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ARTICLE INFO ABSTRACT
Keywords: In order to investigate the impact of blade tip winglet position on the internal flow and noise
Axial flow fan characteristics of axial flow fans,three different blade tip winglets,namely the TSW blade, the SSW

Tip winglet

Internal flow characteristic
Fan noise

Tip leakage flow

blade, and the PSW blade,were hereby proposed. The accuracy of the simulation model was
verified through experiments, and the circumferential internal flow characteristics and noise
characteristics of these different blades were studied by numerical simulation using the blade tip
partition method. The calculation results indicated the high-level efficiency of TSW, SSW and
PSW blades in reducing the blade tip leakage flow in Z1 and Z2 regions and suppressing its
circumferential propagation in the Z3 region. Besides, it was found that SSW blade and PSW blade
had larger total pressure loss relative to Ori blade, and that TSW had higher total pressure dif-
ference at low blade height. Additionally TSW blades performed the best in improving the blade
tip blockage,while TSW, SSW and PSW blades effectively reduced the leakage flow against the
main stream, and blade tip winglet blades could effectively improve the fan discrete noise, SSW
had the most significant noise reduction effect in the total sound pressure level, and in the overall
blade,Z1, Z2 and Z3 were reduced by 2.16 dB,1.68 dB,2.24 dB and 3.74 dB.

1. Introduction

As the system equipment performance requirements perpetually advance, demands on auxiliary fans are correspondingly rising.
The flow within the blade tip gap of the fan embodies significant inconsistencies and complexities. The secondary flow, also known as
the tip leakage vortex, stands as the principal contributor to fan loss and blockage, affecting the stability of the fan. The intense vortex
noise produced by the blade tip gap comprises a critical component of the overall pneumatic noise. Thus, controlling the blade tip
leakage flow makes it possible to enhance the pneumatic noise of the fan. Therefore, it has been proven efficient to ameliorate the
performance and noise of the fan by unveiling the flow characteristics in the tip clearance and regulating the flow state of the tip
leakage. Techniques such as blade tip reshaping, magazine treatment, suction, blowing treatment, plasma discharge, and blade tip
winglet technology are prevalently implemented as active and passive measures for controlling blade tip leakage flow.Numerous
studies have been carried out by many scholars for the blade tip leakage flow control methods and aerodynamic noise reduction.A.For
instance, Maaloum et al. [1] found the important noise sources corresponding to the high pressure fluctuation region located at the
blade tip using potential flow methods; Jung,J.H [2] analyzed the flow structure at the blade tip due to the position of the winglets and
confirmed the existence of an optimal blade tip clearance. Hoeger [3] pointed out the existence of peak blockages in the channel based
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Nomenclature

Z Number of blades

n Rotational Speed

h Hub ratio

e Tip clearance

T Blade thickness

C Tip chord length

Ki Impeller axial width

Kc Axial width of fan casing

Ap Total differential pressure

Cp Time-averaged pressure coefficient

Cn Dense flow gradient

b Blockage coefficient
Axial momentum

Hr Relative helicity

on numerical simulation results of a large number of transonic compressor rotors and blade grilles,whose distribution characteristics
were clearly influenced by the interaction of leakage vortices and excitation waves. Liu B [4] quantitatively analyzed the charac-
teristics of the blockage distribution in the rotor channel under different measurement conditions, and the blade tip leakage blockage
showed nonlinear and nonmonotonic characteristics. Han,S [5] found that the geometric arrangement of the winglets could change the
trajectory of tip leakage vortices; Bizjan et al. [6] found that the tip winglets could effectively convert pressure into flow kinetic energy
while reducing the emitted noise level. Erik W. Schneehagen [7] conducted an experimental study of aerodynamic acoustic noise
reduction with three different end plate geometriesand found that the application of end plates changed the tip vorticity and reduced
the aerodynamic acoustic noise contribution of the tip Nashimoto [8] measured the aerodynamic noise and wake velocity distribution
and found from flow visualization and PIV measurements that the effect of winglets appeared in the traces of vorticity at the tip of the
blade, the vorticity in the near wake region decreased and the aerodynamic noise decreased. Milavec,M and Yang Wei et al. [9,10]
analyzed different rotor blade tip shapes, and the airflow in the tip gap of different blade tip shapes, confirming that dynamics of the
airflow in the tip gap of different tip shapes were significantly different and played a key role in the generation and magnitude of the
total noise.

Most preceding research has primarily analyzed the overall aerodynamic and noise conditions of axial fans, featuring a conspicuous
absence of segmented studies and related quantitative analysis of blade tip conditions. To fill this gap, aiming to focus the research on
blade tip nuances, three types of tip winglet blades, i.e., the TSW blade, the SSW blade, and the PSW blade, were hereby proposed. By
employing blade tip partition modeling, the internal flow characteristics and noise profiles of the different blade tips were examined,
followed by a parallel quantitative analysis. A preliminary exploration of the impact of adding a winglet surface to the blade tip on the
internal flow and acoustic performance of the axial flow fan blade was conducted. Overall, the present study could potentially aid in
optimizing the performance of axial flow fan engineering products.

2. Research subjects and methods

2.1. Research subjects

A small axial fan designed with a maximum static pressure of 680 Pa and an outlet flow rate of 440 m?/h was chosen as the study
object, and its basic parameters are shown in Table 1. For the convenience of calculation, the armature and magnet were replaced with
cylindrical entities, and the outlet fence and other details were disregarded. Besides, details such as the chamfering of the prototype fan
blade were reconstructed to ensure the convergence of the calculation, and the axial fan model is shown in Fig. 1.

In order to study the influence of the blade tip winglet adding position on the fan blade tip internal flow and noise characteristics,

Table 1
Transitions selected for thermometry.
Parameters Numerical value
Z 5
n,r/min 8400
h 0.556
e,mm 2
T,mm 1.5-2.5
C,mm 47.66
Ki,mm 23.8

Kc,mm 38.0
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three blade tip winglet adding modes were proposed based on the original airfoil type (Ori blade), as shown in Fig. 2, adding blade tip
winglet, (SSW blade) on the suction side,adding blade tip winglet (PSW blade) on the pressure side, and adding blade tip winglet (TSW
blade) on both sides of the suction and pressure sides of the blade at the same time. Blade inclination angle were set to be 0°; wing
width, 1 mm; and wing height, 1.3 mm.

2.2. Numerical simulation methods and experimental validation

To refine the study of the blade tip winglet, the rotational domain was divided into three regions,i.e.,Z1, Z2 and Z3, and the blade
tip winglet were in the Z1 and Z2 regions. The numerical model extended the inlet and outlet to 250 mm and 500 mm to avoid the
influence of backflow on the calculation results. The interfacial connection was adopted,.The import and export domain was divided by
structured grid, the rotating domain was divided by unstructured grid, and the impeller wall surface was grid encrypted. Besides the
grid number of the impeller area was about 2.12 million, and the total grid number was 2.83 million. The turbulence model was
selected as the k-e Realizable turbulence model, and the inlet and outlet pressures were set to a standard atmosphere. The rotational
domain speed was set to be 8400r/min, and the MRF method was used for the constant calculation,while the slip grid is used for the
non-constant calculation. The control equations were Navier-Stokes equations,solved by SIMPLEC method. The pressure correction
was in a Standard way, and the spatial discrete format of momentum equation,turbulent kinetic energy equation and dissipation
equation was in second order windward format. The residuals of the monitored outlet air volume values in the constant calculation
were considered to be converged in the case of values less than 10~*. After the convergence of the constant flow field calculation, the
results of the constant flow field calculation were used as the initial flow field for the non-constant calculation.

The highest frequency that could be captured by the Fourier transform was related to the non-constant time step by the following
equation.

f
Ar=7 (€Y

Considering the calculation volume, the calculation frequency of numerical calculation was chosen as 1 x 10* Hz within the
audible range of human ear, and the calculated fan rotated steadily for 10 weeks,with a total time duration of 7.14 x 10_2,a set step
size of 5 x 107> a total step number of 1428, and an iteration step number of 20,respectively.After the non-constant calculated fan
rotated for 10 weeks, the acoustic flow field was in a stable state, and the calculated results were used as the initial flow field for the
large vortex simulation. The subgrid model was used for the simulation, and the dynamic stress model is selected. The FW-H equation
in the open acoustic analog theory solved the near-field information to obtain the blade surface pressure pulse, and the sound pressure
was further obtained by fast Fourier transform. The noise reflection between the fan casing and the impeller,etc. was ignored in the
calculation process, and the noise receiving point was set at 1 m of the fan inlet and outlet. Fan wind tunnel experiment site is shown in
Fig. 3. The fan sealed and fixed in the wind tunnel inlet, the test bench built-in auxiliary fan, start auxiliary fan and the fan under test,
wind tunnel test bench connected to the data acquisition platform, by adjusting the size of the wind tunnel, the fan for wind tunnel
experiments. As shown in Fig. 4, the results of the steady-state flow field were calculated to plot the fan P-Q curve and compare the
experimental results, the flow rate and static pressure errors were less than 5%.

This section has been adjusted to improve the logical coherence of the statements.

As shown in Fig. 5, the A-weighted total sound pressure level noise test was conducted in the anechoic chamber for the fan under
test, and the fan under test was one meter away from the tester. The test result was 52.4 dB, with an error of 3.1% compared to the
numerical calculation.

Therefore, this indicates that the numerical simulation method used in this study is highly reliable and adequately ensures the
accuracy of the subsequent analysis.

Fig. 1. Axial fan model drawing.
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Fig. 3. Wind tunnel experiment site.
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3. Results and analysis
3.1. Analysis of the flow field inside the circumferential blade tip

The time-averaged pressure coefficient equation is as follows.

( s _ps.inlet)

C, =
P 1 2
2pPU

(2)

where, p; is the local static pressure; ps ., the average static pressure at the inlet; p, the density; and u, the rotor 50% tangential
velocity degree.
Fig. 6 depicts the contour plots of the time-averaged pressure coefficient at 40% of the blade height for different blade tip winglets
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Fig. 5. Noise test site.
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Fig. 6. Time-averaged pressure coefficients for different blade tip winglet blades.

in the Z1, Z2, and Z3 regions. Four types of blades exhibited a larger low-pressure area on the suction surface. Meanwhile, the high
pressure area appeared in the pressure surface of the blade,high pressure at the airflow deposition more,airflow from the pressure
surface to the suction surface, and the leakage flow was formed. It could also be seen that Ori blades in Z1, Z2 and Z3 regions relative to
SSW, PSW and TSW blades to produce negative pressure value were larger, and there was,a wider range of low pressure region. Among
them, SSW blade could effectively suppress the negative pressure in the Z1 region fluctuation range and its propagation in the
circumferential direction, PSW blade could effectively suppress the negative pressure in the Z2 and Z3 region fluctuation range and its
propagation in the circumferential direction,while TSW blade in the three regions was mainly reflected in the suppression of high
pressure region.

To investigate the full differential pressure at the blade tip, the percentage of leaf height for Z1 to Z3 was redefined, as illustrated in
Fig. 7.

The total differential pressure equation is as follows.

Fig. 7. Leaf apex leaf height definition.
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where, Ap is the total pressure difference; P;, ., the regional inlet pressure; and P, the regional outlet total pressure.

Fig. 8 is the comparative chart of the total pressure difference at the fan’s inlet and outlet in the Z1, Z2, and Z3 regions for different
blade tip winglets. For all four types of blades, the total pressure difference increased with the rise in blade height within the 90% to
100% range. It can be seen that due to the reduction of the blade tip leakage flow, there appeared a large deficit in the SSW blade and
the PSW blade in the overall leaf height relative to Ori blade, leading to the export full pressure reduction. Ori blades presented
significant losses relative to TSW blades at 45%-66% of blade height in the Z1 and Z2 regions of the blade tip. At low blade heights, the
total pressure difference of TSW blades increased.

To quantitatively compare the blade tip blockage of different fans, the definition of blade tip blockage proposed in the literature
[11,12] was applied, and the boundary of the loss area was determined through the threshold judgment of the dense flow gradient. The
blockage area was then calculated by integrating the loss area, using a method similar to the definition of boundary layer displacement.
The dimensionless dense flow gradient judgment criterion is as follows.

cn:'v,.[ﬂi”vl } +‘vm[pipv’ }
crvff/cﬁp L’tvff/cfip

Where, p and v, are the local spatial point density and flow direction velocity; p,, and v, , are the measurement field blade tip
characterization density and velocity; cp, is the blade tip chord length; and 6, is the loss zone judgment threshold. The axial flow fan
flow was low Mach number, so the effect of density was not considered and the simplified equation could be expressed as:

c,,:'v,. {—V’ } +’vm {—V’ }
vcr/ctip

Vn/ Ciip

Based on the calculations for the unsteady flow field, the discriminant criterion can be used to clearly distinguish between the
mainstream region and the loss region. The maximum value of Cn in the mainstream region is set as the threshold value, and any region
exceeding this maximum threshold is identified as the loss region.

Fig. 9 shows the distribution of dimensionless dense flow gradient coefficients for different blade tip winglet in the axial Y = 3 mm
plane. Four types of blades exhibited blockage at the blade tip, fan casing wall surface, blade wall surface, and the trailing edge part of
the blade pressure surface. The blockage at the pressure surface trailing edge resulted from the large tilt of the blade installation angle,
causing the inlet flow to accumulate at the blade trailing edge. Compared to the Ori blade, the TSW, SSW, and PSW blades showed a
significant reduction in the range and amplitude of blade tip blockage. Additionally, the thickness of the blockage on the pressure
surface wall became thinner, and the length of the pressure surface blockage got shorter. Among them, the TSW blades were the most
effective in reducing the blade tip blockage, and the PSW blades significantly shortened the length of the pressure surface blockage.

After judging the loss area by 5, the blockage area was integrated in the loss area, and the dimensionless blockage coefficient b was
obtained using the cross-sectional area.

0(1=25)da

AS

>6 @

>6 (5)

b= (6)

where, p, and v, are the density and velocity on the loss boundary,respectively, and Ag is the rotor denotes exit area.
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Fig. 8. Total pressure difference in the Z1, Z2 and Z3 regions for fans with different blade tip winglet.
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Fig. 9. Distribution of clogging coefficient of different blades.

Fig. 10 presents a schematic diagram of the loss zone at the axial plane of Y = 3 mm for the prototype fan.

Fig. 11 displays the unsteady state chordwise blockage coefficients for different blade tip winglets. It should be noted that only the
effect of the blade tip winglet on the leakage flow at the blade tip was examined in this study, so that the integration was confined to the
area, where the blade tip winglet was included in Z1 and Z2. By observing the blockage coefficients of different cross-sections along the
flow direction, it was evidently observed that in the distal zone of the blade tip, the blockage degree of the four types of blades did not
vary significantly and increased as the blade tip approached the fan casing wall. In the area approaching the blade tip, the blockage
could be effectively mitigated by adding a blade tip winglet. Among them, the TSW blade exhibited the lowest blockage intensity,
followed by the SSW blade.

The turbulent kinetic energy clouds of different blade tip winglet are shown in Fig. 12. In the Z1 region, Ori blades presented more
thrust flow energy of fan casing wall attached flow than TSW blades and PSW. These fan casing wall attached flow was generated by
the blade tip to produce larger flow velocity and fan casing impact with each other, and wide frequency noise was produced.
Meanwhile, TSW blades and SSW blades reduced the turbulent kinetic energy of the tip between high flow velocity on the left side to
make it homogeneous. In the Z2 region, TSW blade and SSW blade in the suction surface to produced leakage flow separation,which
indicated that the suction surface to add the tip winglet could inhibit the suction surface boundary layer turbulent kinetic energy
contact, and produced certain shear effect. In the Z3 region, TSW blades, PSW blades and SSW blades, at the trailing edge tip portion of
the blades,homogenized their turbulent kinetic energy to different degrees.

To quantify the characteristics of the blade tip leakage flow with the addition of blade tip winglet at different faces under the same
conditions, the axial momentum distribution of the blade tip leakage flow from literature [13] was applied to characterize the leakage
vortex intensity at the top gap of the blade.

Teasing p\J |/
e / PVuVyjeosa %)
Tiip mvurVYin/ Crip

where, V, is the velocity of the blade tip leakage vortex perpendicular to the suction surface; Vy, is the velocity of the blade tip leakage

Fig. 10. Schematic diagram of the main flow area and the loss area.
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Fig. 12. Turbulent kinetic energy cloud of different blades.
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vortex in the Y direction; a, is the local radian angle; and m,,; and Vy;,, are the blade tip channel outlet mass flow rate and axial

velocity,respectively.

The axial momentum of different blade tip winglet is shown in Fig. 13. A larger absolute value of the negative value of axial
momentum indicated a stronger blade tip leakage flow against the main stream. The dimensionless peak momentum of the Ori blade
was —0.164, while that of TSW, SSW and PSW blades was —0.159,—0.157 and —0.154 respectively,weaker than the blade tip leakage
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Fig. 13. Axial momentum in the chord direction for different blade tip winglets.
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flow of the Ori blade against the main stream. Besides, at the sub-peak, TSW and SSW presented the same performance. At 60% of the
chord length TSW and SSW blades were effective in reducing the fluctuations caused by leakage flow, while at 65% to 95% chord
length, all 4 types of blades were in the low leakage flow fluctuation zone.

Subsequently to further compare the non-constant flow of different blades, four types of vortices with non-constant fields were
analyzed, and the Z1, Z2, and Z3 regions in the channel were visualized using the Q-criterion, with the color mapping of the cloud
diagram employing the dimensionless relative helicity to represent the direction of vortex core rotation. The angle between the ab-
solute vortex direction and the relative velocity direction could be expressed as follows:

U-o

_ _ 8
07 o] ®

r

where, U is the relative velocity vector, and w denotes the absolute vortex vector. If the two vectors have the same direction,then H, = 1
and vice versa.

The structure of the 100000s~2 non-fixed-field vortex in the Q-criteria equivalent surface for the top of the different blades overall
and for the different regions from Z1 to Z3 is given in Fig. 14. The overall region was first observed, and it was found that the vortex
moved spirally along the airflow direction to the next blade. In the Z1 region,TSW, SSW and PSW blades in the box the relative spiral of
the blade tip leakage flow for positive values significantly decreased,indicating that the addition of blade tip winglet could effectively
inhibit the blade tip leakage flow along the flow direction to the next blade; in the black circle, due to the impact of the airflow
generated by the negative value of the spiral impact vortex, TSW and SSW blades in the Z1 region in the fan casing wall were
significantly less. In the Z2 region, it could be observed that Ori and PSW blades were more likely to produce isotropic vortices at the
leading edge of the blade, and at the same time, more separating and shedding vortices were produced at the trailing edge of the blade;
TSW and SSW suppressed the formation of twisting vortices at the suction side in the Z2 region as well as that of more separating and
shedding vortices at the trailing edge of the blade in the Z3 region. Besides, the vortices with smaller arcs formed at the pressure side.
The smaller curved vortex formed at the pressure surface increased the vortex’s ability to adhere to the pressure surface to a certain
extent and controlled the formation of the separation vortex.

3.2. Aerodynamic noise analysis

As depicted in Fig. 15, the addition of blade tip winglet can effectively reduce the fan aerodynamic noise, in which, SSW blade in the
overall regions of Z1, Z2 and Z3 achieved a better noise reduction effect,relative to Ori blade, which reduced by 2.16 dB, 1.68 dB, 2.24
dB and 3.74 dB, respectively. In Z2 and Z3 regions, TSW blade relative to Ori blade reduced by 0.25 dB,1.51 dB and 1.02 dB
respectively, but increased by 0.92 dB in the Z1 region. The PSW blade reduced by 0.27 dB, 1.38 dB and 0.56 dB in Z2 and Z3 regions,
respectively, and increased by 0.55 dB in the Z1 region, relative to Ori blade. However, adding blade tip winglet on the pressure side
somewhat weakened the improvement effect brought by the addition of blade tip winglet on the suction side.

Fig. 16 illustrates the sound pressure level spectrogram of the TSW blade, SSW blade and PSW blade compared with the Ori blade,
where it could be observed that the addition of the blade tip winglet could produce a suppression effect on the axial flow fan aero-
dynamic noise at 700Hz fundamental frequency and 1400Hz octave noise that determined the sound pressure level of the axial flow
fan. At the same time, the blade tip leakage vortex presented a clear broad frequency characteristic. TSW blade, SSW blade and PSW
blade exhibited a comparable sound pressure level with Ori blade at frequencies of 1111Hz and 1687Hz.

In order to clearly reflect the fan noise source level,Fig. 17 shows the 1/3 frequency range diagram of sound pressure level A of
different blades, where it could be found that the main noise output of the axial flow fan was in the low frequency region. In most
frequency bands, the noise of TSW blade, SSW blade and PSW blade was significantly reduced, while the frequency band of
630Hz-800Hz, the noise of TSW blade, SSW blade and PSW blade was 4.61 dB,8.13 dB and 5.35 dB lower than that of Ori blade,
respectively, and in the frequency band of 800 Hz-3150 Hz, the maximum noise level of TSW blade and PSW blade increased by 2.05
dB and 2.15 dB compared with Ori blade, while that of SSW blade decreased by 0.90 dB. At the medium frequency 3150Hz-5000Hz,
the noise level followed the order of Ori blade > TSW blade > SSW blade > PSW blade. In the middle and high frequency range of
5000Hz-6300Hz, the noise level was PSW blade > Ori blade > TSW blade > SSW blade. SSW blades and PSW blades were provided
with more noise reduction properties at high frequency of 6300Hz-10000 Hz.

4. Conclusion

Herein, the effect of different blade tip winglet add-on surface schemes on the internal flow characteristics and acoustic perfor-
mance of the axial flow fan blade tip was investigated by numerical simulation combined with experimental verification of the blade
tip partition. The main conclusions are as follows.

(1) SSW, PSW and TSW blades could effectively control the generation of low pressure area, SSW blades control range in Z1 rigion
as well as PSW blades control orientation in Z2 and Z3 rigion, and had different degrees of full differential pressure loss at
different partitions of the blade tip.

(2) The addition of blade tip winglet could effectively improve the blade tip Z1 rigion and Z2 rigion blockage, of which TSW blade
presented the best effect; TSW, SSW, PSW blades could effectively reduce the Z1 rigion fan casing wall attached flow turbulence
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Fig. 14. Distribution of the vortex nuclei structure in Z1, Z2 and Z3 regions for different blades.

energy, suppress the broadband noise; TSW, SSW and PSW blades also effectively reduced the leakage flow and the mainstream
of the confrontation ability, with TSW and SSW blades presenting a better effect at 60% chord length.

(3) TSW, SSW and PSW blades in the Z1 rigion could effectively inhibit the blade tip leakage flow positive flow to the next blade,
reduce the helicity for the negative value of the impact vortex; Ori and PSW blades in Z2 rigion were more likely to produce
isotropic vortex in the leading edge of the blades, while TSW and SSW blades could slow down the pressure surface attached
vortex detachment in the Z3 rigion.

(4) Adding blade tip winglet mainly reduced discrete noise at the reference and octave frequencies,thus achieving effective
reduction of the total sound pressure level of the axial flow fan; TSW, SSW and PSW blades mainly reduced noise in the low
frequency band, and SSW blades presented better noise reduction properties in the total sound pressure level and each fre-
quency band.
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