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Abstract: The influence of the width of the circular ring of a car cooling fan on the aerodynamic noise is investigated numerically through the determination of the overall sound pressure level (OASPL). The results demonstrate that when the circular rings cover near 2/3 of the width of the blade tips of the rotor in the axis direction, the rotor has the lowest OASPL and the related total pressure efficiency and flow mass rate are better than the corresponding values obtained for a reference rotor without a circular ring. With increasing the width of the circular ring in the axis direction, the tip vortex around the trailing edge of the blade tip becomes smaller and finally disappears. Meanwhile, a separated flow field arises gradually and then grows in size around the middle of the junction of the blade tips with the ring. When the circular rings cover nearly 2/3 s of the width of the blade tips of the fan in the axis direction, the extension of the separated flow around the blade ’s tip attains a minimum.
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Nomenclature



	U
	Flow velocity



	rpm
	Round per minute



	ρ
	Density of fluid



	μ
	Dynamic viscosity



	Re
	Reynolds number



	
u¯

	Means velocity of the flow



	
u~

	Fluctuating velocity of the flow



	p
	Pressure



	Q
	Mass rate of the flow



	
ΔPtotal

	Difference between the total pressure of the downstream and upstream of the rotor



	M
	Torque of the rotor



	n
	Rotational speed of the rotor



	
τij

	Subgrid-scale stress



	
Δi

	Mesh size along the i-axis




1  Introduction

In recent years, noise pollution has become an important part of environmental pollution. As a part of the engine cooling system, the cooling fan is one of the noise sources in automobiles. As the environmental protection standards become more and more stringent, the automobiles must be equipped with more devices such as exhaust gas purification systems, which lead to increased temperature in the engine hood, increased load, and thus increased noise. With the development all around the world, the market for electric automobiles has grown. The electric automobile does not have loud noise from the engine as the background noise so the human ears become more sensitive to the noise from the other components. Therefore, reducing the noise caused by the cooling fans or the other fans, such as the fans of the air conditioner, makes a lot of sense. Noise is produced by the sound generator when it vibrates irregularly, which is a kind of energy loss. When the noise is reduced, the energy is saved, and the efficiency is also improved. With this understood, the research on the aerodynamic performance and the noise caused by the cooling fans is of great significance to the development of the automobile industry. The aerodynamic noise, as one of the main causes of the noise, is generated by the interaction between the air and the rotating fan. In order to reduce the aerodynamic noise, the methods are widely used by improving the structure, the impeller shape, the blade shape, and the material of the cooling fans. Meanwhile, the air volume and efficiency must be maintained. Many researchers [1–8] have studied the flow mechanism of aerodynamic noise to reduce the noise caused by the fans.

Sun [9] deduced the sound radiation formula of the unequal spaced fan according to the BLH (Blade Loading Harmonics) theory and obtained that the unequal spaced blade distribution can effectively reduce fan noise by their experiments.

Han et al. [10] tried to find the static pressure distribution with the least energy loss by measuring the static pressure distribution on the end wall and the blade surface of different cascades at different air attack angles and blade installation angles.

Moreau et al. [11–13] tried to use the CFD method to develop and design a fan, which not only improved the comprehensive performance of the fan, but also greatly shortened the product design cycle greatly, therefore reducing the product development cost. In order to obtain a better internal flow field, they also proposed a new fan CFD model and used a new meshing method to study the situation of both stationary and moving blades.

Kohri et al. [14,15] used the visualization method and the CFD simulation model to study the performance of the cooling fan in a small truck and successfully solved the practical problems. Then they studied the influence of the multiple reference system methods on the performance prediction of the engine cooling fan.

Oh et al. [16] used Ansys Fluent to study the fan performance parameters of a four-blades propeller fan at a low flow mass rate, and compared the simulations with the experiment results. The results showed that the deviation between the simulation and the experiment was within the permissive range. The effectiveness of CFD numerical simulation is, in this instance, proven.

Morris et al. [17] applied a new type of aerodynamic hood to the axial-flow cooling fan. The experiment showed that the performance of the noise and efficiency of the fan were improved at both the medium and large flow rates, but decreased at a lesser flow rate.

Zhao et al. [18] selected seven of the influence factors of the fan, such as the number of blades, hub ratio, installation angle, blade angle, etc. The influence of fan performance were numerically investigated, and the influence characters of the seven factors were then summarized.

Jang et al. [19] studied the ear-type housing and a newly designed housing in order to control the blade tip vortex of the axial flow fan of the air-conditioning. The newly designed housing reduces the obstruction to the main flow and increases the flow rate. At the same time, the noise is reduced by 1.5 dB (A).

Nashimoto et al. [20,21] and Ota et al. [22] studied the influence of the tip winglets on the blade of the open fan and the annular fan evolved from it on the vortex intensity at the blade tip, which could increase the static efficient and reduce the aerodynamic noise.

Tang et al. [23] concluded that the annular fan can avoid the eddy current back-flow loss of the open fan at the outer end of the blade, reduce the discontinuous air friction and impact loss at the outer end of the open fan blade, and reduce the aerodynamic noise while improving the fan efficiency and increasing the air volume.

Mo et al. [24,25] studied the effect of the structure and parameters of engine annular cooling fans on the aerodynamic performances.

Recently, the research group of Bian et al. [26–28] tried to study the flow loss and flow structure of the blade by numerical and experimental investigations and tried to investigate the influence of the splitter geometry on the secondary flow control.

From the studies above, the methods have been used to improve the aerodynamic performances and the aerodynamic noise generated by way of improving the structure, impeller shape, blade shape, and material of engine cooling fans. But the noise reduction method for the engine circular cooling fans is rarely reported.

In this study, the influence of the widths of the circular ring of a car cooling fan on the aerodynamic noise is investigated by numerical method. The primary purposes of this study are:

(1)   Detecting the influence of the widths of the circular ring of a car cooling fan. Changing the widths of the circular ring could control the separated flow around the blade tips, and this method have the potential ability to reduce the aerodynamic noise generated by the fan.

(2)   Detecting the flow structure around the blades of the fan to discover the influence of the widths of the circular ring on the separated flow around the blade tips.

2  The Investigated Fan Models

In this study, four models of the fans are chosen to investigate the influence of the widths of the circular ring of a car cooling fan on the aerodynamic noise. The model of the original fan has no circular ring named Rotor A, as shown in Fig. 1. It has nine blades with a diameter of 490 mm. On the basis of the original fan, the other three fans are designed with circular rings, as shown in Fig. 2. The fans are named from Rotor B to Rotor D. They have different circular-ring-widths. The radial thicknesses of the circular rings are all 6 mm. The axial widths of the three circular rings are respectively 18.3, 36.7, and 54.0 mm, from Rotor B to Rotor D as shown in Fig. 3. When the width of the circular ring is 54 mm, the circular ring just covers the tip of the blades in the axial direction.
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Figure 1: Original fan
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Figure 2: Fans with circular rings
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Figure 3: Diagrams of three fans with circular rings

3  Numerical Investigation

The numerical simulation field boundary is shown in Fig. 4. The distance between the inlet and the fan is 1000 mm and the distance between the fan and the outlet is 1500 mm. The wall surface of the pipe is set to a no-slip wall, and the gap between the fan and the pipe surface is 17 mm. The origin of the coordinate is the center of the fan, and the x-axis is the flow direction from the upstream to the downstream of the flow as shown in Fig. 4.
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Figure 4: Simulation field of the flow domain and noise monitoring point distribution

The rotational speed of the fans is set to 3000 r/min, and the fan mesh is a no-slip mesh for steady flow and a slip mesh for unsteady flow to simulate the rotation. The part of the rotor mesh is set as the rotating part. The other parts of the mesh are set as stationary parts.

The analysis of the aeroacoustics in this study is conducted based on the Ffowcs-Williams & Hawkings (FW-H) model [29,30] of the LES large eddy simulation method. FW-H is chosen as the model of noise analysis. The positions of the noise receivers are also shown in Fig. 4. The rotors are chosen to be the noise sources when the FW-H equation is applied to calculate the noise at the receivers.

The CFD simulation mesh is generated by using the software ICEM CFD. Three-dimensional hybrid grids are created for the blades. The fan is set to an unstructured grid and the other areas are block-structured grids. The total grids consist of about 6 million cells. The CFD simulations are conducted by ANSYS Fluent, including the steady and unsteady simulations. The steady-state is used as an initial condition for the unsteady simulations.

The assumptions of isothermal (i.e., μ = const.), so the energy equation is not necessary, and no boundary condition for the temperature is set. Then the gravity term is not considered. The first-order upwind scheme is used to represent the convection terms of the governing equations. The semi-implicit method for pressure-linked equation (SIMPLE) [31] is used to solve the discretized equations. The velocity of inflow is smaller than Mach number 0.3, so the flow is considered as incompressible (ρ is consistent). The turbulent intensity is set as 2%, which is tested in the wind tunnel in our lab [27,28]. The turbulent length is set as 0.0367 m [28].

As for the steady simulation, Reynolds-Averaged Navier-Stokes equations (RANS) are solved on the grids. The RANS equations for a stationary, incompressible Newtonian fluid are summarized in tensor notation as:


ρ∂(uj¯ui¯)∂xj=−∂p¯∂xi+∂[μ(∂ui¯∂xj+∂uj¯∂xi)−ρui~uj~¯]∂xj
(1)

In the steady CFD simulations, the transition SST (shear stress transport for short) [32] is chosen as the turbulence model as:


∂(ρk)∂t+∂(ρuik)∂xi=Pk~−β∗ρkw+∂∂xi[(μ+σkμt)∂k∂xi]
(2)


∂(ρω)∂t+∂(ρuiω)∂xi=αρS2−βρω2+∂∂xi[(μ+σωμt)∂ω∂xi]+2(1−F1)ρσω21ω∂k∂xi∂ω∂xi
(3)


F1=tanh⁡{{min[max(kβ∗ωy,500νty2ω),4ρσω2kCDkωy2]}4}
(4)


CDkω=max(2ρσω21ω∂k∂xi∂ω∂xi,10−10)
(5)


νt=a1kmax(a1ω,SF2)
(6)


F2=tanh⁡[[max(2kβ∗ωy,500νty2ω]2]
(7)


Pk~=min(Pk,10β∗ρkω)
(8)


Pk=μt∂ui∂xj(∂ui∂xj+∂uj∂xi)
(9)


ψ=ψ1F1+ψ2(1−F1)
(10)


ψ={α,β,σk,σω}
(11)


a1=0.31,β∗=0.09,S=20
(12)


α1=5/9,β1=3/40,σk1=0.85,σω1=0.5
(13)


α2=0.44,β2=0.0828,σk2=1,σω2=0.856
(14)

where y is the distance nearest to the wall.

In order to obtain the fluctuating pressure in the flow, unsteady CFD simulations are needed. In the unsteady CFD simulations, the LES is chosen as the turbulence model. The Smagorinsky-Lilly model of the LES (large eddy simulation) is chosen as the turbulence model. The equations for a rotational, incompressible Newtonian fluid are summarized in tensor notation as [33]:


ρ∂ui¯∂t+ρ∂(uj¯ui¯)∂xj=−∂p¯∂xi+∂∂xj(μ∂ui¯∂xj)−∂τij∂xj
(15)


τij−13τkkδij=−2μiSij¯
(16)


μi=(CsΔ)22SijSij
(17)


Δ=(ΔxΔyΔz)1/3
(18)


Sij¯=12(∂ui¯∂xj+∂uj¯∂xi)
(19)


ϕ¯=∫DϕG(x,x′)dx′
(20)


G(x,x′)={1/V,x′∈V0,x′∉V
(21)


ϕ=u,p
(22)

where G(x, x’) is the filter function and Cs = 0.7.

According to the recommendation of the ANSYS Fluent 15.0 [34], the maximum y+ should be smaller than 1 for the turbulence model chosen in this study, so the maximum height of the first layer of the cells from the walls is set as 0.005 mm. In this study, ICEM CFD is used to create the three-dimensional grid, as shown in Fig. 5a. The fan is set to an unstructured grid, and the other areas are structural grids. In order to ensure high mesh quality and improve calculation accuracy, the mesh in the vicinity of the wall boundary layer is refined, as shown in Fig. 5b. For the unsteady CFD simulations, the time step size is set to 2.5 × 10−4 s, and the number of the time steps is set to 2000. The aerodynamic noise analysis is based on the last 1000 time steps, which is according to the method of the research team from Jilin University [35].
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Figure 5: Grids of the simulation (a) Overall grids and (b) Grids detail near the wall

The grid independence test is conducted for the original fan, as shown in Fig. 1. The cell numbers of the grids are changed near the blades to check whether the grid resolution is sufficient for the simulation work. The simulation grid of the original fan used in the study has about 6 million cells, which is named grid 1 in Table 1. From grid 2 to grid 5 in Table 1, the cell numbers are about 4.6 million, 6.4 million, 7.7 million, and 16.4 million, respectively. The result of the grid independence test is shown in Table 1. The number of the time steps of the unsteady simulating is set to 256 especially, and the aerodynamic noise analysis is based on the last 128 time steps, which is just conducted in this part. It is indicated that the cell number of the girds has no significant effect on the simulation results.
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4  Results and Discussions

4.1 Blade Suction Surface Static Pressure Distribution

The blade suction surface static pressure distributions of the four fans with different widths of the circular rings are shown in Fig. 6. Of the fans, the separation field on the tip of the blades of Rotor C is the smallest. The width of the circular ring of Rotor C is nearly 2/3 of that of Rotor D, whose circular ring just covers the tip of the blades in the axial direction. These separation fields are caused by the local separation of the flow around the blade tips, where the tip vortex occurs [4]. From Fig. 6, it is indicated that the separated fields around the blade tip become smaller firstly and then more oversized with the width of the circular ring increasing in the axis direction. Moreover, from Rotor A to Rotor C, with the width of the circular ring increasing, the separated fields around the trailing edges of the blade tips become smaller and even disappear at times. Meanwhile, from Rotor C to Rotor D, the lower pressure field arises gradually and becomes bigger around the middle of the junction of the blade tips and the circular ring. It means that the flow is separated around the middle of the junction of the blade tips and the circular rings. The wall of the circular rings also causes pressure losses and flow separations at last. In a word, with the widths of the circular rings increasing in the axis direction, the tip vortices around the trailing edge of blade tips become smaller and disappear at last. Meanwhile, the separated flow fields arise gradually and become bigger around the middle of the junction of the blade tips and the circular rings. When the circular rings cover nearly 2/3 s of the width of the blade tips of the fan in the axis direction, the separated fields of the flow around the blade tips of the fans are the smallest.

[image: images]

Figure 6: The blade suction static surface pressure distribution of the rotors

4.2 Streamlines of the Fans

The streamlines of the flow around the four fans are shown in Fig. 7. It is indicated that the streamlines of the flow are parallel to the wall upstream of the fans.

[image: images][image: images]

Figure 7: The streamline of the fans

Meanwhile, the streamlines of the flow are sped up and become rotary because of the rotational motion of the fans upstream. With the widths of the circular rings increasing in the axis direction, the streamlines downstream of the rotors become fatter too. The streamlines stretch out from the flow separations of the circular rings. It corresponds to the phenomenon that the flow is separated around the middle of the junction of the blade tips and the circular rings.

4.3 Frequency Analysis of the Sound Pressure Level

From Fig. 8, it is indicated that the maximum peaks of sound pressure level of the aerodynamic noise caused by the fans at the measurement points as show in Fig. 4 are all between 400 and 500 Hz, which are corresponding to the main frequencies of the fans at 3000 rpm. The positions of the noise receivers are shown from Receiver 1 to Receiver 4 in Fig. 4. With the widths of the circular rings increasing in the axis direction, the maximum peaks of the sound pressure level become smaller. For all the receivers, the peaks of the fundamental frequency are obvious. From Receiver 1 to Receiver 3, the modes of the second and third harmonic are also obvious.

[image: images]

Figure 8: Frequency spectrum of sound pressure level of each measurement point

4.4 Overall Sound Pressure Level

The simulation results of the OASPL at the noise receivers around the fans in this study are summarized in Table 2. For the Receiver 3, the OASPL becomes smaller with the widths of the circular rings increasing in the axis direction. Meanwhile, except Receiver 3, the OASPL generated by Rotor C keeps the lowest in all of the 4 fans. This is corresponding to the phenomenon that Rotor C has the smallest size of the separation field around the blade tips from Rotor A to Rotor D.

[image: images]

4.5 The Remark of the Fans

The mass rate of the flow, the total pressure efficiency and the OASPL of the fans in this study, are given in Table 3. It is indicated that the mass flow rate of Rotor B is the lowest. Meanwhile, the total pressure efficiency of Rotor C is the highest, and the OASPL of the same rotor is the lowest at the most receivers. In a word, when the width of the circular rings cover near 2/3 of the width of the blade tips of the fan in the axis direction, the OASPL at the most receivers is the lowest, and the total pressure efficiency and the mass flow rate are better than the corresponding values for the original rotor without circular ring. The equations for the total pressure efficiency are summarized in the notation as:


η=Q∗ΔPtotal/1000M∗n/9550
(23)
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5  Conclusion

The study on the influence of the width of the circular ring of a car cooling fan on the aerodynamic noise is conducted and it comes to the conclusion as follows:

(1)   The OASPL of the aerodynamic noise caused by the fans could be reduced by changing the width of the circular ring. When the circular rings cover near 2/3 of the width of the blade tips of the fan in the axis direction, the OASPL at the most receivers is the lowest. Meanwhile, the total pressure efficiency and the mass flow rate are better than the corresponding values for the original rotor without the circular ring.

(2)   With the widths of the circular rings of the fans increasing in the axis direction, the tip vortices around the trailing edges of blade tips became smaller and finally disappeared at last. Meanwhile, the separated flow fields arise gradually and become bigger around the middle of the junction of the blade tips and the circular rings. When the circular rings cover nearly 2/3 s of the width of the blade tips of the fan in the axis direction, the separated fields of the flow around the tips of the blades are the smallest. This corresponds to the phenomenon that the OASPL of the aerodynamic noise at the most receivers is the lowest in this situation.

However, only three typical widths of the circular rings are chosen in this study. In the future, more widths of the circular rings of the fans will be investigated. Also, the further study is still needed on whether the conclusion could be extended to the other type of fan, such as the fan with wing fences.
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Table 1: The test of the simulation grid independence

Grnid Overall sound pressure level/dB
Receiver 1 Receiver 2 Receiver 3 Receiver 4
1 132.01 135.07 117.62 102.32
2 132.193 135.018 117.558 102.247
3 131.946 135.153 117.609 102.246
4 131.905 135.273 117.676 102.285
5 131.923 135.023 117.456 102.06
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Table 3: Simulation results of each type of the fans

Type Flow Mass Total pressure Sound pressure level/dB

of fans Rate/(kg/s) etficiency Receiver 1 Receiver 2 Receiver 3 Receiver 4
A 4.082 77% 132.55 135.63 118.08 102.89

B 3.893 78% 132.17 132.73 115.77 100.51

C 4.202 80% 132.36 132.09 112.78 96.59

D 4.480 79% 133.64 135.72 111.34 98.33
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Table 2: The OASPL at each measurement point of each type of the fans

Type of fans

Sound pressure level/dB

Receiver 1  Receiver 2  Receiver 3  Receiver 4
A 132.55 135.63 118.08 102.89
B 132.17 132.73 115.77 100.51
C 132.36 132.09 112.78 96.59
D 133.64 135.72 111.34 98.33
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