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In this study, simulations based on the three-dimensional compressible Navier–Stokes 

equations were conducted to clarify a control method with a plasma actuator to reduce the 

acoustic power loss in the oscillatory flow under acoustic excitation (acoustic oscillatory 

flow) in a curved duct. The acoustic power loss for the curved duct exceeds that for the 

straight duct, particularly at a high acoustic Reynolds number based on the amplitude of 

the velocity fluctuations in the duct. Flow control by a plasma actuator, which was installed 

near the curvature in the straight section, was applied to suppress the periodically occurring 

flow separation around the curvature, which leads to energy loss in the baseline flow. The 

plasma actuator was intermittently driven at the same frequency as the acoustic oscillatory 

flow. It was thus demonstrated in the present numerical simulations that the acoustic power 

loss around the curvature was reduced by the flow control with the plasma actuator. 

Furthermore, efficient control conditions for the number of plasma actuators and the 

driving voltage are discussed considering the power consumption of the plasma actuator, 

although the power efficiency of the control needs to be improved for actual application. 

Moreover, the relatively effective intermittent control conditions of the phase and duty 

ratio for the reduction of acoustic power loss are presented with the predicted flow fields 

around the curvature. 
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1. Introduction 1 

Thermoacoustic devices [1] that use the interaction between acoustic and thermal energies 2 

in narrow channels have been investigated as methodologies for the utilization of waste heat 3 

and radiated sound energy. To improve their performance, it is necessary to evaluate and 4 

suppress the energy losses generated in ducts with area changes, curvatures, and branches, 5 

which are called minor losses [2]. Although the usage of a curved resonator is needed for a 6 

small-footprint thermoacoustic device, lowering of the output power for a thermoacoustic 7 

engine due to the minor loss of a curvature was reported [3]. 8 

Quantitative evaluations of the minor losses have been performed for oscillatory flows under 9 

acoustic excitation (acoustic oscillatory flows) in the resonator duct with cross-sectional area 10 

change [4,5] and curvature [6]. Wee [7] observed the occurrence of flow separation and vortices 11 

leading to energy loss in acoustic oscillatory flows through the curvature by particle image 12 

velocimetry. Two-dimensional numerical simulations were performed to investigate the effects 13 

of the contraction of a duct on the acoustic oscillatory flow [8,9] using non-dimensional 14 

parameters, such as the acoustic Reynolds number and Womersley number. However, the 15 

relationship between acoustic power loss and the flow field around the curvature has not been 16 

sufficiently clarified. In addition, the suppression of the minor loss by using active flow control 17 

has not been investigated, possibly because of the absence of an appropriate flow control device 18 

and shortage of knowledge for effective active flow controls. 19 

In this study, to control the acoustic oscillatory flow around a curvature for the suppression 20 

of the minor loss, a dielectric barrier discharge plasma actuator (PA) [10] was adopted. The 21 

plasma actuator comprises two electrodes separated by a dielectric layer. By applying a high-22 

amplitude and high-frequency AC voltage between two electrodes, the generation of plasma 23 

induces a flow from the exposed electrode toward the embedded electrode [11,12]. The plasma 24 

actuators have the advantages of a thin structure, easy installation, and fast time response. 25 
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Therefore, the plasma actuator is expected to be an effective flow control device, and many 26 

studies have been performed mainly for the suppression of flow separation and aerodynamic 27 

noise around bluff bodies, airfoils, and cavities in a unidirectional freestream [10,13,14]. The 28 

plasma actuator with fast time response is expected to be effective for the control of the acoustic 29 

oscillatory flow to suppress the minor loss. However, the control effects of the plasma actuator 30 

on acoustic oscillatory flows have not been investigated. 31 

The objective of this study is to evaluate the control effects of the plasma actuator for the 32 

suppression of acoustic power loss in a curved resonator and to clarify the suppression 33 

mechanism. To this end, control effects on flow and sound fields of the acoustic oscillatory 34 

flow were simultaneously predicted by three-dimensional compressible flow simulations. To 35 

clarify the relatively effective control methodology, the control effects of the intermittently 36 

driven plasma actuator with varied arrangements of the plasma actuator(s) and control 37 

conditions are discussed in this paper. This study is novel in that it constitutes the first attempt 38 

at presenting the quantitative evaluation of active intermittent flow control in suppressing 39 

minor losses in acoustic oscillatory flows with a plasma actuator. Furthermore, this work also 40 

introduces a three-dimensional flow field related to the flow separation around the curvature in 41 

acoustic oscillatory flows. 42 

 43 

2. Methodology  44 

2.1. Flow configurations 45 

Figure 1 shows the configurations of the straight and curved ducts with acoustic excitation. 46 

Acoustic excitation was performed on one end of the duct (open end) and the other end was 47 

closed. The origin of the coordinate system is located at the center of the cross-section of the 48 

open end. The x-axis is along the centerline of the duct from the open end toward the closed 49 

end. The y-axis is oriented toward the inner side of the curvature for the curved duct, and the 50 

z-axis perpendicular to the x- and y-axes is along the spanwise direction. For both the straight 51 

and curved ducts, the centerline length was L = 961 mm, and the cross-section was a square 52 
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with a side of D = 40 mm. The ducts were then filled with standard air. These resonator 53 

conditions were determined by referring to the experimental setup described in a previous study, 54 

where the acoustic excitation was performed by a speaker at the open end for the 55 

thermoacoustic heat pump (refrigerator) [1,15,16]. Although periodic vortices can be formed 56 

around the open end when sound and flow pass through the open end [17], these effects are not 57 

considered in this paper. 58 

The excitation frequencies fa were 268 Hz and 280 Hz for the straight and curved ducts, 59 

respectively. The excitation frequencies were determined such that acoustic resonance with a 60 

three-quarter wavelength mode occurred. For the curved duct, the curvature with a centerline 61 

radius of Rc = 25 mm was located at xc/L = 0.67, which was corresponding to the position of 62 

the antinode of the velocity fluctuations in this acoustic mode and the acoustic power loss due 63 

to the curvature were assumed to be large [18]. The pressure amplitude at the closed end for 64 

the excitation frequency, pa,c, was varied from 1.6 kPa to 7.8 kPa, which corresponded to the 65 

acoustic Reynolds number of Rea ≡ uaD/ν = 1.0×104–5.0×104 (ua: amplitude of cross-sectional-66 

averaged velocity fluctuations at the antinode, ν: kinematic viscosity). This range was below 67 

the critical Reynolds number for turbulent transition of Rec = 8.5×104 considering the present 68 

Womersley number of Wo ≡ (D/2)(2πfa/ν)1/2 = 2.1×102 [19]. Therefore, the oscillatory 69 

boundary layer near the wall was assumed laminar. Note that three-dimensional computations 70 

are necessary to capture three-dimensional vortices appearing around the curvature, as 71 

discussed in Section 3.2.2.  72 
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  73 

Fig. 1. Configurations of straight and curved ducts with acoustic excitation. 74 

2.2. Control by a plasma actuator 75 

The configurations of the plasma actuator were determined by referring to previous research 76 

for the control of aerodynamic noise [14]. As shown in Fig. 2(a), the present plasma actuator 77 

consists of 18-μm thick embedded and exposed copper electrodes with a 200-μm thick 78 

dielectric polyimide layer sandwiched between the electrodes. The control was performed 79 

using a flush-mounted electrode configuration [14,20], which was used to suppress the effects 80 

of plasma actuator protrusion from the wall on the flow and energy loss. The streamwise (x-81 

direction) lengths of the exposed and embedded electrodes, which were wide in the spanwise 82 

(z) direction, were 1 and 3 mm, respectively. The plasma actuator was installed in the spanwise 83 

range of z/D = -0.4 – 0.4. In this range, approximately two-dimensional flow separation 84 

occurred in the preliminary computation of the baseline flow, where the effects of the corner 85 

vortices between the inner wall of the curvature and the spanwise end walls on the flow were 86 

negligibly small. For control by a plasma actuator, hereafter referred to as NPA = 1, the exposed 87 

electrode of the plasma actuator was located near the curvature in the straight section toward 88 

the closed end (closed-end side of the curvature), as shown in Fig. 2(a). Preliminary 89 

computations confirmed that the plasma actuator at this position can control the acoustic 90 

oscillatory flow around the curvature. Moreover, the computation for the control with two 91 
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plasma actuators installed near the curvature in the two straight sections toward the open and 92 

closed ends (open-end side and closed-end side of the curvature) was conducted, hereafter 93 

referred to as NPA = 2, as shown in Fig. 2(a). 94 

A schematic of the intermittent driving of the plasma actuator, where the AC voltage is 95 

cyclically switched on and off, is shown in Fig. 2(b). The plasma actuator was driven 96 

intermittently at the same frequency as the excitation frequency fa. The waveform of the driving 97 

voltage for the intermittent control was shown in Fig. 2(c). The ratio of the actuator-on duration 98 

to the intermittent period is called the duty ratio, β, and it was varied from 0.25 to 1.0 for NPA 99 

= 1. The duty ratio of β = 1.0 corresponds to continuous control. The power consumption for 100 

driving the plasma actuator can be proportionally decreased for the smaller duty ratio. The AC 101 

driving voltages were set to Vpp = 9.4, 18, and 22 kV with a frequency of fPA = 4.2 kHz. The 102 

conditions of Vpp = 18 and 22 kV were found to be the relatively effective control conditions 103 

for the present acoustic oscillatory flow based on the preliminary computations. The induced 104 

volume flow rate by continuously driving the plasma actuator with Vpp = 18 kV was 105 

QPA/D2ua,max = 0.011 for Rea = 4.0×104. It is noted that the increase of the driving voltage to 106 

Vpp = 18, 22 kV for the present plasma actuator with a 200-μm thick dielectric polyimide layer 107 

can possibly lead to the breakdown of the dielectric layer or saturation of the induced velocity 108 

[21,22]. The optimization of the arrangement of electrode and dielectric layer and driving 109 

conditions  such as driving frequency and waveform is necessary to realize the present 110 

predicted induced flow in experiments. The experimental validation of the present 111 

computational control effects is a future work.  112 

 113 
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(a)  114 

(b)  (c)  115 

Fig. 2. Control by plasma actuator(s). (a) Arrangement of plasma actuator(s). (b) Schematic of 116 

driving the plasma actuator at the closed-end side of the curvature (NPA = 1). (c) Waveform of 117 

driving voltage for intermittent control.  118 

The phase of the intermittent control, ϕPA, was varied in the range of -π/2 – π/2 with β = 0.5 119 

for NPA = 1. This phase was defined as the difference between the phase of the switch-on of the 120 

plasma actuator and the phase at which the cross-sectional-averaged velocity changed from the 121 

negative (-x) direction to the positive (+x) direction at the curvature (positive zero crossing), as 122 

shown in Fig. 2(b). For NPA = 2, the two plasma actuators at the closed-end and open-end sides 123 

of the curvature were alternately driven with a phase shift corresponding to half of the period, 124 

whereas the plasma actuator at the closed-end side was driven with ϕPA = 0, β = 0.5, and VPP = 125 

18 kV. 126 

 127 

2.3. Computational methodology 128 

2.3.1. Governing equations and finite-difference scheme 129 
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To clarify the acoustic oscillatory flow and acoustic energy loss around the curvature, the 130 

flow and acoustic fields were simultaneously simulated by solving the three-dimensional 131 

compressible Navier–Stokes equations with the mass, momentum, and energy conservation 132 

laws in the following conservation form based on the orthogonal coordinate axes of X, Y, Z, of 133 

which directions agree with those of x, y, z axes at the open end of the duct: 134 

 ( ) ( ) ( )v v v+ +  ,t x y z
= k− + − −Q E E F F G G D  (1) 135 

 Q = (ρ, ρU, ρV, ρW, ρe)T, (2) 136 
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 (4) 138 

where Q is the vector of conserved variables including the Jacobian for the curvilinear 139 

coordinate; E, F, and G are the inviscid flux vectors; Ev, Fv, and Gv are the viscous flux vectors. 140 

In Eqs. (2,3), ρ is the density, e is the energy per unit mass, and U, V, W are the X, Y, and Z-141 

direction components of the velocity vector, respectively. For the curved resonator, the 142 

governing equations for the body-fitted coordinate system [23] along the resonator were solved. 143 

To reproduce the body force and energy produced by the plasma actuator, D was included on 144 

the right-hand side of Eq. (1). The intensity of the body force was determined based on the 145 

driving voltage according to the method by Suzen [24]. The modeling of the body force and 146 

energy by the plasma actuator are described in a previous paper (see Appendix) [14]. The 147 
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coefficient k was introduced to reproduce the intermittent driving with the duty ratio β. The 148 

variable ϕu means the phase of the cross-sectional-averaged velocity at the curvature at each 149 

time step, where ϕu = 0 is the phase for the positive zero crossing. For NPA = 2, the two plasma 150 

actuators were alternately driven, with a phase shift corresponding to half of the period.  151 

The spatial derivatives were evaluated using the sixth-order-accurate compact finite-152 

difference scheme (fourth-order-accurate scheme on the boundaries) [25]. Time integration 153 

was performed using the third-order accurate Runge–Kutta method.  154 

 155 

2.3.2. Computational domain and initial conditions 156 

Figure 3 shows the computational domain with the boundary conditions for the straight and 157 

curved ducts. The sinusoidal fluctuations of pressure and velocity were imposed to reproduce 158 

the acoustic excitation by a speaker [1,15,16]. The velocity amplitude on the open end was 159 

given by Eqs. (3–5) referring to the analytical solutions [26].  160 
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where δν = (2ν/ω)1/2 is the viscous boundary layer thickness of the oscillatory flow. The uniform 164 

pressure amplitude of pa (y, z) = pa,i was given on the open end. The amplitudes of ua,i and pa,i 165 

and the phase difference between the pressure and velocity fluctuations on the open end were 166 

adjusted so that the amplitude of the pressure fluctuations at the closed end was set as the value, 167 

as mentioned in Section 2.1. The details of the boundary conditions for the acoustic excitation 168 
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were described in a previous paper, where the present boundary condition was confirmed to be 169 

appropriate by the comparison of the predicted distributions of the acoustic intensity in the 170 

resonator with and without a stack with those measured [15]. On the closed-end and side walls 171 

of the duct, non-slip and iso-thermal conditions were imposed.  172 

Regarding the computational grid, 533 and 558 grid points were used in the x-direction for 173 

the straight and curved ducts, respectively. The maximum grid spacing in the x-direction was 174 

Δxmax/D = 0.05, which was sufficiently fine to capture the acoustic propagation with 175 

wavelengths of λ/D = 32 and 31 for the straight and curved ducts, respectively. Moreover, the 176 

computational grids were sufficiently fine to reproduce the oscillatory viscous boundary layer 177 

near the duct wall, with a thickness of δv/D ≡ (ν/πfa)
1/2/D = 3.4×10-3. The minimum grid 178 

resolution near the wall was Δymin/D, Δzmin/D = 1.7×10-4, and the number of grid points in the 179 

cross-section was 165×165 points. The total grid points were 14.5 million and 15.2 million for 180 

the straight and curved ducts, respectively.  181 

The quiescent flow field was assigned as the initial condition for the computation of the 182 

baseline flow. The computational time step was Δt = 7.8×10-9 s. The number of time steps for 183 

one time period for the excitation frequency, T, was 4.8×105 and 4.6×105 steps for the straight 184 

and curved ducts, respectively. The acoustic and flow fields were evaluated based on the 185 

computational results after the flow development to periodic flow fields in three periods 186 

corresponding to 1.4 million steps from the initial field. The developed baseline flow field was 187 

used as the initial flow field for the computation of the controlled flow.  188 

 189 
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Fig. 3. Computational domain with boundary conditions for straight and curved ducts, where 190 

computational grids around open end and curvature are also shown. 191 

 192 

2.4. Computational validation  193 

2.4.1. Effects of grid resolution 194 

The computational results obtained with the present grid were compared with those 195 

determined using twice grid points in the cross-section for the acoustic oscillatory flow with 196 

Rea = 3×104 in the curved duct without control (baseline flow). Figure 4 shows the distributions 197 

of the acoustic intensity predicted with the present grid and those with a finer grid. The acoustic 198 

intensity was defined using Eq. (8).  199 

 ( )
a1/

a ave ave0
( )

f
I f p t u t dt=  , (8) 200 

where pave(t) and uave(t) are the fluctuations of the cross-sectionally averaged pressure and 201 

velocity at the excitation frequency, respectively. As shown in Fig. 4, the acoustic intensity 202 

predicted with the present grid was in good agreement with that predicted with the finer grid. 203 

This indicates that the fineness of the present grid resolution was sufficient to reproduce the 204 

present acoustic oscillatory flow. Detailed discussions of the distributions of acoustic intensity 205 

in the duct are described in Section 3.1.1. 206 

 207 
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Fig. 4. Distributions of acoustic intensity for baseline acoustic intensity in the curved duct (Rea 208 

= 3×104) predicted with present and finer computational grids, where a dashed line indicates 209 

the position of curvature of x = xc.  210 

 211 

2.4.2. Comparison of predicted and measured induced flow field by plasma actuator 212 

 Figure 5(a) shows the predicted mean velocity profile of the flow induced by the plasma 213 

actuator at a position 16 mm from the exposed electrode toward the closed end in the curved 214 

duct, along with the measured profile. The plasma actuator was continuously driven by the AC 215 

voltage, with a driving voltage of Vpp = 9.4 kV in quiescent air without acoustic excitation. The 216 

predicted result was compared with that measured using a hot-wire anemometer; here, the 217 

experimental methods for driving the plasma actuator and the velocity measurements were the 218 

same as those employed in previous research [14]. The above-mentioned driving voltage 219 

corresponded to the maximum value for the present driving unit of the plasma actuator (PSI-220 

PGI1040F, KI tech Co., Ltd., Tokyo). The time-series velocity measured by the hot-wire 221 

anemometer in the experiment was represented in the computation as uh = (u2 + v2)0.5, which 222 

corresponded to the velocity component normal to the hot wire placed along the spanwise 223 

direction, and the time-averaged value, Uh, was predicted. As shown in Fig. 5, both the 224 

predicted and measured velocity distributions have a maximum value of approximately 0.7 m/s 225 

at a height of 0.5 mm from the duct wall of y = 20 mm. Although a discrepancy between the 226 

predicted and measured values appears due to the difficulties in accurate measurements for 227 

small velocities far from the wall, the predicted profile almost entirely agrees with the measured 228 

one, particularly around the maximum velocity. 229 

Figure 5(b) shows the predicted profiles of the velocity difference between the baseline and 230 

controlled flows (Vpp = 18, 22 kV, β = 0.5, ϕPA = 0) at the time of the maximum cross-sectional-231 

averaged velocity toward the closed end for Rea = 4.0×104. The maximum increase of velocity 232 

near the wall of 6 m/s and 10 m/s was predicted by driving the plasma actuator with Vpp = 18, 233 

22 kV, respectively. As discussed in Sec. 3, the control with Vpp = 18 kV was shown to reduce 234 

the loss of acoustic intensity around the curvature in the resonator. In the literature [27], the 235 
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maximum velocity of 7 m/s, which is higher than the present induced velocity by Vpp = 18 kV, 236 

was obtained by a plasma actuator. Therefore, the proposed control by the plasma actuator is 237 

expected to be realized in actual experiments with appropriate power supply device, 238 

arrangements of electrode and dielectric layer, and driving conditions.  239 

 240 

(a)   (b)  241 

Fig. 5. Velocity profiles of induced flow by a plasma actuator at a position 16 mm from the 242 

exposed electrode toward the closed end in the curved duct. (a) Mean predicted and measured 243 

velocity profiles of induced flow by a continuously driven plasma actuator for Vpp = 9.4 kV 244 

without acoustic excitation, where the variations of measured mean data for the time durations 245 

of computations (20 ms) were shown with bars. (b) Velocity difference between the baseline 246 

and controlled flows (Vpp = 18, 22 kV, β = 0.5, ϕPA = 0) at the time of the maximum cross-247 

sectional-averaged velocity toward the closed end for Rea = 4.0×104. 248 

 249 

3. Result and Discussion 250 

3.1. Baseline flow 251 

3.1.1. Acoustic intensity 252 

Figure 6 shows the predicted variations in the acoustic intensity in the straight and curved 253 

ducts for Rea = 4×104, with the theoretical curve for the straight duct obtained using the linear 254 

theory [15,28]. The acoustic intensities for both ducts are shown to decrease to zero at a position 255 
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closer to the closed end because of the viscous dissipation and the thermal conduction around 256 

the wall. The distributions predicted for the straight duct are approximately along the 257 

theoretical curve, while a discrepancy occurs owing to the occurrence of nonlinear effects due 258 

to the large amplitude of the velocity fluctuations around x/L = 0 and 0.6. The decrease in the 259 

predicted acoustic intensity (acoustic intensity loss) at approximately x/L = 0.67, which 260 

corresponds to the installation position of the curvature xc, becomes particularly sharp for the 261 

curved duct. This indicates the generation of acoustic power loss owing to the curvature. The 262 

slope is slightly sharper at this position than at the other positions, even for the straight duct. 263 

This is because this position corresponds to the antinode of the velocity fluctuations in the 264 

acoustic mode and the acoustic power loss increases. The difference in the acoustic intensity 265 

between x/L = 0 and 1.0 indicates the acoustic power loss across the entire duct. Figure 6 shows 266 

that the acoustic power loss in the curved duct is larger than that in the straight duct.  267 

 268 

Fig. 6. Predicted variations of acoustic intensity in straight and curved ducts (Rea = 4.0 × 104), 269 

where a dashed line indicates the position of curvature of x = xc. 270 

 271 

The acoustic intensity loss around x = xc was evaluated based on the difference between the 272 

upstream acoustic intensity Iu and the downstream acoustic intensity Id as shown in Eq. (9). 273 

u dI I I = − .                                                                   (9) 274 
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Here, Iu and Id were evaluated at the points xc−3D and xc+3D, respectively, where the direct 275 

effects of the curvature on the slope of the acoustic intensity were negligibly small for the 276 

curved duct. Figure 7 shows the predicted variations of the baseline acoustic intensity loss ΔI 277 

around x = xc with varying acoustic Reynolds number, Rea, along with the preliminary 278 

experimental results and the linear theoretical curve for the straight duct [28]. The experimental 279 

data acquired with a two-sensor method [29,30] using the experimental setup described in the 280 

previous paper [15] are shown with the variation of multiple experimental data at Rea = 2.7×104. 281 

As shown in Fig. 7(a), the measured data are almost along the predicted distributions, 282 

confirming the validity of the computational accuracy. Figure 7(b) shows the predicted acoustic 283 

intensity losses at Rea = 3.0×104 for straight and curved ducts were shown with the measured 284 

data. The measured values at Rea = 3.0×104 were estimated using the existing measured data 285 

at the Reynolds number closest to Rea = 3.0×104 based on the curve of the predicted values. 286 

Although the reason for the variation of experimental data in multiple tests is currently unclear, 287 

the predicted value is in the experimental variation as shown in Fig. 7(b). Moreover, Fig. 7(a) 288 

shows that the predicted distributions of the acoustic intensity for the straight curve are 289 

approximately along the theoretical curve, where the acoustic power loss increases with the 290 

acoustic Reynolds number. The acoustic intensity loss for the curved duct becomes larger than 291 

that of the straight curve, particularly at a high Reynolds number of Rea ≥ 3.0×104. This is 292 

related to the change in acoustic oscillatory flow around the curvature with the acoustic 293 

Reynolds number, as discussed in the next section. 294 

(a) (b)  295 
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Fig. 7. Predicted acoustic intensity loss compared with preliminarily measured values and a 296 

theoretical curve [15,28], where the variation for experimental data at Rea = 2.7×104 is 297 

represented by an error bar. (a) Variations of baseline predicted acoustic intensity loss with 298 

acoustic Reynolds number. (b) Acoustic intensity losses at Rea = 3.0×104, where the measured 299 

values are estimated by the existing measured loss at the Reynolds number closest to Rea = 300 

3.0×104 and the curve of predicted values. 301 

3.1.2. Acoustic oscillatory flow around a curvature 302 

Figure 8 shows the predicted instantaneous velocity vectors and contours of the velocity 303 

magnitude in the x-y cross-section (z = 0) around the curvature in the curved duct at Rea = 304 

1.0×104 and 4.0×104. The results at different times are shown, where tfa = 0 and 0.5 are the 305 

times of the maximum cross-sectional-averaged velocity toward the closed and open ends at 306 

the curvature, respectively. As shown in Fig. 8(a), for Rea = 1.0×104, the velocity magnitude 307 

becomes larger around the inner wall of the curvature at both times, while no flow separation 308 

is observed. Conversely, as shown in Fig. 8(b) for Rea = 4.0×104, flow separation occurs at the 309 

closed and open ends of the curvature at tfa = 0 and 0.5, respectively. At tfa = 0.25, a vortex is 310 

observed at the closed-end side of the curvature with a negative zero crossing of the cross- 311 

sectional averaged velocity at the curvature. Moreover, a similar vortex is observed at the open-312 

end side of the curvature, with a positive zero crossing of the cross-sectional averaged velocity 313 

at tfa = 0.75. These flow separations and vortices lead to an increase in the acoustic power loss 314 

for the curved duct, as shown in Fig. 7. 315 
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 316 

Fig. 8. Baseline instantaneous velocity vectors and contours of velocity magnitude around the 317 

curvature in a curved duct (z = 0). (a) Rea = 1.0×104. (b) Rea = 4.0×104. 318 

3.2. Control effects by a plasma actuator in a curved duct 319 

3.2.1. Control effects on acoustic intensity 320 

Figure 9 shows the controlled distributions of acoustic intensity in the curved duct for Rea 321 

= 4.0×104 with the baseline distribution. The results of the control of NPA = 1 (Vpp = 18 and 322 

22 kV) and NPA = 2 (Vpp = 18 kV) under the condition of intermittent control of β = 0.5 and ϕPA 323 

= 0. As shown in Fig. 9, the acoustic intensity loss at the curvature was reduced by all controls 324 

compared with the baseline condition. The lowering of the acoustic intensity before the curve 325 

indicates that necessary acoustic intensity given to the resonator for the constant pressure 326 

amplitude at the closed end (pa,c = 6.2 kPa in this case) can be reduced by the suppression of 327 

acoustic intensity loss due to the curvature. This means that larger acoustic power can be 328 

utilized for heat transport in a thermoacoustic heat pump [1,15,16]. A larger reduction in the 329 

acoustic intensity loss due to the curvature was achieved with a higher driving voltage and a 330 

greater number of driven plasma actuators compared to the control conditions of NPA = 1 and 331 
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VPP = 18 kV. Meanwhile, it is noted that the power consumption for the control also increases 332 

with an increase in the driving voltage and the number of plasma actuators. 333 

 334 

Fig. 9. Distributions of controlled acoustic intensity in a curved duct (Rea = 4.0×104) with three 335 

control conditions of NPA = 1 (Vpp = 18, 22 kV) and NPA = 2 (VPP = 18 kV) under the condition 336 

of intermittent control of β = 0.5 and ϕPA = 0 compared with the baseline distribution. 337 

 338 

Based on existing literature [14,21,31], the power consumption of a plasma actuator is 339 

assumed to increase in proportion to VPP
3.5. To evaluate the control efficiency considering the 340 

power consumption, the reduction in the acoustic intensity loss, ΔIoff − ΔIon, divided by the 341 

product of the number of plasma actuators, NPA, and the driving voltage ratio to the power of 342 

3.5, (Vpp/Vpp,ref)
3.5, where the reference driving voltage is Vpp,ref = 18 kV, was calculated. The 343 

power consumption for Vpp = 18 kV and β = 0.5 was estimated to be about 6 W referring to the 344 

previous research [14]. Figure 10 shows the calculated results for the three control conditions 345 

for β = 0.5, where the vertical axis indicates the estimated acoustic intensity loss with each 346 

control condition on the assumption of usage of the same power consumption with that of NPA 347 

= 1 and Vpp = 18 kV. The control with NPA = 1 and Vpp = 18 kV achieved the highest normalized 348 

reduction in the acoustic intensity loss based on the power consumption, which indicates the 349 

ability of the most efficient control. The reduction of the acoustic power loss with NPA = 1 and 350 

Vpp = 18 kV was (ΔIoff − ΔIon)D
2 = 0.1 W, which was smaller than the power consumption of 351 

the plasma actuator. The suppression of the power consumption of the plasma actuator by 352 

optimizing the driving conditions and electrode arrangement is a future problem for practical 353 
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application of this control method. In this paper, the mechanism for the reduction of the 354 

acoustic intensity loss by the plasma actuator is clarified as the first step. In the following 355 

sections, the control effects for NPA = 1 and Vpp = 18 kV are discussed. 356 

 357 

Fig. 10. Reduction of the acoustic intensity loss for Rea = 4.0×104 by control, ΔIoff − ΔIon, 358 

divided by the product of the number of plasma actuators (NPA) and (Vpp/Vpp,ref)
3.5, where the 359 

reference driving voltage is Vpp,ref = 18 kV, for three control conditions of NPA = 1 (Vpp = 18, 22 360 

kV) and NPA = 2 (VPP = 18 kV) under the intermittent control condition of β = 0.5 and ϕPA = 0. 361 

3.2.2. Controlled acoustic oscillatory flow around curvature 362 

Figure 11 shows the predicted instantaneous velocity vectors and contours of the velocity 363 

magnitude around the curvature at Rea = 4.0×104 under the control of Vpp = 18 kV, NPA = 1, β 364 

= 0.5, and ϕPA = 0. In the baseline flow field shown in Fig. 8(b), flow separation occurred near 365 

the closed-end side of the curvature at tfa = 0. By contrast, flow separation was suppressed at 366 

tfa = 0 in the controlled flow, as shown in Fig. 11. This is because the reverse flow near the 367 

wall was suppressed by the flow induced by the plasma actuator. As a result, the vortex 368 

observed in the baseline flow field at tfa = 0.25 in Fig. 8(b), which is generated owing to the 369 

occurrence of the flow separation, is also suppressed by the control in Fig. 11. Moreover, 370 

despite the lack of direct control at the open-end side, the flow separation region near the open-371 

end side of the curvature at tfa = 0.5 also becomes smaller owing to the control. In the baseline 372 

flow, the vortex with counterclockwise rotation at the closed-end side of the curvature at tfa = 373 
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0.25 was advected toward the open end by the negative acoustic particle velocity, where the 374 

momentum of the vortex in the -y direction promotes the flow separating from the wall at the 375 

open-end side of the curvature at tfa = 0.5 in Fig. 8(b). For the controlled flow, the suppression 376 

of the vortex at the closed-end side of the curvature leads to the suppression of flow separation 377 

at the open-end side of the curvature. Therefore, control with one plasma actuator installed at 378 

the closed-end side of the curvature (NPA = 1) resulted in the suppression of the flow separation 379 

region over the entire period.  380 

In the past research for the suppression of flow separation around a body with a kink shape 381 

in a unidirectional freestream [32], the flow separation was effectively suppressed with a 382 

plasma actuator installed close to the point of the flow separation. As shown in Fig. 8(b) (tfa = 383 

0), the region of flow separation particularly begins to become large near the curvature in the 384 

straight section toward the closed end. This position corresponds to that for the present 385 

installation of the plasma actuator. Although the installation of the plasma actuator on the 386 

curvature upstream of the flow separation point can be more effective, the present installation 387 

position on the straight section is suitable considering experimental installation of the plasma 388 

actuator to a curved resonator.   389 

 390 
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Fig. 11. Controlled instantaneous velocity vectors and contours of velocity magnitude around 391 

curvature (z = 0) with the control condition of Vpp = 18 kV, NPA = 1, β = 0.5 and ϕPA = 0 for Rea 392 

= 4.0×104. 393 

 394 

Figure 12 shows the three-dimensional distributions of vortices at tfa = 0.25 for Rea = 4×104 395 

by the iso-surfaces of the second invariant of the velocity gradient tensor based on the 396 

orthogonal coordinate axes of X, Y, Z. It is shown that the vortices related to flow separation 397 

around the inner wall of the curvature become weaker by the control in almost all spanwise 398 

positions. Meanwhile, the vortices in the limited region near the corner between the spanwise 399 

end wall and the inner wall of the curvature remain in the present controlled flow, and the 400 

control of these vortices is a topic for future work. The suppression of the vortices related to 401 

flow separation leads to a reduction in the energy dissipation in the flow, as discussed in the 402 

next paragraph. 403 

   404 

(a)  (b) 

 

Fig. 12. Iso-surfaces of second invariant, q/(ua/δν)
2 = 100, for acoustic oscillatory flow around 405 

the curvature at tfa = 0.25 for Rea = 4.0×104. (a) Baseline flow. (b) Controlled flow with Vpp = 406 

18 kV, NPA = 1, β = 0.5, and ϕPA = 0. 407 

 408 

To evaluate the energy loss based on the flow field, the value of the viscous dissipation 409 

function Φ around the curvature in the baseline and controlled flows was calculated using Eq. 410 

(10) [33]. 411 
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, (10) 412 

where μ is the viscosity coefficient. Figure 13 shows the baseline and controlled contours of 413 

the dissipation function at tfa = 0.25 for Rea = 4×104. In the baseline flow in Fig. 13 (a), the 414 

value of the dissipation function becomes large in the region of the vortex formation observed 415 

at tfa = 0.25, as shown in Figs. 8(b) and 12(a). This confirms that the amount of energy 416 

dissipated owing to viscosity is increased by vortex formation caused by flow separation. In 417 

the controlled flow in Fig. 13(b), the region with a large value of the dissipation function 418 

becomes smaller compared with the baseline flow owing to the suppression of vortex 419 

generation at the closed-end side of the curvature. This leads to a reduction in the acoustic 420 

power loss around the curvature by control, as shown in Fig. 9.  421 

 422 

(a) (b)  423 

Fig. 13. Instantaneous contours of the values of the dissipation function (z = 0) with logarithmic 424 

color variation at tfa = 0.25 for Rea = 4.0×104. (a) Baseline flow. (b) Controlled flow with Vpp 425 

= 18 kV, NPA = 1, β = 0.5, and ϕPA = 0. 426 

 427 

3.2.3. Effective conditions of intermittent control  428 

To evaluate the control effects on acoustic power loss, the loss reduction ratio R is defined 429 

as follows: 430 

 
off on

off st

I I
R

I I

 − 
=
 − 

, (11) 431 
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where ΔIst is the acoustic intensity loss in a straight duct calculated using Eq. (9). The loss 432 

reduction ratio R is the ratio of the reduction in acoustic power loss by the control to the baseline 433 

acoustic power loss generated by the curvature. Figure 14 shows the variation in the loss 434 

reduction ratio R with the phase of the intermittent control with Vpp = 18 kV, NPA = 1, and β = 435 

0.5 for the acoustic oscillatory flow in the curved duct with Rea = 4.0×104. The control in the 436 

range of ϕPA = -π/6 – 0 is shown to reduce the acoustic intensity loss more effectively around 437 

the curvature, where the maximum loss reduction ratio of R = 0.46 is achieved with the phase 438 

ϕPA = 0. 439 

Figure 15 shows the baseline and controlled instantaneous velocity profiles (tfa = 0.25) at a 440 

position 1 mm away from the curvature in the straight section toward the closed end, where the 441 

flow separation with vortex generation appears, as shown in Fig. 8(b). As shown in Fig. 15, the 442 

region for the reverse flow is spread because of the vortex near the wall from tfa = 0 to 0.25 in 443 

the baseline flow. The reverse flow also appears in the controlled flow with ϕPA = π/2 because 444 

the control switches off at t = 0, and flow separation is generated after t = 0. Meanwhile, the 445 

reverse flow was more effectively suppressed by control with ϕPA = -π/6, 0. This implies that 446 

the plasma actuator must be driven until the time for the negative zero crossing of the cross-447 

sectional-averaged velocity for effective control.  448 

 449 

 450 
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Fig. 14. Variation of loss reduction ratio R with phase of intermittent control (Vpp = 18 kV, NPA 451 

= 1, β = 0.5) for Rea = 4.0×104. 452 

 

(a)  
(b)  

Fig. 15. Controlled velocity profiles at position 1 mm from the curvature in the straight section 453 

toward the closed end (Vpp = 18 kV, NPA = 1, β = 0.5) compared with the baseline flow for Rea 454 

= 4.0×104. (a) tfa = 0. (b) tfa = 0.25. 455 

Figure 16 shows the variation in the control effects on the acoustic intensity loss with the 456 

duty ratio of the intermittent control (Vpp = 18 kV, NPA = 1, ϕPA = 0) for an acoustic oscillatory 457 

flow with Rea = 4×104. The reduction in the acoustic intensity loss divided by the duty ratio 458 

(ΔIoff − ΔIon)/β is shown to evaluate the control effects normalized based on the power 459 

consumption of the plasma actuator. As shown in Fig. 16, the highest normalized control effects 460 

are achieved by the control with β = 0.5. In the control with a smaller duty ratio of β = 0.25, 461 

the plasma actuator is switched off at t = 0 with the maximum cross-sectional-averaged velocity 462 

toward the closed end. Consequently, the flow separation after t = 0 cannot be suppressed, as 463 

in the control with ϕPA = π/2 (β = 0.5), as shown in Fig. 15(b). For larger duty ratios of β = 0.75, 464 

1.0, (continuous), the plasma actuator is driven in the time duration of tfa = 0.5 – 1.0, when no 465 

intense flow separation occurs at the closed-end side of the curvature. This leads to the 466 

deterioration of the control effects, normalized based on power consumption (control 467 

efficiency). Therefore, the acoustic intensity loss was most efficiently reduced by control with 468 

β = 0.5. Based on the present results, it is summarized that the effective condition of the 469 
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intermittent control with appropriate efficiency in this research is β = 0.5 and ϕPA = -π/6–0 (Vpp 470 

= 18 kV, NPA = 1). 471 

 472 

Fig. 16. Variation of the control effects on the acoustic intensity loss normalized based on the 473 

power consumption of the plasma actuator with the duty ratio (Vpp = 18 kV, NPA = 1, ϕPA = 0), 474 

where the reduction of acoustic intensity divided by the duty ratio is shown, for the acoustic 475 

oscillatory flow in the curved duct with Rea = 4.0×104. 476 

4. Conclusion 477 

Compressible flow simulations for the control of acoustic oscillatory flows in a curved duct 478 

using a plasma actuator were conducted to clarify control methods for reducing the acoustic 479 

energy loss around a curvature. In the baseline flow, the loss of the acoustic power in the curved 480 

duct became larger compared with that in a straight duct, particularly with a high acoustic 481 

Reynolds number of Rea ≥ 3×104, where flow separation and vortex formation periodically 482 

occurred around the inner wall of the curvature. The suppression of the flow separation by an 483 

intermittently driven plasma actuator, which was installed at the closed-end side of the 484 

curvature, successfully led to a reduction in acoustic power loss through the suppression of 485 

viscous energy dissipation. Moreover, it was discovered that driving the plasma actuator only 486 

at one (closed-end) side of the curvature could suppress the flow separation at the other (open-487 

end) side of the curvature. Consequently, this was found to lead to efficient control by 488 

considering the power consumption of the plasma actuator. The phase of the efficient 489 
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intermittent control with a duty ratio of 0.5 was identified to be -π/6 – 0 with reference to the 490 

cross-sectional-averaged velocity fluctuations around the curvature. This implies that relatively 491 

effective control must drive the plasma actuator during the time duration until the time for the 492 

negative zero crossing of the cross-sectional-averaged velocity. As a result of this control, the 493 

reverse flow near the wall owing to the flow separation and vortex formation in the baseline 494 

flow was suppressed. However, the power consumption of the plasma actuator was still larger 495 

than the loss reduction of acoustic power, and the improvement of control efficiency is 496 

necessary for the actual application of the plasma actuator. An experimental study is also a 497 

future task to demonstrate the effectiveness of the plasma actuator. However, intermittent 498 

active flow control on the minor loss that can occur in machinery related to sound, such as 499 

thermoacoustic devices, was quantitatively evaluated for the first time in the present research. 500 

Moreover, it is beneficial for the design of these devices to obtain knowledge regarding the 501 

relationship between flow separation and vortex generation and the minor loss in the acoustic 502 

oscillatory flow through flow control. 503 

 504 
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Appendix Modeling of body force by plasma actuator 

The modeling of the body force and energy by the plasma actuator is explained herein. The details 

are already described in a previous paper [34]. The body force and energy produced by the plasma 

actuator, D, in Eq. (1) were evaluated as follows: 
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In Eq. (A1), u, v, and w are the velocity components in the x-, y-, and z-directions, respectively; ρc is 

the plasma density, and ϕk is the electric potential. The plasma density and electric potential 

distributions were computed referring to the literatures [24]. The square of the sine function in Eq. 

(A2) indicates that the plasma discharge occurs twice in one period, similar to the body-force model 

of Kaneda et al. [35]. Coefficient A was introduced to represent the change in the magnitude and 

direction of the body forces between the positive and negative applied voltages. 
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