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ABSTRACT

This study discusses the development of a tone noise
model dedicated to an open fan engine, also called Un-
ducted Single Fan. Because of its particular architecture,
this engine aims to reduce fuel consumption, but it might
increase the radiated noise due to the fairing removal. This
model intents to be soon implemented into acoustic source
mapping techniques to better characterize the dominant
sources in future wind tunnel experiments. It is based on
FW-H analogy relying on the thickness and loading noise
terms of Goldstein’s formulation, written in the frequency
domain. A decomposition into angular modes through
equivalent fixed phase-shifted sources is proposed. The
predicted sound field takes in account different contribu-
tions, which are investigated here: the thickness noise, the
steady and unsteady loading noise (from rotor and sta-
tor) in forward flight configurations, and including near-
field effects. The unsteady loading harmonics are obtained
from URANS calculations with eslA ONERA code. First
predictions are compared to reference solutions provided
by a time-domain FW-H solver, with fully non-compact
sources involving a complete surface integration, at ap-
proach operating point. A more practical compact-source
form is presented too.

Keywords: Tone noise prediction, Source modes, Un-
ducted Single Fan, Aeroacoustics
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1. INTRODUCTION

This work is undertaken in the framework of the devel-
opment of greener aircraft engine architectures by Safran
Aircraft Engines, and more specifically focused on the
Unducted Single Fan (USF) configuration. Mainly de-
signed for short to medium-range flights, this engine aims
to reduce fuel consumption by increasing the by-pass ra-
tio, and is characterised by its fairing-free propeller and
stator. One main objective of this study is to assess the
sound radiation from dominant harmonic sources over ro-
tating blades and fixed vanes of generic USF architecture
during wind-tunnel tests. Although well-known acous-
tic far-field formulations derived on FW-H analogy have
been currently applied on propeller-driven aircraft [1], the
USF architecture is novel and more challenging as dif-
ferent source mechanisms are involved. In particular, the
flow interactions between the front propeller and the sta-
tor are expected to generate unsteady loadings on blades
and vanes that could balance the steady loading noise con-
tribution from isolated propeller. Moreover, the scatter-
ing effects in future installed configurations (only isolated
configuration are investigated here), require the capture
of acoustic near-field, usually neglected in far-field ex-
pressions. For that purpose, a fast Python tool is under
development at ONERA with respect to previous require-
ments and aiming to be implemented in deconvolution-
based source mapping techniques [2], for better identify
the dominant sources in wind tunnel tests. The present
formulation is derived from FW-H analogy starting from
Goldstein’s expressions [3] and then expressed in the fre-
quency domain. In order to get a concise expression (more
suitable for source localization implementation) a decom-
position into angular modes and equivalent fixed phase-
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shifted sources is proposed. The present model follows
the principle of equivalent source distributions already ap-
plied in turbofans [4] and the so-called source-mode ap-
proach from Roger et al. [5]. It includes unsteady loadings
on blades and vanes, in forward flight conditions (convec-
tion effects) and assumes, as a first step, zero angle of in-
cidence. A first application of this source-mode model
is discussed in this paper, with needed inputs (harmonic
loadings) provided by URANS calculations performed
with elsA ONERA code [6], more detailed in a comple-
mentary paper [7]. Approach operating conditions is con-
sidered and preliminary validations are addressed by com-
paring typical sound pressure level spectra and directivi-
ties with those obtained with a time-domain FW-H ON-
ERA solver, KIM [8], with same CFD inputs. Compact-
source formulations obtained by applying a suited inte-
gration of the blade/vane surface loadings along the chord
and a distribution over radial strips are proposed too.

The studied configuration is briefly described in Sec. 2.
Tone noise formulations are detailed in Sec. 3, with pre-
liminary validations (for a point source) by comparison
with usual far-field expressions. A brief overview of
URANS calculations and post-processing that feed the
model is done in Sec. 4. Then, Sec. 5 is devoted to acous-
tic predictions in terms of SPL spectra and directivities
and first validations by comparisons with KIM solutions
are discussed. Finally, preliminary conclusions and future
work are addressed in Sec. 6.

2. OPEN-FAN STUDIED CONFIGURATION

A generic USF architecture as considered in the present
work is shown in Fig. 1. The studied Safran’s R&T USF
geometry has B-blades propeller and W-vanes stator, out-
lined in Fig. 2. We focus on approach operating point con-
dition with propeller rotating speed around 600 RPM. As
shown in Fig. 2, the propeller blades are strongly curved
so that the radial contribution of the loadings (usually ne-
glected) is questionable (see Sections 3 and 4). Due to
the massive volume of air displaced by the highly tridi-
mensional propeller blades, the contribution of the thick-
ness component from the rotor is also analyzed. As the
study takes place in the context of wind-tunnel experi-
ments preparation, cylindrical coordinates are adopted in
the mathematical description and for the analysis conve-
nience. A general sketch of the reference frame and coor-
dinate system is shown in Fig. 2.
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Figure 1. USF Engine demonstrator ©CFM
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Figure 2. Main coordinate system

3. TONE NOISE FORMULATIONS (PROPELLER
AND STATOR

In this section, main equations derived from FW-H anal-
ogy are expressed in the coordinate system described in
Fig. 2. The reference frame considered in the acoustic cal-
culations is fixed and linked to the wind-tunnel. With this
convention, the undisturbed fluid is in uniform translation
Uy = M ¢y in the direction —e,. We will consider a
convected Green’s function, (G, solution of the convected
wave equation associated to this frame, and so the convec-
tive derivative writing:

D 0 0
E—a—(%% ey

3.1 Tone noise formulations in frequency domain

Only the sources on propeller blades and the stator vanes
are considered in this model, derived from FW-H solid
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surface formulation. The engine is placed without inci-
dence in an undisturbed fluid medium moving at a uni-
form Mach number M, while the observer is located at
position coordinates x (x,y, z), with  pointing in the
flight direction. The sources are located at coordinates
Y (x5, ys, 25), with the prime symbol denoting the stator
coordinates. Following Goldstein [3] and neglecting the
quadrupole term, the starting equation can be written in
the temporal domain as:

- / / ooV 2 a5 ()
TJS Dr

+ / / v, G.FdS(y)dr
TrJS

In Eqn. (2) V,, is the normal velocity of the fluid on the
surface, pg the fluid density, F' the loading projected on
the surface: F; = pn;, and VG the gradient of G related
to the source coordinates. Let us consider the Green’s
function of a moving medium as expressed by Blokhint-
sev [9], written in the frequency domain as:

@

67iw(7'+0/00)

Go = —17TD

3

T being the emission time and ¢y the sound celerity, with
T the period, D and o the modified source-observer dis-
tances, and 3 the Lorentz factor:

D=(x—2)2+B2((y —ys)? + (2 — 2)?)
> M(ﬂf—ﬂﬂgsHD @

B=+1-M?

The Eqn. (2) can also be expressed in the frequency do-

main:
- / / poVniDG“dS(y)dT
TJS D

o T
n / / VG FedS(y)dr
TJS

with F the loading harmonics. The sum of p; and p;,
respectively thickness and loading terms can be written
as:

)

p(x,w) = pi(z, w) + pi(z, w) (6)

3.2 Source-mode approach (non-compact source)

The noise emitted by a rotating source can be equiv-
alently expressed as a continuous distribution of fixed
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phase-shifted sources placed circularly around the revolu-
tion axis. The phase shift is directly linked to the angular
(spinning) mode order m, associated to the blade passing
frequency (BPF), and trimmed by the well-known Tyler
and Sofrin theory [10]:

m=nB — kW @)

The rotor-locked mode is given by m = nB, whereas
interaction mode is expressed by Eqn. (7). This concept
of “source-mode” [5] is also called “pulsing ring” [4]
when using equivalent sources for turbofan applications.
Starting with the thickness term which is monopolar, the
strength of a monopole source located at the alpha posi-
tion on the circle can be expressed as:

(nB)a

Qla,t) = Q0,2

) ®)

The idea is to change variables in order to convert the time
integral into an angular integral from 0 to 27. The solu-
tion to the pulsing ring at the n-th BPF is expressed by
putting 65 = Qr, with Q the rotational speed. The con-
vective derivative from Eqn. (1) is fully developed for the
Green’s function (Eqn. (3)). Denoting w,,p the angular
frequency corresponding to the BPF,,, the contribution of
the B blades in the frequency domain yields to:

p()B MCU ) WnBO

pi(x, wnp) = 8772// Vil ZD2]
e” <nB”+”B" do,dS

©)

In the same way for the loading term, we can describe a
dipolar point-source located at the « position on the circle
by its strength that can be expressed, as shown in [5], by:

(nB — kW)«

Flot) = F(0, =)

(10)

The gradient term of the Green’s function from Eqn. (5) is
expressed in cylindrical coordinates y (z,7s, 65) as:

oG,
0x
v, G, — | 26 (11
1 aéw
ry 00,

After performing tedious algebra, the complete equation
for the loading component can be formulated for homoge-
neous propeller and stator, with Eqn. (12) and Eqn. (13)
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as: Indeed, in the near-field, evanescent spinning modes can
n still radiate and have an impact on the sound pressure

B g 27 G .. .
_ F 5% level. In our application, Tab. 1 presents the radiated

pl(wvwnB> ] 2 Z s=kW . X
™ Js = o D (12) modes for the 3 first BPF, bold values referring to the
rotor-locked modes (related to the steady loadings). Ac-
cording to the criterion of Eqn. (18) applied on our spe-
cific case, the number of spinning mode radiated in the
far-field increases with the BPF order.

e_i(k7LBg+(nB_s)95)d95dS

W +oo 27 n’((
pl(xawnB) = 35 5 Fs:nB / =,
82 Jg k:z—oo o D' o13)

Table 1. Summary of loading harmonic orders with
e_i(knBUI-‘r(S—kW)Q;)da/Sdsl

associated angular mode orders

with n; = (ns,n,,ng) the outside normal components in BPF Spinning mode Rotor loading | Stator loading
cylindrical coordinates of the considered element, s denot- " order harmonics order | harmonics order
ing the loading harmonic order and ¢; geometrical compo- BPFl | B,B—W,B —2W W, 2w B
nents defined as: 2B,2B - W, W.ow.
oo BPF2 | 2B — 2W, 2B — 3W 3V AT 2B
G = “pro + BF (5= + M) 2B — 4W ’
= o Iz?(é ) (4 3B 9w a8~ aw | w.aw sw
— o (L + WnB - 5 - B 5
G =725+ o) BPES | 3p _aw. 3B 5w | aw.sw. 6w 3B
With: 3B - 6W,
% B2(rcos(0 —0,) —ry)
' b (15) | . .
Ko — B2rsr sin(f — 0,) These above formulations have been implemented into an
o= D in-house Python code. An interface based on Zeppelin

and with the observer coordinates expressed in cylindri-
cal coordinates too. It should be noted that the 6, is a
composition of multiple angles in the complete formula-
tion: 49 which is the mode coordinates along the 0 to
27 integral, and 1., ranging between .1 and 1.2 such as
e € [the1;1e2], reflecting the angular range of the blade
at a specific radius:

95 = 630 + wc (16)

For practical use, the pulsing ring is discretized and the
integral over 0, is replaced by a sum over N, discrete po-
sition with the following equivalence:

12 1
27T/0 DnB.6. N, jz::lpj, B0, 17

j denoting the indices of the discrete angular position of
the source-mode. Furthermore, as proposed by Léwy [11],
a radiation condition for the unsteady loading component
in a convected medium can be simply written in the far-
field as:

Qr, - [nB — kW |

o nB e
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pre-processing tool (developed at ONERA by R.Barrier)
provides the required inputs. The loading harmonics of
order s are assessed from the time domain solution using
a Fourier transform:

0 27 /Q 0
Fy=— F(t)e " adt 19
5| P (19)
where F'(t) is the unsteady pressure fluctuation over the
blade/vane surface.

3.3 Validation by comparison with usual far-field
expressions

Multiple far-field expressions for the tone noise can be
found in the literature. First validation of the source-mode
model is to compare its results with usual solutions from
far-field formulations. For simplification purposes, this
validation is performed on a single compact source point.
The thickness contribution is assessed by considering the
expression proposed by Léwy [11]. For the loading noise
term, we refer to the expression derived by Hanson [1],
with the radial component neglected. Both far-field for-
mulations are relying on usual Bessel functions. Compar-
ing each component with these formulation on a single
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rotating source for the rotor simulating the thickness and
the stationary loading, one shows the convergence in the
far-field of the source-mode model in Fig. 3 and Fig. 4.

10dB
—

—— Source-mode —— Source-mode

Lewy formulation + Hanson formulation

SPL [dB] 1008
SPL [dB]

5 10 15 5 10 15
r/A r/A

Figure 3. Far-field and source-mode SPL along 7/ for
thickness (left) and stationary loading (right) for an ob-
server in the rotor plane at BPF1

B
B

=] =y
S S
) o
B =
— —
& Source-mode & Source-mode
- Lewy formulation -==- Hanson formulation
50 100 150 50 100 150
el el

Figure 4. Comparison of the directivity at /A = 19.2
for BPF1 in the orthogonal plane to the rotor for thickness
(left) and stationary loading (right)

In Fig. 4, ¢ is the polar angle in spherical coordinates at
r/A = 19.2 in the plan defined by x and z axis. As shown
in Fig. 3, both solutions converge in the acoustic far-field
for an expected value of /X around 3.5. Directivities are
perfectly assessed by the model (Fig. 4), for the thickness
component and the stationary loading component.

3.4 Source compacity along the chord

For source estimation purpose, it is desirable to reduce the
number of unknowns (loading sources) to make it possible
to resolve the inverse problem. For this reason, a compact
formulation of the sources along the chord is proposed to
simplify the surface integral into a lineic integral over the
span (with compact sources at mean chord line center).
This approach is sketched in Fig. 5. With these approx-
imations, previous full non-compact formulations can be

10" Convention of the European Acoustics Association
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simplified to the following expressions for the rotor:

B &
pl(m wnB 872 Z s=kW .]Aré)

j=1lk=—0 (20)
nl CZ —1(knBac+(nB é)@sde
O D
with:
D.+ M(x —x.)
Oc 2
B (21)

Radial
& Strip

ey‘
:
ll
L}
i
'
Pie Ars .

——— Camber lipe
----- c : mean chord .
Compact-Source

Line Fs(ry)

Figure 5. Integration into a compact source in chord

We can express in the same way the loading contribution
of the stator as:

N +o00
pl(x7wnB) Sr ) ZFS nB ]AT )kZ_:OO

(22)

2 /
nZCZ e—i(kn30é+(s—kW)0g del
D! s
0 c

with the indices . denoting the compacted source point
position, located here at mid-camber line.

Furthermore, because of the size of the engine and the rel-
ative position of the simulated antenna, non-compactness
effects are expected to be significant, so that the inclusion
of some non-compactness effects seems required. In this
purpose, the phase shifts from the actual source points to
the compact point (£.) are taken into account in the chord-
wise integration of the loadings, meaning neglecting the
distance discrepancies between respective source points
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and observer.

~ c/2 ‘
Fs(gc) = / FS(f)nJ_(f)e_lknB(lbs_i/)c)dg

—c/2
ch = D€L +]/\48(2mc B xS)
De, = /(e — 252 + B2((ye — ys)? + (2c — 25)?)

(23)
In this new description, n denotes the outside normal to
the mean chord line. In Eqn. (22), the normal components
n; are obtained for the two stagger angles of the equivalent
profile (which is now assimilated to a flat surface): ~, and
v (see Fig. 5). These ones are expressed as :

Ng = — cos (Ye); g = sin (ye);ny = sin () (24)

4. INPUTS FROM URANS CALCULATIONS
(OVERVIEW)

URANS CFD simulations were conducted using elsA
ONERA solver ! [6]. NASA’s k-w Wilcox [12] is used as
turbulence model. The USF simulation domain is limited
to a single channel using chorochronic approach, leading
to a mesh of 25 million cells.

A complete description of these simulations are presented
in [7]. As mentioned in Sec.3, inputs to the Python
code in terms of harmonic loadings and geometrical val-
ues (grid points, normals, surface elements) on blade/vane
surfaces are directly provided using Zeppelin.

5. SOUND PREDICTIONS AND COMPARISONS
WITH NUMERICAL SOLUTIONS

In this section, the model developed in Section 3.2 is com-
pared to numerical solution obtained from ONERA’s in-
house code KIM.

5.1 Reference solution from time-domain FWH
solver

The reference solution is obtained with the ONERA
in-house code KIM [8]. This code includes several FW-H
surface integral formulations with original formulas (in-
cluding additional source terms for turbulent flows) and
efficient processing for fairing-free rotating machinery
applications. Calculations are performed in the time do-
main for structured or unstructured, fixed or moving, rigid
or deformable meshes, including supersonic kinematics.

! Airbus-Safran-ONERA property
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The code KIM is currently used for aeroacoustics studies
by ONERA and its industrial partners.

5.2 Results with full surface integration

In order to reduce the computation time involved with the
present model, the initial CFD mesh has been unrefined
(non-regressive process checked but not shown for paper
brevity), reducing the number of discrete elements by a
factor of nearly 6. For code-to-code comparisons, ob-
servers are located on a common antenna: 26 microphones
non-uniformly spaced in the z-direction (£40 meters) lo-
cated at y = 0 and z = 15 meters (with system coordi-
nates of Fig. 2). The later named “Source-mode code” is a
non-parallelized python code. Pre-processing, which con-
tain mainly a refine module of the CFD mesh, is achieved
using Cassiopée environment [13]. Complete time cal-
culation, containing full surface integration, 10 BPF and
all the contribution presented, is around 25 minutes on a
desktop computer. For results using the compact sources
model presented on section 3.4 (results not presented in
this paper), computation time is around 40 seconds. For
entire surface integration, directivities and spectra seen in
this sections correspond to the approach operating point,
with the rotor and stator contribution separated, and load-
ing and thickness components also distinguished for the
rotor.

o P asiuinion
ge} ,/ \\
Tg] ,/’ \""-..__
’ <
”/ Sso
- -
5| 7
-
o
v}
(,
Oi ——— Rotor Loading
1 === Stator Loading
—e— Thickness "\
r

—10 —20 0 20
x [m]

Figure 6. OASPL directivities

Firstly, we can observe on the OASPL directivity in Fig. 6
that the stator contribution is dominant. Wakes from the
impacting the stator are the main contributors in the noise
generation in this architecture at this specific operating
point, corresponding to a low rotation speed. Further-
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more, thickness component is far below loading compo-
nent, and will not be longer take into account further in
this paper. OASPL spectra obtained with KIM are rather
similar. For accurate comparisons, we will focus on the
SPL spectra obtained for the observer at x = 0, presented
in Fig. 7 showing comparisons with reference solutions
from KIM.

Source-mode Code

EEE Rotor

5dB
-

Stator

SPL [dB]

2

3
BPF order

Reference Code

B Rotor

o)
04 S
I I BN Stator
o o

5dB

2

4

3
BPF Order

Figure 7. SPL spectrum for the source-mode and refer-
ence code (observeratx = Oand z = 15m)

For each figure, the red lined bars represent the rotor con-
tribution, and the blue pointed bars the stator contribu-
tion. A good agreement can be observed on first tones but
more deviations are revealed at higher BPF. Focusing on
the BPF1 and BPF2, we can take a closer look at their
directivities in Fig. 8 and Fig. 9.

The source-mode code results are represented with a red
straight line, and the KIM solver with a blue dotted line
and labeled “Reference code”. As shown in Fig. 8 and
Fig. 9, the model captures very well the first harmonic,
from extinctions to peaks, for rotor and stator cases. For
BPF2, slight discrepancies can be observed, but the com-
parison is still satisfactory. Nevertheless, significant devi-
ations have been pointed out from BPF3, without clear ex-
planation (erroneous mode running is suspected). Inves-
tigations are underway to understand this mismatch from
these preliminary results and to improve ongoing predic-
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tions.

Rotor Loading BPF1
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Rotor Loading BPF2
.
ke
[Te)
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—— Source-Mode Code
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Figure 8. Directivity of the loading noise for the rotor
BPF1 and BPF2

Stator Loading BPF1
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Source-Mode Code
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Figure 9. Directivity of the loading noise for the stator
BPFI1 and BPF2
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6. CONCLUSION AND FUTURE WORK

This paper has presented a specific analytical model de-
voted to tone noise predictions applied a USF architecture
and aiming to be implemented into ONERA’s source map-
ping tools. A source-mode formulation based on FW-H
analogy has been fully detailed and a simplified chordwise
compact-source form, more suited to beamforming appli-
cations, has been described too. Basic validations with re-
spect to usual far-field expressions from literature (involv-
ing Bessel functions) have been successfully addressed.
Then, a first attempt of validation by comparison with
reference solutions from an industrial FW-H solver (us-
ing common inputs provided by URANS calculations) has
been discussed. Predictions performed at approach oper-
ating point have shown quite similar trends on OASPL
spectra with a dominant contribution due to stator load-
ings. A good agreement has been shown on SPL directiv-
ities from propeller and stator at BPF1 and BPF2. How-
ever, significant deviations are observed on higher BPFs
for which investigations are underway in order to explain
this mismatch and to improve these results. Once present
predictions are validated, next analysis will be focused on
calculations using compact-source form.
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