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1. INTRODUCTION generatio (Canepa et al., 2018enedek & Vad, 2021

Lewis et al, 2021 Niu et al., 2021 Pereira & Jacob,

The aerodyamic noise mechanism generated by the2022. Lu et al. (2022)studied the aerodynamic noise
disturbance of axial flow fans is highly complex, mainly characteristics of a 1-§tage axial compressor through
caused by unsteady airflow phenomena such asimulations and experiments. TReynoIdsaverage NS
turbulence, separation flow, and boundaner flow(Liu ~ (RANS) method was used to calculate the shedding
et al., 2008, b). The nonrotating noise in aerodynamic interference noise in a thregmensional unsteadytofv
noise is the source of broadband noise in dloal fans, field. Caroluset al. (2007)investigated two prediction
while the rotating noise is the source of tonal ndise methods for broadband noise in kpgessure axial flow
1991). Compared to broadband noise, tonal name be  fans, with a focus on turbulen@educed shedding
more than 30 dB higher in sound pressure level, making iinterference noise. Largeddy simulation (LES) was used
a key focus in lownoise desigiiLonghouse, 1976Han & to andyze the unsteady blade forces caused by turbulence
Patel, 197). The portion generated by the dynamic/staticinflow on the meshZanonet al. (2018)evaluated the
interaction between the axial fan rotor blades and thecalculation methods for broadband noise in a-tpeed
downstream stator in the tonal noise is unavoidable. Thigxial flow fan, predicting the unsteady blade forces
phenomenon is due to the interaction between vortices aniiduced by higkturbulence inflow using LES. Turbulence
turbulence wakes generated by upstream blades and tigéatistics for various operating conditions were determined
surface of downstream stators, categogitras " vortex through hotwire velocity measurement and correlation

solid interactiomoisé' (Wang, 1972Chapman & Yates, analysis experimentd. a n t et alk(2015)and others
1991). Extensive research has been conducted tgonducted experimental studies on turbulent vortex flow

understand the mechanism behind this type of noisdnside the duct of two different models of industrial axial flow
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NOMENCLATURE
0 rotor blade attack angle v+ dlmen3|onle§s wall distance for tfiest layer
of the wall grid
4 number of static impellers u flow velocity
c airfoil chord length, mm % surface velocity
streamwise separatiatistancebetween rotor . .
a r radius of impeller
and stator
SPL Sound Pressure Level 1 angularvelocity
PSD Power Spectra DensitdB S noise source surface
f frequency, Hz q fan rotation speed
X, Yy, cartesian coordinates (streamwise, vertical
. L ny bladenumber
z and spanwise directions), mm
o coordinate plane origin SPL the sounqaressure level at different
frequencies

fans,analyzing the velocity field using SPIViu (2018)  experimental results. In addition, most of the research on

simplified the axial flow fan as a pair of tandem airfoils vortexsolid interaction noise mechanisms and control

and found that the aerodynamic chardstis of the two  focuses on the interference noise between isolated airfoils

airfoils were closest to the optimum state when bothor simple structures, which are relatively simple aasy

airfoils had an angle of attack of 10°. to analyze in terms of mechanisms but cannot accurately

study the specific noise reduction mechanisms when new
tructures are applied to axial flow fans, nor accurately
valuate the noise reduction effects.

Additionally, the geometry parameters of the rotor
impeller and the upstream structure have a significan
impact on the flowfield and acoustic field of axial flow
fans, which has been a focal point of research in the In this paper, a combination of numerisahulation
academic communityak et al. (2022) studied the effect and experimental methods will be used to investigate the
of upstream structures on the radiated tonal noise of axialortex-solid interaction problem in axial flow fans. A
flow fans. The results showed that, under all operatingnodel of an axial flow fan equipped with the NACA6412
conditions except for high resistance conditions whereairfoil will be designed to systematically study the noise
blade stall occurs, the levels of tonal noise associated witbharacteristics atiffierent angles of attack and analyze its
thelst to 4th components of the Blade Passing Frequencyoise reduction mechanism. Since the experiment uses a
(BPF) were increased for shrouded fans with upstreanstandard airfoil, the experimental results can provide a
structures. Lu et al. (2014)nvestigated the influence of research basis for noise analysis, prediction, and reduction
adjustable stator tilting angles on the aerodynamicin axial flow fans.The expected researciutcomes will
structurafacoustic interaction nois# axial flow fans and  have a positive impact and practical value for the-low
discussed the unsteady flow and noise characteristicsioise design of equipment such as axial flow fans.
Simonidh et al. (1993)studied the interaction between
upstream blades and downstream propedledscompared . . : )
the magnitude of the vortesolid interaction noise under is as follows. Section 2 describes the experimental

different parameter configurations. ilLet al. (2022) environment, - test setup, andumerical simulation

conducted experimental and numerical investigations Ojglrglgggiﬂgnéfstﬁg“;;a? fﬂvevsfanr:somgma;gl:s:guagdbg&w
the influence of outer edge bending structures on th 9

- - . experiments and numerical simulations and compares and
aerodynamic performance and sound quality of axial flow P P

fans for air conditioning systems. By using hargonal analyzes the effec_ts of fan configurations. Section 4
design methods, they analyzed the effects of three bendir%resents ta conclusions.
parameters, circumferential start angle, radial relative
position, and curvature on the performance of axial flow2' EXPERIMENTAL ~ SETUP  AND  SIMULATION
fan blades, aiming to improve efficiency and reduce noise. ~ METHOD

Parket al. (202®) reducedthe amplitude of tonal noise

associated with the blade passing frequencies by.1 AnechoicWind Tunnel andModels

employing forwareswept blades under system resistance  Thg experiments were conducted in the laboratory of
conditions, resulting in a noise reduction ef ABA.Ying a fully anechoic wind tunnel at Wenzhou University,
(2021) studied the_ influence of periodic ZD casca(_:les ONMyhich is an opertircuit jet inlet wind tunnel with low
the broadband noise generated by rstator interaction,  packground noise and low turbulence levels. The nozzle

such as wake and phase shift parameters. size is 0.5m (width) x 0.4m (height) aride anechoic

While there have been many studies in recent year§hamber size is 4.0m (length) x 3.3m (width) x 3.1m
focusing on the influence of different systemmponent  (height). The six walls of the chamber are covered by 0.6
parameters on noise characteristics and verifying the noig@ long fiberglass wedges, which produce 99% sound
mechanisms and control techniques through research cipsorption above 140 Hz (eaff frequency). The central
various simplified models of axial flow fans, most of the axis of the tunnel is aliged with the longitudinal direction
research is still based on analytical or numericalof the chamber but is offenter in the width direction to

simulations for blade ebign, lacking comparison with allow more space for fdiield noise measurementghe

The organization of the remaining parts of this paper

291



Z. Tuet al / JAFM, Vol. 18, No. 1, pp290-303 2025.

B LD
” el
P :

=

- ——

1 )

§ 4

- -

Al

AERWMENRE

4

I

0=25° o=30°

(a) Overall r_nodel (rotor (b) Motor position a=10° o=15° a=20°
rotation)
Fig. 1 Experimental model Fig. 3 Setting of the angle of attack

Table 1 Experimental configuration

Static in
Rotor para
par amet e
=7 UG=10A/ 15A7 2¢
Z=9 l}leA/lSA/Z(
Z=13 U=10A/ 15A/ 2(
M, M; M,

120°\ 607 S
\ 5§
Far-field microphones '\ R=1.35m //45. \\
\ / \
\\ Y / \
Fig. 2 3D model of stator \ / \
\ /
\[] %
- /
. . e | )7
wind tunnel setup allowed the distance between the central g X

axis and the wedge to be 1.9 m on one side and 1.4 m on
the other.

[T
o
o
3

Figure 1 shows the 3Pprinted physical diagram of

the axial fan model studied in this paper. The PIV Sl 4
experment was treated with black matte paint on the Near-field microphones arrays —{i<—
surface of the model to avoid reflecting the axial fan model

and affecting the experimental results. The model consists 8]9]9&9]9]9

of a dynamic impellewith a diameter of 200mm and a
hub diameter of 100mngrotor), a DC motor with a
maximum voltage of 12V and a maximum power of 60w
a backguided impeller (stator) and a braclkéth 260mm
long, 138mm wide and 170mm higifhere are two
reasons for choosing the NACA6412 airfoil in this paper
on the one hand, this airfoil haan excellent lift
coefficient, on the other hand, applying the airfoil to the

Fig. 4 Two-dimensional schematic diagram of the
experimental model and measurement equipment
placement

‘static interaction caused by the vortex solid interaction
noise To intermix with the rotor impeller blade number
11. The number of stator 13 ¢mlculated based on the
Igelection of the ventilator, and the other two experimental

%;eiﬂoigssstt t?ignrt’r.\%i tSree ?fgowspfgfréshgggogl of droups are calculated within the range of the available
9 gur S stators. The specific model configuration is shown in
the three groups of experimental stators. As in Big Table 1

according to the existing literature, the angle of attack of
the flow fan rotor impeller is mostly sat about 28 (Liu 2.2 Experimental Layout

etal., 2014 In this paper, we define the angle of attack of The arrangement and test setupihef model and the
the rotor impeller blade a3 taking the values 1), 15 noise measuring equipment are shown in BigndFig.

, 20 , 25 , and 3@ , and adjust the angle of attack by 5. A nearfield microphone array and a féeld
rotating the airfoil, and then tetite noise level. In this  microphone array stand on either side of the test model,
paper, in addition to the angle of attalckof the rotor  where the origin (O) of the Cartesian coordinates (X, y, z)
impeller, we also choose the number of stator bladés at the center of the axial flow fan. Theaxis is
number<Z as a variable to study the axial fan dynamic andparallel to the opposite direction thfe flow, the yaxis is
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Axial flow fan

Fig. 5 Placement of equipment for acoustic
experiments

perpendicular to the flow, and z is perpendicular to the x
axis and yaxis. The faffield microphone arragomprises
six microphones (MMge) that are used to acquire faeld
noise signals. The six microphones are arranged at 15° as

one position at a distance _of 1350mm from the\wh e @ Henot es ¢t he
experimental equipment, covering angles from 45° to, |, ¢
120°, numbered MMs, where M is the main reference
object with an angle of 90°, perpendicuiathe xz plane
of the experimental object, andsMoordinates are (O, The acoustic sifgredlds nmfircam pth
1350, 0). The nedield microphone array is positoned ar r ay were recorded with a sa
0.9m from the xz plane of the tandem airfoilsand consistsand anal yzed wusing a block =

Fig. 6 Placement of equipment for PIV experiments

total isound
m denot e -otf fe csatl acrutl aan d nc u
respectively.

of 112 MEMS microphones, to accurately locate the noisé r equencyofr ezlwd wtt i 24 Hz. The
sources. Th highspeed camera of the PIV experimentiswe r e -pp@stessed usingpttitmd zed g
perpendicular to the=90 plane, overhead photographing b e a mf or mi ng al gorithm to Il oca

the top of the leaf shunt field. Figure 6 shows the schematic particle image

The ffi@d d microphone, moelasimetrygPdivast serepAa ftow field measurements.
was connected to a pr eamplhelasergsed ifhie paper ig & doypleups type (New and

data acquisitiusB &&r2d, mwa®aveuGadidiNeodymiumDoped Yitrium Aluminum
acquire acoustic data at GanetfNaip/AG)nwith anaxengny energy pf 120imJ 51 | 2 ¢
Hz and was anal yzed firr q4G®® alases sheet thigkness @baboati 1imrtihe model
resolution of 12.5 Hz, anaeath bikop shorgequpled dedce camera wighd u s i r
Wel chés method with a Ha rasalutog of 3pnxR67% pixalswas uged tp ¢aptuyekthe
over | apAotfotsal%.of 100 bl o dnages. The gameragvasgplacgddisegtly abevathand
statisticBor camnhdd yisiimsee .d o malaser, whichgsifogused on the top of the fan blades, was
of the acqrudssewr es owansd por o Placedyrthe sidernf theifan. Tha main purpose of the flow
usi ngwelheh pfuncti on. | n prfigléexpergnenigo show e flow sirusture hetieen and
signal, a Hemming window around ¢ghe ioterrand\thg statog Buedo the stator llagies h
data block to reto@edaspa dpakiagdhe asenlighihg eamera is unable to capture
were averaged to obtain stpaticlessnthisgegion. confi dence. The ovVe
was set to t he defaul't VaI2.§ﬁym%rfcal§rﬁu%tiort|M(—Rh%ot ion and 51ZQO
points were selected for a ast ourier transform wit
frequency resolution of 1 Hathenanrercal sinuiatipgs conducted feigsstudyo r mu | @
of linear sound pressur e theANSS$ Flugnt sbftware waa utilizesl.oTbentutbulgneee s s u
l evel , the m@reicttaroigm g mso iorfrtodel selecied for ihe simutatioas| was the LES model,
sound pressure levels of whHighfis evelsuitad forr capjuing nterigulenh dlawd s  ar
obtained as foll ows: phenomena. The core concept of LES involves utilizing

- direct numerical simulation to ogpute vortex kinematics
" 0 Q¢ o e (1) influenced by boundary conditions. Additionally, the grid

model is employed to simulate small vortices occurring at

WheS®lis the sound pr es srgdtrly highV feefuendids, & iwell &8s’ t© Ncdlculate

frequerci etshe sound pr es s Welately%raall édgy cudrénts & b high& frejjiiency. The
frequenpediest hedr ef erence gpsSUgndlatién’ reethGdUis @tilized by researchers to

. R simulate and compute complex turbulence present in wind

YoOpit@®B pT ( 2) turbines. This approach overcomes the limitations of the
RANS method, which cannot effectively simulate blade
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turbulent unit y+ is less than To reduce the number of

Rotation Domain meshes,drger mesh sizes are used in areas away from the
model, but not exceeding a maximum of 0.5nifhe
number of meshes is about 4 million, and its mesh quality

I is controlled above 0.7The inlet and outlet boundary
conditions are set to pressure inlet and gures outlet,

8L = respectively, with an initial value of pressure equal to

Inlet atm. The rotor and static boundary conditions are set to
wall, where the rotation of the rotor is in the form of grid
rotation and a speed of 2510 revolutions per minute is
added.Theboundaries surrounding the stationary domain
20L L 6L are defined as wall

Outlet

Static Domain

. . . . , To solve the coupled presstrelocity equation, a

Fig. 7 Two-dimensional schematic of numerical coupled algorithm was employed. The convective term of
simulation the equation was discretized using a seemmfgr central

difference format, whilehte diffusive term was discretized
using a secondrder windward format. This approach
ensures accurate and stable numerical solutions. For the
far-field noise calculation, the Ffowcs Williams
Hawkings (FWH) equation was used. Ffowcs Williams
and Hawkins pplied the generalized functional method to
consider the effect of moving solid boundaries on acoustic
waves, i.e., the presence of moving objects in fluahsl
derived the FWH equation, from which it follows that
fluids and moving objects can interadtlweach other.

\ Two noise sources were considered in the

simulations: the rotor impeller and the static blades. The
time step used in the simulations was set to 6.646<10
seconds (This value is the time per degree of rotation of
the rotor), and the samptjrfrequency for data acquisition
was set to 15 kHzBy employing these numerical
simulation settings and methodologies, the researchers
were able to gain insights into the flow field behavior and
noise generation mechanisms associated with the vortex
solid interaction in axial fans equipped with NACA6412
airfoils.

Fig. 8 Axial flow fan model((a)statora (b) rotora (c)
airfoil )

Fig. 9 Computational domain meshing

separation or the interaction between adjacent blades. LES RESULTS AND ANALYSIS

simulation accurately andfficiently addresses the issue - .

of free turbulence on the wind turbine blade surface,3'1 Effgrcaitioor: [\fg;[:gk Angle (1) on Vortex-Solid
providing comprehensive flow field information within

the wind turbine. It serves as an important tool for This paper examines the interaction mechanism of
studying wind turbine noiselThe SIMPLE algorithm is  noise between axial fan rotors and stators at various angles
used to slve the coupled pressuselocity equations, of attack () from both pneumatic acoustics and
where the equations are in a seconder center aerodynamics perspectives. The subsequent sections
difference format for the convective terms and a secondpresent the results of the féeld noise expement, the
order windward format for the diffusive terms. nearfield microphone noise localization, and the flow
field information obtained through the PIV experiment.
To minimize the experimental error, the noise spectrum
and the size of the noise decibel value are averaged after
three repetitions ahe test.

Figure 79 shows the twalimensional schematic
diagram ofthe computational domain for the numerical
simulation. The computational domain is divided into the
inlet, outlet, rotor rotation domain, static sstatic
domain, and surrounding air region, where L is the total ~ Figure 10 presents a comparison of the noise Power
axial width of the axial fan rotor and dtatsubstatic, ~ Spectral Density (PSD) of the axial fan models at different
extending 6L forward for the inlet domain and 20L angles of attack when the rotation speed is 2510rpm (the
backward for the outlet domain; the overall computationalhighest fan speed that can be achieved under the rated
domain is a cylinder with a diameter oL.8Fluent voltage of the motomi this experiment), measured at the
Meshing software was used to generatearwall far-field noise measurement point;(y=1350mm). Upon
polyhedraand far-field hexahedraineshes. LES model is examining the data in the figure, it is evident that the
used for calculation, sthe minimum spacing in the experimentally obtained peak noise frequency aligns well
direction normal to the surfaces of ttweor andthestator  with the BPF and its harmonic frequencies, indicativad
is set to be 0.0 mm respectively to assurhat the the noise generated by the blade passage frequency and its
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spectrum
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Fig. 11 Baseline model4=13) axial fan far-field noise
spectrum 1200
100
harmonics. The theoretical value dflade can be )
calculated using the formula: BPFgny/60 = 460 Hz, " Y I
whereq represents the fan rotation speed, anefers to (g * &, ®

the number of rotor blades. Comparing the experimental Fig. 13 Vortex contour of axial fan 2510rpm PIV

results for different attack anglés it is evident that the experiment with different angle of attack reference

30£ attack angle group exhibits higher noise amplitude models((a)U=10°8 (b) U=20°8 (c) U=30°)

across all frequency bands. As the attack angle

decreases, the noise plitude decreases progressively,

with a more significant reduction in broadband noise It is evident that at an attack angle of 10°, the
between harmonics compared to tonal noise. Notably, theotational speed of the upstream blade region is relatively
noise level in the experimental group with the lowestjow, resuling in minimal interaction with the downstream
attack anglel= 1CE ) surpasses some of the other groupsstatic components. As the attack angle increases, a
in the middle andow-frequencybands(as shown in Fig  noticeable mutual interaction is observed within the
11). This intriguing observation will be further discussed rotating region. This can be attributed to the increased
within the context of the numerical simulation section.  windward attack angle of the upstream rotor éfhgr
blade, which leads to a larger windward area and the
development of a velocity difference between the fluid on
he windward side (pressure side) and the leeward side
suction side) of the upstream rotor impeller blade.
Igonsequently, this gives rise the formation of a larger
vortex cloud. Additionally, the shedding vortex from the
upstream rotor impeller impacts the downstream airfoil,
resulting in increased vorticity on the top surface of the
static sukairfoil as well as on the static pressureface.

Figurel2 andrig.13 present the 200ms average flow
field velocity and vortex obtaineddm PIV experimental
measurements of the axial fan flow at various angles ot
attack: (a)J=10°, (b)U=20°, and (c)J=30°.The flow field
at and above the suction surface of the static blade cou
not be captured by the higipeed camera due to the laser
being obscured by the blade, so the timeeraged results
of the flow field in this part could not be compared.
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Max:37.1dB I B Max:42.8dB
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Fig. 14 Baseline model4=13) seconedorder harmonic
source localization map with different attack angles

Max:46.1dB

z=13 a=10° f~=1380Hz

Max:48.5dB

/ =
z=13 a=30° f=1380Hz

Fig. 15 Baseline model4=13) third-order harmonic
source localization map with different attack angles

Figure 14 andFig. 15 illustrate a comparison of the
nearfield sound source locations at the second and-third
order harmonic positions of the benchmark model undet, 5 r-¢ @ ki d
different attack angles. The right side of the diagramg.q y i d e
represents the rotor, while the left side represents the
stator. Therefore, the flow direction in the diagram is from (z= 1 3 )
right to left. k is noted that the sound source locations aty p e
the BPFare not included in this comparison due totheirc 9 2 0 Hz) i's pr
lower frequency and wider sound source locatidion
examining the sound sece localization diagrams at
different attack angles, it becomes apparent that the nois€ o mp ar i n g
sources at higher angles of attack exhibit a slightupstrea®® o nt r 01 mo
shift compared to those at lower angles of attack. Thig p e
observation, in conjunction with Fig. 11, suggdsiat this
phenomenon could be attributed to the following factors:jma k e s
At low angles of attack, the dominant contributorstonoisej | f f er e n t
are the wake noise and impeller rotation noise. Thes¢ 5| y e

region.t h e

sources primarily occupy the main body
However, as the angle aftack increases, the vortsalid

—— a=10°
541 —v— =15
524
504
—_
A 484
I
46
3
R, 44
1]
491
401
384
36 T T T T T
460 920 1380
£ (H=)

Fig. 16 Comparison of different attack angles through
BPF and second/third order harmonic peak noise for
baseline models

interaction between the rotor and stator intensifies.
Consequently, there is an increasthimvortex volume on

the top surface of the static airfoil as well as on the
pressure surface of the stator. This increase in vortex
volume reduces the influence of the wake noise from the
stator on the sound source localization. As a result, the
sound sorce shifts upstream of the airflow.

Figure 16 compares the baseline model pags
frequency and second/thimider harmonic frequency
peak noise at different angles of attack obtained from the
nearfield microphone array. From the observation, it is
eviden that at higher angles of attack, there is consistency
in the noise changes across different frequencies.
However, at lower angles of attack, there is a significant
decrease in noise specifically at the BPF, with a shift in
dominant noise from BPF to tldhorder harmonic noise.
The sensitivity of the noise change at tB&F is
significantly larger than that of the harmonic noise with
the increase of the angle of attack, so future noise
reduction work can be centered around the reduction of the
first-orderharmonic noise.

3.2 Effects of Guide Vane Numbers(Z) on Vortex-
Solid Interaction Noise

To investigate the i mpact

i nterq@uitd e #Zb TAades e

bl ade exzp6)i mentaksmad
this study. As depicted i
exhi bi noi se and has

t s
460HZ BPF. Howdeer .hat men
=]

i mpell er, whirlder t lhear mdnirad
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the Dbasebunde modet
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faakri aflor
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Fig. 19 Axial fan 7 guide vane and 13 guide vane
models with different angles of attack fourthrorder
harmonic (1840Hz) frequency at the sound source

localization map

Fig. 17 Sound source localization diagranat axial fan
BPF and harmonic frequency for Asymmetric 9 guide
vane model Z=9) andbaseline model Z=13)

Fig. 20 Farfield noise spectrum of each experimental
model with the same angle of attack)

and angles of attack. Comparing the left and right
diagrams, it is evident that evenly increasing the number
of guide vanes does not alter the sound source locatio
However, the noise pressure level increases by
approximately 3 dB, indicating that the fouxhder
harmonics are still influenced by vorterlid interaction
noise between the rotor and the stator.

Figure 20 presents the fleld noise spectrogramerf
three different sets of guide vane numbefs7( Z=9,
Z=13) of the experimental model, all under the same rotor
impeller blade attack angle. The spectrograms reveal
distinct monotonous noises occurring at the BPF (460 Hz),

Fig. 18 Axial fan far-field noise spectrum for second harmonic (920 Hznd third harmonic (1380 Hz)
asymmetric 9 guide vane model4=9) and baseline positions. Notably, the baseline model exhibits
model (Z=13) significantly higher amplitudes of both the tonal noise and

broadband noise compared to the control grodpg énd
Z=9). This is attributed to the denser distribution of guide
In Fig. 19, the sound source location map at thevanes in the baseline model, leading to more intense
fourth-order harmonic frequency (1840 Hz) is presentedinteraction between the rotor impeller and the stator.
for axial fan moels with different numbers of guide vanes Moreover, it is observed that tte=13 baseline model
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