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SYNTHESE :

Dans cette note, un modèle stochastique de génération et de propagation du
bruit basé sur la résolution des équations d'Euler linéarisées est proposé pour calculer
le bruit de mélange turbulent des écoulements libres ou confinés.

Dans le cadre de raisonnement d'une analogie aéroacoustique, deux problèmes
doivent être successivement résolus. Tout d'abord, un opérateur de propagation doit
être défini pour les ondes acoustiques au sein d'un écoulement moyen quelconque.
Une expression pour le terme source en est alors déduite en comparant les formes
linéarisée et non linéaire des équations. Puis, la connaissance du champ des vitesses
turbulentes est nécessaire pour calculer le terme source. Le champ acoustique rayonné
est alors obtenu numériquement en résolvant l'équation d'onde acoustique
inhomogène.

Ici, l'opérateur de propagation est le système des équations d'Euler linéarisées
et le champ spatio-temporel des vitesses turbulentes est généré par une somme de
modes de Fourier aléatoires. Cette méthode est appliquée au cas d'un écoulement
confiné dans un conduit 2D obstrué par un diaphragme.

Les résultats numériques obtenus sont comparés à des résultats expérimentaux.
Pour chaque ouverture de diaphragme calculée, il apparaît que la puissance acoustique
rayonnée est proche des valeurs expérimentales (2 à 3 dB) et qu'elle suit la loi
adimensionnelle en U4. La comparaison des spectres numériques et expérimentaux est
elle aussi très satisfaisante.

Des tests supplémentaires seront nécessaires pour caractériser finement
l'influence de l'écoulement moyen sur le bruit rayonné.
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EXECUTIVE SUMMARY :

In this paper, a stochastic noise generation and propagation model based on the
resolution of aie linearized Euler equation is proposed to compute turbulent mixing
noise for free and confined flows.

Two problems must be solved in the framework of an acoustic analogy. First, a
wave operator must be derived for sound waves travelling in any mean flow. An
expression of the source term in then deduced by comparing the linearized form and
the non linear form of the equations. Secondly, the knowledge of the turbulence
velocity field is required to compute this source term. The radiated acoustic field is
calculated numerically by solving the inhomogeneous acoustic wave equation.

In this study, the wave operator is the system of the linearized Euler equations
and the space-time turbulent velocity field is generated by a sum of random Fourier
modes. This method is applied to the case of a confined flow in a two dimensional duct
obstructed by a diaphragm.

Numerical results are compared to experimental ones. For each aperture of the
diaphragm, the radiated acoustic power is close to the experimental values and follows
the U4 law. The comparison of numerical and experimental spectrum is satisfactory
too.

Further investigation is needed in order to characterize precisely the influence
of the mean flow on the radiated noise.
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Introduction

Aeroacoustic calculations usually require a wave equa-
tion and its source term. It is also necessary to pro-
vide some informations about the turbulence in the flow.
Classical aeroacoustic approaches based on the Lighthill
acoustic analogy generally use the free-space Green's func-
tion in order to solve the wave equation, but the applica-
tion of such techniques to confined configurations are not
straightforward. In this paper, we use the Stochastic Noise
Generation and Radiation model (SNGR),3'4'6'19 which
solves the system of linearized Euler equations instead of
a wave equation and uses as input a synthesized turbulent
field providing the source term.

The equations of the SNGR model are presented in sec-
tion 2. It. is shown in section 3 how one may synthesize
a space-time turbulent velocity field with suitable statis-

tical properties. The application to the case of a duct
obstructed by a diaphragm is discussed in section 4.

Propagation in nonuniform mean flow

The simplest wave equation that one can exactly de-
rive from the fundamental conservation laws of motion is
Lighthill's equation:20-21

Ô p _ a

dt3 "
d'p

(1)

where p is the density and Ty is Lighthill's tensor Ty =
puiUj + (p - c?op) Sij - Tij. In this last expression, u, p, and
r designate the velocity, pressure and viscous stress tensor.
Here one assumes that the medium external to the flow is
homogeneous and at rest, c0 being the constant speed in



this ambient medium. The free-space Green's function
of this wave operator is known allowing easy application
of LighthilPs analogy in many studies.1"3'7-12-14'25 The
method does not account for mean flow effects on acoustic
wave propagation. Such effects are known to modify the
aerodynamic noise spectrum and directivity. Phillips24

replaced Lighthill's equation by a convected wave equation
where a part of the mean flow effects were included in the
wave operator rather than in the source term. Introducing
the logarithm of the pressure variable x = lnp, Phillips'
equation reads:

dt*

(

dt \cvdt pdxj

where 7 = Cp/c,, is the specific heats ratio. One sees that
the main source term for jet noise only contains compo-
nents of the velocity field unlike Lighthill's source term. At
high Reynolds numbers, the viscous stress tensor can be
neglected. Furthermore, one assumes viscous dissipation
and heat conduction effects are negligible in sound gener-
ation and propagation. Then assuming a parallel sheared
mean flow: v+ = U (zj) Su + ti'o Phillips' equation (3) may
be written in the form:

Dt3

where

d / 2âTt\ du' dU
•7— c2—- = 2 7 — i - j — (3)

+ 7 dx

is the convective time derivation operator. It is also known
that linearized Euler's equations govern acoustic wave
propagation. So, the associated wave equation should be
identical to the previous homogeneous equation. But this
is not exactly the case.10'22 Indeed, assuming a global
isentropic relation dp = c^dp, the wave equation derived
from the linearized Euler's equation is given by:

D V _3
Dt2 ~ dx

In order to eliminate the term containing velocity fluc-
tuations of the wave operator, one must again apply the
D/Dt operator to the last equation. This finally yields:

Dt \ Dt2 dx3 dxx

This equation shows that Phillips' wave operator does
not contain all the terms that appear in (5). On the other
hand, in the case of a sheared mean flow, the simplest wave
equation for the acoustic variable IT' is a third order differ-
ential equation. Lilley22 derived such a third order wave
equation from Phillips' equation with this idea. Thus, in
applying the convective D/Dt operator to Phillips' equa-
tion (3), it follows:

^ r d^r a_
dt \dt2 ~ dxi axi J J dxj axi \ axj

duj du).
ir-^-z i-other terms
d d

where the viscous contribution and the entropy fluctua-
tions are neglected. The free-space Green function of the
Lilley's equation is unknown and it is difficult to solve nu-
merically a third order wave equation, unlike the linearized
Euler's equations. Moreover, in the case of a nonuniform
mean flow, acoustic and hydrodynamic fluctuations can
not be clearly separated to form a wave operator.8'23'28

Thus, computation of the acoustic field by solving lin-
earized Euler's equations contitutes an interesting alter-
native. An analysis of the acoustic analogy associated
with linearized Euler's equations was developed.2'6 It was
found that the following system of two first-order equa-
tions has to be retained:

dp' i , dp0 t duj f duj 0

1 dp1 p' dp0

dt ^

*î i + l , . _ T 1 . T

dt dxj : dxj p0 dxi p\e?0

where the source term reads as follows:

= 0

(7)

(5)

The subscript o designates a value of the mean flowfield
and the subscript t a value of the turbulent field, u' and
p' are the acoustic velocity and pressure. The left hand
side of (7) is the system of the linearized Euler's equations
around a stationary mean flow (Uo,po,po). The right
hand side of this system is the acoustic source term, which
is nonlinear in velocity fluctuations. However, the time
average of the source term is zero. The previous system
(7) is derived under the following assumptions. Acoustic
pressure fluctuations are isentropic, the turbulent veloc-
ity is incompressible, and only the first order interaction
between the mean flow and the acoustic field is retained.
In other words, phenomena such as scattering of sound by
turbulence are assumed to be negligible.



Finally, to compute the sound field, one carries out the
three following steps:

(i) An aerodynamic calculation of the mean flow is
performed by solving the averaged Navier-Stokes
equations with a it - e turbulence closure.

(ii) A space-time stochastic turbulent velocity field
is generated as a sum of random Fourier modes.

(iii) The propagation system (7) is solved. In the
left hand side, one uses values of the mean flow-
field calculated in the first step as coefficients of
the two first-order differential equations. On the
right hand side, the acoustic source term S is
calculated from the synthetized turbulent field.

e = ; k2E(k,t)dk

where k is the kinetic energy per mass unit and e the rate
of dissipation, that is to say the rate of transfer of kinetic
energy per mass unit and per time unit. These two local
values of the turbulent field may be used to estimate the
integral length scale L:

= / ( r ) d r ~ - _
Jo e

A characteristic angular frequency for the turbulence is
given for each mode by the relation:5'36

wn = (9)

A space-time stochastic turbulent velocity field

A method to simulate a spatial stochastic turbulent ve-
locity field was initially devised by Kraichnan17 and Kar-
weit.15 Their Fourier mode approach is used but a space-
time evolution of the turbulent field u is introduced by
writing that:

where U e is the convection velocity. In what follows, the
subscript t which designates the turbulent velocity field
is omitted. The turbulent velocity field is given by the
following sum of N modes:

JV

U (X, t) = 2 5 3 un COS - iU e ) + t/,n + Unt] <Tn (8)
n = l

where k» is the wave vector picked randomly on a sphere
to ensure a statistical isotropy at time zero. As a conse-
quence of the incompressibility of the turbulent velocity
field, kn.ern = 0 for each mode n. rfin is chosen with uni-
form probability to obtain an homogeneous field.

The amplitude û of each mode is determined from a
modified Von Karman spectrum to simulate the complete
spectral range:

exp

where k̂  = c1/*!/3/* is the Kolmogorov wave number. The
parameters a and ke of the spectrum are determined from
the two integral relations which define k and e:

= f
Jo

E(k,t)dk

Application to the case of a duct
obstructed by a diaphragm

The SNGR model was first applied to cases of axisym-
metric subsonic jets.*'4'6 The configuration of the 2D duct
obtructed by a diaphragm (see figure 1) has already been
studied37 and we here use the same aerodynamic results.

14.6 cm 60 cm

Figure 1: Sketch of the geometry.

Aerodynamic results

The mean fiowfield is calculated as a numerical solution
of the average Navier-Stokes equations associated with a
k — € turbulence closure. These calculations are carried
out with the ESTET code developed by the "Laboratoire
National Hydraulique" of the "Direction des Etudes et
Recherches d'Electricité de France" and are performed on
a grid of 190 x 83 points. The mesh is finer close to the
diaphragm. The smallest mesh size is 1.0 x 10~3 m and
the largest is 5.0 x 10~3 m. The computational domain
is displayed in figure 2 and a view of the grid close to
the diaphragm is shown in figure 3. It is not necessary
to discretize a large part of the duct upstream of the di-
aphragm. The two main parameters for these calculations
are the aperture e of the diaphragm and the mean flow
velocity in the duct UQ. The configurations studied are
summarized in table 1.



Figure 2: Global view of the computational domain used
m the ESTET calculations.
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Figure 3: Partial view of the grid used in the ESTET
calculations.

Figure 4: Comparison between turbulent kinetic energy
for three configurations: (a) e = 15 mm et Uo = 14 m/s,
(b) e = 35 mm et Uo = 32 m/s, (c) e = 55 mm et Co = 55
m/s.

a fractional step scheme and relies on solutions of one-
dimensional propagation problems in terms of a weak for-
mulation.11 Numerical tests indicate that sound wave
propagation is calculated with little dispersion and dis-
sipation. Some applications to the propagation in hot jets
show that the effects of convection and refraction are re-
trieved in the predicted sound field.18

The acoustic calculations are performed on a grid of
601 x 32 points. The mesh size is constant (3.0 x 10~3

m). The acoustic computational domain is displayed on
figure 5 and a view of the grid close to the diaphragm, is
presented on figure 3.

The total acoustic power is obtained from the 2D com-
putations by applying a 3D correction already used in pre-
vious study.27

Figure 4 shows fields of turbulent kinetic energy for
three configurations. For the smallest aperture (e = 15
mm), the flows are always non symmetrical. For the
largest aperture (e = 55 mm), the flows are always sym-
metrical. For the aperture of 35 mm, the flow is symmet-
rical up to 14 m/s

Acoustic results

The acoustic propagation computations are carried 1; !
out with the EOLE code developed by the "Acoustique •" ""* «* " ™*
et Mécanique Vibratoire" Department of the "Direction
des Etudes et Recherches d'Electricité de France" .The Figure 5: Global view of the computational domain used
EOLE code solves the Euler linearized Equations using in the EOLE calculations.

Co (m/s) |
e = 15 mm |
e = 35 mm |
e = 55 mm |

14

X

X

-

23

X

32

X

X

| 55
1 _
; -
i x

! 75
t -
i X
i x

Table 1: Configurations analysed in this study.

Aerodynamic and acoustic computat ions require differ-
ent grids and mesh sizes because:

• local mesh refinements on the aerodynamic grid are
needed because of the viscous effects

• larger upst ream and dowstream discretized domains
are needed by the acoustic calculation in order :o cap-
ture the far field
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Figure 6: Partial view of the grid used in the EOLE cal-
culations.

• the accuracy of the acoustic computation requires a
regular grid.

The isentropic Euler linearized equations bear acoustic
fluctuations which are propagative ones but also vorticity
fluctuations which are convective ones. It is known that in
a mean sheared flow these two modes of fluctuations are
coupled. But, even in an uniform flow, vorticity fluctua-
tions will appear if the source term is not irrotational.

In the duct problem, the radiated acoustic power is ob-
tained by recording the pressure fluctuations at both ends
of the computation domain. Thus, in the general case,
acoustic fluctuations but also vorticity fluctuations would
be recorded at the dowstream boundary of the domain and
the calculation of the radiated acoustic power would be
difficult because vorticity fluctuations are much stronger
than acoustic fluctuations.

It follows that three kinds of acoustic propagation cal-
culations may be carried out:

• without taking into account the influence of the mean
flow in order to avoid the development of the vorticity
mode

• taking into account the influence of the mean flow
but neglecting in the system of the Euler linearized
equations the coupling terms between the two modes.
These terms are identified as those containing mean
velocity gradients.19

• solving the full system of the linearized Euler equa-
tions.

Results obtained with the first and second methods of
calculation are presented in this paper.

Without mean flow

Effects of the mean flow on the propagation are not
taken into account but in the low subsonic range we may
expect that their influence will not be essential.

Figures 7, 8, 9 present the acoustic power radiated with
respect to the mean velocity in the duct. The experimental
results obtained in a previous study37 and the expected
U* law typical of the acoustic radiation in such confined
configurations are also plotted.

Figure 10 displays the intensity spectrum for one con-
figuration (e = 35 mm and Z70 = 14 m/s). Here again the
result given by the SNGR model is close to the experi-
mental one and the evolution of the computed levels with
respect to the frequency is well retrieved.

With mean flow

In these calculations, the vorticity mode can develop.
The simplest way to separate acoustic and vorticity fluc-
tuations is to use their difference in speed of propagation.
The computational domain is choosen long enough to be
able to record acoustic fluctuations before vorticity fluc-
tuations arrive. Table 2 compares the acoustic results for
three configurations with and without mean flow. The
differences are quite small.

9
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Figure 7: Acoustic power radiated by the diaphragm e
15 mm with respect to the mean flow velocity.

Figure 9: Acoustic power radiated by the diaphragm e
55 mm with respect to the mean flow velocity.
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Figure 8: Acoustic power radiated by the diaphragm e
35 mm with respect to the mean flow velocity.

Figure 10: Comparison of acoustic intensity results for the
configuration e = 35 mm and UQ = 14 m/s

Configuration
aperture (mm)
velocity (m/s)

e = 15 /Uo = 23
e = 35 /Uo = 32
e = 55 /Uo = 55

acoustic
power (dB)

without flow
107.0
104.6
102.8

acoustic
power (dB)
with flow

105.3
102.8
102.9

Table 2: Comparison of acoustic power results obtained
with and without mean flow.
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Conclusion

The SNGR model was used in a previous study to cal-
culate acoustic radiation from free jets. It is here applied
to estimate acoustic radiation in a confined configuration.
It is shown that the SNGR model provides useful results
with good agreement with experimental data.

The interaction of the mean flow with the acoustic ra-
diation is not clearly highlighted. Numerical and physical
problems have to be assesed in order to improve the inter-
pretation of the results given by the SNGR model.
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