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Toward the prediction of low-speed fan noise

By S. Moreau, M. Hennery, D. Casalinoz,
J. Gullbrand {, G. laccarino AND M. Wang k

A rst attempt at computing the completenoisespectrum of a low-speedfan is presened.
The tonal noiseprediction relieson the Ffowcs Williams-Hawkings acoustic analogy with
the pressure uctuations on the blades computed from detailed Unsteady Reynolds-
Averaged Navier-Stokes simulations (URANS). The broadband noise calculation relies
on a strip theory, which describes the fan blade as a seriesof independert airfoils in
translation at the local relativ e velocity. The noisesourcesare assumedo beuncorrelated,
and similar to that of a stationary airfoil in the jet ow of an anedoic wind tunnel.
The overall agreemen of the combined acoustic spectra with the measuremets on an
automotive engine cooling module suggeststhat the URANS can yield accurate noise
sourcedfor tonal noiseand that two broadband noisemedanismsco-exist: the turbulence-
interaction noiseat low and intermediate frequencies,and the trailing-edge noiseat high
frequenciesbeyond 4 kHz.

1. Introduction

Noisenuisanceis an increasingenvironmental concernin large urban areasand a di er-
entiation factor in many industrial sectors,e.g., daily appliances,aerospace automotive
and computers. For instance, in the design processof a new automotive engine cooling
fan system, one major requiremert that hasto be fullled by Valeois a minimum noise
con guration for a given duty point of cooling modules with increasing heat rejection.
Similarly, in the design of more powerful electronic chips, the cooling requiremerts are
increasing. The cooling requiremerts of a computer must take a balanced approad to
cooling and acousticsfor optimal userexperience.Accurate noisesimulation of low-speed
fans and a correlation of the noise sourceswith their physical topology and ernvironment
are therefore increasingly needed.

As Caro & Moreau (2000) noted, the noise radiated by these low-speed axial fans is
tonal and broadband, both cortributions are equally important in most con gurations.
The broadband noise can be even more important in other low-speed axial fans, suc
as the propellers of air conditioning units or large wind turbines (Hubbard & Shepherd
1991). Seweral di erent noise mechanisms can generatehigh tonesin theserotating ma-
chines (Huang 2003). Becauseof their low-speed (Mach number M 1), the mean fan
load will not contribute, but any unsteady fan load will createtonal noise. For instance,
the non-uniform inlet ow conditions will causevariations of the incidence angle of the
airow on the blades and consequetly wall pressure uctuations. Depending on the
distance from the fan blade trailing-edge and the support struts or stator vanes, two
additional tonal noise sourcesmay arise: on the one hand, the wakesshedby the rotors
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(a) Automotiv e engine cooling fan (b) Electronic cooling fan

Figure 1. Selected low-speed cooling fan systems.

will periodically create a variation of load on the stationary parts (rotor-stator wake
interaction); on the other hand, the ow disturbance induced by the stator will trigger
rotor wall pressure uctuations at its trailing-edge if the rotor-stator distance is small
enough (rotor-stator potential interaction). Note that thesetwo sourcesare located on
the other element whenthe stator is placed beforethe rotor. Finally, additional obstacles
immediately downstream of the fan system may create potential unsteadinesson the
stationary parts and even on the rotor, if strong enough. Similarly, seweral competing
medanismsmay cortribute to the broadband noise.A rst important elemen is the fan
self-noisegeneratedat the blade trailing-edge. As quoted by Wright (1976), trailing-edge
noise always exists and provides the minimum noisethat a spinning fan would produce
free of any upstream, downstream, and tip o w/blade interactions. Another major con-
tribution is the noisedueto upstream turbulence impinging on the leading-edge referred
to here asleading-edgenoise. It originates from the ingestion of large vortical structures
such asthe elongatedground turbulence ingestedby a helicopter tail-rotor, or small scale
turbulence shedfor instance by the heat exchanger core of the automotiv e puller module.

The next section describes the industrial fan systemsof Valeo and Delta Electronics
that are consideredin the presen study. Steadyand unsteady Reynolds-AveragedNavier-
Stokes (RANS) simulations of the three-dimensinal ow around these fan systemsare
then preseried. They provide the deterministic noisesourcesfor a time-domain numerical
prediction of the far eld tonal noise basedon the Ffowcs Williams-Hawkings (FWH)
acousticanalogy Direct predictions of the broadband turbulent wall pressure uctuations
for the entire 3-D fan blades are currently unavailable. An alternative method is thus
explored. The broadband noise prediction relies on semi-analytical models for trailing-
edgenoise and turbulence-interaction noise applied by strips along the blade span, with
inputs from detailed LES for the ValeoControlled Di usion (CD) airfoil properly rescaled
to accourt for the proper local fan ow properties. The numerical results are compared
to the experimental data collectedin the Valeo semi-aneboic chambers.
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2. Industrial badkground

Two typical automotive engine cooling fan systemshave beenselectedin the presen
study. The fan topologiesbelongto the ultra compact fan range recertly developed by
Valeo. Both have 9 asymmetric bladesand the sameradial stacing and planform (same
chord distribution and sweep). The rst fan has a 320 mm diameter (2R;); the other
one has a 380 mm diameter. They have homothetic hub and rotating ring diameters.
Only the staggeranglesand aerodynamic pro les vary slightly in the tip region because
of di erent operating conditions. The larger fan system rotates with a speed of 2500
rom for a ow rate of 2500 m3/h at peak e ciency . The smaller fan system (Fig. 1a)
spins at 3000rpm for a ow rate of 1700m3/h at peak e ciency . This corresponds to
a maximum Mach number of 0.15 and Reynolds numbers based on the chord length
ranging from 6 10* to 1.8 1C°. The electronic cooling fan is a typical 92 mm fan with
7 symmetric blades (Fig. 1b). This particular fan is used as a chassisfan and not for
cooling the CPU itself. Its maximum ow rate is approximately 90 m3/h for a rotation
of 3000rpm. This yields a maximum Mach number of 0.09 and Reynolds numbers based
on the chord length at approximately 5 10*. Consequetly the ow through both sets
of rotating madhinesis transitional and essetially incompressible.

3. Flow simulations
3.1. Grid topology and boundary conditions

To limit the numerical model size, only a single blade passages meshedand simulated,
and consequetly a symmetric blade distribution is assumedin all ow simulations for
both applications.

The grid topology for the automotive fan corresponds to the automatic multi-blo ck-
structured grid template usedfor accurately simulating the Valeofan test rigs: an inlet
box accourting for an upstream plenum, a fan mounted on a wall with a constart tip
clearance,and an outlet box represerting the laboratory. The certral block includesthe
actual blade geometry and fan tip clearancecon guration. Downstream, the motor or
torque meter blockage is accourted for. Only the swirling e ect of the ribs within the
fan hub is neglected. A typical mesh resolving the boundary layer properly involves
about 1 million nodes. This type of simulation and size model has been validated on
seeral automotiv e enginecooling fan con gurations with both integral performancesand
detailed ow measuremets (Coggiola et al. 1998; Neal et al. 2001). A similar setup has
beenusedfor the electronic fan with rescaleddimensionsof the blocks: the computational
domain upstream of the fan is 4R; long, and has a radius of 3R;; the computational
domain downstream of the fan is 6R¢ long and has a radius of 4R; . The computational
grid on both rotating machines consistsof a structured meshupstream and downstream
of the fan blade. Howewer, the electronic cooling fan blade itself and its closesurroundings
are meshedusing an unstructured grid, meeting the quality requiremert of Fluent™ . The
tetrahedral grid over the fan blade is relatively coarseand doesnot yet fully resole the
boundary layer.

Only the automotive fan systemsinvolve a complete compressionstagein the preser
study. The in uence of the struts in the electroniccooling unit hasthusfar beenneglected.
Both the next generation of long e cien t stators (Moreau & Bakir 2003) and the more
classical short stators (Moreau & Bakir 2002) are assaiated with the above ultraslim
fans. A topological simpli cation has beenmade for the actual fan systemsto limit the
three-dimensional model size to a single blade passage Firstly, a 9 rotor bladesand 9
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Figure 2. Steady state simulations.

stator blades (1-1) model has been simulated instead of the actual 10 stator vanes of
the 320mm fan system. This leadsto an angular pitch error of 11%. Secondly a 9 rotor
bladesand 18 stator blades(1-2) model hasbeensimulated instead of the actual 19 stator
vanesof the 380 mm fan system. This yields an angular pitch error of 5.6%. As quoted
by Moreau & Bakir (2003), this may not be asseriousasin the turbine caseof Arnone &
Pacciani (1996), whereit led to a premature ow choke. In fact the systematic detailed
cascadestudy of Caro (2003) did not show any signi cant di erence for similar angular
pitch error in low-speed engine cooling applications. The recernt full three-dimensional
simulations of both systemsby Moreau et al. (2005, 2007) suggestthat the lower solidity
(chord over pitch ratio) in the numerical model may causea slight under-turning of the
stators and consequetly a lower overall meanpressurerise through the stage.The rotor-
stator grid topology corresponds to the latest ewolution of the automatic grid template
usedfor the stator design:one-to-oneperiodicity is enforcedand the wake no longer hits
any grid corner. This not only prevented the di usion of the rotor wakesand enhanced
the rotor-stator interaction. It alsosigni cantly reducedthe RAM required for this type
of simulation with CFX-TASC ow'™. The overall grid size has been deliberately kept
belowv 1 million grid nodesper blade passage(enough for the spatial resolution) to keep
the post-processingtractable and to allow a full-time corvergencestudy. The resulting
grid topology in a meridional plane is shovn in Fig. 2a.

For all simulations, the multiple frame of referencecapability of both commercialcodes
is used:the blocks closeto the bladesare put in the rotational referenceframe and the
inlet and the outlet are kept in the stationary frame. A mass o w rate is imposedat the
inlet, a pressureoutlet is set at the out o w. No-slip conditions in the proper reference
framesare imposedon the solid walls. Periodic boundary conditions are usedon the sides
of the blade passages.

3.2. Steady results

The incompressible,highly rotational and three-dimensional ow eld in the above fan
systemsis described by the three-dimensional turbulent RANS equations with a two-
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Figure 3. Validation of engine cooling fan systemssimulations.

equation turbulence model as a closure. The more stable realizable k- model is usedin
the electronic cooling fan simulations with Fluent'™ . Enhancedwall boundary conditions
with pressuregradient e ects are also applied on the blade to account for the relative
coarsegrids. The k-! SST model is used for the CFX-TASC ow!™ simulations of the
enginecooling fans on the ner grids mertioned above. The resulting set of consenative
equations are discretized with second-orderupwind schemesfor the cornvective term,
and second-ordercertral di erences for all other spatial discretizations. In Fluent'™, the
pressure-elocity coupling is achieved through the SIMPLEC sdeme. Double precision
is usedin all simulations.

A comparisonbetweenexperimental results and the simulations of the computer fan is
shown in Fig. 2b. The three experimertal lines correspond to three di erent testson three
di erent samplesof the samefan model. The experimental results show the variation in
the experimens betweenthe dierent fan samples.The simulations capture the trend
of the measuredfan curve to satisfactory agreemem. The numerical free ow condition
(zero pressurerise) agreeswell with all measureddata. The simulations also predict
the obsened plateau in the fan curve. At lower ow rates, the increasing di erence
between the measuredvalues and the numerical results can be attributed to the grid
coarsenesswhich cannot capture the tip clearance ow and the on-start of suction side
0 w separationscorrectly.

Two types of boundary conditions have been applied at the rotor/stator interface:
a frozen-rotor (FR) generalizedgrid interface at various angular positions of the rotor
relative to the stator (labeled 0, -10, -20, and -30 in Fig. 3), and a mixed-plane
(Stage) condition. Details of the simulations on the selectedfan systemscan be found
in Moreau et al. (2005, 2007). For both con gurations, the stage solution was found to
yield the most accurate mean o w when comparedto the frozen-rotor results (seeFig. 3).
Most of the frozen-rotor solutions underestimate the pressureload on both bladesand
canyield spurious unphysical solutions comparedto the unsteady solutions shown in the
next section. The stage solution is thus chosenas the initial solution for the unsteady
simulations.

Thesesteady solutions provide the meaninlet ow conditions (velocity and incidence)
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and the boundary layer parameters (displacemen thicknessand wall shear stress) that
are usedin the strip theory for the broadband noise prediction preseried below.

3.3. Unsteady results

The unsteady rotor/stator simulations are also carried out with CFX-TASC ow!™ for
onerotor blade and oneor two stator vane passagesThe low-speedhighly rotational ow
is again modeled by the RANS equationsbut in a time-dependert fashion. The resulting
URANS equationsare discretized by a secondorder implicit schemein time with a dual
time-stepping approad. The fully time-convergedsimulation on the 320 mm fan system
involves 64 iterations per blade passingperiod (BPP) with 20 pseudo-time steady-state
solutions for eat physical iteration. Ten cyclesare also computed. For the 380 mm fan
system, only 16 iterations per BPP have beenacdieved so far with the samenumber of
pseudo-timesteps. The simulations have convergedto similar accuracyboth in spaceand
time. The resulting integral pressurerise with ow rate for both fan systemswas found
to compare favorably with the experimerntal measuremets (Moreau et al. 2005, 2007).
Similarly, for the 320 mm fan system, the axial and tangertial velocity proles 41 mm
downstream of the stator vaneswere shavn to lie within the experimental data spread
found in the v e-holeand LDV measuremets (seeFig. 3a). Only the radial componert
was found to be signi cantly underestimated at the hub, which could be explained by
the lack of fan ribs in the numerical simulation. Theseribs act ascertrifugal pumps that
generatea strong o w suction through the electrical motor.

As shown in cascadesimulations by Moreau et al. (2002), the interaction between
the rotor wake and the stator leading-edgeis the dominant unsteady mecanism. In
addition, the large vortical structure developingin the rotor tip regionis the secondmajor
unsteady mechanism. The latter fully accourts for the larger unsteadinessfound in the
rotor comparedto the previous cascadesimulations. The rotor pressure uctuations now
represen about 10% of the mean load. The former contributes to the large uctuations
seenat the stator leading-edge.As in the cascadethe level of pressure uctuations is as
high as for 30% to 40% of the mean load. Additional unsteady secondary ow patterns
are alsoobsened on the stator blade both at the leading and trailing-edges. Full details of
this simulation have beenrecertly preseried by Moreau et al. (2005). The wall pressure
uctuations on either the rotor or the stator blades,shown in Fig. 4aand b at the rotor
tip at dierent fractions of the blade passingperiod T, are usedto perform the acoustic
analogy predictions that highlight the cortribution of the di erent stageelemens to the
acoustic energy The pressurevaluesat all surfacegrid nodesat all time stepsare used
in the noise simulation.

4. Acoustic simulations
4.1. Tonal noise model and results

The rotor-stator noise prediction code Foxhawk developed by Casalino (2003) is used
for the presen study. Its formulation is basedon the retarded-time penetrable FWH
formulation of Di Francescamonio (1997) and Brentner & Farassat (1998), translated
into a forward-time formulation for moving obseners. For the presen low-speed fans
(M 1), only the thickness(subscript T) and loading noise (subscript L) are calculated
and the quadrupole noiseis ignored. For a xed obsener at x = (X1;X2;X3) = (Xj), this
yields the following expressionsfor the far eld acoustic pressure:
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wherer is the source-to-obserer distance, o the undisturbed uid density and ¢y the
speedof sound. M of magnitude M is the Mach number vector of a sourcepoint on the
blade surfaceS, which moveswith an outward normal velocity U, . The dotted quartities
denotetime derivative with respectto the sourcetime . M; isthe relative Mach number,
i.e., the projection of Mt in the obsener's direction.
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where F is the pressureforce acting on the surfaceS. Fy is this force projected in the
sourcemovemert direction.

Foxhawk takes advantage of the forward-time formulation by enabling concurrert
o w/noise simulations. For the sake of the present work the code is only usedto post-
processtransient wall pressure elds extracted from CFX-TASC ow'™ databasesbuilt
previously. Only linear e ects due to the blade thicknessand loading are therefore com-
puted. Nonlinear volume quadrupoles are neglectedon the basis of low blade tip Mach
number. Integrations on rotating and xed elemerns can be carried out independertly,
allowing a separation of the rotor and stator noise cortributions. For a single blade, the
integration surface consistsof 24; 120 elemerts for the 320 mm fan system.

Transiert CFD data covering a blade passage(64 multi-blo ck structured les for the
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Figure 5. Tonal noise in engine cooling fan systems.

320 mm fan system and currently only 16 for the 380 mm fan system) are cyclically
imported in order to simulate seweral blade passagesThe 320mm fan rotation frequency
is 50 Hz, corresponding to a blade passingfrequencyf,; (BPF) of 450 Hz. The 380 mm
fan rotation frequency is 41:6 Hz, corresponding to a BPF of 375 Hz. The periodic
B -blades con guration is automatically generatedby Foxhawkbefore integrations. The
actual blade counts (B™ = 9and B** = 10for the 320mm fan systemand B = 9
and B==> = 19for the 380mm fan system) are automatically reconstructedby Foxhawk
This is made by forcing the following time lag for the i-th blade:

stator rotor
= p) BT P
NB
into the forward-time formula. This expressionused for both the rotor and the stator
bladesaccouns exactly for a uniform circumferertial blade distribution.

The acoustic signalsare computed at seeral microphonesarranged on a spherical grid
of radius 1 m. We preserily focus on the direction along the rotational axis in front of
the fan system. Fig. 5a shows that, as expected, a signi cant decreasein tonal noiseis
achieved by moving from the samenumber of rotor and stator bladesto vanesthat are
prime numbers betweenthem. Fig. 5b then shows that the tonal prediction is closeto
the module measuremets up to the secondharmonics of the fundamertal tone on the
380 mm fan system. Similar results are found for the 320 mm fan systemtonal noise.

(4.3)

4.2. Broadtand noise model and results

For the broadband noise prediction, the main limitation comesfrom our capability to
predict the noise sourcesaccurately within a reasonablecomputational time. Indeed, a
rst Large-Eddy Simulation (LES) of the ow over the ValeoCD airfoil usedin the above
fan systems(Wang et al. 2004) shawed that a high quality and ne grid (5.1 million
nodes) was necessaryto achieve numerical stability and yield comparable streamwise
and sparwise wall pressurestatistics to those measuredexperimentally. The extension
of this body- tted single block structured meshto a fan blade with reasonableaspect
ratios and tip and hub resolution would require a grid size beyond 500 million nodes.
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A realistic automotive engine cooling fan also involves a complex blade geometry with
a large variation of blade twist (stagger angle) and rapidly varying blade sweep and
rake (highly bowed blades), which makesit hard to designa high quality single block
structured grid over the ertire blade span. Moreover, the tip clearanceinvolvesa much
more complex labyrinth than the one consideredby You et al. (2004), making a local
structured body-tted grid hard to design. Becauseof this, sewral unstructured grid
topologies have been tested for the CD airfoil by Moreau et al. (2006). The LES on
thesegrids will guide us for the future full LES on the complete fan blade. Meanwhile, a
simpler approad is consideredhere, which splits the fan into se\eral radial strips treated
asindependen airfoils instantaneously in rectilinear motion. The spanwise extent of each
strip should be at least the sparwise coherencelength of the noise source eld.

Acoustic speci cations on enginecooling fan systemsinvolve measuringthe soundpres-
sure level of a puller fan system (pulling air through the heat exchanger) mounted on a
stack of heat exchangerin a semi-anetoic chamber. To accourt for two possiblebroad-
band noisesourcesin this enginecooling module experimental setup, both the scattering
of wall pressure uctuations at the fan blade trailing-edge (trailing-edge noise) and the
scattering of impinging turbulent velocity uctutations shedby the heat exchangercores
at the fan blade leading-edge(leading-edgenoise) are simulated.

The trailing-edge noise formulation initially developed by Amiet (1976) and extended
by Roger & Moreau (2005) is reviewed in Moreau et al. (2006). It yields the following
predicted sound eld for low Mach number, M = U=q, and in the midspan plane, at a
given obsener location x = (X1;x2;0) = (R; ) and for a given radian frequency! (or
wavenumber k):

sin 2

Spp(6!) = & (kc)Z%jljz NING) (4.4)

where |, is the power spectral density (PSD) and |y (! ) a sparwise correlation length
of the wall pressure uctuations near the trailing-edge. The radiation integral | is given
by Roger & Moreau (2005).

The standard Schwarzsdild's solution, which yielded Eq. 4.4 for the trailing-edge noise,
was rst proposedby Amiet (1975) to handle the problem of the noisefrom turbulence
impinging on an airfoil. It is derived from a generalizationobtained by Amiet of the result
based on unsteady aerodynamic theories by Adamczyk (1974). The resulting radiated
sound eld at low Mach numbers at a given obsener position in the midspan plane
% = (X1;X2;0) = (R; ) then reads

oUsin

2
sty = 22 (KePZi$i () (1) (45)

where . is the PSD of the vertical velocity uctuations, |,(!) a cross-correlation
length of the velocity uctuations impinging on the airfoil, and $ the generalizedairfoil
responsefunction involving the free stream velocity as a parameter.

The above airfoil acoustic models are then extendedto a rotating frame by applying
them to ead blade segmen. As anisolatedairfoil, arotating blade segmen locally exhibit
attached, partially or fully separatedboundary layers characterized by well de ned wall
pressurestatistics. It alsofaceswell de ned velocity statistics of the incoming turbulence.
Therefore the transfer functions from single-airfoil theories can be applied to predict the
noiseradiated by a complete fan in the far eld, provided that the required information
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is available at di erent radii. The main idea is that the circular motion can be consid-
eredlocally astangential to an equivalent translating motion, for which Egs. (4.4) and
(4.5) hold. This is only true for sound frequencieshigher than the rotational frequency
Initially dewveloped for high-speed blades of model helicopter rotors in the wind-tunnel
tests by Paterson & Amiet (1979) and Schlinker & Amiet (1981), the analysis preseried
hereis valid for low Mach number fans, operating in a medium at rest.

Let (Xx1;X2;X3) be the instantaneous coordinates of the obsener in a referenceframe
attached to a blade segmen at angle . At the corresponding instant the surrounding
uid is moving with respect to the blade with the velocity U induced by the rotation.
This velocity is assumedparallel to the chord line accordingto the weakly loaded airfoil
assumption in the linearised theory. Sound propagatestoward the obsener according
to the corvected Helmholtz equation expressedin the referenceframe (x1;X2;x3). The
solution is given exactly by the single-airfoil formulae provided that the cornvection e ects
are negligible on the sound propagation. This is particularly the casefor the presen low-
speedfan applications.

Since the blade moves with respect to the obsener, the instantaneous emitted fre-
quency! o () at current position =t corresponding to the given frequencyreceived
by the obsener! is determined by the Doppler factor, accordingto the formula

fe()
!
whereM = R=gq is the rotational Mach number at radius R for angular velocity .
The soundreceived at frequency! is producedby sourceson the rotating blade segmen
having di erent frequenciesdepending on their angular position. The resulting spectrum
must be calculated by averaging over all possibleangular locations of the blade segmem
and by weighting with the Doppler ratio. This yields the following far eld noise PSD
for a fan with B blades:

= 1+ Msin sin =1 M, (4.6)

2

B

Spp (61) = >
0

in which Sy, (x; ! ¢) denotesthe total noisespectrum comingfrom both noisemecanisms,
which would be radiated from the current blade segmei at angle ignoring the Doppler
frequency shift. Sy, (%;! e) is preciselywhat is provided by the single-airfoil formulae.
The above strip theory demonstratedby Eq. (4.7) was rst validated on the helicopter
rotor test caseof Sclinker & Amiet (1981). The model predictions are here compared
to the above module measuremets on the 380 mm fan system. Figure 6a comparesthe
trailing-edge noiseresults using the available experimental , Iy and U valuesat two
ow regimes possibly met in the fan, namely attached and nearly separatedturbulent
boundary layers, repeatedover the whole blade span.Both trailing-edge noisecalculations
collapseat high frequenciesas expected from the wall pressurespectra and match well
with the measuredspectrum for frequenciesbeyond 4 kHz. The result for highly loaded
blades( 4 = 15 ) alsosuggestghat someof the medium frequencyrange (betweenl and
4 kHz) could be explainedby larger anglesof attack on the tip sectionsthan expectedfrom
inlet speedtriangles due to the tip clearancerecirculation ow in the actual production
module con guration. Figure 6b incorporatesthe turbulence-interaction noisemecanism
into the comparison with the module measuremets. The measuredvelocity statistics
corresponding to a 4% turbulence intensity behind a heat exchangeris also applied over

teQ) e'() Spp (%1 e) d 4.7)
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Figure 6. Tonal and broadkand noise in engine cooling fan systems.

the whole blade span. This corresponds to a heat exchanger in average proximity to
the fan system as used in the experiment. Therefore a signi cant cortribution of the
leading-edgenoisemight be expectedbetweenl and 4 kHz. In both gures, the obsened
experimental humps are not found in the simulations, which might be due to additional
noise mecanisms not accourted for in the presert model, sucdh astip ow e ects or
vortex shedding.

5. Conclusions

The presen study represerts the rst attempt at computing the complete noise spec-
trum of a low-speedfan sud as those found in automotive engine cooling or electronic
cooling modules.

The tonal noise prediction relies on the Ffowcs Williams-Hawkings acoustic analogy,
usingthe pressure uctuations on the bladescomputed from detailed Unsteady Reynolds-
AveragedNavier-Stokes simulations (URANS). The incompressibleURANS simulations
were performed on two di erent automotive engine cooling fan systemsinvolving ultra-
compact fans asseiated with both short and long stator vanes. These simulations have
been validated by comparisonswith overall performancesas well as detailed hot-wire,
v e-holeprobe and laser Doppler anemometry in the fan systemwakes.

The broadband noise calculation for a full rotating machine in open spacerelies on a
strip theory, which represerts the fan blade as a seriesof independert airfoils in transla-
tion at the local relative velocity. The noisesourcesare assumedto be uncorrelated and
similar to those on a stationary fan airfoil embeddedin the jet ow of anedoic wind
tunnels. The latter experiments provide the necessaryexperimental parameters for the
two noise mechanisms consideredhere: the turbulence-interaction noise or leading-edge
noisethat arisesfrom the heat exchangerturbulence ingestedby the fan systems,and the
trailing-edge noiseor self-noisethat is causedby the di raction of pressure uctuations
underneath the blade boundary layers at the trailing-edge. The sound predictions for
thesetwo medhanisms are basedon the extended Amiet's theory.

The overall agreemen of the combined acoustic predictions with the measuremen
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on an automotive engine cooling module suggeststhat URANS calculations can yield
accurate noisesourcesfor tonal noiseand that the two suggestedbroadband noise med-
anismsco-exist: the turbulence-interaction noiseat low and medium frequencies,and the
trailing-edge noiseat high frequenciesbeyond 4 kHz.

Finally, the forward-time formulation of the Ffowcs Williams-Hawkings equation leads
to the following perspective: the acoustic pressureat the obsener location is computed
simultaneously as the unsteady ow simulation ewlves. The time neededto achieve a
corvergedacoustic signature may then be estimated basedon which the URANS calcu-
lations for tonal noise prediction can be reducedsigni cantly. The samemethodology is
applicable to the electronic cooling chassisfan.
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