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The adjoint method introduced by Tam & Auriault [1] enables to properly taking into
account the acoustic propagation effects when jet noise is modelled from the statistics of a
turbulent flow. This technique is recast in a systematic way valid for arbitrary propagation
media, linear operators and sound sources. An acoustic analogy based on Pierce’s wave
equation for the acoustic potential [2] is proposed in this study. Tam & Auriault’s mixing noise
model [3] is reformulated for this operator. This approach presents three main advantages; no
instability wave can occur since the acoustic energy conservation is enforced, then for being self-
adjoint the adjoint solution to the propagation problem may straightforwardly be computed by
flow reversal, finally Pierce’s wave equation is a simple and computationally efficient equation
that several existing solvers are able to solve. Work performed with Actran TM software is
presented illustrating the ability of a commercial tool to solve this equation and to compute
adjoint Green’s function required in statistical jet noise modelling. The nighty-degree acoustic
spectrum of a M; = 0.9 round jet is computed with Green’s functions properly tailored to the
jet mean flow.

I. Nomenclature
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aop = speed of sound

ac,o = customised speed of sound provided as entry of Actran TM

oo = ambient speed of sound

B = fluctuating stagnation enthalpy

b = normalised fluctuating stagnation enthalpy

c = parameter to model the sound source intercorrelation introduced by Tam & Auriault [3]
Dy = fan flow exit diameter

D /Dt = /0t +ug -V material derivative along the mean flow

D /Dt;, x; = 0/0t;+uo -0 /0x; material derivative with respect to x ; and the time ¢;

D_uy.x,, = —iw —ug -0 /0xy, material derivative at the observer position written in the frequency domain
F, f = dummy variable to define the Fourier transform convention

Iy = parameter to model the sound source intercorrelation introduced by Tam & Auriault [3]
Lo = linear operator

Lg = adjoint linear operator associated to L for the canonical scalar product <, >

Moyt = |uext]/ac exterior medium Mach number

M; = Mach number in the potential core of the jet

M = ug/ag vectorial Mach number

My s = vectorial Mach number evaluated at the source position

M, = |ug|/a acoustic Mach number

p = fluctuating pressure field
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adjoint field associated to p for the canonical scalar product <, >

adjoint Green’s function associated to p for the adjoint source position x,, and time #,,
mean pressure field

customised mean pressure field provided as entry of Actran TM

D(g;) /Dt material derivative of g

sound source of Tam & Auriault’s mixing noise model

parameter to model the sound source intercorrelation introduced by Tam & Auriault [3]
X1 — X space-separation used in the noise source intercorrelation model

projection of r orthogonal to u

time-domain pressure autocorrelation

the space-time intercorrelation of the quantity Q

Fourier transformed pressure autocorrelation

generic writing of sound sources of Ly

linearised momentum source potential

generic writing of sound sources for normalised Mohring’s equation
T

st .8t 8" 8" | generic writing of the adjoint source term of £
pou;  pou,  pouy P

Strouhal number

optimistic and conservative estimation of the Strouhal number cut-off limit of the grid
dummy time variable

microphone time, also corresponding to the adjoint source time

fluctuating velocity field

adjoint field associated to u for the canonical scalar product <, >

adjoint Green’s function associated to u for the adjoint source position x,, and time ¢,
exterior medium mean velocity field

mean velocity field

customised mean velocity field provided as entry of Actran TM

mean velocity in the potential core of a jet

dummy space variable

microphone position, also corresponding to the adjoint source position

projection of x,, orthogonal to ug

source position

intermediate calculation variable

adiabatic index

6(x — x,)8(t — t,,) delta Dirac function for the microphone position x,, and time ¢,
6 (x — x4) delta Dirac function for the source position x

t; — 1, time-difference used in the noise source intercorrelation model

jet polar angle

acoustic wavelength

mean density field

total mean density

customised mean density field provided as entry of Actran TM

standard deviation of the Gaussian velocity profile

standard deviation of the Gaussian source distribution used in the in-house code
time-shift

parameter to model the sound source intercorrelation introduced by Tam & Auriault [3]
acoustic potential solution of Pierce’s equation

adjoint field associated to ¢ for the canonical scalar product <, >

adjoint Green’s function associated to ¢ for the adjoint source position x,, and time #,,
acoustic pulsation
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II. Introduction

When jet noise predictions are based on an acoustic analogy, the source statistics are usually modelled from a
RANS computation [345]. The propagation of sound to the observer is then achieved analytically using Green’s
function and a simplified flow model. This strategy is computationally less demanding than a direct noise computation,
but often fails to correctly predict the acoustic propagation effects in complex configurations like those encountered
for installed modern aircraft engines. With a smart use of the reciprocity principle, Tam & Auriault [1]] introduced
the adjoint method and enabled the tackling of propagation effects in complex environments, for which analytical
Green’s functions are unknown. In the aeroacoustic community adjoint Green’s functions are usually sought as a
solution to a scattering problem, and as such, are ill-posed to properly account for the surface refraction and edge
diffraction phenomena. In numerous applications, the effects of the latter are however predominant [6]. The present
contribution proposes a numerical method able to deal with the presence of surfaces in the computation of adjoint
Green’s functions. The commercial software Actran TM is used for that purpose. RANS based mixing noise predictions
are often conducted with Tam & Auriault’s model 3] that is detailed in the following section. The acoustic propagation
equations considered by these authors are derived from the linearised Euler equations, and also contain instability
waves as a solution. Consequently, the method robustness is thereby regrettably deteriorated.

In this study, this mixing noise model is recast for the acoustic potential ¢ as computed with Pierce’s equation so
as to achieve an acoustic preserving formulation. Moreover because Actran TM solves the wave equation of Mohring’s
acoustic analogy [7], a reformulation of the mean flow fields provided in input of this software is proposed so to solve
Pierce’s equation. Finally, based on the flow reversal theorem (FRT), which proved to be equivalent to the adjoint
approach for self-adjoint operators [8], an adjoint computation are executed for a jet flow exhausting a duct. This study
aims at providing indications on how this tool may be used in statistical jet noise predictions.

III. Tam & Auriault’s mixing noise model

In a well-known contribution, Tam et al. [9] gave experimental evidences for a separation in the mixing noise
process of a jet foreseen by Ribner [[10]. From this theory, two contributions arise in the noise caused by turbulent
mixing; the first one is associated with the large-scales of the turbulence and second one finds its origin in the fine-scales.
The mixing noise model of concern in this note is given by Tam & Auriault [3], and intends to model the sound radiated
by the turbulence fine-scales. Since Lighthill’s pioneer study [[11] laying out the basis for all acoustic analogies that
would follow, it is admitted that jet mixing noise is driven by the unsteadiness of the Reynolds stress tensor. A Fourier
filtering is considered by Tam & Auriault to remove the large-scales present in this sound source, and is noted in the
following with an overbar. In their model, the noise source is then identified with the trace of the filtered Reynolds
stress tensor. These terms account for the fluid dilatation and compression. Based on the Boussinesq eddy viscosity
model this source of sound can be directly related to the kinetic energy of the fine-scale turbulence per unit mass. An
isotropic contribution of the modelled sound source ¢, in the linearised momentum equation is then assumed. Hence,
the direct problem for Tam & Auriault’s mixing noise writes,

D(u)
+Vp =-Vy5,
Lo Dr p q.
(D
D(p)
+ V-u)=0,
Dr ypo(V - u)

and can be recast by defining the associated linear operator Ly into

u _ _VQS
)]

where D/Dt = 0/0t + ug - V is the material derivative along the mean flow, pg, ug, po are the mean flow fields and u,
p the fluctuating ones. Ly corresponds to the linearised Euler’s equations expressed for a parallel mean flow.

A. Governing adjoint equations
The governing adjoint equations are given by the Lagrange identity,
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Accordingly to Tam & Auriault’s model [3], the free-space propagation problem will be considered, for which all
boundary conditions vanish for the direct problem as well as for the adjoint problem. In particular the radiating
boundary conditions associated to the previously introduced direct problem and their associated anti-causal adjoint
boundary conditions, will be discarded. Multiple integrations by parts, and taking benefit from the mean flow
parallelism, subsequent adjoint operator Lg is obtained,

D(u') ¥

_ _ i gt

pPo—p .~ ~YPoVP =S L
“)

D(PT) ¥ t
" -V-u _Sp*’
T
where ST = [s7 ., s7 §" S;T) is a generic writing of the adjoint source term. Because Tam & Auriault’s model
pouy pou,  polsy

intends to compute the pressure field autocorrelation S,,,, at a microphone position x,,,, a Dirac source term 6y, 1,,
= §(x —x,)6(t — 1), for dummy space and time variables x and ¢ in the equation governing the adjoint field associated
with the pressure p' is considered. Since an impulse response is considered, it follows that the corresponding adjoint
fields u' and p' are Green’s functions. To bear in mind the source position x,, and time t,,, this information will be
specified in the notations of Green’s functions, leading thus to the adjoint problem hereafter,

A oul 0
La( it )=( ) - 5)
pxm,tm 5xm»tm

When replaced in Lagrange’s identity together with the direct problem source term, the representation formula,
analogous to [13, eq. (21)], is readily obtained,

T — .
<( u;fm’tm ’( Vqs )>=<( 0 ),( i )> ' (6)
0 5xm»tm p

p Xmstm
And finally with the property of the delta Dirac function, the following relation is obtained,

Pmtm) == <ul , Vgg> . (7)

Following Tam & Auriault’s steps, using integration by parts and the governing equation for p’, previous RHS is then
reformulated as,

: D(pL,. 1) . D(qy)

— i _ Xm>lm _ i qds

Vgs >=< V'”xm,zm"ls >=—-< T,qs >=< Py Dr >,
where again, all the contour integrals have been omitted since they vanish in the free-field. Note that <, > has been used
above indifferently for different size of vectors without ambiguity because the canonical scalar product is considered.
This procedure can be applied for any scalar product. Notice however that, as a step by step derivation would show, the

latter needs to be adapted to each new couple of fields considered.

.
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B. Calculation of the pressure autocorrelation
Let the time-autocorrelation R, , of the pressure p for a time-shift 7 at position x,,, be defined as,

Rypims ) = [ Qs plms 1)t 7). ©)
R
then Tam & Auriault’s expression for the autocorrelation [3, eq. (24)] is retrieved:
D(gs)\ [ + D(g5)
_ T s s
Rpp(Xm,T) = ‘/Rdtm <1’xm,tm’ Dr l’;cm,tmw’ Dr . (10)
And the pressure time autocorrelation R, ,, simply expresses without assumptions as,
X1, HD) +(Xo, =T
Ryp(em ) = Jar faxafan s p1 (701 p1 522 T D Rop (a2 ) an
o Jo Jr JrR
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where At = t; — t; and Rpp(x1,x2, At) is the space-time intercorrelation of the quantity Q = D(g;)/Dt,

D ot At)) D o1
RQQ(xl,xz,At) _ ‘/C‘ll‘m (QS(x]ID m + A1) D(qs(x2,tm)) ) (12)
® t Dt,,

C. Modelling of the source autocorrelation term

The modelling of R cannot be further postponed since its expression is needed to perform analytically the time
integrations over ¢; and t,. The Q-quantity space-time autocorrelation model proposed by Tam & Auriault [3, eq. (27)]
is shift-invariant, i.e. by defining r = x| — x2, then Rpg(x1,x2, At) = Rpo(r, At), valid for homogeneous turbulence,
and writes

(r —uoAD)*| , (13)

A2
ds |r-uo| In(2)
Roo(r,At) = exp |- -—
ee c27? u(z)‘rs 2
The reader may refer to the original contribution of Tam & Auriault [3] for the definition of the above other variables
and their origin. In our applications the Fourier transformed pressure autocorrelation S, is of interest and is defined

as,

Spp(Xm, w) = /Rdr Rpp(Xm,T)e' T, (14)
12 G2y 7T . ,
where « = ———— and B = — ——. Fourier transforms are defined presently with,
41n(2)ud c2t2ug \V In(2)
. 1 .
F(x,w) = /dt f(x,0)e' ! and, f(x,0) = —fdw F(x,w)e ", (15)
R 21 Jr

Several change of variables, Fourier transforms, other integral manipulations, and defining r, = r — (r - ug)uo/ u%,
lead to Tam & Auriault’s equation (33) [3], with ug = |uo],

R . * reu In(2)|r . |? r-u
(P X)X, eXp(_| ol _In@ru? o_wz) 16

Spp(xm,w) = /de dr g p Xm P x, > 2
o Jo I
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2
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D. Approximated calculation of the double space integration

In the previous section, the double space integral defined by equation (I6) is numerically unaffordable and a
simplification is required. Two different simplifications are proposed hereafter.

1. Fraunhofer approximation

Because in Tam & Auriault’s work the observer is set in the acoustic far field, those authors proposed to model two
neighbour acoustic ray paths from the source region by a Fraunhofer-like approximation [3, fig. 4, eq. (34)], which
expresses with vector notations as,

X0 r0,0) (iw xm-r) ’ (17)

T Tm Qoo |X |
where a, is the ambient speed of sound. Note that this expression differs from the one proposed in the literature by
the phase shift sign [3]. By defining x,,,, 1 = X, — (X4, - uo)uo/u%, and replacing this formula in the expression of S, ,,
the double integral simplifies into,

—wzl§ “Slxm,J-|2
32 exp ol
235 (7 N\ s, @) 41n(2)uy @l
p ; (18)

S Xm, W) = dx x
PP( ) L 2 1n(2) m

2 2
21y uo-xm)

1 + w72 (1 -
Aoo|X

which is Tam & Auriault’s fine-scale mixing noise formula [3, eq. (35)]. Note that above expression differs from the

original one by a factor of 27, which is related to different Green’s function definition, refer to [3, eq. (19)], from which

a 472 factor appears; then because of differences in the Fourier transform conventions, see [3, eq. (25)], the present

relation should be divided by 27 to comply with Tam & Auriault’s relation. Note furthermore that expression (I8) is

slightly enhanced compared to the original one, since it can address three dimensional propagation problems.
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2. Taylor expansion

As suggested by Lielens [[12], if adjoint Green’s function pim is computed numerically for a near-field propagation

problem, the knowledge of its spatial evolution can be capitalised and the Fraunhofer approximation can be replaced
. . . . +(r+Xx2,w)

by a Taylor expansion; this paragraph presents the corresponding formula. If r = x1 —x is small p',. can be

approximated by the first order Taylor expansion,

T(stw)
(F+ . 0
R (19)

Replacing this expression in the formula for S, , leads to following expression for the pressure autocorrelation,

Tm 1+ w272 Tm 1+ w272

W32
N
eXp|~ +(X2, W)
24213 L . 41n(2)u2) . Riwt? apto®
Spp (Xm, w) =/dx qu s ( T ) (X2, W) 0 (X2, W) AT ug - P . (20)

21y \In(2) 0x)

IV. Tam & Auriault’s formula applied to Pierce’s wave equation

Tam & Auriault’s formula [3, eq. (35)] relies on the prior computation of adjoint Green’s function pim recalled by
the above set of equations. This presents two limitations for the practical use of this theorys; firstly efficient solvers that
can simultaneously compute these equations and handle complex geometries are scarce, and secondly as for the direct
problem, these equations do also present physical unstable modes. A reformulation of Tam & Auriault’s formula for a
propagation operator based on Pierce’s equation [2, eq. (27)] is a way of overcoming these difficulties. The formulation
proposed by Pierce based on the acoustic potential ¢, defined by pou = V¢ and thus p = —D¢ /D, is indeed energy
preserving and solvers, e.g. Actran TM can be configured to solve this wave equation.

The acoustic analogy based on Pierce’s wave equation writes

D*(¢) D(Sm)
oA (a3Ve) = o~ Sp Q1)
and,
ASm =V - (poSu) , (22)

where (S4,S)) is the general writing of a source term for the linearised momentum and energy equations. Because
Pierce’s wave equation describes solely the propagation of potential acoustic fluctuations ¢, the source term for this
equation needs to be potential as well. This is the meaning of the introduction of the linearised momentum source
potential S,,. From the source model for mixing noise of Tam & Auriault’s, it comes directly that S,, = —¢g, and
Sp=0.

A. Pressure autocorrelation with an acoustic potential description
Pierce’s wave equation is self-adjoint for the canonical scalar product, and its adjoint Green’s function is defined
by,

D* (4,4, .
#’“’m — V- (alVPL )=t - (23)
The application of Lagrange’s identity then gives,
+ D
P (X, tm) =< ¢JLm,fm’ - ]()615) > (24)
t
The pressure time autocorrelation is hence defined by,
D D
Rpp(Xm,7) = /dtm P (X tm) P (Xt +7) = /dtm D ) D& > (25)
R R sXm ZIm+T,Xm

where D/D,i,xj =0/0t; + ug - 9/9x; is the material derivative with respect to x ; and the reference time ¢;.
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B. Far-field prediction formula with wind
After some algebra [13] very similar to those performed by Tam & Auriault [3], and with the same source model,
the prediction formula expresses in the far-field, i.e. owning on a Fraunhofer approximation, as

exp 2[? + ()lxm J_|
2Azl3 r \? X9, w)\|? 41n(2)u2 ago|xm|2
I ( ) Pt (6757 )| 0 . @6)

Septama) = fars T2 (555 n w )’
1+w27'3(1— 0 m)

Qoo |X 1]

C™Ts

where D_y x,, = —iw —ug - 3/0x,, is the material derivative at the observer location written in the frequency domain
with reversed flow. For a far-field observer x,, and with a constant free-stream wind as depicted in figure [1| the
expression of this material derivative can be computed analytically. It is worth noticing that the adjoint field q)lm

Fig.1 When the microphone is in the acoustic far field, the polar angle 6,,, is enough to characterise the adjoint
function of a round jet.

is anti-causal and travels outward of the domain. Neglecting the azimuthal dependence, the mixing noise prediction
formula in presence of wind writes,

2[2
—@ 2
, EXP 7(1+M sin? 6,,)
(O, ) = /dx 2024213 ( n ) ‘¢,(x2,w)|2 (1+ Mt OS O, ) 41n(2)ud
m, W) = 2
Spp o2 In(2) 1+ Mgy cos b, 1+ 0272 (1 — Mo cos 6y)2

where Mo = |ug|/ac and Mex; = |Uext|/ac and with the adjoint source, i.e. the microphone, set in the far-field, that
isg'y = 'y,

. (27)

C™Ts

, where 6,, is the jet polar angle as defined in figure[ll

V. Computing adjoint Green’s function ¢;m with Actran TM
A recent investigation by the authors [§] has shown that adjoint solutions to propagation problems could be
computed equivalently for self-adjoint operators with the so-called flow reversal theorem (FRT). The FRT states that
the reciprocal acoustic solution over a moving flow can be obtained by simply reversing the direction of the flow. A
procedure for Pierce’s equation is here proposed, using the commercial software Actran TM.

A. Fundamental wave equation solved in Actran TM
Actran TM is a finite element code written in the frequency domain capable of handling complex geometries.
Mohring’s equation written for the normalised fluctuating stagnation enthalpy b is solved,

0 po Db PO”O Db _ PO vbl= s (28)
2 - >
ot pT 090 2 D¢ pT 0% 2 Dt pT,O
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where db = pr 0dB, and B is the usual total enthalpy. By introducing the Mach number Mo = uo/ao, the total mean
density pr o, expresses as,

y—1

PT,0 = Po (1+—M6 (29)

2

It can be observed that equation (28) is linear, in contrast to the original equation proposed by Mohring [[7]. Generic
monopole S, and dipole S, source terms are considered in the software for equation (28)).

)1/(7—1)

9Sm
-Pmy.s,.
§= "4V Sy (30)

Finally, the pressure field is calculated from the relationship,

prodp Db

= . 31
po 0t Dt (D

B. Solving Pierce’s equation with Actran TM

A key remark at this step is that Pierce’s wave equation can be obtained from equation (28)) solved by Actran
TM by setting pr o = po and by identifying the normalised enthalpy b with the acoustic potential ¢. In this software,
it is not possible however to force the equality p7 o = po. The expression of the mean stagnation density pr o is
indeed directly computed from the mean density pg and the mean Mach number M inside the solver. This hardship is
overcome by preprocessing the mean flow fields pg, po and ug given in input, so to compensate in the solved equation
the presence of the total mean density pr o. The source amplitude needs to be corrected along with this transformation.
Note that, if all the flow fields required for an analysis are not provided by the user, Actran TM will rebuilt them from
the fields given in input. If this is not possible, default values are used in the computation. The input fields must be
defined in a consistent way, and redundancy may be a good practise to ensure this.

1. Preprocessing of the mean flow given in input

The goal is to solve Pierce’s equation for the physically relevant mean flow fields pg, po and ug. To achieve this,
some customised mean flow fields are defined and provided as entries for Actran TM. Let these customised variables
be renamed by adding a C in subscript as po,c, po.c, #o,c and ap,c. An inspection of Actran TM’s equation and
Pierce’s one indicates that subsequent transformations need to be achieved to turn Mohring’s equation of Actran TM
into Pierce’s wave equation,

poc 1
uo,c =ug, ao,c =ap, and ——=—. (32)
> ) 2
Pro PO

It comes out, that the mean velocities uo and ag are not affected by these transformations. Because in general pc,o # po,
equation (29) cannot be used in this transformation and needs to be replaced by,

y—1 poc /(y-1)
pr.o=poc |1+ - .
YPo,c

us c (33)

Because the mean density pg is corrected, for ag = \/y Po/po = \/y Do.c/po.c toremain unchanged in the transformation,
the mean pressure po ¢ given in entry of Actran TM needs to be modified as well. Finally, to solve Pierce’s equation
with this software, the pre-processing adjustments that need to be done on pg ¢ and po, ¢ reads,

20D
po,c _ po,C i 04 _(2) (34)
Po 00 2 a;

It must be mentioned, that to identically retrieve Pierce’s equation from the relation (32) and equation (28], mean
pressure gradients Vpg have been neglected. This approximation is fully satisfied by open flows.
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2. Correction of the source amplitude

In Actran TM, there are three kinds of source amplitude definitions, sources referred to as P’ type, *Q’ type or
'V’ type (cf. keyword "AMPLITUDE_TYPE’). The type ’P’ amplitude is default and is related to the pressure field,
while the *Q’ type amplitude is related to the mass flow rate and the *V’ type source is related to the volume source
[14, § 28.4.3][15, § 9.50.3]. In the present study, a source amplitude of type 'P’ is considered. When the above
preprocessing step is conducted to turn Actran TM into a Pierce’s equation solver, the acoustic potential ¢ solution of
Pierce’s equation for a pointwise source in x,

D%*¢
o~V (@Ve) = A s, (35)
is related to the computed stagnation enthalpy b by,
~ -1/(y-1)
. —iwA y-1_, )
= 1+ ——M b, 36
¢ 4a(2) g ( 2 0.8 (36)

for a bidimensional configuration. When a three-dimensional geometry is considered, the sound source is spherical
instead of cylindrical and the acoustic potential ¢ is deduced from the stagnation enthalpy solved by Actran TM with,

) -1/(y-1)
MO’S) b, (37)

—iwA -1

" (1 LY .
47ra0’ s

where ¢* is the complex conjugate of ¢, A the complex source amplitude defined in the software, w the investigated

acoustic pulsation, ag s, and Mo_s, the speed of sound and Mach number evaluated at the source position. This

amplitude correction depends only on ag and My and is therefore insensitive to the pg r correction procedure.

C. Validation of Acfran TM’s background mean flow fields reformulation

The ability of Actran TM to solve properly Pierce’s equation over a sheared and stratified flow is verified for the
Gaussian heated jet flow profile taken from the fourth CAA workshop [8, [16]. The sound field computed by this
commercial software for a point source set in the flow region with a pulsation of w = 2007 rad - s™!, is compared
with the results obtained with a in-house finite difference code developed in the frequency domain [8]. Actran
TM'’s finite element formulation considers delta Dirac sources, while for the in-house finite difference solver, the
source is voluminous by nature. A normalised Gaussian source distribution of standard deviation o is chosen to
approximate the delta Dirac sound source considered by Actran TM with the in-house code. Meshes considered by the
in-house code are regular, two simulations with different source compactnesses are performed. The first configuration
considers a source—wavelength ratio of 1/ =~ 23, while for the second a finer but smaller domain achieves a ratio of
A/og ~ 1.4 x 10? (with identical number of grid points), that is deemed high enough to assume source compactness.
In this validation, PML boundary conditions are considered for both solvers. Figure [2] shows the computed fields
without the non reflecting layers, and figure [3] compares the horizontal extracts of the computed fields for x, /o = 0.0,
x2 /0 =9.0, where o corresponds to the standard deviation of the Gaussian velocity profile. Comparable element size
are considered for the in-house code with coarse mesh, and the Actran TM grid. Both solver require approximatively
5 points per wavelength to solve accurately sound propagation, see § [V.Dl On these two meshes, a wavelength in the
quiescent region is resolved with 33 points and by 33 X (1 — 0.756) ~ 8 points per wavelength in the jet flow region.

Figure [2| indicates an overall excellent qualitative agreement. Outside of the shadow zone where the acoustic
amplitude is low, and apart from the source compactness issue discussed later on, these three fields coincide with a
deviation of less than 2%. The small discrepancies are likely to correspond to acoustic reflection at NRBC. Upstream
of the source, the computation with the less compact source slightly under-estimates the acoustic level obtained with
the compact sources. This is most easily seen when the absolute part of the potential field ¢ is considered, see the
extract along the jet axis in figure[3l It should be noted that this effect of the source non-compactness is reduced further
away of the source, and the acoustic field obtained with the more broad source term can is comparable to the compact
sound source solutions. It is seen indeed that the extracts along x;/0- = 9.0 computed with the in-house code and
corresponding to two different source compactness coincide.
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Fig. 2 Real part (left) and absolute part (right) of the acoustic potential ¢ obtained for a point source in a
sheared and stratified flow. The fields are computed with Actran TM considering the background flow field
reformulation (top) and the in-house code considering a sound source compactness of 1/0 ~ 23 (middle) and
A)os ~ 1.4 x 10 (bottom).

The computations achieved with the in-house code consider a regular structured domain of 800 x 450 requiring
43 GB of RAM. Whereas the resolution with Actran TM over a mesh of 430000 nodes (215000 quadratic two-
dimensional unstructured elements), which has approximatively the size of mesh used in the other calculations, needs
only 1.7 GB. Finite difference and finite element methods are fairly different techniques and a too strict comparison
may not be fair, however PROPA and Actran TM with second order elements require both a minimum of 5 elements
per wavelength to resolve acoustic travelling waves. This huge gain in computation cost, and the ability of Actran TM
to consider complex geometries, represent tremendous advantages over the in-house code, when Pierce’s equation has
to be solved in realistic applications.

D. Choice of the numerical parameters

Actran TM offers a wide choice of parameters to configure the numerical setup. Some documentation on the HPC
performance of Actran TM exist [[L7], this section investigates the mesh size requirements regarding the order of the
finite elements considered, the benefit of considering single precision with respect to double precision is also discussed.
The deviation from a solution field ¢ to a given reference solution ¢, ¢ is measured with the euclidean norm £, defined

10
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Fig. 3 Extracts along x;/0 = 9.0 (top) and x;/0 = 0 (bottom) of the real part of the acoustic potential ¢
(left) and its absolute part |¢| (right). Fields are computed with, — Actran TM and, - - - the in-house code
considering a source compactness of 1/ ~ 23 and, == 1/0 ~ 1.4 x 10%

over a volume V by,

-/V |¢ - ¢ref |2dV

(38)
/V |¢ref |2dV

‘f((ﬁ,(pref) =

So as to come close to the jet exhaust configuration that is considered for the adjoint analysis presented in § VL.C
the domain considered is cylindrical, the source is spherical and set out of the computational domain as illustrated in
figure[l The angle of the sound source with respect to the cylinder axis is 30°. The computational domain has a radii
of 10A and extends over 40A, where A is the element size considered. the source is set at a distance of approximatively
100A from the domain. The mean flow is uniform and in line with the axis of the cylinder. Depending on the flow
direction and the source angular position, the effective wavelength of the acoustic wavefront deg = A(1 + M cos(6))
propagating over the mean flow is shorter or longer compared to the acoustic wavelength at rest A, leading to favourable
or unfavourable numerical conditions. Infinite elements [18] with an order of 20 are used to achieve non reflecting
boundary conditions.

For this simple configuration, an analytical solution ¢,.r described by equations and (R0) exist, and it is
possible to compute a measure of the numerical error. Different Mach numbers M ranging from M = —0.8 to M = 0.8
are investigated to verify that the solver’s accuracy scales with the effective wavelength Aeg. Figure[d] right, presents
the evolution of the error ¢ for different grid point per wavelength ratio. The accuracy corresponding to quadratic and
linear elements is presented. A fairly good collapse of the data is obtained for different Mach numbers M confirming
the correctness and robustness of the scaling in Adeg/A. As expected for a given number of points per wavelength
quadratic elements achieve better than linear ones. For the Euclidean norm considered, quadratic elements makes it
possible to achieve an accuracy better than 1%, while linear elements have difficulties reaching it even with many
points per wavelength. An abrupt slope discontinuity can be observed using quadratic elements showing only little
benefit considering more than 5 points per wavelength. In the analysis performed here, quadratic elements are chosen
and confidence in the computation is granted down to effective frequencies Aeg of SA.

The acoustic spectra of a simple round jet of diameter D; with Mach number M; = 0.9 is considered in the
remaining part of this study, and it is convenient to introduce the Strouhal number St,

I/lj /lM]

St

; (39)

11
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Fig. 4 Sketch of the numerical setup used to quantify the accuracy of the solver (left), and integrated error ¢
computed over a range of points per wavelength ratio Aeg/A (right), — linear and,— quadratic order elements
are considered with 6 = 30°. The lines correspond to the configuration without ambient flow. Flows with
different Mach numbers are considered along the cylinder axis, X M = -0.8 4 M = =06 O M = 0.4 *
M=-02%M=02®M=04>»M=0.6%M=0.8.

that is a normalisation of the frequency f by the jet velocity u;. An unstructured mesh with a roughly uniform grid

size of @D is considered. Before starting an aeroacoustic computation, it is necessary to know the mesh size required

to calculate a target frequency with confidence. Since the variation of the jet mean velocities are strong by essence,

the value of A.g that appears in the criteria deg/A > 5 significantly varies on the computational domain. Two grid

cut-off Strouhal numbers are therefore computed, an optimistic one St;,,, considering the quiescent configuration and

a conservative one St ., built on the highest jet velocity. Theses grid cut-off Strouhal numbers express as,
1 . 1-M;

Stl(;lax = Sa'—M and, Sl‘fnax = SaM. . (40)
J J

It is immediately seen that a decade separates St from St7, when a Mach number of M; = 0.9 is considered,
making the conservative criterium hard to be fulfilled in three-dimensional high Mach number flow applications due

to enormous computational needs.

The discrepancies between single precision and double precision representation of the floating points are then
analysed. This is of interest, since frequency domain computations are greedy in RAM resources and that for an
identical configuration, only half RAM memory is needed when single precision is used. A jet exhaust configuration
similar to the one presented in § [VL.Cl with a grid size of 0.2D; is considered for that investigation. The error ¢ of a
single precision solution ¢3opis measured with respect to a double precision solution @e4pits is presented in figure[3l for
the range of Strouhal of interest. It is seen that the integrated error & presents a plateau, with strong peaks however,
from St = 0.01 to St = 1. After a hump the measure of the error £ exponentially increases from St = 1 to St = 10.
For this grid with element size of 0.2D ;, the optimistic cut-off bound is St7,, ~ 1.1 and coincides with the increase of
the error. It is likely that this steady increase in the deviation between double and single floating point representation
corresponds to numerical noise that is amplified by the truncation error. From the asymptotic behaviour of the curve
plotted in figure Bl it appears that the mesh cut-off Strouhal number most likely lies around St =~ 1.0 for this mesh.
This is consistent with the value of St{,,, calculated for this mesh. On a sample of grid points computed for St = 0.01,
it has been observed that ¢3opis deviates from ¢eapits by a digit at the third significant figure. ¢ indicated that this error
is roughly steady up to the optimistic limit of confidence of the mesh St3,,. This error is moreover fairly small and it
is found advantageous to perform single precision computation to benefit from the reduction in RAM costs.

VI. Application to a M; = 0.9 round jet
Tam & Auriault’s model formulated for the acoustic potential is applied to a M; = 0.9 round jet for which adjoint
Green’s functions are computed with Actran TM, and, hence are properly tailored to the jet flow exhausting from the

12
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Fig. 5 Evolution of the error &(¢3obits, Psapits) comparing the solution computed using single precision floating
point operations ¢3opits With the double precision solution ¢eapits. The fields @3opits and Peapits are solved for a jet
exhaust configuration with element size of 0.2D ;.

duct. The characteristic time 7, and length scale /; of Tam & Auriault’s sound source model are calibrated with a high
fidelity LES, and noise predictions are made perpendicular to the jet axis.

A. Numerical setup

The computational aeroacoustic grid corresponding to the exhaust of a high speed jet is created with Actran’s
built-in meshing tools. The physical domain is composed by a duct of radius D; and of length 5D ;, from the duct
end, the domain is 20D ; long and has a cylindrical shape whith a radius of 2.5D. A fillet is applied at the edges of the
cylinder to avoid numerical singularities at the corners. Both perfectly matched layer (PML) or with infinite elements
(IE) are considered to achieve a truncation of the numerical domain. Actran TM does not enable the computation
of an incident sound wave from a source set out of the computational domain when the frontier of the domain are
mapped with a non-uniform flow. A 0.5D; thick transition layer is therefore built to interface the physical domain and
the non-reflecting boundary condition (NRBC). Figure[6] presents the numerical setup corresponding to a mesh with
element size of 0.2D ; and a PML region with a width of 1.5D ;. IE relies solely on a surface mesh and the exterior skin
of the transition layer is used for that purpose. The mesh is composed by a combination of quadratic order tetrahedral
and hexahedral elements. To improve numerical performances [19] and reduce the number of elements that are needed,
hexahedral elements are used to generate the mesh with the hexacore option of Actran’s meshing tools.

Modal basis

Transition layer

Fig. 6 Slice of the computational aeroacoustic grid using a PML to simulate free-field radiation.

The flow in the duct is uniform. By the decomposition of the acoustic wave on a modal basis, the duct is modelled as
a semi-infinite tube. Figure[Zpresents the Mach number and the turbulent kinetic energy mapped on the computational
domain with elements of size 0.2D ;. The mean velocity uo, mean pressure po and mean density po fields are smoothed
to the ambient value before reaching the frontier of the domain. This smoothing is linear, and is applied forx/D; > 18
and r/D; > 2. Itis visible on the Mach number field.

13
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Fig.7 Mach number M and turbulent kinetic energy k interpolated on the ‘physical domain’ subdomain.

The mesh generation process is scripted and grids with different element size are considered. Figure [8]presents a
zoom of two meshes with element size of 0.1D; and 0.2D ;.

Fig.8 Detail of the meshes with element size of 0.1D; and 0.2D ; considered.

B. Parameters of the sound source

The mean flow and the turbulent kinetic energy k shown in figure [7] are obtained by averaging the solution of
a high-fidelity LES [@, ]. The mean velocity u(, mean density pp and mean pressure po are used to model the
acoustic refraction effects encountered in the jet. The background mean flow fields reformulation described in §
is applied on these averaged quantities prior to their usage in Actran TM, so to solve Pierce’s equation. To enable the
computation of adjoint Green’s functions ¢im, the flow reversal theorem (FRT) is also applied beforehand. In addition
to this, these averaged fields, without any transformation, are needed to inform Tam & Auriault’s mixing noise model.

From the sound source autocorrelation, equation[I3] the three variables ¢ /c, 75 and I, have to be modelled. Tam
& Auriault proposed to model them with a k-& flow solution 3] by defining,
k32 k j 2
ly=¢c;— , T1y=cr— and, ds =A-pok , 41
£ £ c 3
so that only three constants, ¢;, c; and A have to be set. In this work the number of independent variables is reduced
to two by alleging that the characteristic time scale 7, and length scale /; of Tam & Auriault’s model are related by the

convection speed u, following,

T = l—s . 42)

Ue
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The value of u. = 0.65u; is well-acknowledged in the literature [22] to relate the integral length scale /; to the integral
time scale 7;. It is assumed that Tam & Auriault’s characteristic scales /5 and 7, are related by the same convection
speed u.. This is a reasonable approximation, since from the expression of the autocorrelation, equation (13),

[T e mwe ) [
i(x) = Ry (x,r)dr = e s dr = ~ 1.064 [;(x) , 43)
0 0 2 Vlog(2)

the integral length scale /; differ from I by only 6%. Then, from dimensional considerations, k [m?.s~%] and & [m?.s 3]
must be linked by a characteristic time scale of the mean flow, i.e.,

0
ek Ux . (44)
or
From equations (#1l) andd4)), [ can then be determined without the turbulent dissipation rate & with,
Iy o VR |2 43)
ar

The integral length scale /; has been computed along the lip-line from R, , the autocorrelation of the fluctuating
axial velocities calculated in the LES (see acknowledgements). It is used to calibrate the proportionality constant of
equation (#3) with regards also of equation (@3). The length scales I, along the lip-line corresponding to the best fit
are presented figure Ol They are shown for two meshes with element sizes of 0.2D; and 0.5D ; the proportionality
constant is 0.05.

0.8

0.6

0.2 4

0-0 T T T T T
0.0 2.5 5.0 75 100 125 150

x/Dj

Fig.9 Evolution of the length scale /; along the jet lip-line. — reference computed from the LES flow solution.
Best fit for /; computed with equation considering a proportionality constant of 0.05, for computational
aeroacoustic grids with element sizes of, ----- 0.5D;,and, — 0.2D.

To calibrate the amplitude A of the source term’s autocorrelation introduced by the equations @I) and (13)), the
noise spectra measured at 90 in the far field of a round jet is taken as reference. Because the diameter of the jet D
used in the LES solution differs from the experimental one, the sound power levels (SPL) measured, and the computed
one, are normalised to a distance of 1 m and compensated so as to correspond to an equivalent jet of diameter 1 m?.
The noise spectra are both expressed in dB/St. The Fourier transform of the pressure autocorrelation S, obtained
with Tam & Auriault’s formula, equation (26)), is hence related with the normalised SPL by,

S X, . 71'D2
SPL(dB/St) = 101og,, (M) +101ogy, (g—’) — 10logyg (TJ
J

ref

+101log, (lxmlz) , (46)

where prs = 20.0 uPa and |x,,| corresponds to the distance from the jet exhaust to the microphone position. Note
moreover, that the pwelch () function of Matlab used in many signal processing treatments, as for the measured spectra
considered here, considers a different Fourier transform convention than the one leading to equation (I4). Furthermore,
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if a real-valued signal p is considered, Matlab’s pwelch() is ‘one-sided’ and from the Fourier transform convention
considered by this function, pwelch(p) = %E [pr(Hp(NH] = %f_o:o R,p(1T)e'“Tdr. So that in the end, there is
additionally a 10log;, (7) term difference between both conventions. The graphs of this paper are plotted with the
convention of pwelch().

At 90 of the jet axis, the jet mean flow refraction effects are deemed not of primary significance and in a
configuration without external wind, Green’s function found in Tam & Auriault’s formula expresses simply,

w2

ID_ug.x, (B3, )1 = (47)

16m2ad|x — xm|?

Details to this expression are provided in the appendix paragraph. This analytical expression of Green’s function serves
to calibrate the amplitude A of the sound source model. Figure [L0| presents acoustic measurements at 90° from a
M; = 0.9 round jet [23] together with Tam & Auriault’s model evaluated with equation @7, the value of [; and 7y
defined earlier, and the best-fit obtained for the source amplitude, that is A = 0.0006. Tam & Auriault’s remarkably
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Fig.10 Power spectral density at 90° from the axis of a //; = 0.9 round jet normalised to an equivalent distance
of 1 m and to equivalent jet cross-section of 1 m”. The analytical free-field solution is used in the mixing noise
model to calibrate the sound source amplitude A, with a best-fit reached for A = 0.0006. — ECL measurements
[23], noise spectra obtained with Tam & Auriault’s formula with a sound source interpolated on grids with
elements of sizes, - 0.5D; and, — 0.2D;.

well predicts the peak center frequency and the width of the jet noise spectra when the parameters of this model /; and
Ty are not tuned arbitrarily but informed with physical meaningful information. It is seen also how the cruelly simple
analytical solution of adjoint Green’s function q)lm , equation ([@7), provides a reasonable prediction at 90° from the jet
axis [24, 25]. Figure[10| presents noise predictions for two different computational aeroacoustic grids with quadratic
elements of size 0.5D; and 0.2D; showing only little differences in the predictions. The accuracy of the prediction
seems not to be much influenced by the discretisation of the sound source.

C. Ninety-degree acoustic spectrum

Some results of noise spectra relying on Green’s function computed with Actran TM are presented in this paragraph.
The adjoint source is set perpendicular to the jet axis at a distance from 52D ; from the nozzle exit, so to comply with the
position of the microphone in the experimental campaign that serves as reference for this study [23]. Adjoint Green’s
function are computed for a sample of 100 Strouhal numbers, equispaced in a logarithmic scale between St = 0.01 and
St = 10. Both PML and IE with order of 20 are investigated to achieve the truncation of the numerical domain, and
two grids with element sizes of 0.2D j and 0.1D ; are considered. Table[Ilgives indicative figures on the computational
cost on both grids considering MUMPS algorithm and single precision. A Xenon-Intel E5-2699 @ 2.20 GHz with 14
threads & 3 procs was used for the computation presented here. Multi-threading is used to reduce computational time
[17], note that it is possible to swap on the disk to solve larger problems.

Figure[TT]and figure[12] present extracts of adjoint Green’s function q)lm in the symmetry plane of the propagation
problem for the Strouhal number of St = 0.15 and St = 0.60. The real part and the absolute part - which is of relevance
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element size NRBC DOF RAM time per freq. time for 100 fregs.

0.2D; IE (order20) 1.7x10° 17GB 3min 73 CPU.h
0.2D; PML 1.7x10° 13GB 2.5min 62 CPU.h
0.1D; PML 7.7%x10° 75GB 30 min 655 CPU.h

Table 1 Computational cost for the grids considered using MUMPS solver and sequential computation.

for equation (26)) - of the adjoint solution are shown for the finest grid. While for St = 0.15 adjoint wave fronts are
spherical and do not seem to be influenced by the presence of the flow, the adjoint field is complex for St = 0.60 in the
vicinity of the jet flow. Considering the absolute part of the adjoint field[[2]a modal structure is visible in the potential
core of the jet. This particular structure of adjoint Green’s function will weight some areas of the mixing layer of the
jet that will as a result contribute more to the observer location for this particular frequency. This is a phenomenon
that is probably hardly tractable by analytical means.

|I|I|I|Im

Fig. 11 Contour of adjoint Green’s function ¢fcm obtained for St = 0.15 on the mesh with elements of size
0.1D; using PML. The real part (top) and the absolute part (bottom) are shown with identical colormaps.
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Fig. 12 Contour of adjoint Green’s function ¢;m obtained for 38530Hz St = 0.60 on the mesh with elements of
size 0.1D ; using PML. The real part (top) and the absolute part (bottom) are shown with identical colormaps.
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Figure[I3] presents the predictions obtained for the grids visible in figure[§ with elements of size 0.2D; and 0.1D
respectively. Measurements [23] and the noise spectra obtained with Tam & Auriault’s formula when the free-field
analytical solution, equation (7)), is considered serve as references.

Computations with PML, and IE with an order of 20, have been carried out on the coarser mesh. The cut-off
Strouhal numbers for this mesh with elements of size 0.2D; are Stg,,, ~ 1.1 and St ~ 0.1. Below Stg,, ~0.1a
perfect agreement with the noise spectra obtained with the analytical expression of adjoint Green’s function is obtained.
As can be seen in figure [[T] the adjoint solution does not differ qualitatively much from the free-field solution, and
the noise spectra with numerical Green’s functions is identical to the one based on the analytical solution. Above
St2ax ~ 1.1, numerical error become significant and results are not reliable. Up to a Strouhal number of S ~ 1, which
corresponds approximately to St , the predictions on the coarse mesh with both NRBC are very alike. This tends to
indicate a correct truncation of the numerical domain with both methods.

A computation with PML is executed considering the finer mesh with elements of size 0.1D ; and the corresponding
noise spectra is plotted in figure [I3] Identical predictions are obtained for St < 0.2, however the sequence of peaks
between St = 0.2 and St = 0.01, differ from those obtained with the calculations done on the coarser mesh. This
highlights the need of a mesh convergence study even though these are small discrepancies. Even for Strouhal numbers
higher than StJ,,, a very satisfactory agreement between the predictions on this finer mesh and the one based on the
analytical solution is obtained. A preliminary investigation has shown that the hump shape of the noise spectra is
dominated in the high frequency limit by the parameters of the sound source, while for the lower frequencies, the
Green’s function’s dynamic dominates the noise spectra shape. This is a probable explanation for the reasonable

predictions obtained for Strouhal numbers greater than St .
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Fig.13 Power spectral density at 90° from the axis of a //; = 0.9 round jet normalised to an equivalent distance
of 1m and to equivalent jet cross-section of 1 m?>. — ECL measurements [23] are compared to predictions
of Tam & Auriault’s model, — considering the free-field analytical expression, and considering numerical
Green’s functions obtained for the grid with elements of size 0.1D ; and PML, as well as for the mesh with
elements of size 0.2D ;, using PML and, ----- considering IE of order 20.

VII. Conclusion

In this contribution the mixing noise model of Tam & Auriault [3] is recalled and recast for Pierce’s wave equation
which is twofold stable and self-adjoint. Because this potential acoustic wave equation is self-adjoint, its adjoint
solution can be computed with the flow reversal theorem (FRT) [8]. A procedure to transform the equation solved
by Actran TM into Pierce’s equation is used and validated for a stratified and strongly sheared flow. In adjoint-based
statistical jet noise models, Green’s function are evaluated from the microphone position and the reciprocity principle
isused. A procedure to set the adjoint source in the exterior of the computational domain is proposed with Actran TM.
Some guidelines for the definition of the numerical setup are provided.

A M; = 0.9 round jet is considered for the implementation of the method. Tam & Auriault’s sound source
parameter are calibrated based on the integral length scale computed with a LES, and very reasonable predictions
have been obtained at 90° based on physical parameters and the simple free-field analytical solution. Adjoint Green’s
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functions are computed with Actran TM. Complex features in Green’s functions are observed at frequencies close to
the peak frequency of the jet. While consistent predictions with those obtained with the analytical solution have been
obtained, a mesh convergence study is still required for more confidence in the results presented here. Nevertheless,
the implementation of the methodology considering numerical adjoint Green’s functions for Pierce’s wave equation
seems readily satisfactorily validated, and more complex configuration may now be tackled. A significant asset of the
formulation, as presented here, is its ability to account for the presence of surfaces and of realistic jet flows in the
acoustic propagation problem.

Appendix

Free-field analytical solution to Pierce’s equation

In section[[V.B] the squared absolute value of Green’s solution of adjoint Pierce’s equation |¢1m |2 and of its material
derivative |D—u0,xm(¢j¢m)|2 are involved in the computation of the acoustic power spectral density S, ,. Free-field
Green’s function for a medium with an uniform flow are derived here to the sake of validation. In a first approximation,
only the movement of the surrounding medium is considered to model the acoustic propagation, and Pierce’s adjoint
equation reduces to the convected wave equation,

(~iw+ug-V)2pL —alApl =6y, (48)

where 6y, is an impulsive source set at the observer position. The boundary conditions of the adjoint problem are
such as the solution is anti-causal, and the adjoint solution to the free-field propagation problem expresses as [§],

, I'x

m

exp | —i— 2)
51 exp i@ Mo (x =~ xn) ( a0 1 - My
tm ap  1-M;

, (49)

2
47Ta0rxm

where ry,, = \/(1 - M§)|x X+ (Mo - (x —x,))% and My = ug/aq is the vectorial Mach number. It is worth
remembering that this solution is such as the reciprocity principle is fulfilled,

(X) *
¢fe) =gt (50)

Then by choosing the axis in such a way that the flow is oriented along the first direction, the material derivative

+
D_ug.x, (qﬁxm), expresses as,

+(X)
1O\ .50 ¢ Xm | . . My Orx,, uo,1 Orx,, ()
D (#'5,) = ', —uoa e = | i vioo =g (Mo Tom [+ T T 6D

where dry,, /0x1 = (X1 = Xm.1)/Tx,s X = (X1,%2,%3)", X = (15 Xm.25 Xm3)" and wo = (uo,1, 10,2, u03)" . A (27)?
difference with respect to the analytical solution derived in [24, eq. (49)-(50)] is noted.
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