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Abstract 25 

Small axial fans, commonly employed for cooling electronic equipment, are frequently housed within narrow 26 

ducts, where intense tonal sound with duct resonance can occur, particularly when the blade passing 27 

frequency or its harmonic frequency aligns with the duct's resonance frequency. To mitigate resonant sound, 28 

this study proposes a flow control using dielectric barrier discharge plasma actuators, which induce a flow 29 

along the generation of plasma in air. The control effects on flow field, acoustic radiation, and aerodynamic 30 

characteristics are evaluated through direct aeroacoustic simulations and experiments conducted at different 31 

flow rates. The computational results reveal that swirling flow occurs in the inflow due to fan rotations at 32 

low flow coefficients. This swirling flow is weakened by utilizing plasma actuators, which are arranged to 33 

induce flows in the circumferentially reverse direction compared to fan rotations. This control method 34 

weakens the resonant sound at low and intermediate flow coefficients, while intensifying it at high flow 35 

coefficients, all at the same rotational speed. Moreover, the static pressure coefficient decreases and 36 

increases at low and high flow coefficients, respectively, with the latter attributed to an increase in the 37 

relative inflow angle induced by the control. Experimental findings demonstrate that the acoustic resonance 38 

was reduced by the control at both low and high flow rates, achieved by adjusting the rotational speed to 39 

maintain the same flow rate and static pressure rise as in the baseline case.  40 

 41 

1. Introduction 42 

Axial fans are widely used to cool electronic devices such as computers due to their 43 

ability to generate a relatively high flow rate. Both high aerodynamic performance and low 44 

noise are required for axial fans from the viewpoint of energy conservation and enhancing 45 

human working conditions.  46 

The aerodynamic sound produced by the flow around axial fans comprises tonal 47 

and broadband sounds. Tonal sound arises at the blade passing frequency (BPF) and its 48 

harmonic frequencies due to the periodic interference between the wakes of the rotor blades 49 

and stators (struts) [1]. Additionally, the interactions of non-uniform or turbulent inflow 50 
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with rotor blades also cause tonal and broadband sounds [2]. Inflow turbulence is related 51 

to reverse flows around the tip regions of a fan, where a swirling flow can be produced 52 

upstream of the fan [3]. 53 

The effects of fan installation conditions on aerodynamic performance and acoustic 54 

radiation have been extensively studied [4–6]. Longhouse [4] demonstrated that fan peak 55 

efficiency decreased with increasing clearance, with tip clearance noise contributing up to 56 

15 dB to the overall noise. Lin et al. [5] observed that installing a blockage plate upstream 57 

of a fan resulted in static pressure loss and an increase in broadband noise. Moreover, the 58 

tonal sound at the BPF was amplified by acoustic resonance, especially when an axial fan 59 

was installed in confined spaces or narrow ducts [6].  60 

Accordingly, several passive methodologies [7–10] have been explored to mitigate 61 

aerodynamic noise radiated from an axial fan. Naitong et al. [7] reported that acoustic 62 

radiation could be reduced by up to 10 dB(A) by installing a fan in a porous casing. 63 

Tingsheng et al. [8] demonstrated that tonal sound could be suppressed by incorporating a 64 

resonator-type silencer on the inner surface of a fan casing. Additionally, the introduction 65 

of slits in a fan casing was investigated to control tip leakage flow [9, 10]. The inflow 66 

through the slits was identified to influence the swirling flow around the fan, thereby 67 

weakening the acoustic radiation associated with the interactions between 68 

circumferentially-convected tip vortices and blades. This indicates that controlling the 69 

circumferential flow around the fan can be effective in controlling the acoustic radiation 70 

from an axial fan. However, the effectiveness of slit arrangement in a casing is 71 

compromised when a fan is installed in a narrow duct, as the inflow through the slits is 72 

impeded under such conditions [10].  73 
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Active flow control has emerged as a promising approach for reducing fan noise 74 

under various fan installation conditions. Neuhaus et al. [11] demonstrated that streamwise 75 

air injection near the blade tip decreased the tonal noise levels at the BPF. However, the 76 

control effects of circumferential jet on flow and acoustic radiation remain unexplored. In 77 

recent years, numerous studies have been conducted on plasma actuators as flow-control 78 

devices, as they can induce flow along the generation of plasma in air [12–15]. A dielectric 79 

barrier discharge plasma actuator comprises top and bottom electrodes, with a dielectric 80 

layer between the electrodes. A plasma sheet appears on the dielectric layer upon 81 

application of a high AC voltage to the electrodes, resulting in flow generation. Plasma 82 

actuators have found applications for various objectives, such as suppressing flow 83 

separation [12, 13] and delaying compressor stall [14]. Furthermore, a plasma actuator has 84 

been demonstrated to effectively reduce acoustic radiation from cavity flows in a previous 85 

study [15], wherein direct aeroacoustic simulations conducted alongside wind tunnel 86 

experiments. A plasma actuator offers several advantages: no moving parts, easy 87 

attachment to objects, fast response time, and low mass. Therefore, it holds significant 88 

potential as an effective method for controlling both flow and sound around axial fans 89 

installed in narrow spaces. 90 

The objective of this study is to elucidate the efficacy of plasma actuators in 91 

controlling the acoustic radiation of resonant sound emitted by an axial fan installed in a 92 

narrow duct. For the first time, direct aeroacoustic simulations and experiments were 93 

performed for evaluating the effectiveness of plasma actuators designed to 94 

circumferentially induce jets upstream of the fan. Additionally, this study discusses the 95 

influence of plasma actuators on flow fields and aerodynamic characteristics .  96 
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Section 2 outlines the computational and experimental methodologies, along with 97 

the control methods employed in the study. In Section 3, the predicted flow induced by the 98 

plasma actuators and their impact on aerodynamic characteristics and acoustic radiation 99 

are compared with those measured for computational validation. In Section 4, 100 

computational and experimental results are presented and discussed. The baseline acoustic 101 

radiation with acoustic resonance is presented in Subsection 4.1. The control effects on the 102 

resonant sound and aerodynamic characteristics are discussed in Subsections 4.2 and 4.3, 103 

respectively. The mechanism of these control effects is discussed based on the flow field 104 

in Subsection 4.4. 105 

2. Methodologies 106 

2.1 Fan and Working Conditions 107 

For the fan housed in the casing, as depicted in Fig. 1, plasma actuators were 108 

utilized for flow control. The number of rotor blades with a chord length of C = 22.3 mm 109 

was Zb = 5, with four struts placed downstream of the rotor. The radii of the rotor and hub 110 

were rf = 18.5 mm and rh = 9 mm, respectively. The details of the fan have been described 111 

in a previous study [10]. The fan was arranged in a casing with an outer side of D = 40 mm 112 

and an inner radius of rc = 19.5 mm. The tip clearance was σ = rc − rf = 0.04C, and the flow 113 

passage area of the fan was A = 9.4×10–4 m2.  114 

A fan enclosed in a casing was positioned in a duct featuring a square flow passage 115 

on side D (upstream duct), as shown in Fig. 2, assuming the fan’s installation in a narrow 116 

space. The outflow from the fan was directed into the downstream duct via a square flow 117 

passage with a side of 4D, facilitated by a baffle plate with a thickness of 10 mm. The 118 

origin of the coordinates was set at the center of the front surface of the hub. As illustrated 119 
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in Fig. 2, the x and y axes corresponded to the axial and vertical directions, respectively, 120 

while the z axis was normal to the x and y axes. 121 

 122 

 123 

Fig. 1. Axial fan with five rotor blades housed in casing with four struts. 124 

 125 

 126 

Fig. 2. Experimental setup for control of flow around a fan with plasma actuators, wherein 127 
an axial fan is installed in a duct (with a square flow passage having side of D = 40 mm). 128 

 129 

The rotational speed was set to n = 50.4, 60.0, and 70.0 s–1 during the experiments 130 

to clarify the impact of rotational speed on the baseline acoustic radiation without control. 131 

The control effects of the plasma actuators were evaluated at n = 60.0 s−1, where the duct 132 

resonance intensely occurred [6]. At n = 60.0 s−1, the tip velocity was Vtip = 6.97 m/s, 133 

resulting in a Reynolds number of Re ≡ VtipC/ν = 1.04×104, where ν denotes the kinematic 134 

viscosity of air, and the Mach number was 0.02. The flow coefficient defined by ϕ ≡ Q/AVtip, 135 
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where Q represents the flow rate, was varied from ϕ = 0.00 (maximum static pressure) to 136 

ϕ ≈ 0.36 (maximum flow rate) at each rotational speed in the experiment. The computations 137 

were performed for ϕ = 0.05, 0.17, and 0.23, corresponding to low, intermediate, and high 138 

flow rates, respectively. 139 

 140 

2.2 Control by Plasma Actuator 141 

Schematics of the control configurations for the flow around the fan are shown in 142 

Fig. 3. The plasma actuator, comprised of top and bottom electrodes, featured electrodes 143 

with 18-µm thickness arranged on a dielectric layer having 200-µm thickness. The widths 144 

of the top and bottom electrodes were 1  and 3 mm, respectively, based on a previous study 145 

[15]. As depicted in Fig. 3, two plasma actuators were installed in x/D = −0.9 to −0.35, 146 

with an 8-mm interval on four inner duct surfaces upstream of the fan. The electrodes of 147 

the plasma actuators were arranged for the induced flows to be directed in the reverse 148 

direction compared to the fan rotations, aimed at suppressing the swirling flow induced by 149 

fan rotations in the upstream region, as discussed in Subsection 4.4. The interval between 150 

actuators was determined to induce effective flows based on preliminary experiments, and 151 

a comparison of induced flows by one actuator versus two actuators is presented in Section 152 

3. To prevent the generation of flow disturbances by the installation of plasma actuators, 153 

the plasma actuators were flush-mounted [15, 16] via a plasma-actuator (PA) base. The 154 

inner shape of the flow passage of the PA base transitioned smoothly from the square shape 155 

of the upstream duct to the circular shape of the fan casing. The plasma actuator was 156 

continuously driven with an alternating voltage of Vpp = 9.4 kV and a frequency of 4.2 kHz, 157 
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following previous research protocols [17]. The temperature in the exhausted flow of the 158 

fan was confirmed to be unchanged (within 0.1 K) by the driving of the plasma actuator. 159 

 160 

Fig. 3. Schematics of control by plasma actuators upstream of the fan. 161 

 162 

2.3 Experimental Methodologies 163 

2.3.1 Measurement Methods 164 

The experimental setup and measurement methods for evaluating the aerodynamic 165 

characteristics and acoustic radiation were consistent with those employed in a prior 166 

investigation [10]. The flow rate Q was determined by measuring the pressure difference 167 

between the orifice plates installed downstream of the fan using a differential manometer 168 

(DPC-500N12, OKANO WORKS, LTD) according to ISO 5167-1. As shown in Fig. 2, 169 

the static pressure rise ∆P induced by the fan was evaluated by computing the mean 170 

pressure difference between x/D = −1.9 and 3.0 on the duct wall. The sampling frequency 171 

and duration were 2000 Hz and 60 s, respectively. The static pressure coefficient, defined 172 

by ψ = 2∆P/ρVtip
2, where ρ represents the density of air, was calculated based on the 173 

measured pressure rise for evaluating the aerodynamic characteristics.  174 
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The sound pressure level was measured using a microphone (NL-31, RION) 175 

positioned at x/D = −2.5 on the upstream duct wall, as illustrated in Fig. 2. The sampling 176 

frequency was set to 256nZb at all rotational speeds for precisely evaluating the tonal 177 

sounds at the BPF (nZb) and its harmonic frequencies, where the sampling time was 15 s.  178 

The velocity fields of the flows induced by one and two plasma actuators set on a 179 

wide flat wall were measured using particle image velocimetry (PIV) as explained in 180 

Appendix B. The PIV images were captured with a shutter speed of 1 ms using a high-181 

speed camera (FASTCAM Mini AX100, Photoron) with YAG laser (CW532-5WMUT, 5 182 

W, Kanomax).  183 

 184 

2.3.2 Measurement uncertainties 185 

The primary sources of the uncertainties in the flow and pressure coefficients were 186 

the variations in measuring the pressure difference across the baffle or orifice plate, 187 

rotational speed, and fluid density. Detailed descriptions of these uncertainties are provided 188 

in Appendix A. According to literature [18], the uncertainty of the flow coefficient was 189 

estimated to be ±0.003 at n = 60.0 s−1 and φ = 0.17 without control, corresponding to ±1.8% 190 

of the measured coefficient. Similarly, the uncertainty in the pressure coefficient was 191 

±0.0007, representing ±0.3% of the measured pressure coefficient. To estimate the 192 

uncertainty in measuring the sound pressure level, the variation in the repeatability of the 193 

measured sound pressure level was examined using four tests for each condition. The 194 

variation in the sound pressure level at the BPF of nZb was ±0.8 dB at n = 60.0 s−1 and 195 

φ = 0.17 without control.  196 

 197 
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2.4 Computational Methods 198 

2.4.1 Governing Equations and Finite Difference Scheme 199 

The computational schemes employed herein were identical to those utilized in 200 

previous studies [6, 10]. To directly simulate the flow and aerodynamic sound around the 201 

fans, three-dimensional compressible Navier-Stokes equations along with continuity and 202 

energy equations were solved. Spatial derivatives were evaluated using the sixth-order 203 

accurate compact finite difference scheme (the fourth-order accurate scheme at the 204 

boundary) [19]. Time integration was performed utilizing the third-order accurate Runge-205 

Kutta method. 206 

A volume penalization method [20, 21] was employed to reproduce rotating or 207 

complex-shaped objects, such as fans, casings, and bell-mouthed ducts, using a rectangular 208 

grid. The external force, termed the penalization term V, and the body force of the plasma 209 

actuators DPA, were incorporated to the right-hand side of the governing equations: 210 

 c v v v PA( ) ( ) ( ) ( )t x y z+ − + − + − = +Q E E F F G G V D , (1) 211 

 ( ) ( )T1 / 1 0 0 0 0ϒ χ ρ= − − ∇ ⋅V u , (2) 212 

 0.25ϒ = , (3) 213 

 ( )bmin 1, /

0

θ θ ∆θ
χ

 −= 


(solid)
(fluid)

, (4) 214 

where Qc represents the vector of the conserved variables; E, F, and G denote the inviscid 215 

flux vectors; and Ev, Fv, and Gv signify the viscous flux vectors. In the present simulation, 216 

the coefficient ϒ was determined to be 0.25, such that sound waves were almost completely 217 

reflected (reflectivity: 99%) on the objects without computational unsteadiness [22]. The 218 
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variable χ is the mask function. It was set as zero outside the solid and one inside the solid, 219 

except for the region near the surface of the blade. The mask function was determined 220 

based on the circumferential angle from the surface, θ − θb, as shown in Eq. (4), where θb 221 

represents the angle of the nearest blade surface and ∆θ denotes the angle between 222 

neighboring grid points.  223 

Large-eddy simulations were performed to clarify the unsteady flow and acoustic 224 

fields without excessive computational costs, and no explicit subgrid-scale (SGS) model 225 

was used. A tenth-order spatial filter [23] dissipated the turbulence energy at the grid scale, 226 

which was then transferred to the SGS eddies [10, 24, 25]. The filter also suppressed the 227 

numerical instabilities associated with central differencing in the compact scheme.  228 

The body force of the plasma actuators was applied in the computational region 229 

near the plasma actuator, as shown in Fig. 3, and is expressed as: 230 

 PA PAF θ= −D p , (5) 231 

where pθ denotes the circumferential unit vector in the fan rotational direction 232 

perpendicular to the normal vector of each duct wall. The magnitude of the body force 233 

FPA/(ρVtip
2/2C) was set to 0.011, which was determined based on the measured velocity 234 

profile around the plasma actuator in the preliminary computations. A comparison of the 235 

predicted and measured profiles of the flow induced by the plasma actuators is presented 236 

in Subsection 3.1. 237 

 238 

2.4.2 Computational Domain 239 

Figure 4 illustrates the computational domain, encompassing the region in and 240 

around the bell-mouthed upstream duct with a fan and a downstream duct. The 241 
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computational region was divided into flow, sound, and buffer regions. The grid spacing 242 

smoothly changed between regions. In the flow region, flow structures, such as the 243 

boundary layer, wake, and vortices around the rotating blades and struts, were captured by 244 

the minimum grid spacing of Δmin/D = 1/400 (Δmin/C = 1/220). This grid resolution was 245 

identical to that employed in previous studies [6, 10], where the flow and acoustic fields 246 

from the present axial fan were correctly captured. In a previous study [10], the numerical 247 

uncertainty in the static pressure coefficient of the fan with the present grid was estimated 248 

to be 5% based on the grid convergence index (GCI) method [26]. 249 

Acoustic propagation was accounted for in the sound region, extending to 34D, 250 

corresponding to one acoustic wavelength of the BPF at n = 60.0 s −1 (300 Hz). The 251 

maximum grid width in the sound region was ∆/D = 0.4, ensuring at least eight grid points 252 

per one acoustic wavelength for the frequency range of f ≤ 6nZb (1800 Hz for n = 60.0 s−1), 253 

thereby facilitating accurate prediction of acoustic propagation [10, 15, 19]. In the buffer 254 

region, grid width was stretched to ∆/D = 25 to weaken acoustic waves near artificial inflow 255 

and outflow boundaries. The total number of grid points in the computational domain was 256 

300 million. 257 

 258 

Fig. 4. Computational domain with boundary conditions. 259 
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2.4.3 Boundary Conditions and Initial Flow Field 260 

Non-slip and adiabatic conditions were set for the duct and baffle plate walls. Non-261 

reflecting boundary conditions were imposed on the far artificial inlet and outlet boundaries 262 

for the smooth passage of acoustic disturbances [27].  263 

For the baseline case without control, the computational results were analyzed 264 

using the data after flow development during 20 blade-passing periods from the initial 265 

stationary flow field. Computations controlled by the plasma actuator were performed by 266 

setting the developed baseline flow field as the initial flow field. A spectral analysis was 267 

performed using the computational results during 20 blade-passing periods from the 268 

developed flow field, where the average number of spectra was approximately 10 under all 269 

conditions. 270 

 271 
3. Comparison of Computational and Experimental Results 272 

3.1 Induced Flow by Plasma Actuator(s) 273 

The predicted velocity fields of the induced flows by one and two plasma actuators 274 

on a wide flat plate of 2.5D×2.5D (100×100 mm2), as shown in Fig. 5(a), were compared 275 

with those measured by the particle image velocimetry (PIV) explained in Appendix B. 276 

Figure 5(b) depicts the measured and predicted velocity profiles 5 mm downstream of the 277 

plasma actuators. The data uncertainties due to the spatial resolution concerning the 278 

interrogation area in the PIV (0.46 mm), alongside the frame interval for the calculation of 279 

cross-correlation (1 ms), are shown as error bars in the experimental data. The predicted 280 

profiles with one and two plasma actuator(s) approximately agreed with the measured 281 

values. 282 
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As illustrated in Fig. 5(b), the velocity profile predicted with the above-mentioned 283 

present grid resolution (Δmin/D = 1/400) for one plasma actuator was also compared with 284 

the finer grid resolution (Δmin/D = 1/800). The approximate agreement between these two 285 

profiles indicates that the present grid resolution was sufficiently fine to adequately capture 286 

the induced flow with the plasma actuator. The predicted maximum velocities around a 287 

distance of 0.7 mm from the wall were 0.74 and 0.94 m/s for one and two plasma actuators, 288 

respectively. This confirms that the induced flow with two plasma actuators with the 289 

present interval of 8 mm was intensified compared to that with one actuator. 290 

(a)  (b)  291 

Fig. 5. Comparison of measured and predicted velocity fields of induced flow by one and 292 
two plasma actuators on a wide flat plate. (a) Setup of plasma actuators. (b) Measured and 293 
predicted velocity profiles 5 mm downstream of the plasma actuators. 294 
 295 

3.2 Aerodynamic characteristics 296 

Figure 6 presents the baseline and controlled variations of the static pressure 297 

coefficient with flow coefficient at n = 60.0 s−1, where the measurement uncertainties of 298 

the flow coefficients discussed in Subsection 2.3.2 are indicated. As shown in Fig. 6, the 299 

static pressure coefficient generally increased as the flow coefficient decreased from the 300 



Journal of Fluids Engineering 
 

15 
 

maximum flow rate of ϕ = 0.36. The gradient of the increase became relatively small 301 

around ϕ = 0.20 compared with other flow coefficients, which occur owing to the 302 

interactions of tip vortices with the pressure surfaces of a neighboring blade as reported in 303 

a previous study [10]. Both the baseline and controlled pressure coefficients predicted by 304 

the present simulations agree approximately with the measured values. Specifically, the 305 

measured static pressure coefficient increased under control at relatively high flow 306 

coefficients of ϕ ≥ 0.18, while it decreased under control at lower flow coefficients. These 307 

control effects were accurately predicted in the present simulations, where the static 308 

pressure coefficient was decreased at ϕ = 0.05 and 0.17 and increased at ϕ = 0.23.  309 

 310 

Fig. 6. Measured and predicted variations of static pressure coefficient with flow 311 
coefficient for baseline and controlled flows at n = 60.0 s−1. 312 

 313 

3.3 Acoustic Radiation 314 

Figure 7 shows the measured and predicted sound pressure spectra (x/D = −2.5) 315 

with and without control at n = 60.0 s−1 and ϕ = 0.05, where the frequency resolution was 316 

∆f/nZb = 1/4 and the data were averaged 10 and 2250 times in time for the computation and 317 

experiment, respectively. The variances in the measured levels with the same average 318 



Journal of Fluids Engineering 
 

16 
 

number as that of the computation are represented by bars. The predicted levels were within 319 

the measured variances in both cases, with and without the control. In the baseline case, an 320 

intense tonal sound occurred at the first harmonic frequency of the BPF (2nZb, 600 Hz), 321 

which corresponded to the duct resonance frequency of the upstream duct [6]. Both the 322 

predicted and measured spectra indicate that the resonant tonal sound was weakened by the 323 

control. 324 

Considering the measured and predicted flow fields, aerodynamic characteristics, 325 

and acoustic radiation, it can be concluded that the present computations can capture the 326 

flow field, acoustic radiation with duct resonance, and aerodynamic characteristics of the 327 

axial fan with the control of plasma actuators.  328 

  329 
Fig. 7. Measured and predicted sound pressure spectra with and without control at n = 330 
60.0 s−1 and ϕ = 0.05, where variances of measured level with the same averaging number 331 
as that of the computation are represented with bars. 332 
 333 

4. Results and Discussions 334 

4.1 Baseline Radiation with Acoustic Resonance 335 

Figure 8 shows the measured sound pressure spectra at different rotational speeds 336 

at the flow coefficient of ϕ = 0.17, in which the frequency resolution is ∆f/nZb = 1/256, 337 

corresponding to ∆f = 0.98, 1.17, and 1.37 Hz for n = 50.4, 60.0, and 70.0 s−1, respectively. 338 
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It was shown that an intense sound occurred at 600 Hz, independent of the rotational speed. 339 

This frequency agreed with that of the acoustic resonance with a one-quarter wavelength 340 

mode in the axial direction of the upstream duct [6]. This resonant sound became most 341 

intense at n = 60.0 s−1, owing to the agreement of the resonance frequency with the first 342 

harmonic frequency of the BPF (2nZb).  343 

 344 

 345 
Fig. 8. Measured baseline sound pressure spectra at x/D = −2.5 for ϕ = 0.17, wherein the 346 
frequency resolution is ∆f/nZb = 1/256 corresponding to ∆f = 0.98, 1.17, and 1.37 Hz for n 347 
= 50.4, 60.0, and 70.0 s−1, respectively. 348 
 349 

The predicted contours of the fluctuation pressure, which is the instantaneous 350 

pressure with mean pressure subtracted, pʹ = p−P, in and around the upstream duct for the 351 

baseline flow at n = 60.0 s−1, are shown in Fig. 9. Time t = 0 is for the highest pressure, 352 

and T is the time period of the above-mentioned resonance frequency. It is shown that the 353 

compression and expansion waves are periodically generated at the resonance frequency 354 

in the upstream duct, causing the formation of standing waves. 355 

 356 



Journal of Fluids Engineering 
 

18 
 

  357 
Fig. 9. Predicted contours of fluctuations pressure without control at n = 60.0 s−1 and ϕ = 358 
0.05, where t = 0 is time for the highest fluctuation pressure in the upstream duct and T is 359 
time period of resonance frequency.  360 
 361 
4.2 Control Effects on Acoustic Radiation 362 

Figure 10 depicts the difference between the sound pressure level of the resonant 363 

sound at 2nZb with control and that without control at n = 60.0 s−1, where the measured and 364 

predicted results are shown. The level of the resonant sound was estimated by integrating 365 

the acoustic power in the frequency range in which the difference in the level from the peak 366 

level at 2nZb was within 5 dB. The variances in the levels of the four tests are shown as 367 

bars for the measured data. As shown in Fig. 10, the measured resonant sound was 368 

weakened at relatively low flow coefficients of ϕ ≤ 0.17, while that was intensified at higher 369 

flow coefficients of ϕ ≥ 0.23. The predicted difference is also shown to be along the 370 

measured difference. 371 

Figure 11 shows the predicted contours of the fluctuation pressure in and around 372 

the upstream duct for the controlled flow with n = 60.0 s−1 and ϕ = 0.05. Compared with 373 

the baseline contours shown in Fig. 9, the compression and expansion waves generated in 374 

the upstream duct weakened. This confirms the weakening of the acoustic resonance in the 375 

upstream duct by control using plasma actuators. 376 
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 377 
Fig. 10. Measured and predicted variations of the level difference of baseline and controlled 378 
resonant sounds at 2nZb with flow coefficient (n = 60.0 s−1, x/D = −2.5), where variances 379 
of level in four tests are indicated with bars for measured data. 380 
 381 

 382 
Fig. 11. Predicted contours of fluctuating pressure in and around the upstream duct for 383 
controlled flow at ϕ = 0.05 and n = 60.0 s−1. 384 
 385 
4.3 Discussions of Control Effects on Aerodynamic Characteristics 386 

Figure 12 shows the mean pressure difference between pressure and suction 387 

surfaces, Pp−Ps, along the 80% span of the rotor blades. The horizontal axis represents the 388 

non-dimensional chordwise position xc, where xc = 0.0 and 1.0 correspond to the leading 389 

and trailing edges, respectively. As shown in Fig. 12, the high blade loading occurs around 390 

xc ≈ 0.1, which is decreased and increased by the control at ϕ = 0.05 and 0.23, respectively. 391 

This is consistent with the control effects on the aerodynamic characteristics shown in Fig. 392 

6, where the static pressure coefficient was decreased and increased for ϕ ≥ 0.18 and ϕ ≤ 393 
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0.17, respectively. The mechanism for the control effects on the aerodynamic 394 

characteristics is discussed based on the change in the flow fields upstream of the fan with 395 

the control in Subsection 4.4.  396 

 397 

Fig. 12. Predicted blade loading along 80% span for baseline and controlled flows with ϕ 398 
= 0.05 and 0.23, where xc = 0.0 and 1.0 correspond to leading and trailing edges, 399 
respectively. 400 

 401 

Considering the actual application of the axial fan for necessary flow generation in 402 

industrial parts, the sound pressure level was measured in the controlled flow with adjusted 403 

rotational speeds for the same flow rate and static pressure conditions as those of the 404 

baseline flow at n = 60.0 s−1. Figure 13 shows the measured levels of the resonant sound at 405 

2nZb in the spectra with ∆f/nZb = 1/256 at n = 63.0 s−1 and 57.0 s−1 for the aerodynamic 406 

conditions of ϕ = 0.05 and 0.23 at n = 60.0 s−1, respectively, along the baseline levels (n = 407 

60.0 s−1). This figure shows that the sound pressure level was reduced by 4.7 dB and 0.5 dB 408 

at the low and high flow rate conditions, corresponding to ϕ = 0.05 and 0.23 at n = 60.0 s−1, 409 

respectively. This reduction occurred because the rotational condition was separated from 410 

the resonance condition, in which the harmonic frequency of the BPF became different 411 

from the resonance frequency of the upstream duct [6]. Moreover, the weakening of 412 
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velocity fluctuations at the BPF in the rotor wake contributed to the sound reduction at the 413 

harmonic frequency for ϕ = 0.05 as discussed in Subsection 4.4.3. The overall sound 414 

pressure level in the frequency range of 0.3–4.0nZb was 75 dB and 78 dB at ϕ = 0.05 and 415 

0.23, respectively, which was found to be unchanged between the baseline and controlled 416 

cases. These results indicate that the proposed control using plasma actuators successfully 417 

reduces the intense resonant noise at the harmonic frequency of the BPF under the 418 

equivalent pneumatic power generated by the fan. 419 

 420 
Fig. 13. Levels of resonant sound at 2nZb in controlled flows with adjusted rotational 421 
speeds of n = 63.0 s−1 and 57.0 s−1 for the same flow rate and static pressure as those in 422 
baseline case at ϕ = 0.05 and 0.23 at n = 60.0 s−1, respectively, along baseline levels. 423 

 424 

4.4 Flow Fields around Axial Fan 425 

4.4.1 Swirling Flow in Inflow to Fan 426 

The predicted contours of mean circumferential velocity, Vθ, upstream of the fan 427 

(x/D = −0.35) with and without control are shown in Fig. 14(a). Swirling flow in the 428 

rotational direction of the fan was shown to occur, particularly near the duct walls, and was 429 

weakened by the control. Figure 14(b) shows the baseline and controlled profiles of the 430 

mean circumferential velocity with distance from the wall h in the normal directions of the 431 

duct walls, where the values were averaged in four lines, as shown by broken lines in Fig. 432 
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14(a). The circumferential velocity decreased at ϕ = 0.05 by the control, which indicates 433 

the weakening of the swirling upstream of the fan. Meanwhile, the intense circumferential 434 

velocity did not occur in the baseline flow at the high flow coefficient of ϕ = 0.23. The 435 

control induced a reverse swirling flow upstream of the fan, which resulted in a rise in the 436 

relative inflow angle, leading to increase in static pressure coefficient and blade loading as 437 

shown in Figs. 6 and 12. 438 

(a)  (b)  439 
Fig. 14. Predicted mean circumferential velocity Vθ in inflow to fan (x/D = −0.35) for 440 
baseline and controlled flows. (a) Contours of mean circumferential velocity at ϕ = 0.05. 441 
(b) Profiles of mean circumferential velocity along normal lines of four duct walls shown 442 
with broken lines in Fig. (a), where values along four lines are averaged. 443 
 444 
4.4.2 Turbulence and Vortices in Inflow to Fan 445 

Figure 15(a) shows the baseline and controlled profiles of mean axial velocity U 446 

upstream of the fan at ϕ = 0.05 and 0.23. The reverse flow occurred particularly near the 447 

duct walls at the low flow rate of ϕ = 0.05, which caused the intense swirling flow as shown 448 

in Fig. 14. This reverse flow near the duct wall was weakened by the control, as shown in 449 

Fig. 15(a). These effects were similar to the suppression effects of the flow separation 450 

around an airfoil using streamwise plasma actuators [28]. Meanwhile, the axial velocity 451 

decreased at some positions distant from the duct wall owing to the suppression of the 452 
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reverse flow near the duct wall under the condition of a constant overall flow rate. The 453 

axial velocity was increased near the duct wall at the high flow rate of ϕ = 0.23, which also 454 

contributed to the increase in blade loading near the tip region as shown in Fig. 12.  455 

Figure 15(b) shows the baseline and controlled turbulence intensities of the axial 456 

velocity, urms. The turbulence intensity was more intense at the low flow rate (ϕ = 0.05) 457 

compared with the high flow rate (ϕ = 0.23). This is because a reverse flow occurred at the 458 

low flow rate, as shown in Fig. 15(a), and flow disturbances near the fan affected the flow 459 

upstream of the fan [10]. As shown in Fig. 15(b), the inflow turbulence near the duct wall 460 

at the low flow rate was weakened by the control owing to the weakening of the reverse 461 

flow, as shown in Fig. 15(a). Meanwhile, the turbulence intensity intensified at a position 462 

distant from the duct wall, where the above-mentioned decrease in the mean axial velocity 463 

caused the flow disturbances near the fan to affect the upstream flow more intensely. This 464 

intensification of the inflow turbulence possibly led to a decrease in the static pressure 465 

coefficient and blade loading at low flow rates, as shown in Figs. 6 and 12, respectively.  466 

 467 

(a)    (b)  468 
Fig. 15. Predicted baseline and controlled profiles of axial velocity upstream of the fan 469 
(x/D = −0.35) at ϕ = 0.05 and 0.23. (a) Profiles of mean axial velocity U. (b) Turbulence 470 
intensity of axial velocity urms. 471 
 472 
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Figure 16 shows the instantaneous iso-surfaces of the second invariant of the 473 

velocity gradient tensor, q, colored by the streamwise vorticity ωx at the high flow 474 

coefficient of ϕ = 0.23. In the baseline case, active vortices appeared only near the fan. In 475 

controlled flow, streamwise vortices were generated by the flow induced by the plasma 476 

actuators. These vortices promoted momentum transport from the freestream to the region 477 

near the duct wall, leading to an increase in the axial velocity, as shown in Fig. 15(a). 478 

 479 

 480 
Fig. 16. Predicted iso-surfaces of the second invariant (q/(Vtip/D)2) = 2.0) colored by 481 
streamwise vorticity ωx at ϕ = 0.23, where only the iso-surface in the upstream region of 482 
the fan (x/D = −1.1 – 0) are shown for clarity. 483 
 484 
4.4.3 Rotor Wake  485 

Figure 17 shows the baseline and controlled power spectra of the axial velocity 486 

fluctuations 1 mm downstream of the rotor blade tip (100% span). The power at the high 487 

flow rate of ϕ = 0.23 was particularly along the curve of −5/3 power, which indicates the 488 

generation of a turbulent flow in the rotor wake. Moreover, the intense power at f/nZb = 1.0 489 

indicated the periodic passage of the wakes of the rotor blades. The periodic interactions 490 

between the rotor wake and struts could intensify the radiation of tonal sounds related to 491 

the rotational speed [29].  492 
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As shown in Fig. 17, the power at f/nZb = 1.0 was slightly increased by the control 493 

at the high flow coefficient of ϕ = 0.23, which was possibly related to the increase of the 494 

axial velocity around the tip region as shown in Fig. 15(a). Consequently, the periodic 495 

interactions between the rotor wake and the structures intensified, leading to a larger 496 

resonant sound at the harmonic frequency of the BPF, as shown in Fig. 10. Meanwhile, it 497 

is noted that the acoustic radiation can be slightly reduced, as shown in Fig. 13, by lowering 498 

the rotational speed under constant aerodynamic conditions of flow rate and pressure rise, 499 

utilizing the enhancement of the aerodynamic characteristics by the control at a high flow 500 

rate. 501 

Figure 17 also shows that the power in the overall frequency range, including f/nZb 502 

= 1.0, was decreased by the control at the low flow coefficient of ϕ = 0.05. This is possibly 503 

owing to the decrease in inflow turbulence around the tip region by the control, as shown 504 

in Fig. 15(b). This decrease in the power of the velocity fluctuations weakens the 505 

interactions between the rotor wake and struts, which contributes to the reduction in the 506 

resonant sound discussed in Subsection 4.2.  507 

 508 
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 509 
Fig. 17. Predicted power spectra of axial velocity fluctuations at 1 mm downstream position 510 
of blade tip (100% span) at n = 60.0 s−1 511 
 512 

5. Conclusions 513 

In this study, direct aeroacoustic simulations and experiments were performed to 514 

investigate the effects of plasma actuators on controlling flows around an axial fan. 515 

Specifically, the induced flow was circumferentially directed in the reverse direction of fan 516 

rotation. The focus was on the control effects on acoustic radiation from the fan under duct 517 

resonance occurring at the harmonic frequency of the BPF, as well as the changes in 518 

aerodynamic characteristics and flow field around the fan caused by the control. The results 519 

revealed that the static pressure coefficient decreased and increased with the control at low 520 

and high flow coefficients, respectively. Based on this change of the aerodynamic 521 

characteristics, the tonal resonant sound at the harmonic frequency of the BPF was 522 

confirmed to be effectively reduced by controlling rotational numbers for the equivalent 523 

aerodynamic conditions of the flow rate and pressure rise, both at low and high flow rates.  524 
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Furthermore, it was observed that the axial velocity increased near the upstream 525 

duct wall, accompanied by the generation of vortices via control at a high flow coefficient. 526 

This resulted in an increase in the static pressure coefficient with an increase in the relative 527 

inflow angle, enabling the reduction of acoustic radiation by decreasing the rotational speed 528 

for the same pressure rise. At a low flow rate, the reverse flow and turbulence intensity 529 

near the upstream duct wall weakened, leading to the suppression of periodic interactions 530 

between the rotor wake and struts, consequently contributing to a reduction in resonant 531 

acoustic radiation at the first-harmonic frequency of the BPF.  532 

Overall, this study clarified the control effects of circumferential jets using plasma 533 

actuators on aerodynamic sound from an axial fan for the first time. The insights gained 534 

into the flow fields with control are valuable for mitigating acoustic radiation and 535 

improving the aerodynamic characteristics of axial fans. Moreover, these findings are 536 

expected to contribute to the establishment of flow control in and around fluid machinery 537 

utilizing active flow control. As a future task, more efficient control methodology such as 538 

an intermittent control was necessary to be identified along the accurate evaluation of the 539 

power consumption. 540 

 541 
 542 
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 549 
NOMENCLATURE 550 
 551 

A flow passage area of fan, m2 

C chord length along tip, mm 

D outer side of casing, mm 

DPA body force vector for plasma actuators 

E, F, G inviscid flux vectors 

Ev, Fv, Gv viscous flux vectors 

FPA magnitude of body force of plasma actuators, N/m3 

h distance from duct wall, mm 

n rotational speed, s−1 

P mean pressure, Pa 

Pp, Ps mean pressure on pressure and suction surfaces, Pa 

pθ circumferential unit vector perpendicular normal vector of duct wall 

p Pressure, Pa 

Q flow rate, m3/s 

Qc vector of conserved variable 

q the second invariant of velocity gradient tensor, s−2 

rc inner radius of casing, mm 
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rf rotor radius, mm 

rh hub radius, mm 

Re Reynolds number 

T time period, s 

U axial velocity, m/s 

V volume penalization term 

Vpp driving voltage of plasma actuators, V 

Vtip tip velocity, m/s 

Vθ circumferential velocity, m/s 

x axial coordinate, m 

xc non-dimensional coordinate along blade chord 

y vertical coordinate, m 

z coordinate normal to x, y-axes, m 

Zb number of rotor blades 

Greek Letters 

∆ difference 

θ angle in anti-clockwise direction from upstream view, deg  

θb angle of blade surface, deg 
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ν kinematic viscosity, m2/s 

ρ fluid density, kg/m3 

σ tip clearance, mm 

ϒ parameter of volume penalization method 

ϕ flow coefficient 

χ mask function 

ψ static pressure coefficient 

ωx streamwise vorticity, s−1 

 552 

Appendix A: Uncertainty of Measurement Equipment 553 

The sources of uncertainty for the flow coefficient were the uncertainties of a 554 

differential pressure gauge for an orifice flowmeter and the evaluation of ambient density 555 

using a barometer with a thermometer (BAROMEX 7612-00, Sato Keiryoki). The 556 

uncertainties of the pressure gauge, barometer, and thermometer were 0.02 Pa, 1% of the 557 

atmospheric pressure, and ±1 K, respectively. These lead to an evaluation uncertainty of 558 

±0.005 kg/m3 for the ambient density and ±0.0002 m3/s for the flow rate. The uncertainty 559 

of the rotational speed is 0.23 s−1 at the rotational speed of n = 60.0 s−1, which corresponds 560 

to the uncertainty of 0.027 m/s in the tip velocity. 561 

Appendix B: Measurements of Induced Flow by Plasma Actuator(s) 562 

The velocity fields of the flows induced by one and two plasma actuators set on a 563 

wide flat wall (100×100 mm2) were measured using particle image velocimetry (PIV) with 564 
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the setup shown in Fig. B1. A YAG laser (CW532-5WMUT, 5 W, Kanomax) was used to 565 

generate a laser sheet with a thickness of 3 mm along a plane perpendicular to the electrodes 566 

of the plasma actuators. Water misty particles with an average size of 4.6 μm were used as 567 

tracers with the mist generation (KN-80S, Shin-Ei Industries). The PIV images were 568 

captured at a frame rate of 1 kHz and a shutter speed of 1 ms using a high-speed camera 569 

(FASTCAM Mini AX100, Photoron). The cross-correlation between serially captured 570 

images (1024×880 pixels, 0.06 mm/pixel) was calculated for the interrogation area of 571 

8×8 pixels in the PIV analysis. The obtained spatial resolution of the velocity fields was 572 

0.46 mm. 573 

 574 
Fig. B1. Measurement of induced flow by plasma actuators using PIV. 575 

 576 
  577 
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Figure Captions List 689 
 690 

Fig. 1 Axial fan with five rotor blades housed in casing with four struts. 

Fig. 2 Experimental setup for control of flow around a fan with plasma actuators, 

wherein an axial fan is installed in a duct (with a square flow passage having 

side of D = 40 mm). 

Fig. 3 Schematics of control by plasma actuators upstream of the fan. 

Fig. 4 Computational domain with boundary conditions. 

Fig. 5 Comparison of measured and predicted velocity fields of induced flow by 

one and two plasma actuators on a wide flat plate. (a) Setup of plasma 

actuators. (b) Measured and predicted velocity profiles 5 mm downstream 

of the plasma actuators. 

Fig. 6 Measured and predicted variations of static pressure coefficient with flow 

coefficient for baseline and controlled flows at n = 60.0 s–1. 

Fig. 7 Measured and predicted sound pressure spectra (x/D = –2.5) with and 

without control at n = 60.0 s–1 and ϕ = 0.05, where variances of measured 

level with the same averaging number as that of the computation are 

represented with bars. 

Fig. 8 Measured baseline sound pressure spectra at x/D = –2.5 for ϕ = 0.17, in 

which the frequency resolution is ∆f/nZb = 1/256 corresponding to ∆f = 

0.98, 1.17, 1.37 Hz for n = 50.4, 60.0, 70.0 s–1, respectively. 
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Fig. 9 Predicted contours of fluctuations pressure without control at n = 60 s–1 and 

ϕ = 0.05, where t = 0 is time for the highest fluctuation pressure in the 

upstream duct and T is time period of resonance frequency. 

Fig. 10 Measured and predicted variations of the level difference of baseline and 

controlled resonant sounds at 2nZb with flow coefficient (n = 60.0 s–1, x/D 

= –2.5), where variances of level in four tests are indicated with bars for 

measured data. 

Fig. 11 Predicted contours of fluctuating pressure in and around the upstream duct 

for controlled flow at ϕ = 0.05 and n = 60.0 s–1. 

Fig. 12 Predicted blade loading along 80% span for baseline and controlled flows 

with ϕ = 0.05 and 0.23, where xc = 0.0 and 1.0 correspond to leading and 

trailing edges, respectively. 

Fig. 13 Levels of resonant sound at 2nZb in controlled flows with adjusted 

rotational speeds of n = 63.0 and 57.0 s–1 for the same flow rate and static 

pressure as those in the baseline case at ϕ = 0.05 and 0.23 at n = 60.0 s–1, 

respectively, along baseline levels. 

Fig. 14 Predicted mean circumferential velocity Vθ in inflow to fan (x/D = –0.35) 

for baseline and controlled flows. (a) Contours of mean circumferential 

velocity at ϕ = 0.05. (b) Profiles of mean circumferential velocity along 

normal lines of four duct walls are shown with broken lines in Fig. (a) at ϕ 

= 0.05 and 0.23, where values along four lines are averaged. 
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Fig. 15 Predicted baseline and controlled profiles of axial velocity upstream of the 

fan (x/D = –0.35) at ϕ = 0.05 and 0.23. (a) Profiles of mean axial velocity 

U. (b) Turbulence intensity of axial velocity urms. 

Fig. 16 Predicted iso-surfaces of the second invariant (q/(Vtip/D)2) = 2.0) colored 

by streamwise vorticity ωx at ϕ = 0.23, where only the iso-surface in the 

upstream region of the fan (x/D = –1.1 – 0) are shown for clarity. 

Fig. 17 Predicted power spectra of axial velocity fluctuations at 1 mm downstream 

position of blade tip (100% span) at n = 60.0 s–1. 

Fig. B1 Measurement of induced flow by plasma actuators by PIV. 
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