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Characterization of micro-scale gas leaks using an
optomechanical ultrasound sensor

Ayden Chen,' Ghenesis Teves,? and Ray G. DeCorby

Kyle G. Scheuer,'?

1,2,a)

YWitracoustics Technologies Ltd., 10230 Jasper Ave. NW, Edmonton, Alberta T5J 4P6, Canada
’ECE Department, University of Alberta, 9211-116 St. NW, Edmonton, Alberta T6G 1H9, Canada

ABSTRACT:

We used an optomechanical microphone to measure the acoustic signals emitted by compressed-air jets emanating
from apertures as small as ~5 um. In keeping with the predictions of aeroacoustic theory, spectra extending into the
high-frequency (MHz) ultrasound region were observed. Most of this acoustic energy lies well above the range of a
conventional ultrasonic microphone. Conversely, the broadband response of the optomechanical sensor offers the
potential to localize and quantify leaks based on a more complete knowledge of the acoustic spectrum. We show that
the minimum detectable flow rate, set by the onset of turbulence, scales with the hole size and was as low as
~10*Pa-m®-s ™! for the smallest holes studied here. The results demonstrate that a sufficiently broadband and sensi-
tive microphone might enhance the utility of “acoustic sniffer” tools for quantitative gas leak detection.

© 2025 Acoustical Society of America. https://doi.org/10.1121/10.0037183

(Received 27 February 2025; revised 15 May 2025; accepted 24 June 2025; published online 11 July 2025)

[Editor: James F. Lynch]

I. INTRODUCTION AND BACKGROUND

The detection of gas leaks'™ is a widely studied prob-
lem in energy distribution, refrigeration, compressed-air,
and vacuum systems,*'* and in the certification of sealed
structures for the packaging, automotive, and aerospace
industries.'"™"® In many cases, reliable identification of
leaks, either during manufacture or after deployment, is crit-
ically important to both the safety and efficiency of these
systems, o517

At the highest level, detection methods can be classi-
fied>* according to whether their primary utility is for pin-
pointing the location or quantifying the size of a given leak.
These are sometimes delineated as “point source” versus
“systemic” methods.'® Both types have important use-cases,
and indeed some techniques are capable of determining,
within certain limits, both the location and the size of a leak.

The size of a leak is characterized by its “leak rate,”
qL=A(P-V)/At (e.g., with S.I. units of Pam®s™!),! which
essentially predicts the loss (or gain) of pressure (P) per unit
time in a fixed volume (V). Quantitative methods are often
compared on the basis of their minimum detectable leak
rate, g min- SYystemic tracer-gas (typically helium) techni-
ques that use mass spectrometry are the gold standard, and
can detect leak rates as small as ~10~'>Pam’s™' when ref-
erenced to vacuum.* However, these systems are relatively
complex and costly. Much simpler pressure-change techni-
ques can achieve sensitivities approaching ~10"®Pam®s™!
under optimal conditions."”

To locate a leak, visual “bubble inspection” tests are
commonly employed. While these are somewhat laborious
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and time-consuming, a skilled technician can locate leaks as
small as ~10 " *Pam?®s~! (Ref. 17). An alternative option is
provided by “sniffers,”" which are variously based on ther-
mal conductivity, electrochemical, or mass-spectrometry
sensors, and are able to detect and locate leaks in the ~107°
to 10 2Pam’>s™! range.4 However, these devices are often
gas-specific and can be challenging to use in closed areas
where the target gas accumulates, or in open, windy areas
where the target gas is not efficiently collected.

Ultrasonic>® (i.e., aero-acoustic'*?") leak detection
relies on the airborne acoustic signals emitted by a turbulent
gas jet. Its attributes include a passive and non-invasive
nature and an ability to sense a leak for any type of gas.
However, it is traditionally viewed as a low-sensitivity tool,
useful mainly for rapid but strictly qualitative identification
and localization of a leak.”* In spite of this, the commercial
and industrial use of ultrasonic leak detectors is on the rise,
driven in part by advances in the on-board computing and
signal processing capabilities of low-cost portable instru-
ments. For example, “ultrasonic sniffers” [see, for example,
https://www.uesystems.com/ultrasound-leak-detection/
(Last viewed February 22, 2025)] are sometimes preferred
over traditional chemical sniffers for locating leaks in
HVAC and refrigeration systems.’

In order to generate detectable sound, a gas leak must
lie in a turbulent flow regimen,?' which places a fundamen-
tal lower limit (e.g., gL min~ 10* to 10 °Pam’® 571)1’4 on
the detectable leak rate. However, the practical limit is often
significantly higher (e.g., gL min~ 10~ 'Pam? 571)17 due to
the impact of interfering signals in the environment and
electrical noise in the ultrasonic microphone. Thus, airborne
ultrasound techniques have traditionally been restricted to
locating relatively large leaks (i.e., large holes, and at
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relatively large pressures). This is illustrated by several
recent studies,5*7’9’l3’16’19’20 all of which involved hole
sizes in the ~0.1-1mm range and leak rates in the
~1-10Pam®s ™! range.

Aside from noise, another reason that conventional
(i.e., electrical) ultrasonic microphones have low sensitivity
is that they capture only a small portion (i.e., the low-
frequency “tail”) of the acoustic power spectrum emitted
by a turbulent gas jet, especially for very small holes. In
this study, we used a broadband, optomechanical ultrasound
sensor to capture the full-range acoustic emissions and
show that this offers potential to extend the use of aeroa-
coustic methods to the detection of smaller holes and lower
leak rates than has traditionally been possible, in addition
to providing enhanced quantitative information about the
leak.

Il. EXPERIMENTAL OVERVIEW

The leak artifacts used in our study are nominally circu-
lar, laser-machined holes (Lenox Laser, Inc., Glen Arm,
MD) with diameters of ~5, 10, 20, 50, and 75 um, formed at
the end of “barb”-style gas fittings. In the manufacture of
these holes, a steel endplate of the fitting, with thickness of
~200 um, is subjected to high-power laser pulses until a
hole of desired size is formed at the bottom of a much larger
crater. The approximate size and circular shape of the holes
were verified using an optical microscope, as shown, for
example, in Fig. 1(a) for the ~50-um hole. Additional
images are provided in the supplementary material. The
manufacturer specifies a tolerance of *20% for the 5-um
hole and *10% for the others, as indicated by error bars in
several plots below.

The barbs were attached to high-pressure tubing and
pressurized using either a conventional air compressor for
pressures up to ~100psi, or using an air-rifle compressor
(Vevor, Shanghai, China) for pressures up to ~3000 psi. As
shown in Figs. 1(b) and 1(c), the microphone was positioned
near the micromachined hole to capture acoustic emissions
from the gas jets emanating through the hole.

The optomechanical sensor used to detect air-coupled
ultrasound in this work is similar to those we have described
in great detail elsewhere.”> These sensors are monolithic,
curved mirror Fabry—Perot resonators with their flexible
upper mirror acting as the mechanical resonator (i.e., essen-
tially as a tiny “eardrum”), and separated from a bottom mir-
ror by a partially evacuated cavity. As in our recent work,*
the sensor chip used here was mounted in a microphone
assembly attached to an optical fiber for laser-based readout
of the mechanical motion. The particular sensor used to
obtain the results below has its first mechanical resonance at
~3.7MHz, and provides a nearly frequency independent
noise-equivalent-pressure of ~50 uPaHz~"/? over the entire
~20kHz to 6 MHz range of interest here. Additional details
on the experimental setup, the laser-machined barbs, and the
sensor (including its calibration for ultrasound measure-
ment) are provided in the supplementary material.
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FIG. 1. (a) A microscope image (captured with a 2.5 objective lens) of
the nominally 50-um hole, with the hole illuminated from the backside.
(b) A schematic showing the experimental setup, with the microphone ori-
ented at 90° relative to a laser machined hole. (c) Alternate configuration
used to capture some data, with the microphone oriented at 0° (i.e., “head-
on”) to the hole.

lll. THEORY
A. Flow predictions

In our experiments, the barb fittings are pressurized to
some initial value and air escapes through the machined
hole into the external, atmospheric-pressure, laboratory
environment. The choice of an appropriate flow model'®
depends on the exact shape (i.e., cylindrical versus tapered,
etc.), depth (i.e., length-to-diameter aspect ratio, L/D), and
sidewall roughness of the orifice, and some of these details
are not completely known here. Nevertheless, the experi-
mental results below are in good agreement with theoretical
predictions based on a few reasonable approximations, as
follows. First, we assume that the barbs can be modeled as

Scheuer et al.
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circular holes in “thin” plates (i.e., having small L/D).
Second, we assume that the gas flow lies in a continuum
regime, characterized by a low value of the Knudsen num-
ber (i.e., Kn = A/d < 0.01, where / is the mean free path of a
gas molecule'®) These assumptions, which correspond to a
“compressible flow” regimen,'® are only approximately cor-
rect for the smallest holes studied. Indeed, those holes are
likely to exhibit “pipe-like” flow characteristics (i.e., since
L>D is likely) and also lie in a regimen intermediate
between continuum and molecular flow.'”'® A compressible
flow model is expected to slightly overestimate the flow
rates for these small holes.'® Additional discussion is pro-
vided in the supplementary material.

The compressible flow model is further simplified by
assuming isentropic and “choked flow” conditions.'"'? For
air, choked flow requires P; > 1.89-P, where P, is the pres-
sure inside the leaking part and P, is the external atmo-
spheric pressure; i.e., Py~ 101 kPa ~ 14.7 psi. Thus, choked
flow conditions correspond to absolute pressures greater
than P, ~ 192 kPa ~ 27.8. psi, or equivalently gauge pres-
sures greater than Py ~ 91 kPa~ 13.2 psi, well satisfied
by our experimental conditions below. Accordingly, the
mass-flow rate (kg/s) can be estimated as follows: 18,19

L Catly
" /RT

where A is the (effective) orifice area, 1y~ 0.685 for air (see
the supplementary material), C, is a discharge coefficient
which depends on factors such as the shape and
roughness of the orifice (but typically C,~ 0.8),10-1824
R ~287.05Jkg 'K ' is the specific gas constant for air, and
T ~293K is the temperature, assumed to be the same inside
and outside the pressurized object. The leak rate is defined as
g1.= A(P-V)/At= Am(R-T)/At; and thus, ¢ = mp-R-T."'6

The mass-flow rate can also be expressed as my = p-qy
= p-v-A, where gy =v-A is the volume flow rate (m’/s) and v
is flow velocity, assumed to be the local speed of sound (i.e.,
v=c) under choked flow conditions. Furthermore, if A is
assumed to be the physical area of the orifice, then p is an
effective gas density. From these relationships and using Eq.
(1), it follows that p ~ P;. In other words, the effective gas
density in the orifice scales with the upstream pressure as
would also be expected from the ideal gas law. Furthermore,
the Reynold’s number in this situation can be expressed as
Re = p-v-D/u, where D is the diameter of the orifice and u is
the dynamic viscosity of the gas. For dry air at T~ 293K,
c=343m-s"", and p=1.825 x 10 *kg-m s~ '. Using these
in the relationships from above, and assuming for simplicity
C,=1, yields the following:
_ Re
“ 130D’
where P is in kPa and D is in um. The onset of turbulence
typically occurs for some minimum value of Re. For exam-
ple, “fully turbulent” conditions are often defined by

Re >4000.""'? For thin-orifice plates and pipes, however,
the earliest onset of turbulence (i.e., vortex generation)

Py, (D

2

Py
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occurs for Re ~500-1000.%° In any case, Eq. (2) predicts an
inverse relationship between the orifice diameter and the
pressure required to generate turbulent flow and thus acous-
tic energy; i.e., Pjmin~Remin/D. For the choked flow
assumptions above, it follows that mp i, ~ Repin-D. This
interesting result is well supported by the experimental
results below, and implies that the flow rate required to pro-
duce turbulent flow conditions (and thus acoustic energy)
scales downward with decreasing hole size.

B. Aeroacoustic predictions

We next consider the nature of the acoustic power spec-
trum emitted by the turbulent gas jets described above. It is
generally understood that the sources of acoustical energy
are vortices and eddies within the turbulent flow. Starting
from this point of view, Lighthill*® derived expressions pre-
dicting that the total emitted acoustic power scales as
W~D?*v? which is sometimes called the “eight-power-
velocity” law.?® Dah-You reformulated this law in terms of
pressure differential, and generalized it to encompass both
non-choked and choked flow conditions:*’

8. K-D* (P, —Po)*
W (Pr—Po) 3)

p-c- |P}+ (P —Po)

where K~3x 107> is the so-called Lighthill constant.
When P, > Py, as is typically the case here, Eq. (3) predicts
that the acoustic power scales approximately with the square
of the aperture diameter and with the square of the internal
pressure.

This acoustic power is distributed over a wide fre-
quency range; i.e., it has the form of a “turbulent noise”
spectrum, with spectral power increasing as ~f~ at low fre-
quencies, reaching a broad peak, and then decreasing as
~f~% at higher frequencies.”® This approximate behavior is
captured by a simplified empirical model:*"**  Sw(f)
=4-Sw(fp)(x+ 1/x),” where x = flfp and f, is the frequency
of the peak power spectral density (Sw). However, it is also
known that the shape of the spectrum depends on the obser-
vation point relative to the axis of the jet.”® This has
recently?”** been attributed to the existence of turbulent struc-
tures at two different spatial scales, each having a unique
acoustic radiation pattern. For observation points which are
normal to or upstream from the gas jet orifice, the so-called
fine-scale-structure (FSS or “G”) spectrum is typically
observed. For observation points in the downstream direction
and within a certain cone of angles relative to jet axis, the so-
called large-scale-structure (LSS or “F”’) spectrum is typically
observed. In our experiments, the micromachined hole (i.e.,
the location of the dominant noise sources) is recessed within
the barb, and the optomechanical microphone was in all cases
located in the downstream direction and at a relatively low
angle with the jet axis. Consistent with this, our observed spec-
tra below fit well with the F spectral shape.*® Additional dis-
cussion is provided in the supplementary material.

Scheuer etal. 331
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Finally, the peak frequency is expected to scale accord-
ing to a Strouhal relationship,” fp ~ St-v/D, where St is the
Strouhal number, which is approximately fixed over a wide
range of Re numbers in a typical system. While St~ 0.25 is
commonly reported for large-scale turbulent jets, a smaller
value of St~0.2 was observed for mm-scale jets.”” We
recently observed still smaller values, St~ 0.1, for air jets
emanating from sub-mm needles.>' Of course, this scaling
relationship depends on the “critical dimension” used, and
the apparent reduction in St for smaller orifice diameters

might be related to boundary effects on the flowing
gas 8102425

IV. EXPERIMENTAL RESULTS

We first studied the acoustic spectra for each of 5
available hole sizes (~5-, 10-, 20-, 50-, and 75-um hole diam-
eters), with the internal pressure set to ~1000 psi and a hole-
to-microphone distance on the order of ~1cm. For each
experiment, this spacing was measured with ~1 mm precision
and was subsequently used to produce an ‘“‘attenuation-
corrected” plot as explained below. As mentioned above, the
manufacturer specifies tolerances on the hole diameter, and
this uncertainty is indicated through the inclusion of error
bars on several of the plots below. Figure 2(a) shows results
for the ~75-um hole, where the red dotted curve is the raw
(but calibrated, as explained in the supplementary material)
data reported by the optomechanical microphone. The blue
curve is the same measurement, but with the data adjusted on
a point-by-point basis to remove the frequency-dependent
attenuation of ultrasound by absorption or scattering in air.
To estimate this attenuation, we used the simple empirical
formula®® «=1.6 x 107 '2£? where f is the acoustic fre-
quency and o is in units of dB/cm. Air attenuation varies
somewhat with humidity, temperature, and pressure, but the
aforementioned formula is suitable under typical laboratory
conditions. For example, at 1-cm source-microphone spacing,
this implies an attenuation of acoustic pressure by a factor of
~2x at 2MHz, ~5x at 3MHz, ~20x at 4MHz, and
~100x at 5 MHz. At MHz frequencies, air absorption clearly
dominates over other sources of attenuation, such as that due
to diffraction of spherical waves. Moreover, this rapid scaling
of the attenuation is the reason that most air-coupled ultra-
sound applications are traditionally restricted to frequencies
below ~2 MHz.

With the frequency-dependent attenuation removed, the
adjusted experimental data could be fit very well to the LSS/
F  spectrum expected for downstream observation
points.>>** This was true for all 5 hole sizes studied. The
analogous case for the ~10-um hole is shown in Fig. 2(b),
and typical fits for the 5-, 20-, and 50-um holes can be found
in the supplementary material. From these fits, the peak of
each frequency spectrum was estimated, and these data were
compared against a Strouhal-relationship scaling curve as
shown in Fig. 2(c). For the two largest holes, it was possible
to extract the peak frequency with relatively high confi-
dence, and these data points suggested a value of St~ 0.14.
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FIG. 2. (a) Typical acoustic frequency spectrum for the ~75-um-diameter
hole. Blue solid curve is the raw spectrum. Red dotted curve is the experi-
mental data corrected for air attenuation between the hole and the micro-
phone. Black dashed curve is a semi-empirical fit using the LSS-spectrum.
(b) As in (a), but for the ~10-um-diameter hole. (c) Typical peak frequen-
cies for each hole diameter (red symbols), estimated from fits of the type
shown in (a) and (b). Black dashed and black dashed/dot curves are
Strouhal scaling functions for St =0.14 and 0.1, respectively.

For the 3 smaller holes, much of the spectrum lies above the
practical range (i.e., considering air absorption) of the opto-
mechanical sensor, making the estimation of the peak fre-
quency more prone to fitting error. Nevertheless, these fits
suggested St~ 0.1, which is also reasonable given the dis-
cussion in Sec. III B and elsewhere.'!'°

We next consider the variation of the acoustic spectrum
and power with internal static pressure for the ~5-um-diam-
eter hole. Raw spectra are plotted for various internal pres-
sures (P) in Fig. 3(a), and the acoustic power (~square of
acoustic pressure) at an arbitrarily chosen frequency of
2 MHz is plotted versus internal pressure of the barb fitting
in Fig. 3(b). This data were collected with ~1-cm hole-to-
microphone spacing and with the microphone oriented in
the downstream direction (i.e., nearly head-on, see Fig. 1).
As above, acoustic power spanning the entire ~0-5 MHz
range is measured at close spacing. In keeping with the dis-
cussion in Sec. III B and assuming choked flow conditions
at all internal pressures, Fig. 3(b) verifies that the acoustic
power scales approximately with the square of internal pres-
sure for fixed hole diameter. Small deviations from this scal-
ing are likely attributable in part to a large uncertainty in the
internal pressure, which was estimated from the analog
gauge built into the compressor.

Given the significant impact of air absorption above
~2MHz, it is interesting to consider the dependence of the
received aeroacoustical signals on the hole-to-microphone
spacing. For this experiment, the ~5-um-diameter hole was
pressurized to ~1000 psi; the optomechanical sensor and a
commercial ultrasonic microphone (Dodotronic Ultramic
384KBLE) [https://www.dodotronic.com/product/ultramic-
384k-ble/ (Last viewed February 22, 2025)] were sequen-
tially oriented head-on to the hole, and spectra were
collected at various distances. The impact of air absorption
is clearly seen in the spectra recorded by the optomechanical

Scheuer et al.
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FIG. 3. Acoustic spectra for the ~5-pum-diameter hole as internal pressure
is varied. (a) The raw frequency spectrum (i.e., not corrected for air attenua-
tion) is plotted for various gauge pressures as indicated by the legend. (b)
The acoustic power (i.e., ~P?) at 2 MHz is plotted versus internal absolute
pressure. Red symbols indicate experimental data points. Black dashed line
indicates a ~P;” scaling curve as predicted by the Lighthill analogy and
assuming choked flow conditions with P >> P,,.

sensor shown in Fig. 4(a). As distance is increased, the por-
tion of the aeroacoustic spectrum lying above the sensor’s
noise floor (~50 pPa/Hz'?) shifts progressively downward.
Nevertheless, even at ~10-cm distance, there is content
extending beyond ~1 MHz and the peak received energy is
above ~0.5 MHz.

The commercial microphone has a bandwidth in the
~0-192kHz range, and is constructed around an MEMS

sensor (Knowles FG-23629) [https://www.knowles.com/
series/dpt-hearing-aid-components-accessories/subdpt-hear-
ing-instruments-microphones/series-fg-bfg  (Last viewed
February 22, 2025)]. Since the microphone manufacturer
provides limited specifications regarding noise and sensitiv-
ity, we used the self-noise specified by Knowles (noise-
equivalent-pressure ~ 5 yPa/Hz"?) [https://www.knowles.com/
series/dpt-hearing-aid-components-accessories/subdpt-hear-
ing-instruments-microphones/series-fg-bfg  (Last viewed
February 22, 2025)] to scale the spectra in this case, and
also made an assumption that the microphone is operating
near the mechanical-thermal noise limit.>} Regardless of
the accuracy of this calibration, the data in Fig. 4(b) illus-
trate a few interesting points. First, the commercial micro-
phone is also able to detect the sound emitted by this small
leak, which is not surprising given that its noise floor is
likely somewhat lower than that of the optomechanical sen-
sor used. However, the SNR is limited by the low spectral
content of the aeroacoustic spectrum in the range of the
electrical microphone. Moreover, the bandwidth of the elec-
trical microphone greatly limits the amount of information
that can be extracted from the shape of the received spec-
trum, in contrast with the optomechanical sensor results
shown in Fig. 4(a). Consistent with this, most commercial
ultrasonic leak detectors simply rely on sound pressure
level in a narrow frequency range (often near ~40kHz) to
identify a leak. Proposals for characterizing a leak based on
such narrowband measurements exist but require prior
knowledge about the location of the hole®® or an ability to
vary the internal static pressure of the system.'' The more
complete picture provided by the optomechanical sensor
invokes the possibility of an intelligent “sniffer,” which
could be guided toward a leak by either a human operator
or a robot, and might enable a characterization of the leak
rate and hole size and shape based on fusing the data col-
lected at various distances.

Finally, we considered the minimum internal pressure
required to produce measurable acoustic signals for each of
the 5 hole sizes studied. For this experiment, the microphone
was placed in a nearly head-on orientation and at ~1-cm
hole-to-microphone spacing. As shown in Fig. 5(a), the
experimental results are in good agreement with the
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FIG. 4. Acoustic frequency spectrum for the ~5-um-diameter hole at internal pressure ~1000 psi, and with the microphone in a “head-on” orientation.
(a) Raw spectra recorded by the optomechanical microphone for various hole-microphone distances as indicated by the legend. (b) The same raw spectra
from the optomechanical microphone shown over the range of the commercial ultrasonic microphone. (¢) Raw spectra recorded by a commercial ultrasonic

microphone for various hole-microphone distances as indicated by the legend.
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predictions of the basic flow model outlined in Sec. III A,
and furthermore assuming a minimum Reynolds number
Renin = 1000 for the onset of turbulent flow. While the
results shown are for the optomechanical sensor, similar
results were obtained using the commercial microphone
described above. This supports the conclusion that it is the
onset of turbulence, rather than other details such as the
microphone self-noise, which determines the minimum
detectable flow.

These same results are re-plotted in Fig. 5(b), but in this
case in terms of the estimated minimum leak rate to produce
measurable sound. The predicted minimum leak rate for the
largest hole (>0.1Pam’s™') is entirely consistent with
experimental results for similar and larger hole sizes in the
literature.”"-*+13:1619-20 1 keeping with the discussion in
Sec. III B, this minimum leak rate scales downward in pro-
portion to hole size and approaches ~10 *Pam®s ™' for the
smallest hole. This is consistent with the minimum (i.e., “in
principle”) detectable leak rate for aeroacoustic detection
that have been stated in some sources,™*!'” but typically
without a complete theoretical justification. The wide band-
width of the optomechanical sensor used here enables a
more complete understanding of these limits.
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FIG. 5. (a) Minimum absolute internal pressure required to produce measur-
able acoustic signals using the optomechanical sensor is plotted versus the
nominal hole diameter. Red symbols indicate the experimental estimates
for ~1-cm hole-to-microphone spacing. Black dashed line indicates the the-
oretical prediction assuming compressible, choked flow and Re,,;, = 1000.
(b) Minimum leak rates for ultrasonic detection, as derived from the results
in (a). (a), (b) Red shaded areas represent regions where gas leaks generated
detectable sound in the present study.
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Some caveats should be added with respect to these
estimated minimum leak rates. First, our estimates are based
on conservative assumptions regarding the appropriate flow
model, as discussed in Sec. III A and also in the supplemen-
tary material. Second, the results shown were obtained using
relatively smooth, round holes, which are likely not the
most efficient types of orifices for generating turbulence and
thus sound. Real leaks are often shaped more like cracks® or
slits'® with rough and sharp edges, and it is possible that
those orifices would generate turbulence at lower flow rates.
Finally, methods for creating sound from laminar jets are
known, such as by combining the bubble technique with
aeroacoustic detection,® or by arranging the jetting gas to be
incident on some sort of “flow mixer.” In light of this, it
seems likely that the minimum leak rates estimated from the
inherent onset of turbulent flow do not represent an ultimate
limit. Using a combined approach, it seems possible that a
sufficiently broadband and sensitive microphone might be
capable of detecting leak rates well below 10°Pam’ s_l,
which would be competitive with chemical and mass spec-
trometry sniffers. These admittedly speculative points are
left for future study.

V. CONCLUSION

Using an optomechanical microphone, we have
reported on the acoustic emissions of gas jets emanating
from orifices as small as ~5 um. To our knowledge, this is
the first report of the aeroacoustic, turbulent jet noise spectra
for such small orifices. The results were enabled by the high
sensitivity and bandwidth of the optomechanical sensor
used. The experimental results, such as the dependence of
the acoustic intensity and spectrum on the hole size and
static pressure differential, show good agreement with pre-
dictions for compressible flow and aeroacoustic sound gen-
eration from the literature.

Regarding the aeroacoustic detection of gas leaks, our
results help to clarify the minimum leak rates that can be
feasibly detected. Importantly, we showed that the minimum
leak rate, as determined by the onset of turbulence, scales
downward in proportion to hole size. This minimum rate
was conservatively estimated to be on the order of
~107*Pam’®s™" for the smallest holes studied here.
Moreover, as hole size is reduced, the spectral energy shifts
increasingly toward higher frequencies and well beyond the
range of conventional (electrical) ultrasonic microphones.
However, air absorption at MHz frequencies implies that the
detection of such high frequencies is only possible for rela-
tively small hole-to-microphone spacing. In the present
study, this distance was on the order of <10 cm.

Nevertheless, the optomechanical sensor exhibits great
potential for use as an “acoustic sniffer” with capabilities
beyond that of conventional ultrasonic detectors. Notably,
electrical microphones capture only a small portion (the
low-frequency “tail”) of the aeroacoustic spectrum emitted
by small leaks, and are thus typically limited to reporting
only the relative sound intensity levels. Moreover, the
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portion of the spectrum that they detect is often polluted by
other ultrasonic noise sources in a typical industrial environ-
ment. The more complete picture provided by the optome-
chanical microphone, perhaps combined with machine
learning techniques, could enable the detection of smaller
leaks, and possibly the quantification of details, such as hole
size and shape and leak rate, based on the spatial-spectral
dependence of the aeroacoustic noise spectrum. We hope to
explore these possibilities in future work.

SUPPLEMENTARY MATERIAL

See the supplementary material for an extended descrip-
tion of the experimental setup, the optomechanical sensors,
and the leak artifacts. This material also provides additional
discussion of the flow and aeroacoustic models, as well as
supplementary experimental data to support the conclusions
in the main text.
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