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We investigate gases effects on the Lamb wave resonant modes. Various frequency ranges are
studied for the antisymmetric mode considering wave velocities either higher or lower than the gas
sound velocity. We observe that the relative frequency shifts in the low frequency range of the
antisymmetric mode is rather important; in the high frequency range of this mode, the quality factor
decreases quickly when the Lamb wave phase velocity approaches the gas sound velocity. We find
a good agreement between calculations and experiments in air and helium. The results suggest the
possibility to get aerodynamics parameters of gas flow. © 2009 American Institute of Physics.

[doi:10.1063/1.3268785]

Aerodynamics is a branch of fluid mechanics, mainly
dealing with the boundary layelr,l‘2 that has a long history,
especially in gases vibration relaxation, wind tunnel, and
chemical reaction.””* As Lamb waves have large sensitivity
and low attenuation,’ they have the potential to be used in
these fields, but there are so far few results reported in the
literature. As the gases are very light, people usually check
the dispersion curves by comparing the measurements in air
with calculated results in vacuum.®™®

When Lamb waves propagate in a solid membrane with
a wavelength much greater than the thickness of the mem-
brane (d), we have two modes, namely, the antisymmetric
mode A and the symmetric mode S. The result is based on
the assumption that the membrane is infinite; whereas in
reality, especially in micro sensor fields, the membrane is a
few millimeters wide.”'® With a width-limited membrane,
the boundary conditions at the lateral extremities give rise to
resonant modes. These resonant modes are originating from
Lamb wave modes A, or S,. These modes are called here
MA, and MS;, and can be characterized by their Q factor. In
this letter, we will study theoretically and experimentally the
MA, modes. We will show the possibility to use these reso-
nant modes to study the influence of gases which is different
from state of the art methods.>'"'?

When fluids are present on surfaces of the membrane
and taken into account for the propagation of the waves, the
MA,, modes are disturbed by the fluid. But the MS,, are prac-
tically not disturbed, because the particle displacement in
MS,, is mainly parallel to the surface and the volume of fluid
affected is very small compared to the case of mode MA,,.
Accordingly, we only discuss the MA, modes in this letter.
In a first approximation we can distinguish between the fol-
lowing two cases:

(1) The case where the resonant mode MA, is considered
with Vi <V, that is to say when the phase Lamb wave
velocity (Vy) is smaller than the phase velocity of
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sound in the fluid (V). This case will be noted MALF
with LF for low frequency.

(2)  The case where MA,, is considered with V| >V, that
is to say when phase Lamb wave velocity is greater
than the phase velocity of sound in the fluid. This case
will be noted MAHF with HF for high frequency. If
the fluid is a liquid, this case is difficult to use because
of the very high attenuation," but it is different in
gases as we will show later.

When Lamb waves propagate in infinite solid membrane
with fluid on both sides, we can consider that Lamb wave is
the combination of two waves in the membrane and one
wave in the fluid.'* This physical problem has been analyzed
theoretically by potential function method and partial wave
theory.14 The equation system accepts nonattenuated Lamb
wave solutions if we consider the wave number & as real. In
air this solution corresponds to V; <V; (case MALF). We
can obtain the dispersion curves for the vacuum and the air
cases and the difference between these two conditions are
clearly shown in Fig. 1. This means that the air boundary
conditions can affect the Lamb wave propagation and the
dispersion curve. And in that case, there also exist evanes-
cent waves (EW) in the gas which should be sensitive to the
gas characteristics. If we accept a complex solution for the
wave number k, we will get a wave in the fluid propagating
with an oblique direction out of the solid-fluid plane. There-
fore, the Lamb wave can be considered as a leaky Lamb
wave and the energy of this “Lamb wave” decreases due to
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FIG. 1. (Color online) Calculated dispersion curves and attenuation curves:
V-kd dispersion curves for MALF case and a-kd curves for MAHF case.
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FIG. 2. (Color online) Calculated and experimental responses of the A,
Lamb wave resonance modes (MA,, case) are as follows: (a) Experimental
device, length (L1=2.94 mm and L2=7.84 mm), thickness (IDT: 0.2 wum,
AIN: 1.8 pum, GND: 0.2 wm, and Membrane: 12+3 um) and IDT period:
400 wm; (b) Calculated response of the A, Lamb wave resonance modes;
and (c) Experimental response of the A, Lamb wave resonance modes in the
helium.

losses. In liquid, the wave amplitude decreases too fast along
the solid, a few wavelengths and is difficult to detect with the
opposite interdigital transducer (IDT). In air, this leaky mode
corresponds to the case MAHF and calculated attenuation
coefficient («) is moderate, as shown as Fig. 1. This wave
can be detected directly by using the response of our device.

Another calculation has been performed for the distribu-
tion of resonant modes associated with Lamb wave A, and
the structure of the device used here is sketched in Fig. 2(a).
These calculations take into account the interferences of
wave emitted by IDT and the reflections at both ends of the
membrane, the results are given in Fig. 2(b). We note that the
electromagnetic interaction between the input and the output
IDT are not taken into account in the model.

In order to verify these calculations and check the influ-
ences of the gas layer on the Lamb wave propagations, we do
experiments using air and helium. Both experiments are per-
formed at room temperature and at atmospheric pressure.
When we sweep the helium response from 0 Hz to 3 MHz,
we obtain the curve shown in Fig. 2(c), which is globally
very similar to the calculated response shown in Fig. 2(b).
This proves that our Lamb wave resonant modes calculations
are appropriate. The following experiments are performed to
verify the gas influences by using these Lamb wave resonant
modes. The first experiment is done for the low frequency
range resonant A, mode and the result is shown in Figs.
3(a)-3(c), which shows clearly the frequency shifts corre-
sponding to the MALF case. We make a simplified theory
to check the relative frequency shifts (Af/f) as (PO
— Phelium Shelium)/ M, in which p is density of the gas, & is the
EW penetration depths, and M is the mass per area of the
membrane. The comparison between the calculations and ex-
periments for the frequency shifts, shown in Fig. 3(d), agrees
quite well. The shape of the curve looks like a letter ‘U’,
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FIG. 3. (Color online) Experimental and analytical low frequency responses
of Ay mode (MALF case): [(a)—(c)] Measurements of MALF case by sweep-
ing the frequency response; (d) Comparison between the experiments and
theory of the frequency shifts in MALF case.

which means that there are two ranges of frequency suitable
for sensing. The reasons for this shape are that the evanes-
cent penetration depths depend both on the magnitude of the
wavelength which is large at low frequency and the velocity
of the Lamb wave as it approaches the velocity of sound.
This indicates a good potential in application for sensing
fields, especially gas biochemical reaction.

The experiments for high frequency of resonant A,
mode, demonstrated in Fig. 4(a), show mainly attenuation.
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FIG. 4. (Color online) Experimental and analytical high frequency re-
sponses of A; mode (MAHF case): (a) Measurements of MAHF case by
sweeping the frequency response; and (b) Comparison between the experi-
ments and theory of Q factor for MAHF in air.
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Here, we have the possibility to evaluate the losses in air
quantitatively due to the leaky wave. The corresponding
resonance factor will be noted Q;. Experiments give the O
factor in helium Qy, and in air Q,;. The attenuation in he-
lium is mainly due to losses when the wave is reflected on
the extremity (border) of the membrane. These losses will be
considered the same with air, as the viscosity of the helium
and air are small enough, and is not taken into account here.
But, in air we have also to consider losses due to the leaky
wave. Then in first approximation we put the deduced value
of O from Fig. 1 to 1/0; +1/0Qy.=1/0;;- The comparison
between experiment and theory is rather good [see Fig. 4(b)].
The discrepancy is due to the fact that physical losses in the
volume are not taken into account but it only amounts to a
small factor. When the V| approaches V; in the MAHF case,
the Q factor will decrease quickly and nonlinearly. There
exists a critical point around V;, where the Q factor becomes
theoretically almost zero. This decrease mainly depends on
the sound velocity and density of the medium. As the density
influences of the gas can be retrieved by the MALF case, the
MAHF case can easily give the influence of the sound
velocity.

In conclusion, we demonstrate the effects of gases layers
on the Lamb waves propagations and responses by theoreti-
cal and experimental analysis. The good agreements between
theory and experiment demonstrate the following result: the
presence of gases in the low frequency resonant modes of A,
mainly affect the frequency shifts and the relative frequency
shifts are different depending on the frequency of the reso-
nant modes; the high frequency resonant modes of A, are
mainly attenuated by the presence of gases, and these influ-
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ences could be detected and analyzed by checking the Q
factor. These different effects can be used at the same time
based on only one device by sweeping the Lamb wave reso-
nant modes. Therefore, it is possible with these three differ-
ent behaviors (MALF, MAHF, and MS,) to get three differ-
ent parameters simultaneously, for example two gases
parameters (density and velocity) and the temperature. It is
also possible to get the aerodynamics parameters in a gas
flow, and further investigations on this direction are in
progress.
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