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Abstract 
This study focuses on a single-stage axial flow fan, investigating the effect of 
three kinds of wave leading edge stator blades on its noise reduction. The 
DDES method and the duct acoustic analogy theory based on the penetrable 
data surface were used for noise prediction. The results showed that the 
three kinds of wave leading edge blades were effective in reducing the ro-
tor-stator interaction tonal noise and also have a certain inhibitory effect on 
broadband noise. The A10W15 stator blade can effectively reduce broad-
band noise in the frequency range of 2200 - 4200 Hz. When the amplitude 
is increased to 20, the noise reduction effect is further enhanced. However, 
when the amplitude is increased to 30, the broadband noise reduction effect 
is no longer significant. Further research shows that the wave leading edge 
stator blades can significantly change the pressure fluctuation distribution 
on the leading edge and suction surface, which control the modal energy 
distribution. Finally, this paper analyzed multiple factors affecting the broad-
band noise reduction, such as the noise source cut-off and cut-on effect and 
correlation. The purpose of this paper is to explore the laws of the influence 
of wave leading edge blades on the duct noise of real fan, and to reveal its 
noise control mechanism. 
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1. Introduction 

With the rapid advancement of the global economy and international commer-
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cial aviation transportation market, the issue of commercial aircraft noise pollu-
tion has gained significant attention from society as a whole [1]. The engine 
noise remains the primary contributor to aircraft noise [2]. The use of high by-
pass ratio aircraft engines over the past few decades has efficiently controlled 
engine jet noise by significantly reducing the exhaust velocity of the nozzle. 
However, an increase in engine bypass ratio leads to larger fan size and fan tip 
speed, making fan noise a critical source of noise pollution. Therefore, reducing 
fan noise has become an urgent task [3]. 

Fan noise can be classified into two types: tonal noise caused by fan ro-
tor-stator interaction [4] [5] [6], and broadband noise generated by fan turbu-
lence [7] [8]. With the help of computer technology, prediction and control 
technologies for rotor-stator interaction tonal noise have significantly ma-
tured. However, prediction and control technologies for broadband noise due 
to fan turbulence have been developing at a slower pace due to the complexity 
of the mechanism. The effective control of tonal noise has made the engineer-
ing problem of broadband noise of the fan more prominent [9]. This problem 
has become a considerable challenge that modern civil aviation must address 
[10]. 

Numerous scholars have implemented wave leading edge blade configurations 
in isolated airfoils and found that it can reduce airfoil stall, broadband noise and 
additional benefits [11] [12] [13]. Extensive research on noise control technology 
has indicated that bionic blades possess the capability to regulate the spatial and 
temporal scales of turbulent random variations. Studies have also discovered that 
biologically inspired configurations transform the structure of turbulent eddies 
and the correlation between them [14] [15] [16], which eventually governs the 
spectral structure and sound source mode structure of turbulent broadband 
noise. Wave leading edge blades have been demonstrated as a promising tech-
nique in broadband noise reduction. 

In recent years, a few researchers have begun to integrate wave leading edge 
blade configurations in turbomachinery [17] [18] [19]. However, due to the in-
tricate nature of internal flows and the unique sound mode structure in the duct, 
these configurations’ application is still not mature enough in turbomachinery. 
Several problems and theories still require thorough research and explanations. 
Further research on the influence of wave leading edge blades on genuine tur-
bomachinery aerodynamic noise is necessary, specifically in exploring the con-
trol effect of wave leading edge blade configurations on sound modes and fan 
noise source loads. 

This article numerically simulates the noise of a single-stage axial flow fan, 
exploring the influence of wave leading edge amplitude on noise reduction. Sec-
tion 2 briefly introduces the computational methods used for flow field calcula-
tion and sound field calculation, Section 3 briefly introduces the a single-stage 
axial flow fan and calculation settings, Section 4 presents the results, and delves 
into the noise reduction mechanism. 
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2. Methodology 
2.1. Numerical Method for Flow Field 

The unsteady flow field is calculated using the CFX 2019 R2 code. The DDES 
(Delayed-Detached Eddy Simulation) based on SST (Shear-Stress Transport) mod-
el is used for its reasonable accuracy. The second order backward Euler scheme 
is used for the transient scheme, and the high resolution scheme is used for the 
advection scheme. 

2.2. Numerical Method for Duct Noise Prediction 

Tong [19] introduced the theory of sound propagation in a flowing duct and 
further derived a method for calculating sound power by using the sound modal 
amplitudes within the duct. Here, the penetrable data surface (PDS) method is 
used to integrate the sound source over the source surface, which can simulta-
neously include both dipole and quadruple sound sources. The expression for 
the sound modal amplitudes is as follows: 
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where: DR  and HR  are radius of duct shroud and hub, respectively; mΨ  and 

mnκ  are duct mode eigenfunction and eigenvalue, respectively; n  is normal 
vector; ( , , )x r θ  is cylindrical coordinates; ijL  is stress tensor; u is fluid veloci-
ty; v is surface velocity; p is fluctuating pressure; ρ  is fluctuating density; ijδ  
is delta function; µ  is viscosity coefficient; subscript i is outward normal vector 
of the surface; subscript j is direction of force on the surface; subscript 0 is 
time-average value. 

3. Model and Numerical Set Up 
3.1. Fan Model 

A single-stage axial flow fan (NPU-Fan) at the Turbomachinery Aerodynamics 
and Aeroacoustics Laboratory (TAAL) of Northwestern Polytechnical University 
was studied [19]. Figure 1 shows the schematic diagram of the NPU-Fan. The 
design parameters of the NPU-Fan are shown in Table 1. 

3.2. Wave Leading Edge Blade Parameter 

As shown in Figure 2, the gray color represents the baseline blade configuration, 
while the blue color represents the wave leading edge blade configuration. From 
the figure, it can be seen that the wave leading edge blade achieves the modifica-
tion of the different blade shapes through two parameters, amplitude (A) and 
wavelength (W). 
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Figure 1. The schematic diagram of NPU-Fan. 

 
Table 1. NPU-Fan design parameter. 

Parameter Value 

Rotor blade number 19 

Stator blade number 18 

Shroud diameter (mm) 500 

Hub diameter (mm) 285 

Mass flow rate (kg/s) 6.38 

Design speed (r/min) 3000 

Total pressure ratio 1.02 

Airfoil shape NACA-65 

 

 
Figure 2. Wave leading edge blade configuration. 

 

2sin( )
2
( )( ) ( ) AC r

W
rr C r π′ + ⋅=                   (5) 

( ) ( )A r C rε= ⋅                         (6) 

where: ε  is the scaling factor is used to control the magnitude of the amplitude. 
The baseline blade configuration in this study is the optimized fan configura-
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tion (CASE V) in which the original rotor and stator blades were bending. The 
wave leading edge stator blade was developed based on the CASE V configura-
tion, as shown in Figure 3. 

It should be noted that the nomenclature for the wave leading edge blade in 
this paper is A_W_. The number after A represents the ratio of the actual am-
plitude of the wave leading edge blade to the local chord length of the baseline 
blade, which is calculated using Equation (6), with a unit of “%”. The number 
after W represents the actual length of the wavelength of the wave leading edge 
blade, with a unit of “mm”. This naming convention is advantageous for blades 
with large changes in chord length and is more concise. 

3.3. Numerical Set Up and Boundary Conditions 

Before conducting the broadband noise calculation, the number of rotor blades 
of the NPU-Fan was reduced from 19 to 18. Two requirements needed to be en-
sured during the rotor blade reduction process: 1) the reduced rotor blade solid-
ity was consistent with the original rotor blade solidity; 2) the spacing between 
the rotor and stator blades was consistent with that of the original rotor and sta-
tor blades. 

Figure 4(a) shows the unsteady computational domain diagram of the 
NPU-Fan. The inlet boundary condition of the computational domain is set as to-
tal pressure conditions, with values of 97,700 Pa. The outlet boundary condition is 
set as the average static pressure boundary condition, and keep the mass flow rate 
close to 6.38 kg/s. The turbulence model selected is the DDES (Delayed-Detached 

 

 
(a)                (b)               (c)                 (d) 

Figure 3. Sketch of the wavy leading edge stator blade. (a) CASE V; (b) A10W15; (c) 
A20W15; (d) A30W15. 

 

   
(a)                                                   (b) 

Figure 4. The configuration of NPU-Fan. (a) Computing domain diagram; (b) schematic size of computational domain. 
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Eddy Simulation) based on SST (Shear-Stress Transport) model. 
Figure 4(b) shows the schematic size of the unsteady computational domain 

of NPU-Fan. A dissipation grid of length 500 mm is set at the inlet and outlet of 
the computational domain. The mesh number of inlet domain and rotor domain 
are approximately 19.51 million, and the number of meshes in the stator domain 
is approximately 15.15 million. The wall grid thickness of the rotor blade and 
stator blade surfaces is 0.003 mm, which satisfies the non-dimensional scale 
condition y+ < 1. 

The unsteady calculation uses the steady state calculation result as the initial 
condition and is advanced for 150 steps ( 67.4074 10t −∆ = × ) for each rotor blade 
channel until convergence is achieved at all monitoring points. The flow field 
information is collected every 3 steps, and a total of 4500 groups of flow field 
data are obtained for 5 rotor revolutions. The data used to calculate the forward 
noise was extracted from Plane in Figure 4(b). The FFT settings are as follows: 
the NFFT number is 900, the FFT data is averaged 10 times, and d 50Hzf = . 

4. Results and Analysis 
4.1. Numerical Results of Noise Reduction 

DDES can simulate the interaction between rotor wake and stator blades and the 
interaction between turbulence and blades. Therefore both rotor-stator interac-
tion tonal noise and broadband noise can be obtained with DDES. 

4.1.1. Effect on Rotor-Stator Tonal Noise 
Figure 5 shows the effects of three kinds of wave leading edge stator blades on 
rotor-stator tonal noise. It can be seen from the figure that all three kinds of 
wave leading edge stator blades have a significant noise reduction effect on ro-
tor-stator tonal noise, which generally follows the rule that the larger the ampli-
tude, the more effective the rotor-stator interaction tonal noise reduction effect. 

4.1.2. Effect on Broadband Noise 
Figure 6 shows the effects of three kinds of wave leading edge stator blades on  

 

 
(a)                                        (b) 

Figure 5. Tonal noise reduction with three kinds of wave leading edge blades. (a) PWL; (b) ΔPWL. 
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broadband noise. Figure 6(b) shows that when the amplitude increases from 10 
to 20, the noise reduction effect is further improved by about 2 - 3.5 dB. How-
ever, when the amplitude increases from 20 to 30, the noise reduction effect does 
not significantly improve. The A10W15 stator can effectively reduce the broad-
band noise in the frequency range of 2200 Hz to 4200 Hz, reaching the maxi-
mum noise reduction effect at around 2500 Hz, which is about 4.2 dB. The 
A20W15 and A30W15 stators have significant noise reduction effects in the fre-
quency range of 2200 - 10,000 Hz, with the maximum noise reduction effect at 
around 2500 - 2600 Hz, which is about 6 dB. 

Figure 7 shows the effects of three kinds of wave leading edge stator blades on 
circumferential modal energy reduction. It can be seen from the figure that, as 
the amplitude increases, the circumferential modal energy of high frequency  

 

  
(a)                                                    (b) 

Figure 6. Broadband noise reduction with three kinds of wave leading edge blades. (a) PWL; (b) ΔPWL. 
 

 

 
(a)                                 (b)                                  (c) 

Figure 7. Sound mode control results. (a) A10W15; (b) A20W15; (c) A30W15. 
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range gradually decreases. The A20W15 stator has the best noise reduction ef-
fect, and the wave leading edge stator has a better reduction effect on high-
er-order circumferential mode. 

4.2. Analysis of Physical Mechanism for Noise Reduction 
4.2.1. Noise Source Cut-Off and Cut-On Effect 

1) Span-wise noise source cut-off effect: 
Figure 8 shows the distribution of pressure fluctuation along the leading edge 

span of the stator blade. It can be seen from the figure that the pressure fluctua-
tion of wave leading edge stator blade exhibits a periodic distribution along the 
span, which corresponds to the wavelength. The pressure fluctuation of wave 
leading edge stator blades is smaller than that of the CASE V stator blade along 
the span. 

2) Chord-wise noise source cut-on effect: 
Figure 9 shows a schematic of the stator blade and auxiliary lines. The red 

lines in the figure are numbered from hub to shroud as “Span Line 1-9”. 
Figure 10 shows the distribution of pressure fluctuation on Span Line 1, 3 and 

5. It can be seen from the figure that, a “hump” shaped noise source appears, and 
its intensity and width increase with amplitude increasing. The intensity of the 
“hump” shaped noise source is not the strongest on the trough section. The 
strongest noise sources are on the hill and near-trough sections. 

4.2.1. Analysis of Correlation 
1) Span-wise correlation 
Figure 11 shows the distribution of chord-wise correlation of pressure fluctuation  

 

 
Figure 8. Distribution of pressure fluctuation along the leading edge span. 
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Figure 9. Distribution of pressure fluctuation along the leading edge span. 

 

 
 

(a)                                  (b)                                (c) 

Figure 10. Distribution of power spectral density along the leading edge span. (a) Span line 1; (b) Span line 2; (c) Span line 3. 
 

 
Figure 11. Leading edge span-wise correlation coefficient. 

https://doi.org/10.4236/jamp.2023.118161


J. X. Lian et al. 
 

 

DOI: 10.4236/jamp.2023.118161 2512 Journal of Applied Mathematics and Physics 
 

on the leading edge. It can be seen that the chord-wise correlation of the CASE 
V blade basically decreases with the distance increasing. After adopting the 
wave-shaped leading edge blade configuration, the chord-wise correlation of the 
leading edge shows a certain wave-shaped distribution. When the amplitude in-
creases from 0 to 20, the change in chord-wise correlation is significant. 

2) Chord-wise correlation 
Figure 12 shows the chord-wise correlation distribution of pressure fluctua-

tion of Span Line 1, 3, and 5. It can be seen that the chord-wise correlation of the 
CASE V blade basically decreases with the increasing distance. After adopting 
the wave leading edge blade configuration, the chord-wise correlation of the lead-
ing edge shows a certain wave-shaped distribution, but the change in chord-wise 
correlation is not as significant as that in the span-wise correlation. 

5. Conclusions 

This paper focuses on a single-stage axial flow fan and uses the DDES numerical 
simulation method combined with acoustic analogy theory to study the influ-
ence of wavy leading edge stator blades on noise in the duct and to analyze the 
related noise reduction physics mechanism. The main research conclusions are 
as follows: 

1) Wave leading edge stator blades have a significant noise reduction effect on 
rotor-stator interaction tonal noise, which generally follows the rule that the larg-
er the amplitude, the more effective the rotor-stator interaction tonal noise re-
duction effect. Besides, wave leading edge stator blades also show effect on broad-
band noise reduction. When the amplitude is less than 30, the broadband noise 
reduction effect increases with amplitude increasing. However, further amplitude 
increasing does not have a significant effect on broadband noise reduction. This 
indicates that there is an amplitude threshold for threshold. 

2) It can be seen that the wave leading edge stator blades can effectively reduce 
the pressure fluctuation of the blade leading edge and the energy distribution in 
the frequency range of 200 to 10000 Hz. However, it will increase the pressure 
fluctuation and energy distribution in other regions, especially for the suction  

 

 
(a)                                  (b)                                 (c) 

Figure 12. Leading edge span-wise correlation coefficient. (a) Span line 1; (b) Span line 2; (c) Span line 3. 
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side, and the pressure fluctuation enhancement effect is more significant with 
amplitude increasing. 

3) Wavy leading edge blades can effectively change the correlation of various 
points on the leading edge line in space and significantly reduce the spatial cor-
relation of each point on the leading edge line. Wavy leading edge blades can al-
so change the correlation of various points on the chord-wise line in space, but 
the change in chord-wise correlation is not as significant as that in the span-wise 
correlation. 

4) The sound source cut-off effect and the reduce the spatial correlation on 
the leading edge line is conducive to broadband noise reduction, while the sound 
source cut-off effect on chord-wise line is not conducive to broadband noise re-
duction. The combined effect results in a certain threshold for broadband noise 
reduction, that is, increasing the amplitude does not further improve the broad-
band noise reduction. 
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