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Intense tonal sound often radiates from the flows around a cascade of flat plates, where the
acoustic resonance occurs between the plates. In order to establish methods to suppress this
noise, the acoustic radiation mechanism must be clarified. The objective of this investigation is
to clarify the effects of oscillation of plates on aeroacoustic fields around a cascade of flat plates,
where the edges of the alternate flat plate are vibrated. Direct aeroacoustic simulations with vol-
ume penalization were conducted to understand flow and acoustic fields around the cascade of
flat plates. The predicted velocity and sound pressure spectra around the cascade of flat plates
are in good agreement with those of experiments. The result shows the sound pressure level de-
creases in the oscillation case in comparison with the non-oscillation case with increasing am-
plitude of oscillation at the acoustic resonant frequency. In the case of non-oscillation, the vorti-
ces shed from neighboring plates are synchronized in an anti-phase mode. However, the in-
phase synchronization between the vortices shed from non-oscillated plate and oscillating plate
were observed in the case of oscillating plates in some periods. This leads to the weakening of
the acoustic resonance. These results also indicate that the slight oscillations of the plates could
control the noise from a cascade of flat plates.
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1. Introduction

Intense tonal sound often radiates from the flows around a cascade of flat plates. This configura-
tion exists in many industrial products, such as transportation vehicles and architectures. In order to
establish methods to suppress this noise, the acoustic radiation mechanism must be clarified. Parker
[1] measured the sound pressure level for the flows around a cascade of flat plates and clarified that
the sound pressure level becomes intense at a specific velocity and that this phenomenon is due to
the coupling between the vortex shedding in the wakes and the acoustic resonance between plates.
Yokoyama et al. [2] simulated flow and acoustic field around a cascade of flat plates. By the phase-
averaged predicted flow fields around the plates, it was presented that the vortices shed from neigh-
boring plates are synchronized in an anti-phase mode.

In the present paper, with the intention of disturbing the coupling between the vortex shedding,
the edges of the alternate flat plates in the cascade of plates are arranged to be oscillated, while the
other plates are static. The objective of this investigation is to clarify the effects of oscillation of
plates on flow and acoustic fields around a cascade of flat plates. To do this, the direct computations
of flow and acoustic fields were performed based on the compressible Navier-Stokes equations
along with the volume penalization method [3-4], which is one of the various immersed boundary
methods [5]. The VP method is one of the useful methods to predict flow and acoustic fields around
a complex geometry and moving objects such as an oscillating plate, where the penalization term is
added as external forces of the governing equations to satisfy the non-slip boundary condition inside
and on the surface of the objects.
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2. Computational Methodologies

2.1 Flow Configurations

The flow and acoustic fields around a cascade of five flat plates were investigated as shown in
Fig. 1. Table 1 shows the computational parameters. The plate thickness, b, is 2 mm, and aspect
ratio, C/b, is 15.0. The separation-to-thickness ratio, s/b, is 6.0 for the cascade of flat plates. Prelim-
inary experiments have confirmed that acoustic resonance occurs in a half-wavelength mode along
the chord length at the freestream velocity of Uy = 44 m/s. At Uy = 44 m/s, the Reynolds number
based on the thickness and the freestream velocity is 5.8x10° and the freestream Mach number, M
= Uylay, is 0.13. The plates are hereinafter referred to as plates A, B, C, D, and E starting from the
top, as shown in Fig. 1. As shown in this figure, the x, y, and z axes are set in the flow, normal, and
spanwise directions, respectively. The origin of the coordinate system is located on the spanwise
middle x-y plane and at the midpoint between the upper and lower downstream edges of plate C.
In the case of non-oscillation, the acoustic resonance frequency obtained from the experiment is fres
= 4687 Hz (St =0.21) [2].

The parameters of oscillation of plates are shown in Table 2. The plates B and D were oscillated
with a sinusoidal variation with the frequency of fosci/fres = 0.64 (Stosci = 0.14), the amplitude of A/b
= 0.075 and 0.15. The ratios of the oscillation velocity to the freestream velocity, 2nfqsiA/Uo, are
0.064 and 0.13.

Flow, U,
= 3/4
— Z‘/( Tosci)
Figure 1: Configuration of flow around a cascade of flat plates.
Table 1. Computational parameters of flow around a cascade of plates
Thickness | Length | Velocity | Distance | Number of plates Rep
b [m] C/b Up [m/s] s/b N
2.0x10° 15.0 44.0 6.0 5 5.8x10°
Table 2: Parameters of oscillations of plates
Oscillation frequency Amplitude Oscillation velocity ratio
fosci/fres [HZ] A/b anosciA/UO
0.075 0.064
0.64 0.15 0.13

2.2 Governing Equations and Finite Difference Scheme

In order to simulate the interactions between flow and acoustic fields, the three-dimensional
compressible Navier-Stokes equations were directly solved using the six-order-accurate compact
finite difference scheme (the forth-order-accurate at the boundary) [6]. The time integration was
performed using the third-order-accurate Runge-Kutta method. To reproduce a moving object such

2 ICSV24, London, 23-27 July 2017



ICSV24, London, 23-27 July 2017

as oscillating plate on rectangular grids, the VP (Volume Penalization) method was utilized. The
external force, the penalization term V, was added to right hand side of the governing equations of
the three-dimensional compressible Navier-Stokes equations as follows:

xR
ot 6xk(F - ) Vi @
Opu; /Ox
0
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¢ 0
0
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where Q is the vector of the conserved variables, Fy is the inviscid flux vector, and F is the vis-
cous flux vector. The coefficient ¢ is the porosity of porous medium, and determined so that the
sound wave can be reflected almost completely (reflectivity: 99%). The variable of y is the mask
function, and is determined by the ratio of the distance from the surface of the object and the grid
resolution, Ay, in the object, while y is set to be zero outside the object. It has been confirmed that
the flow and acoustic fields around a complex geometry can be captured by using this VP meth-
od[7].

In order to reduce the computational cost, large-eddy simulation (LES) were performed for the
flow around a cascade of flat plates. No explicit SGS model was used. The turbulent energy in the
GS that should be transferred to SGS eddies was dissipated by 10th-order spatial filter of Equation
(4). The filter also suppressed the numerical instabilities associated with the central differencing in
the compact scheme [8].

5
L . an
AW+ Ao = Y Wi, Vi) (4)
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where i is a conservative quantity, ¥ is the filtered quantity. The coefficients a, has the same val-
ues as those used by Gaitonde and Visbal [9], and the value of parameter ¢ is 0.45.

2.3 Computational Grids

To validate the comutational schemes with the VP method, the predicted flow and acoustic fields
are compared with those by the ordinary body-fitted method for a flow around the plates without
oscillation. Figure 2 shows the computational grids of the body-fitted method (BF) and VP method.
Also, when the VP method was used, the BF methods were also utilized for the upstream part of
plates and the VP methods were combined so as to oscillate the downstream parts of the plates.

The spacings adjacent to the plate surface were Axmin/b and Aymin/b = 0.05. Figure 3 shows the
computational domain. The spanwise extent of the computational domain was Lg/b = 15.0. In the
spanwise direction, 120 grid points were used, and the spanwise grid resolution Az/b = 0.125 was
sufficiently fine to capture the smallest active vorticies in the wake [2]. The total grids were approx-
imately 2.5x10’ grid points.
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2.4 Boundary Conditions

Figure 3 also summarizes the boundary conditions. The inflow and outflow boundaries were arti-
ficial and so must allow vorticies and acoustic waves to pass smoothly with minimal numerical dis-
turbances. Non-reflecting boundary conditions were used at these boundaries. Non-slip and abi-
abatic boundary conditions were applied at the wall of the plates. The periodic boundary conditions
were used in the spanwise (z) direction.

Periodic boundaries Non-reflecting boundaries
Pl
1

Sound region [540  Vortex region

100

540 1100 | 8§===2101 100 } 540 !

vib
z/b x/b 540

Buffer region

Figure 2: Computational grid. Figure 3: Computational domain and boundary condition.

2.5 Prediction of Far Acoustic Fields

In order to predict the sound pressure level at the experimental measurement point X, (x = 0, y/b
= 215), the porous FW-H method was used [10-12], as follows:

L, = P&, (6)

10
47z|[,r(><2,t):a_a S{Lij(xl,r)?:l ds(x,), (7)
0 ret

where r =X, — xg, r =|r|, £ =r/r, and A is the outward unit normal vector. The subscript “ret” indi-
cates a retard time of = t- r/ap. The pressure, p, was sampled at the cylindrical surface at a distance
from the plates of (x/b =-7.5,y =0), r/b =50.0. In order to estimate the sound pressure levels while
taking a difference between computational and experimental spanwise extent into account, spanwise
distance coherence length L. introduced to define the equivalent length of the sound source region,
as # (f, Lo) = 0.5. Sound pressure level can be estimated as follows:

SPL(f)=SPL,(f)+10log(L/L,)(L.(f)<L,) (8)
SPL(f)=SPL,(f)+20log(L,(f)/L,)+10log10(L/L (f))(L <L, (f)<L) 9)
SPL(f)=SPL,(f)+20log(L/L,)(L<L.(f)) (10)

where the coherence, ;? (f, Az), of the normal velocity fluctuations for a frequency f at two points
with distance Az in the spanwize direction along the line in the wake (x/b = 2.5, y/b = 0.5) was used.
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3. Validation of Computational Methods

3.1 Flow Fields

Figure 4 shows the predicted profiles of the mean velocity and RMS values in the wake along x/b
= 2.5 with that measured by a hot-wire anemometer of u,. The duration time for the calculation of
these statistical values in the computation was 0.020 s, which is shorter than that in the experiment,
30 s. In order to take this difference into consideration, the variations of the statistical values of the
experimental data were estimated with the duration time shortened to the above-mentioned compu-
tational duration time and are shown as bars in Fig. 4. These results show that the profiles predicted
with present computational method including the VP method is in good agreement with experi-
mental those.

3.2 Acoustic Fields

Figure 5(a) shows the coherence of normal velocity at the fundamental frequency of St = 0.21 along the
line of (x = 2.5, y/b = 0.5). It is shown that the coherence predicted by the VP method is in good agreement
with that predicted by the BF method. Figure 5(b) shows the sound pressure spectrum (x = 0, y/b =
215) predicted using the methods of porous FW-H. It is shown that the level and the Strouhal num-
ber of the radiating tonal sound (St = fb/U, = 0.21) predicted by both methods are in good agree-
ment with the measured values.
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Figure 5: Comparison of predicted and measured velocity, uy, profiles at x/b = 2.5 and acoustic fields.
(a) Mean values. (b) RMS values. (c) Sound pressure spectra at x = 0, y/b = 215.

4. Result and Discussion

4.1 Effects of Oscillation on Sound Pressure Spectra

Figure 6 shows the sound pressure level at x/b = -7.5, y/b = 50 with and without the oscillation of
plates, where the downstream edges of plates B and D are oscillated in the oscillation case. It is
found that the peak frequency corresponds with the acoustic resonance frequency (St = 0.21) for
non-oscillation case. By the oscillation of plates with both amplitudes of both A/b = 0.075 and 0.15,
the maximum peak frequency changes to the oscillation frequency (St = 0.14). At the acoustic reso-
nant frequency, the sound pressure level decreases in the oscillation case in comparison with the
non-oscillation case with increasing amplitude of oscillation. Especially, for the oscillation case of
A/b = 0.15, the sound pressure level was reduced by 10.4 dB at the acoustic resonant frequency.
Consequently, the acoustic resonance can be decreased by the oscillation of the plates.

This result shows also that the aerodynamic sound changes greatly by the oscillation even if the
amplitude is exceedingly smaller than the plate thickness. It is indicated that the oscillation of the
objects should be taken into consideration when predicting the aerodynamic noise around the ob-
jects.

ICSV24, London, 23-27 July 2017 5



ICSV24, London, 23-27 July 2017

140

.
i —0— Static

I —o— Osci. (A/b = 0.075) | ] ;
120 Aoa | —o—Osci (4/b = 0.15) ® Measurement point

100

SPL [dB]

80 1 ey

60

00 01 02 03 04 05 06 0.7 0.8

(a) Stl (b)
Figure 6: Effects of oscillation on sound pressure spectra (x/b = -7.5, y/b = 50).
() Sound pressure spectra. (b) Measurement point of sound pressure.

4.2 Power Spectra of Velocity Fluctuations

Figure 7 shows the effects of the oscillation of the plates on power spectra of uy in the wake of
plate B (x/b = 2.5, y/b = 6.5) and C(x/b = 2.5, y/b = 0.5). In the cases of static plates and plates oscil-
lated with weak amplitude of A/b = 0.075, the maximum peak frequency of the velocity fluctuations
of the flat plates B and C is the resonance frequency (St = 0.21). On the other hand, in the case of
more intense oscillation with the amplitude of A/b = 0.15, the maximum peak frequency of the os-
cillating plate (plate B) is changed to the oscillation frequency (St = 0.14). Hence, the sound pres-
sure level could be greatly decreased in the case of oscillation with the amplitude of A/b = 0.15 be-
cause the effects of oscillation on vortex shedding increased as the amplitude increased.
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Figure 7: Effects of oscillation on power spectra of the velocity up.
(@) x/b = 2.5, y/b = 6.5 (in the wake of plate B). (b) x/b = 2.5, y/b = 0.5 (in the wake of plate C).

4.3 Effects of oscillation on sound radiation

Figure 8 shows the effects of oscillation on the fluctuation pressure p’/pU, at the streamwise
midpoint of the plate (x/b = -7.5, y/b = 3.5). This shows the relationship between the oscillation dis-
placement of plates B, D and the pressure fluctuations of the standing wave between each flat plate.
The start of period, t/Ts = 0, is defined as a time when the vortex shedding occurs in the wake of C
(x/b = 2.5, y/b = 0.5). Figure 9 shows the Iso-surfaces of the second invariant and the contours of
the fluctuation pressure at the time of t/T,,s = 0 and 0.5.

In the case of A/b = 0.075, the pressure fluctuation of the standing wave occurs with the same
phase and amplitude as the case of non-oscillation until t/T,es = 0.5. However, the expansion be-
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comes more intense by the oscillation at t/Ts = 1.2. This is because the plate B starts to oscillate in
the upward direction and a vortex is shed from the lower edge of the plate at t/T.es = 0.8. As a result,
the expansion waves radiating from plates B and C are reinforced.

In the case of A/b = 0.15, it is found that the difference between the pressure fluctuations without
oscillation and those with the oscillation becomes more intense particulary at t/T.s = 1.2. Before
this time (t/Tys = 1.0), the plate B starts to move into the downward and the vortex is shed from the
upper downstream edge. As a result, a compression wave radiates and weakens the expansion wave
radiating from plate C.

In the case of non-oscillation, the vortices shed from neighboring plates are synchronized in an
anti-phase mode. However, the vortices shed from non-oscillated plate and oscillating plate are syn-
chronized in an in-phase mode in some cases of oscillation. This leads to the weakening of the
acoustic resonance.
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Figure 8: Effects of oscillation on fluctuation pressure p’/pU, between plates B and C (x/b = -7.5 and y/b =
3.5), where dotted line represents the displacement of the plates B and D. (a) A/b = 0.075. (b) A/b = 0.15.

Static Osci. (4/b=0.075) Osci. (4/b=0.15)

Figure 9: Iso-surfaces of the second invariant (Q/(Uy/b)? = 1.0) and the contours o
p’/(0.5pU,°) focused on the plate B and C.

f the fluctuation pressure
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5. Conclusions

In order to clarify the effects of oscillation of plates on flow and acoustic fields around a cascade
of flat plates, direct aeroacoustic simulations were performed.

At the acoustic resonant frequency, the sound pressure level decreases in the oscillation case in
comparison with the non-oscillation case with increasing amplitude of oscillation. Especially, for
the oscillation case of the ratio of the displacement to the plate thickness, A/b = 0.15, the sound
pressure level was reduced by 10.4 dB at the acoustic resonant frequency. The results indicated that
the acoustic resonance can be decreased by the oscillation of the plates. The oscillation of the ob-
jects should be taken into consideration when predicting the aerodynamic noise around the objects
because aerodynamic sound changes greatly by the oscillation even if the amplitude is exceedingly
smaller than the plate thickness.

In the case of non-oscillation, the vortices shed from neighboring plates are synchronized in an
anti-phase mode. Also, the vortices shed from non-oscillated plate and oscillating plate are syn-
chronized in an in-phase mode in some periods of oscillation. This leads to the weakening of the
acoustic resonance.
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