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The interaction between the gas flow and Lamb waves is investigated in this paper. Depending on the
fact that the phase velocity is higher or lower than the gas sound velocity, we will get evanescent waves
(EW) or leaky Lamb waves (LLW) in the gas along the solid-gas interface. In the LLW case, experiments
showed that gas flow had not evident effects on Lamb waves’ propagations. In the EW case, the inter-
action between the gas flow and the Lamb waves was observed clearly when the Lamb wave phase
velocity is close to the gas sound velocity. This interaction is related with the gas flow velocity profile
within the boundary layer. The experimental results show that this sensor is very promising for many
experiments involving gas flows such in wind tunnels, micro channels characterization, and can lead to
multi-parameters measurements.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Aerodynamics has a long history from macroscopic to micro-
scopic scale, especially in gases vortex flows, wind tunnel
experiments or flows within microchannels [1-4]. In macroscopic
aerodynamics fields, hot wire anemometry or calorimetric sensor
are mainly adopted [5-8], and the measurement of the sensor’s
temperature is used to give the flow. For this kind of sensor, it
is difficult to distinguish the temperature and fluid velocity vec-
tor effects. In microscopic flow, micro-fluidic devices are becoming
increasingly common and are seen in applications ranging from
biology to nanotechnology and manufacturing [4,9]. Micro-particle
image velocimetry is one well-established technique to investigate
the fluid flow, but this method needs special flow-tracing parti-
cles [9-12]. Surface acoustic waves (SAW) or flexural wave gas
flow meter use the temperature effect of gas cooling due to flow
[13-15]. The gas detection itself is not direct but use detection layer
for example a palladium silver alloy layer for hydrogen [16]. The
use of sound for measurement of flow in the boundary layer has
been proposed by some authors [17,18] but in this paper we use
an evanescent wave generated with a Lamb wave that gives the
opportunity to change the penetration depth. Lamb waves have
been used for fluid parameters measurements [19] and our pre-
vious work suggested that the gases layers could have apparent
effects on Lamb waves’ propagations [20]. At present, there are no
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reports about the gas flow effects on the Lamb waves’ propagation.
In this paper, we study the effect of flowing along a membrane
supporting Lamb wave propagation.

When Lamb waves propagate in a membrane with a wave-
length much greater than the thickness of the membrane (d), two
basic propagation modes exist in the membrane, the antisymmet-
ric mode (Ag) and the symmetric mode (Sp ). In Sg mode, the effect of
static gas layers on the Lamb waves’ propagation does not change
the phase velocity [21]. When the Lamb wave phase velocity (cpy)
of the antisymmetric mode (Ag) is less than the gas sound velocity
(¢r) an evanescent acoustical wave (EW) exists in the gas near the
solid-gas interface. The evanescent wave intensity exhibits expo-
nential decay with distance from the boundary where the wave is
formed and propagates in the same direction and at the same speed
with the Lamb wave. As the EW propagates along the gas-solid
interface, it can provide an attractive tool for gas dynamics research.
When the frequency is high enough and c; becomes higher than
¢, the waves can be considered as a leaky Lamb waves (LLW).
Its behavior with the flow is also an interesting question to be
investigated. Some experiments for this range of operation will be
discussed in this paper. Let us define the boundary layer thickness
and the acoustic evanescent penetration depth before theoretical
analysis.

2. Principle
2.1. Boundary layer thickness of a gas flow

Let us consider Lamb wave sensor placed in a gas that flows
along a flat surface aligned with the flow direction (x direction), see
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Fig. 1. The Lamb wave based sensor with the gas flow boundary layer, experimen-
tal membrane thickness (IDT: 0.2 wm, AIN: 1.8 wm, GND: 0.2 wm, Si membrane:
12 +3 wm) and IDT period: 400 pm.

Fig. 1. Under the assumption of no slip at the gas—solid interface, the
velocity gradients appear near the surface in y direction, see Fig. 2.
We assume that this gradient remains constant along the length L
of the membrane.

The flow can be conceptually divided into two parts which is
separated by an imaginary surface (the dashed line in Fig. 2). The
first part is the free stream zone, in which the gas velocity is con-
stant (Vy). The second part is the boundary layer, in which the
velocity (Vx(y)) varies from zero at the wall to a velocity equal to that
of the free stream. The flow is supposed to be laminar flow within
the boundary layer thickness hp; and the profile of the boundary
layer supposed to be constant along the length of the sensing area.
The velocity function Vi(y) in the boundary layer is assumed to be
as [22]:

Ty

Vx(¥) = Vg sin (—) with0 <y < hg (1)
2hp

2.2. Acoustic evanescent wave penetration depth for Lamb wave

When the acoustic wave propagates in static fluid, the dis-
placement at the surface (y=0) can be expressed as the following
formula:

u(x,y, t) = Up exp(i(kxx + kyy — ot)) (4)

In which, Up is an arbitrary amplitude, kx and ky, wave num-
ber in x and y direction, The relation between wave numbers
must verify k? = k? + ki where kg=w/cy is the wave number for
the waves propagating within the fluid (gas or liquid). In our case,
kx = kpw = w/cLw, the wavenumber and c;yy the phase velocity for the
Lamb wave propagation. Let us consider an interesting generaliza-
tion of Eq. (4) for the case when ¢y < ¢y (kpw > kf). The wavenumber

ky = \/ kj? k2, = i\/ k2, — k}? is then purely imaginary and the

acoustic wave is

u(x, y, t) = Ug exp(— | ky| y) exp(i(kiwx — t)) (5)
N
Y Vo
I
Vi) E
................ AT hBL
2
(i :
|7 Membrane m v

\

Fig. 2. Flow boundary layer above a thin membrane at a given position in wind
direction, the wind velocity changes with the distance (y) from the plate surface.

The amplitude decrease exponentially with the distance from
the surface, this wave is called evanescent wave (EW). The term
8¢ = 1/ky is called evanescent wave penetration depth and can be
expressed as

BEZI/IC)/ZM% (6)

2 V1= (aw/c)

With A the length wave of the Lamb wave. When the gas
flows over the Lamb wave sensor, the gas flow will interact with
the evanescent wave. The ratio between the flow velocity bound-
ary layer thickness hp; and the evanescent wave penetration depth
(8) is an important factor affecting this interaction. It is important
to underline that our theory gives a good explanation of the behav-
ior of Lamb wave with a gas flow but the precise value of frequency
shift in the region where ¢y is close to cyis not obtained for several
reasons. (i) The theory assume a wave coming from infinity. This
assumption is a good approximation for rapidly decreasing evanes-
cent wave but become poor when the evanescent wave extends as
crw is close to ¢y and (ii) the standing wave ratio is not well defined
because the reflection of the evanescent wave in the gas at the end
of membrane is not clearly established.

2.3. Calculations for Lamb wave interaction with gas flow

In this paper, we try to survey the gas flow interaction with
device described in Fig. 1. The device contains a silicon membrane
with a ground layer (Ti/Mo) and a piezoelectric layer (aluminum
nitride, AIN). Lamb waves are excited and detected directly using
inter-digital transducers (IDTs) [23,24].

As waves are partly reflected at the end of length-limited mem-
brane, the response includes traveling waves and standing waves.
When the Lamb waves propagate in a membrane with gas flow
on the top surface, the evanescent wave (EW) distribution could
be modified by the gas flow. Based on the following assumptions,
this physical problem can be analyzed theoretically at least as a
first approximation. The equations of motion for each material are
written in terms of scalar potential function ¢ and vector potential
function v [21,25,26]. Usually the potential functions are intro-
duced for isotropic materials. This assumption is possible here
because the Lamb wave travels in the membrane only along one
direction in which the energy propagate in the direction of wave
number vector.

The particle displacement vector u for the membrane and fluid
are as functions of potentials written in form

Uy = graden, + curlyy, .
uy = gradyy @
where the subscripts m and f, refer to the membrane and fluid
respectively. As the wave is in one plane and the motion does not
depend on the coordinate z, the component of the vector potential
along the z-axis only will have a non-zero magnitude; we denote
this component simply by . The potentials ¢ and  are called the
potentials of longitudinal and shear waves respectively, and satisfy
the following wave equations:
In the membrane

1 0%y
ViU = —=
Ym ¢z ot
1P (8)
V2, — - O ¥m
$m = c2 o2
In the fluid
1 82(pf
Vi =~
@r sz T 9)
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Fig. 3. Theoretical dispersion curves for different cases: when the there is no flow
(solid), when the gas flow direction is the same as propagation direction (LWA)
(dashed-dotted) or the reverse (LWB) (dashed), and finally for standing waves case
(SW) (dotted).

where cy4 and c; are the velocities of longitudinal (dilatational) and
transverse (shear) waves of the membrane, ¢; is the fluid sound
velocity.

When there is a flow with a boundary layer, the sound velocity
varies continuously inside the fluid. At a first approximation, this
continuity is replaced by several layers in which the sound veloc-
ity is treated as the average value of apparent sound velocity in
that layer. The membrane and gas flow will be approximated as a
membrane with q layers of fluid within the flow boundary layer
thickness hg;, see Fig. 2.

If cow = w/kw < ¢f < ¢t < ¢g, the solutions to Egs. (8) and (9)
can be expressed as:

In the membrane,

_ 2 (2 /02 2 _(w2/c2
om = (Ae~ VW@ | po /KW s v o)

— 2 (w2/c2 S12 (2 /2
Ym = (Ce V k(@ /Cf)y+De k(@ /Cf)y)sin(kLfowt)

(10)

And in the fluid, for each nth layer of fluid as

7 a2 2 22
¥ = (Ame \/my + Bfne\/my) cos(kpwx — wt)

(11)

These solutions should satisfy the boundaries conditions for
the stresses T and the displacements u at the interfaces. At the
membrane (subscript m)-fluid (subscript f) interface, the condi-
tions are, T =Tmyy, Tmyx=0 and us, =umy, between fluid layer 1
and fluid layer 2, boundaries conditions to be satisfied are 77 =7p,
and uyy, =gy, and similar conditions for each fluid-fluid interface.

Considering the boundary conditions to all interfaces, we will
get a set of simultaneous homogeneous equations where A, B, C, D,
Ag; and By, are unknowns. In our case, with one side of the mem-
brane with n layers of fluid, we get 3 +2n boundary conditions and
3 +2nunknown parameters. This set of equation will have non-zero
solution when the determinant associated with the equation sys-
tem is zero. An implicit function between k; and w is obtained,
that is to say the dispersion equation.

We have computed the dispersion equation for travelling waves
with a given flow in two configurations A and B as shown in Fig. 1.
The gas flow velocity Vj for calculation is 20 m/s. The sound velocity
in still air is taken at 340 m/s. The angular frequency w is plotted
as a function of the product k;y-d with d the membrane thickness
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Fig. 4. The Lamb wave phase velocity changes with the ratio §g/hp, when
kiw-d=0.135 (kw: wave number, d: membrane thickness). The gas flow direction is
the same as propagation direction (LWA) or the reverse (LWB).

(see Fig. 3). The effect is very different for the two cases depending
on the flow either increase the apparent sound velocity or not.

Due to the limited length of the membrane, standing waves
occurs. We use a simple model to investigate the influence of the
gas flow on these standing waves. If there are resonances with-
out the flow, the wavelength (A1) and the length of the membrane
(L) should satisfy A=2L/N and f=c;w-N/2L, where N is an integer
corresponding to the rank of the mode.

With a gas flow, for the simple form of Ag mode and perfect
reflection, the displacement of the incident wave and the reflected
wave along the x direction are supposed to be Asin(wt — k1x) and
—Asin(wt +ky-x) respectively, where A is the amplitude, w is the
wave’s angular frequency, t is time, k; and k, are wave number for
the incident wave and the reflected wave. Accordingly the sum of
the two waves is

Alsin wt(cos k1x — cos kyx) — cos wt(sin k1x + sin kyx)] (12)

This equation can be rewritten as
—2Asin (klz;kzx) - Cos (a)t - @x) (13)

This equation should also satisfy the boundary conditions at
both ends (borders) of the membrane where the displacement is
zero at any time. For x=0, this condition is always satisfied. When
x =L, the k1 and k, must have the following relationship

ki+ky mn
2 T (14)

The pseudo standing wave occurs when wave-number is
(kq +k3)/2. With the known dispersion curves for the two directions
for travelling waves, the solutions for standing waves is deduced
easily by averaging the wave-numbers of the two directions for
given angular frequency or velocity. As shown in Fig. 3, it indicates
that the response of the system varies with the gas flow velocity
even for pure standing waves.

The previous simple model shows that when the phase velocity
of Lamb wave is below and close to sound speed in air, the Lamb
wave is sensitive to the gas flow. The variation of the thickness of
the boundary layer is introduced in the model. Obviously the effect
of the flow decreases when the characteristic decaying length &g
of the evanescent wave become small compared to the boundary
layer thickness hp; (see Fig. 4).
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Fig. 5. Sketch of wind tunnel set-up for the wind flow experiments.

3. Experimental results and discussion
3.1. Wind tunnel set-up for gas flow measurements

An experimental set-up has been built to produce an air flow
passing on the device’s surface to study its effect (see Fig. 5). In
order to change the relative direction between the main waves’
propagation and the air flow, we choose to change the acoustic
waves propagation direction by deciding which port of the IDT is the
exciting port or the receiving port, as shown in Fig. 1, configuration
Ameans IDT1 is emitter and IDT2 is receiver, configuration B means
IDT2 is emitter and IDT1 is receiver. This method allows keeping the
set-up in the same condition for the two directions. All experiments
are performed at room temperature and at atmospheric pressure.
Different frequencies responses of Ap mode are used to check gas
flow effects.

3.2. Measurements for different frequencies

The first experiment is done with a center frequency of 264 kHz
where the wave velocity is near 240 m/s. It can produce the Evanes-
cent Wave around the gas-solid interface. The experimental results
demonstrate that the amplitude and phase responses are almost
the same; no matter there is an air flow or not (see Fig. 6(a)).

Another measurement is performed at a higher frequency,
1.663 MHz that corresponds to a Lamb wave phase velocity greater
than the sound velocity. The wave can be considered as a leaky
Lamb wave, and the results show that there are still almost no
changes for the different cases (see Fig. 6(b)). It is due to the fact
that the leaky wave angle depends on the gas flow velocity at the
surface of the membrane and this velocity is always zero in no slip
condition.

A third experiment is done at a frequency of 510 kHz where the
acoustic wave velocity is smaller but near the sound velocity of air
(340 m/s). As indicated by simple theoretical calculations using Eq.
(6), the EW depth &g in this region is larger than in the other cases
[20]. The response at this frequency is shown in Fig. 6(c). The result
demonstrates that the air flow has a remarkable influence on the
amplitude and the phase response of the device.

3.3. Discussion

Although the waves are not purely traveling wave, our proposal
is to measure the effect of the relative direction between the gas
flow and the Lamb waves on frequency response. Note that the
responses in the absence of air flow for these measurements are
almost the same, when we invert the exciting and detecting IDT,
see Fig. 6(a-c).

From the measurements, we show that the ratio dg/hg; plays an
important role in the response. The flow boundary layer thickness
hgy is a constant value as we keep the set-up in a fixed position
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Fig. 6. Amplitude (with square) and phase (with star) measurements for different
frequency ranges, (a) around 264 kHz, (b) 1.663 MHz and (c) 510 kHz, The gas flow
direction is the same as propagation direction (LWA) or the reverse (LWB). Mea-
surements are recorded without flow and with flow at a speed of about 20 m/s for
each case.

and is estimated for a flow velocity of 20m/s to be hg; =410 wm
above the membrane. For the frequency of 264 kHz, c;y is far away
from ¢y, but it is not the same when the frequency is 510kHz, thus
Sg in the first case is smaller than in the second case. When Jg/hg;
becomes higher, the Lamb wave propagation is more easily affected
by the gas flow. This is in agreement with the prediction given by
Figs. 3 and 4, even if the real case is more complex than our simple
theoretical model. We have performed these experiments using
another device, and the results confirm that the frequency shifts
only when the phase velocity is near to the gas sound velocity.

In order to verify the repeatability of the measurement, we
record the frequency corresponding to a given phase value as a
function of time, as shown in Fig. 7(a). The result clearly shows
that the response has good repeatability. Although the absolute
responses for the two propagation directions change with time, we
note that the difference ( AF45) between the values of the frequency
obtained consecutively for the two directions is more stable. The
variation due to the room temperature is one of the main contribut-
ing factors to the changes of absolute frequency (about 95 ppm/°C)
but its effect on the difference AFyp stills neglectable.

The plot of the flow velocity versus AF,g is shown in Fig. 7(b) up
to a maximum velocity of about 20 m/s. The results show an almost
linear relation between the flow velocity and the difference in the
frequency measured for the two opposite directions. The measured
sensitivity ((AFag/fo)/AV) at the maximum flow velocity is about
80+ 7ppmm-~!s,in which fj is the center frequency and AV is the
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Fig. 7. The frequency changes at a given phase of —30° around the frequency of
510kHz: (a) when the wind speed is about 20 m/s, the measured frequency shifts
with time, A and B as shown in Fig. 1, O: no wind; (b) frequency difference between
two consecutive excitation directions change with respect to the normalized wind
speeds V/Vmax (the maximum wind speed Vi, is about 20 m/s).

velocity. This result shows that it is possible to use this device for
precise and accurate aerodynamics measurements.

4. Conclusions

We reported the observed effects of gas flow on Lamb waves’
propagation within a microsensor. This sensor is not based upon
thermal effects but mainly on the interaction of the flow with an
evanescent wave. For the evanescent wave case, the Lamb waves
have a high sensitivity to the gas flow in the case where their phase
velocities are close to the gas sound velocity. The ratio between the
evanescent wave depth §¢ and the flow boundary layer thickness
is an important factor affecting the sensitivity. The different EW
depths obtained at different frequencies provide a powerful tool to
investigate the properties of the flow boundary layers. Our work
suggests that the Lamb waves based sensors could be used in aero-
dynamics, especially for wind tunnel, micro/nano channels and for
multi-parameters measurements.
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