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SUMMARY

Modeling and numerical approaches are privilegegswa investigate the mechanisms of noise
generation by fans. The paper explores a fan reyisthesis approach based on the numerical
propagation of a noise source located on the fads, defined from experimental data
obtained on wing profiles. The test of the methad $hown that the source term adjusted on the
Brooks-Pope-Marcolini trailing edge noise databases insufficient to represent the noise
measured on a four blades fan. Some auxiliary soteens liable to fill the gap between the
model and the experimental results are reviewedlflagir relevancy is evaluated.

INTRODUCTION

Several numerical approaches can be used to ptéeictoise radiated by a fan, from the simpler
band-octave correlation to the costly and techhyicathallenging aeroacoustics computing. In an
industrial context, a mid-way approach, relyingexperimental data to define the acoustic source
term, and on well-known computational method toppuigate it, is still of interest.

The feasibility and evaluation of the efficiency different approaches have been evaluated in a
common research effort between the Technical Ceritdhe Aeraulic and Thermal Industries
(CETIAT) and the Technical Center of the Mechanioalustries (CETIM) located in France, and
the Von Karman Institute (VKI) in Belgium. The pesd paper focus on the part handled by the
CETIM, which consists in evaluating the approacingisexperimental wing profiles noise data
extrapolated to a fan configuration.

The noise source database used here is the wellrkiBvooks-Pope-Marcolini database, and the
experimental fan noise database is the one cre@ateé CETIAT on an industrial fan.
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APPLICATION OF WING PROFILE NOISE DATATO A FAN

Brooks-Pope-Marcolini database

T. Brooks, D.S. Pope and M.A. Marcolini (BPM) hameated an experimental database on the
noise generated at the trailing edge of air wingfilgs (NACAO0012) for various profiles length,
angle and airflow [1]. The experimental data aratlsgsized under the form of dimensionless
spectrums giving the Sound Pressure Level (SPlgnabbserver position situated at mid span
over the profile’s trailing edge.

The physical references used for scaling are tbev fMach numberM, the boundary layer
displacement thicknes®, the spanwise length of the profile and the distance to the obseruer
The scaled third octave band sound pressure leglen by:

r2

e

ScaledSPLy = measure(SPlj/ —10Iog(M ° JLJ. (1)
3 3

The displacement thicknesgs is a given function of the flow angle and the Rags number. The
mathematical form of the scaled spectrums is atan reference [1], and is not given here.

This database has been used to compute the trailigg noise of wind turbines [2] and has been
implemented in the NAFNoise software [3].

Application to the fan

The BPM correlations are applied to an 800 mm diamfan widely tested in the CETIAT in
France [4]. The aerodynamic and acoustic perforemé the fan have been tested with 2 and 4
blades, in free air and with a shroud (Figure 1).

Figure 1- Experimental fan in 4 blades configuration witBl@oud (doc. CETIAT)

The BPM correlations have been applied to thisamfollows:

- The blades have a thin profile, very different frtme NACAQ0012 profiles. Therefore, the
displacement thickness at the trailing edge isrtgdkem a RANS calculation performed in
CETIAT [5] rather than using the BPM correlations.

- The flow angle is computed from the chord orienotatiThe zero angle reference should
have been obtained from the flow angle at no dfidition but this data was not available.

- Only the contribution of the turbulent boundarydayn the suction face of the blades has
been taken into account (TBL_TE noise).
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No ‘bump’ associated to the bluntness noise waibleion the experimental data, so this
contribution has been omitted. As regard the tijgeiothe flow conditions on the blade tip
of a shrouded fan is very different from the onehat free tip of a wing profile, and we
consider that the tip noise BPM correlation is hatchnsposable in this case.

The blade is cut along the span in 6 radii (R17222Rand so on) associated with 6 sources
whose contributions are summed to get the total &Rhe observer position.

The Sound Power Level (SWL) is computed from thé By using the directivity functions
given in [1] and summing the contribution of thélddes. The result is compared with the
measured SWL (Figure 2).

The results are given in Figure 2 in the case #t¢ades fan with a 30 degrees pitch angle at a
flow rate close to the nominal one (82% of the metiflow).
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Figure 2 — Linear Sound Power Level (dB) for thel@des 30 degrees shrouded fan.

This graph shows:

The SWL of each sources (S1_to S6_ curves).
The total SWL computed using BPM TBLE_TE correlat{@W All).
The measured SWL (Measure).

The SWL computed using the ASHRAE method, as rafeye in [6]. This method, widely
used in engineering’s applications, relies on éissteal approach to provide a reference
spectrum for the SWL of fans operating close tartheminal point.

One notes that the SWL computed with the BPM methaderpredicts the measured one by 8 to

15 dB.

The ASHRAE spectrum provides a SWL very close ®rtteasured one: the measured SWL can be
considered to be representative of an axial fams€guently; the under prediction is not due to a
specific characteristic of the fan.

Figure 3 shows the results of the same approachedp the same fan without shroud. The
reference data have been extrapolated to 4 bladesthe measurements made with the 2 blades
fan [7]. In that case, BPM correlation for flat @ff tip noise is included. The BPM correlatiorsfit
well with the experimental data, the tip contrilbbatibbeing dominant under 800 Hz and the TBL_TE
contribution above.
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Figure 3 - Linear Sound power level (dB) of theladdies 30 degrees fan without shroud.

Synthesis

The BPM approach strongly underpredicts the SWlegaed by a fan inserted in a shroud, while it
correctly predicts the SWL of the unshrouded fahe Texistence of a specific sound source
associated with the interaction between the fanth@dhroud has to be considered.

The nature of this source is not clear yet. One thak to:
- the interaction between the tip vortexes and theush
- the noise generated by the inlet turbulence intergevith the leading edges of the blades,

- the noise generated by the interaction of the tepdidge of the blade’s tip with the
turbulence of the boundary layer on the shroud,

- an acoustical amplification effect due to the shlrou

- the noise related to the laminar separation bubhl¢he suction face. This bubble can be
seen on the RANS calculation (Figure 4).

Figure 4- RANS calculation of the flow around addashowing the recirculation bubble

These assumptions are investigated in the folloveagtions, whether using a Finite Elements
approach, or relying on elements available in gobnical literature.
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THE FINITE ELEMENTS NUMERICAL APPROACH

Upon the assumption of a low Mach number, the inbgeneous Helmholtz equation including the
aeroacoustics terms derived from the Lighthill'slagy writes:

0 0 ( - -
K’P+AP=-——(pu u. |. 2
o (ou'u, ) @

whereP is the fluctuating pressurg,the fluid density, and’; the fluctuating velocity of the fluid.

An approximation, currently used in low Mach numberoacoustic studies, simplifies the source
term which can be obtained from an incompressilbbésient fluid flow computation (see
Equation (3)). This assumption does not consider fiedback mechanisms (acoustic waves
interacting with the flow). It allows decouplingethfluid flow computations and the acoustic
propagation ones which are easier and cheapenttiehthan a fully compressible coupled model.

When the source term is computed from an incomiiresuid, it can be written as
9 0 i'uj'): -AP (3)

0x; 0X;
WheredP’ is the Laplacian of the incompressible fluid ptesdluctuations.
Equation (2) can then be rewritten as follows:

k*P +AP = AP’ 4)
If the pressure term is split iR =P'+ p, where p is a complementary term that is equah&o
acoustic pressure in zones where no sources aerntr®ne gets:

k’p+Ap=-k*P' (5)

Equations (4) and (5) are formerly equivalent e¥é¢ine complementary term has no real physical
meaning in the zones where sources are preserit.dadssn’t require a second order derivative on
the source terr®’, the Equation (5) providing sturdier calculations than Equation-{4)as been
used for the followings computations.

Following Caro [8], the finite elements approaclesemts some advantages over the boundary
elements method when volume sources of aeroacaygicare involved, so all calculations use
this approach.

The variational form of Equation (5) is
dp dq s 200 ,
Og, |k?pgdr - |——dr+ | jk =pgds=-|k?P'qdr + | jk ds 6
q i pq iawx r{l P i g !Jpounq (6)

where:

- Qis the volume whilg” and/5 are the boundaries of the domain.

- Up the normal velocity on the boundaries,

- pandc are respectively the fluid’s density and celevwityile Z is the acoustic impedance of
the external boundaries.

On the external boundari€s, delimitated by a sphere in 3D and a circle in 2y anechoic
conditions are approximated by an impedance tegsgmted in Equations (7° and (8).
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_ jkr :
zZ= 7) in 3D
Pl ke (7)
R LU
05+ jkr
where r is the radius of the external boundary.

(8) in 2D

The finite element mesh covering the fan and itsosundings is shown in Figure 5. It counts
75 000 triangular surface elements and 500 OOfHhtetiral volume elements.
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Figure 5 - Surrounding Air volume (left), fan arft@ud mesh (right)

AUXILIARY SOURCES REVIEW

The volume sourcejkzP'qdr from Equation (6) is set up as a surface termipligt by the
Q

definition of the source term can be approximated.

boundary layer thicknesdin order to ease the implementation in a standartkfelement code
see Equation (9). As we are looking for a relatiesult between different configurations, the

- j k2P'qdr — —Jj k2P'qds
Q r
Acoustic effect of the shroud

(9)

The acoustic effect of the shroud is computed bymaring the SWL generated by a turbulent
boundary layer source located on the blade, withwithout a shroud. The structure of the source

is based on a modified Corcos model [9]. The fluiessure fluctuations on the surface are set as:

P+ e X U

—a EM
y Uc

(10)
wherex is in the chordwise direction arydn the spanwise directiotl is the convection velocity
anda,~=0.7.

equal to 70 % of the main flow velocity. The coeiintsa, anda, use the standard values=0.1

It can be seen in Figure 6 that the acoustic respaurves of the system with and without the
shroud show an amplification effect due to the strover 200 Hz, but this effect stay of low
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magnitude (2 to 6 dB) and can’t explain by itsék differences previously observed. The curves
plotted in Figure 6 have been obtained using acgot@rm of unitary amplitude.

Sound Power Level Shroud's impact on the SWL calculation
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Figure 6 - Frequency response curves for the fah amd without the shroud

Interaction with the shroud boundary layer

The boundary layer on the shroud may interact wighblades’ tips and, thus, create a noise source
that may be relevant in the application case. Tdisengenerated by this source is estimated thanks
to a similar approach as the one that relies o\thet’'s model to predict the leading edge noise of
a profile submitted to incoming turbulence [10].

This model requires the turbulent characteristitsthe shroud boundary layer (incident flow
velocity U and turbulent ratd,) and its thickness to define the length of thedbléeading edge
submitted to this flow.

In the Amiet’s theory, the SWL'’s prediction is doimlowing three steps: get the load fluctuations
induced by the impact of the incident burst, theildban analytical and aero-acoustical transfer
function, and finally predict the Sound Power Lewging a far-field radiation hypothesis.

Here, only the load fluctuations on the blade tidace are computed using the Amiet’s model. The
sound propagation is computed using the finite el#gnmodel. This allows taking into account the
acoustic influence of the shroud.

Thickness of
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_____ boundary
layer

.4 Blade’s
\ rotation

Figure 7 - Blade’s section excited by the turbuken€the shroud boundary layer
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The blade span excited by the shroud boundary lesyerqual to the thickness of the shroud
boundary layer withdrawn from the gap between taddds tip and the shroud (Figure 7).

The Amiet model relies on a 2D turbulence modesuasng an infinite extent of the incoming

turbulence in the transversal (y) direction. Tlasclearly a poor model for the boundary layer
turbulence. It is only used here since we are gyyinget only an order of SWL under the influence
of this term. The model will be improved when thetadled data coming from a transient CFD
analysis of the systems will be available.

The resulting distribution of the loads fluctuasoare shown in the Figure 8. As expected, the load
is concentrated at the leading edge of the blade.
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Figure 8 - Load fluctuations distribution at =104z

The Sound Power Level calculation is performeddifierent values of the turbulent rafg, . As

shown in the Figure 9, moderate turbulence is ciefiit to get a SWL close to the measurements for
frequencies over 200 Hz. Then the interaction betw&e blade tip and the shroud boundary layer
can be a seen as a potential candidate for thengissurce, and deserve further studies.

SWL results considering Tw as a variable
SWL (dBL)

50 63 80 100 125 160 200 250 315 400 500 630 800 1000 1250 1600
Frequencies (Hz)

Figure 9 - Variation of the SWL considering differ@alues of the turbulent rate
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Leading edge turbulence interaction

The BPM approach focuses on the trailing edge nomasidering that this contribution is dominant
on the leading edge noise for the wing profilesetgs

In our case, Y. Rozenberg [11] has shown thatehdihg edge noise can be important in the case
of high level of incoming turbulence generated bydg but remains low for the incoming
turbulence levels that are expected in a test rddman this contribution is not expected to account
for the difference observed between the calculatetlexperimental noise level.

Laminar separation bubble

The pressure fluctuations spectrums acquired osuHace of a thin blade profile similar to the one
tested here by Y. Rosenberg in the wind tunnel ©L Ehow a local high level in the top of the
suction side where the separation bubble may hafffigare 10).

An aeroacoustic computation made by S. Moreau's) taa Gauss [12] shows that the laminar
bubble can be a noise source of the same ordeaghitade as the trailing edge source (Figure 11).

These elements point out that this source has tak®n in consideration in general, even if there
are interactions with the shroud. Further studaslme made even if strong pressure fluctuations are
not a proof of efficient acoustic radiation takipl@ce away from a singular point such as an edge,
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Figure 10 - Pressure fluctuations (DSP) on a thiofie blade [9]

Figure 11 - Aeroacoustic computation on a thin peof
showing the noise source associated to the lanbnable [12]
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Interaction between blades’ tips vortexes and thehsoud

This noise source is considered to be importang. &aluation of its contribution will be done later
on when the transient fluid flow computation reswlill be available from the other teams working
on that project.

CONCLUSIONS

The Brooks-Pope-Marcolini database used to pratietsound power radiated by a fan, while
giving a good prediction in the case of a fan gefair, strongly underpredicts the noise radiated b
the fan inserted in its shroud. The fan noise ptemi must therefore accounts for an additional
noise source associated with the interaction betwlee fan and the shroud.

The nature of that source is unclear for now, betsuspect that the blade tip vortexes or/and the
interaction between the blade tip and the shroughbary layer plays a first-order part. Some
experimental and computational literature datagtesvn that the laminar separation bubble should
be considered too.

The transient flow and aeroacoustic computatioas$ #ne planned in the future developments of
this study are expected to give more insight intigdinally, the main source of noise in a faran
its shroud.

REFERENCES
[1] T. F. Brooks, D.S. Pope, M. A. Marcolini Airfoil Self-Noise and Predictior- NASA
Reference Publication 1218989

[2] P. J. Moriarty -Modelling of Aeroacoustic Noise From Wind Turbire$Vorld Renewable
Energy Congress VIIR004

[3] P. Moriatry -NAFNoise User’s Guide National Wind Technology Cent&005

[4] A. Guédel, Y. Rozenberg, M. Roger, G. PerrirPrediction of fan broad noise Third
International Symposium Fan Noise 2007, Lyon, Fea@007

[5] M. Robitu, A. Guédel, to be published in Fadil3 symposium2015
[6] A. Guédel -Acoustique des ventilateursPYC Editions1999

[7] A. Guédel, A. Finez Preévision du bruit de bord de fuite d’'un ventilaté¢licoide— Internal
report NTV 2009/005, CETIAT2009

[8] S. Caro, R. Sandboge, J. lyer, Y. NishidPresentation of a CAA formulation based on
Lighthill's analogy for fan noise International Symposium Fan Noise 2007, Lyorgnee,
2007

[9] M. Aucejo —Vibro-acoustique des structures immergées souslé&oent turbulent- INSA
Lyon - Hal Archives ouvertez010

[10] L. D. Santana, W. Desmet, C. Schrarkxtension of the Amiet theory for compact leading
edge airfoil noise predictior Proceedings of ISMA 20142014

[11] Y . Rozenberg Modélisation analytique du bruit aérodynamique eglabande des machines
tournantes : utilisation des calculs moyennés deamigue des fluides- Thesis Ecole
Centrale de Lyon 2007

[12] S. Moreauhttp://www.calculquebec.ca/fr/grand-public-et-méddézherche/55-moreau



