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Abstract

A precise comparison of the surface and volumecaggtres of the Ffowcs Williams-Hawkings acoustiegnal
formulation is conducted for a propeller in transooperating conditions. For both approaches, Hieutations are
carried out directly starting from CFD input datayided in the propeller rotating frame, i.e. withpersonically
moving emission points. No approximation in thewneé calculations, which could distort the comparibetween
both methods, is made. The principle and the catlicr algorithm on which this particular integratitechnique is
based are reviewed. Then calculations are caruiédoo four increasingly refined CFD meshes. Thiest fconfirm
that both acoustic integral methods provide idehtiesults when the numerical dissipation is néglégin the
aerodynamic calculation. These calculations alsmwsthat the volume method is slightly less sensitie the
numerical dissipation than the surface method. Hewehe gain seems low compared to the computticost of
the volume integration. In addition, two technigfi@sdetermining the regions of the dominant adousturces are
explored. With the first one, a rather conventioeghnique based on the local quadrupole termrebelts show
that specific terms, chosen according to the phemmm concerned, may be better indicators of the rmese
sources than the original shear and entropy tefiths. second one, less known and consisting in clogl the
elementary acoustic time signature radiated by eatlhof the grid, seems more effective but maytaut to be

costly in terms of data storage with the volumelrodt

Keywords: computational aeroacoustics, acoustiegial methods, Ffowcs Williams-Hawkings, quadrupolaise,

transonic rotors
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List of symbols
ay Speed of sound in the unperturbed medium

€,  Viscous stress tensor

M, Mach number of the unperturbed fluid in the refieeeframey

n Normal unit vector on the control surface, poigtoutward

p Local pressure

p, Pressure in the unperturbed fluid

p'= p— py Pressure perturbation
t Reception time

T; Lighthill stress tensor

U, Velocity of the unperturbed fluid in the referericameY

U Local fluid velocity in the reference frame
U] Local fluid velocity in the reference franye
U, =U.A =U;n; Fluid velocity component normal to the controlfage
v Local control surface velocity in the referencanfiey

\Y; Local control surface velocity in the referencanfieY

v, =V.i=v;n; Surface velocity component normal to the contufaxce

X Observer location in the reference fra¥he
y Reference frame in which the unperturbed fluidtisest
Y Reference frame in which the unperturbed fluich@ving at the uniform velocity |y,

\% Source location in the reference frahe

o(f) Dirac distribution
Kronecker symbol

Yo, Density



po  Density of the unperturbed fluid
p'=p-p, Density perturbation

T Emission time

1. Introduction

The Ffowcs Williams-Hawkings (FW-H) formulation [l an effective tool for acoustic analysis of
aerodynamic fields. This formulation generaliseghtthill’'s equation [2] by including solid or ficidtus (porous)
surfaces in the flow [3]. In its complete form,pitovides the acoustic far-field radiation of flovstdirbances by
simply performing surface and volume integrals arargities that can be provided in near field by BDC
computation. It is worth mentioning that the asstioms of a uniform flow and of a free field outsitte integration
area are generally made in the Green function fesetie radiation calculation.

In some cases (e.g. a body in an almost uniformsip@ed flow, with low turbulence), the volume seasr¢in the
sense of Lighthill) can be neglected and the agoesiculation is limited, in practice, to the igtation of source
terms on the solid surface of the body. When thende sources cannot be neglected (turbulent jetsaosonic
blades with shocks, for example), acoustic calauiatusing only surface integrals (on porous sedasurrounding
the noise sources) can nevertheless be perforneéranpreferred to volume calculations for obvioeasons of
amount of input data and computational cost. Howetyee porous surface method, theoretically eqeivato the
volume method, has two drawbacks.

- The first drawback relates to the fact that thegmation surface (the control surface) must encespéd
phenomena involved in the acoustic radiation sigchaalinear propagations effects (stiffening or gang
of a shock, for example) or the effects of the noifermity of the flow in the vicinity of the noissources
(refraction effects). Therefore, the control suefacust be sufficiently far from the primary noisgices in
order to be in a region of linear propagation and virtually uniform flow. This is a major constrafor
the CFD calculations which must then carry the fitisturbances up to the control surface, with aimmét
numerical dissipation and dispersion.

- The second drawback is more specific to the surfgag@oach: the surface integration does not provide

direct information on the spatial distribution dfet noise sources, since the aerodynamic fieldshen t



control surface result from all phenomena thatmesent in the inside volume. However, the locatbn
noise sources is possible by using microphone saifrdy but this process increases the cost of toaistic
calculation by multiplying the number of observatipoints in the far field, and introduces biasase(tb
the source and propagation models) specific toniethod of localization. Other methods of source
localization, within the broader framework of solgithe inverse problem, are subject to numerowieu
(a synthesis of these studies can be found in 5l their maturity still seems insufficient forgjzation to
non-academic configurations.

Concerning the first point, one may wonder whethervolume method is less sensitive to numericggipation
in the aerodynamic calculation than the surfacehodstand could thus reduce the constraints on Gipatations
regarding the transportation of perturbations. timeo words, in the presence of significant numéritissipation,
does the integration of source terms in a volunwige better results than the integration of soueres on the
boundary of this volume? This study aims at answgethis issue in the case of high speed impuldi&l) noise
generated by a propeller in transonic operatinglitimms. The analysis is mainly based on the comparof the
results provided by both surface and volume apgresdor various levels of dissipation in the CFRilcalation. To
our knowledge, such a parametric study has neven lbene, because the usual volume integration igpobs
include simplifications that would distort this &yss (observer in the far field and on the rotang, approximate
volume sources [6][7][8], volume sources neglechegond the sonic cylinder [6]) or would be too exgee
without these simplifications. The fully non-compadntegration technique developed at ONERA, whien c
directly deal with supersonically moving mesheg$10] without any simplification of the volume inted, makes it
possible to compare the surface and volume mettigoiously. Calculations are performed for an isadgpropeller
with a zero angle of attack, which also makes atwgslculations easier. Indeed, the aerodynaneicidi are then
steady in the rotating frame of the blades andam®unt of CFD input data remains moderate (a faw &
megabytes to several gigabytes depending on tleateaihd the density of the grid).

In addition to this parametric study, volume caitidns are used to answer the second point by Brplovo
acoustic source localization techniques.

The article is organized as follows. The expressiofithe surface and volume integrals and the nigader
method used to calculate them with supersonicingfagrids are first reviewed in Section 2. The cstrlied and

the numerical setup are described in Section 3.résts are then presented and discussed in 8ektio



2. Acoustic formulation and integration technique

2.1 FW-H formulation

The framework of the present acoustic calculatieres followsy is a reference frame in which the unperturbed
fluid is at rest,Y is a reference frame in translation at the veyoeit) ,y; with respect togy, Sis a closed moving
surface permeable to the fluid, a¥da bounded volume outside the surf&eé\ny solid body interacting with the
fluid is assumed to be insidand the acoustic sources as defined by Lighttiduble divergence of the Lighthill
tensorT;, see below) are supposed negligible beyond thenveV/.

Starting from the extension to porous surfaceslfd]of the Ffowcs Williams and Hawkings formulati@ii,

using the space coordinatésn the reference framé and the velocitiesi of the fluid andv of the surfac& in the

reference framg, the pressure received by observer at locaoand timet can be written as:

2
p(%.t)= -2 | | Acase + 2 | | Bedse +-° T, Gdvdr @)
X, dt 9%, 0X
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where Ty = puu; +(p'—a§p’ i ~ 8> A =pmo-en; + o (U = va), B = ooV + o(Uy = V),

di :(ai] +U, 6iY andG = J(g)/4ml the free-space Green'’s functionRg for the convective wave equation
r Iy 1

with g=7-t+0g/ay, o=(d-Mq(X,-Y;))/8%, d=4C/(X; -¥)*, C, :(1‘ﬁ2)5ﬁ +B%, B*=1-Mg, and

My =U,/a, (see detailsin [12]).
In the present study, as is commonly done, theouistermg; is ignored.

2.1.1 Formula used for surface integrals

Both surface integrals of formula (1) can be transkd to avoid the calculation of the spatial detiixes
d/0X; , and thus avoid acoustic calculation for numerobservation points aroun& (six points for usual

centered derivatives by finite differences). Thaw avrite [13]:
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Remark An analytical time integration of (2) is geneygtlerformed by changing the integration variabia g,

which leads to the following formula:

. od od 1
s(X.t)= —— -BUp~ |—5———| dS
w5 % H(A ox; 06X1J47d2|ag/6r|L:O

0 0g Jg 1 .
+— (——~ -BUy——+B|———| dS 2bis
at H[A 0X; 00X, j47‘d|ag/6r|L:O (2bis)

where the quantities inside the brackets are eteduat the emission timeé =t—og/a, . For a surfaceS in

subsonic motion relative to the observation p&ntag/ar is never zero and the usual locally compact irattom

technique § discretized in source elemerd§ treated as point sources) then allows a rather esulation of the
radiated pressure. Formula (2bis) is still mathérally valid for a surfacé in transonic relative motion, but it will

not be used in the present study. The numericagrations will be carried out by restarting fronmnfula (2), for

reasons discussed in Section 2.2.

2.1.2 Formula used for volume integrals
In the same way as for the surface integrals, theme integral of formula (1) can also be transfednio avoid

spatial derivation of the radiated pressure ohefderodynamic fields and can write [12]:
2
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The previous remark concerning analytical timegra¢ion for surface integrals also applies to vauntegrals.
For the latter, this analytical time integratiomads to the following expression (not used in thespnt study, see

Section 2.2).
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(3bis)
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2.2 Integration technique

As mentioned in the introduction, in the case afishary fields in a rotating frame, the volumeirgfut data to
be stored for acoustic post-processing by a voluméhod is not exactly a difficulty. If acoustic calations are
carried out directly using the CFD rotating mesh i@done in the present study), only aerodynaieidd for a
reference emission timg need to be stored. In fact, the difficulty forisanic configurations lies in the integration
technique. Indeed, the noise sources related tshbeks extend radially beyond the sonic cylindsftifjder on
which the relative Mach number is equal to 1) amel integrals in formulas (2bis) and (3bis) can thersingular

beyond the sonic cylinderd§/dr =0 for some observer locations). An example of thdialaextent of noise

sources is shown in Fig. 1 for a delocalized temtecof the non-lifing UH1H model rotor in hover4]1l
(aerodynamic input data generated for study [15).08aeder running the TURNS code [16] in the Emlede and
acoustic calculations performed in [17]). In partar, it shows the strong contribution of volumeises outside the

sonic cylinder to the radiated pressure, and theitfte need to take them into account in acoustzutations.
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Fig. 1. UH1H model rotor in hover, tip Mach number = 0.BBessure distribution in the rotor
plane (top) and contributions to the acoustic tgigmature at 3.09 R in the rotor plane (bottom):

(a) sources inside the sonic cylinder, (b) souctgside the sonic cylinder.



A solution, when using the usual integration teghies that cannot deal with the singulardy/d7 =0, is to

perform a projection of the rotating CFD fields @t fixed grid (e.g. [18]). However, this projectimust be made
on a relatively fine uniform grid to properly capishocks during their rotation, at each steprefatively fine time
discretization, for a good description of the shgdinematic. This projection may turn out to beey costly
operation as well as a source of imprecisions énitput data of the acoustic calculations.

For surface methods, other integration proceduas® been developped to solve the numerical probased
by this singularity (collapsing sphere formulatif#®][20], emission surface algorithms [20][21][22hlowever,
given their computational cost, they seem challeggd apply to volume methods. An integration teégbe that is,
from our point of view, much more efficient, hasepously been developped at ONERA, for surface ouh
[9][13][17]. This fully non-compact integration teique is applied here to both surface and voluateutations.
The principle of this original approach (descriliedetail in [9][10]) is reviewed below.

The singularity appearing with supersonic movinghes is purely numerical. It is due to the modetihgach
cell of the mesh by a point source (locally compamproach of the usual integration techniques)s Tinbdel does
not reflect the continuity of the integration domaespecially the fact that at a given emissioretithe different
points of a cell are not all at the same distamom fthe observer. In fact, because of these diifetlestances, the
emission of a cell at timeis not received at a single instanbut during a time intervaly t,] whose boundaries
depend on the size, shape and orientation of the ce

The locally compact approach leads to focusingréfgation of the whole cell onto the same receptiore.
This phenomenon of acoustic focusing is accentuatezh the velocity of the source point towardsdhservation
point tends to the speed of sound. The radiati@m tlpiles up" even more on the same reception tiwtech
explains the divergence in the results for thesoaic moving meshes. It should be noted that theement of the
mesh or of the time step tends to further degrhdeésults by increasing the number of source pairgving at a
velocity close to the speed of sound towards tleeokation point.

A relatively simple way of taking into account tbentinuity of the integration domain consists iather than
modeling the emission of the cell at the timiey a point source, modeling the reception of tuated signal at the
observation point by a pressure rétéin Pa/s) over the time interval[t;]. This is done in the so-called "fully non-
compact" integration technique which does not ageanalytical time integration leading to expressi{2bis) and

(3bis) but restarts from formulas (2) and (3).



In practice, the reception intervals, [t;] are determined for each céj of the integration domain and for each
emission timer;, starting from the position of the observationmaind the position of the nodes of the cell aetim
5. The associated radiated pressure fatés calculated as a function of the considered@mtermF (which can be
evaluated at the center of the cell), of the s@rfaicvolumeAj| of the cell, and of the reception time duratigh .
For instance, if a constant pressure rate is censit] the pressure rafg is then equal t&|A)/(t-t;) over the time
interval t;, t;] and to zero outside. The pressure received abbservation point at a given instants then
determined by summing this pressure rate over thisston times (see Fig. 2). This time integratiam de quite
simple (depending on the pressure rate model)estreonsists in calculating the area of the halchaface in Fig.

2 by linear interpolations starting from the reéepttime intervals and the pressure rates detemnfioe the
emission timeg; and 7,;. The space integration is then carried out by simgrthe pressure contributions of each
cell of the mesh. It is worth pointing out thatsthintegration technique gives the same result @sugiual locally
compact method when the mesh is fixed. This futipssompact approach has been thoroughly valid&drd is
used by ONERA and by its industrial partners, fdors and propellers acoustic studies (for exaifg3g[26]).

To facilitate the calculation procedure, a pressate that is constant over the reception interaad] therefore
discontinuous at the boundaries of this intervas\irst used (Fig. 2, top). This very simple mokias given full
satisfaction for formulations without time deriwats outside the integral [10]. A continuous inciegi&lecreasing
model (Fig. 2, bottom) has then been designeddaonidlations with time derivatives outside the imsgwhich
require more regular results for these time deiowat In this study, all acoustic calculations eaeried out using

this second model.

10
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Fig. 2. Schematic of the time integration process for @o@mpact source element, for two

pressure rate shape functions: rectangular (tagYréangular (bottom).

3. Casestudied and numerical setup

3.1 Configuration and CFD input data

Acoustic calculations are performed for an isolgieabeller mounted on a nacelle (Fig. 3), with eozngle of
attack, so that the aerodynamic fields are steadke rotating frame of the propeller. This confajion is that of
the AIPX7 counter-rotating open rotor (geometryigiesd by Airbus for Clean Sky European project)wimch the
rear rotor has been removed. This is the same gumation as the one considered in [27] for numéréseor

analysis in the aeroacoustic simulation of transgmiopellers. This previous study relied particiylavn the

11



aerodynamic fields provided by CFD simulations riegr out with meshes of different densities (theading to
different levels of accuracy), on one hand, andaooustic calculations performed using a surfacehatgton the
other hand. The same aerodynamic fields are usedfbethe analysis of the volume method. The qurfition,

meshing technique, grid refinement and CFD compirtatare briefly described here. More details caridund in

[27].

Fig. 3. Study configuration (picture extracted from [27]).

The radiusR of this eleven-bladed rotor is 2.15m. The opegptinnditions are: free-stream Mach number of
0.73, rotational tip Mach number of 0.6, staticgstge and speed of sound at infinity respectivglyaéto 23,837
Pa and 296.95 m/s. The helical Mach number is etud.945. This configuration, representative ofise
conditions, clearly leads to a transonic flow wattstrong contribution of volume sources relatetht formation
and propagation of the shocks generated by theblad

The aerodynamic calculations take into accountsietial periodicity of the flow field and the comational
domain is reduced to the angular sector of oneeblale CFD mesh consists of structured blocks énntkar-body
region and cylindrical structured blocks in the-bffdy region (Fig. 4), which has made the successiesh

refinements easier. It extends from -3328 5.2Rin the axial direction, and up to && the radial direction.

12



In grey: overlap boundaries l

Fig. 4. CFD mesh (pictures extracted from [27]).

Starting from the coarsest one, the mesh is deiivied3 other versions. Each of them is built stgrfrom the
previous one by increasing the number of nodeh@fbiackground core blocks in all three space dinestby a
factor equal to 1.5 (except for the most refinedsimel.2). The near-field body grids are the santeald

calculations. Table 1 states the total number i é@ each of the four meshes.

Tablel

Total number of cells for each CFD grid

CFD grid Coarse Medium Fine Super fine
Number of cells (in million) 3.63 8.01 22.35 36.48

The steady RANS equations are solved in the r@dtame of the blade, using a finite-volume sol\28] with
a classic cell-centered Jameson scheme, second-acderate in space. Interpolations between oveysds are
second-order accurate in space. The turbulence Ino#®k k-w [29] with shear stress transport (SST) correction
[30]. The solid surfaces of the body are modellethva nonslip, adiabatic wall boundary conditiorheTouter

boundaries of the computational domain are modelfigl a far field boundary condition based on tharacteristic

13



relations. The input data of the acoustic calcaletiare the density, velocity and pressure provaddtie nodes of

the acoustic meshes described below.

3.2 Surfaces and volumes of integration

Some blocks of CFD meshes partially overlap. Thithe case in the immediate vicinity of the bladeé beyond
a certain radial or axial distance from the blddehese regions, these overlaps do not allow tiwse of the CFD
grid for acoustic calculations. They require theodgnamic fields to be projected onto a new medinidg the
surface or the volume of integration. To avoid deastruction of new meshes and the inaccuraciesdated by
this projection, the volume of fluid under studyliimited to the blocks near the blade that do nagrap. The
number of blocks selected depends on the gridT{abke 2), however they all define the same volufiidual. This

volume is shown in Fig. 5 for the coarse grid amdtifie super fine grid.

iy
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Fig. 5. Volume studied and blocks involved in the coar&®@rid (left) and in the super fine CFD grid (riggh

Table2

Number of blocks involved and azimuthal discret@mafor acoustic calculation, for each CFD grid

CFD grid Coarse Medium Fine Super fine
Number of blocks involved 6 17 48 96
Azimuthal discretization 45 65 98 114

14



In this defined volume, ten control surfaces pregieely enclosing more fluid around the blade ameswered,
in order to observe the contribution of volume sesrand the effects of the CFD grid density on stiou
predictions (Fig. 6). These surfaces explore timeesaolume of fluid as that explored by the twerndntrol surfaces
used by A. Giauque et al. in [27]. However, contriar study [27] in which the axial and radial sizd#ghe control
surfaces increase at the same time, here the ediit of the control surfaces increases firgg.(6iS1to S6, then
the axial extent does (Fig. 86to S1Q. This can help to distinguish the contributionvofume sources related to
the formation and propagation of the shock (esakytin the radial direction) more easily from vole sources
related to the blade wake. All these control swabave a cylindrical part (more or less extendedheir lower
section, so that two consecutive surfaces constitut closed boundary of the volume between théris dllows

comparisons between surface and volume approaat@gl|l be shown in Section 4.

EEmE [T [ e sy T T em

P/py-1: 0.085 -0.075 -0.065 0055 -0.045 -0.035 0025 -0.015 -0.005 0.005 0.015 o5 4: 085 -0.075 -0.065 -0.055 -0.045 -0.035 -0.025 -0.015 -0.005 0.005 0.015

Fig. 6. Display of the different control surfaces (colotsdthe pressure perturbation) surrounding
the blade (in grey).

The axial and radial extents of the different cohsurfaces (excluding their lower cylindrical pgrére given in
Table 3. It can be noted that the volume underysextiends beyond the sonic cylinder (helical Maamhber equal
to 1.103 on the outer radial boundary), which is adifficulty for the integration method. Theresftthe volume
namedVi is the volume betweeBlandSi (2 <i < 10) and the volum¥&A is the volume between the surfaGs
andS1Q Table 4 gives the number of cells of the largetstgration domains as a function of the grid,tfer surface

and volume methods.

15



The usual process for taking volume sources intm@at in acoustic calculations is to add the resfilthe
integration (3) in a volume of fluid around the lgad that of the integration (2) on the body sdligface. In the
present case, where the volume of fluid studied dm extend up to the blade, the body solid serfaceplaced by
the porous surface closest to the bla8d).(Therefore the analysis of the volume approachsists here in
comparingpsrtpvi to psi, Wherepy; is the radiated pressure calculated by integratioa given volumeVi and ps;

that obtained by integration on the surf&ie

Table3

Axial (4x) and radial {R) extents of the control surfaces (excluding thvedcylindrical parts)

Surface S1 S2 S3 S4 S5 S6 S7 S8 S9 S10
Ax (m) 0.8 0.8 0.8 0.8 0.8 0.8 1.2 1.6 2.0 2.6
r'R 1.023 1.079 1.153 1.228 1.302 1.377 1.377 1.377 771.3 1.377
Table4

Maximum number of cells for the surface and foribkime acoustic calculations, depending on the gri

Grid Coarse Medium Fine Super fine
Surface §10 15,975 35,396 78,498 111,264
Volume (V10 337,140 1,142,998 3,813,314 6,502,902

3.3 Calculation procedure

Acoustic calculations must take all the blades atoount in order to reproduce the interferencebeif sound
radiations. This can be done by an angular dupdicatf the CFD grid and the associated aerodyndielits, but in
the present case, it multiplies by 11 the volumeingiut data and the computation time. In fact, #mgular
periodicity of the flow-fields makes it possible @btain the same result by adding to the signahted by a single
blade 10 identical signals respectively time-shiftey (i-1)T/11 (i: blade number, T: rotation periad the
propeller). Acoustic calculations are thus carrmd by rotating the surface and the volume acoustishes
described above, on a revolution. This rotatiodescribed by 517 time steps (517 is a multiplelgfvthich makes
the time shifting procedure mentioned previoulssied.

Surface and volume calculations are performed foia®-field observation points, distributed on anseircle of

16



8m radius on either side of the propeller rotatteme (Fig. 7). Their angular positighis defined with respect to
the propeller rotation axis and ranges from 0 degstream) to 180 deg. (downstream).

Remark For industrial confidentiality reasons, soundsgtee levels (in Pa or in dB) are hidden. The piress
scales, however, are identical for all the figuiseghat the different results can be compared.

The calculation times, on one processor running @Hz, are 0.44 1Ds/cell/time step/obs. for surface
calculations and 0.72 fOs/cellitime step/obs. for volume calculations. fBfere, for 517 time steps and 91
observation points, surface calculations take betw& min (coarse grid) and 40 min (super fine graid volume
calculations take between 3 hours (coarse grid)@nbours (super fine grid). Therefore, volume ghtions take
30 to 90 times longer than surface calculationsnipdecause of the much higher number of integratiells. It
should be noted that the parallelization of theakewations is very efficient (no information to bensmitted
between cells, speed-up close to 1 or even grélader 1 since the memory access is faster with smafrays).
Volume calculations with the super fine mesh, eafout on 64 processors, would thus probably teke than an

hour.

Fig. 7. Observation points used for the analysis of tlopelter’'s acoustic radiation.
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4. Results

4.1 Surface calculations

An acoustic analysis of the aerodynamic fieldsrig fperformed using the surface method. Resulisseive as
reference for volume calculations. It should beeddhat the analysis carried out in [27] is nounesd using other
control surfaces. Surface calculations are onlyl Usere to evaluate the interest of the volume nmtethyocomparing
the results.

The signals obtained in the propeller plafie=(90 deg.), depending on the control surface plotted in Fig. 8
for the coarse grid and in Fig. 9 for the fine gi@r both grids, the amplitude and the asymmetrihe signal
increase as the control surface increasingly easltfse volume sources related to the formationpaogagation of
the pressure perturbation (surfa@dgo S§. The signals seem to stabilize for the controfasaesS5andS6 which
suggests that the surfa&6 encloses the bulk of the volume sources relatetidoshock. One can also observe a
steeper recompression slope with the fine grid tvith the coarse grid, which indicates a richerteahin high
frequency with the former. The amplitude and esgbcihe shape of the signal do not change subathntvhen
the control surface then extends in the axial tivaqsurfacesS6to S10. The stability of the signal obtained with
the fine grid (Fig. 9, right) tends to show the eie of significant volume sources in the bladeen@k the present
case of RANS aerodynamic calculations). This mehatsthe progressive decay of the amplitude ofrtbgative
pressure peak with the coarse grid (Fig. 8, righthus due to numerical dissipation in the aeradyic calculation

and not to a physical damping of the pressure peation.

p (Pa)
p (Pa)

T T

Fig. 8. Acoustic time signature in the rotor plane depegdin the control surface (coarse grid).
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p (Pa)
p (Pa)

Fig. 9. Acoustic time signature in the rotor plane depegdin the control surface (fine grid).

For the same observation poift£ 90 deg.), Fig. 10 highlights the effect of thensity of the CFD grid on the
predicted signal, for three particular control agds:S1 (the closest to the blade§g (including volume sources
related to the shock) argllO(including a larger part of the blade wake). Har tontrol surface closest to the blade
(S1, Fig. 10a), the four CFD grids provide quite clossults, which shows that the coarsest mesh alaidst be
suitable in the immediate vicinity of the blade Igdst for acoustic predictions in the propelldgation plane). For
the other two control surfaceS§andS10, the results clearly depend on the density ofGR® grid but converge
towards those found with the finest. We will seerenprecisely in the following section how this auodn results
into the signal spectrum.

Acoustic calculations have been performed using otfter time steps (T/264 and T/1034) to evaluage th
sensitivity of the results to this parameter. Tigmal obtained does not change noticeably accordirige time step
(Fig. 11), which shows the robustness of the falbyp-compact integration technique. A smaller tirtep ssimply
tends to better describe the negative pressure peakdeviations observed previously in Fig. 8ig EO and those

to be found with the volume method (Section 4.2nhdbthus depend significantly on the acoustic tatep.
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Fig. 11. Effect of the acoustic time step on the acoustie tsignature in the rotor plane
(control surfacesg fine grid).
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4.2 Volume calculations and comparison

The results of the volume method applied to theivasVé (volume between the surfacésandS6 and to the
volume VA (volume between the surfac86 andS1Q see Section 3.2) are plotted in figure 12 for abservation
point in the rotor planeb(= 90 deg.), for the four CFD grids. They confirne poredominance of the volume sources
related to the shock (Fig. 12, left) compared tsthrelated to the blade wake (Fig. 12, rightglesady suggested
by the results of the surface method (Fig. 8 argl B). The contribution of the shock to the radiapgessure
strongly depends on the grid density, but the $igoaverges towards that found with the finest grd). 12, left).
Conversely, the contribution of the wake varies Imless according to the grid density (Fig. 12, tigfherefore

the numerical dissipation in the wake does not stepnoduce significant volumes sources.

r COARSE r COARSE
— — — MEDIUM B — — — MEDIUM
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= ——— EINE - ———— EINE
I B SUPER FINE

p(Pa)
p(Pa)

L T TR T S T N1
0 0.02 0.04 0.06 0.08 0.1
T

Fig. 12. Effect of the CFD grid density on the acousticdigsignature in the rotor plang £ 90 deg.),
for volumes of integratioN6 (left) andVA (right).

The signals obtained for the voluna® and for the volumé&/10 (i.e. V6 + VA) are then added to those obtained
for the surfaces], and compared to the signals obtained respectfoethe surfaceS6andS1Q This comparison is
made in Fig. 13 for the observer point in the r@iane @ = 90 deg.). The mixed integrations 8f+ V6 and onS1
+ V10 provide signals according to the grid density thig quite similar to those found respectively $&(Fig.
10b) andS10(Fig. 10c). With the coarse grid, the amplitudet@ signal provided by the mixed integrationSi+

V10is however slightly greater than that obtainedtfar surfaces10(Fig. 10c). The spectral analysis that follows
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makes it possible to distinguish more preciselydifierences between these various pressure signals
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Fig. 13. Effect of the CFD grid density on the acousticdisignature in the rotor plane.
(on left: integration o181+ V6, on right : integration 081+ V10

An example of the spectral content of the presgadi@ted in the rotor plane by the sources indigestirfacesé
is given in Fig. 14. In this figure, the level dfet first eight harmonics of the Blade Passing Feeqy (BPF) is
plotted for the four CFD grids and for both integya methods. The various evolutions show the ¢ftéthe grid
density, which is, as expected, all the more praced as the frequency is high, together with a emyence of the
levels with the grid density. It can be observeat the volume method leads to slightly higher Isvel
Remarks
- For the surfac&6and the coarse grid, the levels have an erratitugen beyond the fifth BPF. This defect
is due to insufficient azimuthal discretizationtbé& aerodynamic fields using this grid. Indeedthie present
case of rotating stationary fields, each BPF cpoeds to an azimuthal mode of the aerodynamic
perturbations. Therefore the calculated levelsraliable only for the BPF corresponding to azimuthades
correctly described by the grid for FW-H calculaso In this study, levels corresponding to modes
represented by less than eight points have not beesidered as reliable and are not plotted thenedfor
the first eight harmonics studied here, in practibis criterion applies only to the coarse grigg(able 2).
- The various level evolutions can be related to ¢hpability of the CFD computation to propagate a

perturbation according to the grid density. In phesent case of a second-order accurate in spheesc it
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is generally considered that twenty cells per wavgth are necessary for a correct calculation@fttoustic
propagation up to the integration surface. An aateuicalculation of the cut-off frequency of the CFD
calculation is possible only for a Cartesian grithveonstant step, which is not the case in thisstarried
out with cylindrical grids. However, a rough esttamaf this frequency can be made from the averafje c
size in the region beyond the sonic cylinder, whigla key region for the BPFs amplitudes. This ager
value is calculated in the azimuthal direction,&aese, as mentioned above, the acoustic radiatidindstly
related to the azimuthal modes. The cut-off freqiesobtained for each grid are indicated in T&hl€he
corresponding cut-off BPFs are relatively consisigith those deduced from the evolutions found wifita
surface method, which relies on the transport studbances up to the surfe®6é(Figure 14, left). These cut-
off BPFs are less easy to determine starting frbenresults of the volume method, the various curves
separating more gradually (Figure 14, right).

Table5

Estimation of the cut-off frequency of the CFD editions, depending on the grid

Grid Coarse Medium Fine Super fine
Average cell size in the supersonic area (m) 0.0348 0.0239 0.0160 0.0137
Cut-off frequency (Hz) 427 621 928 1084
Corresponding cut-off BPF 29 4.3 6.4 7.4
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Fig. 14. Examples of the effect of the CFD grid densitytlom spectra of the pressure radiated in the rdéorep
(on left: integration ors6 on right: integration o081+ V6).
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A more complete view of the evolution of the acaustdiation depending on the source volume comsitldés
given in Fig. 15. In this figure, the maximum o&tBverAll Sound Pressure Levels (OASPL) and theimavof the
Sound Pressure Levels (SPL) of the first eight B&frshe semi-circle of observation around the reter plotted
for both integration methods, as a function ofititegration surfac&i or the integration volum¥i, for three of the
four CFD grids.

The results obtained with the fine grid show, friite spectral point of view, the construction of fiignal as more
volume sources are taken into account in the aimoaatculation (Fig. 15c, Index 1 to 6). These vo&isources
result from a nonlinear acoustic propagation inrikar vicinity of the propeller, due to the highgitude of the
initial disturbance, and lead to a stiffening oé thressure perturbation (see Fig. 9 left). Thifesting results in a
fairly fast growth of the high harmonics (Fig. 1%edex 1 to 4). Then, the level of the highest hamios tends to
decrease, indicating a slight damping of the sigimalex 4 to 6). This signal damping can be atteéduto numerical
dissipation in the aerodynamic calculation, singaainly affects the BPFs 6 to 8, in relatively daamgreement with
the cut-off frequency of the fine grid (see Tablaril Fig. 14) and increases with the medium grid. (E5b). The
volume method and the surface method give simitalutions but with slightly higher levels with tHermer. One
can wonder what precisely causes the deviationvedeet the two methods while they are theoreticajlyiealent.
These deviations could be due to the fact thapttysical viscosity of the fluid is taken into acobin aerodynamic
calculations (RANS calculations) but not in acoustalculations (viscous source term neglected i lagoustic
methods, see Section 2.1). To illustrate it, one tekke the example of a flow with viscous effeatafined in a
limited volume. The surface method applied to tberuary of this volume will provide the same resulith or
without the viscous source term (viscous sourcetequal to zero on the integration surface). Intremt, the
volume method applied to this volume will provideese results only if the viscous source term ienakto
account. Therefore, the results of the two methaittsout the viscous source terms will be different.

However, in the present case, the viscosity offlthid is not a cause of significant deviations lire tacoustic results.
Indeed, this physical viscosity does not depenthengrid density, whereas the deviations tend tdevaero when
the grid is refined, as will be confirmed thereafig the directivity plots (Fig. 18).

On the other hand, the artificial viscosity necegs$a the stability of the CFD calculation (coeféints k2 and k4 of
the cell-centered Jameson scheme) can be the chtlse deviations. This numerical viscosity limitee gradients

in the whole volume of fluid, and consequently gémeplitude of the high harmonics with both methdtsicreases
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as the grid is coarser, and the level of these baite decreases accordingly (Fig. 15b and Fig..1&agffect may
be slightly weaker with the volume method (whicldsadhe contribution of each elementary volume ssutisan
with the surface method (which works starting frtira state of the aerodynamic fields on the intégnagurface).
The numerical viscosity also tends to damp the sures perturbation throughout its propagation in tadial
direction and leads to decreasing levels for tidexes 4 to 6, with both methods. For the volumehouitthis level
decay means that the numerical dissipation cre@aiesne sources which reduce the levels of the hayimonics by
phase-shifted contributions. An example of thesaspkshifted contributions is shown in Fig. 16 foe BPF6 and
for the volume of integratiow5-V4 for the fine grid. These volume sources evenyuadive the same effect on the

radiated pressure as that of damped perturbatiotiseointegration surfaces.

r —_— S1 + Volume integrations
............ Surface integrations
@ |
20 dB

1 1 1 1 1 1 1 |

1 2 3 4 5 6 7 8 9 10
Surface/Volume index
r _— $1 + Volume integrations r _— $1 + Volume integrations
------------ Surface integrations B Lt Surface integrations
(b) (©)

OASPL g ——a———q OASPL
S S Shvats s $ i M-—A‘A——H BPF1

dB

Increasing Increasing
radial extent axial extent

I I I I 1 I I |
2 3 4 5 6 7 8 9 10

Surface/Volume index Surface/Volume index

Fig. 15. Maximum OASPL and maximum SPL of the BPF harmarassa function of the source volume considered,
for (a) the coarse grid, (b) the medium grid andtfe fine grid.

25



S1+V4
V5-v4

NAAAAAAN

p (Pa)
o

IRTIRN RRRRRI - L . P
0 0.02 0.04 0.06 0.08 0.1
vT

Fig. 16. (S1+V4) and (V5-V4) contributions to BPF6 (finédyrobserver in the rotor plane).

Remark With CFD methods or resolution schemes other tihase used in this study, the artificial viscosity
required for the stability of the aerodynamic c#don is introduced by other means than the coeffits k2 and k4
mentioned above, but its effects on the acoustmitations can be expected to be similar to thd=eosed here for
both integral methods.

Additional comments can be made regarding the estigrid (Fig. 15a). The results obtained with il
illustrate the difficulties that can be encountemgilh the surface method when the dissipation ia @©FD
calculation is too high in the region of the acausburces. Depending on the integration surfaeé usither it does
not enclose enough sources (here, surf&8dgse S3for the BPF1 to the BPF4), or the numerical diasgm affects
the aerodynamic fields too strongly (here, surf&&@® S6for the BPF5). With this CFD grid, the volume madh
seems to be much less sensitive to the numerisalpdition, especially for the fifth BPF. Howevere tpredicted
level for this frequency remains 13 dB lower thiaattobtained with the fine grid (Fig. 15c).

A synthetic view of the benefit of the volume mattie given in Fig. 17, in which the maximum levelstained
by both integration methods are plotted as a fonctif the BPF, respectively for the surf&®0and the volume
V10, for the four CFD grids. This figure confirms thae volume method tends to improve the resultsvéier, as
discussed above, it palliates only very partialie tack of precision of the aerodynamic fields jded by
insufficiently fine grids. This figure also showset need of very fine CFD grids to correctly predioe¢ high

frequencies produced by shocks in transonic flows.
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Fig. 17. Effect of the CFD grid density on the maximum SRlthe BPF harmonics,
for both surface and volume methods.

In addition and to confirm the previous analysis dther observer points, the directivity of BPF3land 5 are
plotted for the four CFD grids and for both integya methods (Fig. 18).

With the super fine grid (Fig. 18d), the numeridasipation is very weak and the directivities pdexd by both
integration methods are practically identical. Witie other three grids, the differences betweerrékalts of the
surface and volume methods gradually increase @€HD grid is coarsened (except for the BPF1, dtlwihe
level does not depend on the grid nor the integmatiethod). The volume method leads to generatipty higher
levels and especially to less chaotic directivitteen those provided by the surface method.

In conclusion, the volume method provides slighétter results than the surface method in casd-&f @rids
that are not fine enough for accurate acousticigtieds, however the gain seems low compared tadmeputation

cost of the volume integration.
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Fig. 18. Directivities predicted by surface and volume ot for (a) the coarse grid, (b) the medium grid,
(c) the fine grid and (d) the super fine grid.

4.3 Spatial distribution of the noise sources

In this section, two techniques for the analysisvofume sources are explored. The main objectivéois
determine which regions of the flow contribute thest to acoustic radiation. This information, tkfa¢ surface

method cannot provide, can be used to optimizeCtie grid, for example by showing the regions whbemesh

must be refined.

The first technique, rather conventional, consistgalculating the local value of so-called 'quamdie’ term
aZTij /6\(i 0Y; . This double divergence of the Lighthill tensomsttutes the source term of the volume integral

when the second spatial derivative in the expresflipis passed inside the volume integral (seg [0 example).
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This source term may thus be able to serve thatedepurpose.

Since the viscous tergj is neglected in the calculations (see section thg)quadrupole terms are here reduced
to the shear termz(puiuj )/aYi dY; and to the “entropy’term az(p' —agp')/a\(i dY; . The contribution of each of

these two terms to the signal radiated in the rpkane 6= 90 deg.) is plotted in Fig. 19. This figure shawat, for

this propeller in transonic operating conditiortee tontribution of the volume sources is mainlydueed by the

shear term.
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Fig. 19. Contributions of the shear term and of the “engfdprm to the pressure radiated in the rotor plane
(integration volume/10, fine grid).

The isosurfaces of these two terms confirm thattiear term is dominant in the shocks, howevew#heges of
the isosurfaces must be chosen carefully to highlig(Fig. 20). Indeed, the source terms are muehaker there
(llevel| <50) than in the wake and the blade tipteso ((Jlevel|] > 1000 in the vortex core), whicht y#e not
significant noise sources compared to the shockspie their magnitude, the sources (in the sehtebthill) in
the wake and the blade tip vortex have, after apatiegration, an overall contribution in fact tigiple, because
they are arranged on successive layers of oppsigite, and their radiations cancel each other.

These iso-surfaces confirm, for this propeller, wedl-known fact that the quadrupole term is nofuantity that

determines the actual noise sources easily. Intipeacit is preferable to plot a particular componhef the

% At the first order,(p’ —ag,o') =P (S— SO) where (S— SO) is the entropy variation.
c

v
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quadrupole term that can locate the phenomenorecoed better than the shear or entropy originat¢erould do.
For example, in the case of this propeller, theptified shear ternﬁz(pulul)/ale (Fig. 21, left) and especially
the pressure terndp (Fig. 21, right) seem more effective in distindningy shock-related noise sources from other

sources (much higher relative levels in the shockmpared to Fig. 20).
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Fig. 20. Isosurfaces of the normalized shear (on left) ardropy” (on right) quadrupole terms — Fine grid.
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Fig. 21. Isosurfaces of simplified shear (on left) and puesgon right) terms — Fine grid.
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The second technique for the analysis of the volsm&ces consists in determining the elementarysiito
time signature radiated by each cell of the giid,& given point of observation (in Pa/m? and imBaespectively
for the surface method and for the volume methdtl)s technique has the drawback of providing a ltethat
depends on the observation point, but the advardgageoviding the precise contribution of each ¢elithe sound
radiation, and not only the magnitude of a locairse term. It has been applied to the surface e@bthdes of open
rotors, with an analysis of the amplitude and thage of the radiated pressure, for various BPFE33L For
reasons of memory cost with the volume method,ahalysis is limited here to the root mean squams) value.

The local contributions to the noise radiated ie totor plane = 90 deg.) are plotted separately for the shear
term and for the entropy term in Fig. 22. For thiansonic propeller, the rms value of the sheamtéocal
contribution appears to be a good indicator ofrthise sources (Fig. 22, left). In particular, thekes and the blade
tip vortex do not appear as noticeable noise ssurce

In contrast, the rms value of the “entropy” termdbcontribution is unusable (Fig. 22, right). hetvicinity and
beyond the sonic cylinder, the levels are relagiveliform over large regions and completely maskshocks. This
is due to the difference between the average values a blade revolution and the values at infinity pressure
and density. This difference is produced by theghof the propeller and is seen as a constantsdhat rotates
with the cell. In the vicinity and beyond the somiglinder, the transonic kinematics of the cellssiderably
amplifies this spurious component which, in factlyadistorts the level at the blade passage frequéBPF1) and
the rms value of the local contribution. An analysi several BPFs, as it has been done for thasunhethod
[31][32], would not have encountered this probl&€ualculations performed starting from pressure agmbily fields
from which the average value over a blade revalutias been subtracted, confirm this explanation amneak

contribution of the “entropy” term compared to giear term (Fig. 23).
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Fig. 22. Isosurfaces of the shear term (on left) and of'éméropy” term (on right) local contributions thet
pressure radiated in the rotor plane - Fine grid.
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Fig. 23. Isosurfaces of the “entropy” term local contriloatito the pressure radiated in the rotor plane,
starting from modified pressure and density fieldsine grid.
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5. Conclusion

Acoustic calculations using two different approacioé the FW-H integral formulation were conducted &
transonic propeller. The first indirectly takesargtccount the volume sources created by the peypély means of
an integration on a closed surface encompassirggtheurces. The second takes them directly intouatdy
means of a volume integration without any simpéifion that could distort the comparison. For bgipraaches, the
calculations were greatly facilitated by a spedifiegration technique. Thanks to this fully nonvgaact integration
technique, acoustic calculations were performeactly from data provided in the rotating frame,. iveith
supersonically rotating emission points. No pragectof the aerodynamic fields on a fixed refineddgmhich
would have considerably increased the cost of deistic calculations and would have been a polesiarce of
inaccuracies, was needed.

The surface and volume calculations were carrigdfaufour CFD meshes of different densities, andst for
four different levels of numerical dissipation iaradynamic calculation, in order to evaluate thesgwity of both
methods to this numerical dissipation. Both integnethods converge to the same result as the CFEhrize
refined, which contributes to validate the aerodyitacalculations and confirms the theoretical egléxce of the
two acoustic methods. The results show the effédhe artificial viscosity which is introduced ihd& CFD
calculation for its stability, on acoustic predicis. This artificial viscosity, which limits theagtients and damps the
disturbances, leads to an underestimation of tbastic radiation, all the more pronounced as thgufency is high.
This damping of the high frequencies is quite samikith both integration methods because the a#ifiviscosity
has comparable effects in both of them. On thetwmmal, the gradients limitation during the consiarcphase of
the acoustic signal leads to an underestimatidhe&ource terms in both methods. On the other,itaeddamping
of the pressure perturbation during its propagat&sults in lower levels on the control surface, tlee surface
method, and in volume sources that reduce theteatljressure by a phase effect, for the volume edetihis
numerical dissipation has slightly smaller conseges with the volume integration, but the improvatrgought
seems weak compared to its computation cost.

In addition, two techniques for determining theioag of the dominant acoustic sources were expldrbd first
one, rather conventional, consists in calculatheglocal value of the double divergence of the thdhtensor (the
‘quadrupole term’). The second, less known, cossistcalculating the elementary acoustic time digrearadiated

by each cell of the grid towards a given point b$ervation. Calculations made with the first teglei confirm that
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the quadrupole term is not a quantity that deteesiiine actual noise sources easily, because téks lénere may be
low compared to regions that contribute little @t at all to the sound radiation. They also showed specific

terms chosen according to the phenomenon concenagdbe better indicators of the real noise souticas the

original shear and entropy terms. The second methedths more effective in determining the local ibuations to

the far-field radiated noise. In the present cdsa flow accelerated by the propeller thrust, thes value of the
elementary acoustic time signature is however uslaséit includes the contribution of the entrofgrm, because
of the predominance of a spurious component atptbeeller blade passage frequency in this termpéctal

analysis of the elementary acoustic time signatorakes it possible to overcome this problem buthmgostly in

terms of data storage with the volume method.

In conclusion, in view of its computational cosbgat two orders of magnitude greater than the sarfaethod)
and of the weak improvement brought to the acoysgdictions, the volume method does not seem agrgctive
for acoustic predictions of transonic propelletsadn nevertheless be a complementary tool foejtid analyses of
the aerodynamic fields or to consolidate the resoftthe surface method, for instance. It woula dde interesting

to reconsider the issue for acoustic predictionsidfulent flows such as jets.
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