic hot jet. First, we present the conditionsof jet � ow simulations,
and numerical results are compared with measurements of Lau.18

The study of the acoustic radiation begins by localization of sound
sources. Then, the estimation of the spectral distribution is carried

out by using the model worked out in the precedingsection.Finally,
we investigate the results provided by our acoustic model.

A. Aerodynamic Field Simulations
The aerodynamic � eld is obtained from a Reynolds-averaged

Navier–Stokes equationssolverassociatedwith a k–" closure.19 We
assume an axisymmetric jet, and consequently, the computational
domain is two dimensional. Figure 1 shows the computational do-
main and the boundary conditions. The domain size is chosen for
minimizing the boundary conditions effects on the � ow. We use a
90 £ 49 rectangularmesh with nonuniformspacing.Grid points are
compressed in the mixing and transition regions. The inlet condi-
tionsU j and T j represent the air jet at the nozzleexit. On the outside
boundary, the static pressure ps is zero to allow the ambient � uid to
be swept along by the moving � uid, and T0 D 273 K.

Computation of a heated jet is carried out, and the numerical
resultsare comparedwith the experimentaldata ofLau.18 The nozzle
diameter is D D 50:8 mm, the jet velocity U j D 136 m/s, and its
temperature T j D 786 K. Figures 2a and 2b show the radial pro� les
of mean axial velocity and mean temperature, respectively.

As is shown in Figs. 2, the numerical predictions are close to
experimental data. The turbulent kinetic energy is given in Fig. 3.

Fig. 1 Computationaldomain and boundary conditions of the jet � ow
simulation.
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a) b)

Fig. 2 Comparison between numerical pro� les (——, x/D = 2 and
– – –, x/D = 4) and Lau18 measurements ( , x/D = 2 and ² , x/D = 4).

Fig. 3 Turbulent kinetic energy � eld of a heated jet: D = 50:8 mm,
Uj = 136 m/s, and Tj = 786 K.

Fig. 4 Aerodynamic sources localization in a heated jet: D = 50:8 mm,
Uj = 136 m/s, and Tj = 786 K.

Figure 3 shows that the jet mixing layers correspond to the maxima
of turbulentkinetic energy.Productionof turbulentenergy is indeed
related to velocity gradients that reach a maximum in the mixing
layers and are negligible in the potential core and away from the
exit nozzle. All of these indicate that suitable numerical predictions
are obtained from the k–" computation code used.

B. Sources of Sound Localization in a Heated Turbulent Jet
Localizationmodels of acousticsources issuing from the velocity

� uctuations exist (e.g., Ref. 20), but acoustic source localization
models from temperature� uctuationsdo not exist to our knowledge.
Consequently,we use our estimations of source terms [Eqs. (7) and
(17)] to carry out and compare the localization of both kinds of
sound sources.

The localizationof sound sources relative to velocity � uctuations
in a hot jet is plotted in Fig. 4. We observe that they are located near
the jet exit, along the potential core. They are spread over roughly
10 diameters in the axial direction and 1.5 diameters in the radial
direction. In other words, they are located in the maxima regions of
turbulent kinetic energy (see Fig. 3), which result directly from the
modeling of this term source.

Figure 5 shows that the acoustic sources from entropic origin are
located near the jet exit, along the potential core, like those of the
aerodynamic sources. However, they are spread over a smaller dis-
tancein theaxialdirection(from0 to 7 diameters) and over a slightly
larger distance in the radial direction (for about 2 diameters). They

Fig. 5 Entropic sources localization in a heated jet: D = 50:8 mm,
Uj = 136 m/s, and Tj = 786 K.

are also located in the mixing layers and the transition zone, near
the jet exit. This is explained, among other things, by our entropic
source model, based on the turbulent kinetic energy of which the
maxima are located at these zones.

After this � rst global approach about the spatial distribution of
the acoustic sources, which are located in the mixing and transition
zones, like those in the unheated jets, the next section is devoted to
the frequential features of the sound radiation.

C. Spectral Distribution of Acoustic Radiation of a Hot Jet
First, all parameters in the expression (23) of the coherence func-

tion to calculatethe acoustic intensity spectrumof a subsonicheated
jet have to be de� ned. Then the numerical estimation of the spectral
distribution is achieved for different jets.

1. Parameters of Spectral Distribution Simulation
As already stated, the aerodynamic � eld is provided from a k–"

turbulence model, and the rms amplitudes of the acoustic source
terms are directly deduced from this simulation. The acoustic in-
tensity spectrum formulation shows the interactions between the
sources in terms of a spatiofrequentialintercorrelationfunction, in
which two spatial scales and one frequential scale to be modeled
appear.We choose to retain constant values of spatial scales to sim-
plify the numerical estimation taking into account the anisotropyof
the jet:

L x D 3D; Lr D L x=3 D D .24/

The turbulencecharacteristicangular frequency is given by the fol-
lowing expression:

!t D C! £ 2¼."=k/ .25/

where the dimensionless coef� cient of proportionality C! is ad-
justed by comparison with experimental data.

The convection velocity is assumed constant and proportional to
the jet axis velocity, as

Uc D 0:65U j .26/

2. Numerical Model Adjustment
An experimentalcon� gurationis reproducednumericallyto com-

pare and to adjust the numerical model. We carry out a simulation
with respect to Tanna’s experimental conditions,9 i.e., the same di-
ameter, velocity, and temperature of the exit jet. This con� gura-
tion allows comparison with Tanna’s experimental data to adjust
the computed acoustic intensity. Such an adjustment is necessary
becauseof the approximationsmade all along the theoretical devel-
opment: far-� eld approximation and evaluation of physical quan-
tities L x , L r , and !t from an order of magnitude estimation. Two
constants of adjustment had to be de� ned: First C! , which acts on
both the shape and the central frequency of the spectrum, and sec-
ond, a dimensionlessconstant®, de� ned as Iadjusted D ® £ Icomputed ,
acting on the amplitude of spectrum. The following constants val-
ues are obtained: ® D 2:5 £ 10¡2 and C! D 1:5; then they are never
modi� ed. An imaginary and a real part appear in Eq. (22), and there-
fore, the modulus of the acoustic intensity is computed. Results are
expressed in terms of acoustic intensity levels (decibel) with the
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Fig. 6 Acoustic intensity spectra at 90 deg: D = 50:8 mm, Uj = 136 m/s,
and Tj = 786 K.

Fig. 7 Acoustic intensity spectra at different observer locations:
D = 50:8 mm, Uj = 136 m/s, and Tj = 786 K.

reference I0 D 10¡12 W/m2, for an observer located at 72 diameters
from the jet exit and at 90 deg from the jet axis (see Fig. 1).

Figure 6 provides intensity total levels computed with our model,
Tanna’s experimental results,9 and in addition the separated contri-
bution from everyacousticsource to total radiatedacoustic intensity
levels. The obtained numerical spectrum is a broadband spectrum,
with a peak frequency for a Strouhal number about 1.5, whereas the
experimental results show a peak frequency for a Strouhal number
about 0.35. This overestimationof the peak frequency results from
the de� nition of the coherence function (23), as noticed by Bailly.21

However, it appears that the shape of the spectrum is close to the
measured one as the differences are less than 3 dB. We note that
the aerodynamic contribution (linked to the velocity � uctuations)
governs the spectrum in high frequenciesand that the entropic con-
tribution (linked to temperature � uctuations) dominates the spec-
trum in low frequencies. The entropic contribution is accountable
for an important increaseof sound levels in the low frequenciesand,
therefore, for the shift of the peak frequency to the low frequencies.
The mixed contribution (linked to both � uctuation types) governs
the spectrum in the middle frequencies. All of this agrees with ex-
perimental results, which show an increase in noise emission from
the heated jet in comparison with the unheated one, and a shifting
of peak frequency in low frequencies.

The acoustic radiation study is completed by computations from
different observation locations at the same distance of the jet exit.
Computations are carried out for 120-, 45-, and 15-deg observer
angles,and resultsare shownin Fig. 7. It can be seen that the radiated
acoustic intensity levels increase as the observer angle decreases.
These features agree with those known about unheated jets. It must
be emphasized that we do not observe a spectrum translation to low
frequencies as the observer angle increases.

This is because the modeling does not take into account refrac-
tion effects, which occur at observer angles near jet axis and which

Fig. 8 Acoustic intensity spectra at 90 deg: D = 25 mm and
Uj = 125 m/s.

become more important as frequencyincreases.Moreover, the con-
vection factor in the Gaussian function in the acoustic intensity
spectrum leads to a shift of spectrum to high frequencies, which is
not realistic.

3. Effects of Jet Temperature
The preceding section was devoted to global features of sound

emission from a heated jet: spectrum form, peak frequency, and
evolution with observer angle. This section deals with temperature
effects on the radiated spectrum. Figure 8 shows radiated spectra
of three jets of different temperatures, for an observer located at
72 diameters and 90 deg from the jet axis.

Acoustic intensityspectraldistributionvaries in a consistentman-
ner with temperature. Acoustic intensity levels in the low frequen-
cies increaseas the temperaturejet increases.The jetwith the highest
temperature produces a sound emission 6 or 7 dB higher than that
of the jet at the lowest temperature. Acoustic intensity levels in the
high frequencies decrease as the temperature jet increases. This is
explained by the decrease of jet local density, which is taken into
account in the aerodynamic sources modeling. These two points
clearly show that an increase in jet temperature leads to a shift
of spectrum where the low frequencies are more pronounced. In
addition to predicting correctly experimental trends observed by
Tanna,3 the orders of magnitude in variationsof peak frequencyand
amplitude are obtained with quite a good accuracy. Indeed for simi-
lar temperatureandvelocityof turbulentjets,Tanna’s measurements
show a peak frequency shifting toward low frequencies in a ratio
of 1

3 and an increase of the amplitude of about 6 dB, whereas the
simulations give a ratio of 1

4 for the peak frequency, shifting with
an increase of the amplitude on the order of 5 dB.

4. In� uence of Coherence Function Form on the Radiated Spectrum
The preceding computations were carried out with the Gaussian

formof coherencefunctionused forunheatedjets.As alreadystated,
we know that it does not allow very good modeling of physical
phenomena. This led Bailly21 to suggest a hyperbolic form of the
temporal correlation,and following this idea, we tried the spatiofre-
quential coherence function

0. y0; »; !/ D exp

³
¡¼» 2

x

L2
x

´
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³
¡¼» 2

r
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r

´

£
µ

¼

¿
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³
¼

2¯

C!

!t

´¶
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5
(27)

A computation with respect to experimental Tanna conditions9 is
carried out with the same spatial and frequential scales as de� ned
earlier. Comparison with Tanna’s experimental data is shown in
Fig. 9, and a new adjustment factor value is determined (® D 10¡1 ).
It is shown that this function does not allow a better estimation
of acoustic intensity spectrum radiated from a hot jet. The ob-
tained spectrum strongly underestimates intensity levels in high
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Fig. 9 Comparison of both coherence functions: D = 50:8 mm,
Uj = 136 m/s, and Tj = 786 K.

frequencies and overestimates slightly those in low frequencies.
However, the peak frequency occurs at a Strouhal number of 1,
which represents a better estimation of experimental values.

The numerical model presented in the preceding section has al-
lowed us to give some information about the spectral distribution
of acoustic intensity radiated from a turbulent hot jet. The compu-
tational results show that this model provides a good prediction of
the global features of the noise radiated by a hot jet: increase of
sound levels in the low frequenciesand shift of spectrum to the low
frequencies. In addition, it could be used for studying the in� uence
of jet temperature on sound emission.

IV. Conclusion
Some authors have pointed out the existence of an additional

source of sound from jet temperature in a heated jet in comparison
with an unheatedone. This sourceappears to be linked with temper-
ature � uctuationsin a jet.The presentworkwas devotedto modeling
this acoustic source in terms of mean quantitiesgiven by a turbulent
k–" closure.Following theusualmethodof estimatingacousticradi-
ation from an unheated jet, we worked out a calculationmodel of an
acoustic intensity spectrum, in which interactions between acous-
tic source terms were represented by a spatiofrequentialcoherence
function.The intensityspectrumshows threedifferentcontributions:
The � rst is linked to the interactions between the velocity � uctua-
tions, the second to the interactionsof the temperature � uctuations,
and the third to the interactionsbetween the two preceding � uctua-
tions.Results fromournumericalmodel showthatit is able to predict
correctly global features of sound emission from hot jets. However,
the limits of this model can be observed. On the one hand, the � rst-
order closure used to estimate the velocity–temperature correlation
allowed us only a coarse modeling of physical phenomena. On the
other hand, it was necessary to adjust parameters, such as spatial
and frequential scales, and the adjustment factors, as in all models
based on a turbulent k–" closure. To improve the acoustic radiation
modeling of hot jets, another method to compute the aerodynamic
� elds can be envisaged,such as the large eddies simulation. In fact,

this method is based on the simulation of large turbulent structures,
which, in practice, dominate sound radiationof the � ow. Therefore,
it appears especially well adapted to an acoustic posttreatment.
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