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SUMMARY

In some circumstances, a spurious additional hummaoise is observed in automotive blowers
for HVACs units. This particular phenomenon carebsily identified in the acoustic spectrum
with the evidence of wide peaks at the wheel rotatl frequency and its harmonics. Several
unsteady simulations have highlighted at low flakerthe effect of the recirculation at the top
of the wheel which brings some vortical structuaé¢dblower entrance and which impacts the
blade leading edges. Vortexes are spinning at lelocity inside the wheel, and are creating
guasi periodic pressure fluctuations on wheel @ndllssurfaces. Analysis done during tests and
simulations confirm the relationship between thdeypeaks and the vortex distributions.

INTRODUCTION

Automotive blowers for HVACS (heating, Venting amdr conditioning System) are highly
constrained ventilation devices, mainly for thepgmse of the integration in the dashboard which
requires a good compactness. A typical HVACS is@méed in figure 1, where one can see the
various equipment yielding pressure losses: a qoimon configuration requires two heat
exchangers (a heater core and an evaporator fortgi control), an air filter and several flaps
aimed to redirect the flow in the different area tbe cabin. For some obvious reasons of
compactness and lightening, the cross sectioniasete the HVACS and all the piping connected
to the diffusers are reduced to their bare minimwith a limit fixed by the air velocity which
should not exceed 15 m/s for acoustic reason. diitiad, the air circuit includes a lot of turn, by-
pass and variation of shape which create a highuatraf pressure losses.

The blower must then compensate for increasing@jhdr pressure levels due to complexity of
HVACS, driven by the demand for comfort (severaaarin the cabin, addition of purifying filters)
and the reduction of the space in the dashboarde(electronic devices).
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The mass produicin imposes that the blower remains however quteventional, and it consis
of an assembly of a cylindrical wheel in a compaaute, as presented in figure 2, driven by
electrical motor of about 250 Watt. It is importantnote that the wheel made of plastic, and tf
respect of molding rules prohibits the presencea eoéinforcing flat ring at the extremity of t
blades. It is replaced by a lateral ring presemefture 3 which ensures the rigidity of the wh
and which allows each of theades to be freely extracted from the mold ca

Figure 1: Automotive HVACS with venting d Figure 2: Blower wheel, volute and motor hol

The wheel is directly mounted on the electrical onahatt, this later being placed in a motor ho
which damps vibration by rubber plots. As a congege of both the support flexibility (aimed
filter motor harmonicsand the tolerancing of plastparts, an important tip clearance of abot
mm is needed between the wheel and the entranameoblower. This constraint is at t
detrimental of both aerodynamics and aeroacoustiastherefore some surfaces have been ad
to guide the air at thentrance and to limit effects of recirculation ktde tips. For instance, on t
cross section of the tip clearance presented urdi4, a wall aimed to produce a kind of labyrit
for the tip recirculation can be se

Figure 3: Details of thédateral ring on the whe: Figure 4: Details of the tip clearance between wi
and volut

BLOWER ACOUSTICS

The acoustic of the blower is an important criteras it impacts directly the passengers’ comfo
the cabin. The design of this radial farthen driven by some rules which are aimed to lasitar
as possible the different mechanisms of noise,caedimportant target is the reduction of the tc
noise. Peaks appear usually in the acoustic spectauthe blade passage frequency anc
harnonics (namely H41, H82, H123, etc. for the 41 bladeeel of this study), and it is nc
becoming affordable to make some assessments onrtemsities by numerical means. The r
classical method is using the FW&H theory [1], wehéie sources are couted by an unsteady
simulation. Marsan & al have shown that the tor@ike for such a subsonic radial fan can
predicted quite accurately, preferably when usiogpressible schemes [2]. Such simulations
also helpful to analyze source location bing wall pressure spectra: it confirms that mosthaf
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tonal noise is produced by the interaction of tbeom with its surrounding, for instance w
upstream struts like in the paper of Sanjose &34l ¢r with downstream vanes as in the pape
Kelladi & al [4]. When a scroll is used, the most intemsteraction occurs at the volute tongue,
is strongly dependant to its relative distance fitbw@ wheel and to its shape. As demonstrate
Velarde-Suarez & al [5] a smooth shape of the tongue ieferably used, as well as a span v
inclination aimed to create a phase shift betwesttom and top of the wheel. It can be also n
that the recording of the pressure fluctuatiorhattbngue, either experimentally or numerically
done by Younsi &al [6], is therefore a good indicator for the assasnt of acoustic trend duril
design phases.

The broadband noise for this subsonic case for lwheximum Mach number is below 0.05
mostly produced either by turbulence interactiomhweading edgeor by the turbulence in tt
boundary layers of blade suction sides. Severdlyre models using this description based
Amiet’s theory [7] have been proposed by Roger &84l Kucukcoskun & al [9] or Moreau &
[10] for instance. However these mis are somehow quite difficult to use for autometnadial
blowers because the theoretical values from tHeikiheory cannot be four in a numerical flow
analysis. Indeed separations on the blade suctewery important, as shown by Henner & al],
and the contribution of the volute is not accourfted

Therefore current industrial tools to predict broaad noise are either based on simplified mc
or on direct acoustic simulation with a Lattice atann method. In the first case, some-
similarities are used to compare blowers when theometries are equivalent and when effec
size, power and rotational speeds are under imagin. This approach allows very fast anal
during the early phases of design, as presenteNaji & al [12]. It can be advantageous
completed by a Lattice Boltzmann simulation at tost of an intense CPU effort, and it «
provide an acoustic spectrum which correlates quék with experiment, as shown by Perrot &
[13].

HUMMING NOISE

In some cicumstances, a spurious additional humming noisebserved in the system. Ti
particular phenomenon is quite unpleasant and eaabily identified in the acoustic spectrum v
the evidence of wide peaks at the wheel rotatidre@luency and its harmics, as presented in
figure 5. In this case, the blower wheel has a di@amof 150 mm, a height of 90 mm and \
spinning at 3600 rpm. The operating point has atikaly low flow coefficient of 0.11, since i
best efficiency is observed for 0

Blower alone acoustic spectrum

Lpm (dBA)

0 200 400 600 800 1000 1200
Frequency (Hz)

Figure 5: Acoustic spectra showing peaks (hummuige
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In worst cases, peaks cha 15 dB above the broadband Irand the consequences are impor
since any usage of such blower is allowed. Not ¢iméyglobal noise increases by 2.5 dB (acot
power), it also results in a production of a loud tmme note that test engineers nehumming
noise.

Conditions of occurrence of this unacceptable naigenot well understoo so far, but available
cases seem to point out tredationship betweea low flow rate andan important recirculation .
the top of the wheelln order to better understand these unconventicaals, a study both
experimental and numerical has been initi.

EXPERIMENTAL TEST

The selected test case corresponds to the blwho produced the spectra of figure 5 and bri
described in the previous paragraph. Two simpléstagse performed to compare the acot
spectra with or without tip clearance recirculat

* The classical configuration is tested at differiéowv rates Tip clearance height is 4 mi
the standard lateral ring is pres

* The same blower with a modified tip arrangemenésted. The wheel has an additio
flat ring at blade extremities, and the tip cleasms filled with foam (see figure €
Recirculaion is then removed, or at least reduced to a kevyamount

* The same blower with a trailing edge modificatisrtested as well. The main object
of this modification is to modify the flow exit alegby adding a sharp trailing edge (!
figure 7).

Flattop ring ~y

Foam in tip clearance

Figure 6: Tip clearance with flat ring and foi

Test rig description

Investigations are conducted on the test rig latateour R&D center in La Verriere (France), t

latter being used for both aerodynamic performameeasurements and foaeroacoustic
characterization (see figure 8). The flow rate e with different plates having calibrated hc

which are placed at the outlet, its value beinguded from the pressure measurement accordi

the norm ISO 5801 [14]Tests can be perfoed either with the blower driven by its own elezt

motor, or by a torquemeter connected to an elettrieotor with an extended shaft (one sl

termination hold the wheel, the second one is cctedeto the torquemeter). The rig is equip

with an amchoic termination, and 3 microphones with windelebrs located in the outlet pipe ¢

used to record the sound according to the rNFS 31-063see figure 9). The bandwidth range

validated between 100 Hz fokHz.
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Initial: blurt frailing edge
¥ ' 4

Modified: sharp trailing edge

Figure 7: blade trailing edc modification.
Left: initial design with blunt trailing edg- Right: modified design with sharp trailing e«
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Figure 8: test rig facility at LV Figure 9: Microphone arrangeme

Results

Aerodynamics performances were measured for tlee tbonfigurations, and results are compi
on the Ap-Q curves presented in figure 10ery little differences ar®bserved, especially fc
pressure curves that are very similar. Only the ifremtl geometr creates eslight increase of
pressure at high-flow ratevhich can be explained la bigger exit arlg and consequently a litt
bit more tangential velocitfsee paragraph with numerical simulation for ds).

Surprisingly, closing the gap with thet ring and the foam does not change the fan behaamnul
the reduction of losses in the tip clearance hagpraduced the expected improvement. It mus
reminded that the initial design was developed ustan the tip recirculation, and the n
arrangment may not be suitable for the current blad@ehn particular, thedateral ring shown in
figure 3 is dways present and constitutes an obs for the radial flow In favor of this
assumption, the static efficienm shown in figure 11 demonstrates well the decrease
efficiency when closing the blade to inlet housyagp
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2 ///\ > 30% -
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o] 0 —Initi
—Initial blade + flat ring + foam S 10% - Initial blade .
1 —Modified blade & ° —Initial blade + flat ring + foam
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Figure 10: comparedp-Q curve: Figure 11: compare@-Q curves
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Aeroacoustigerformances are compared as well, at first in tefiglobal sound pressure weight
with aerodynamic power, according to the formKy, = Ly — 10 log Qy — 20 log AP; , whereQy,
and AP, are respectively the volume flow rate and the pnessse. Differenceobserved in figures
12 are this time much more important with stronglydified curves

* when closing the tip clearance with foam, it is efved that noise is slightly reduc
over a wide range of operating points, i.e. beltwfcoefficients of 0.3

* when modifying the trailing edge shape, noise is strgngiduced at very low flo\
coefficient (i.e. below 0.2), and becomes almostivedent to the initial configuratio
after. It is also observed a slight degradatiortterflow coefficient of 0.25, but could
be considered as rattnegligible for this level.

These differences may indicate that several effeatsd trigger the noise production. By looki
closely acoustic spectra in figure 13 for flow daeént 0.14, several modifications in peak pe
appears:

* when closing the tip clearance with foam, the magbortant peak close to H2
significantly reducec(-7 dB), and the one close to H4 seeseduction of dBA.
Unfortunately it is at the detrimental of anothenip in the spectrum, i.e. tlone close
to H1 whichincreases by dBA

« when modifying the trailing edge shape, all peaiesthis time significantly reduce
with respectively -3;8, -3 and 4 dBA for bumps close to H1, H2, H3 and

All'in all, it can be announced that modifying tip clearance can bring 1 dBA at low flow rg
whereas our modification on trailing edge brough 2 dBA bellow flow coefficient of 0.2

20 _ 100 —Initial blade

—Initial blade < —Initial blade + flat ring + foam
18 —Initial blade + flat ring + foam o S —Modified blade

—Modified blade €
36 80 S

1 Uncertainty: +/-0.35 dBA
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30 L— T @ 0 | | Frequency (Hz)
0,1 0,2 0,3 0,4 0,5 0 100 200 300 400
Figure 12: compared Kv@ curve: Figure 13: Acoustic spect

NUMERICAL SIMULATION

Tests have shown that thip clearancerecirculation is causinghis noise resulting in harmor
bumps in the frequency spectrum. A numerical stw@s initiater to understand that noi:
production mechanism.

Numerical model

The simulation domain has b¢ meshed with 22nillions of polyhedral cells with the commerc
code CCM+ from CD-adapcdigure 14). The exact geometry of thkwowel has been considered
for this study,including the electrical motor which is cooled hy air recirculation loop (air i
sucked at the connection behind the volute to, goes through the electrical mc and is pushed
under the wheel hubYhe simulation is carried out using th-o SST turbulence model and t
two-layer model is used to predict accurately the bamnthyer on walls.Y+ values on walls ar
mostly in range of 1 td0 on the wheel and the volt A moving reference frame is usedinitiate
the simulation in a steady madend then the unsteady simulation is performedl witime step c
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~7€° s. 4 wheel rations are needed to evacuthe numerical transition, an4 additional wheel
rotations are used for the recording of the varpparameters pc-processed.

Figure 14: Overview of the mesh

Flow analysis

A first turbomachineanalysis is performed by analyzing the two velocitynponents Vr (radia
and Vt (axial) at the wheel entrance and exit @healues are averaged both in time
circumferentially. Vr distributions along the wheel height showtthaost of the flow isgoing
through the blade passage at mid span (fig5). It can be noted however that the initial geom
sees some disturbance since its maximum radiaciwgls located lower than for the two ott
geometries. Some recirculatieifects in the tip will be presented datand could explain th
difference. For the two other geomet, radial velocity profiles appear smoother, and etenone
with foam sees smaller velocities. It is obvioulg consequence of the tip clearance closing w
avoids ttat an additional flow is being recycled permanet

The tangential velocity distribution is presentadigure 16, showing identical behavior for initi
geometry with or without foam. This is in line withe previous observation of their press
curves which were also identical. The modified desigadpces a more important work sir
tangential velocities are bigger on the highest pathe wheel. This is probably due to a chang
profile that has been slightly lengthened by tlpedti the trailng edge, with a solid exit angle a
slightly modified. At this flow rate, however, ibds not allow to note a pressure increase ol
performance curve of the figure 10. This tangensipéed increase is probably wasted in
recirculation since Vt ialready greater at the entrance of the wheel,somigihest pai

Radial velocity distribution Tangential velocity distribution
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Figure 15 Vr distributions along the wheel hei Figure 18 Vt distributions along the wheel hei:
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The inlet velocity posprocessing demonstrates that a significan-rotation of the flow occur
inside the wheel. This phenomenon has been obsdread time and space averagvelocity

distributions, and it pointsut the need founsteady phenomenon analygisvisualization of the
vorticity shows that large swirl structures are tedan the wheel and near the voltongue (figure
17). These vortexedo not remain positioned in front of ttongue, buts they are trapped insi
the wheel, they are spinning both themselves (vorticity) and inside the wheel. Asytineove
approximately at the wheel speed, they produce psdbkr the tonal noise but at the frequenc
passage in front of the volute twe, not at the blade passage frequeiibty relationship betwe

the rotation frequency of the wheel and the stmestis not yet clearly established, but a simute
over a longer period would have made possiblcheckif these frequencies correspond to

frequencies of the harmonic pe in the acoustic spectral analysgo far it can be just assum
that these peaks are wide because the rotating sppélee vortexes is not fixed and may v

Figure 17: Isovorticity colored by relative velocity

It appears during this unsteadgalysi: that the structure originates in tbi®se proximityof both
the volute tongue and thigp clearanc. In order to complete this observati@nfocus is being dor
on the recirculation and its consequences in thalsé comparison between the 3 confiations
is presented in figure 1®&ith a focus on the vortical structures that smiside the volute. The
centers of rotation are pointed out with a redleiime order to highlight the greater distance ath
modification, i.e. from the initial, the e with foam and lastly the modified. The main efffedated
to this observation is that the flow is less stnaigvith the first design and it confirms t
disturbance of the radial velocity suggested byditribution in figure 5. The flow getting ouof
the blade to blade passage is finally more homagembong the wheel height with the modif
geometry as suggested by the red arrows aligned withttkears line.

w4

Figure 18 comparison of vortical structures inside the \e
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Another phenomeno has to be highlighted with the velocity mappingide blade to blac
passages. The comparison presented in fig9 is showing circumferential planes developed
colored by the velocity for the 3 geometries. Tlosifion of the tonue can be easilyound by its
trace with lower velocities and the accelerationréates just before. It is still at this pointtjac
gualitative analysis which however allows noticiagmore homogeneous distribution with
modified wheel. Conversely, the initial whesees more structures in rotation, especially in
upper part, i.ein the tip clearance in which one can observe saaliexes winding between the
head of the wheel and the upper ca:

Illllllm [l foam

B 4  Tongue _ Wheel rotation

Figure 19 Velocity on a developed circumferential surfacthe whee

To establish the link between this observed ungtead in the flow and the acoustic spectrur
search for dipolar sources was carried out by ptpa series of probes along the volute ue.
Fourier transforms of temporal recordings ofietal pressure are presented in fig20 for both the
initial wheel and the modified wheel, from a senlemated at mi-span. Other signal comparisc
have shown more or less the same 10 dB differenseund pressure level on the wall. Of cour:
does not tell how this noise is propagated in the ldoand in the fefield, but it is an additione
argument to state that the observed unsteady prereoare the origin of the bumps observed ir
acoustic spectra.
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Figure 20: Fourier transforms of imporal recordings of parietal pressi

CONCLUSION

Experiments conducted were aimed to find some asleparameters which can trigger
humming noise. Among them, the flow coefficient obviously the most important as t
phenomenon appears at loww rate, when the tangential velocity becomes togairtant
compared to the radial one. Therefore the compsastoé automotive blower is unfortunately
favorable ground for this noiseechanisnas the design leads to highly loaded wheels. Pigl
many dfferent parameters may either delay or trigger ¢lseurrence of the phenomena.
instance tests have shown the influence of thelgprance recirculation or of the trailing ec
angle; their effect has been further investigatethks to fluid simulions which have shown th
some vortical structures appear upstream of théebl@hese structures are spinning approxim
at the rotational speed of the wheel, this exptejrihat the bumps in the acoustic spectra are ¢
the first four harmonics dhe wheel rotatior

In order to avoid the occurrence of this phenomerioture ventilator designs will take the
phenomena into accounhanks to unsteady simulation which helps us tdiptets apparitionThe
parameters to be taken into accounl obviously be the flow rate, the filling of theuftl vein over
the blade height and the homogeneity of the flothenwhee entrance.
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