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SUMMARY

In this work, the results of the RANS simulation thie flow in a low-speed four-bladed
ventilator is used to compute the wall pressuretspm close to the trailing-edge of the blades
by means of Panton and Linebarger statistical madeich uses boundary layer information.
This is needed to compute the far-field noise specttby means of semi-analytical Amiet’s
theory. Both the wall pressure and the noise sper® compared with measurements taken at
CETIAT.

INTRODUCTION

The trailing-edge noise is the minimum broadbangndothat a lifting surface would produce in
absence of other sound mechanisms as turbulereedtipn at the leading edge. This source of
sound, caused by the scattering of the boundaerlalsturbances into acoustic waves, as
illustrated in Figure 1, remains the only broadbaonte contributor for subsonic fans operating in
homogeneous stationary flows, in absence of anyregs, downstream and tip interaction. The
present study aims at predicting the trailing-edgese of a four-bladed low-speed axial fan on
which an experimental campaign [6] has been coeduat CETIAT. The available experimental
database is shared in a collaborative project gty VKI, CETIAT and CETIM, for development
and validation of numerical flow and noise predintimethods. In the present work, the flow and
acoustic prediction is based on a method keepitgnba between cost and accuracy that can be
easily integrated in optimization chains [4, 5].eTprocedure uses stationary flow computation and
semi-analytical Amiet's theory [1]. The flow isdirsolved using OpenFOAM®, where a 3D steady
RANS computation is performed using a Multiple Refee Frame method. The wall-pressure
spectrum upstream the trailing-edge required inrdiéng-edge noise theory is then obtained from
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the wall-pressure reconstruction model of Pantod &mebarger [8] using boundary-layer
information. Finally, the far-field sound pressspectrum is computed by means of Amiet's theory.
The blade is decomposed using a strip theory wleesry blade strip is approximated by a
rectangular flat plate, the overall noise radidtedh the blade being the sum of noise radiated from
the different blade strips. The sound producedhleytip vortex and its possible interaction with the
shroud is neglected in the present study. Compasisoth experimental available data is made for
the different steps of the noise prediction procedlhe wall-pressure reconstruction spectrum is
compared to measured wall-pressure spectrum atdeaiions on the suction side of the blade
while the sound emitted from the fan is comparedverall sound measured in the CETIAT
reverberant room.
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Turbulent eddies passing the trailing-edge \_/

Figure 1 Trailing edge noise generation mechanism.

TRAILING EDGE NOISE COMPUTATION SEMI-ANALYTICAL METHOD

The broadband trailing-edge noise of a stationaojated airfoil can be computed using Amiet's
theory [1]. It assumes the airfoil to be infinitlyehin, without camber or angle of attack, and in
uniform flow conditions. The main trailing edge gedang obtained by Amiet [1] has been
corrected by a leading edge back-scattering carttab which accounts for the finite chord length
[11]. The radiated sound field is calculated bygrating the induced surface sources on the actual
chord length,c, and the airfoil spang, assuming convection of frozen turbulent boundayer
eddies past the trailing edge. In the followingniatas, the subscript$, 2 and 3 indicate the
streamwise, crosswise and spanwise directionsecesply. For large aspect ratid/€), the power
spectral density of the sound pressure in thedéd fs obtained using:

S = (23 ) A (R g ) (1)
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where w is the angular frequencx, is the positibrihe listener,S, is the distance from the
source, L = L4 + L, is the aeroacoustic transfer functionivddranalytically, with£, the main
contributing term from the trailing edge aZd tlaekscattering term from the leading edge [11].
®,,(w) is the wall-pressure spectrum upstream the tgpididge whilel,(w) is the corresponding
span-wise correlation length. In the computatiol,(w) has been modeled by using Corcos’
formulation,

W/l

where b = 1.49 andU. is the convection velocity. Equatioh dérives from the assumption of

large-span airfoils, implying that for each listeq®sition there will be only one radiating span-
wise aerodynamic wave number. It is interestingnatice that, according to previous tests, in a
direct strip method such as the one adopted in wus, the general finite-span formula is

inaccurate [2].
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Using the model developed by Panton and Linebgi@erRemmleret al. [9] implemented the
following expression for the wall-pressure spectrum

* ky(w)? (o) (i . oU, oU .
Ppp(w) = 8p§ ///0 kl((w)2 exp k)utd) Sa2(y, 9, w) 8—y1 83}1 dy dydks (2)

where py Is the reference density and is the walinab distance. The energy spectrum of the
vertical velocity fluctuationsSs, , is expressed as:

! ! (5 [ee]
Soo (1,9, w) = M/\2 // Ry cos(aky(w)ry) cos(aksrs)dridrs ()
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The model therefore uses the streamwise mean telpaifile U, (y) and the crosswise velocity
fluctuation profileu(y) . Both velocities and the tuliiice integral length scald, , are calculated
from the RANS result. The velocity correlation ftina, R,,, and the scale anisotropy factar,
need to be modeled. No quadratures are used tolai@dhe quintuple integral in Eq. (2) as they
would require prohibitive memory. The integratienperformed with a Monte Carlo method using
importance sampling to enhance convergence, cingtére points where the integral is evaluated
in the regions of interest with the use of a pralggldensity function. More details on this model
can be found in Remmlet al.[9].

In case of rotation, the far-field noise PSD obw kolidity fan withB independent blades is given
by an integration over all possible azimuthal posg, v, of the single airfoil formulation [3]:

B [* w.(¥)
Sm,(x,w):%/o S (x w)d @)

whereX is the position of the listener in the absolutarfe of reference arxl s its position in the
rotating frame attached to the blade strip.

The factor w.(¥)/w accounts for Doppler effects due to thwtion, beingw. the emitted
frequency ancw the observed frequency. In ordeake into account the variation of the flow
along the airfoil span, a strip theory is useditspd the blade in a given number of segments. The
total radiated sound is then the summation of samitted by each airfoil strip. In the present ¢ase
the blade is split in 5 strips.

TEST CASE: FOUR-BLADED VENTILATOR

Experimental set-up

The ventilator, visible in Figure 2, has 0.8 m de&en and hub ratio of 0.34. It has four equally
spaced blades, two being equipped with unsteadyspre sensors in order to measure the data
required for the trailing-edge noise prediction mipschamely the wall pressure spectrum and the
spanwise correlation length spectrum. The chordipats 0.135 m and the blade's maximum
thickness is 4 mm, while the mean tip gap is 5 mhe shroud trailing-edge is aligned with that of
the blade when the stagger angle of the bladetisos80°. The shroud is mounted on the wall
between the two rooms. A rotating microphone pemfrthe acoustic measurements in the
reverberant chamber, while three fixed microphoaes placed downstream of the ventilator,
allowing to make a spatial average of the acoukdtta [6].

CFED evaluation of thetest case

A three-dimensional steady RANS computation of flbev in the experimental set-up has been
performed by means of OpenFOAM® 2.3. The flow hasrbsolved in the maximum flow rate
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condition (4.29 ms™) for 600 RPM rotational speed. Given the low Machmber of the present
case, the incompressible solver simpleFoam soha Ibeen selected. Figure 3 depicts the
computational domain with the related boundary doms.

The domain is divided in three main regions: aiatary region upstream of the ventilator,
containing the inlet boundary, a moving refereneanie (MRF) region surrounding the ventilator
and, finally, another stationary region downstresrthe ventilator, containing the outlet boundary.
Non-conformal interfaces (defined as cyclicAMI ip&FOAM®) separate the MRF from the
stationary regions. The same kind of interfaceldeen applied to the lateral periodic patches which
allow to simulate only one quarter of the ventitajeometry.

In order to ease the convergence, the flow ratdokas imposed at the inlet, while a fixed pressure
has been imposed at the outlet. The selected ambelmodel is ks SST [7]. The results presented
here are related to a boundary conditions of 5%ulence intensity and 0.01 m turbulent length
scale imposed at the inlet. Nevertheless, commmnsithave been run at 1% inlet turbulence
intensity, showing minor discrepancies in termgm@dicted wall pressure spectrum with respect to
the case with 5% turbulence intensity. Finally, sketionary walls upstream and downstream of the
ventilator, the hub, the blade and the shroud Ihees defined as no-slip surfaces.

Figure 2 Experimental set-up.
The unsteady pressure sensor are visible on therugmd lower blade.
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Figure 3 Computational domain with the related bdary conditions.

The computational grid has been produced usingples source tool snappyHexMesh, which can
generate three-dimensional meshes containing hdratend split-hexahedra automatically from
triangulated surface geometries. A boundary layeshhhas been applied to the blade/hub wall and
to the shroud. A grid independence study has begommed by producing four different meshes of
1.5, 3.4, 7.2 and 13.9 millions of cells, respeddiivFigure 4 shows a good correspondence between
the pressure coefficient computed at mid-span ygube two most refined meshes. Furthermore,
as can be seen in Figure 5, the grid of 7.2 M gellefined enough to have y+ < 1 at the first cell
on the blade surface. For these reasons, the owsisting of 7.2 M of nodes seems to be a
reasonable compromise between numerical accuratg@nputational time
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Figure 4 Pressure coefficient at mid-span for tlifeedent Figure 5 Evolution of the average y+ on the blaueface
meshes. with the number of mesh cells.

Figure 6 represents the relative velocity fieldseldo the hub (6a), at mid-span (6b) and in the
vicinity of the tip (6¢). The flow field is affectieby the small axial extent of the hub, as candams

at the lower radius, resulting in a huge separatimme on the pressure side. Since the maximum
flow rate does not correspond to the maximum efficy point, the flow is still separated on the
pressure side at mid-span, but it re-attaches tisvdue tip, where the only detached zone is found
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on the suction side close to the trailing-edge. ths reason, it may be considered to study this
geometry in the best efficiency point, which is eaepresentative of the technology under
investigation.

@) (b) ©

Figure 6 Relative velocity magnitude at differest-radius planes.

As described in the previous Section, the wall sues spectrum prediction model requires three
inputs from the CFD computation: the streamwise meealocity profile U;(y), the crosswise
velocity fluctuation profileu,(y) and the turbulenceedgral length scaleA . These quantities are
extracted, for each blade strip, along a line nbtméhe blade surface starting from a point clase
the trailing edge [10]. This procedure is fully @miated and it is executed by a Matlab® script.

Computation of thetrailing-edge wall pressure spectrum and of the ensuing noise

Figure 7 shows the comparison of the wall presspectrum measured close to the trailing edge
and the one computed by means of Panton and Ligetermodel (Equations 2 and 3). The
boundary layer data, that are the necessary inptitd model, have been extracted at the same
location as the pressure sensors on the bladecsuifae correspondence between the two curves is
better in the range from i@ 10f Hz, while the gap increases at lower frequendiethis respect,

it is necessary to remind that the accuracy otitisteady pressure sensors decreases below 300 Hz.

Wall pressure PSD, [20 dB / div.]
Wall pressure PSD, [20 dB / div.]
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Figure 7Comparison of the trailing-edge wall pressure spgoteasured and computed
with Panton and Linebarger's model.
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Having computed the wall pressure spectra at figealty spaced radial locations of the blade
suction side, it is possible to compute the broadb@ise radiated in far-field according to Amiet’s
theory (Equations 1 and 5) by summation of theaeisitted by the different strips. As can be
observed in Figure 8, there is a strong discrepaetyeen the measured and the computed noise
above 2 kHz. The reasons of this phenomenon s&tirio be inquired.
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Figure 8 Comparison between the measured and tenstructed sound power level in third octave bands

CONCLUSIONS AND FUTURE WORK

In this paper, a procedure for the computatiorhefttailing-edge wall pressure spectrum in a low-
speed fan has been presented and applied to @asesivhere an experimental database is available
for comparison. This procedure is based on theaetitm from steady RANS simulations of
boundary layer data close to the trailing-edge haf blade, which are the input to Panton and
Linebarger's model for the computation of the wpfessure spectrum. The flow data were
generated with OpenFOAM® and the independence frengrid size has been assessed. Finally, a
comparison between the computed wall pressure awchds spectra with the corresponding
experimental data has been made. In both caseagctiweacy of the algorithm can be improved by
investigating the reasons of the discrepanciegitam ranges of frequencies. The next objective of
this research will be to run a scale resolved Etian of the ventilator in order to solve the
unsteady pressure field and compute the wall presspectrum without need of statistical
modeling. The comparison with the results obtaifneth scale resolved simulation will help in the
further assessment of the capabilities of our RAldSed noise prediction model.
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