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SUMMARY

An extensive research programme has been condauted several years by CETIAT with
scientific and industrial partners to predict ofdgh® major broadband noise sources of low-
speed axial fans, namely the blade trailing-edgeendn a first part of the paper, comparisons
of measured and predicted fan sound power speatraalthis mechanism are presented and
discussed. The second part of the paper is dewuotetie prediction of the wall-pressure
fluctuation spectra on the blades of the test Tdrese spectra are the main input data of the
trailing-edge noise model used. The prediction aslenwith an empirical model using results of
RANS simulations of the flow in the blade boundtayer.

INTRODUCTION

Broadband noise is a major part of the noise radidly axial fans. For low-speed fans the
contribution of the broadband noise to the ovefalleighted sound power level is indeed often
much higher than the contribution of the tonal aa$ harmonics of the blade passage frequency.
The main broadband noise sources of axial-flow taeq1]:

- interaction of blades with inflow turbulence

- vortex shedding noise

- tip-clearance noise

- rotating stall

- blade trailing-edge noise.

The first mechanism provides a major contributiomew the flow at the fan inlet is significant,
typically when the turbulence intensity is highlean 2 to 2.5%, which is the case for instance on an
axial fan behind a heat exchanger. This sourceldhmualmost negligible when the fan operates in
a non-disturbed flow field such as at the entravfca free-inlet axial fan with a well-designed inle
bell and a fan drive either far upstream or far dstneam of the impeller.

Vortex shedding noise, associated with von Karmarices in the blade wake, occurs when the
thickness of the blade trailing edge is larger ttrenboundary layer thickness. A sharp trailingesdg
is therefore beneficial to suppress this mechanism.

Tip-clearance noise is due to the interaction @f flow in the tip clearance with the blade. The
amplitude of this source usually decreases whenclbarance is reduced but the actual noise
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mechanism is not yet well understood due to theptexnflow pattern in the blade tip area. As
shown later in the paper it is certainly an impetteontributor to the noise of the fan under study.

Rotating stall, which occurs at reduced flow raé@sl is due to aerodynamic flow instabilities,
substantially increases the amount of noise atfteguency.

Blade-trailing edge noise occurs when the turbulemindary layer on the blade suction side is

convected past the trailing edge, a part of theulent energy being converted into acoustic energy
that radiates to the far-field. This source, whiebst often prevails over the other sources when the
inlet turbulence is low, corresponds to the minimuorse level radiated by the fan. The mechanism
remains more or less the same if the boundary Isyattached or separated, even if the noise
spectrum is quite different depending on the bountdeyer characteristics.

The objective of this paper is, in a first partpr@sent an overview of experimental and prediction
results obtained on a propeller fan of 800 mm diameith two or four blades in order to validate
an analytical model of fan blade trailing-edge eoiBhis model is based on an extension of Amiet's
formulation on isolated airfoil, due to Roger andrgau [2]. This model was experimentally
validated first on fixed airfoils in wind tunnelsge for example [3], [4]) then, to a lesser extent,
rotating blades [5] [8]. The prediction uses the frequency spectra gadwise correlation length
scales of the wall-pressure fluctuations near rihudirtg edge of the blades as input data. Thesa dat
may be measured with pressure transducers set eorbl#ides, but this method is tricky and
expensive. An alternative is to try to deduce tladl4pressure spectra from an empirical model due
to Rozenberg et al. [9], in which the input data @lbtained from CFD simulations. This is the topic
of the second part of the paper.

EXPERIMENTAL VALIDATION OF THE TRAILING-EDGE NOISEMODEL

Theoretical background
Isolated airfoil in wind-tunnel

The trailing-edge noise prediction is made witheatension of Amiet's analytical formulation for
an isolated airfoil. This extension proposed by &and Moreau [2], [4] accounts for the effects of
a finite chord length and far-field radiation awfagm the mid-span plane. According to[6] the far-
field sound pressure spectrum radiated in the mpahglane by a fixed airfoil in a uniform flow

field is:
L'(xl,ﬁ ,oj

UC
Spp: sound pressure spectrum (dB/Hz)
R: distance between the mid-span trailing edgetl@dbserver (m)
X1: coordinate of the observer along the airfoil chor
0: angle between the chordwise and the observettiins @ = 0° in the downstreawfirection)
c, L: airfoil chord length, airfoil span (m)
|L'| aeroacoustic transfer function
®pp spectrum of the turbulent wall-pressure fluctuadi¢dB/Hz)
ly: spanwise correlation length of the wall-presdluetuations (m)
w: angular frequency (rad/s) and k: acousticemamber (i)
Uc: convection velocity of the wall-pressure flucioas (m/s).
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where:

Equation (1) applies to a non-compact airfoil walge aspect ratio (L/c > 1). The equation is more
complicated for an airfoil of small aspect ratialamhen the observer is away from the airfoil mid-
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span [2]. Furthermore, Amiet's formulation strictipplies to slightly loaded airfoils with small
camber, thickness and angle of attack, but it lees Ishown that these restrictions could be relaxed.

The statistics of the turbulent wall-pressure fiattons, namely the frequency spectrum and the
spanwise correlation length, are the input datthefmodel. The aeroacoustic transfer function
between the turbulent wall-pressure fluctuationd #re far-field sound pressure fluctuations is
determined analytically on the basis of purely atiouarguments. Its expression, given in [2], is a
function of chord length ¢, mean flow velocityp,Uconvection velocity of the wall-pressure
fluctuations near the trailing edge,dnd frequency f.

Very good agreements have been obtained betweditige and measured far-field sound pressure
spectra for a flat plate [6] as well as for singigoils of various shapes at different anglesttdck
in anechoic wind tunnels [1].

Rotating blades

For rotating blades at low rotation Mach numberjclhs the case here, the above model may be
applied with the following adjustment. The bladesmit into several strips along its spastrip
theory assumption) and the airfoil theory is applite each segment, assuming that the circular
motion is locally equivalent to a translational roat This assumption is reliable if the trailingged
noise frequencies are much higher than the rottifvequency. Furthermore, the assumption of
blades of large aspect ratio used in equations(hpimore valid since the span of each segment is
smaller than the chord. A more general equationaljd for any blade aspect ratio and any angle
of observation with respect to the airfolil, is trapplied in the noise prediction of rotating blades

The far-field sound radiation from a given rotatisggment is obtained by averaging the sound
pressure spectra radiated by the blade segmergvatas circumferential locations, applying a
Doppler factor to account for the relative motidntlme source with respect to the observer. The
flow velocity is assumed parallel to the chord liaecording to the weakly loaded airfoil
assumption. As stated in [10] the transpositiomida is written as:

B T we(W)
J

Spp(%, ) =~ Spp (%, W) dW )

0
where SBJp(X,ooe )is the sound pressure spectrum that is radiated fihe current blade segment at

angle W ignoring the Doppler frequency shift, an%& =1+Msin© sin¥ =1- M, where
w

(©,¥) are the radiation angle to the axis and the cifevential angle, respectively. As Amiet's

formulation applies to isolated airfoils this apgech is valid for low solidity impellers (chord lethg
smaller than blade spacing). Furthermore, in amepaper [11] the exponent of the Doppler Shift
w,(W)/w in equation (2) has been assessed to be 2 instdadAt low Mach number M, which is

the case in this paper, the effect of this coroectin the prediction is negligible.

Experimental validation on axial fans

An extensive research program has been made atAJEIN a 2-blade (Figure 1-a) and a 4-blade
(Figure 1-b) axial fan of 800-mm diameter with thetor and its support on the fan inlet side. The
fans with identical blades in plastic have the abtaristics given in Table 1.

Table 1 characteristics of the fan used for experigntal validation

1 A division of the blade into 6 strips on the sjma good compromise as found in a preliminarygtiithis number of
strips was kept constant in all the predictions.
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Tip Hub/Tip | Chord | Maximum blade Blade pitch angle3 Average tip | Rotation
radius g | ratio | length thickness ) clearance speed
(mm) (mm) (mm) (mm) (rpm)

135 at adjustable from 15 to 35°
400 0.34 the tip 4 (tip angle counted from the 5 600
rotation plane)

To obtain the input data of the model two oppobitedes are fitted with a set of 6 small flush-
mounted microphones at two radial positiong #r0.67 and 0.89. These pressure transducers
(Knowles Acoustics microphones) have a diameteratahgth of 2.5 mm. They are imbedded on
the suction side of the blades as shown by theewimés in Figure 1. Four transducers are on the
same spanwise line at 10 mm from the trailing etdgebtain the average spectra and correlation
length scales of the wall-pressure fluctuationse ™o others are 5 mm chordwisely spaced from
the formers to deduce the convection speed ofutiient pressure fluctuations that is used in the
aeroacoustic transfer functiob'||in equation (1). More details on the insertidnttte pressure
transducers in the blades and their calibrationgaren in [10]. The signals of the transducers are
transmitted to the spectrum analyzer via a 14-célslip ring.

| (a) (b
Figure 1 Test fans: (a) 2 blades, (b) 4 blades

The axial location of the impeller in the fan cagimas been set to have the blade trailing-edge
section in the same plane as the shroud exit sefdraa blade pitch anglé= 30°.

Each fan is tested in a doubl
reverberant room ( Figure 2) accordin R T
to test category A (non-ducted at inle )
and outlet). The fan is mounted on th
concrete partitioh between the two
rooms of different sizes, the bigge
room being on the inlet side. Thg
auxiliary fan allows adjusting the R
operating point of the test fan. Th I@
flowrate is measured with a multi
nozzle chamber while the fan pressuic
is obtained according to ISO 5801 with

pressure rings in the two reverberant rooms.

7
multi-nozzle chamber reverberant room 50 m*

Figure 2 CETIAT test facility layout

The fan sound power levels in one-third octave baak determined in both rooms following
ISO 13347-2. For each frequency band the logarithsuim of the levels in the two rooms, called
“inlet + outlet” level, is thus compared to thegiotion.

2 The fan shroud is actually mounted on a chipbgéaite which is fixed to the concrete wall via akgs
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Figure 3 shows the measured sound power specthe &-blade and 4-blade fans for a blade pitch
angle of 30° and different operating points ideetifby their flowrate expressed as a fraction ef th
maximum flow Qv max (i.e. zero static pressuregacth fan.

(a) 2-blade impeller p=30° (b) 4-blade impeller p=30°
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Figure 3 Measured "inlet + outlet" sound power lewels for 3 = 30° (a) 2-blade fan, (b) 4-blade fan

As mentioned above the main input data of the dicalyprediction model are the spectra and
spanwise correlation scales of the blade pressuctuftions. For the 4-blade fan wigh= 30° and
various operating points, Figure 4 shows the measwall-pressure spectra in one-third octave
band and Figure 5 presents the measured spanwrselation scales of the blade pressure
fluctuations as a function of frequency for the te&is of pressure transducers.The reference of the
decibel scale of the wall-pressure spectra iscs8t10° Pa, like the acoustic pressure, even if those
pressure fluctuations are purely aerodynamic.

4-blade impeller p=30° Wall-pressure spectra (b) 4-blade impeller p=30° Wall-pressure spectra
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Figure 4 Measured spectra of the wall-pressure fltoations of the 4-blade fan forf3 = 30°.
Set of pressure transducers at (a) rir= 0.67, (b) r/,=0.89

Since the prediction input data are experimentaditermined at only two radii on the blade span,
i.e. 0.67 and 0.89%ran extrapolation is made according to [10] taobthese data at other radii.
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(a) 4-blade impeller p=30° r/r0 =0.67 (b) 4-blade impeller =30 r/r0 =0.89
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Figure 5 Measured spanwise correlation scales die wall-pressure fluctuations of the 4-blade fan fio = 30°.
Set of pressure transducers at (a) rg= 0.67, (b) r/r, = 0.89

Figure 6 shows the difference between the measamddpredicted one-third octave sound power
spectra (“inlet + outlet” levels) of the two farm # = 30° and various operating points. In this
figure AL, is always positive whatever the fan and opergpimigt, which means that the prediction
always underestimates the sound power spectrum.diffegence is quite high at low frequency
(f < 200-250 Hz), minimum in the frequency rang®-800 Hz, then re-increases at high frequency.

For the 2-blade impeller (Figure 6-a) the cunits, are very close to each other, except below
400 Hz at Q max. The prediction thus provides a correct trefdhe evolution of the sound
spectrum with flowrate. That is not the case foe #hblade fan (Figure 6-b) for which the
discrepancies between the curves are much higbethis fan the gap between the prediction and

the experiment is the lowest at Qv max.

(@) 2-bladeimpeller p=30° ALW=LWisst- LWpredition (b) 4-blade impeller B=30°  ALW= LWiest - LW prediction
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Figure 6 Difference in levels between the measureohd predicted sound power spectra fof = 30° and different
operating points (a) 2-blade fan, (b) 4-blade fan

Several reasons could explain the systematic ustier@ion of the prediction compared to the
experiment. The first one could be the uncertagitthe input data of the trailing-edge noise model
or the non-validity of the model itself. The lasson should be at least partially discarded as the
prediction method has been validated by severakraxents on stationary airfoils in anechoic
wind-tunnels. Furthermore, uncertainties in theuinpata should lead to overestimations and
underestimations of the prediction depending orbthde number, blade angle, operating point and
frequency. It is not the case, there is alwaysratetestimation whatever the test configuration.

Another reason could be the contribution of onsewveral additional noise sources. One may think
to an interaction of the inlet turbulence with thlade leading edge due to the motor bracket that
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would generate an inflow disturbance. This mechanis quite unlikely as the bracket is remote
from the fan inlet. Nevertheless, an interactiortha turbulence in the boundary layer of the fan
casing with the blade tip may not be totally exelddTip clearance noise appears as another very
good candidate for this additional source. To pribwecontribution of this source to the overall fan
sound power some further tests have been made.

First, a comparison of the sound power spectra@Ptblade fan has been made with and without
casing Erreur ! Source du renvoi 2-blade impeller p = 30°
introuvable.). In this case the 2-bladq
impeller with its shroud and chipboard plal
has been disconnected from the wall betwe
the two reverberant rooms and placed in t s Zaln e T T S O
big inlet room (see Figure 2). The fa 8¢ +*

operating point for this configuration 35 :
corresponds to Qv max (zero static pressur so
Erreur! Source du renvoi introuvable. 45 Fo
shows that the spectrum of the impell¢ 4
without casing is considerably lower than th
spectrum with casing whereas the wa
pressure spectra measwed on t_he blades Igéure 7 Measured sound power spectra of the 2-blad
both fans are of similar amplitude. The fan with and without casing
trailing-edge noise prediction without casing in the inlet reverberant room B = 30°

tends to overestimate the sound levels unlike

the prediction with casing.
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Other tests have been made on the 2-blade anddé-bla
fans to try to reduce the contribution of the t#pkage
noise to the overall noise. Based on a research of
Bianchi et al. [12] a tip vortex control device (or
winglet) has been taped to the pressure side df eac
blade in the tip region (Figure 8). The aim of this
. homemade device was to try to counteract the tip
winglet leakage flow circulating over the blade tip frometh
pressure side to the suction side. Figure 9 corsghee
measured sound power spectra of the 2-blade f@wv at
max with and without winglets. The winglets reduce

Figure 8 Winglet on the blade pressure side the sound levels of more than 3 dB in a large feeqgy
range.

2-blade impeller p = 30° Qv max
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Figure 9 Measured sound power spectra of the 2-bladfan
with and without "winglets" B = 30°, Qv max

Figure 10 shows the differené.,, between the measured and predicted sound powas lef/the
2-blade and 4-blade fans with and without wingl®g#th winglets the prediction is much closer to
the experiment even if the agreement is still fant perfect. It is not excluded that a tip-cleamnc
noise contribution still exists with the wingletstlwith reduced amplitude.

€) 2-blade impeller p=30° Qv max (b) 4-bladeimpeller p=30° 0.82 Qv max
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Figure 10 Difference in levels between the measureehd predicted sound power spectra with and without
winglets B = 30° (a) 2-blade fan at Qv max, (b) 4-blade fieat 0.82Qv max

These results (and others not presented in thisrpgpove that the tip-clearance noise strongly
contributes to the overall noise radiated by thesfam a way that depends of the blade pitch angle,
operating point, and number of blades. To imprdwertoise prediction of an axial fan it is therefore

necessary to develop a model that could be abpeetict the tip-leakage noise spectrum. A well-

known means to reduce the amplitude of this soorcexial fans is to reduce the tip clearance.
Unfortunately a reduction of the clearance is ofteh possible on fans used in industry for design
and mechanical reasons. Furthermore, the experishogvs that this remedy is sometimes

ineffective, especially on propeller fans.

PREDICTION OF THE WALL-PRESSURE SPECTRA

Theoretical background

The trailing-edge noise model used above (equatigh requires assessing the spectra of the
turbulent wall-pressure fluctuations on the suctsiaie along the blade span close to the trailing
edge. As mentioned above these spectra have bessurad at two radial locations on the 2-blade
and 4-blade fans. The test process is howevelytackli expensive, so that it appears worthwhile to
try to estimate the spectrum by a model using C&butations (RANS simulations) provided that
this approach gives reasonably accurate results.

The empirical model used in this study is due taddberget al. [9]. This model, which is an
extension of Goody's model [13], takes in accoulvesase pressure gradient flows such as those on
the aft part of the suction side of stationary alsf or rotating blades. The model has been
experimentally validated on isolated airfoils inng#tunnel [9] but not on rotating blades. The wall-
pressure spectrum can be deduced from local pagesnaftthe boundary-layer over the blade at the
desired location (i.e. location of the pressuresees).

According to this model [9] the spectrum of the Wakssure is given by:
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] n_ )~
282/° (61307 +F, Al(4.2 +1joo2
Ppp(@U, _ | ( % A

.[.2 6* (4.7&-;)0.75 + Fl)Al + (Cl3 a“))AZ

max

3)

wherew=wd* /U, w = 2, &* is the boundary-layer displacement thicknessgthe flow velocity
outside the boundary-layer angx the maximum shear stress.

The other terms in equation (3) depend on thevielig parameters, in addition to those mentioned
above: boundary-layer thicknesy,(boundary-layer momentum thicknesy, friction velocity (4)
and mean wall-pressure gradient in the streamwisetobn (dp/dx).

The objective of this part of the study is thereftw compare the predicted and measured wall-
pressure spectra written under the following nanatisional form:

~ . ®,(f)
¢pp(w) = ngg* pZ (4)
e 0
| o — = PoYe
with p,: air density. The non-dimensional spectrum is tfyg(w) = @, (w) —10Ig P

max

where @, («) is the right-side member of equation (3).

CFD simulations
Model and boundary conditions

A stationary three-dimensional CFD RANS modelinghaf 4-blade axial fan is conducted in order
to obtain the parameters of the boundary layer. @uthe complexity of the geometry, a hybrid
mesh approach is adopted. The mesh features adeafiesh close to the fan, with prismatic layers
in the blade-wall region (Figure 11 (b)), and arsea unstructured tetrahedral mesh towards the
end of the calculation domain (Figure 11 (a)). Tihal volume mesh grid of the calculation domain
consists of 21.2 M elements. The Navier—Stokes tengawith k<o SST turbulence model are used
for calculation. The simulations were done with coencial code Fluent 14.

T AT A AT ATATATAT
LAV AUV LT ATATAYAT:
VAN AV ALV ATAVATATY

ATIviTavaY, o

its actual test facility, is modeled with the mplé reference frame approach (MRF). The fluid
region in the fan area is modeled in a rotatingnezice frame and the fluid surrounding the fan area
is modeled in a stationary frame [14]. The limittlié MRF region is shown in Figure 12. The Inlet
boundary condition is “Stagnation Inlet” with tofaessure equal to zero and the Outlet boundary is
“Mass Flow Outlet” imposed. The fan walls are medels rotating walls with zero velocity
relative to the adjacent cell zone. The other wallshe domain are modeled as stationary walls.
The fluid in the MRF region is rotating at the fapeed, i.e. 600 rpm. To reduce the problem size
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the flow field is simulated for a single blade pEgEs by using periodic boundary conditions; the
calculation domain corresponds to a quarter ofttth@ domain. Simulations are performed for 4
fan operating points.

AA
Inlet § Wall Symmetry —"P‘-# O‘utle‘t Symmetry
7
I ].._ s 1m
I : lmr :J= \\. {m " -A; :I p
: Periodic plans

— Stationary region

—— MRF region
—— Shroud: wall

—— Blade: rotating wall

——— Hub: rotating wall

Figure 12 Dimensions and boundary conditions of # calculation domain

Results

Figure 13 shows examples of results obtained with RANS simulations. Cartography of the
relative velocity magnitude in section r/rO = 0i67%resented in Figure 13 (a). The boundary layer
development is clearly visible. The leading edgeasation bubble on the suction side is captured
by numerical simulation. The black straight lin@neduces the normal to the blade surface along
which velocity profiles are extracted to allow ttedculation of the boundary layer characteristics.

Figure 13 (b) shows the tip vortex which detachiemfthe blade in the forward part of the chord.
Another potential noise source due to the intevactif this vortex with the adjacent blade may not
be excluded. In the latter case the winglets maatian the first part of the paper might have some
effect on this interaction and the resulting patntoise.
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Figure 13: Examples of RANS simulation result$or Qv= 0.82 Qv max andB = 30°
(a) Relative velocity magnitude in the mid-span sé¢ion; (b) Path lines on the blade tip

Table 2 gives the boundary layers parameters gégttdocom CFD simulations. These data are used
to deduce the wall-pressure spectra on the blade.
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Table 2 Boundary layer parameters deduced from CFBimulations for the 4-blade fan af3 = 30°

Qv max 0.94 Qv max 0.82 Qv max _
r/r0 0.67 0.89 0.67 0.89 0.67 0.89 0.67 0.89
Ue (M/s) 21.1 26.5 21.0 26.0 20.3 24.0 18.0 23.2
3 (mm) 5.00 4.72 457 4.88 5.45 5.83 13.72 12.92
& (mm) 2.02 1.62 1.93 1.66 2.18 1.97 5.55 3.33
0 (mm) 0.70 0.63 0.70 0.67 0.76 0.76 2.39 0.65
A= 58/5 2.5 2.9 2.4 2.9 2.5 3.0 25 3.9
H =256 2.9 2.9 2.7 2.9 2.9 2.9 2.3 2.8
Timax (P2) 0.512 0.377 0.451 0.286 0.451 0.213 0.859 0.504
T (Pa) 0.578 0.488 0.520 0.384 0.514 0.296 0.896 0.591
u; (M/s) 0.69 0.64 0.66 0.57 0.65 0.50 0.86 0.66
dp/dx 2620 7373 2667 4717 2353 3278 812 1572

Experimental validation of the wall-pressure specta

Examples of predicted and measured spectra of weadsure fluctuations are shown in Figure 14
for the 4-blade impeller & = 20°, 0.8 Qv max and the two spanwise locatidnis= 0.67 and 0.89.
Figure 15 shows a similar comparison or 30° and 0.82 Qv max. The prediction underestat
the amplitude of the spectrum whatever the frequed the case considered. The difference in

level between the two spectra, which varies froeiBOto more than 20 dB, depends of the blade
angle, flowrate, radial location and frequency.

These discrepancies may be due to uncertainties on:

- the measured pressure fluctuations

- the assessment of the boundary layer charactertgiduced from the RANS simulations
- the validity of the empirical model of Rozenbetal

(a) 4-blade impeller p=20° Wall-pressure spectra (b) 4-blade impeller =20° Wall-pressure spectra
0.8 Qvmax r/r0=0.67 0.8 Qv max r/r0=0.89
100 100
S0 S0
80 80
‘\—-_“_'—-.
—_ 70 = 70
3& 60 \ ‘mé' 60 [ — —
] 50 ] 50 \
N X w AN
N SN w AN
20 \ 20 \.
0.007 0.07 07 7 0.007 0.07 0.7 7
st st
——test ——prediction ——test ——prediction

Figure 14 Comparison of the measured and predictediall-pressure spectra of the 4-blade fan,
B=20°0.8Qmax (a)rlrp=0.67 (b)r/p=0.89
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(a) 4-blade impeller p=30" Wall-pressurespectra (b) 4-blade impeller p=30° Wall-pressure spectra
0.82 Qv max r/r0=0.67 0.82 Qv max r/r0=0.89
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Figure 15 Comparison of the measured and predictedall-pressure spectra of the 4-blade fan,
B =230° 0.82 Qmax (a)r/ro=0.67 (b)r/p=0.89

Two boundary layer parameters have a large impacthe amplitude and shape of the wall-
pressure spectra, namely the maximum shear strgssand the pressure gradient dp/dx. An
increase of the amplitude of these parameters mpaed to those obtained by CFD simulations
allows reducing the gap between the predictiontaacexperiment in a significant way.

More work is needed to understand the actual reasbrihis disagreement. The von Karman
Institute, which is with Cetim a partner of CETIAT this research programme, is currently making
CFD simulations and estimation of the wall-presspectra on the 4-blade fan by another model
than the Rozenberg's model. A comparison of theidiptions with those of the present paper could
be helpful to improve the modeling.

CONCLUSIONS

The prediction of the broadband noise of axial fegtuires diagnosing the main noise sources of
the fan, developing models of these sources arithgehe appropriate input data of the models. In

the present study the diagnosis of the sourcearigafly achieved: the main noise mechanisms are
likely trailing-edge noise and tip clearance nosé it is not excluded that other sources may
provide a contribution to the overall sound powgedrum of the fan, depending on the operating
point, blade pitch angle, blade number, and frequenhe interaction of the inlet turbulence of the

casing with the blade leading edge might be a piaieadditional source as well as the interaction

of the tip vortex with the adjacent blade.

An analytical model of trailing-edge noise basedharextension of Amiet's formulation, which was
experimentally validated on steady airfoils in winhnels, has been applied on the test fans. A
comparison of results predicted from this model @axgerimental results shows a systematic
underestimation of the prediction, which confirnigatt other sources may contribute to the fan
noise. A perturbation of the tip leakage flow byrteonade devices allows reducing the amplitude
of this underestimation in a large frequency ravgeich proves that tip clearance noise is also a
major contributor. Unfortunately no analytical mbde currently available to predict this
mechanism that is not yet fully understood.

The spectra of the pressure fluctuations on thémsuside of the blades near the trailing edge are
the main input data of the trailing-edge noise nhaded in this study. The experimental validation
of an empirical model due to Rozenberg et al. edjut these spectra with input data deduced from
steady CFD simulations is currently not satisfactam the present fans. Further work is needed to
understand the discrepancies between the predioigdheasured spectra on the blades.
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