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Abstract

:

Outer edge bending is already used on the axial fan blades of air conditioners, reducing the leakage flow loss at the blade tip and suppressing the tip vortex development, thereby improving fan aerodynamic and acoustic performance. However, there are few studies on the multi-parameter design and optimization of this complicated structure, and most studies only focus on the overall sound pressure level rather than the sound quality when evaluating the fan noise. This study investigated the effects of outer edge bending structure on the aerodynamic performance and sound quality of air conditioners’ axial fans by experiments and numerical methods. Based on the orthogonal design method, the effects of three bending parameters, the circumferential starting angle, radial relative position, and the bending degree effects on the performance of the axial flow fan blade were analyzed, and the best efficiency scheme was selected. A comparative analysis of the preferred and the original bending schemes shows that the bending towards the blade suction surface successfully inhibits the development of tip leakage vortex at the blade tip, thereby achieving efficiency enhancement and noise reduction. The experimental results show that the preferred bending scheme with a 10° circumferential starting angle, 90% radial relative position, and 8% bending degree can effectively reduce the fan’s broadband noise within 200~1000 Hz by 0.54~2.68 dB (A) at different operating conditions. Additionally, the preferred bending blade with reasonably designed bending effectively reduced the loudness and roughness of the fan noise in the rated conditions, and the sound quality of the studied fan was correspondingly improved.
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1. Introduction


The split-type air conditioners are widely used in residential and commercial applications to maintain air quality and the comfort of the indoor environment. However, air-conditioning equipment will inevitably produce aerodynamic sounds. These long-term, low-frequency, and annoying noises threaten the physical and mental health of those involved. Studies have shown that exposure to a noisy environment for a long time reduces people’s communication, cognition, and reasoning abilities [1], and their work efficiency is correspondingly reduced [2]. Air conditioners are mostly operated for long periods at night. Studies have shown that, if the noise in the bedroom exceeds 50 dB (A) at night, it may cause sleep disorders in certain groups of people [3], and long-term exposure to >50 dB (A) noise will potentially affect people’s endocrine and emotional well-being [4]. Therefore, high-level aerodynamic performance and low-level aeroacoustic noise are always expected for air conditioners.



Many studies on the aerodynamic noise of an air conditioner generally concluded that the noise of an outdoor unit mainly orients from its half-open axial fan [5]. The periodical interaction between the high-speed rotating blades and the stationary casing induces discrete rotating noise. In contrast, the vortex generated near the boundary layer and the blade tip produce broadband vortex noise. Jang et al. [6,7] studied the flow structure in a propeller fan by using laser Doppler velocimetry and large-eddy simulation. It was found that noise is oriented from three typical vortex structures: tip vortex, leading-edge separation vortex, and tip leakage vortex (TLV). Jiang et al. [8,9] also measured the flow patterns around the blades’ tip. The results illustrated that the tip vortex generated from the blade suction surface increases the turbulence intensity and dominates the fan flow noise of the outdoor unit. Zhu et al. [10] and Tian et al. [11] focused on the aerodynamic and aeroacoustic performance of outdoor unit fans with different grilles, showing that the vortex shedding from the blades and grille trailing edge contributed dominantly to the overall broadband noise level. Luo et al. [12] combined computational fluid dynamics (CFD) and computational aeroacoustics to study the effect of TLV on fan flow loss and aerodynamic noise. It is illustrated that the broadband noise in different frequency ranges is mainly related to the different vortex or turbulent flow between the fan blades.



Reasonable blade shape can reduce the blade tip vortex and the wake vortex shedding caused by flow separation to reduce the noise of such fan systems. The most striking features of this low-speed axial fan are its swept and skewed blade shape [13]. Previous studies have demonstrated that the forward-tilted blade reduces the total pressure loss near the rotor hub and expands the stable working range of the fan [14,15,16]. Meanwhile, sweeping the blades backward will increase the air velocity radial component, incrementing the downstream turbulence energy and fan noise [17,18]. Reasonable design of the leading [19] and trailing edge [20,21] can degrade the separation at the blade surfaces, weakening the trailing edge shedding vortex, and thereby reducing noise. Akkermans and Stürmer et al. [22,23] further proposed an active flow control technology, trailing edge blowing, to weaken the unsteady loading of the blade trailing edge, reduce the interaction between the rotor wake and the next stage, and achieve a significant noise reduction. In addition, as the vortex around the blade tips dominates the fan aerodynamic noise, specific flow control techniques are used to focus on controlling the leaking flow in the tip region. The blade design with a bending out-edge [5] or tip winglet [24,25] can reduce the pressure difference between the pressure surface and the suction surface, thereby reducing the flow loss in the tip clearance and reducing the pressure pulsation at the blade’s outer edge, and finally suppressing the tip vortex’s development. Meanwhile, a thickened blade tip [26] can improve the pressure distribution on the blade surface by using the local protrusion at the tip, improving both the fan aerodynamic and acoustic performances.



However, most of the above studies adopted Sound Pressure Level (SPL) when evaluating the noise level of an air-conditioner fan. It is gradually noticed that noise is a subjective feeling, and SPL is challenging to characterize the psychological experience toward the noise [27]. Hence, the Sound Quality Objective Evaluation (SQOE) index is usually introduced to evaluate noise thoroughly. Commonly used SQOE indicators mainly include loudness, roughness, clarity, continuity, pitch, and sharpness. Researchers select different indicators to evaluate the main characteristics of different sounds [28,29]. The nuisance represented by multi-parameter coupling is the evaluation parameter with high frequency [30]. Meanwhile, the autocorrelation function has been employed to objectively evaluate sound [31,32,33].



Previous studies demonstrated that a reasonably bent blade outer edge can improve the fan efficiency and sound. However, the investigations on the overall effects of bending position and bending degree were still insufficient. Moreover, the research on outer edge flanging is mainly concerned with SPL rather than sound quality. In comparison, most of the present works concerned with the sound quality are focus on the noise generated by the air-conditioning compressors rather than the fan. Therefore, it seems necessary and exciting to explore the effect of flanging blade out edge on the fan sound quality, which is one of the main topics of the present study.



In this study, critical geometric parameters, such as the radial, the circumferential position of the tip bend, and the degree of axial bending, were first extracted based on an axial impeller of a semi-open axial fan system for air conditioning. Then multiple sets of edge bending schemes with different combinations of sizes and positions were designed through the orthogonal test method, and their flow characteristics, the volumetric flow rate, and the efficiency were numerically compared. Finally, the preferred scenarios were selected, the bending effects on sound pressure and the quality of fan noises were experimentally analyzed. The relevant flanging parameters and the optimal parameters configuration in the present study reference technicians when designing a low-noise air-conditioner axial fan.




2. Model and Numerical Simulation


2.1. Geometric Model and Design of Bending Orthogonal Schemes


This study aimed to investigate the effects of tip bending parameters on the performance and aerodynamic noises of an air-conditioner fan. The outdoor unit of the air conditioner was employed as the subject. As shown in Figure 1, the outdoor unit consists of computational and non-computational domains (compressor domain) divided by a mid-plate. The computational domain is 800 mm × 450 mm × 650 mm. The air conditioner’s outdoor unit was equipped with the three-blade axial impeller, as shown in Figure 2. The impeller and its blade edge are free from further bending. The diameter and axial width of the impeller were 550 and 210 mm, respectively, and the hub diameter was 165 mm. The impeller was driven by a Direct Current (DC) motor fixed to the motor bracket, and the rotation speed (N) range and rated rotation speed of its blade were 600~920 and 840 rpm, respectively.



The circumferential starting angle, α; radial relative position, r/R; and degree of bending, ΔL/LH, reflected the bending geometric characteristics. Meanwhile, an orthogonal test was designed to study the optimal range of these parameters and the outer edge bending design. The bending features are illustrated in Figure 3. The circumferential starting angle of bending, α, is the angle between the bending starting position and the blade tip, where the bending extends from the starting position to the blade trailing edge (0°, 10°, 20°, and 0°).



The radial relative position is described by using the ratio r/R of the bending starting radius (r) to the impeller radius (R). For the current study, the r/R values were 0.8, 085, and 0.9. The bending degree is described by using the ratio ΔL/LH of the blade tip axial size change in the post-bending model relative to that of the fundamental impeller (ΔL) and the hub height (LH). The bending degrees, ΔL/LH, in this study were 2%, 4%, 6%, and 8%.



The orthogonal design of the outer edge bending parameters is presented in Table 1. The levels number of the circumferential starting angle (α), radial relative position (r/R), and degree of bending (ΔL/LH) are 4, 3, and 4, respectively. The Cartesian product of this combination had 48 combinations. Through orthogonal design, it is reduced to 16 parameter combination schemes.




2.2. Simulation Model and Numerical Methods


The simulation model is similar in structure to the experimental model. The inlet is equipped with a rectangular extended wind section as the outdoor unit of the air-conditioner section. A rectangular extended wind section completely covered the outlet. The inlet and outlet lengths are twice the diameter of the wind blade, and the calculation model is shown in Figure 4.



In this study, an ANSYS CFX solver was used to calculate the steady-state flow field, and the SST k-ω turbulence model [34] was used to model the RANS equation. The temperature was 273.15 K, the total pressure was 101.325 kPa, and the fluid was air at 20 °C. The relative static pressure was 0 Pa, and the walls were adiabatic and non-slip. The multi-reference frame (MRF) method [35] was used to simulate the flow of the rotation domain, and the data exchange between the rotation domain and the static domain was conducted by setting the interface. Although limitations and under-prediction were reported in simulating relevant features of the fan flow field when using the MRF mode [36], this method is still widely used in CFD calculations of rotational machines [37]. The finite volume method with mixed finite elements was used for the complete implicit solution, and the advection scheme and turbulence numerics are both high-resolution settings.




2.3. Independence of Grid and Verification of Simulation Result


The calculation model includes static domains (tube, inlet, and outlet domains) and rotation domains (impeller and envelope). Unstructured tetrahedral grids were used for calculations, and local densification on the leading and trailing edges of the blade and the sharply flowing areas was performed. At least ten prismatic boundary layers were set near the wall, and y+ < 5 of the first layer of grids near the border was ensured. The specific grid distribution shows in Figure 5.



The grid independence of flow field simulation was verified by using the rated conditions of the Case-Basic blade (rotation speed = 840 rpm, and relative static pressure = 0 Pa). Seven sets of volume grids with elements of   4.28 ~ 10.6 ×   10  6    were divided for calculation. The fan total pressure efficiency (   η  t f    ) of different grids was calculated to verify the independence of the grid. The fan total pressure efficiency   (  η  t f    ) was calculated by using the following equation:


   η  t f   =    P  t f   ·  Q V     W S     



(1)




where    W s    is the axial power and    W s  =   N × M   / 9.55  . Herein, N and M are the rotation speed and torque of impeller, respectively;    P  t f     is the fan full pressure, defined as the total pressure difference of the upstream reference plane, where Z = 300 mm section, and the rotation domain downstream reference plane, where Z = −200 mm section;    Q  V     is the volumetric flow rate monitored by the downstream reference plane, where Z = −200 mm. The parameters in the above formula are all in international standard units, and the total pressure efficiency calculated by different grids is shown in Figure 6a. The results show that the total pressure efficiency of the fan is unchanged with the increase in grid number when the number of grid cells is greater than   7.74 ×   10  6   . Finally, the   7.74 ×   10  6    grid number model was selected for subsequent simulation.



For the Case-Basic blade without bending, the simulation of multiple rotation speed conditions was performed. The rotation speed–volumetric flow rate curve for calculation and experiment is shown in Figure 6b. As observed, up to a 3.3% difference in volumetric flow rates was obtained by simulation and experiment under different rotation speeds. The calculation accuracy is high, and the existing grid division and settings meet the research requirements.





3. Simulation Results and Analysis


3.1. Effects of Bending Parameters on Fan Performance


A flow field simulation was performed on rated conditions (rotation speed 840 rpm, outlet relative static pressure 0 Pa) of 16 different bending blade schemes. After the flow field converges, the rotation domain upstream Z = 300 mm section and downstream Z = −200 mm section were selected for the statistical analysis of the total pressure efficiency (ηtf) and other parameters.



The orthogonal analysis method was used to analyze the effects of different factors on the aerodynamic performances of the fan by calculating the range value of each group of the orthogonal table. The range value and conversion of each level of each factor range value were calculated by using the total pressure efficiency under constant rotation speed (ηtf) as an indicator, as shown in Table 2. As observed, the influence of different factors on fan aerodynamic performances obtained by range value and conversion range value is that degree of bending (ΔL/LH) > circumferential starting position (α) > radial relative position (r/R). The preferred solution is ΔL/LH = 8%, r/R = 90%, and α = 10°, just coincident with Case-10. Through the influence of different factors and levels on the total pressure efficiency of the fan, the effect of the circumferential starting position on the total pressure efficiency is increased and then decreased. However, the impact of the relative radial position on the total pressure efficiency decreases and then increases. The influence of the bending degree on fan total pressure efficiency first increased and then decreased and further increased.



Under rated conditions, the aerodynamic performance of different outer edge bending schemes is shown in Figure 7. The range of the volumetric flow rate, Qv, is 5909–6026 m3/h, which exceeds the rated volumetric flow rate of the fan blade of 5800 m3/h. Case-5~Case-7 and Case-14~Case-16 reveal that bending the circular starting angle, α, has a negligible effect on the volumetric flow rate, Qv. There is a more significant volumetric flow rate (Qv) when r/R = 80%~85% and ΔL/LH = 4~6%, indicating that the smooth transition of outer edge bending in a larger radial range is beneficial to reduce the attenuation of volumetric flow rate, Qv, caused by outer edge bending.



On the premise that the volumetric flow rate meets the design requirements, the total pressure efficiency, ηtf, was mainly used to measure the fan’s aerodynamic performance [16,24]. As show in Figure 7, under the rated conditions, the total pressure efficiency (ηtf) of different outer edge bending schemes ranges from 61.25% to 63.36%. The total pressure efficiency (ηtf) of some schemes is higher or lower than that of the Case-Basic. This indicates that only a reasonable bending design can improve the total pressure efficiency.



Upon further analysis, among the 16 orthogonal schemes, we founds that Case-10’s total pressure efficiency (ηtf) is the highest, reaching 63.36%, and 0.86% higher than the Case-Basic. The total pressure efficiency (ηtf) of Case-10~Case-12 is improved relative to Case-Basic, indicating that achieving a greater degree of bending within the smaller curvature of the blade tip improves the fan’s total pressure efficiency. Jung et al. [16] applied winglets on the axial flow fan, and this increased the tip leakage flow rate by 66%; however, it increased the efficiency by 0.7%. This study agrees with his result. At the same time, the axial power, Ws, of Case-10 and Case-12 is also smaller than that of other schemes. Based on the performance of each scheme, these two schemes are preferred for further research.




3.2. Effects of Preferred Schemes on the Fan Performance


The orthogonal analysis of numerical simulations of preferred schemes Case-Basic, Case-10, and Case-12 under 0 Pa static pressure and different rotation speeds was conducted to clarify the effects of the blade’s outer edge bending on the fan system’s performance curve. Figure 8a,b shows the rotation speed–flow rate and rotation speed–efficiency curves of different schemes under different rotation speeds. For Case-10 and Case-12 models, the flow rate reduction relative to the basic configuration under different rotation speeds is less than 1%, demonstrating that outer edge bending has little effect on the fan system’s flow rate under different conditions. Meanwhile, compared to the original blade under all rotation speeds, Case-10 has the highest efficiency. Specifically, the efficiency is 0.86% higher than the basic configuration under 840 rpm. Case-12 is lower than the basic configuration when the rotation speed is less than 680 rpm. As the rotation speed increased, the efficiency improved slightly more than the basic configuration.



As shown in Figure 7 and Figure 8a, outer edge bending caused attenuation of the volumetric flow rate of the axial impeller, and the greater the degree of bending, the more attenuation of volumetric flow rate, while the overall change of the volumetric flow rate was within 1%. Figure 8b shows the efficiency curves under different rotation speeds. The highest point of blade efficiency is 840 rpm under 0 Pa static pressure before and after bending. In Case-12, the efficiency improvement under optimized conditions is not significant, and there is an efficiency reduction at low rotation speeds. In Case-10, the efficiency improvement of the blade under optimized working conditions is substantial. It indicates that the fan efficiency is negatively correlated with the bending of the circular relative position and positively correlated with the degree of bending and radial relative position.



Comparisons of the surface pressure distribution clouds of the basic configuration and the preferred scheme (Case-10 and Case-12) are shown in Figure 9 and Figure 10. The high-pressure area of the pressure surface area of the suction surface of each model concentrates on the blade edge near the trailing edge, where tip bending mainly affects the flow characteristics. The fluid velocity in this area is high, and it is affected by the comprehensive influence of the tip vortex, tip leakage vortex, and trailing edge separation vortex. The flow is complex and has an essential impact on the fan performance. Case-Basic has a large pressure gradient in the high-pressure region of the outer edge of the blade on the pressure surface (Figure 9a) and has a smaller area in the low-pressure region on the suction surface (Figure 10a). It indicates that the load distribution and the work area are relatively concentrated. For the preferred Case-10 and Case-12, the high-pressure area on the pressure surface is distributed evenly (Figure 9b,c), and the low-pressure area on the suction side is enlarged (Figure 10b,c); thus, the overall load distribution is more uniform.




3.3. Effects of Preferred Schemes on Aerodynamic Noises


The noise level of an axial fan can be partly evaluated by flow characteristics, such as the vortex core in the impeller region and the turbulent kinetic energy on the blade surface [38]. The flow characteristics of two preferred schemes (Case-10 and Case-12) and the basic schemes were compared on the rated conditions. The turbulence kinetic energy distribution on the surface of the blades is shown in Figure 11. The blade-surface turbulence kinetic energy characterizes the blade-surface speed pulsation. The larger the speed pulsation, the greater the pressure pulsation is and the more evident the aerodynamic noises are. The intensity and position of the noise source can be indirectly determined by the blade’s surface turbulence kinetic energy distribution. As shown in Figure 11, the turbulence kinetic energy amplitude for all blades is located in the outer edge area of the impeller with fast speed change and complicated flow. A properly designed out-edge bending scheme could effectively reduce the turbulence kinetic energy amplitude and area, as this is conducive to reducing noise.



The aerodynamic noises of the axial impeller are closely related to the vortex structure near the blade tip [25,39]. The vortex core distribution in the impeller region allows for a better analysis of the bending effect on the vortex distribution and eddy energy at the blade tip. The 3D streamline diagram and turbulent kinetic energy distribution are used to analyze the flow characteristics of the tip vortex of the blade, and the results are shown in Figure 12 and Figure 13, respectively. As shown in Figure 12, a vortex structure is formed in the vicinity of the blade tip at the outer edge of the blade due to the leakage of the airflow. The leakage vortex structures of Case-10~Case-12 are shrunk relative to Case-Basic. The blade tip bending structure promotes the leakage of the outer edge of the blade to occur earlier, and the pressure transition from the pressure surface to the suction surface is smoother, thereby reducing the tip leakage vortex [25]. As shown in Figure 13, Case-Basic has a large amplitude of turbulent kinetic energy and occupies 1/2 of the outer edge of the blade. Compared with Case-Basic, Case-10 and Case-12 have significantly smaller turbulent kinetic energy amplitudes, and their area is reduced to 1/3 of the outer edge of the blade. This indicates that the bending structure makes the air flow smoothly on the pressure surface and the suction surface and weakens the reverse pressure gradient of the pressure surfaces and the suction surfaces [24]. The distribution of 3D streamlines and the turbulent kinetic energy at the outer edge of the blade indicate that the bending structure can dissipate the energy of the tip leakage vortex.



The fluid near the blade edge is turned and warped due to the pressure difference to form the tip vortex, creating a tip leakage vortex as the tip vortex develops and falls off. The formation and development of the vortex and the interaction with the blade make the blade tip area have greater speed and pressure pulsation, resulting in greater aerodynamic noises. The blade tip bending structure effectively reduces the strength and range of the blade tip vortex and the pressure and velocity pulsation on the outer edge of the blade tip. Meanwhile, reducing tip vortex and turbulence pulsation dissipation diminishes flow loss and flow channel blockage to a certain extent and improves impeller efficiency. Overall, the tip vortex of Case-10 has the smallest intensity and influencing zone and the most significant improvement in turbulence kinetic energy distribution, exhibiting better comprehensive performance.





4. Experimental Results


4.1. Experimental Results of Aerodynamic Performances


Three-dimensional printing models were performed on preferred schemes Case-10 (Figure 14) and Case-12. Volumetric flow rate–rotation speed curves and volumetric flow rate–noise curves of the schemes were obtained through experiments for performance comparison analysis. The experimental platform for measuring the rotation speed–volumetric flow rate curve was established according to ISO 5801:2007 Standards. The results were converted into a standard volumetric flow rate for comparison. Figure 15 illustrates the measured Qv of the selected schemes under different rotation speeds. Experimental results revealed that the Qv of Case-10 and Case-12 is lower than those of Case-Basic under all conditions. The Qv attenuation of different working conditions was quantitatively compared. The Qv attenuation of Case-10 blades is 0.76~2.45%, and the Qv attenuation of Case-12 is 2.96~4.31%. The measured Qv attenuation is higher than that obtained by simulation. The maximum error of Qv was less than 4% between the simulation and experiment results, and the trend was consistent. The simulation error of Case-10 and Case-12 is larger than that of Case-Basic. The main reason is that the impeller of Case-10 and Case-12 is a 3D print prototype, and their strength will be smaller than that of Case-Basic. During the test, the fan blades will be deformed, and this will cause the experiment Qv to be small.




4.2. Experimental Results of SPL and Sound Quality


According to Chinese standard GB/T 7725-2019, the three impellers (Case-10, Case-12, and Case-Basic) were tested and verified by noise measurement experiments to investigate the effects of tip bending on SPL. The measurement was performed in a semi-anechoic laboratory. We set three measurement points on the front and center lines of the air conditioner’s outdoor unit. The distance from the unit is 1 m, and the height is 1/2 of the unit height plus 1 m. The test result is the average sound pressure of 3 points. The test site and noise test results are shown in Figure 16.



Figure 16b showed the volumetric flow rate–noise curves under different rotation speeds and 0 Pa static pressure. Under a rated rotation speed (840 rpm), the average A-weight Sound Pressures Level (ASPL) of Case-Basic, Case-10, and Case-12 was 57.6, 56.2, and 56.1 dB (A), respectively. Under all conditions and constant volumetric flow rate, the ASPL in Case-10 and Case-12 was reduced by 0.54~2.68 and 0.47~1.83 dB (A), respectively, compared to Case-Basic. The measured noise data agree with the turbulence kinetic energy analysis result, suggesting that the ASPL noise-level evaluation method based on fan efficiency and turbulence kinetic energy obtained by RANS simulations has high accuracy.



A fast Fourier-transform (FFT) analysis was performed on the raw SPL data collected in the noise measurement experiments. Figure 17a shows the ASPL spectrum curve of the three blades under rated conditions. The bending characteristics mainly reduce the broadband noise within 400~1000 Hz, which has a limited impact on the discrete noise. Therefore, the bending features lessen the intensity and scale of the tip vortex, and this can effectively reduce the vortex noise.



The sound-quality objective evaluation indexes loudness, sharpness, and roughness were selected as the evaluation target parameters. Loudness represents people’s subjective feelings of sound size. Figure 17b is the loudness spectrum of the experimental blade, showing the loudness in each critical frequency band, according to ISO 532-1-2017. The 24 crucial bands (Bark) were proposed by Eberhard Zwicker for the resonance frequency points of the particular structure of the human ear [40]. In the low-frequency band (critical frequency band < 14 Bark), the loudness of Case-12 and Case-10 is smaller than Case-Basic. In the high-frequency band (critical frequency band > 14 Bark), the loudness of Case-10 is greater than Case-12 and Case-Basic, suggesting that its loudness is sensitive to bending position changes. Hence, adjusting the bending position improves the loudness of the sound. Additionally, the loudness in the low-frequency range is sensitive to changes in the degree of bending and can be controlled by adjusting the degree of bending.



The loudness curves of the three blades in the loudness spectrum were integrated from 0 to 24 Bark to obtain the total loudness of the blades under rated conditions. The total loudness of Case-Basic, Case-10, and Case-12 was 8.43, 8.28, and 7.83 sones, respectively. The ASPL and loudness evaluation show that the blade’s outer edge bending characteristics positively affect the blade noise improvement. The test results are in line with the trend of simulation results.



The roughness mainly reflects the amplitude modulation characteristics of sound, and the unit is asper. The sharpness measures the excessive high-frequency sound content, and the unit is acum. Figure 18 shows the roughness and sharpness of different blades under different rotation speeds. Figure 18a shows the roughness curves of the three blades under different rotation speeds. Case -10 roughness is lower than Case-12 and Case-Basic under most rotation speeds; and the change is stable and has an excellent overall performance. The roughness changes drastically, and its amplitude reflects the sound rougher; therefore, the bending characteristics will make the sound delicate and acceptable. The higher the sharpness, the higher the sound energy in the high-frequency range, harsher to hear. Figure 18b shows the sharpness curves of the three blades under different rotation speeds. The bending characteristics increase the sound sharpness to a certain extent. In summary, a reasonably designed blade outer edge bending can effectively reduce the noise loudness and roughness and improve the sound quality under a slight increase in sharpness.





5. Conclusions


In this study, numerical simulation combined with an aerodynamic experiment was used to study the outer edge bending of the impeller in an axial fan of an air conditioners’ outdoor unit. The influence of the bending characteristics on aerodynamic performances and noise characteristics of the fan were analyzed. The following conclusions were drawn:




	(1)

	
After bending, the impellers’ volume flow rates were reduced to varying degrees, while their total pressure efficiency was slightly improved. However, the fan aerodynamic performance change affected by the outer edge bending is negligible. A well-designed impeller outer edge bend improves the load distribution on the blade surfaces, thereby increasing the total pressure efficiency of the impeller.




	(2)

	
Simulation and experimental results showed that the smooth transition of the outer edge bending in a large radial range minimizes the volume flow rate attenuation caused by outer edge bending. The impeller’s total pressure efficiency was improved by a large degree of bending in a small radial range. The orthogonal parameter analysis showed that the bending degree affects fan efficiency more than the circumferential starting and radial relative positions.




	(3)

	
Fan blade design with a significant degree of bending in a small radial range could effectively weaken the tip vortex strength, reduce the pressure pulsation on the blade tip, and reduce the SPL of the fan. For the Case-10 solution with the best noise-reduction effect, the noise of Case-Basic was reduced by 0.54~2.68 dB(A) under the same volumetric flow, and the total pressure efficiency of the rated working condition was increased by 0.68%.




	(4)

	
The bending characteristics mainly reduced fans’ broadband noise among 200~1000 Hz, and the improvement of discrete noise was relatively limited. An analysis of the sound quality showed that the rationally designed outer edge bending scheme had lower loudness and roughness, which effectively improved the sound quality of fan noise.
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Figure 1. Outdoor unit of air conditioner. 
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Figure 2. Original blade model. 
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Figure 3. Blade-bending design parameters. 
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Figure 4. Flow domains of the model. 
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Figure 5. Schematic of grid distribution. 
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Figure 6. Verification of grid independence and simulation result. (a) Verification of grid independence, (b) Verification of simulation result. 
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Figure 7. Calculation results of different schemes. 
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Figure 8. Fan characteristics curve: (a) N-QV curve and (b) N-ηtf curve. 
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Figure 9. Pressure distribution on the pressure surface: (a) Case-Basic, (b) Case-10, and (c) Case-12. 
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Figure 10. Pressure distribution on the suction surface: (a) Case-Basic, (b) Case-10, and (c) Case-12. 
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Figure 11. Distribution of turbulence kinetic energy on blades of different schemes: (a) Case-Basic, (b) Case-10, and (c) Case-12. 
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Figure 12. Three-dimensional flow line of tip leakage vortex: (a) Case-Basic, (b) Case-10, and (c) Case-12. 
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Figure 13. Vortex core distribution at the blade tip of different scheme: (a) Case-Basic, (b) Case-10, and (c) Case-12. 
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Figure 14. Three-dimensional print prototype of case-10. 
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Figure 15. Volume flow rate in simulations: (a) Case-Basic, (b) Case-10, and (c) Case-12. 
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Figure 16. Noise test site and test data: (a) noise test site and (b) volumetric flow rate–noise. 
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Figure 17. ASPL spectrum and loudness spectrum: (a) FFT frequency spectrum and (b) loudness spectrum. 
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Figure 18. Roughness and sharpness of different blades under different rotation speeds: (a) roughness curve and (b) sharpness curve. 
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Table 1. Orthogonal schemes.
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	Schemes
	α (°)
	r/R (%)
	ΔL/LH (%)





	Case-1
	0
	80
	2



	Case-2
	10
	85
	2



	Case-3
	20
	90
	2



	Case-4
	30
	90
	4



	Case-5
	30
	85
	6



	Case-6
	20
	80
	6



	Case-7
	10
	80
	4



	Case-8
	0
	90
	6



	Case-9
	0
	85
	4



	Case-10
	10
	90
	8



	Case-11
	20
	85
	8



	Case-12
	30
	80
	8



	Case-13
	30
	80
	2



	Case-14
	20
	80
	4



	Case-15
	10
	80
	6



	Case-16
	0
	80
	8
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Table 2. Orthogonal analysis.
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Case

	
A (α%)

	
B (r/R %)

	
C (ΔL/LH %)

	
     η  t f     ( % )    






	
Case-1

	
A1(0)

	
B1(80)

	
C1(2)

	
61.84




	
Case-2

	
A2(10)

	
B2(85)

	
C1(2)

	
61.58




	
Case-3

	
A3(20)

	
B3(90)

	
C1(2)

	
61.71




	
Case-4

	
A4(30)

	
B3(90)

	
C2(4)

	
61.28




	
Case-5

	
A4(30)

	
B2(85)

	
C3(6)

	
61.25




	
Case-6

	
A3(20)

	
B1(80)

	
C3(6)

	
61.61




	
Case-7

	
A2(10)

	
B1(80)

	
C2(4)

	
61.99




	
Case-8

	
A1(0)

	
B3(90)

	
C3(6)

	
62.46




	
Case-9

	
A1(0)

	
B2(85)

	
C2(4)

	
62.13




	
Case-10

	
A2(10)

	
B3(90)

	
C4(8)

	
63.36




	
Case-11

	
A3(20)

	
B2(85)

	
C4(8)

	
62.47




	
Case-12

	
A4(30)

	
B1(80)

	
C4(8)

	
62.55




	
Case-13

	
A4(30)

	
B1(80)

	
C1(2)

	
61.71




	
Case-14

	
A3(20)

	
B1(80)

	
C2(4)

	
62.35




	
Case-15

	
A2(10)

	
B1(80)

	
C3(6)

	
62.14




	
Case-16

	
A1(0)

	
B1(80)

	
C4(8)

	
62.12




	
K1

	
62.14

	
62.04

	
61.71

	




	
K2

	
62.27

	
61.86

	
61.94

	




	
K3

	
62.04

	
62.20

	
61.87

	




	
K4

	
61.70

	
/

	
62.63

	




	
R

	
0.57

	
0.34

	
0.91

	




	
R’

	
0.513

	
0.507

	
0.824

	




	
Optimal level

	
A2 > A1 > A3 > A4

	
B3 > B1 > B2

	
C4 > C2 > C3 > C1

	




	
Primary and secondary factors

	
C > A > B




	
Best match

	
C4A2B3








Note: R is the range value, R’ is the converted range value, and Ki (i = 1, 2, 3, 4) is the K value used to calculate the range and the converted range values.
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