A prototype acoustic gas sensor based on attenuation (L)
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Acoustic attenuation provides the potential to identify and quantify gases in a mixture. We present
results for a prototype attenuation gas sensor for binary gas mixtures. Tests are performed in a
pressurized test cell between 0.2 and 32 atm to accommodate the main molecular relaxation
processes. Attenuation measurements using the 215-kHz sensor and a multiseparation,
multifrequency research system both generally match theoretical predictions for mixtures of CO,
and CH, with 2% air. As the pressure in the test cell increases, the standard deviation of sensor
measurements typically decreases as a result of the larger gas acoustic impedance. © 2006
Acoustical Society of America. [DOI: 10.1121/1.2336758]

PACS number(s): 43.35.Fj, 43.35.Yb [RR]

I. INTRODUCTION

The propagation of acoustic waves in gases is intimately
linked to gas composition, temperature, and pressure. This
may enable the use of acoustic waves as a quantitative probe
of the thermodynamic and molecular properties of gas mix-
tures. The classical sound attenuation arises by transport phe-
nomena (e.g., heat conduction, viscosity, and diffusion)
while the nonclassical absorption is due to thermal relaxation
involving the molecules’ vibrational and rotational levels. In
a gaseous medium, the molecules exchange energy via col-
lisions. In the absence of any external perturbations, the in-
ternal degrees of freedom of the gas molecules (e.g., vibra-
tion and rotation) are rapidly thermalized. As a result, the gas
is in thermal equilibrium at a constant temperature. When an
acoustic wave is launched in the gas, this equilibrium is bro-
ken: the internal degrees of freedom (DOF) activated by col-
lisions now have to relax to the acoustic temperature. Gen-
erally speaking, the wave energy expended to activate the
molecular internal degrees of freedom is not promptly re-
turned to the acoustic wave. This gives rise to a net absorp-
tion of acoustic energy—the nonclassical, or molecular ab-
sorption of sound. The sound absorption is largest when the
acoustic period is commensurate with the molecular relax-
ation time. It is this feature that makes acoustic studies of
molecular relaxation possible.

Over the years, many carefully thought-out experiments
have been designed for the accurate measurement of attenu-
ation and sound speed, only a few of which are mentioned
here.! ™ In his book, Lambert!! describes various acoustic
experimental techniques to measure molecular relaxation.
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The experiments, coupled with a strong modeling effort,
have yielded insights into the physical mechanisms respon-
sible for molecular relaxation in various gas mixtures.

Typical acoustic gas monitors operate by tracking
changes in the adiabatic sound speed c¢ that are induced
largely by changes in the molecular weight according to the
ideal-gas formula c=\yRT/M, where y=Cp/Cy is the
isobaric-to-isochoric specific heat ratio, R=8.3144 J/mol/K
is the universal gas constant, T is the ambient temperature,
and M is the molecular weight of the gas. For some applica-
tions requiring a quantitative analysis of the monitored envi-
ronment, the speed of sound alone cannot provide sufficient
information. That is where measurements of the acoustic at-
tenuation come into play. As shown in our previous work,'?
precise measurements of sound speed and attenuation can
lead to (quasi) quantitative gas analysis via the identification
of the molecular symmetry properties, if not of the molecules
themselves. In the future, this could lead to the development
of rugged “smart” acoustic sensors capable of quantitatively
determining gas composition in various environments and
processes.

In this paper we report on the development of a proto-
type dual-path acoustic sensor assembly that measures the
acoustic attenuation in gas mixtures. From an experimental
standpoint, the main challenge is extracting the acoustic at-
tenuation from only two fixed-length sensing paths, as op-
posed to multiple-separation measurements where the sepa-
ration distance between the emitting and receiving
transducers is increased incrementally.9 To compare the two
cases, measurements are performed inside a pressurized test
cell for different gas mixtures. Since relaxation times vary
inversely with ambient pressure,13 decreasing the pressure p
is equivalent to increasing the frequency f and vice versa. By
changing the pressure in the test cell incrementally over al-

© 2006 Acoustical Society of America 1779



most two orders of magnitude, we attained an f/p range that
is wide enough to cover the main molecular relaxation pro-
cesses of the gas mixtures.

Il. THEORETICAL MODEL

In the theoretical model,"*™'° we fit a shifted-exponential

function to the Lennard-Jones interaction potential17 to ob-
tain the transition probabilities between vibrational levels.
For gas mixtures containing at least one polyatomic (thus
relaxing) component, this is done for each energy exchange
process,14 whether interspecies or intraspecies. The fact that
there exists a time delay or phase shift between the acoustic
fluctuations and the exchange of energy from the internal to
the external DOF makes the specific heat per mole complex-
valued and frequency- dependent, i.e., it becomes an effec-
tive specific heat, C?,ff(f). The subscript V denotes isochoric
processes. Using the equations of linear acoustics coupled
with the equations for molecular relaxation, we have shown
that the propagation of sound in excitable gas mixtures is
ultimately characterized by the effective wave number,"*
/:(f)=27Tf\/p0p61C$,ff(f)[C$/ff(f)+R]_l, where p, and p, are
the equilibrium density and pressure of the gas. The real and

imaginary parts of the effective wave number k determine
the phase velocity ¢ and attenuation a=a,+«,, of the
acoustic wave,via
~ 2mf
f="70-
c(/f)
where the classical attenuation, ¢, results from viscous,
thermal, and diffusional losses, and the molecular attenu-
ation, «,,, results from relaxation processes. A good way
to emphasize relaxational effects on the acoustic attenua-
tion is by representing the normalized attenuation al,
where N is the acoustic wavelength, against the frequency-
to-pressure ratio. The presence of relaxing gases is mani-
fested by relaxational peaks in the normalized attenuation.
It is important to note that for certain gas mixtures and
for certain ambient conditions of temperature and pressure,
additional mechanisms such as chemical reactions'® and ther-
mal radiation'’ may become important and thus may need to
be accounted for in the modeling. We estimated theoretically
that the effect of infrared radiation on the relaxation times
and sound absorption is too small to be of any importance for
the gas compositions and ambient conditions encountered in
these experiments. Also, if present in the sensing volume,
water vapor could influence the molecular sound absorption
noticeably.zo’21 Nevertheless, dry gases were used in the ex-
periments presented here to avoid having any water vapor
present.

ia(f),

lll. APPARATUS

In order to (i) check the validity of the model and (ii)
establish experimental attenuation “references” for various
gas mixtures, we use a pressurized test cell connected to a
precision gas mixing system. For reference measurements in
the test cell, four transmitter-receiver (T/R) pairs of narrow-
band piezoelectric transducers operating at 92, 149, 215, and
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FIG. 1. Schematic diagram of the sensing geometry. The two sensing paths
(T1/R1 and T2/R2) lie in planes 2 cm apart. Flow is perpendicular to both
sensing paths.

1000 kHz are used. The transducers are mounted inside the
pressure chamber on a linear translation stage enabling 75
different T/R separations measured precisely to within
0.03 mm. For each pair, one transducer is fixed while the
other is incrementally displaced, thus changing the
transmitter-receiver separation length. The operating fre-
quencies are chosen such that, together with the attainable
pressure range (roughly 0.2-32 atm), they provide a
frequency-to-pressure ratio span that covers the primary re-
laxation processes for the gases of interest (methane, carbon
dioxide, ethylene, nitrogen, air). A detailed description of the
apparatus is given in Ref. 9.

The sensor assembly operates at a fixed frequency of
215 kHz. A diagram of the sensing geometry of the prototype
acoustic sensor is shown in Fig. 1. The hardware consists of
four ultrasonic piezoelectric transducers arranged on two
sensing paths inside a small rectangular chamber (approxi-
mately 70 mm X 43 mm X 69 mm) that allows the monitored
gas to flow through the sensing area. The two sensing paths,
T1/R1 and T2/R2 with separation lengths of 30 and 60 mm,
respectively, are staggered by 2 cm in the flow direction.
Two identical end plates provide the gas inlet and outlet
ports. A metal screen between the inlet and the sensing area
diffuses the flow. The transmitters (T1, T2) are energized
with square-wave pulse-trains of either five or ten cycles.
The ultrasonic bursts travel through the gas medium to the
receiving transducers (R1, R2) where they are converted to
electrical signals sent to the processing electronics.

IV. DATA ANALYSIS AND RESULTS

In order to remove any dc offsets and spurious high-
frequency components, a bandpass filter is applied to the
signals received on the two paths. To correct for diffraction
effects due to the finite size of the transmitter, the amplitude
A, of each received signal is multiplied by a correction
factor based on the far-field diffraction from a circular
source:”**

-1
A(x) = Ape(x) sin[ﬂ?f(\"x +R125—x)] , (1)

where x is the propagation distance and Ry is the emitter
radius.

For the multiple-separation measurements in the test
cell, 75 transmitter-receiver separations can be achieved us-
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FIG. 2. Amplitude of the received signal as a function of transmitter-
receiver (T/R) separation for a typical multiple-separation experiment inside
the test cell. The curve is a linear fit to the 75 amplitude values. The arrows
indicate the two sensing paths implemented in the sensor assembly.

ing a linear translation stage. However, the sensor prototype
relies on only two sensing paths, which makes the measure-
ments more challenging. Figure 2 shows the signal amplitude
(in volts) as a function of transmitter-receiver separation for
a typical multiple-separation experiment, along with the val-
ues for the two sensing paths implemented in the sensor
(arrows). A linear fit is sought for the logarithmic amplitude
versus separation length, whose slope yields the attenuation
coefficient .’ In the test cell, the linear fit is based on many
data points (typically 75 T/R separations), whereas the fit is
based on only two data points for the prototype sensor. It is
useful to note that the sound speed ¢ enters the normalized
attenuation (i) via the diffraction correction (1) and (ii) via
the wavelength N\=cf!. In the analysis of the sensor data, we
use the theoretical frequency-dependent phase velocity ob-
tained using the above-described model.

Figures 3 and 4 show multiple-separation, multifre-
quency measurements of the normalized attenuation in the
test cell, along with model predictions for N,-C,H, mixtures
and for air-CH, and air-CO, mixtures, respectively. There is
a good agreement between the experimental data and the
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FIG. 3. Multiple-separation, multifrequency, test-cell measurements of the
normalized attenuation for mixtures of 50% and 20% ethylene in nitrogen
(symbols: [, 92 kHz; O, 149 kHz; A, 215 kHz; ¢, 1 MHz; filled for 50%
ethylene). Curves represent the model predictions.
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FIG. 4. Multiple-separation, four-frequency, test-cell measurements of the
normalized attenuation for mixtures of CO, and CH, with air (symbols: [J,
92 kHz; O, 149 kHz; A, 215 kHz; ¢, 1 MHz). Curves represent the model
predictions.
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theory, especially in the region of vibrational relaxation as
indicated by the normalized attenuation peaks. The vibra-
tional modes considered in the model at room temperature
are, in units of cm™!:%

C,Hy: 826 (rock), 943 (wag), 949 (wag), 1023
(twist), 1236 (rock), 1342 (scissor), 1444
(scissor),
CO,: 667 (bend), 1337 (s-stretch), 2349 (a-stretch),
CH,: 1307, 1535,
N,: 2331.

In Fig. 3, as the ethylene concentration changes from
20% to 50%, the effective relaxation frequency shifts from
240 to 350 kHz/atm, corresponding to a decrease in the ef-
fective relaxation time from 0.66 to 0.45 us at 1 atm, since
T= (2’7Tf)_l.13 This is attributed to the higher relaxational
component of the 50-50 mixture, due largely to the ethylene
molecules. The key point here is that the theoretical model
predicts fairly well the measured attenuation, an important
result given the large number of significant vibrational
modes of ethylene. Prior to this, the model was only applied
to gases with one to three significant vibrational modes.’ The
molecular absorption of sound by the air-CO, mixture in Fig.
4 is visibly larger than that of the air-CH, mixture, owing
largely to the low-lying bending mode vibrational level of
CO,.

Comparisons of the sensor dual-path data against the
multiple-separation measurements are obtained by placing
the sensor assembly inside the test cell and varying the pres-
sure over the same range as in the multiple-separation mea-
surements (0.2—32 atm). This allows precise control of the
gas composition and permits testing the sensor over a wide
range of f/p (including the main relaxation processes) even
though the sensor operates at a single frequency. As shown in
Fig. 5, the sensor is able to capture the major relaxational
features for both gas mixtures. The sensor measurements
match the theory quite well for the CH,-air mixture demon-
strating the ability of the dual-path arrangement to measure
the attenuation nearly as well as the multiple-separation
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FIG. 5. Measurements with the dual-path sensor assembly at 215 kHz taken
inside the test-cell over a pressure range of 0.2—32 atm (error bars represent
the standard deviation over four to five tests). Curves represent the model
predictions.

“laboratory” setup. The CO,-air data are consistent with the
model only in the high-pressure (small f/p) range. The de-
parture from model predictions for the CO,-air data at high
values of f/p may stem from a number of causes. First,
low-pressure measurements are challenging especially if
CO, is present due to the high attenuation coefficient of CO,
coupled with the large gas-transducer acoustic impedance
mismatch, affecting both acoustic generation and detection.
Second, any foreign molecules present in the test-cell (e.g.,
from small oil leaks from the vacuum pump) may induce
multiple molecular relaxation pathways leading to possible
broadening of the @\ curve. These issues are probably also
responsible for the generally larger standard deviations at
low pressures. Ambient temperature fluctuations can also af-
fect measurements primarily via their effect on the sound
speed in the medium. However, the ambient temperature var-
ied by less than 1% during the tests so the errors introduced
by temperature resulted in errors smaller than symbol sizes
in Fig. 5.

V. CONCLUSIONS

We show here the basic concept for a simple dual-path
acoustic gas sensor for measuring acoustic attenuation in gas
mixtures. For a clear picture, we compare attenuation mea-
surements between the dual-path, single-frequency sensor
and a multiseparation, multifrequency research system for
the same gas mixtures. The sensor works well, but there are
limitations inherent to using only two sensing paths to obtain
the attenuation coefficient, especially in the presence of a
lossy gas-like CO,. To obtain reliable quantitative real-time
sensing devices, efforts must be made in the future on sev-
eral fronts. In the processing electronics, filtering must be
implemented in the electronics module instead of the post-
processing filtering use in this analysis. Additionally, sound
speed must also be measured accurately for quantitative
acoustic gas sensing. For accurate time-of-flight measure-
ments, tight thermal stability must be enforced in the sensing
volume.'? Future “smart” sensors will need to be “taught”
how to interpret the acquired data based on preprogrammed
physics concepts. Using sound speed and attenuation data
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streams, the sensor could ultimately be able to make infer-
ences about the nature of the sensed gases based on a refined
theoretical model. This constitutes a complex task, given that
this is an inverse problem: it is much easier to determine
sound speed and attenuation from the gas composition than
vice versa. Nevertheless, combining sound speed and attenu-
ation measurement in a simple sensor offers the potential to
identify and quantify the gases making up a multicomponent
mixture.
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