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Abstract

Microphones are widely applied to measure pressure fluctuations at the walls of solid bodies immersed in turbulent flows. Turbulent motions
with various characteristic length scales can result in pressure fluctuations over a wide frequency range. This property of turbulence requires
sensing devices to have sufficient sensitivity over a wide range of frequencies. Furthermore, the small characteristic length scales of turbulent
structures require small sensing areas and the ability to place the sensors in very close proximity to each other. The complex geometries of the
solid bodies, often including large surface curvatures or discontinuities, require the probe to have the ability to be set up in very limited spaces.
The development of a remote microphone probe, which is inexpensive, consistent, and repeatable, is described in the present communication.
It allows for the measurement of pressure fluctuations with high spatial resolution and dynamic response over a wide range of frequencies. The
probe is small enough to be placed within the interior of typical wind tunnel models. The remote microphone probe includes a small, rigid, and
hollow tube that penetrates the model surface to form the sensing area. This tube is connected to a standard microphone, at some distance
away from the surface, using a "T" junction. An experimental method is introduced to determine the dynamic response of the remote microphone
probe. In addition, an analytical method for determining the dynamic response is described. The analytical method can be applied in the design
stage to determine the dimensions and properties of the RMP components.

Video Link

The video component of this article can be found at https://www.jove.com/video/53627/

Introduction

Fluid flow over surfaces generally leads to unsteadiness and turbulence that result in unsteady surface pressure (USP). Flow-induced sound
and vibration are often a direct result of this unsteadiness. The radiated sound generated by cooling fans, propellers, and wind turbines are
dominated by sources related to USP1. Measurements of the spatial and temporal characteristics of USP in turbulent flows are generally required
in order to predict the radiated sound.

The statistical characterization of USP is generally given in the form of auto-spectral density, two-point cross-spectral densities, and spatial
correlation functions2, 3. The frequency response required can vary depending on the application. In many wind tunnel applications, a response
of 10 kHz to 20 kHz is sufficient. The small scales of turbulent motion often require sensing areas and sensor spacing to be less than 1 mm.

Extensive experimental studies have been conducted in order to obtain turbulence-induced pressure fluctuations. A direct method uses flush-
mounted embedded sensors. This method often employs large arrays of microphones, because each sensor can only measure the pressure
fluctuation at one discrete point. Typical sensors utilized in this method are piezoelectric transducers, suggested by Gautschi4. Arrays of
piezoelectric sensors can be expensive, and the frequency range of measurement is often less than 10 kHz.

Direct surface-mounted microphones are often used as inexpensive USP sensors5. Microphones have high sensitivity, which is a substantial
benefit for low-speed flows. However, this also leads to the risk of sensor saturation when large amplitude fluctuations in pressure are present.
This method is not suitable for surfaces with large curvatures, discontinuities, or geometries that are too thin to contain the entire sensor.

An indirect method for obtaining both spectral and spatial information is to use thin membranes flush-mounted to a surface6. The time- and
space-dependent vibration motions are measured and then converted to surface pressure statistics using known mechanical properties of the
membrane. This method requires careful design, implementation, and accurate calibration of the membrane's dynamic response. Additionally,
the vibration measurement equipment, such as laser Doppler vibrometers, are expensive. Lastly, this method can only be applied to flat surfaces.

Pressure-sensitive paint (PSP) is another technique that can be used to measure the unsteady surface pressure. This technique requires the
surfaces to be coated in a transparent polymer binder, which causes the molecules within to be excited to a higher energy state as they are
illuminated by light of a specific wavelength. As the molecules undergo oxygen quenching, energy is released as light at a rate proportional to the
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oxygen partial pressure, resulting in luminescence that is inversely proportional to the surface pressure7. The major drawback to PSP methods
is the relatively low sensitivity of the measurement when compared to microphones. This limits the application of PSP to relatively high-speed
flows.

The present communication describes a method for USP that uses a remote microphone probe (RMP). This method was first described by
Englund and Richards8. The concept uses a standard miniature microphone that is connected to the surface pressure tap with a hollow tube.
The unsteady pressure at the model surface will travel into the tubing in the form of sound waves. The tubing acts as a "wave-guide" to allow the
microphone, which is mounted perpendicularly to the tubing, to measure the sound waves. The waves then continue into another tube that is
long enough to eliminate large-amplitude acoustic reflections.

Englund and Richards applied an analytical approach outlined by Bergh and Tijdeman9 to determine the dynamic response of the RMP. Perrenes
and Roger10 utilized an RMP to measure surface pressure over a two-dimensional airfoil with high-lift devices. They developed a probe with a 0.5
mm diameter capillary tube at the surface that was connected to a 27-cm-long rigid tube that expanded from 0.7 mm to 2.5 mm via two separate
step changes. Each step change caused a relatively large change in the acoustic impedance of the tube. Leclercq and Bohineust11 studied the
wall pressure field beneath a turbulent boundary layer. They used a constant-diameter RMP, as suggested by Franzoni and Elliott12. However,
the dynamic response was high enough only in a limited frequency range. Arguillat et al.13 designed an RMP to study the noise transmitted to the
interior of a vehicle compartment. They tested various tubes to conduct the pressure fluctuation to the microphones. Yang et al.14 corrected for
the tubing distortion by using a tubing transfer function approach that is similar to the method introduced in this report. Hoarau et al.15 studied the
wall pressure trace downstream of a separated region. The RMPs that they designed had constant inside diameters, and the tubing was entirely
non-rigid.

According to previous studies, the accuracy of surface pressure measurements obtained using RMPs is mainly dependent upon the
determination of the frequency-dependent transfer function of the probe that relates the surface pressure to the microphone pressure. The
following sections will describe an RMP geometry that is both simple and effective. Experimental and analytical methods will be introduced and
validated in order to accurately determine the dynamic response of the RMP. The analytical model allows for an RMP to be optimized in the
design stage for a potentially wide range of applications.

RMPs can be used to measure pressure fluctuations over a wide range of frequencies. The relatively high spatial resolution can offer detailed
information on characteristics of the spatially-distributed unsteady pressure field16. As the probe is small, RMPs can be utilized to measure
pressure fluctuations over complex geometries, such as large curvatures or limited spacing17. In addition, the tube connecting the surface tap
and the microphone sensor can reduce the magnitude of the induced pressure fluctuation at the microphone. Thus, proper design of RMP
sensor geometry and parameters yields a method for obtaining USP characteristics that are significantly less restrictive when compared to flush-
mounting the microphone directly to the model surface.

Structure of the RMPThe general structure of the RMP is shown in Figure 1. The RMP consists of one tube leading from the model surface to
an expansion section and a second tube extending from the expansion section to a "cradle." A third tube is then connected to act as an anechoic
termination. The cradle is a machined plastic component used for housing the microphone and the tube connections. The details of the RMP
structure can be adjusted for various experimental conditions. The purpose of the second, larger-diameter tube is to allow the relatively bulky
microphone and cradle to be placed further from the point of the USP measurement without significantly reducing the measurement sensitivity.
This second tube can be eliminated if it is not necessary, and the expansion section can be built in the cradle. The anechoic termination was
made of soft plastic that was approximately 2 to 3 m in length.

For this demonstration, the design of the RMP was optimized for the measurement of surface pressure fluctuations under a turbulent boundary
layer without a streamwise pressure gradient, as shown in Figure 2. The second tube was eliminated. The effects of the two different lengths
of the first tube were observed. The first tube was constructed from stainless steel with an inner diameter of 0.5 mm and an outer diameter of
0.81 mm. The lengths of the first tube were 5.35 and 10.40 cm, respectively. The inner diameter of the inlet of the expansion section, which
was incorporated into the cradle, was 0.5 mm, and the inner diameter of the exit was 1.25 mm, which was identical to the inner diameter of the
dissipation termination. The angle of the expansion section was 7°. There was a hole in the cradle with a 1.25 mm diameter in order to smoothly
connect the expansion section with the anechoic termination. The sensing area was connected to the 1.25 mm hole through a perpendicular 0.75
mm hole.

Protocol

1. Preparation of Experiments

1. Select a proper microphone to build the RMP. Use a frequency range of the microphone within the frequency range of interest.
 

NOTE: In this experiment, pressure fluctuations between 100 and 10,000 Hz are of interest. The measurement frequency range of the
selected microphone is from 100 to 10,000 Hz. The size of the microphone should be as small as possible, although there are no specific
criteria for the size.

2. Estimate the sensitivity and frequency response of the RMP system using the analytical method described in the appendix. Adjust the
sensitivity and frequency response of the RMP by varying the dimensions of the tubes and structures.

3. Use a Dremel to cut the 0.5 mm inner-diameter stainless steel tube into a 5.25 cm long piece.
4. With scissors, cut the 1.25-mm inner-diameter soft tube into a 4.75 m long piece.
5. Use a milling machine to cut a piece of Plexiglas into a cuboid. The length, width, and height of the cuboid should be 2.54 cm, 1.27 cm, and

1.27 cm, respectively.
6. Drill holes with 0.81, 2, 2.56, and 0.76 mm diameters on the Plexiglas cradle, as shown in Figure 2.
7. Use a needle drill to make the taper section of the Plexiglas cradle, as shown in Figure 2.
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8. Look up the microphone sensitivity in the manual provided by the manufacturer, or calibrate the microphone using the method introduced by
Wong18.

9. Seat the microphone into the Plexiglas cradle, as shown in Figure 2, and fix the microphone using epoxy.
10. Connect the stainless-steel tube and the soft tube to the Plexiglas cradle and fix them with epoxy.
11. Drill a hole with a 0.81 mm diameter perpendicularly to the model surface at the position of measurement.

2. Experiment Setup

1. Flush mount the primary stainless steel tubes of the RMP sensors to the model surface and add epoxy to fix the stainless steel tubes to the
opposite model surface, as shown in Figure 2.

2. Surround the RMP with acoustic foam in order to prevent parasitic noise from contaminating the system.
3. Route all electrical wiring out of the test section of the tunnel.
4. Route the soft anechoic tube out of the test section of the tunnel.
5. Connect the end of the soft anechoic tube to a pressure transducer in order to obtain measurements of the mean static pressure

simultaneously with the unsteady pressure.
6. Connect the RMP to a low-noise amplifier and data acquisition system.
7. Set the gain factor of the amplifier to 10. Note that the value of the gain factor can be changed from case to case.

3. Calibration

1. Select a reference microphone that is high quality and has a frequency-independent sensitivity.
2. Connect the reference microphone to the input of an amplifier and connect the output of the amplifier to the data acquisition system.
3. Set both the input gain and output gain of the amplifier to 10 dB. Note that the gain factor can be varied under different measurement

conditions.
4. Insert the reference microphone into a pistonphone, as shown in the supplementary figure.
5. Turn on the pistonphone.
6. Set the acquisition frequency to 4,000 Hz.
7. Set the number of samples to 240,000.
8. Acquire and save the voltage output from the reference microphone.
9. Compute the calibration constant of the reference microphone. The calibration constant, Cref, is the ratio of the standard deviation of the

pistonphone-produced sound pressure to the standard deviation of the voltage output of the reference microphone.
10. Repeat the calibration process (steps 3.8 and 3.9) several times. Use the mean value, Cref, as the calibration constant.
11. Place the reference microphone perpendicularly to the solid surface over which the pressure fluctuation is measured, as shown in Figure 1.
12. Align the center of the reference microphone with the RMP tap. Use a distance between the reference microphone and the RMP tap of 1 mm.
13. Place the loudspeaker in close proximity to the test model. Use a distance between the loudspeaker and the microphone of 2.5 m for these

measurements.
14. Connect the loudspeaker to a function generator and turn on the function generator.
15. Use the "white noise" option of the function generator to provide the desired acoustic signal and set the root mean square voltage, Vrms, to 0.4

V.
16. Adjust the volume of the loudspeaker to the minimum.
17. Turn on the loudspeaker.
18. Adjust the volume of the loudspeaker amplifier as high as possible without damaging the speaker. Note that most speakers have an indicator

light to warn the user if the output amplitude is above the speaker range.
19. Acquire and save time-series data from the voltage outputs of both the reference microphone and the RMP using a scanning frequency of

40,000 Hz for 60 sec.
20. Compute the time-series values of the sound pressure fluctuation, which is generated by the loudspeaker and function generator and

measured by the reference microphone. This is simply the product of the time-series voltage output from the reference microphone, ,

and its calibration constant, ; . Note that the time-series sound pressure, , is also the pressure fluctuation at the
tap of the RMP.

21. Compute the time-series sound pressure fluctuation measured by the microphone in the RMP as the product of the time-series voltage output
from the RMP, , and the microphone sensitivity, ; . Note that the microphone sensitivity, , should be
provided by the manufacturer.

22. Compute the auto-spectral density, , of  . Compute the auto-spectral density, , of . Compute the cross-spectral density, ,

between  and . The auto-spectral densities and cross-spectral density are defined by Bendat and Piersol19.
23. Compute the transfer function as .
24. Compute the coherence function as , where the asterisk represents the complex conjugate.
25. Remove the reference microphone.
26. Turn off the loudspeaker and function generator.
27. Remove the loudspeaker.

4. Data Acquisition

1. Turn on the wind tunnel.
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2. Record the time-series voltage output, , of the RMP with the data acquisition system. Use a scanning frequency of 40,000 Hz. Use a
duration of the acquisition of 64 sec.

3. Turn off the wind tunnel.

5. Data Processing

1. Compute the sound pressure fluctuation, , measured by the microphone in the RMP as .
2. Compute the auto-spectral density, , of the surface pressure fluctuation as , where  is the auto-spectral density of

the sound pressure fluctuation measured by the microphone in the RMP  .

Representative Results

Calibration results from two representative RMP designs are shown in this section. The first one used a 5.35 cm primary tube, and the second
one used a 10.4 cm primary tube. The dissipative terminations are 4.75 m long for both RMPs.

The coherence between the pressure fluctuations measured by the microphone in the RMP and by the reference microphone is shown in
Figure 3. The data show a near-unity coherence value over a wide range of frequencies. At frequencies above 10 kHz, the coherence generally
remains high, but the coherence drops intermittently at some frequencies. One reason for this is that the sound generated by the loudspeaker is
comparatively low at these frequencies. This may also result from the reduced sensitivity of the RMP at high frequencies. The background and
electrical noise can result in the loss of coherence. A low coherence value indicates that the pressure fluctuations measured by the microphone
in the RMP and the reference microphone are not strongly correlated. In this study, the coherence is higher than 0.97 in the frequency range of
interest.

Figure 4 shows the magnitude of the transfer function obtained both experimentally and analytically. The analytical method is accurate in
predicting the dynamic response across most of the frequency range. The disagreements in the middle- and high-frequency ranges are assumed
to be a result of small aberrations in the RMP, such as burs or slight mismatches at tubing junctions.

The oscillations in the transfer function magnitude at frequencies between 100 Hz and 500 Hz are related to acoustic reflections in the longer
anechoic termination. These are generally on the order of 1 or 2 dB in magnitude. Acoustic reflections within the primary tube are evident in the
oscillations at higher frequencies.

Figure 5 shows the phase shift of the transfer functions. The analytical method slightly overestimates the slope of the phase shift. Although the
uncertainty of the measurement, which is about 1.6%, can result in discrepancy, this overestimation is considered to be caused by small errors in
estimated tube lengths or by temperature variations, which will affect the acoustic speed applied in the analytical method because of the constant
trend.

USP measurements were acquired in a flat-plate turbulent boundary layer flow. This method was chosen for this communication because of the
simplicity of the experimental setup and because a significant body of data for the USP exists for the flat-plate boundary layer. The auto-spectral
densities measured by the RMP at several values of the Reynolds number are shown in Figure 6. The pressure spectra were normalized by wall
shear, displacement thickness, and uniform flow speed. The light gray region contains all of the data from various research groups, compiled
by Goody20. The dark grey band represents pressure spectra that correspond to very large Reynolds numbers. The present measurements are
within the spread of measurements observed in previous literature and demonstrate the anticipated trend of the magnitude decreasing with the
Reynolds number, as shown by Goody. Note also that the measured pressure spectra do not contain any of the harmonic peaks that exist in the
transfer function, indicating that an accurate frequency-dependent calibration function was applied.

 

Figure 1: Schematic for RMP structure and setup. The schematic shows the general design of the RMP. The details of the RMP can be
adjusted to optimize the design for various measurement conditions. Please click here to view a larger version of this figure.
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Figure 2: The dimensions and setup of the RMP utilized to measure the surface pressure under the canonical turbulent boundary
layer in the present study. The design of the RMP utilized for this measurement is slightly different from the structure shown in Figure 1; the
expansion section is incorporated into the cradle. Please click here to view a larger version of this figure.

 

Figure 3: Coherence functions for RMPs with various first-tube lengths. (left) 5.35 cm first tube and (right) 10.40 cm first tube. The x-axis is
the frequency in Hz, and the y-axis is the value of the coherence. Please click here to view a larger version of this figure.

 

Figure 4: Magnitude of the transfer functions for RMPs with various first-tube lengths. (left) 5.35 cm first tube and (right) 10.40 cm first
tube. The blue curve represents the experimental results, while the green curve represents the theoretical predictions. The x-axis is frequency in
Hz, and the y-axis is the magnitude of the transfer function in dB. Please click here to view a larger version of this figure.
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Figure 5: Phase shift of the transfer functions for RMPs with various first-tube lengths. (left) 5.35 cm first tube and (right) 10.40 cm first
tube. The blue curve represents the experimental results, and the green curve represents the theoretical predictions. The x-axis is frequency in
Hz, while the y-axis is the phase shift of the transfer function in rad. Please click here to view a larger version of this figure.

 

Figure 6: Auto-spectral density of the surface pressure measured by RMPs under various Reynolds numbers. The x-axis represents the
angular frequency, normalized by displacement thickness and uniform flow speed; the y-axis shows the surface pressure spectra, normalized by
uniform flow speed, displacement thickness, and wall shear. Please click here to view a larger version of this figure.

Discussion

The measurement of USP in wind tunnel experiments is needed for many applications related to aeroacoustics and flow-induced vibrations.
Compared to existing methods, such as flush-mounted imbedded sensors, PSP, or vibrated membranes, the method described here allows for
accurate measurements with a high sensitivity to large-magnitude fluctuation over a wide range of frequencies. More importantly, it also provides
a method for USP measurements using a small sensing area that minimizes the spatial averaging effects described by Corcos21. Additionally,
the method allows for the close spacing of sensors over complex geometries. While RMP designs have been proposed in past literature, this
communication provides details regarding an effective RMP design methodology, along with a theoretical method for choosing the parameters
required for an effective measurement.

The analytical method can predict the dynamic response of the RMP in the design stage. As shown in the representative results, the frequencies
of the resonance maxima are determined by the length of the first tube. As a result, the length of the first tube can be adjusted in order to position
the resonance peak at a desired frequency. For example, if the magnitudes of the surface pressure fluctuations at certain frequencies are
anticipated to be large, the length of the first tube should be adjusted to ensure that the resonance peak is not located at those frequencies.

The most critical step for the application of the RMP system is the calibration. The coherence function is an indication of the calibration quality.
High coherence is always desired. However, the coherence function can be affected by several parameters, including the frequency, range,
and acoustic amplitude of the loudspeaker; the relative location of the loudspeaker; the distance between the reference microphone and the
tap of the RMP; and the dimensions of the tubing in the RMP. The effects of the aforementioned parameters on the calibration are complicated.
Even now, there is no optimized method for determining all of these parameters. The calibration process should be repeated to obtain the best
coherence value.

The structure of this RMP system can be modified based on the predictions of the analytical method in the design stage to account for various
experimental conditions. Therefore, this RMP technique can be optimized and applied to the measurement of surface pressure fluctuation under
complex flow conditions, such as the unsteady surface pressure present in turbomachinery.
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