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Numerical Simulations of Fan Interaction Noise
Using a Hybrid Approach

C. Polacsek,∗ S. Burguburu,† S. Redonnet,‡ and M. Terracol‡

ONERA, 92322 Châtillon, France

A source-to-far-field computation procedure aimed at predicting the noise generated by rotor–stator fan in-
teractions is presented here. Interaction noise sources are assessed using a three-dimensional Reynolds-averaged
Navier–Stokes (RANS) code. A modal expansion is applied to the computational fluid dynamics (CFD) data, and
a source model is used to link the CFD to an Euler code simulating the acoustic propagation. Far-field noise is
classically obtained by means of a Kirchhoff integral. The source model is detailed and validated over a selected
benchmark. Then the hybrid method is applied to a turbofan model, tested in the German–Dutch Wind Tun-
nel. Simulations are compared to boundary element method computations previously performed and used here
to validate the no-flow solution. Interacting cut-on mode amplitude deduced from CFD output postprocessing is
adjusted to fit in-duct measurements on the outer wall. The predicted radiation field is related to the directivity
patterns measured at several axial positions upstream of the fan inlet and fairly good agreement is found using the
RANS/Euler/Kirchhoff procedure.

Nomenclature
Amμ = normalized amplitude of expanded Green’s

function with respect to a mode (m, μ)
Cmμ = Hankel-like eigenfunction of order m, (a Jm + bYm)
c0 = sound speed
d = source-observer distance in the translating

propagation medium,√
[(x1 − y1)

2 + β2(x2 − y2)
2 + β2(x3 − y3)

2]
G = Green’s function (expressed in the time domain)
Gmμ = Green’s function expanded over mode (m, μ)
Gω = harmonic Green’s function (frequency domain)
h = hub-to-tip ratio
K = total wave number
k = axial wave number
M = uniform mean flow Mach number (along z axis)
m = spinning mode order, that is, circumferential mode
ni = coordinates of outside normal to the Kirchhoff

surface
pmμ = Fourier–Bessel transformed pressure

with respect to mode (m, μ)
pω = harmonic pressure
q = monopole (harmonic point-source) amplitude
(r, θ, z) = cylindrical coordinates in the duct frame
(rs, θs, zs) = source coordinates in the duct; θs and zs are set

equal to zero in the equations
Sk = Kirchhoff surface
t = observer time
U0 = uniform mean flow velocity (along z axis)
xi = observer x coordinates in the wind-tunnel frame
yi = source y coordinates in the wind-tunnel frame
αmμ = eigenvalues for the mode (m, μ) solution of a

Bessel equation

β = Lorentz factor,
√

(1 − M2)
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μ = radial mode order
(ρ, u, p) = density, velocity, and pressure disturbances

(acoustic pressure in the linear domain)
(ρ0, p0) = mean density and mean pressure
σ = Lorentz-modified distance between source

and observer, [d − M(x1 − y1)]/β
2

τ = emission time
ϕ = angle between source–observer direction

and normal to Sk
ω = angular pulsation

I. Introduction

D ISCRETE-FREQUENCY tones generated by unsteady blade
row interactions are of particular concern in the design of ad-

vanced turbine engines. For subsonic fans, the acoustic tones are
usually 10–15 dB above the broadband level and are mainly due to
wake interaction between rotor and stator. For this reason, a source-
to-far-field computation chain has been proposed by ONERA for
predicting the noise generated by rotor–stator interactions and radi-
ated from the engine inlet or from the exhaust (Fig. 1).

Noise sources and near-field perturbations in the vicinity of the fan
are assessed using a three-dimensional Reynolds-averaged Navier–
Stokes (RANS) solver from the ONERA platform ELSA1−3 de-
veloped for turbomachinery applications. As is commonly adopted
by many authors from the aeroacoustics community,4−13 a modal
approach based on the expansion of computational fluid dynamics
(CFD) perturbations over incoming and outgoing Fourier–Bessel
harmonics is used to match the CFD and computational aeroacous-
tics (CAA) domains, assuming a uniform mean flow and an an-
nular geometry in the matching region. The main originality here
is that the outgoing modes are regenerated in terms of equivalent
monopoles, to be entered as source inputs in the CAA, rather than
directly use the pressure mode profile as a boundary condition. This
point is underlined in the paper. The CAA is performed by using
the ONERA multipurpose platform SABRINA,14−16 whose speci-
ficity for acoustics is to solve disturbances Euler equations (DEE)
with a sixth-order scheme in space. When isentropic subsonic in-
let flows are considered, solutions should be roughly equivalent to
those computed using standard linearized Euler equations (LEE).
DEE calculation is classically coupled to a Kirchhoff integral (see
Ref. 17), written in the frequency domain, to extrapolate the so-
lution up to the far field. These simulations are also compared to
successful results18,19 previously obtained by coupling the CFD to
a boundary element method (BEM) commercial code, neglecting
mean flow velocity.
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Fig. 1 Source-to-far-field computation procedure.

First, in Sec. II the CFD and CAA codes and the Kirchhoff routine
are described. In particular, main specificities required for a reliable
simulation of both the noise source generation and the acoustic prop-
agation are emphasized. Second, in Sec. III the postprocessing of
RANS solution is described, aiming at providing the source inputs
for Euler computations. The method is validated in Sec. IV by com-
paring analytical and numerical solutions relative to a benchmark
proposed in Ref. 18 (validated for a fluid at rest using BEM) and in-
cluding convection effects using DEE. The computation procedure
is finally applied in Sec. V to a fan model tested in the DNW–LLF
anechoic wind tunnel.20 The fan model consists in a one-stage sim-
plified compressor (rods instead of blades) of annular geometry.
Modal analyses and far-field directivity patterns are available, and
both are used to validate the computations. The modal spectrum de-
duced from the simulations is compared to the measured spectrum,
deduced from modal analysis performed during the tests, to adjust
the in-duct pressure amplitude on the outer wall. The methodology
employed for the RANS/Euler coupling, that is, source-term injec-
tion instead of the usual boundary condition approach, is expected
to take into account significant reflections on the turbofan inlet and
outlet, giving rise to standing waves inside the duct, as detected
during the tests. The acoustic radiation computed in the upstream
direction is compared to the noise measurements by plotting the
directivity patterns at the blade passing frequency (BPF) at several
positions of the microphone rake. Upstream radiation on BPF then
is compared to the measured directivity patterns. Hence, reliability
of the present simulations is discussed.

II. Numerical Tools
A. RANS Computations

CFD calculation is performed using the three-dimensional
Navier–Stokes solver from ELSA that solves the compressible
RANS equations in the relative frame. Space discretization is en-
sured using Jameson’s second-order-centered scheme with a cell-
vertex approach. Time integration is based on a four-step Runge–
Kutta scheme. Boundary conditions are based on the conventional
characteristic relations. Unsteady computations (rotor–stator inter-
action problem) are performed using a phase-lagged approach,21

which permits the computation of the stage aerodynamics over a
single rotor and stator passage.

To reduce the computational effort without altering the accu-
racy of noise sources and outgoing perturbations in the vicinity of
the rows, the CFD domain can be limited to the fan region. (Inlet
and outlet geometry do not necessarily have to be meshed.) This is
relevant to the CFD/CAA proposed coupling, which only requires
outgoing disturbances. This point may be very interesting for two
linked reasons:

1) Current CFD solvers are unable to provide accurately a to-
tal disturbance field including incoming waves due to the physical
reflections on the inlet or outlet.

2) The CFD disturbance field solution often is contaminated by
incoming waves due to nonphysical, that is, numerical, reflections
on the grid boundaries, which can be removed by using a wave-
splitting technique as is done in this study (Sec. V).

A special care has to be paid to the mesh density between the
rotor and stator to capture the rotor wake and its interaction with
the outlet guide vanes. Grid density is reduced in the region up-
stream of the rotor, with a minimum resolution of 40 points per
acoustic wavelength (according to the parametric studies achieved

in TurboNoiseCFD) and is stretched up to the mesh boundaries to
increase the numerical dissipation. Stretching is expected to lower
the numerical reflections on upstream and downstream boundaries
because the present nonreflecting boundary conditions (NRBC) are
based on the Thomson condition (see Hixon22) known to be suitable
only for plane waves.

Details about grid points and CPU time requirement are given
in Sec. V devoted to a turbofan model simulation case studied in
the framework of Basic Research Duct Acoustics and Radiation
(DUCAT) European Project simulations.

B. Euler Computations
Acoustic propagation is simulated using the three-dimensional

structured multiblock platform SABRINA, used here in the Euler
mode. Details about the solver may be found in Ref. 15. For engine
noise problems, the code is particularly able to solve the full Euler
equations applied to the disturbances, aiming at simulating acous-
tic propagation in complex flows (as for jet noise or shock waves
in transonic conditions). As mentioned in the Introduction, for the
case of isentropic subsonic flows, these equations should be consid-
ered roughly equivalent to usual LEE, as for present applications.
SABRINA uses a low dispersive sixth-order scheme in space and a
third-order Runge–Kutta scheme for the time integration. Efficient
NRBC under development should be soon available in SABRINA.
However, the conventional Thomson approach enhanced by a grid
stretching is used in the present study to simulate free-space con-
ditions. Nondispersive and nondissipative acoustic propagation is
ensured using λ/10 grid spacing in the axial direction, where λ
is the smallest axial wavelength. The time spacing is adjusted so
that the Courant–Friedrich–Lewy number is close to 1, to limit the
number of time iterations required to obtain a periodical solution.
CPU time for three-dimensional applications is roughly equal to 2.5
μs/point/iteration on a NEC SX5.

Generation of basic source terms (monopoles, quadrupoles) in
SABRINA is available and currently used.16 Normalized monopoles
have been recently implemented to simulate a spatial Dirac distri-
bution (point-source with unity amplitude) required by the coupling
method described in Sec. III. Details are given in the Appendix,
Sec. A.

C. Far-Field Predictions Using Kirchhoff
Because interaction noise simulations are practically limited to

first BPF tones (generated here by means of harmonic sources in the
Euler code), the Kirchhoff time-formulation (see Ref. 17) is written
in the frequency domain. It prevents additional interpolation (time
integration), and it is much more convenient with respect to data
storage and CPU time requirement (being then both negligible).
Far-field harmonic pressure is deduced from the following integral:

pω(x, t) = 1

4πd

∫
Sk

[
M2 cos ϕ

∂p

∂z
− ∂p

∂n
+

{
i K

(
M cos ϕ

+ ni (xi − yi )

d

)
+ β2 ni (xi − yi )

d2

}
p

]
ei(ωt − Kσ) dS

The acoustic pressure field provided by SABRINA along selected
grid surfaces has first to be Fourier transformed. Three adjacent
surfaces are practically used to compute the pressure gradient. Al-
though the Kirchhoff routine directly uses the CAA grid data (with
no interpolation required), the shape of the Euler grid is designed to
be roughly hemispherical with almost regular spacing in the vicin-
ity of the Kirchhoff surface location to reduce numerical errors.
Euler/Kirchhoff coupling has been checked and validated by com-
parisons with analytical solutions and BEM simulations (Sec. V).

III. Equivalent Source Model
The propagation model proposed to match RANS and Euler cal-

culation is the solution of the convected Helmholtz equation in an
annular duct. The uniform mean flow assumption should be re-
stricted for the upstream region of the fan because the vorticity and
the boundary layer are negligible in this area far from the wake
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region. However, these assumptions nowadays may be adopted also
for the bypass duct exhaust,8 as long as the CFD/CAA matching
problem for rotational flows does not encounter any practical issues.
Extension of the modal expansion in shear flows is made possible
by using the Pridmore–Brown equation, which can be solved us-
ing standard numerical techniques (see Ref. 23), but eigensolutions
are not fully reliable because the modes are not orthogonal and the
completeness of the eigensystem is not yet guaranteed. For the sub-
sonic rotor conditions, the inlet flow can be described by potential
equations and the mean velocity remains roughly constant as long
as the duct section varies slowly (flow-rate conservation). Rienstra
and Eversman propose a more general multiple-scale solution tak-
ing into account a slowly varying duct section,24 but here we limit
to the more conventional uniform-flow/annular-duct assumption to
obtain a simple mathematical expression of Green’s function, to get
back easily to the sources, as proposed by the equivalent source
model to be described.

Acoustic pressure is expanded over spinning and radial modes
(m, μ) as follows:

p(z, r, θ, t) =
∑
m,μ

p±
mμCmμ

(
αmμr∗) exp[i(ωt − mθ − k±z)] (1)

Cmμ are the dimensionless (r∗ = r/R) eigenfunctions,25 and ± de-
notes outgoing, +, or incoming, −, waves. When it is assumed that
the fan duct is annular in the matching region, pmμ can be calcu-
lated from the unsteady pressure disturbances provided by CFD
in a cross section (z = z0) upstream of the fan using the following
Fourier–Bessel transform:

pmμ = ω

4π 2

∫ 2π/ω

0

∫ 2π

0

∫ 1

h

p
(
z0, r∗, θ, t

)
Cmμ

(
αmμ r∗)

× exp[−i(ωt − mθ − kz0)]r
∗ dr∗ dθ dt (2)

In addition, an efficient wave-splitting technique,26 consisting of
identifying and canceling the incoming waves [k− in Eq. (1)] is
used to suppress the contributions due to the numerical reflections
from the CFD mesh boundaries. With use of Green’s function, the
acoustic pressure profile relative to angular mode of order m can be
similarly generated by means of equivalent monopoles:

pm(r) =
μmax∑
μ = 1

jmax∑
j = 1

q j A j
mμ

(
r j

s

)
Cmμ

(
αmμr∗) (3)

Amμ represents an elementary solution of LEE for the annular
duct/uniform mean flow problem in the presence of a monopole
source j at rs . It is related to the expanded Green’s function Gmμ

(solution of the convected Helmholtz equation with a Dirac point
source). The analytical expression of Gmμ and the way to obtain
Amμ are addressed in Appendix Secs. B and C, respectively.

The amplitude of each monopole q j , relative to a single mode
m, is obtained by using an inverse method consisting in solving the
following matrix system:[

A j
mμ

(
r j

s

)][
q j

m

(
r j

s

)] = [pmμ] (4)

A solution only exists for Eq. (4) under the condition jmax ≥ μmax,
where μmax is the maximum order of radial modes considered. Note
that there is no restriction about evanescent modes (k complex)
that can be also included in the model. It is known that such an
inverse problem does not have a unique solution (one solution for a
given set of source locations). Practically, we set jmax = μmax, and
sources are supposed to be equally distributed in the radial direction.
The selected spinning mode order m is generated using a point-
source ring (mθ phase-shifted in the angular direction). This is also
described in the Appendix, Sec. A.

IV. Simulations of Acoustic Mode Propagation
in an Infinite Annular Duct

The present matching method is checked in the case of an infinite
annular duct with a uniform mean flow. (The matching using BEM
was proposed and validated in Ref. 18 for a fluid at rest.) The duct

Table 1 Eigenvalues with associated axial wave numbers

α41 = 4.796; α42 = 10.76 Mach = 0 Mach = 0.4

|k41| upstream/downstream, m−1 42/42 72.9/28.8

|k42| upstream/downstream, m−1 16.8/16.8 50.7/6.6

Fig. 2 Annular duct grid used for benchmark.

geometry is defined by R = 0.25 m and h = 0.67, and the source
frequency is equal to 2500 Hz. A typical grid used is shown in
Fig. 2. Because Thomson’s NRBC used at duct ends are expected
to generate reflected waves, infinite duct conditions are obtained by
adjusting the length size (with respect to axial wavelength) and by
limiting the number of time iterations.

A harmonic pressure field is expanded over the spinning modes
(m = 4, μ = 1) and (m = 4, μ = 2), where modes (4,3) and higher are
cut-off. When time and angular dependency are omitted (axisym-
metrical solution in the frequency domain), the acoustic pressure (3)
becomes

p(z, r) =
μ = 2∑
μ = 1

p4μC4μ

(
α4μr∗) e−ik4μz

Both the eigenvalues and the upstream/downstream axial wave num-
bers are summarized in Table 1.

The matrix system (4) to be solved reduces to a two-equation
system with two unknowns, q1 and q2,

q1 A1
41 + q2 A2

41 = p41, q1 A1
42 + q2 A2

42 = p42 (5)

Two cases are studied (with pressure-mode amplitude imposed
upstream): 1) p41 = 0 and p42 = 1, pure second-order radial mode
and 2) p41 = 1 and p42 = 1, mixed first- and second-order radial
modes. Comparisons between the analytical and the numerical so-
lutions are presented in Figs. 3–7.

Figures 3 and 4 show three-dimensional comparisons relative to
case 1, without and with flow, respectively. Equivalent source plane
(monopoles q1 and q2) located at z = 0 is indicated. The agreement
between analytical and numerical solutions is very good. In par-
ticular, the expected convection effect (Fig. 4 compared to Fig. 3)
with respect to the axial wavelength and pressure mode amplitude
breakdown is perfectly achieved.

The more complex case 2 is analyzed in Fig. 5, showing a simi-
lar three-dimensional comparison (with flow). Interference patterns
caused by the superposition of the two axial waves are perfectly
assessed, as well as convection effects. A comparison in a xz plane,
θ = 0 deg, is shown in Fig. 6, to highlight the accuracy of the sim-
ulations. Finally, some profile comparisons are shown in Fig. 7 for
radial profile (z = −0.5 m, Fig. 7a) and axial profile (r = h R, Fig. 7b
and r = R, Fig. 7c). The agreement is excellent between theory and
predictions. Reliability of numerical results therefore validates the
equivalent source model implemented in SABRINA.

V. Application to the DUCAT Configuration
A. Turbofan Model

The experimental setup of the turbofan model in the DNW–LLF
anechoic wind tunnel20 is shown in Fig. 8. The model consists of
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a) Analytical solution

b) Numerical simulation (SABRINA)

Fig. 3 Three-dimensional comparison between analytical and numer-
ical solutions: case 1, Mach = 0.

a) Analytical solution

b) Numerical simulation (SABRINA)

Fig. 4 Three-dimensional comparison between analytical and numer-
ical solution: case 1, Mach = 0.4.

a one-stage compressor made of 16 cylindrical rods (rotor) and 18
vanes (stator). Rotor blades, that is, rods, are basically unloaded, and
noise generation is essentially due to interaction between the rods
wake and the stator vanes. The duct is annular, with R = 0.2 m and
h = 0.6. The flow velocity is uniform and has been adjusted to be
almost identical inside and outside the duct (Mach numbers equal
to 0.25 and 0.2, respectively). Furthermore, only one mode due to
rods–stator interaction is cut on at BPF. All of these parameters
make this case well suited for the purpose of code validation.

a) Analytical solution

b) Numerical simulation (SABRINA)

Fig. 5 Three-dimensional comparison between analytical and numer-
ical solution: case 2, Mach = 0.4.

a) Analytical solution

b) Numerical simulation (SABRINA)

Fig. 6 Comparison between analytical and numerical solution, (xz)
section: case 2, Mach = 0.4.
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a) Radial profile, z = −−0.5 m

b) Axial profile, r = hR

c) Axial profile, r = R

Fig. 7 Pressure profile comparisons from analytical and numerical
solutions: case 2, Mach = 0.4.

Fig. 8 Experimental setup of DUCAT tests in DNW–LLF.

Fig. 9 Microphone position mounted on z-moving rake used for
DUCAT tests.

Fig. 10 DUCAT turbofan model with CFD multiblock grids and sim-
ulated wakes.

At a rotational speed of 298.5 rad · s−1, BPF is equal to 760 Hz
(KR ≈ 3), and the interaction cut-on mode (m, μ) is (−2,1). The
pressure modal amplitude on the outer wall was measured using a
22-microphone ring. Directivity patterns along several planes per-
pendicular to the duct axis upstream of the rotor were scanned us-
ing a 16-microphone rake (seen in Fig. 8) moving along the z axis.
Microphone positions with respect to the fan are shown in Fig. 9.

B. Numerical Simulations
Because Reynolds number based on rod diameter (3 mm) is rather

low (Re = 2.4 × 104) RANS simulations are performed without a
turbulence model (laminar flow assumption), which makes conver-
gence quite fast, although it is a crude assumption.

To reduce the computational effort without altering the accuracy
of noise sources, a straight annular duct is considered. (Inlet and
outlet geometry is not modeled.) The grid is made of 12-structured
blocks, the block upstream of the rotor being designed to propagate
the outgoing acoustic waves accurately. The CFD grid, the blade
and vane surface mesh, and the rotor wake (entropy field snap-
shot) are presented in Fig. 10. Hence, a total number of 1,260,000
points is used, and about 124 h of CPU time on a NEC-SX5
are required to simulate two full rotor revolutions (corresponding
to 230,000 iterations).

SABRINA computations are performed using a monodomain
structured grid of (15 × 100 × 156) cells along the r , θ , and z direc-
tions (Fig. 11). A zero thickness profile is considered for the nacelle
to limit the computation domain. For this basic configuration, the
in-duct mean flow is nearly uniform so that inlet/exhaust propaga-
tion can be simultaneously computed with no restriction. With the
assumption that rotor screen effect and scattering through the stator
are small (which is probably true because rods are used and because
BPF is low), upstream matching only, that is, a single source-plane
upstream the rotor, should be sufficient. Hence, both inlet and outlet
parts are meshed to take into account (via the Kirchhoff integral) in-
terferences between upstream and downstream radiation that highly
modify the directivity shape on BPF.19 Special attention has been
paid to the mesh definition in the source region (where roughly reg-
ular cells are used), nearly beyond inlet and outlet cross sections (for
accurate coupling with the Kirchhoff integral) and in the vicinity of
external boundaries (where the cell size is stretched from 10 to 1
point per wavelength). About 3 h (8000 iterations) of CPU time is
required here to get a periodical solution in the entire domain. Note
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a) Three-dimensional view with equivalent sources location

b) Two-dimensional view with Kirchhoff surface location

Fig. 11 CAA grid used for SABRINA and Kirchhoff computations.

Fig. 12 Entropy snapshot resulting from phase-lagged approach.

a) Three-dimensional view b) Section view

Fig. 13 Instantaneous pressure field simulated by RANS showing interaction cut-on mode (−−2,1).

that in axisymmetric geometry, periodicity conditions have been
recently implemented by Redonnet, so that an angular sector of
2π/m is sufficient (instead of a full-revolution grid).

C. Results and Validations
Von Kármán vortex streets that are present downstream of the

rods (Fig. 10) could suggest that the flow does not fully match the
phase-lagged assumption. This is probably the most critical point of
this type of RANS simulations if rods are used instead of real blade
airfoils. Nevertheless, periodicity is almost achieved, as is shown
by the entropy snapshot plotted in Fig. 12, despite a slight discon-
tinuity on each interface. The expected interaction mode (−2,1) is
generated and propagated, as revealed in the instantaneous pressure
field shown in Fig. 13.

CFD postprocessed pressure, in the cross section z0 = −0.09 m is
compared in Fig. 14 to the Fourier–Bessel harmonic of order (−2,1)
[C21(α21r ) in Eq. (2)]. Accord is nearly perfect, which proves the
reliability of the simulations. The computed angular mode spec-
trum on the outer wall is compared to the experiment in Fig. 15.

Fig. 14 Comparison between in-duct pressure profiles on BPF.

Fig. 15 Angular mode spectrum (BPF) on outer wall.
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The expected interaction mode m = −2 is found to be largely
dominant over other cut-on modes (at least 30 dB higher in tests
and more than 60 dB in the simulations). Note that contrary
to the in-duct measurements, providing a total acoustic pressure
field including incoming reflected fields from inlet and outlet (due
to impedance discontinuity), the CFD here simulates an outgo-
ing wave, which can partly explain the small gap level at m =
−2.

Fig. 16 Simulation of interaction mode propagation/radiation with
SABRINA.

Fig. 17 Numerical simulations of in-duct propagation (no flow) using
BEM (top) and LEE (bottom).

a) Equivalent sources plus SABRINA b) Equivalent sources plus SABRINA/Kirchhoff

Fig. 18 Radiated field simulated using direct Euler and Euler/Kirchhoff computations.

a) BEM (SysNoise) b) SABRINA/Kirchhoff (inlet plus outlet contributions)

Fig. 19 Comparison between BEM and Euler/Kirchhoff simulations of aft-radiated field (no flow).

The simulation of in-duct propagation and radiation by inlet and
exhaust using SABRINA is presented in Fig. 16. Because only the
first radial mode is cut on, a single point-source ring, whose ampli-
tude is deduced from Eq. (4), is needed. At least 20 periods (8000
time iterations) are necessary to achieve periodicity, requiring 3 h
of CPU time on a NEC SX5. Simulations are also performed with-
out flow to be compared to the BEM previous results.18 In-duct
propagation simulated using BEM and LEE is shown in Fig. 17.
Modal pressure measured on the outer wall (Fig. 15) is also indi-
cated. Shape and amplitude of predicted rms pressure fields, clearly
showing standing waves, are in good agreement.

The acoustic field radiated by inlet and outlet is presented
in Fig. 18, which shows a comparison of direct Euler simu-
lation (Fig. 18a) with SABRINA/Kirchhoff solution (Fig. 18b).
Upstream and downstream Kirchhoff surfaces are also indicated.
Agreement between near-field predictions is good, but the cou-
pling with Kirchhoff seems to give a more accurate directivity
pattern farther away than the direct simulation. (It tends to dissi-
pate consequently to the stretching of the grid.) The total pressure
field radiated upstream (including both inlet and outlet contribu-
tions) obtained using LEE/Kirchhoff is then presented in Fig. 19b.
It is compared to the BEM solution shown in Fig. 19a. Pre-
dicted directivity reveals distinct lobes with clearance patterns,
similarly assessed by each computation, with only some minor
discrepancies.

Finally, sound pressure level (SPL) directivity patterns at micro-
phone locations are compared to experiment in Fig. 20, for three
axial positions of the microphone rake. Directivity shapes are in
fairly good agreement. In particular, the cancellations due to inter-
ferences between forward and rearward radiations are well assessed
by the simulations (Figs. 20b and 20c). SPLs are in a quite good
agreement, too, if predicted level fits the measurements on the duct
outer wall (as is done here). Predictions without adjusting inputs are
also plotted (top curve) in Fig. 20a, showing an overestimation of
about 5 dB over the experiment. This discrepancy can be attributed
to some uncertainties of the intensity of the interaction mode that
seems to be overpredicted, probably because no turbulence model
was used to simulate the rod wakes.
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a) z = −−172 mm

b) z = 768 mm

c) z = 1628 mm

Fig. 20 Predicted and measured directivity patterns at three axial po-
sitions of 16-microphone rake.

VI. Conclusions
A source-to-far-field computation procedure has been presented

and successfully applied to a turbofan model. A modal expansion ap-
proach is used to couple a three-dimensional RANS code, designed
for noise source generation, to a Euler/Kirchhoff code, designed for
acoustic propagation and radiation. Equivalent monopoles aimed
at regenerating the acoustic field deduced from modal expansion
are entered as source terms in the Euler code. First results are very

promising because predicted SPL directivities are within 1 dB of
the experiment if CFD postprocessed outputs are adjusted to fit the
in-duct measurements. As regards overestimated levels using the
CFD inputs, the interaction mode amplitude provided by the RANS
solution seems to be overpredicted, probably because no turbulence
model was used for rotor wake simulation. The capability of present
three-dimensional simulations to generate, propagate, and radiate
interaction noise, including flow and interference effects, has been
demonstrated, and the methodology proposed appears to be valid.

The next step will extend the computations to industrial configura-
tions in nonuniform flow and in the presence of several cut-on modes
(predictions on two BPF and three BPF). This work is underway and
should be applied to ultra-high bypass ratio and contrarotating fans,
in the framework of future European projects.

Appendix: Equivalent Source Terms Implementation
A. Harmonic (Spinning) Point-Source Implementation in SABRINA

The Euler disturbance equations with source terms written in a
linearized nonconservative form are

dρ

dt
+ ρ0∇ × u = sρ, ρ0

du

dt
+ ∇ p = su

dp

dt
+ γ p0∇ × u = sp (A1)

The uniform mean flow derivatives are

d

dt
= ∂

∂t
+ U0 × ∇ (A2)

The isentropic acoustic mode is given as

sp = sρc2
0, su = 0, c2

0 = γ p0/ρ0 (A3)

The nonhomogeneous convected wave equation, deduced from
Eqs. (A1–A3), is

p − 1

c2
0

d2 p

dt2
= −dsρ

dt

The harmonic point source is

sρ(x, y, z, t) = (1/b3) exp[−π(r̂ 2/b2)] sin(ωt)

b = (�x2 + �y2 + �z2)
1
2

r̂ = [
(x − xs)

2 + (y − ys)
2 + (z − zs)

2
] 1

2

sρ(t) = δ(r − rs) sin(ωt), b → 0

where � = grid spacing.
The spinning mode of order m using point-source ring is

sρ(r, θ, z, t) = (
1
/

2πrsb2
)

exp[−π(r̂ 2/b2)] sin(ωt − mθ)

r̂ = [
(r − rs)

2 + (z − zs)
2
] 1

2 , θ = tan−1(y/x)

B. Green’s Function Solution of Convected Helmholtz Equation
in an Infinite Annular Duct

The nondimensioned convected Helmholtz equation with a Dirac
source term is

�p∗ −
(

iω∗ + M
∂

∂z

)2

p∗ = δ
(
r∗ − r∗

s

)
p∗ = p

ρ0c2
0

, r∗ = r

R
, ω∗ = K ∗ = ωR

c0

, δ(r∗) = Rδ(r)
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The expanded Green function for an infinite annular duct (eigen-
functions from Ref. 25) is

G∗
mμ

(
r∗∣∣r∗

s

) = i
[
Cmμ

(
αmμr∗

s

)/
4π�mμ

]
×Cmμ(αmμr∗) exp[−i(ωτ + mθ + kz)]

= �mμ

(
r∗

s

)
Cmμ

(
αmμr∗) exp[−i(ωτ + mθ + kz)]

Gmμ = G∗
mμ

/
R

where dimensions are per meter and

�mμ =
√(

ω∗2 − β2α2
mμ

)
, k∗ = −Mω∗ ± �mμ

β2

Cmμ

(
αmμr∗) = Nmμ cos(τmμ)Jm

(
αmμr∗)

− Nmμ sin(τmμ)Ym

(
αmμr∗)

Nmμ =
√

2

2
παmμ

[ (
1 − m2

/
α2

mμ

)
J ′2

m (αmμ) + Y ′2
m (αmμ)

−
(
1 − m2

/
α2

mμh2
)

J ′2
m (αmμh) + Y ′2

m (αmμh)

]− 1
2

τmμ = tan−1

[
J ′

m(αmμ)

Y ′
m(αmμ)

]
The plane wave solution [mode (0,1)] is

G01 = (i/2π)[1/K R2(1 − h2)]e−i(ωτ + kz)

C. LEE Solution in Annular Duct with Uniform Mean Flow
and a Monopole Source Term

The convected wave equation with a monopole-source term
(defined from LEE) is

p − 1

c2
0

d2 p

dt2
= −Q(t)

s(r |rs, t) = δ(r − rs) sin(ωt) = δ(r − rs)Re{−ieiωt }

Q(t) = ds

dt

The Fourier transformed solution is

pω = T F{Q × G} = T F

{
ds

dt
× G

}

= T F{−s}T F

{
dG

dτ

}
= i

dGω

dτ

d

dτ
= ∂

∂τ
+ c0 M

∂

∂zs
= ∂

∂τ
− c0 M

∂

∂z
The determination of modal factor amplitude Amμ used by the

inverse method (equivalent source model) is

p(z, r, θ, t) = Re{pω(z, r, θ) exp(iωt)}

= Re

{∑
mμ

AmμCmμ

(
αmμr∗) exp[i(ωt − mθ − kz)]

}

Amμ(rs) = i
dGmμ

dτ
C−1

mμ

(
αmμr∗) exp[i(ωτ + kz + mθ)]

= i(−iω + ic0 Mk)�mμ(rs)

Amμ(rs) = (ω − c0 Mk)�mμ(rs)
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