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Simulation of acoustic oscillatory flows around a curvature controlled by a plasma actuator
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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

Thermoacoustic devices [1] that use the interaction between acoustic and thermal energies
in narrow channels have been investigated as methodologies for the utilization of waste heat
and radiated sound energy. To improve their performance, it is necessary to evaluate and
suppress the energy losses generated in ducts with area changes, curvatures, and branches,
which are called minor losses [2]. Although the usage of a curved resonator is needed for a
small-footprint thermoacoustic device, lowering of the output power for a thermoacoustic
engine due to the minor loss of a curvature was reported [3].

Quantitative evaluations of the minor losses have been performed for oscillatory flows under
acoustic excitation (acoustic oscillatory flows) in the resonator duct with cross-sectional area
change [4,5] and curvature [6]. Wee [7] observed the occurrence of flow separation and vortices
leading to energy loss in acoustic oscillatory flows through the curvature by particle image
velocimetry. Two-dimensional numerical simulations were performed to investigate the effects
of the contraction of a duct on the acoustic oscillatory flow [8,9] using non-dimensional
parameters, such as the acoustic Reynolds number and Womersley number. However, the
relationship between acoustic power loss and the flow field around the curvature has not been
sufficiently clarified. In addition, the suppression of the minor loss by using active flow control
has not been investigated, possibly because of the absence of an appropriate flow control device
and shortage of knowledge for effective active flow controls.

In this study, to control the acoustic oscillatory flow around a curvature for the suppression
of the minor loss, a dielectric barrier discharge plasma actuator (PA) [10] was adopted. The
plasma actuator comprises two electrodes separated by a dielectric layer. By applying a high-
amplitude and high-frequency AC voltage between two electrodes, the generation of plasma
induces a flow from the exposed electrode toward the embedded electrode [11,12]. The plasma

actuators have the advantages of a thin structure, easy installation, and fast time response.
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Therefore, the plasma actuator is expected to be an effective flow control device, and many
studies have been performed mainly for the suppression of flow separation and aerodynamic
noise around bluff bodies, airfoils, and cavities in a unidirectional freestream [10,13,14]. The
plasma actuator with fast time response is expected to be effective for the control of the acoustic
oscillatory flow to suppress the minor loss. However, the control effects of the plasma actuator
on acoustic oscillatory flows have not been investigated.

The objective of this study is to evaluate the control effects of the plasma actuator for the
suppression of acoustic power loss in a curved resonator and to clarify the suppression
mechanism. To this end, control effects on flow and sound fields of the acoustic oscillatory
flow were simultaneously predicted by three-dimensional compressible flow simulations. To
clarify the relatively effective control methodology, the control effects of the intermittently
driven plasma actuator with varied arrangements of the plasma actuator(s) and control
conditions are discussed in this paper. This study is novel in that it constitutes the first attempt
at presenting the quantitative evaluation of active intermittent flow control in suppressing
minor losses in acoustic oscillatory flows with a plasma actuator. Furthermore, this work also
introduces a three-dimensional flow field related to the flow separation around the curvature in

acoustic oscillatory flows.

2. Methodology

2.1. Flow configurations

Figure 1 shows the configurations of the straight and curved ducts with acoustic excitation.
Acoustic excitation was performed on one end of the duct (open end) and the other end was
closed. The origin of the coordinate system is located at the center of the cross-section of the
open end. The x-axis is along the centerline of the duct from the open end toward the closed
end. The y-axis is oriented toward the inner side of the curvature for the curved duct, and the
z-axis perpendicular to the x- and y-axes is along the spanwise direction. For both the straight

and curved ducts, the centerline length was L = 961 mm, and the cross-section was a square
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with a side of D = 40 mm. The ducts were then filled with standard air. These resonator
conditions were determined by referring to the experimental setup described in a previous study,
where the acoustic excitation was performed by a speaker at the open end for the
thermoacoustic heat pump (refrigerator) [1,15,16]. Although periodic vortices can be formed
around the open end when sound and flow pass through the open end [17], these effects are not
considered in this paper.

The excitation frequencies fa were 268 Hz and 280 Hz for the straight and curved ducts,
respectively. The excitation frequencies were determined such that acoustic resonance with a
three-quarter wavelength mode occurred. For the curved duct, the curvature with a centerline
radius of R = 25 mm was located at x.//L = 0.67, which was corresponding to the position of
the antinode of the velocity fluctuations in this acoustic mode and the acoustic power loss due
to the curvature were assumed to be large [18]. The pressure amplitude at the closed end for
the excitation frequency, pac, was varied from 1.6 kPa to 7.8 kPa, which corresponded to the
acoustic Reynolds number of Re, = uaD/v = 1.0x10%-5.0x10* (1a: amplitude of cross-sectional-
averaged velocity fluctuations at the antinode, v: kinematic viscosity). This range was below
the critical Reynolds number for turbulent transition of Re. = 8.5x10* considering the present
Womersley number of Wo = (D/2)(2xfa/v)"? = 2.1x10% [19]. Therefore, the oscillatory
boundary layer near the wall was assumed laminar. Note that three-dimensional computations
are necessary to capture three-dimensional vortices appearing around the curvature, as

discussed in Section 3.2.2.
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Fig. 1. Configurations of straight and curved ducts with acoustic excitation.

2.2. Control by a plasma actuator

The configurations of the plasma actuator were determined by referring to previous research
for the control of aerodynamic noise [14]. As shown in Fig. 2(a), the present plasma actuator
consists of 18-pum thick embedded and exposed copper electrodes with a 200-um thick
dielectric polyimide layer sandwiched between the electrodes. The control was performed
using a flush-mounted electrode configuration [14,20], which was used to suppress the effects
of plasma actuator protrusion from the wall on the flow and energy loss. The streamwise (x-
direction) lengths of the exposed and embedded electrodes, which were wide in the spanwise
(z) direction, were 1 and 3 mm, respectively. The plasma actuator was installed in the spanwise
range of z/D = -0.4 — 0.4. In this range, approximately two-dimensional flow separation
occurred in the preliminary computation of the baseline flow, where the effects of the corner
vortices between the inner wall of the curvature and the spanwise end walls on the flow were
negligibly small. For control by a plasma actuator, hereafter referred to as Npa = 1, the exposed
electrode of the plasma actuator was located near the curvature in the straight section toward
the closed end (closed-end side of the curvature), as shown in Fig. 2(a). Preliminary
computations confirmed that the plasma actuator at this position can control the acoustic

oscillatory flow around the curvature. Moreover, the computation for the control with two
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plasma actuators installed near the curvature in the two straight sections toward the open and
closed ends (open-end side and closed-end side of the curvature) was conducted, hereafter
referred to as Npa = 2, as shown in Fig. 2(a).

A schematic of the intermittent driving of the plasma actuator, where the AC voltage is
cyclically switched on and off, is shown in Fig. 2(b). The plasma actuator was driven
intermittently at the same frequency as the excitation frequency f.. The waveform of the driving
voltage for the intermittent control was shown in Fig. 2(c). The ratio of the actuator-on duration
to the intermittent period is called the duty ratio, f, and it was varied from 0.25 to 1.0 for Npa
= 1. The duty ratio of # = 1.0 corresponds to continuous control. The power consumption for
driving the plasma actuator can be proportionally decreased for the smaller duty ratio. The AC
driving voltages were set to Vpp = 9.4, 18, and 22 kV with a frequency of fpa = 4.2 kHz. The
conditions of V,p = 18 and 22 kV were found to be the relatively effective control conditions
for the present acoustic oscillatory flow based on the preliminary computations. The induced
volume flow rate by continuously driving the plasma actuator with V,, = 18 kV was
Opa/D*uamax = 0.011 for Re, = 4.0x10%. It is noted that the increase of the driving voltage to
Vop = 18, 22 kV for the present plasma actuator with a 200-um thick dielectric polyimide layer
can possibly lead to the breakdown of the dielectric layer or saturation of the induced velocity
[21,22]. The optimization of the arrangement of electrode and dielectric layer and driving
conditions such as driving frequency and waveform is necessary to realize the present
predicted induced flow in experiments. The experimental validation of the present

computational control effects is a future work.
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Fig. 2. Control by plasma actuator(s). (a) Arrangement of plasma actuator(s). (b) Schematic of
driving the plasma actuator at the closed-end side of the curvature (Npa = 1). (c) Waveform of
driving voltage for intermittent control.

The phase of the intermittent control, ¢pa, was varied in the range of -n/2 — /2 with f=0.5
for Npa = 1. This phase was defined as the difference between the phase of the switch-on of the
plasma actuator and the phase at which the cross-sectional-averaged velocity changed from the
negative (-x) direction to the positive (+x) direction at the curvature (positive zero crossing), as
shown in Fig. 2(b). For Npa = 2, the two plasma actuators at the closed-end and open-end sides
of the curvature were alternately driven with a phase shift corresponding to half of the period,
whereas the plasma actuator at the closed-end side was driven with ¢pa =0, #= 0.5, and Vep =

18 kV.

2.3. Computational methodology

2.3.1. Governing equations and finite-difference scheme
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To clarify the acoustic oscillatory flow and acoustic energy loss around the curvature, the
flow and acoustic fields were simultaneously simulated by solving the three-dimensional
compressible Navier—Stokes equations with the mass, momentum, and energy conservation
laws in the following conservation form based on the orthogonal coordinate axes of X, Y, Z, of

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

Qt+(E—EV)x+(F—Fv)y+(G—GV)Z =D, (1)
Q= (p, pU, pV, pW, pe)", (2)
pU ol 4 pw
p+pU? puv pUW
E=| pur | F=| p+pV? |,G=| pV/W |, 3)
pUW pYW p+pW?
(pe+ p)U (pe+p)V (pe+pWw
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2r
t)+

1 (03%(;—%+0.5£ﬂ @)

T

for plasma actuator at open-end side (Np, = 2),
¢u (t) + ¢PA

0 | f<———+0.5<«1
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where Q is the vector of conserved variables including the Jacobian for the curvilinear
coordinate; E, F, and G are the inviscid flux vectors; Ev, Fy, and Gy are the viscous flux vectors.
In Egs. (2,3), p is the density, e is the energy per unit mass, and U, V, W are the X, Y, and Z-
direction components of the velocity vector, respectively. For the curved resonator, the
governing equations for the body-fitted coordinate system [23] along the resonator were solved.
To reproduce the body force and energy produced by the plasma actuator, D was included on
the right-hand side of Eq. (1). The intensity of the body force was determined based on the
driving voltage according to the method by Suzen [24]. The modeling of the body force and
energy by the plasma actuator are described in a previous paper (see Appendix) [14]. The
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coefficient £ was introduced to reproduce the intermittent driving with the duty ratio . The
variable ¢, means the phase of the cross-sectional-averaged velocity at the curvature at each
time step, where ¢, = 0 is the phase for the positive zero crossing. For Npa = 2, the two plasma
actuators were alternately driven, with a phase shift corresponding to half of the period.

The spatial derivatives were evaluated using the sixth-order-accurate compact finite-
difference scheme (fourth-order-accurate scheme on the boundaries) [25]. Time integration

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

2.3.2. Computational domain and initial conditions

Figure 3 shows the computational domain with the boundary conditions for the straight and
curved ducts. The sinusoidal fluctuations of pressure and velocity were imposed to reproduce
the acoustic excitation by a speaker [1,15,16]. The velocity amplitude on the open end was

given by Eqgs. (3—5) referring to the analytical solutions [26].

0 (7:7)= 1 ;’; 0y )
cosh{(l+i)max(5|y’z|)J
f,(y.2)= -
cosh((lﬂ');;j
Y , (6)
tanh((lﬂ')z];]
X, = NS
(1+Z)§ (7)

where d, = (2v/w)'"? is the viscous boundary layer thickness of the oscillatory flow. The uniform
pressure amplitude of pa (y, z) = pa,i was given on the open end. The amplitudes of u.; and pa;i
and the phase difference between the pressure and velocity fluctuations on the open end were
adjusted so that the amplitude of the pressure fluctuations at the closed end was set as the value,

as mentioned in Section 2.1. The details of the boundary conditions for the acoustic excitation
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were described in a previous paper, where the present boundary condition was confirmed to be
appropriate by the comparison of the predicted distributions of the acoustic intensity in the
resonator with and without a stack with those measured [15]. On the closed-end and side walls
of the duct, non-slip and iso-thermal conditions were imposed.

Regarding the computational grid, 533 and 558 grid points were used in the x-direction for
the straight and curved ducts, respectively. The maximum grid spacing in the x-direction was
Axmax/D = 0.05, which was sufficiently fine to capture the acoustic propagation with
wavelengths of /D = 32 and 31 for the straight and curved ducts, respectively. Moreover, the
computational grids were sufficiently fine to reproduce the oscillatory viscous boundary layer
near the duct wall, with a thickness of 8,/D = (v/zfa)"?/D = 3.4x1073. The minimum grid
resolution near the wall was Aymin/D, Azmin/D = 1.7x10, and the number of grid points in the
cross-section was 165x165 points. The total grid points were 14.5 million and 15.2 million for
the straight and curved ducts, respectively.

The quiescent flow field was assigned as the initial condition for the computation of the
baseline flow. The computational time step was Az = 7.8x10 s. The number of time steps for
one time period for the excitation frequency, 7, was 4.8x10° and 4.6x10° steps for the straight
and curved ducts, respectively. The acoustic and flow fields were evaluated based on the
computational results after the flow development to periodic flow fields in three periods
corresponding to 1.4 million steps from the initial field. The developed baseline flow field was

used as the initial flow field for the computation of the controlled flow.
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Fig. 3. Computational domain with boundary conditions for straight and curved ducts, where

computational grids around open end and curvature are also shown.

2.4. Computational validation

2.4.1. Effects of grid resolution

The computational results obtained with the present grid were compared with those
determined using twice grid points in the cross-section for the acoustic oscillatory flow with
Re, = 3x10%in the curved duct without control (baseline flow). Figure 4 shows the distributions
of the acoustic intensity predicted with the present grid and those with a finer grid. The acoustic

intensity was defined using Eq. (8).

I=f, f”f“ Pave (1) oo (8) dlt (8)

0

where pave(f) and uave(?) are the fluctuations of the cross-sectionally averaged pressure and
velocity at the excitation frequency, respectively. As shown in Fig. 4, the acoustic intensity
predicted with the present grid was in good agreement with that predicted with the finer grid.
This indicates that the fineness of the present grid resolution was sufficient to reproduce the
present acoustic oscillatory flow. Detailed discussions of the distributions of acoustic intensity

in the duct are described in Section 3.1.1.
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Fig. 4. Distributions of acoustic intensity for baseline acoustic intensity in the curved duct (Rea
= 3x10%) predicted with present and finer computational grids, where a dashed line indicates

the position of curvature of x = xc.

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

Figure 5(a) shows the predicted mean velocity profile of the flow induced by the plasma
actuator at a position 16 mm from the exposed electrode toward the closed end in the curved
duct, along with the measured profile. The plasma actuator was continuously driven by the AC
voltage, with a driving voltage of Vp, = 9.4 kV in quiescent air without acoustic excitation. The
predicted result was compared with that measured using a hot-wire anemometer; here, the
experimental methods for driving the plasma actuator and the velocity measurements were the
same as those employed in previous research [14]. The above-mentioned driving voltage
corresponded to the maximum value for the present driving unit of the plasma actuator (PSI-
PGI1040F, KI tech Co., Ltd., Tokyo). The time-series velocity measured by the hot-wire
anemometer in the experiment was represented in the computation as un = (1> + v*)*°, which
corresponded to the velocity component normal to the hot wire placed along the spanwise
direction, and the time-averaged value, Un, was predicted. As shown in Fig. 5, both the
predicted and measured velocity distributions have a maximum value of approximately 0.7 m/s
at a height of 0.5 mm from the duct wall of y = 20 mm. Although a discrepancy between the
predicted and measured values appears due to the difficulties in accurate measurements for
small velocities far from the wall, the predicted profile almost entirely agrees with the measured
one, particularly around the maximum velocity.

Figure 5(b) shows the predicted profiles of the velocity difference between the baseline and
controlled flows (Vpp = 18,22 kV, f=0.5, gpa = 0) at the time of the maximum cross-sectional-
averaged velocity toward the closed end for Re, = 4.0x10* The maximum increase of velocity
near the wall of 6 m/s and 10 m/s was predicted by driving the plasma actuator with Vp, = 18,
22 kV, respectively. As discussed in Sec. 3, the control with Vp, = 18 kV was shown to reduce

the loss of acoustic intensity around the curvature in the resonator. In the literature [27], the
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maximum velocity of 7 m/s, which is higher than the present induced velocity by Vpp, = 18 kV,
was obtained by a plasma actuator. Therefore, the proposed control by the plasma actuator is

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

arrangements of electrode and dielectric layer, and driving conditions.
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Fig. 5. Velocity profiles of induced flow by a plasma actuator at a position 16 mm from the
exposed electrode toward the closed end in the curved duct. (a) Mean predicted and measured
velocity profiles of induced flow by a continuously driven plasma actuator for Vp, = 9.4 kV
without acoustic excitation, where the variations of measured mean data for the time durations
of computations (20 ms) were shown with bars. (b) Velocity difference between the baseline
and controlled flows (Vpp = 18, 22 kV, g = 0.5, ¢pa = 0) at the time of the maximum cross-

sectional-averaged velocity toward the closed end for Re, = 4.0x10%.

3. Result and Discussion

3.1. Baseline flow

3.1.1. Acoustic intensity
Figure 6 shows the predicted variations in the acoustic intensity in the straight and curved
ducts for Re, = 4x10*, with the theoretical curve for the straight duct obtained using the linear

theory [15,28]. The acoustic intensities for both ducts are shown to decrease to zero at a position
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closer to the closed end because of the viscous dissipation and the thermal conduction around
the wall. The distributions predicted for the straight duct are approximately along the
theoretical curve, while a discrepancy occurs owing to the occurrence of nonlinear effects due
to the large amplitude of the velocity fluctuations around x/L = 0 and 0.6. The decrease in the
predicted acoustic intensity (acoustic intensity loss) at approximately x/L = 0.67, which
corresponds to the installation position of the curvature x., becomes particularly sharp for the
curved duct. This indicates the generation of acoustic power loss owing to the curvature. The
slope is slightly sharper at this position than at the other positions, even for the straight duct.
This is because this position corresponds to the antinode of the velocity fluctuations in the
acoustic mode and the acoustic power loss increases. The difference in the acoustic intensity
between x/L = 0 and 1.0 indicates the acoustic power loss across the entire duct. Figure 6 shows

that the acoustic power loss in the curved duct is larger than that in the straight duct.
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Fig. 6. Predicted variations of acoustic intensity in straight and curved ducts (Re, = 4.0 x 10%),

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

The acoustic intensity loss around x = x. was evaluated based on the difference between the
upstream acoustic intensity /, and the downstream acoustic intensity /4 as shown in Eq. (9).

AL=1,~ 1. ©)
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Here, 1, and 14 were evaluated at the points xc—3D and x.+3D, respectively, where the direct
effects of the curvature on the slope of the acoustic intensity were negligibly small for the
curved duct. Figure 7 shows the predicted variations of the baseline acoustic intensity loss A/
around x = xc with varying acoustic Reynolds number, Re,, along with the preliminary
experimental results and the linear theoretical curve for the straight duct [28]. The experimental
data acquired with a two-sensor method [29,30] using the experimental setup described in the
previous paper [15] are shown with the variation of multiple experimental data at Re, = 2.7x10%.
As shown in Fig. 7(a), the measured data are almost along the predicted distributions,
confirming the validity of the computational accuracy. Figure 7(b) shows the predicted acoustic
intensity losses at Re, = 3.0x10* for straight and curved ducts were shown with the measured
data. The measured values at Re, = 3.0x10* were estimated using the existing measured data
at the Reynolds number closest to Re, = 3.0x10* based on the curve of the predicted values.
Although the reason for the variation of experimental data in multiple tests is currently unclear,
the predicted value is in the experimental variation as shown in Fig. 7(b). Moreover, Fig. 7(a)
shows that the predicted distributions of the acoustic intensity for the straight curve are
approximately along the theoretical curve, where the acoustic power loss increases with the
acoustic Reynolds number. The acoustic intensity loss for the curved duct becomes larger than
that of the straight curve, particularly at a high Reynolds number of Re, > 3.0x10* This is
related to the change in acoustic oscillatory flow around the curvature with the acoustic

Reynolds number, as discussed in the next section.
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Fig. 7. Predicted acoustic intensity loss compared with preliminarily measured values and a
theoretical curve [15,28], where the variation for experimental data at Re, = 2.7x10* is
represented by an error bar. (a) Variations of baseline predicted acoustic intensity loss with
acoustic Reynolds number. (b) Acoustic intensity losses at Re, = 3.0x10%, where the measured
values are estimated by the existing measured loss at the Reynolds number closest to Re, =

3.0x10* and the curve of predicted values.
3.1.2. Acoustic oscillatory flow around a curvature

Figure 8 shows the predicted instantaneous velocity vectors and contours of the velocity
magnitude in the x-y cross-section (z = 0) around the curvature in the curved duct at Re. =
1.0x10* and 4.0x10% The results at different times are shown, where #f, = 0 and 0.5 are the
times of the maximum cross-sectional-averaged velocity toward the closed and open ends at
the curvature, respectively. As shown in Fig. 8(a), for Re, = 1.0x10%, the velocity magnitude
becomes larger around the inner wall of the curvature at both times, while no flow separation
is observed. Conversely, as shown in Fig. 8(b) for Re, = 4.0x10%, flow separation occurs at the
closed and open ends of the curvature at ¢f, = 0 and 0.5, respectively. At tfa = 0.25, a vortex is
observed at the closed-end side of the curvature with a negative zero crossing of the cross-
sectional averaged velocity at the curvature. Moreover, a similar vortex is observed at the open-
end side of the curvature, with a positive zero crossing of the cross-sectional averaged velocity
at tfa=0.75. These flow separations and vortices lead to an increase in the acoustic power loss

for the curved duct, as shown in Fig. 7.
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3.2. Control effects by a plasma actuator in a curved duct

3.2.1. Control effects on acoustic intensity

Figure 9 shows the controlled distributions of acoustic intensity in the curved duct for Rea
= 4.0x10* with the baseline distribution. The results of the control of Npa = 1 (Vpp = 18 and
22 kV) and Npa =2 (Vpp = 18 kV) under the condition of intermittent control of f# = 0.5 and ¢pa
= 0. As shown in Fig. 9, the acoustic intensity loss at the curvature was reduced by all controls
compared with the baseline condition. The lowering of the acoustic intensity before the curve
indicates that necessary acoustic intensity given to the resonator for the constant pressure
amplitude at the closed end (pa,c = 6.2 kPa in this case) can be reduced by the suppression of
acoustic intensity loss due to the curvature. This means that larger acoustic power can be
utilized for heat transport in a thermoacoustic heat pump [1,15,16]. A larger reduction in the
acoustic intensity loss due to the curvature was achieved with a higher driving voltage and a

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

with an increase in the driving voltage and the number of plasma actuators.
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Fig. 9. Distributions of controlled acoustic intensity in a curved duct (Re, = 4.0x10%) with three
control conditions of Npa =1 (Vpp = 18, 22 kV) and Npa =2 (Vpp = 18 kV) under the condition

of intermittent control of # = 0.5 and ¢pa = 0 compared with the baseline distribution.

Based on existing literature [14,21,31], the power consumption of a plasma actuator is
assumed to increase in proportion to Vpp®. To evaluate the control efficiency considering the
power consumption, the reduction in the acoustic intensity loss, Alost — Alon, divided by the
product of the number of plasma actuators, Npa, and the driving voltage ratio to the power of
3.5, (Vyp/Vpp.ret)*, where the reference driving voltage is Vppref = 18 kV, was calculated. The
power consumption for Vpp = 18 kV and f = 0.5 was estimated to be about 6 W referring to the
previous research [14]. Figure 10 shows the calculated results for the three control conditions
for p = 0.5, where the vertical axis indicates the estimated acoustic intensity loss with each
control condition on the assumption of usage of the same power consumption with that of Npa
=1and Vpp = 18 kV. The control with Npa =1 and V;,p, = 18 kV achieved the highest normalized
reduction in the acoustic intensity loss based on the power consumption, which indicates the
ability of the most efficient control. The reduction of the acoustic power loss with Npa =1 and
Vop = 18 kV was (Alott — Alon)D? = 0.1 W, which was smaller than the power consumption of
the plasma actuator. The suppression of the power consumption of the plasma actuator by

optimizing the driving conditions and electrode arrangement is a future problem for practical
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application of this control method. In this paper, the mechanism for the reduction of the
acoustic intensity loss by the plasma actuator is clarified as the first step. In the following

sections, the control effects for Npa = 1 and Vpp = 18 kV are discussed.
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Fig. 10. Reduction of the acoustic intensity loss for Re, = 4.0x10* by control, Alogr — Alon,
divided by the product of the number of plasma actuators (Npa) and (Vpp/Vpp.ref)®>, where the
reference driving voltage is Vppref = 18 KV, for three control conditions of Npa =1 (Vpp = 18, 22

kV) and Npa =2 (Vpp = 18 kV) under the intermittent control condition of 5 = 0.5 and ¢pa = 0.

3.2.2. Controlled acoustic oscillatory flow around curvature

Figure 11 shows the predicted instantaneous velocity vectors and contours of the velocity
magnitude around the curvature at Rea = 4.0x10* under the control of Vpp = 18 kV, Npa = 1,
= 0.5, and ¢pa = 0. In the baseline flow field shown in Fig. 8(b), flow separation occurred near
the closed-end side of the curvature at #f, = 0. By contrast, flow separation was suppressed at
tfa = 0 in the controlled flow, as shown in Fig. 11. This is because the reverse flow near the
wall was suppressed by the flow induced by the plasma actuator. As a result, the vortex
observed in the baseline flow field at ¢/, = 0.25 in Fig. 8(b), which is generated owing to the
occurrence of the flow separation, is also suppressed by the control in Fig. 11. Moreover,
despite the lack of direct control at the open-end side, the flow separation region near the open-
end side of the curvature at #f, = 0.5 also becomes smaller owing to the control. In the baseline

flow, the vortex with counterclockwise rotation at the closed-end side of the curvature at ¢f, =
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0.25 was advected toward the open end by the negative acoustic particle velocity, where the
momentum of the vortex in the -y direction promotes the flow separating from the wall at the
open-end side of the curvature at #f, = 0.5 in Fig. 8(b). For the controlled flow, the suppression
of the vortex at the closed-end side of the curvature leads to the suppression of flow separation
at the open-end side of the curvature. Therefore, control with one plasma actuator installed at
the closed-end side of the curvature (Npa = 1) resulted in the suppression of the flow separation
region over the entire period.

In the past research for the suppression of flow separation around a body with a kink shape
in a unidirectional freestream [32], the flow separation was effectively suppressed with a
plasma actuator installed close to the point of the flow separation. As shown in Fig. 8(b) (#fa =
0), the region of flow separation particularly begins to become large near the curvature in the
straight section toward the closed end. This position corresponds to that for the present
installation of the plasma actuator. Although the installation of the plasma actuator on the
curvature upstream of the flow separation point can be more effective, the present installation
position on the straight section is suitable considering experimental installation of the plasma

actuator to a curved resonator.
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Fig. 11. Controlled instantaneous velocity vectors and contours of velocity magnitude around
curvature (z = 0) with the control condition of V,, = 18 kV, Npa = 1, = 0.5 and ¢pa = 0 for Rea

=4.0x10*,

Figure 12 shows the three-dimensional distributions of vortices at #f, = 0.25 for Re, = 4x10*
by the iso-surfaces of the second invariant of the velocity gradient tensor based on the
orthogonal coordinate axes of X, Y, Z. It is shown that the vortices related to flow separation
around the inner wall of the curvature become weaker by the control in almost all spanwise
positions. Meanwhile, the vortices in the limited region near the corner between the spanwise
end wall and the inner wall of the curvature remain in the present controlled flow, and the
control of these vortices is a topic for future work. The suppression of the vortices related to
flow separation leads to a reduction in the energy dissipation in the flow, as discussed in the

next paragraph.
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Fig. 12. Iso-surfaces of second invariant, g/(ua/dv)*> = 100, for acoustic oscillatory flow around
the curvature at #f, = 0.25 for Re, = 4.0x10*. (a) Baseline flow. (b) Controlled flow with V}, =

18 kV, Npa =1, f=0.5, and ¢pa = 0.

To evaluate the energy loss based on the flow field, the value of the viscous dissipation
function @ around the curvature in the baseline and controlled flows was calculated using Eq.

(10) [33].
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where u is the viscosity coefficient. Figure 13 shows the baseline and controlled contours of

(10)

the dissipation function at #f, = 0.25 for Re, = 4x10*. In the baseline flow in Fig. 13 (a), the
value of the dissipation function becomes large in the region of the vortex formation observed
at tfa = 0.25, as shown in Figs. 8(b) and 12(a). This confirms that the amount of energy
dissipated owing to viscosity is increased by vortex formation caused by flow separation. In
the controlled flow in Fig. 13(b), the region with a large value of the dissipation function
becomes smaller compared with the baseline flow owing to the suppression of vortex
generation at the closed-end side of the curvature. This leads to a reduction in the acoustic

power loss around the curvature by control, as shown in Fig. 9.
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Fig. 13. Instantaneous contours of the values of the dissipation function (z = 0) with logarithmic
color variation at #f, = 0.25 for Re, = 4.0x10%. (a) Baseline flow. (b) Controlled flow with Vpp

=18kV,Npa=1, f=10.5, and ¢pa = 0.

3.2.3. Effective conditions of intermittent control
To evaluate the control effects on acoustic power loss, the loss reduction ratio R is defined

as follows:

AIoff _AIO

R= : ()
AIoff_

©w
o
“
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where Al is the acoustic intensity loss in a straight duct calculated using Eq. (9). The loss
reduction ratio R is the ratio of the reduction in acoustic power loss by the control to the baseline
acoustic power loss generated by the curvature. Figure 14 shows the variation in the loss
reduction ratio R with the phase of the intermittent control with Vy, = 18 kV, Npa =1, and f =
0.5 for the acoustic oscillatory flow in the curved duct with Re, = 4.0x10* The control in the
range of ¢pa = -n/6 — 0 is shown to reduce the acoustic intensity loss more effectively around
the curvature, where the maximum loss reduction ratio of R = 0.46 is achieved with the phase
¢ra=0.

Figure 15 shows the baseline and controlled instantaneous velocity profiles (zfa = 0.25) at a
position 1 mm away from the curvature in the straight section toward the closed end, where the
flow separation with vortex generation appears, as shown in Fig. 8(b). As shown in Fig. 15, the
region for the reverse flow is spread because of the vortex near the wall from #f, = 0 to 0.25 in
the baseline flow. The reverse flow also appears in the controlled flow with ¢pa = /2 because
the control switches off at # = 0, and flow separation is generated after = 0. Meanwhile, the
reverse flow was more effectively suppressed by control with ¢pa = -m/6, 0. This implies that
the plasma actuator must be driven until the time for the negative zero crossing of the cross-

sectional-averaged velocity for effective control.
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Fig. 14. Variation of loss reduction ratio R with phase of intermittent control (Vpp = 18 kV, Npa

=1, 8= 0.5) for Re, = 4.0x10%,
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Fig. 15. Controlled velocity profiles at position 1 mm from the curvature in the straight section
toward the closed end (Vpp = 18 kV, Npa = 1, f = 0.5) compared with the baseline flow for Re.
=4.0x10% (a) tf2 = 0. (b) #f = 0.25.

Figure 16 shows the variation in the control effects on the acoustic intensity loss with the
duty ratio of the intermittent control (V,p = 18 kV, Npa = 1, ¢pa = 0) for an acoustic oscillatory
flow with Rea = 4x10%. The reduction in the acoustic intensity loss divided by the duty ratio
(ALt — Alon)/f 1s shown to evaluate the control effects normalized based on the power
consumption of the plasma actuator. As shown in Fig. 16, the highest normalized control effects
are achieved by the control with # = 0.5. In the control with a smaller duty ratio of f = 0.25,
the plasma actuator is switched off at = 0 with the maximum cross-sectional-averaged velocity
toward the closed end. Consequently, the flow separation after £ = 0 cannot be suppressed, as
in the control with gpa =7/2 (= 0.5), as shown in Fig. 15(b). For larger duty ratios of 5 =0.75,
1.0, (continuous), the plasma actuator is driven in the time duration of #f, = 0.5 — 1.0, when no
intense flow separation occurs at the closed-end side of the curvature. This leads to the
deterioration of the control effects, normalized based on power consumption (control
efficiency). Therefore, the acoustic intensity loss was most efficiently reduced by control with

S = 0.5. Based on the present results, it is summarized that the effective condition of the
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Fig. 16. Variation of the control effects on the acoustic intensity loss normalized based on the
power consumption of the plasma actuator with the duty ratio (Vpp = 18 kV, Npa = 1, ¢pa = 0),
where the reduction of acoustic intensity divided by the duty ratio is shown, for the acoustic

oscillatory flow in the curved duct with Re, = 4.0x10%.

4. Conclusion

Compressible flow simulations for the control of acoustic oscillatory flows in a curved duct
using a plasma actuator were conducted to clarify control methods for reducing the acoustic
energy loss around a curvature. In the baseline flow, the loss of the acoustic power in the curved
duct became larger compared with that in a straight duct, particularly with a high acoustic
Reynolds number of Re, > 3x10%, where flow separation and vortex formation periodically
occurred around the inner wall of the curvature. The suppression of the flow separation by an
intermittently driven plasma actuator, which was installed at the closed-end side of the
curvature, successfully led to a reduction in acoustic power loss through the suppression of
viscous energy dissipation. Moreover, it was discovered that driving the plasma actuator only
at one (closed-end) side of the curvature could suppress the flow separation at the other (open-

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

considering the power consumption of the plasma actuator. The phase of the efficient
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intermittent control with a duty ratio of 0.5 was identified to be -n/6 — 0 with reference to the
cross-sectional-averaged velocity fluctuations around the curvature. This implies that relatively
effective control must drive the plasma actuator during the time duration until the time for the
negative zero crossing of the cross-sectional-averaged velocity. As a result of this control, the
reverse flow near the wall owing to the flow separation and vortex formation in the baseline
flow was suppressed. However, the power consumption of the plasma actuator was still larger
than the loss reduction of acoustic power, and the improvement of control efficiency is
necessary for the actual application of the plasma actuator. An experimental study is also a
future task to demonstrate the effectiveness of the plasma actuator. However, intermittent
active flow control on the minor loss that can occur in machinery related to sound, such as
thermoacoustic devices, was quantitatively evaluated for the first time in the present research.
Moreover, it is beneficial for the design of these devices to obtain knowledge regarding the
relationship between flow separation and vortex generation and the minor loss in the acoustic

oscillatory flow through flow control.
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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:

0
Sx
D=5, , (A1
Sz
Sx

u+Sv+S.w

(%)

X

o

= Asin’ (27 f,,1) p. (-V @), (A2)

95}

e {1.0 (sin(27 f,,,1) < 0)

. : (A3)
—0.4 (sin(2z f,,t) > 0)

In Eq. (A1), u, v, and w are the velocity components in the x-, y-, and z-directions, respectively; pc is
the plasma density, and ¢x 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 4 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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