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Abstract

The evolution of aircraft engines towards Ultra High Bypass Ratio (UHBR) architectures goes with a shortening
of the nacelle length responsible for an important circumferential inhomogeneity of the flow, called distortion,
inside the inlet duct. This distortion is also expected to be even more pronounced in new integration concepts
with Boundary Layer Ingestion (BLI) because of the important asymmetry of the geometry. Numerical studies
have already shown that such distortion can significantly impact the acoustic propagation inside the nacelle
and, consequently, the sound radiated by the engine. This paper presents a fast and accurate multimodal
method applicable to the computation of the acoustic field in such distorted flow, provided that it remains po-
tential. This is achieved by transforming the original three-dimensional set of equations into a one-dimensional
problem using the Fourier transform of the sound disturbances in the azimuthal direction and a projection on
shifted Chebyshev polynomials in the radial direction. The formulation is verified against a numerical finite-
difference solution and is shown to give consistent results for modes propagating in distorted flows.

Keywords: Duct acoustics, multimodal method, flow distortion

1. Introduction
In modern aero-engines, the nacelle is designed so that the flow is uniform during straight and level
cruise flights (with low angle of incidence) to maximize engine efficiency. Nevertheless, the plane is
under high incidence during landing or takeoff operations, which implies that the engine axis and the
external flow are not aligned. Consequently, the flow that enters the engine is no longer axisymmetric,
as illustrated in figure 1. The air inlet attenuates this inhomogeneity, and the distortion levels tend
to decrease sharply. Therefore, this distortion can be considered negligible almost everywhere for
long air-inlets, and the interaction of this distortion with the acoustics can be neglected. However, the
air-inlet length tends to be shortened for new engine geometries, and part of this conditioning effect
is lost. Typically for Ultra High Bypass Ratio (UHBR) engines, high azimuthal distortions are expected
in the most significant part of the air inlet [1].
Such a distortion can significantly impact the acoustics, and classical propagation models [2], which
consider that the mean flow is axisymmetric, cannot be used anymore. New methodologies are
needed. A first study done by Sofrin & Cicon [3] has been carried out to understand the consequence
of such a phenomenon on the acoustic field. Using an eigenanalysis on a simplified propagation
equation, they showed that the uniform flow modes become distorted and that new modes need to
be introduced to represent the acoustics.
Other studies followed the idea presented by Sofrin & Cicon and extended it. Astley et al. [4] solved
the exact propagation equation, the Pridmore-Brown equation, using an eigenanalysis in the case of
a duct of constant radius. Comparisons with results of a real aero-engine inlet, for which an experi-
mental azimuthal breakdown of the measured sound pressure is available, proved this method to be
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Figure 1 – An engine inlet with an incoming flow of incidence α.

an accurate prediction tool. They have also shown a weak coupling between the hydrodynamic and
acoustic modes for low levels of flow distortion. This eigenanalysis can also be applied to flows with
a high level of inhomogeneity in ducts of varying radius by using a two-way sweep calculation [5].
This method offers good results, but the associated computational cost is high and does not appear
to be of significant interest compared to numerical methods [1, 6]. One element that slows down the
calculation is the need to propagate the hydrodynamic modes, the wavelengths of which are small
compared to the characteristic acoustic wavelengths. Ignoring the hydrodynamics would imply a sig-
nificant gain in terms of central processing unit (CPU) cost by reducing the needed axial discretization
and the number of variables to compute. To that extent, Guérin et al. [7] made an approximation for
turbo-engines that seemed to give consistent results by considering that the flow was potential. Sev-
eral studies based on finite element methods (FEM) use that approximation to compute the acoustic
field when a distorted potential flow is assumed [8, 9]. They offer results of main interest, but the CPU
cost for such computation is still significant. The current paper’s idea is to reduce the calculation time
again by taking advantage of the core ducted aspect of the problem to distinguish the axial resolution
from the transverse one (modal representation).
This idea is the basis of the multimodal method (MM), which consists in rearranging the acous-
tic problem in a set of coupled one-dimensional (1D) amplitude equations describing the evolu-
tion of the modes. This method is generally used to calculate propagation inside ducts without
flow [10, 11, 12, 13, 14] but it has recently been extended cases with simplified two dimensional
potential flows [15]. In classic multimodal formulation, the acoustic variables are projected on the
local transverse eigenmodes, composed of separable functions in the radial and azimuthal directions
(Fourier decomposition in the azimuthal direction, Bessel decomposition in the radial direction). This
basis cannot be kept in a duct with a distorted flow since no separable functions can be obtained.
Nevertheless, a Fourier transform of the acoustic variables can still be done in the azimuthal direction
since, in most cases, the flow is not far from being axisymmetric [4]. Therefore the circumferential
Fourier spectrum is finite and limited to the nearest azimuthal orders. In the radial direction, a basis
composed of Chebyshev polynomials is used since its offers excellent convergence priorities [15].
The paper is set as follows. A description of the developed multimodal method with distorted potential
flows is fisrt given in section 2 . In section 3 , the method is validated and the effects of inflow distortion
are highlighted by comparison with cases without distortion. Conclusions and discussions are finally
provided in section 4 .

2. Multimodal formulation with distorted potential flow
2.1 Model assumptions
The domain considered for the acoustic resolution is the air-inlet of an aero-engine during landing
or takeoff operations. The nacelle is approximated by an axisymmetric duct. The viscous effects
are neglected and no-shock is expected. Taking all these considerations into account, the flow is
considered as a perfect isentropic subsonic compressible gas flow.
In the following, all the parameters are transformed to be dimensionless: densities are normalized
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by a reference density ρ∞, velocities are normalized by a reference sound speed c∞, spatial dimen-
sions by the typical duct radius R∞, velocity potentials by R∞c∞, and pressures by ρ∞c2

∞. We begin
by considering an associated cylindrical coordinate system (x,r,θ), with the associated eigenvectors
(ex,er,eθ ). The hub and tip radius are written R1 and R2 respectively. The analysis is done in the
frequency domain and the characteristic pulsation of the source ω = 2π f is introduced, with f the fre-
quency. The velocity vector, the density, the speed of sound and the pressure variables are written:
ṽ=V+Re(v eiωt) = (U,V,W )+Re((u,v,w) eiωt), ρ̃ =D+Re(ρ eiωt), c̃ =C+Re(c eiωt), p̃ = P+Re(p eiωt)
respectively. The capital letters denote the time-averaged values, and the lower-case letters repre-
sent the unsteady harmonic perturbations. The notations are identical to those used by Cooper &
Peake [16].
In this framework, the steady Euler equations are:

∇ · (DV) = 0,

D(V ·∇)V =−∇P,

C2 =
γP
D

= Dγ−1,

(1)

where γ is the ratio of specific heats.
For the unsteady harmonic perturbations, the perturbation velocity is decomposed into a rotational
and an irrotational term: v = vR +∇φ = (uR

x ,u
R
r ,u

R
θ
)+∇φ , with φ the velocity potential and ∇.vR = 0.

By imposing that the unsteady pressure only depends on the acoustic potential p = −D Dφ/Dt, the
linearized Euler equations (LEE) for the perturbation variables can be written as follows[16]:

∇ · (D∇φ)−D(iω +V ·∇)

[
1

C2 (iω +V ·∇)φ

]
= ∇ · (DvR),

(iω +V ·∇)vR +(vR ·∇)V =−ξ ×∇φ ,

(2)

with xi = rot(V ) is the mean vorticity.
The potential part of the velocity follows a wave equation, whereas the rotational part follows a trans-
port equation. Therefore, the first part can be associated with acoustic propagation, when the second
can be associated with hydrodynamic convection. The two equations are coupled by the mean vortic-
ity xi. When this term is equal to zero, an apparent dissociation between both equations is obtained,
and the acoustic problem reduces to the resolution of the equation:

∇ · (D∇φ)−D(iω +V ·∇)

[
1

C2 (iω +V ·∇)φ

]
= 0. (3)

For the following of the paper, the flow is considered potential (i.e. xi = 0) and this last equation is
solved. The fact that the flow is potential implies that:

∂W
∂x

=
1
r

∂U
∂θ

,
1
r

∂ rW
∂ r

=
1
r

∂V
∂θ

,
∂U
∂ r

=
∂V
∂x

. (4)

Note that if the flow is distorted, the term ∂U/∂θ is not equal to zero; therefore, the term ∂W/∂x is
also non zero. This means that the distortion causes an axial variation of the mean flow.

2.2 Modified wave equation
The multimodal formulation for a simplified potential flow has already been studied in [15]. As in the
latter study, the formulation is written using the acoustic velocity potential φ and it axial derivative, q =
∂φ

∂x
. The acoustic variables are projected on transverse cross-section modes such that the problem

can be written as a set of first-order coupled differential equations. This basis is denoted here (ϕ j) j∈N.
As an example, the acoustic potential writes: φ = ∑ j φ j(x)ϕ j(x,r,θ). Equation (3) is multiplied by a
test function ϕ∗

i , chosen to be the complex conjugate of a basis function, and is integrated over a duct
transverse surface S. Then by applying the divergence theorem, and after some manipulation with
the mean flow mass conservation equation, we obtain:
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d
dx

(∫
S

D(1−M2
x )qϕ

∗
i dS
)
− d

dx

(∫
S

DUϕ
∗
i

1
C2

D⊥φ

Dt
dS
)
=
∫

S
D(1−M2

x )q
∂ϕ∗

i

∂x
+D∇⊥ϕ

∗
i .∇⊥φ

− D
C2

(
V 2 ∂φ

∂ r
∂ϕ∗

i

∂ r
+

(
W
r

)2
∂φ

∂ r
∂ϕ∗

i

∂ r
+w2

φϕ
∗
i +UV

(
∂ϕ∗

i

∂ r
∂φ

∂x
+

∂φ
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∂ϕ∗
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)
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(
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)
+

WV
r

(
∂ϕ∗

i

∂ r
∂φ

∂θ
+

∂φ

∂ r
∂ϕ∗

i

∂θ

)
+iUω

(
φ

∂ϕ∗
i

∂x
− ∂φ

∂x
ϕ
∗
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)
+ iV ω

(
φ

∂ϕ∗
i

∂ r
− ∂φ

∂ r
ϕ
∗
i

)
+ i

W
r

ω

(
φ

∂ϕ∗
i

∂θ
− ∂φ

∂θ
ϕ
∗
i

))
dS,

(5)

where
D⊥φ

Dt
= iωφ +V

∂φ

∂ r
+

W
r

∂φ

∂θ
is the transverse convective derivative, and Mx =U/C is the axial

Mach number.
The acoustic variables are decomposed on the transverse basis to obtain the multimodal equation to
be solved:

(∫
S

D(1−M2
x )ϕ jϕ

∗
i dS
)

dqn

dx
−
(∫

S

DU
C2

(
ϕ
∗
i

D⊥ϕ j

Dt
−ϕ j

D⊥ϕ∗
i

Dt

)
dS
)

dφn

dx
− d

dx

(∫
S

DU
C2 ϕ

∗
i

D⊥ϕ j

Dt
dS
)

φn =

− d
dx

(∫
S

D(1−M2
x )ϕ jϕ

∗
i dS
)

qn +
∫

S
D(1−M2

x )ϕ j
∂ϕ∗

i

∂x
qn +D∇⊥ϕ

∗
i .∇⊥ϕ j

− D
C2

(
D⊥ϕ j

Dt
D⊥ϕ∗

i

Dt
+U

(
∂ϕ j

∂x
D⊥ϕ∗

i

Dt
+

D⊥ϕ j

Dt
∂ϕ∗

i

∂x

))
dSφn.

(6)
This last equation can be rearranged in the following matrix form:(

A11 0
A21 A22

)
d
dx

(
φn

qn

)
=

(
M11 M12
M21 M22

)(
φn

qn

)
, (7)

with:

A11 = A22 = M12 =
∫

S
D(1−M2

x )ϕ jϕ
∗
i dS,

M11 =−
∫

S
D(1−M2

x )ϕ j
∂ϕ∗

i

∂x
dS,

A21 =−
∫

S

DU
C2

(
ϕ
∗
i

D⊥ϕ j

Dt
−ϕ j

D⊥ϕ∗
i

Dt

)
dS,

M21 =
∫

S
D∇⊥ϕ

∗
i .∇⊥ϕ j −

D
C2

(
D⊥ϕ j

Dt
D⊥ϕ∗

i

Dt
+U

(
∂ϕ j

∂x
D⊥ϕ∗

i

Dt
+

D⊥ϕ j

Dt
∂ϕ∗

i

∂x

))
dS

=+
d
dx

(∫
S

DU
C2 ϕ

∗
i

D⊥ϕ j

Dt
dS
)
,

M22 =− d
dx

(∫
S

D(1−M2
x )ϕ jϕ

∗
i dS
)
+
∫

S
D(1−M2

x )ϕ j
∂ϕ∗

i

∂x
dS.

(8)

2.3 Axial integration and boundary conditions
Equation (7) is unstable and cannot be integrated directly because of evanescent modes [12]. The
multimodal method allows to solve this issue by defining an admittance matrix Y such that qn(x) =
Y (x)φn(x). This admittance links the potential and its derivative and is therefore characteristic of the
reflection and refraction index of the medium (Poincaré–Steklov operator). A new stable equation,
called the Riccati equation, is obtained for this matrix:

dY
dx

=−YA −1
11 M11 −YA −1

11 M12Y +A −1
22 M21 −A21A

−1
11 M11 +(A −1

22 M22 −A21A
−1

11 M12)Y, (9)

and is solved using a Magnus-Moebius scheme [17, 12].
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The solving allows assessing the admittance value inside the duct given an initial value Ye, called
the radiation condition. Generally, the admittance is defined as a fixed point of the Riccati equation
in multimodal methods. These points solve the equation when all the global variables do not vary
axially, which generally corresponds to extending the duct into an infinite uniform duct. However,
extending the duct and keeping the potential flow hypothesis necessarily implies axially varying flow
variables in the presence of distortion (see section 2.1). In order to have non-varying global variables
here, the duct is extended and the distortion is artificially kept constant. This violates the potential
flow hypothesis, but this allows to derive a quasi non-reflecting boundary condition on the artificial
boundary.
A local transverse eigenvalue problem is defined at the exit plane to get as close as possible to the
usual constant duct radiation condition. The solution is written using a summation of local transverse
modes over the cross-section that locally propagate or decay exponentially with the axial distance:(

φn(x)
qn(x)

)
= ∑

i
αi

(
wi1
wi2

)
eiλix, (10)

where wi1/2 are eigenvectors representing the weight associated with the distribution over the cross-
sectional basis functions ϕi, λi are the associated axial wavenumbers and αi are constants. By
injecting the expression (10) into the propagation equation (7), and by using the basis properties of
the eigenvectors, the following eigenvalue problem is obtained:

iλi

(
A11 0
A21 A22

)(
wi1
wi2

)
=

(
M11 M12
M21 M22

)(
wi1
wi2

)
. (11)

Here, the solution is split into forward and backward waves based on the quadrants of the imaginary
plane in which their associate eigenvalue lies. This allows, for example, to construct the forward

matrix
(

φn+

qn+

)
∝

(
W1+
W2+

)
eΛ+x with

(
W1+
W2+

)
=

(
w11, ...,wn1
w12, ...,wn2

)
and Λ+ = diagonal(iλ1, ..., iλn) and

where λ1, ...,λn and w11/2, ...,wn1/2 are the eigenvalues and eigenvectors associated to forward waves.
The backward Y− and forward Y+ admittances are introduced, and link the backward and forward
modes respectively: qn+ = Y+φn+, qn− = Y−φn−.
At the end of the duct, the waves only propagate forwards (Ye =Y+). The expression of the admittance
matrix is then straightforward at the duct exit and writes:

Ye =W2+W−1
1+ =W1+Λ+W−1

1+ . (12)

This boundary condition is usually imperfect since the radiation condition is a jump in the model
from a potential to a non-potential flow. Therefore, this could create artificial reflections, but this
phenomenon is expected to be limited. Let us mention that contrary to the case of a uniform fluid in a
constant duct, the study of the modal problem in the presence of a mean flow still raises many open
mathematical questions [18].

2.4 Injection of a mode
The only thing left to do is to inject a source at the duct entrance, which consists in forcing a potential
distribution on the chosen basis. However, the only known wave is the outgoing one generated by
the acoustic source, noted φ+. If no reflection is expected inside the duct, this can be the value kept
for the imposed potential φn. Nevertheless, apart from rare cases, there are always waves travelling
in the opposite direction, noted φ−, due to geometrical or flow reflections.
Let us define the reflection matrix R such as φ− = Rφ+. To obtain the reflection matrix R from the
calculated admittance matrix Y , the acoustic potential and its derivative are decomposed at the entry
into a right and left propagating wave as:

φn = φ++φ− and qn = q++q−. (13)

Using the computed admittance at the entrance and continuity conditions for the acoustic potential
field and its axial derivative, the following relation is obtained:

Y (φ++φ−) = Y+φ++Y−φ−, (14)
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with Y+/− corresponding to the admittance matrix associated to the waves propagating forwards or
backwards at the entrance. Since the previous relation is true for any injected field φ+, we obtain
R = (Y −Y−)−1(Y+−Y ) and the forced potential is (In +R)φ+, with In the identity matrix.
Finally, using equation (7), the potential field inside the whole duct is obtained as the solution of:

dφn

dx
=
(
A −1

11 M11 +A −1
11 M12Y

)
φn. (15)

2.5 Transverse mode basis
In most multimodal studies [10, 11, 12, 19], standard basis functions are used, composed of local
transverse eigenmodes φn. However, no analytical formulation of the transverse modes exists for
distorted flows. These eigenmodes could be calculated at each axial section by solving a transverse
eigenvalue problem, implying important calculation resources. There would then be no interest in
using a multimodal formulation instead of a two-way step calculation.
Therfore, in this study, a Fourier decomposition is done in the azimuthal direction since Astley et
al. [4] showed that the distorted modes could be represented with a limited number of azimuthal
Fourier functions. In the radial direction, all the variables are projected on Chebyshev polynomials,
as done previously for a multimodal formulation with a simplified flow [15]. These polynomials allow
representing the boundary condition correctly and have excellent convergence properties.
Considering this, at each basis function index j, we associated a couple (m, p) ∈ (Z,N) such that

ϕ j = ϕm
p = Tp

(
r−R1

R2 −R1

)
e−imθ , with Tp the shifted Chebyshev polynomial of the first kind of order p

and m the azimuthal wavenumber.

3. Study of the acoustic propagation inside a real geometry with a distorted flow
3.1 Definition of test cases
In the following, the nacelle of the NOVA Onera airplane (side nacelle configuration) is consid-
ered [20]. For confidentiality reasons, the spatial dimensions are normalized by the fan radius and
velocities by the free-stream velocity. This nacelle is placed inside a mean flow with varying free-
stream velocities and an extreme angle of attack of 15 deg to study the impact of distortion.
The acoustic test cases will be performed at a frequency representative of the blade passing fre-
quency (BPF) and for an injected mode (m,n) = (12,1), with m the azimuthal wavenumber and n the
radial wavenumber. This mode is cut-on for all the considered mean flow, and therefore few impacts
of the distortion on the acoustic power are expected.
Baseline cases with an axisymmetric flow obtained by azimuthal averaging of the distorted flow are
also performed to understand the improvement brought by the inclusion of the distortion in the acous-
tic model.

3.2 Mean flow computations
In this study, the mean flow is computed using Onera’s CFD solver elsA, based on a cell-centred finite
volume approach on multi-block structured meshes [21]. For this purpose, the solver is turned into
a RANS mode using an implicit pseudo-time marching method with a backward Euler scheme and
a second-order Jameson scheme in space. The Spalart-Allmaras model deals with the turbulence
closure. For computational reasons, the fan is not simulated. The flow is driven by all external
boundaries. The domain comprises around 25 million points and the simulations are run over 84
processors and last approximately ten hours.
Three cases are performed with the nacelle placed under an incidence of 15◦ at different free stream
Mach number values M∞. A quick overview of computed mean flow axial velocity contours provided
by the CFD solver at the inlet of the duct is given in figure 2. The azimuthal inhomogeneity is visible
in all cases. We observe that the nacelle behaves like an airfoil under incidence, accelerating the
flow over the upper lip of the bottom part of the nacelle, and decelerating it over the lower lip of the
upper part of the nacelle. This causes a difference in velocity between the upper and lower parts
of the nacelle, which is responsible for the inflow distortion. Note that the flow is not completely
realistic here since no fan was placed in the nacelle. In particular, the two main consequences are
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that the flow velocities inside the nacelle are moderated, and extremely high inflow distortion levels
are obtained. Nevertheless, for the performed acoustic study, this should not be problematic.

(a) M∞ =−0.2 (b) M∞ =−0.4

(c) M∞ =−0.6

Figure 2 – Normalized axial velocity contours at the duct inlet.

For the three cases, an angular Fourier transform is performed from the axial velocity maps to get the
amplitude of the distortion harmonics. The inflow distortion is also analyzed by computing the axial
evolution of the circumferential distortion coefficient (CDC) applied to the axial velocity at different
channel heights. This coefficient is defined as:

CDC(x,r) =
maxθ (U(x,r,θ))−minθ (U(x,r,θ))

meanθ (U(x,r,θ))
. (16)

The associated results are plotted in figure 3. It can be seen that the distortion decreases along
the duct and that the CDC tends to be independent of the free stream Mach number. However, this
decrease depends on the channel height, and the closer to the tip, the higher the attenuation. Near
the tip, an exponential decrease is obtained. It also appears that the flow can be represented by
a Fourier superposition of low order azimuthal components. Considering only the first two Fourier
components for most test cases should be enough to represent the flow correctly. However, this
tends to be less true as the Mach number increases.
Now that the main characteristics of the flow have been presented, let us check that the potential
flow hypothesis made for developing our acoustic formulation is realistic. The vorticity magnitude

7
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(a) Axial evolution of CDC (b) Azimuthal Fourier transform harmonics of axial
velocity at 95% of channel height

Figure 3 – Evolution of the azimuthal distortion inside the duct.

computed by the CFD solver is given at the fan and exit planes for all cases in figure 4. The vorticity
magnitude is small almost everywhere compared to the distortion levels, and the potential hypothesis
is reasonably respected. This hypothesis is not met inside boundary layers, but they are not included
in the acoustic propagation model (perfect gas). Note that some non-physical vorticity appears on
the mesh junctions (plotted in black) and is caused by numerical interpolations.

3.3 Validation of the method against a mature CAA solver
The method is validated for the case with the free-stream Mach number M∞ = −0.2 against a CAA
solver that does not make the potential flow hypothesis. The solver chosen is the Onera’s in-house
code sAbrinA [22, 23, 24]. It solves through finite differences the linearized Euler perturbations
equation in the time domain on a structured multi-block grid. In order to dissipate the waves at the
output of the domain and to avoid numerical reflected waves, an extrusion is made. The flow in
that region is duplicated from the last slice of the domain. The domain comprises around 2.1 million
points and the simulation is run over 168 processors and lasts approximately fifteen hours to get a
converged solution.
The present multimodal method is used with twenty Chebyshev polynomials, nine azimuthal Fourier
modes and a hundred points in the axial direction. The test case takes less than one minute to run
with these considerations.
Iso-pressure contour plots on two axial slices (at the fan and the exit planes) and on the vertical slice
Y = 0 are given in figures 5 and 6. The distortion impact is visible on the exit axial slice where the
mode is not represented by a perfect single Fourier component in the azimuthal direction. Never-
theless, it has retained its original shape with the number of azimuthal lobes equal to the number
of lobes at the injection plane. The vertical slice shows that both solutions agree that an important
reflection happened with the presence of interaction lobes on the absolute pressure. As expected, it
can also be noted that the iso-pressure is not symmetric around x = 0.
The information brought by the iso-pressure maps comparison is limited because there is little az-
imuthal scattering. A more quantitative comparison is thus performed by doing an azimuthal Fourier
decomposition at 95% of the nacelle height for all the axial positions. The results of this projection are
given in figure 7. The projection is limited to the first azimuthal neighbour modes. A relatively good
agreement is obtain between both methods. The values slightly differ near the exit, but the authors
observed a non-physical reflection in the CAA simulations at that level. Nevertheless, the model cor-
rectly captures the order of magnitude of the scattered waves and the reflection on the injected mode
m = 12.
These graphs confirm that the method gives consistent results and that it can therefore be used to
study the impact of distortion.

8



IMPACT OF AZIMUTHAL DISTORTION ON IN-DUCT ACOUSTIC PROPAGATION

(a) Fan level. M∞ =−0.2. (b) Exit level. M∞ =−0.2.

(c) Fan level. M∞ =−0.4. (d) Exit level. M∞ =−0.4.

(e) Fan level. M∞ =−0.6. (f) Exit level. M∞ =−0.6.

Figure 4 – Normalized vorticity magnitude.

3.4 Acoustic parameter study
Now that the method is shown to give consistent results, it is used to study the impact of the distortion
on the propagation by comparing the results of the three different flow conditions.
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(a) Fan level. sAbrinA. (b) Exit level. sAbrinA.

(c) Fan level. Multimodal. (d) Exit level. Multimodal.

Figure 5 – 2D real pressure map with an infinite Mach number M∞ =−0.2.

For all the test cases, an azimuthal Fourier decomposition at 95% of the nacelle height is given at the
fan and the exit planes in figure 8. In order to have a more quantitative evaluation of the distortion
impact, the acoustic power is computed and compared to the baseline case (no-distortion). The
associated results are given in table 1.
The first observation made is the same as the one given by Guérin et al., with a decrease of the
injected mode amplitude during its propagation inside the duct compared to the baseline case [7]. At
the injection plane, non-injected modes are present, which shows that the distortion tends to create
reflected scatter waves on azimuthal neighbours. It can also be noted that the impact of distortion is
mainly seen on the direct azimuthal neighbours of the injected mode, with a scattering happening in
cascade. However, the scattering is not symmetric on m± k (with k an integer) contrarily to what was
obtained inside a constant thin annular duct [7]. The mean flow also plays a key role with a scattering
that is more pronounced for higher Mach numbers for a given angle of incidence (and therefore,
distortion coefficient).
However, the impact of the distortion on the power level is not significant for the computed test cases,
with only a minor decrease of the power levels. Note that the mode is cut-on and experiences low
levels of radial scattering, which mainly explains these results. In theory, the scattered reflected waves
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(a) sAbrinA. (b) Multimodal.

Figure 6 – Maps of absolute pressure on the vertical slice Y = 0 with an infinite Mach number
M∞ =−0.2.

Figure 7 – Axial evolution of the azimuthal contributions to the mode at the outer wall.

could interact with other reflection phenomena (for example turning points) to form destructive or
constructive interference. The conclusion on the power levels would then tend to become erroneous,
but this should only happen in rare cases and that have not been observed here.
The interest in considering the distortion inside the engine is limited regarding the power levels for
cut-on modes. However, the angular mode spectra show that the acoustic shape in the azimuthal
direction is highly modified. Therefore the distortion would mainly impact the directivity of the field
radiated outside the engine.

4. Conclusion
This paper presents a study on the acoustic propagation inside a turbofan engine with flow distortion.
A multimodal method has been developed to compute the propagation of the acoustic modes in
such cases. It is based on the hypothesis that the flow remains potential, which allows separating
the hydrodynamic convection and the acoustic propagation. The method uses a basis of Fourier
components and Chebyshev polynomials, which allows for extremely fast calculations. The speed of
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(a) Fan level. M∞ =−0.2. (b) Exit level. M∞ =−0.2.

(c) Fan level. M∞ =−0.4. (d) Exit level. M∞ =−0.4.

(e) Fan level. M∞ =−0.6. (f) Exit level. M∞ =−0.6.

Figure 8 – Azimuthal decomposition of the pressure field at the outer wall (normalized by the
baseline amplitude).

the method comes from the fact that the privileged propagation direction and transverse resolution
are dissociated.
The method has been evaluated on the nacelle of the NOVA Onera airplane. The base flow has
been obtained by performing CFD computation at various infinite Mach numbers and an extreme
angle of incidence of 15◦. These simulations showed that the potential hypothesis is met outside the
boundary layers. They also gave three results of main interest: the distortion levels tend to decrease
sharply inside the engine, the distortion intensity is independent of the infinite Mach number, and the
mean flow can be decomposed on a limited number of azimuthal components. This last observation
allowed us to limit the number of Fourier coefficients used for the acoustic resolution.
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Mach number Baseline power Distortion Power

-0.2 126.6 dB 126.5 dB
-0.4 125.9 dB 125.6 dB
-0.5 124.8 dB 124.4 dB

Table 1 – Power levels in the intake for the cut-on cases.

The developed multimodal method has been validated against a mature CAA solver. Even if the flow
is not perfectly irrotational, the method correctly approximates the real acoustic field. It is, therefore,
a useful tool for studying the distortion impact on the acoustic field.
The different flow cases have therefore been investigated. They have shown that the distortion does
not impact significantly the induct acoustic power, and that the main effect is on the transverse shape
of the mode. The amplitude of the injected Fourier mode tends to decrease, while the one of its
neighbours increases. This effect is more and more pronounced as the Mach number increases.
These last observations show that it would be of main interest to chain the method with a radiation
tool to assess the impact of distortion on the sound directivity.
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