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SUMMARY

Noise prediction of centrifugal fan is difficult teuse flows are turbulent and locally separated
in the blade flow passages. It is important toizeahat the far-field acoustics are dominated by
the internal pressure fluctuations inside the fartamhousing, comprised of rotating impellers,
diffusers, return channels, motor stands, etch&ngresent study, an uRANS-based approach
with k-w SST turbulence model is used to predict the fafopeance as well as the noise
characteristics of the centrifugal fans. The négldfpressure fluctuation spectra computed by
URANS are in good agreement with the measureddlt-EPL spectra in a relative manner, if
the flow rate is not too off from the peak efficogn It is expected that the uRANS can be used
as a tool for optimizing the fan noise charactesstas long as the fan is enclosed with the fan
motor housing.

INTRODUCTION

Centrifugal fans play an important role in a widege of industrial applications due to high
pressure rise and large capacity of mass flow cat@pared to their sizes. Furthermore, it has been
reported that the centrifugal fans can significanthprove the productivity and safety in air
ventilation systems and electronics industries.t@nother hand, the moderate efficiency and the
high noise level still remain as an issue.

The noise generated by the centrifugal fan is galydsroadband and tonal. The broadband noise is
usually generated by flow separations and turbuflents, acting on the solid surfaces of the

impeller and fan casing [1], [2]. The tonal noise however, produced by strong interactions
between the impeller and diffuser blades. The tam@ke corresponds to the blade passing
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frequency (BPF) and its higher harmonics, varyinthvhe rotational speed and impeller blade
counts [3].

Many experimental studies have been conductedédieunderstanding of the flow structures and
noise generation mechanisms inside the centrifteyag [4], [5]. Neise presented an extensive
review on noise reduction of the centrifugal fan, [F]. With the development of numerical
methods and high performance computers, computdtinathods have widely been used to predict
the fan noise [8].

Numerical simulation of turbomachinery is still dfidult task since flows are turbulent and often
separated in the blade passages. It has been ghaivthe unsteady Reynolds averaged Navier-
Stokes (URANS) can be used for aerodynamic anabjdise centrifugal fans but still questionable
for aeroacoustic prediction, for which LES (largddg simulation) is generally considered as a
more reliable tool. Besides, most of the numerstatliies have been focused on isolated centrifugal
fans impellers, without considering the whole comgas of centrifugal fan. Thereby studies are
mostly concerned with tonal noise via impeller-dgiér interactions [9].

In the case of centrifugal fan with whole geomeitrys conjectured that the baseline curve of the
broadband noise spectrum is attributed not onlytuspulent fluctuations but also by unsteady

pressure fluctuations inside the fan motor. In pnesent study, a prediction method based on
URANS is used to predict not only the fan perforoghut also the noise characteristics of the full-
scale centrifugal fans, primarily comprised of intgrs, diffusers, return channels, and AC electric

motor. The present approach will be validated l®y elkperimental measurements, with respect to
vacuum pressure/air flow performance curve as agetb the far-field acoustic measurements of the
centrifugal fan.

EXPERIMENTAL SETUP

The experimental measurement was conducted withil sgéometry of centrifugal fan (used in
vacuum cleaner) for different air flow rates anffedtent impeller blade counts (7, 9 and 13 blades).
The fan impeller with diffuser and return channstd in this work is shown in Fig.1-a.
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channel
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Figure 1: (a) centrifugal fan impeller-diffuser (upstream and downstream view),
(b) schematic of aerodynamic experimental configuration
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Figure 2: experimental setup for acoustic measurement

The aerodynamic measurements were carried outtestdench equipped with a cubic chamber
(0.5 x 0.5 x 0.5 m3), which was placed upstrearnhefcentrifugal fan impeller (Fig.1-b) and a disk-
type orifice was designed with adjustable diamet@isontrol the inlet air flow rate (Fig.1-b). Fig.
illustrates the configuration of acoustic pressareasurements at the far-field in an anechoic
chamber. The overall A-weighted sound pressurd Ewdted by the centrifugal fan was measured
at 1.0 meter far from the impeller in a verticaledtion. The sound pressure level was measured
with 1-5 Hz intervals and the range of measuregueacies was between 0 and 16 kHz.

COMPUTATIONAL MODELING

Geometry and grid

Numerical simulations of the unsteady flow in tleatrifugal fans were carried out in parallel with
the measurements. The complete 3D computationad flomain for numerical simulation is
depicted in Fig.3-a, in which a big chamber is pthupstream of the impeller with the installed
orifice. Diffuser, return channel and AC electriotor follow the impeller, and all of the AC motor
components are modeled with some simplificationsesgary in the numerical simulations to have
the almost exact comparison with the experimergs {8g.3-a). Moreover, for numerical stability
and proper physical boundary condition implemeatgtitwo fluid volumes are adopted to the
computational domain to include proper the inlet autlet effects. Figure 3-b illustrates the
impeller, diffuser and return channel used in themarical modeling. The total grid for the
computational domain is about 11,650,000 cells,sistimg of tetrahedral and prism elements
(69,1500 prism elements near the wall surfacesyyhith the impeller contains 25% of the total
meshes.
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Figure 3: (a) total view of computational domain, (b) centrifugal fan impeller-diffuser (upstream and downstream view)

Figure 4: numerical grid: cross-section plane across the impeller and diffuser

Figure 4 shows the unstructured mesh on the cexgssn plane of the impeller and diffuser (finer
meshes used at the impeller-diffuser interface).

Governing equations

The computation was conducted by solving the thieeensional, incompressible URANS
eqguations,

o, _

a—xj-o (1)
— = _ — -
%+Uj%:_la—P+V 4 Ui —i{ iuj} (2)
ot 0X; pOx  0x;0x; 0X,

whereU; P, and uuy; is the velocity, pressure, and Reynolds stressoteThe numerical model
used a toupled implicit, pressure based solutiahnigue. Due to low pressure rise, the
incompressible flow (air at 25 C) through the rioigtimpeller was solved in a moving reference
frame with a constant impeller rotational speece Walls of the model were stationary with respect
to the reference frame and a no-slip boundary ¢mmdiwas applied. An opening boundary
condition with ambient pressure (101,325 kPa) veddc the inlet and outlet boundaries to allow
the vortices to pass the boundary in and out as#imee time. For the turbulence closure model, a
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k-« shear stress transport model (SST) was used, whidmown as the most accurate and
efficient model for aerodynamic simulations [10].

For steady simulations, a frozen rotor was chosetheinterface of impeller-diffuser, which the
frame of reference is changed but the relativentaii@on of the components across the interface is
fixed. In the case of transient simulations, theose order backward Euler scheme was applied for
the time discretization and the transient rototestavas used for the impeller-diffuser interface.
Considering the impeller grid rotation correspoigdio the rotational speed, a time step of 5-degree
incremental angle was used. The transient simulatias carried out until the fluctuations of the
flow field become time periodic, as judged by thegsure fluctuations at the impeller-diffuser
interface.

AERODYNAMIC & AEROACOUSTIC ANALYSES

Due to large scale disparity in aeroacoustics,aidyapproach (CFD/CAA) is often chosen for the
computational investigation of the centrifugal famise. For the hybrid method, transient Navier-
Stokes equations are solved to calculate the whgteslocity and pressure and then these results
are used as an acoustic source for the wave equatmbtain the far-field acoustics.

As far as characterization of the fan noise is eamed, it is important to realize that the fardiel
acoustics are very much dominated by the internedgure fluctuations inside the fan housing. In
this study, the near-field pressure fluctuatione aomputed by uRANS, modeling all of the
centrifugal fan motor components such as impedéfuser, return channel, and AC motor, etc.,
though some simplification was not unavoidable. Themerical results are compared with
measurements in two different aspects: 1) aerodimperformance analysis and 2) aeroacoustic
analysis.

Aerodynamic performance analysis

Four cases of different orifice diameters (16, 2®.and 50 mm) were computed by steady uRANS
method for the 7-blade impeller to validate witle #xperiment the effect of inlet air flow rate on
the aerodynamic performance. The velocity magnitutte pressure contours on a plane cut through
the center of the impeller and diffuser are comgame=ig.5 for different flow rates.

(d

Figure 5: velocity and pressure contours at the impeller-diffuser cross-section plane for four orifice diameters:
(a) 16, (b) 19, (c) 23, (d) 50 mm
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Table 1: comparison of vacuum pressure and flow rate for experiment and computation for different orifices

Orifice diameter Vacuum pressure (kPa) Flow rate (I/sec)

(mm) Experiment Computation Experiment Computation
16 27.39 27.90 23.93 23.80
19 22.45 21.24 30.93 31.21
23 15.35 15.75 38.18 37.99
50 1.14 1.60 50.99 51.25
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Figure 6: (a) comparison of vacuum pressure vs. air flow rate performance curve, (b) efficiency curve (numerical)

In Fig.6-a, the vacuum pressure versus air flove ngt compared between computation and

experiment. Once the flow rate is increased bey8ddl/sec), the vacuum pressure decreases
rapidly due to energy loss in the blade flow passggee Fig.6-b). Fig.6-b illustrates the numerical
efficiency curve of the centrifugal fan, in whidmetmechanical loss of the motor is not taken into
account. Table 1 summarizes the vacuum pressuréamdate of experimental measurements for

four different orifices compared with numerical silations. The comparison of results shows that
the numerical results are in good agreement witeitperiments in aspect of aerodynamic analysis.

Near-field spectral characteristicsfor different flow rates

In order to obtain the near-field spectrum, a pressvas monitored at the mid-point between two
diffuser blades along the impeller-diffuser intedglocation of the monitoring point is depicted in
Fig.7-a). The time evolution of the pressure verthes normalized time is presented in Fig.7-b,
where the time periodic pressure signal also irndgcthe convergence of the unsteady solution.
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Figure 7: (a) monitoring point, (b) pressure fluctuation at monitoring point versus normalized time; T isa period for
one revolution of the impeller
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The near-field pressure fluctuation spectra predidtty the present uRANS approach are compared
in Fig. 8 to the far-field sound pressure levelctrge measured in experiment for four different
orifice diameters (7-blade impeller). Note firstaththe absolute SPL ranges are different for
computation and experiment, but the total diffeeent SPL between minimum and maximum is
the same as 120 dB. Secondly, the SPL range afritiee diameter of 16 mm and 7-blade impeller
is used as a reference for all cases so that caspparcan be made in a relative sense between
experiment and computation and among the caseglashhis relative comparison has been tested
for impellers with different blade counts and e¥endifferent fan, e.g. cross-flow fan used for an
air-conditioner indoor unit [11].
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Figure 8: comparison of numerical near-field sound pressure level spectrumwith far-field experiment spectrum for
orifice diameter (7-blade impeller): (a) 16 mm, (b) 19 mm, (c) 23 mm, (d) 50 mm

As shown in Fig. 8, the present numerical modeliitt) a k-« shear stress transport model (SST)
represents reasonably well the spectral charatitsrisf the internal pressure fluctuations inside t
fan motor housing. It was found that the comparisosurprisingly good not only for the tonal
peaks (BPF and harmonics) but also the broadbamafoide spectrum. First, it may be conjectured
that the baseline curve of the spectrum is mosthpated by the unsteadiness originated inside the
fan housing, mostly attributed to the interactiofgotating blades with diffusers, return channel,
motor stands, etc. Secondly, those interactionsbeasufficiently prevalent to be captured by the
present numerical modeling with uRANS.

It is, however, interesting to note that as thavftate increases from 16 to 50 mm, the computation
under-predicts the baseline of the spectrum. Ames in the experiment, the tonal peaks are
considerably masked by the increased broadband Ipathis case, the uRANS approach cannot
predict well the unsteadiness caused by turbulantuations. On the other hand, note also that 50
mm case is quite off from the peak efficiency ahdwd not be a major concern, as far as the
characterization of the fan noise is concerned.
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Sensitivity of URANS on the numeric

A numerical test was conducted with using a diffiétarbulence model and a different unstructured
grid to validate the noise prediction via URANS lwihe experiment. In the case bf& model
with the same grid resolution{65x10° mesh elements), there is a spurious peak arokhtzan

the spectrum, which is not present in the experintge the orange circle in Fig. 9-b). In addition,
the baseline curve of spectrum calculated by kkes model, it does not match the experiment
beyond 5 kHz.
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Figure 9: comparison of numerical near-field pressure fluctuation spectra with the far-field experiment for (7-blade
impeller, 16 mm orifice): (a) k- SST turbulence model (11.65 x10° elements), (b) k — & turbulence model (11.65 x10°
elements), () k- SST turbulence model with coarse meshes (7.31 x 10° elements)

Furthermore, as shown in Figs.9-c, the effect @f grsolution on the spectrum is another important
issue for the fan noise characterization. Accordioghese figures, there can be considerable
differences in the details of the baseline spectolmained by different computational grids. In the
case of coarse mesh£1x10° mesh elements), the baseline of spectrum cannptdserved beyond

5 kHz due to the mesh resolution (orange circl&im9-c). Even though the result of URANS is
rather sensitive on the numeric, URANS can proviglyy promising results with proper turbulence
model and well-resolved meshes.

Consistency of uURANS for impellerswith different blade counts

In order to show the consistency of our predictiathod, two different impellers at their best
efficient point conditions were tested. Two geormngatty similar impellers but different blade
counts (9 and 13 blades) with the same diffusdyrmechannel, and AC electric motor were
computed. The constant rotational speed, correspord the experimental measurement, was
imposed to the impeller and the 19 mm orifice disanevas modeled, which is the best efficient
point in the aerodynamic performance curve. The-fiel pressure fluctuation spectra predicted
by uRANS and the far-field sound pressure levedxgperiments for the 9- and 13-blade impellers
are compared in Figs.10-b and c, respectively. fesgnted, the positions of the BPF and its
harmonics and the magnitude of sound pressure &vitle BPF are well predicted, and also the
spectrum baseline is in good agreement with therxgnt.
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Figure 10: comparison of numerical near-field pressure fluctuation spectra with far-field experiment for (19 mm
orifice): (a) 7 blades, (b) 9 blades, (c) 13 blades

NOISE REDUCTION USING SPLITTER

In order to reduce the tonal noise generated bynpeller-diffuser blade interactions, we introduce
splitters to reduce the separation region and lawnentum flow in the blade passages. As shown
in Fig.5, the low momentum flow regions in the ldgaassages are close to the suction side of the
blades due to the leading-edge separation. Splatdow guidance device, is inserted between the
blades at the inlet of the flow passages to pusthtgher momentum flow to the low momentum

region and to postpone the separations. Figs.lictdefihe configuration of impeller with and
without splitters, respectively.

Figure 11: configuration of impeller (a) without splitter, (b) with splitter

Two different impeller blade counts (9 and 13 bideere used to check the effect of splitter in the
noise reduction and both cases have the same 18rifice diameter. Figure 12 shows the effect of
splitter on the velocity contours at the middlenglaf the impeller-diffuser for the 9 and 13 blade
impellers. In the case with splitter, the low monuen flow region close to the outlet of the flow
passage and separation region at the suction sike lleen substantially improved and flow field
between the blade passages is more uniform compatbd no splitter case.

Fig.13-a compares the near-field pressure fluatnagpectrum calculated by numerical simulations
for the 9-blade impeller with and without splitt®&y using the splitter, the tonal peak noise at BPF
is reduced by 8 dB and also for the following hanios and the reduction of overall sound pressure
level (OASPL) is 6.94 dB. In the case of 13-bladgeéller (Fig.13-b), the BPF peak noise and
OASPL have been reduced 11 and 4.14 dB, respectiiatlect of splitter on the aerodynamic
performance for the centrifugal fans with differétde counts is summarized in table 2. By using
the splitter, there is no significant reductionthe vacuum pressure and flow rate in both 9 and 13
blade impellers (less than 1% reduction). Thereftares shown that the splitter is a very useful

device in terms of noise reduction, especiallyanal noise, without considerable effect on the
aerodynamic performance.
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Figure 12: velocity contour at the impeller-diffuser cross-section plane for impeller (19 mm orifice diameter): 9 blades
(a) no splitter, (b) splitter; 13 blades (c) no splitter, (d) splitter
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Figure 13: numerical near-field sound pressure level spectrum with/without splitter for impeller (19 mm orifice
diameter): (a) 9 blades, (b) 13 blades

Table 2: effect of splitter on the aerodynamic performance for impellers with different blade counts

9 blades 13 blades
No splitter | Splitter No splitter | Splitter
Vacuum pressure (kPa) 19.50 19.29 19.58 19.36
Flow rate (I/sec) 25.90 25.76 25.95 25.71
CONCLUSION

A 3D numerical study based on uURANS approach igezhout to simulate the fluid flow in a full
scale centrifugal fan, including the impeller, dgér, return channel and AC electric motor,
designed for a vacuum cleaner. Aerodynamic resibitained by numerical computation reveal the
details of flow structures in terms of velocity apdessure fields. The agreement between the
numerical results is reasonably good in terms adéigamic performance analysis, as compared to
the experiments.

As far as the fan noise prediction is concernet, iinportant to realize that the far-field acocsti
are very much dominated by the internal presswauhtions originated by the fan inside the fan
motor housing. Therefore, the near-field pressiluetdation spectrum at the impeller—diffuser
interface is compared to the far-field sound pressevel spectrum measured by experiments. The
results show that with a proper turbulence model e well-resolved grids for the full-detailed
model of the centrifugal fan, the uURANS approach peovide quite promising results compared to
the far-field acoustic measurements, not only iedpation of tonal noise but also the broadband
noise.
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