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ABSTRACT

The present study aims to develop a S6ch MEMS mi-
crophone array for turbulent wall pressure fluctuation mea-
surement. 56 microphones are controlled by a FPGA, and
the microphones are arranged in line to obtain spanwise dis-
tributions of the wall pressure fluctuations in a turbulent
boundary layer. Output data of the MEMS microphones are
converted to the actual pressure fluctuations based on the
calibration using a reference microphone. The background
noise in the wind-tunnel is reduced by splitting the data into
POD modes. The noise-reduced data are reconstructed by
excluding the modes containing significant amount of noise.
The normalized RMS values of the wall pressure fluctua-
tions are in good agreement with the data in the literature,
and the power spectra show smooth curves down to the wall
unit frequency. Two-dimensional fluctuating wall pressure
field and the two-point correlation of fluctuating wall pres-
sure indicate contributions of the turbulent flow structures.
The present method can be extended to build a massively
parallel fluctuating pressure measurement system.

INTRODUCTION

There have been a number of efforts to reveal the re-
lationship between the wall pressure fluctuations and the
structures of wall turbulence. It has not yet been fully re-
vealed that the wall pressure fluctuations contain how much
contributions from the turbulence structures above. Naka
et al. (2015) evaluated the three dimensional shape of the
wall pressure—velocity correlations in a turbulent boundary
layer, and it is confirmed that the wall pressure fluctuations
include the contributions from the outer layer. To further
understand the link between the wall pressure fluctuations
and the turbulence structures, measurements of the time re-
solved wall pressure fluctuation field are desired. Matsub-
ara et al. (2014) evaluated the effect of the tripping on wall
pressure—velocity correlations using a 32ch microphone ar-
ray. White et al. (2012) manufactured a 64ch microphone
array using micro machining technique applying it to the

measurement in a turbulent boundary layer. To date, how-
ever, the wall pressure fluctuation measurements reported
have been restricted in relatively small number of sensors
with the insufficient spatial dynamic range. In the present
study, a flexible microphone array system for many chan-
nel pressure fluctuation measurements is proposed, and the
applicability of the technique is examined.

A MICROPHONE ARRAY FOR WALL PRES-
SURE FLUCTUATION MEASUREMENT

For sensing turbulent pressure fluctuations, a digital
miniature MEMS microphone (INMP621, InvenSense) is
used. The maximum input pressure fluctuation is 133 dB-
SPL (89.3 Pa RMS). This microphone has the signal to
noise ratio of 65 dB. That gives the minimum sensible pres-
sure fluctuation level of 5.64 x 10~* Pa RMS. The fre-
quency range giving flat amplitude response is from 45 Hz
to 20 kHz. The dimension is 4x3x 1 mm, and it has a pres-
sure port with the diameter of 0.25 mm in the bottom sur-
face. The wiring of this microphone is accomplished by
surface mount soldering.

Figure 1 shows the microphone array designed for the
present measurement. The dimension of the array board is
100 x 160 mm. Since the microphone has its port on the
bottom side, holes with the diameter of 0.5 mm are manu-
factured. The microphones are implemented in two rows,
and each row has 28 microphones. The distance between
two rows Ax is 3 mm and the distance between adjacent mi-
crophones in the row Az is 4 mm. The second row is shifted
2 mm in z direction against the first one so that the apparent
spanwise spatial resolution can be increased. The opposite
side of the board is flat and works as a part of the wall.

A FPGA board (ZYBO Zyng-7000, digilent) is used
for controlling microphones. The board has four PMOD
(Peripheral Module) connectors available for communicat-
ing with microphones. Each PMOD connector has 12 pins.
Four pins are taken for the power supply and the ground.
One pin is designated for sending the 2.5 MHz reference
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Figure 1. Photos of the microphone array: (a) mounted
side, (b) hole side, (c) enlarged view of holes.

56ch MEMS
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Reference
microphone

Figure 2. Setup for the frequency response calibration.

clock pulse signal obtained by 40 division of 100 MHz base
clock of the FPGA. Seven pins receive the signal from mi-
crophone synchronized to the reference clock. High and
low levels of the reference clock signal corresponds to left
and right channels of the microphone, respectively. There-
fore, signals from the two microphones can be handled with
one pin. One PMOD connector has 14 pins, and 56 micro-
phones can be controlled by a ZYBO board. It is noted
that the present system can be readily extended if multiple
boards are prepared. Synchronization can be achieved using
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Figure 3. Amplitude response; low-frequency response
measured by the reference microphone (circle), low-
frequency response measured by the pressure transducer
(triangle), mid- to high-frequency response (square) and
response of the microphone provided by manufacturer
(dashed line).
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Figure 4. Power spectra of the first six POD modes.
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Figure 5. POD mode versus energy component.

external triggering.

Output data from microphones are 1-bit PDM (pulse
density modulated) signals. Data from the 56 microphones
are packed into 32 bit data stream by the ZYBO board and
written into the disk. The bundled bit stream data are de-
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Figure 6. Reconstructed space-time distribution of fluctuating pressure.

coded off-line by the zero-phase shift digital sinc? filter with
the width of 64. After waveform of the pressure signal is re-
covered, the 2.5 MHz signal is decimated to 125 kHz.

The amplitude of the microphone output signal is con-
verted into the actual pressure fluctuations in Pascal based
on the calibration. The calibration measurement has been
performed as the microphone array is placed close to the
reference microphone (4938-A-011, B&K). The setup of
the calibration measurement is presented in Fig. 2. The
tonal signals from a speaker are recorded simultaneously
by the microphone array and the reference microphone. For
the low frequency range namely below 20 Hz, the pres-
sure transducer (Valydine DP45, and PA701) was also em-
ployed. In this measurement, the microphone array, a pres-
sure port for the transducer and a speaker were attached to
the inner wall of a closed box, and the pressure fluctuation
in the box was measured.

The amplitude response of the microphone array is
shown in Fig. 3. The response is nearly flat between 45 Hz
to 10 kHz. In the low frequency range, the signal is gradu-
ally attenuated, and it gives approximately —30 dB at 3 Hz.
For the high frequency part, the response is nearly flat up to
10 kHz. The frequency response can be taken into account
in post processing.

MEASUREMENT OF THE PRESSURE FLUC-
TUATION FIELD IN A TURBULENT BOUND-
ARY LAYER

The microphone array has been applied to measure-
ments in a turbulent boundary layer. A wind-tunnel of suc-
tion type with the test section size of 1.2 m X 0.8 m x 7.5 m
has been used for the present experiment. The microphone

array was placed at the center of the bottom wall and at 6.5
m from the beginning of the test section. The sampling pe-
riod was set to 20 s for one experiment. The statistics were
evaluated from this dataset.

The measurement has been undertaken at the free
stream velocity U, of 3 m/s. At the measurement loca-
tion, the boundary layer thickness reaches approximately
140 mm, the friction velocity u; ~ 0.128 m/s, the wall unit
length [T ~ 123 um. The friction Reynolds number Re;
~ 1140. Under this condition, the diameter of the pres-
sure hole normalized by the wall unit length ¢ ™ ~ 4.1, and
the distance Ax™ ~ 24.4 and Az ~ 32.6 The wall unit fre-
quency f* defined as the inverse of the wall unit time ¢ is
1042 Hz.

To evaluate turbulent pressure fluctuations faithfully,
undesired noise components should be removed from the
measured data. Several noise reduction practices have been
proposed: the subtraction method using auxiliary micro-
phone mounted in the free stream capturing only the noise
component (Naka et al., 2006), and introducing Wiener fil-
ter to enhance the performance of the noise reduction (Naka
et al., 2015). Here, the POD mode analysis is used for the
noise reduction to take advantage of the simultaneous mea-
surements of 56ch fluctuating pressure signals. The first
mode contributes 59% against the total power of fluctuation,
and this mode has a large mean value in space indicating the
perturbations having a long wavelength. Such fluctuations
are attributable to the plane acoustic wave originating from
the blower propagating in the mean flow direction.

Figure 4 represents the power spectra of the time fluc-
tuating POD coefficients. The first mode exhibits peaky
and noisy distributions. The shapes of the second and third
modes are similar to the first mode in the higher and lower
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Figure 7. RMS of pressure fluctuations. Data are com-
pared with the reference (Bull & Thomas, 1976; Schewe,
1983; Choi & Moin, 1990; Farabee & Casarella, 1991; Tsuji
et al., 2007; Klewicki et al., 2008; Schlatter & Orlii, 2010).

frequency ranges, respectively. These corresponds to the
noises in these frequency ranges. Furthermore, the noise in
the higher frequency range more than 500 Hz is evident in
the fourth mode. Here, therefore, the signals up to the fourth
mode are considered to contain significant amount of noise.
The turbulent wall pressure fluctuations are reconstructed
from the 5th mode and the later. Figure 5 shows the cumu-
lative sum of the energy in the POD modes. The first mode
has 59% of the pressure fluctuations, and the POD modes
after 5Sth mode possess approximately 30%. The contribu-
tion of the 5th mode is 1.2% and it gradually goes down to
0.36% for the 56th (final) mode.

Figure 6 indicates the consecutive space-time fluctuat-
ing pressure fields after noise treatment. It spans approxi-
mately 0.8 in the spanwise direction, and 208 /U, in time.
The distributions clearly visualize the instantaneous struc-
ture of the wall pressure fluctuations. The negative and
positive structures can be observed with a certain extent.
The structures tend to spread more in the spanwise direc-
tion compared to the streamwise direction. This is consis-
tent with the previous studies (Park & Moin, 2016). In ad-
dition, the wall pressure pattern is intermittent. The strong
small scale fluctuation packets can be observed. Here, al-
though the signals of adjacent microphones in span are
slightly shifted in time considering the convection veloc-
ity of U, = 0.8U,, one still observes slightly jig-zag pattern.
This can be inherent to the fact that the convection velocity
is different for different size of structures.

The RMS value of the reconstructed wall pressure fluc-
tuations normalized by the free stream velocity p’/(pU?) is
4.36 x 1073, which exhibits a good accordance with data
in the literature (Schlatter & Orlii, 2010). The compari-
son of the wall pressure fluctuation is given in Fig. 7. In
this comparison, the wall pressure fluctuations are normal-
ized by the inner variables, and it is plotted against the wall
unit boundary layer thickness 6. The present data are lo-
cated in the trend of the data in the literature, but are sit-
uated slightly below. This may be attributed to the noise
reduction procedure, where the first four POD modes are
not considered. Though these POD modes apparently con-
tains significant amount of noise, they possibly have some
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Figure 8. PDF of wall pressure fluctuations.
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Figure 9. Power spectra of the wall pressure fluctuations
from 56 microphones.

fractions of pressure fluctuations from the turbulent bound-
ary layer. Another possible reason is estimation of the wall
shear stress. Compared to the free stream velocity, it is not
easy to determine the wall shear stress precisely. Here, the
wall shear stress is obtained from the mean velocity profile
measured using a hot-wire anemometer. The error-bar in-
dicates the standard deviation of the 56 microphones. It is
approximately 10% against the mean value.

Figure 8 presents the probability density functions
(PDFs) of the wall pressure fluctuations. It is known that the
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Figure 10. Normalized two-point cross correlation of the wall pressure fluctuation. The convection velocity U, = 0.8U, is

used for the time-space conversion.

(a)
1 L
]
.2
=05
©
g
o
QO
J
-400 -200 0 200 400
Azt = UAtT

(b) | |

Correlation

-400 -200 0 200 400
Azt

Figure 11. Normalized two-point cross correlation of the
wall pressure fluctuation plotted along the lines of Az =0
(a) and Ax™ =0 (b)

PDF of the wall pressure fluctuation is nearly symmetric on
the contrary to the pressure fluctuations in the field (Tsuji
et al., 2007; Naka et al., 2015). The profiles from 56 mi-
crophones are similar and the averaged line gives a smooth
distribution down to 10-°. The averaged value of the skew-
ness is 0.40 and the flatness is 7.87. The PDF represents the
intermittent nature of the pressure fluctuation and the shape
is apparently broader than the Gaussian distribution.
Figure 9 indicates the power spectra of the recon-
structed pressure fluctuations of 56 microphones. The pro-

files of the power spectra collapse well, and all the profiles
smoothly decrease down to the wall unit frequency. It is
noted that the hole diameter normalized by the wall unit
length is d* = 4.1 and it gives far better spatial resolution
than the value proposed in the literature (Gravante et al.,
1998) which suggests d < 18 for the attenuation free mea-
surement. In the low frequency part, the spectra is atten-
uated as it is observed in the frequency response shown in
Fig. 3.

Figure 10 indicates the two-point correlation of the
wall pressure fluctuations. It shows a meaningful pattern
extending in the spanwise and streamwise directions. The
distribution spreads broader in the spanwise direction than
in the streamwise direction, which is the same tendency to
the previous studies (Willmarth, 1975). Figure 11 shows the
line plots along Ax and Az directions. Both profiles are sym-
metric and show negative correlation from 53 < |Ax| <275
and 57 < |Az| < 320. In Az direction, the significant level of
negative correlation spreads further than in the Ax direction.
The correlation crosses the value of —0.1 around 2757 in Az
whereas 175 in Ax. Such difference can be explained by
the turbulent flow structures above the wall. The simulta-
neous measurements with the velocity fields will reveal the
instantaneous and statistical relationships between the wall
pressure fluctuations and turbulent flow structures.

CONCLUSION

In the present study, a microphone array is designed
for the wall pressure fluctuation measurement. 56 MEMS
digital microphones are controlled by a FPGA board. The
output of the microphones is calibrated against the refer-
ence microphone to obtain the actual pressure fluctuation in
Pascal. The microphone array is placed in the wind tunnel
and the pressure fluctuations in a turbulent boundary layer
are measured. The background noise in the raw data is well
treated by POD mode analysis taking advantage of the si-
multaneously measured 56¢ch data. The RMS values of ob-
tained pressure fluctuations are in good accordance with the
data in the literature. In addition, the power spectra exhibit
smooth shape up to the wall unit frequency.

It is confirmed that the present method provides a novel
flexible method for measuring wall pressure fluctuations
with a good spatial and temporal resolutions. The time re-
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solved fluctuating wall pressure fields give experimental in-
sights of the relationship between the wall pressure fluctua-
tion pattern and the wall turbulence structures.

The present microphone array can be synchronized
with other microphone arrays or devices by external trig-
gering. The extension of the present method to a massively
parallel fluctuating pressure measurement system is possi-
ble.
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