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Abstract 

An axial fan operates under system resistances owing to neighboring structures located in the front and back 

of the fan in the actual operating environment. In particular, the acoustic characteristics of the fan change 

depending on whether the upstream structures exist since they significantly affect the inflow distribution and inlet 

pressure. In this study, the measurements on three different shrouded fan configurations are conducted to 

investigate the inflow effects caused by the existence of the upstream structures on tonal noise radiated from the 

axial fans. An acoustic fan tester installed in an anechoic chamber facility is designed to simultaneously measure 

the performance and sound pressure levels of the shrouded fan configurations. In addition, the static pressure 

correction method is proposed to adjust for changing system resistance owing to the upstream structures. Noise 

levels radiated from both shrouded fan and shrouded fan with upstream structures are compared under the same 

system resistance conditions. The influences of upstream structures on discrete tonal noise are discussed in detail. 

Results show that the tonal noise levels associated with 1st to 4th BPF components of the shrouded fan with the 

upstream structures increase for all the operating conditions except for the high resistance conditions where the 

blade stall occurs. 
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1. Introduction 

Conventional automobiles require an axial fan to cool internal heat sources from a combustion engine and 

operating air conditioning [1]. Electric vehicles are not exempted because they also have internal heat sources for 

battery packs and electric motor devices [2]. However, fan noise is one of the principal noise sources [3], even 

though a cooling fan is an essential component of the mobility of vehicles [4]. The operating environment of the 

cooling fan depends on the vehicle speed. Consequently, the performance and noise of the fan depend on the 

operating environment [5, 6]. In the actual operating environment of an automotive cooling fan in an engine room, 

the grille and front fascia are followed by the condenser and radiator in front of the fan, and the engine blocks are 

located directly behind the cooling fan as shown in Fig. 1 [7]. However, noise measurement in the free field is 

unsuitable for representing the operational environment of the fan between upstream and downstream structures 

[8]. Thus, there is a significant difference in the noise level measured between free field conditions and the actual 

operating environment, including the inflow effects caused by upstream structures [9].  

The most common and identifiable noise emitted from the rotating fan blade can be broadly classified into 

tonal and broadband components. Tonal noise is generated due to the passage of air over the blade, the 

aerodynamic force exerted on the fluid by the blade surface and blade-vortex interaction. Tonal noise is the 

dominant contribution to the overall noise level of the fan because it has high acoustic amplitudes at the blade 

passing frequency (BPF) and its associated harmonics. Broadband noise results from turbulent flow over the blade, 

which has non-deterministic and non-periodic acoustic signals. Tonal noise has a much higher acoustic amplitude 

than broadband noise at a relatively low-frequency range. The low-frequency acoustic signals tend to be judged 

as more annoying than high frequency and are more difficult to be attenuated. Thus, reducing tonal noise makes 

a significant contribution to the low-noise axial fan system design. 

The acoustic characteristics of the fan under the actual operating environment change due to the existence 

of the upstream structures, such as a radiator and a condenser, since they significantly affect the inflow distribution, 

inlet pressure, and system resistance. Many researchers have attempted to measure fan noise at system resistances 

similar to the real environment [10−15]. In particular, the noise characteristics of the fan under high system 

resistance conditions have been experimentally investigated [16−20]. Lin et al. [21] experimentally studied the 

noise characteristics of the cooling fan affected by upstream structures, such as a flat plate. Suzuki et al. [22] 

investigated the tonal noise associated with the BPFs of an automotive cooling fan, depending on simple upstream 

and downstream structures. Gérard et al. [23, 24] calculated the unsteady lift generated by the interaction between 
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a rotor and upstream structures and then investigated the acoustic performance of the fan using flow control 

obstructions. Sturm and Carolus [25] pointed out that the interaction between non-homogeneous flow at the inlet 

and the rotating blades causes periodic force fluctuations and BPF-related tonal noise. Rynell et al. [26, 27] 

investigated acoustic installation effects originating from a shrouded fan and an upstream radiator. Pérot et al. [28] 

demonstrated that the tonal noise of the cooling fan increases owing to the inflow effect caused by the upstream 

structures through the numerical simulation. Park et al. [29] showed that the tonal prediction of rotor blades should 

include upstream and downstream structures because the geometry directly affects the tonal noise characteristics.  

As aforementioned, inflow velocity and pressure are changed if the upstream structures, such as a radiator 

or a condenser, are located in front of the axial fan. It causes the axial fan to operate at different system resistances, 

even though the rotating speed of the fan is set to be the same. In this study, the measurements on three different 

shrouded fan configurations were conducted to investigate the inflow effects caused by the existence of the 

upstream structures on tonal noise radiated from the axial fans. An acoustic fan tester installed in an anechoic 

chamber facility was designed to measure the performance and sound pressure levels (SPLs) of the shrouded fan 

configurations under various system resistances. In addition, the static pressure correction method was proposed 

to adjust for the changing system resistance owing to the upstream structures. This correction method is important 

to investigate the inflow effects so that the intensity and spectral characteristics of the radiated tonal noise 

technologies can be compared at the same system resistance. Noise emitted from both only shrouded fan and 

shrouded fan with upstream structures was compared under the same system resistance conditions, and the 

influences of upstream structures on discrete tonal noise were discussed in detail.  

 

 

Fig. 1. Schematic configuration of installed axial fan in the engine room of an automobile 
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2. Experimental setup 

2.1 Acoustic fan tester 

An acoustic fan tester was designed to measure the performance and noise of the axial fan under various 

actual operating conditions. Fig. 2 shows a schematic of the facilities for measuring the performance and noise, 

consisting of an anechoic chamber, an acoustic fan tester, and a silent suction system. An acoustic fan tester with 

dimensions 1 (W) × 1 (H) × 2.4 (L) m was installed in an anechoic chamber with dimensions of 6 (W) × 4 (H) × 

5 (L) m to attenuate the influences of the background and reflected noise efficiently. The experimental facilities 

were designed and constructed in accordance with the AMCA 210-99 standard [30]. An AMCA standard nozzle 

with a long radius was adopted to easily calculate the volume flow rate of the fan from the measured differential 

pressure (∆Pnozzle). Flow settling screens were installed at the front and rear of the flow nozzle to provide uniform 

flow patterns. Screens of square mesh made of round wire with an open area of 56% were selected. In this study, 

the grille and front fascia are neglected, and the downstream engine blocks are modeled by a damper. In practice, 

the downstream engine blocks can raise the system resistance of the internal chamber across the fan assembly, 

which has a direct impact on the resulting air flow rate. The damper was installed at the end of the chamber to 

control the downstream air flow and the system resistance using throttle control and a blower. A silent suction 

system was constructed outside the anechoic chamber to allow air flow rates to pass through the fan and into the 

acoustic fan tester. 

 

 

Fig. 2. Schematic of the acoustic fan tester with silent suction system  

 

2.2 Measuring equipment  
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The experimental setup for measuring the performance and noise of the axial fan system and the apparatus 

for acquiring the data are shown in Figs. 3 and 4, respectively. The rotational speed of the fan mounted on the 

electric motor is controlled by the current and voltage values supplied from a DC power supply (UP-3050, 30V-

50A). The rotational speed of the fan is measured using a tachometer (UT-372). For the measurement of the fan 

performance, the static pressure (∆𝑃𝑃𝑠𝑠) is measured with a pressure scanner (DSA-3217) connected to the ring of 

the four pressure taps located at the center of each of the four plenum walls. The sampling rates of the pressure 

scanner is up to 0.5 kHz/channel with a long-term system accuracy of ±0.05% full scale. The pressure data of 

5,000 values are averaged for 10 s to measure the steady value of the pressure. In addition, the air flow rate passing 

through the fan is measured by a standard nozzle using a unique relationship between the nozzle discharge 

coefficient and its Reynolds number in accordance with the standard of AMCA 210-99 [30]. Half-inch free-field 

microphones of Brüel & Kjær (B&K) 4190 are used to measure the acoustic pressure radiated from the fan. The 

microphone is installed in front of the center of the fan, and the distance between the microphone and the fan is 1 

m, in accordance with ISO 7779 standards, as shown in Fig. 3. The microphones have a nominal sensitivity of 50 

mVPa-1, a dynamic range of 14.6–146 dB, and a flat frequency response of up to 20 kHz. The microphones are 

used in conjunction with a B&K Nexus 2690 amplifier, and their sensitivity is validated using a B&K model 4231 

sound calibrator. The microphone outputs are acquired using an NI DAQ-4431 24-bit digitizer. The measured 

sound pressure levels (SPLs) at the standard measuring point are averaged for 100 s to eliminate unexpected noise 

and capture repeated fan noise. 

 

 

Fig. 3. Experimental setup for inflow effect using the acoustic fan tester 

 



6 
 

 

Fig. 4. Data collection apparatus of the fan performance data and sound pressure signal 

 

2.3 P-Q curve and background noise   

A performance characteristics diagram of the fans, known as the P-Q curve, shows the relationship between 

the air flow rate and static pressure. Here, the air flow rate indicates the total amount of air passing through the 

fan per unit time, and the static pressure is the pressure difference between the inlet and outlet of the fan. The inlet 

pressure (𝑝𝑝1) is considered as the pressure at the position in front of the fan, while the outlet pressure (𝑝𝑝2) is 

measured behind the fan. When the axial fan operates under the free field condition where there is no upstream 

structure, the inlet pressure corresponds to the atmospheric pressure (𝑝𝑝𝑎𝑎𝑎𝑎𝑎𝑎). The outlet pressure varies owing to 

the flow impedance caused by the structures behind the fan system. The static pressure is the system resistance 

that determines the amount of air passing through the fan. The fan can provide the maximum airflow rate without 

any resistance if the static pressure is zero. The air flow rate passing through the fan was measured under various 

system resistances resulting from the static pressure to verify the measuring capacity of the acoustic fan tester.  

Fig. 5 shows the fan’s P-Q curve measured from the acoustic fan tester, and it was compared with the reference 

data provided from the Hanon Systems Corporation. On the y-axis, the pressure difference between the inlet and 

outlet of the axial fan is the measured static pressure, which is the system resistance, and the x-axis indicates the 

air flow rate induced by the fan. The comparison results show that the measurements obtained by the acoustic fan 

tester matched well with the reference data [32].  
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Fig. 5. Comparison of P-Q curve measured by the acoustic fan tester with the reference data 

 

As aforementioned, the acoustic fan tester includes a nozzle for measuring the air flow rate passing through 

the fan, a damper for controlling the system resistance, and a silent suction system for creating air flow in the fan 

tester. Because the nozzle, damper, and suction system can generate background noise, the noise level measured 

from the acoustic fan tester contains background noise emanating from other components as well as the fan noise. 

The noise generated by the nozzle, damper, and suction system was measured after eliminating all other structures 

placed in front of the nozzle chamber to investigate the influence of the background noise level. Fig. 6 shows the 

comparison of the fan noise and background noise with varying air flow rates. Here, the lowest and highest flow 

rates (denoted as ‘A’ and ‘C’) imply high and zero system resistance conditions, respectively. Moreover, the 

medium flow rate (denoted as ‘B’) indicates the specific condition in which the lowest fan noise occurs. SPL 

measurements on the fan are expressed in the A-weighted decibels (dBA) scale, and the range of fan noise varies 

from 67.7 to 76.2 dBA depending on the system resistances. The comparison results show that the fan noise is at 

least 13 dB greater than the background noise. This indicates that the fan noise is 20 times greater than the 

background noise at all operating conditions. Therefore, the aerodynamic noise generated by the rotating fan is 

much higher than the background noise resulting from the nozzle, damper, and suction system. Furthermore, the 

acoustic fan tester can be used to measure the fan noise level without interfering with the background noise.  
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Fig. 6. Comparison of the fan noise and background noise levels with the varying air flow rate 

 

3. Results and discussion  

3.1 Fan noise measurement in free-field condition  

The automotive cooling system consists of a condenser, radiator, and cooling fan with a shroud. The primary 

function of the condenser is to exchange heat for an automotive heating, ventilation, and air conditioning (HVAC) 

system, and the radiator is to remove excessive heat to cool the engine. Because the condenser and radiator are 

positioned in front of the cooling fan, their existence significantly affects the inflow blowing through the fan; 

consequently, the inflow variation affects the performance and noise level of the cooling fan system. We examined 

the impact of the inflow perturbation on the acoustic characteristics of the cooling fan under free field conditions 

in which there is no system resistance. For this study, three different configurations were considered, depending 

on the existence of other structures: (a) the fan with the thin shroud (denoted as ‘shrouded fan’), (b) the fan with 

thin shroud and radiator (denoted as ‘shrouded fan w/ radiator’), and (c) the fan with thin shroud, radiator, and 

condenser (denoted as ‘shrouded fan w/ radiator and condenser’). The cooling fan is composed of a hub, seven 

blades, and a band connecting the blades. The diameter of the fan was 394 mm, and its rotational speed was set at 

1,700 rpm. The size of the radiator is 610 (L) × 410.5 (H) × 10.8 (W) mm, and that of the condenser is 630 (L) × 

382.6 (H) × 12 (W) mm. A microphone (denoted as ‘Obz-1’) was installed in front of the center of the fan toward 

the inflow direction at a distance of 1 m, as shown in Fig. 7.  
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(a)                                                     (b)                                                      (c) 

Fig. 7. Noise measurement of three different configurations in free-field condition: (a) ‘shrouded fan’, (b) 

‘shrouded fan w/ radiator’, and (c) ‘shrouded fan w/ radiator and condenser’ 

 

Fig. 8. Comparison of the acoustic spectra of three different configurations in free-field condition 

 

Figure 8 shows the comparison of the acoustic spectra of the three different configurations: ‘shrouded fan’, 

‘shrouded fan w/ radiator’, and ‘shrouded fan w/ radiator and condenser’. Note that the results show a significant 

difference depending on whether the radiator or condenser exists, even if the fans operate at a fixed rotational 

speed of 1,700 rpm. Tonal noise associated with the BPF of the ‘shrouded fan w/ radiator’ and ‘shrouded fan w/ 

radiator and condenser’ configurations are higher than that of the ‘shrouded fan’ owing to the inflow effect caused 

by the existence of other structures. It can be observed that the BPF noise levels of the ‘shrouded fan w/ radiator 

and condenser’ are approximately 3 to 5 dBA higher than those of the ‘shrouded fan’ and ‘shrouded fan w/radiator’. 

However, the 3rd and 6th BPF noise levels of the ‘shrouded fan’ are highest, and the broadband noise levels of the 

‘shrouded fan w/ radiator’ and ‘shrouded fan w/ radiator and condenser’ are less than those of the ‘shrouded fan’. 

Further investigations are required to understand this observation. However, the fan performance in terms of the 
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airflow rate and static pressure cannot be assessed at the free-field conditions. Thus, an acoustic fan tester is 

required to measure the fan performance and noise under the system resistances. In this paper, an experiment 

using an acoustic fan tester was conducted to investigate the effects of inflow on both the performance and acoustic 

characteristics of the fan, and our findings are discussed in detail.  

 

3.2 Inflow effects on the fan performance  

In the actual operating environment of the automotive axial fan, a radiator and condenser are commonly 

placed in front of a fan; thus, changing the fan's operating environment, such as system resistance and inflow 

conditions. Here, we refer to this condition as an inflow effect of the upstream structures. We measured the air 

flow rate depending on the static pressure using acoustic fan test facilities to investigate the inflow effect on the 

fan performance. The acoustic fan tester was designed to install the radiator and condenser components along the 

upstream direction, as shown in Fig. 3. We measured the fan performance of three different configurations: a 

‘shrouded fan’, a ‘shrouded fan w/ radiator’, and a ‘shrouded fan w/ radiator and condenser’. The fan performance 

can be measured under constant voltage or constant RPM conditions. The constant voltage method measures the 

fan performance by varying the rotational speed of the fan while maintaining the voltage acting on the electric 

motor. Meanwhile, the constant RPM method measures the fan performance by varying the voltage produced 

from the DC power supply while maintaining the rotational speed of the fan. The actual operating environment of 

automotive cooling fans is a constant voltage condition. However, the rotational speed of the fan should be equal 

to compare the fan noise under the same performance conditions. Therefore, fan noise data measured under 

constant RPM conditions were compared.  

Figure 9 shows the non-dimensional fan performance curves for three different configurations under constant 

voltage and RPM conditions. The non-dimensional fan performance curves can be obtained from the calculation 

of the dimensionless parameters in terms of flow rate and pressure defined as in Eqs. (1) and (2), respectively. 

Thus, it can be observed that the two methods of measuring fan performance yield similar results by using non-

dimensional fan performance curves, although the rotational speeds of the fan are different. The cooling fan 

systems are often exposed to different inflow conditions depending on the existence of other structures in front of 

the shrouded fan. As shown in Fig. 9, we obtained different P-Q diagrams presented in a non-dimensional form, 

although the same fan was used for the measurements. This indicates that the inflow effect caused by upstream 

structures has a significant effect on the performance of a fan. In the case of the existence of upstream structures, 

such as the radiator or condenser, the air flow rate passing through the cooling fan systems decreases at the same 
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static pressure conditions compared to the shrouded fan configuration. It can be observed that the measured static 

pressure is changed depending on whether the structures exist in front of the fan. It indicates that the fans are 

subjected to different system resistance conditions, although they operate at the same rotational speed. Therefore, 

the static pressure measured from the different shroud fan configurations should be corrected to compare their 

SPLs under the same systems resistance condition. In this paper, the static pressure correction method was 

proposed to compare the fan noise characteristics of the three configurations under the same system resistance 

and investigate the inflow effects caused by the upstream structures on the tonal noise.  
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Fig. 9. Comparison of non-dimensional performance curves for three different fan systems: ‘shrouded fan’, 

‘shrouded fan w/ radiator’, ‘shrouded fan w/ radiator and condenser’ 

 

3.3 Static pressure correction method  

The air flow rate and noise measurements should be compared under the same system resistance conditions 

to investigate the inflow effects resulting from the radiator or condenser on the fan performance and SPLs. 

Because our measurements of the static pressure (∆𝑃𝑃𝑠𝑠) for the cases of both ‘shrouded fan w/ radiator’ and 

‘shrouded fan w/ radiator and condenser’ include the amount of the pressure drop (∆𝑃𝑃𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑), they should be 
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corrected to ensure that the performance and noise of the three different configurations are compared under the 

same conditions. This can be achieved by compensating for the pressure drop from the measured static pressure.  

We analyzed how the measured static pressure changes depending on whether the upstream structures exist. 

Fig. 10 shows the relationship between the static pressure, system resistance, and pressure drop caused by 

upstream structures, including the radiator and condenser. The pressure difference between the inlet and outlet of 

the fan is the static pressure, as shown in Eq. (3), where 𝑝𝑝1 and 𝑝𝑝2 are the inlet and outlet pressures, respectively. 

As shown in Fig. 10(a), for the shrouded fan only, the inlet pressure is the atmospheric pressure (𝑝𝑝𝑎𝑎𝑎𝑎𝑎𝑎), as shown 

in Eq. (4).  

 

 2 1sp p p∆ = −                       Eq. (3) 

 1 atmp p=                             Eq. (4) 

 

However, if the upstream structures are placed in front of the shrouded fan, as shown in Figs. 10 (b) and (c), 

an additional pressure drop occurs, and the fan inlet pressure changes as in Eq. (5). Thus, the fans are subjected 

to different system resistance conditions. The amount of pressure drop caused by the radiator or condenser should 

be considered to correct the inlet pressure.   

 

 1 atm dropp p p= −                                   Eq. (5) 

 

 

(a)                                                  (b)                                                             (c)  

Fig. 10. Measurements of the static pressure for three different fan systems: (a) ‘shrouded fan’, (b) ‘shrouded 

fan w/ radiator’, (c) ‘shrouded fan w/ radiator and condenser’  
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The pressure drop (∆𝑃𝑃𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑) includes air leakage from the geometric gap between the shrouded fan, radiator, 

and condenser, and the drag caused by airflow blowing through the radiator or condenser. Here, we can measure 

the amount of pressure drop that occurs due to a radiator or condenser using an acoustic fan tester. The pressure 

drops for the three configurations were measured under various air flow rates induced by the suction fan of the 

acoustic fan tester after removing the fan blade from the acoustic fan tester, as shown in Fig. 11(a). After that, the 

measured pressure drop of the shrouded fan with upstream structures was subtracted from that of the shrouded 

fan to evaluate the amount of the pressure drop owing to the radiator or condenser. Fig. 11(b) illustrates the 

variations of the measured pressure drop resulting from the radiator and condenser, and trends can be modeled as 

a function of inflow rates. Consequently, the static pressure correction method provides an empirical function to 

compensate for the pressure drop in each upstream structure according to various air flow rates.  

 

(a)                                                                                 (b) 

Fig. 11. Performance correction for inflow effect using system resistance of cooling subsystem; (a) System 

resistance, (b) Empirical correction function  

 

The corrected static pressure can be obtained by compensating for the amount of pressure drop calculated 

from the empirical correction function, and the corrected non-dimensional pressure can be evaluated using Eqs. 

(6) and (7). The corrected non-dimensional performance curves are presented in Fig. 12. It can be observed that 

the corrected non-dimensional performance curves for the three types of cooling system configurations are 

practically drawn as one characteristic curve at above 0.16 of non-dimensional air flow rates. The performance 

characteristic curves of the three configurations do not match a single curve, even when applying inflow effect 
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correction at a non-dimensional air flow rate below 0.16. Thus, the fan blades enter the stall region in other studies 

[33−35]. Based on these results, the stall region of the fan blades can be identified from the performance curves. 
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Fig. 12. Corrected non-dimensional P-Q curve at constant voltage and rpm conditions 

 

3.4 Inflow effects on the tonal noise   

In the previous section, the measured static pressure was compensated by introducing the inflow correction 

method to compare the fan noise characteristics of the three configurations for the cooling subsystems at the same 

system resistance. Thus, we can compare the noise under the same conditions. As noted above, the operating 

conditions of the fan were measured by maintaining a constant rotational speed to compare the fan noise 

characteristics for the rotational frequencies. Fig. 13(a) depicts the overall sound pressure level (SPL) for the three 

configurations at each performance based on the constant rotational speed (1700rpm) of the fan. The trends of the 

noise characteristics of the ‘shrouded fan w/ radiator’ and ‘shrouded fan w/ radiator and condenser’ are almost 

similar to those of the noise characteristics of the shrouded fan at each performance. The nomenclatures ( ‘A’, ‘B’ 

and ‘C’ of the regions) were reused to represent the performance regions (flow rates and static pressure), as noted 

in Section 2.3. At region ‘A’, if high static pressure (high system resistance) and low flow rate induced by the 

cooling fan exist, it can be inferred that its blades enter the stall region. In particular, at region ‘A’, which is below 
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0.16 of non-dimensional air flow rate, the corrected non-dimensional static pressure of the ‘shrouded fan’, 

‘shrouded fan w/ radiator’, and ‘shrouded fan w/ radiator and condenser’ are not consistent. Therefore, the linear 

correction for upstream system resistance does not fit well because most of the fan blades enter the rotating stall 

[18, 19]. In addition, the broadband noise emitted by mature stall cells on the blades is more dominant than tonal 

noise. The results obtained by the acoustic fan tester are in good agreement with the NASA Glenn Research Center 

[36] and Hodgson et al. [17] in accordance with ISO 10302; they found that the emission of a broadband noise of 

the fan increases under high system resistance. In addition, the broadband noise is emitted by strong tip-leakage 

flow caused by high system resistance [20]. Based on the results of previous researchers [9, 13, 17, 20, 33−35], 

it can be anticipated that broadband noise is the dominant noise source at region ‘A’. As aforementioned, the 

performance mismatch for all configurations can be observed due to the onset of the blade stall, even though the 

static pressure corrected by the upstream structures has been conducted. At region ‘B’, as ideal performance, such 

as medium static pressure and medium air flow rates, the cooling systems of all of the configurations have the 

lowest noise level. At region ‘C’, the static pressure decreases, and then the air flow rate induced by the cooling 

fan increases. Therefore, it can be estimated that fan noise increases owing to an increase in air flow rates. In the 

region between ‘A’ and ‘B’, the overall SPL of the ‘shrouded fan w/ radiator’ and ‘shrouded fan w/ radiator and 

condenser’ are almost the same. Conversely, the overall SPL of the ‘shrouded fan w/ radiator’ is lower than that 

of the ‘shrouded fan w/ radiator and condenser’ at the region between ‘B’ and ‘C’. Moreover, the ‘shrouded fan 

w/ radiator and condenser’ has the highest noise level at region ‘C’, even though the ‘shrouded fan’ has the highest 

noise level at most performance ranges. Therefore, the noise level of the measurement position is reduced at most 

performance ranges except in region ‘C’ owing to the upstream structures. 

The overall SPL can be divided into a broadband component and a blade passing frequency (BPF) component 

for a detailed analysis of the noise characteristics, as shown in Fig. 13(b). At all performance ranges, it can be 

observed that the broadband noise of the ‘shrouded fan’ is higher than that of the other configurations. However, 

different results can be obtained regarding the tonal noise according to upstream structures at between regions ‘B 

and ‘C’. Specifically, at region ‘C’, the tonal noise of the ‘shrouded fan w/ radiator and condenser’ significantly 

increases as the air flow rates increase. In the following order, the tonal noise of the ‘shrouded fan w/ radiator’ 

increased more than that of the ‘shrouded fan’. Note that the upstream structure significantly changes the tonal 

noise as the air flow rates increase, even though the configurations have similar fan performance. 
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                                             (a)                                                                                        (b) 

Fig. 13. Inflow effects on acoustic characteristics: (a) Overall SPL and (b) tonal and broadband noises 

 

Figure 14 shows the comparison of the acoustic spectra of the ‘shrouded fan’, ‘shrouded fan w/ radiator’, 

and ‘shrouded fan w/ radiator and condenser’ at each performance regions: ‘A’, ‘B’ and ‘C’. At region ‘A’, the 

trends of spectra of the ‘shrouded fan w/ radiator’ and ‘shrouded fan w/ radiator and condenser’ are the same as 

the result of the ‘shrouded fan’ owing to the onset of stall. Under rotating stall conditions, the characteristic of the 

tonal and broadband noises of the shrouded fan is similar to the numerical research by Zhang [27, 28]. Owing to 

the onset of the rotating stall, it can be observed that the noise characteristics of other configurations for upstream 

structures are similar to that of the shrouded fan. In other performance regions, ‘B’ and ‘C’, it can be observed 

that the characteristics of tonal noise have changed by upstream structures. At region ‘B’, the tonal noise level of 

the ‘shrouded fan w/ radiator’ and ‘shrouded fan w/ radiator and condenser’ are higher than that of the ‘shrouded 

fan’. This phenomenon increases in region ‘C’ where the flow rate increases. In addition, the tonal noise level of 

the ‘shrouded fan w/ radiator and condenser’ is higher than that of the ‘shrouded fan w/ radiator’. Simply, it can 

be inferred that the more upstream structures, the more tonal noise increases. In particular, the tonal noise level 

of the 1st and 2nd BPF components of the ‘shrouded fan w/ radiator’, and ‘shrouded fan w/ radiator and condenser’ 

are higher than that of the ‘shrouded fan’ at regions ‘B’ and ‘C’. Conversely, the tonal noise level of the 3rd and 

4th BPF components of the ‘shrouded fan w/ radiator’ is less than that of the ‘shrouded fan’ at regions ‘B’ and ‘C’. 

Tonal noise level of the 4th BPF components of the ‘shrouded fan w/ radiator and condenser’ is higher than that 

of the ‘shrouded fan’. The tonal noise level of the 1st to 4th BPF components of the ‘shrouded fan w/ radiator and 

condenser’ is higher than that of the ‘shrouded fan w/ radiator’. Non-uniform inflow caused by upstream structures, 
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induces periodical pressure on the surface of the fan blades [23−25]. In addition, as the flow rate increases from 

region ‘B’ to ‘C’, it can be observed that the non-uniform inflow causes the tonal noises to increase, especially 

the noise level of the 1st to 4th BPF components of the ‘shrouded fan w/ radiator and condenser’ significantly 

increased compared to that of other configurations. Tonal noise emitted from the rotating fan blade is generated 

due to displacement of fluid by the rotor blade and the aerodynamic force exerted on the fluid by the blade surface. 

Non-uniform inflow cases an asymmetric velocity distribution on the fan blade and an increase in the turbulence 

intensity. The fan blade experiences the unsteady and azimuthal variation in the aerodynamic loads that give rise 

to a significantly larger radiated tonal noise, particularly the dipole noise component, compared to the tonal noise 

generated by a uniform flow [37]. Chandrashekar [38] has theoretically demonstrated that tonal noise increases 

by about 6 dB as the turbulence intensity increases from 1% to 2% when placing the upstream structure in front 

of the rotor. However, the inflow effect by upstream structures is not affected at higher system resistance (region 

‘A’) owing to the rotating stall phenomenon.  

 

 

(a) 
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(b) 

 

(c) 

Fig. 14. Inflow effects on the acoustic spectra: (a) higher system resistance (region ‘A’), (b) medium system 

resistance (region ‘B’), (c) zero system resistance (region ‘C’) 

 

Figure 15 depicts broadband noise spectra of three configurations at zero system resistance (region ‘C’) 

conditions. It can be seen that the broadband noise spectra of ‘shrouded fan’ are approximately 2~3 dBA larger 

than those of ‘shrouded fan w/ radiator’ and ‘shrouded fan w/ radiator, condenser’ in the frequency range of 1 to 

3 kHz. In the author’s previous paper [39], it was found that one of the dominant broadband noise sources of 

‘shrouded fan’ is the turbulent flow interaction between the serrated shroud and recirculating flow. Piellard and 

Couty [40] demonstrated that the stationary acoustic ring located in front of the axial fan (along the upstream 

direction) helps to prevent the generation of the recirculation flow near the blade tip and the onset of the flow 
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interaction, thus leading to 2.5 dBA reduction of broadband noise. It can be inferred that the existence of the 

upstream structures can contribute to reducing the level of broadband noise of the axial fan system. This possibility 

will be investigated in future work because the scope of the current work is to study the inflow effects on tonal 

noise.  

 

                                              (a)                                                                                         (b) 

Fig. 15. Broadband noise spectra of three different configurations at zero system resistance (region ‘C’): (a) 

comparison of ‘shrouded fan’ and ‘shrouded fan w/ radiator and condenser’, (b) comparison of ‘shrouded fan’ 

and ‘shrouded fan w/ radiator’ 

 

4. Conclusion  

Automotive cooling fans operate with the upstream structures located in the front of them under the actual 

operational environment. These structures induce the inflow effect that affects the inflow velocity distribution and 

inlet pressure. In this study, three shrouded fan configurations, including ‘shrouded fan’, ‘shrouded fan w/ 

radiator’, and ‘shrouded fan w/ radiator and condenser’, were considered to investigate the inflow effects caused 

by the upstream structures on the performance and noise characteristics of the fans. An acoustic fan tester installed 

in an anechoic chamber facility with the silent suction system was designed to simultaneously measure the air 

flow rate, static pressure, and sound pressure levels of the shrouded fan configurations. In addition, the static 

pressure correction method was proposed to adjust for the changing measured static pressure owing to the 

upstream structures. This correction method provided an empirical function to compensate for the amount of the 

pressure drop induced by each upstream structure, and the fans were subjected to the same system resistance 
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conditions. Results showed that the tonal noise levels of the shrouded fan with the upstream structures increased 

owing to non-uniform inflow distribution compared to those of the shrouded fan configuration for all the 

conditions except for the low inflow rate conditions where the blade stall occurs. In addition, the tonal noise levels 

of the ‘shrouded fan w/ radiator and condenser’ were much higher than other configurations, particularly the tonal 

noise levels associated with 1st to 4th BPF components increased significantly. However, broadband noise in the 

frequency range of 1 to 3 kHz decreased when the upstream structures, such as radiator and condenser, were 

installed in front of the axial fan since they could help to prevent the generation of the recirculation flow near the 

blade tip and the onset of the flow interaction 

The acoustic fan tester installed in the anechoic chamber is useful to examine the aerodynamic performance 

and noise levels of the axial fans. The measurements in this facility can consider the actual operating environment, 

from low to high system resistance conditions, not free field conditions. The limitation of the current work is that 

the impacts of the rotational speed on the inflow effect in terms of tonal noise levels were not studied. Future work 

will examine the sound pressure levels of the axial fan systems with different rotor blades at various rotating 

speeds and system resistance conditions. Our findings will contribute to the fan blade design and help improve 

the fan performance and reduce the noise radiated from the rotor blade of the axial fan.  
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