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Abstract. This paper describes a completely non-contact ultrasonic method of gas flow metering using 

air-coupled leaky Lamb waves. To show proof of principle, a simplified representation of gas flow in a duct, 

comprising two separated thin isotropic plates with a gas flowing between them, has been modelled and 

investigated experimentally. An airborne compression wave emitted from an air-coupled capacitive ultrasonic 

transducer excited a leaky Lamb wave in the first plate in a non-contact manner. The leakage of this Lamb wave 
crossed the gas flow at an angle between the two plates as a compression wave, and excited a leaky Lamb wave 

in the second plate. An air-coupled capacitive ultrasonic transducer on the opposite side of this second plate then 

detected the airborne compression wave leakage from the second Lamb wave. As the gas flow shifted the wave 

field between the two plates, the point of Lamb wave excitation in the second plate was displaced in proportion 

to the gas flow rate. Two such measurements, in opposite directions, formed a completely non-contact 

contra-propagating Lamb wave flow meter, allowing measurement of the flow velocity between the plates. A 

COMSOL Multiphysics® model was used to visualize the wave fields, and accurately predicted the time 

differences that were then measured experimentally. Experiments using different Lamb wave frequencies and 

plate materials were also similarly verified. This entirely non-contact airborne approach to Lamb wave flow 

metering could be applied in place of clamp-on techniques in thin-walled ducts or pipes. 

 

Keywords: non-contact flow metering; air-coupled leaky Lamb waves; airborne ultrasound; COMSOL 
Multiphysics® modelling; ultrasonic wave visualization  
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I. Introduction 

 

Gas flow measurement is an important part of industrial instrumentation, encompassing a wide 

range of applications from natural gas distribution, compressed air systems, air conditioning, and 

process control [1]. A clamp-on ultrasonic flow meter does not obstruct the pipe, nor is it in direct 

contact with the fluid, which eliminates any pressure loss. It may also be installed without any 

mechanical modification of the pipe or duct, or interruption to the flow or process [2, 3]. To obtain 

accurate ultrasonic measurements, an appropriate method of contact or coupling is required to 

facilitate the transmission of ultrasound between the transducer and the pipe wall. Different methods 

may be chosen according to the process temperature and whether long-term or short-term use is 

required [4]. Variation in the couplant reliability and temperature compatibility may adversely affect 

the operation of a clamp-on ultrasonic flow meter. 

Airborne or air-coupled ultrasound could provide a non-contact couplant-free approach for flow 

measurement. As an alternative for immersion or contact testing technologies, non-contact air-coupled 

ultrasonic testing and non-destructive evaluation (NDE) has been used in an increasing number of 

industrial applications in recent years, due to the improvements in transducer efficiency, electronics 

and signal processing [5, 6]. For airborne ultrasound, the large specific acoustic impedance mismatch 

that exists between air and most solids is still one of the largest obstacles to a non-contact 

couplant-free approach for clamp-on or external flow measurement methods. Previous work [7] has 

implemented liquid flow measurement in a pipe using highly focussed air-coupled ultrasonic beams 

and bulk waves, but air-coupled non-contact gas flow measurement is particularly difficult due to the 

additional mismatch in specific acoustic impedance between the pipe and the flowing gas. 

Lamb waves and other guided waves are often used in air-coupled ultrasonic testing, particularly 

in plate-like structures that are thin in comparison to the wavelength [8, 9]. Not only can Lamb waves 

propagate over long distances, but they also continuously leak energy into the adjacent air or other 

fluid as they travel. Lamb waves are commonly used in clamp-on ultrasonic flow meters, as 

significant energy can be transferred into the fluid under test, but direct contact coupling is usually 

still required [1-3, 10] or miniature sensors may be placed directly in the flow [11, 12]. 
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Therefore, it should be feasible to accomplish entirely non-contact ultrasonic gas flow 

measurement using air-coupled leaky Lamb waves instead of a clamp-on flow meter. In this paper, we 

have investigated a prototype system used with a simplified representation of a duct, comprising two 

thin plates separated by a gap with air as the gaseous fluid flowing between them, to show proof of 

principle. This was a two-dimensional approximation of a square duct or pipe, where only axial Lamb 

waves were considered, and transverse or circumferential Lamb waves were neglected: hence, the 

equivalent pipe diameter was assumed to be large compared to the duct or pipe wall thickness, and the 

ultrasonic wavelength. It was not a study of the propagation of Lamb waves in pipe walls, which has 

already been investigated by many authors, both analytically and numerically [13-15]. Additionally, 

the model to investigate this non-contact flow measurement, which is highly dependent on flow 

velocity, could be demonstrated without adding any three-dimensional complexity as it was not 

specific to parameters like fluid pressure and pipe size. 

In the work described here, a bulk compression wave was generated in the ambient air, and 

entered the first plate to excite a Lamb wave in a non-contact manner. Leakage of this first 

propagating Lamb wave passed through the flowing gaseous fluid between the plates as a bulk 

compression wave, and then entered the second plate to generate a second Lamb wave. Leakage from 

this second propagating Lamb wave into the ambient air was then detected by a non-contact airborne 

receiver. As the leaky wave (the bulk compression wave) travelling between the two plates was 

shifted by the gaseous fluid flow, the excitation position of the second Lamb wave was displaced 

proportionally to the velocity of the flow. Thus, the flow velocity could be obtained by detecting the 

time difference between contrapropagating signals, as per a classical clamp-on Lamb wave flow meter 

[10]. 

In Section II of this paper, an analytical model and a corresponding COMSOL Multiphysics® 

simulation of the implemented non-contact flow measurement system are described. Section III 

covers the results and analysis of the model and simulations, where of the excitation point of the 

second Lamb wave by the gas flow is shown and verified. Experimental measurements are describe in 

Section IV, and compared with the simulations and discussed in Section V. Additional experiments 

with differences in receiving distance, ultrasonic frequency, plate thickness and plate material are 
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presented and discussed. Conclusions about the non-contact method are then drawn in Section VI. 

II. Modelling and simulation 

 

The aim of this study was to focus on the feasibility of non-contact ultrasonic gas flow 

measurement based on air-coupled leaky Lamb waves, so it was not intended to be specific to 

parameters such as the type of ultrasonic transducers used, gas pressure, pipe size, and fluid type, as 

they are not directly relevant to the feasibility and also would have added significant computational 

complexity to the model. A simplified two-dimensional representation of gas flow in a square or 

rectangular duct, comprising two thin plates separated by a gap, with air as the gaseous fluid flowing 

between them as shown in Figure 1, was investigated. This model provided a clear relationship 

between the flow velocity, non-contact Lamb waves and time delay. 

 

Figure 1. Schematic diagram of the non-contact ultrasonic flow measurement geometry. 

 

A. The general analytical model – zero flow 

The general analytical model may be described as follows. As shown in Figure 1, the centre 
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normal of the transmitter (Tx) is inclined at an angle αTx to the surface normal of Plate 1, at a distance 

of rTx. Hence, the time tTx for an airborne ultrasonic compression wave to travel across this air path is: 

 Tx
Tx

a

r
t

c
                                  (1) 

where ca is the speed of sound in the ambient air. This time will also include any delay due to the 

transduction process and the electronics. The first Lamb wave is then assumed to be generated 

instantaneously in Plate 1 at the point of entry xin after time tTx, and propagate along Plate 1, leaking 

into the flowing air between the two plates as another compression wave. At an angle β0, according to 

Snell’s Law, and at zero flow (vf = 0 m/s), this compression wave will cross the gap between the two 

plates along a path L0 in a time tL, given by: 


 0

0

,
cos

L
f f

L D
t

c c
                               (2) 

where cf is the speed of sound in the fluid between the plates and D is the plate separation. The 

compression wave will then enter Plate 2 at a point displaced horizontally from the entry point xin in 

Plate 1 by a distance x0 = D tan β0, and generate a second Lamb wave, which will then propagate 

along Plate 2 with group velocity cg and leak into the ambient air between Plate 2 and the receiver 

(Rx) as another airborne ultrasonic compression wave. To optimise the reception of the leaky waves at 

the exit point xout from Plate 2, the centre normal of the receiver (Rx) will be inclined at an angle αRx 

to the surface normal of Plate 2, at a distance of rRx, which means that the Lamb waves in Plate 2 

propagate a distance d0 in the plate, given by: 

   0 0 0tan ,P Pd x x x D                           (3) 

where xP = xout – xin, with a corresponding propagation time td0 of: 


 0 0

0

tan
.P

d

g g

d x D
t

c c
                           (4) 

Finally, the time tRx for the ultrasound to travel across the air path rRx between Plate 2 and the receiver 

(Rx) is given by: 

 ,Rx
Rx

a

r
t

c
                                  (5) 
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which also includes any delay due to the transduction process and receiver electronics, giving a total 

propagation time t0 between Tx and Rx at zero flow of: 






       0

0 0

0

tan
.

cos
PTx Rx

Tx L d Rx

a f g a

x Dr rD
t t t t t

c c c c
            (6) 

 

B. The general analytical model – non-zero flow 

When vf ≠ 0, the leaky waves crossing the gap between the two plates will be displaced either 

towards Tx or towards Rx along a new equivalent path Lf, depending on the direction of the flow. 

However, the time taken for the leaky waves to cross the gap between the two plates will still be tL, as 

the angle that the Lamb waves in Plate 1 leak into the flow will still be β0 and the velocity vector 

normal to the surface of Plate 1 will be identical, irrespective of the magnitude of the flow vf. Hence, 

in the time tL that it takes the leaky waves to cross the gap between the two plates, the waves will have 

been displaced horizontally by the flow by a distance xf, given by:  


   

0

,
cos

f

f f L

f

v D
x v t

c
                           (7) 

which then increases or decreases the distance df that the Lamb waves propagate in Plate 2 to: 

 
 

      
 
 

0 0 0tan sec ,
f

f P f P

f

v
d x x x x D

c
                  (8) 

with a corresponding Lamb wave propagation time tdf in Plate 2 of: 

 
 

   
 

 
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.

f

P
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v
x D
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c c
                      (9) 

This then gives a total propagation time tf between Tx and Rx at a flow vf of: 

 



 
   

 
       

0 0

0

tan sec

.
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f

P

fTx Rx
f Tx L df Rx

a f g a

v
x D

cr rD
t t t t t

c c c c
     (10) 

If the geometrical parameters and fluid properties are known with sufficient accuracy, then the mean 

fluid flow velocity, vf, may be calculated directly from (10). For identical plates, and identical 
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transducer separations rTx and rTx, it is clear that the air gap times tTx and tRx will be the same, and if 

the roles of the transmitter Tx and the receiver Rx are reversed, tL will still be the same and only tdf 

will be affected by the flow. Hence, the difference in total propagation times Δtf for 

contra-propagating Lamb waves, may also be used to determine the average fluid flow rate vf thus: 


 

0

2
,

cos

f

f

g f

Dv
t

c c
                              (11) 


 

0cos
.

2

g f

f f

c c
v t

D
                             (12) 

Hence, prior knowledge of just the plate separation, the sound speed in the fluid at rest, the Lamb 

wave velocities at the specified frequencies and Snell’s Law, are required. 

 

C. Lamb wave modes 

Specific Lamb wave modes that propagate in plates of a certain material and thickness can be 

determined by selecting the correct frequency, according to the velocity dispersion from the 

Rayleigh-Lamb frequency equations [16]. The dispersion curves for the antisymmetric (An) and 

symmetric (Sn) modes in the isotropic plates are readily derived, as shown in Figure 2 for 

polycarbonate. At frequency-thickness products of less than 0.5 MHz.mm, only the zero-order modes 

A0 and S0 exist. It can be seen that the A0 mode disperses significantly with the frequency-thickness 

product, whereas the S0 mode disperses very little. In our study, the A0 mode at frequency-thickness 

products of less than 0.2 MHz.mm were useful, as these provided various phase velocities at 

frequencies practical for air-coupled measurements, depending on the plate thickness. Hence, 

according to Snell’s Law, various refraction angles of leaky waves between the two plates would also 

be obtained. As demonstrated in earlier work by the authors [17], the generation and detection of 

specific Lamb wave modes requires careful orientation of the transducers to prevent undesirable 

reflections at the plate surface. However, no significant loss in amplitude was observed within a 

transducer misalignment of ±5°. 
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Figure 2. Phase velocity dispersion curves of the first three symmetric and antisymmetric modes in 

polycarbonate. 
 

 

D. COMSOL Multiphysics® modelling 

The leaky wave which propagates in the same direction as the air flow (i.e. downstream) is firstly 

considered in the COMSOL Multiphysics® model. A similar approach was used for the leaky wave 

travelling against the direction of air flow (upstream). The specific mode of ultrasonic transducer 

operation was not required in the model. Airborne compression waves were used to generate the 

Lamb waves in our study in a non-contact manner, so the principle of operation of the ultrasonic 

transducers is not relevant. Capacitive ultrasonic transducers have been shown to exhibit plane 

piston-like behaviour [17, 18] and thus a uniform distribution of the pressure wave across the face of 

the transducer in the model would be a valid assumption. Therefore, similar behaviour has been 

simulated in this study to model the generation and detection of planar airborne compression waves. 

The plate material was chosen to be homogenous polycarbonate to simplify the Lamb wave 

propagation calculations and ensure a low impedance mismatch between the air and the plates to 

enhance experimental production and detection of the signals. However, the modelling approach used 

here is not specific to the transducers and the plate material described, and with suitable modification 

can be used for other transducer types, more complicated plate structures such as curved pipe 

geometry, or more complex materials, such as fibre-reinforced composites. 
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1. General model details 

Modelling was based on a finite element method and was implemented using the following 

steps: 

(i) a two-dimensional geometric representation of the problem was subdivided into the following 

domains, as shown in Figure 1: the ambient air domain containing the transmitter; the ambient 

air domain containing the receiver; the two polycarbonate plates; the flow domain between 

the two plates; the two transducers. 

(ii) The governing equations and boundary conditions were defined for each domain. The 

impedance boundary provided by the Acoustics Module in COMSOL Multiphysics® was 

used to minimize the model geometry and the computational burden. However, this module 

could not directly simulate acoustic waves propagating in a moving fluid. Hence, a moving 

mesh method was applied, and the interaction of the leaky waves and the air flow could then 

be simulated. 

(iii) The velocity profile in the flow domain was obtained from a simple open-channel flow model 

by using the Fluid Module in COMSOL Multiphysics®; the velocity profile data was then 

used as an input to the leaky wave propagation model built in to the Acoustics Module. 

(iv) Triangular mesh elements of 0.5mm in the air domains and 0.25 mm in the plate and 

transducer domains, optimized based on the wavelengths, and a time step size of 0.04 µs, 

were chosen before running the simulations using a direct segregated solver, as described in 

more detail in earlier work [17]. The COMSOL Multiphysics® simulations converged when 

the relative tolerance was 0.01 (the default value was 0.001). 

 

2. Geometry and material parameters  

The plate geometry and material parameters used in the simulations were as shown in Table I and 

Table II, respectively. The transmitter (Tx) with an active diameter aTx and overall width bTx and 

height hTx was located with its face centre at an offset radius rTx from the bulk wave entry point xin in 

Plate 1 and rotated by the transmitter incidence angle Tx. Similarly, the receiver was located at an 



  

Page 10 of 30 
 

offset radius  

rRx from the bulk wave exit point xout in Plate 2 and rotated by the receiver incidence angle Rx. The 

bulk wave entry and exit points were taken as the intersection of the transducer centre normal with the 

plate centreline. The coordinate origin was located in the centre of Plate 1 as shown in Figure 1. The 

air flow was initially flowing from left to right, as shown. The transducers were orientated at specific 

incidence angles to optimise specific Lamb wave modes [19][20], according to velocity dispersion 

and Snell’s Law. Thus, both the transmitter and receiver with a centre frequency of f were adjusted to 

the  

optimum angle of 50°, so the strongest signals at 100 kHz could be obtained. 

 

 

Geometric Parameters Value 

Plate length, W 500 mm 

Plate thickness, d 1 mm 

Transmitter/receiver air domain height, H 60 mm 

Plate separation (flow domain), D 90 mm 

Transmitter diameter, aTx 38.4 mm 

Transmitter offset radius, rTx 30 mm 

Transmitter angle, αTx 50° 

Receiver diameter, aRx 38.4 mm 

Receiver offset radius, rRx 30 mm 

Receiver angle, αRx 50° 

Overall transducer width, bTx and bRx 40 mm 

Overall transducer height, hTx and hRx 20 mm 

Ultrasonic frequency, f 100 kHz 

Lamb wave inlet-outlet separation, xP = xout – xin  150 mm 

 

Table I: Geometric parameters used in the model 
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3. Governing equations and boundary conditions 

Previous studies have focused more on the guided waves in the plates rather than the bulk waves 

leaking into the flowing fluid. Mode conversion will also occur at the interface of the air and the plate,  

and this has been modelled previously [17]. To resolve this issue in the simulation, the pressure 

acoustics and solid mechanics interfaces were combined using the Acoustic-Structure Interaction 

Module of COMSOL Multiphysics®, so that the acoustic pressure variations in the fluid domain and 

the structural deformation in the solid domain were then connected [21]. The parameters of air were 

those determined at standard atmospheric conditions. The impedance boundary was used at the 

outermost boundaries of the whole model to reduce reflections. Wave behaviour in the air flow was 

controlled by a moving mesh. The meshes here were deformed by the velocities calculated by 

preliminary flow simulations, described earlier. Any deformation of the plates due to the air flow was 

not included in the study, as the influences of the air pressure were negligible and the plates were 

regarded as undeformed during the very short time period covered by the whole simulation. The 

emitted airborne ultrasonic compression wave was simulated by applying a time-dependent boundary 

Polycarbonate material properties Value 

Young’s modulus, E 2.0 GPa 

Poisson’s ratio, ν 0.37 

Density, ρ 1200 kg/m
3
 

Aluminium material properties Value 

Young’s modulus, E 70 GPa 

Poisson’s ratio, ν 0.37 

Density, ρ 2700 kg/m
3
 

Air properties Value 

Speed of sound, ca 343 m/s 

 

Table II: Material property parameters used in the model. 
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load F(t) to the transmitter surface. The applied load is shown in Figure 3, which was a smooth 

windowed sinusoid of ten cycles in length with a centre frequency f of 100 kHz and maximum 

amplitude F0, given by: 

     



  

    
  

2

0

2
sin 2 sin ,      10/ .

20

ft
F t F ft t f              (13) 

The received signals were measured in the simulations by calculating the mean displacement 

normal to the receiver surface, which will be deformed by the leaky wave propagating in the air. The 

simulation signal sampling rate was 25 MHz with a total signal time of 1 ms. 

 

 

 
 

III. Simulation results and analysis  

 

A. COMSOL Multiphysics® simulation with no flow  

It is important to accurately simulate the entire region where the leaky Lamb wave propagates, 

and to correctly visualize and interpret the results. Figure 4 shows a sequence of snapshots of the 

wave fields in the plate and air domains obtained from the right sight part of the model, i.e. 0 mm < x 

 

Figure 3. Simulated windowed 10-cycle sinusoid excitation signal. 
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< 190 mm, at different times during the simulation with no flow between the plates. Note that the 

transmitter is not shown in these images, as its centre normal intersects Plate 1 at x = – 75 mm. The 1
st
 

and 3
rd

 colour scales in each image Figure 4 are von Mises equivalent stress, in N/m
2
, in Plate 1 and 

Plate 2, respectively. The 2
nd

 and 4
th
 colour scales in each image in Figure 4 are air pressure, in Pa, of 

leaky Lamb waves “LLW 1” in the flow region and “LLW 2” in the ambient air on the receiver side of 

Plate 2, respectively. As the same physical quantities span several orders of magnitude, the colour 

scales have different limits for better clarity. 

 

 

(a) 

 

(b) 
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(c) 

 

(d) 

Figure 4. Visualization of Lamb wave propagation in the plates and leakage into air 

at different simulation times of (a) 500 μs, (b) 600 μs, (c) 700 μs, and (d) 800 μs. 

 

Both symmetric and antisymmetric Lamb waves can occur. The symmetric S0 mode has a much 

higher group velocity and had already propagated through the plate before these simulation times 

were visualized. Thus, it is clear in Figure 4(a), that the pressure wave marked “1
st
 Excited Wave”, 

leaking energy into the air on both sides of Plate 1 between distances x of 100 mm and 190 mm, is the 

antisymmetric A0 mode, as the leakage pattern of alternating high and low pressure wavefronts above 

the plate is matched by a respective pattern of low and high pressure wavefronts below the plate. This 

leaky wave from Plate 1 travels across the flow channel between the two plates as wave “LLW 1” at 

an angle, with the general direction of the wavefronts marked by an arrow. It reaches Plate 2 to excite 
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a new Lamb wave marked “2
nd

 Excited Wave” at a later time to, and displaced in x from, the initial 

Lamb wave in Plate 1. Consequently, a new leaky wave marked “LLW 2” is radiating energy into the 

ambient air beneath Plate 2 at a lower intensity, as shown in Figure 4(b). The high intensity 

wavefronts above Plate 1 are the airborne compression waves reflected in the air gap between the 

plate and the transmitter, and they travel at the sound speed in the ambient air. 

In Figure 4(b), it can also be seen that more leaky waves travel across the gap between the plates 

to reach Plate 2, and reflect at the surface of Plate 2 as indicated by the dashed arrow. The second 

Lamb wave generated in Plate 2 travels from left to right, and continuously leaks significant energy 

into the ambient air as wave “LLW 2” before being detected at the receiver (a corner of which is 

arrowed at x = 120 mm), as can be seen in Figure 4(c), where wave “LLW 1” is also seen to be 

reflected by Plate 2 and propagate back towards Plate 1 at the same angle. In Figure 4(d), bulk wave 

reflections in the air gap between Plate 2 and the receiver can be seen at a distance x between 80 mm 

and 100 mm, producing an interference pattern (arrowed). 

 

B. Analytical model with no flow  

The phase and group velocities at low frequency-thickness products may be calculated using the 

Rayleigh-Lamb frequency equations, and are illustrated in Figure 5. It can be seen that a 100 kHz A0 

mode Lamb wave in a 1 mm thick polycarbonate plate (i.e., at 0.1 MHz.mm) travels with a group 

velocity of about 690 m/s and a phase velocity of 430 m/s, respectively. So the leaky wave at 100 kHz 

will propagate into the air from the plate at an angle of 52.9° for the A0 mode, according to the 

refraction angle of the leaky wave determined by the phase velocities and Snell’s Law. 
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Figure 5. Phase and group velocity dispersion curves for the A0 mode at low frequency-thickness products. 

 

The ultrasound travels a total distance of 209.2 mm in air at 343 m/s (i.e. L0 =149.2 mm between 

Plate 1 and Plate 2 at an angle of 52.9°, rTx = 30 mm between the transmitter and Plate 1, and 

rRx = 30 mm between Plate 2 and the receiver). The A0 Lamb wave travels a distance d0 = 31 mm in 

Plate 2 at the theoretical group velocity of 690 m/s, as shown in Figure 5. Thus, the receiver will 

detect the signal at a time of 653.8 μs, by analytical calculation. 

The corresponding signal from the simulation for the receiver for no flow is shown in Figure 6. It 

is clear that an the signals starts between 650 µs and 660 μs, and reaches its maximum at about 710 

μs, which is in good agreement with the values from the analytical calculations. Due to the large 

aperture (38.4 mm) and the angle of orientation of the transmitter and receiver, the left-hand edge of 

the transmitter and the right-hand edge of the receiver are closer to the plate than the right-hand edge 

of the transmitter and the left-hand edge of the receiver, respectively. This contributes to the additional 

temporal spreading of the received signal, as shown. 
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C. COMSOL Multiphysics® simulation with air flow 

Simulations with flowing air (vf > 0) were then performed to calculate the expected time 

differences between the waves propagating upstream and downstream in the proposed non-contact 

contra-propagating Lamb wave flow meter. The propagation time difference is due to the 

displacement (Δxup and Δxdown) of the Lamb wave excitation point, which is directly affected by the 

flow. For example, with the transmitter and receiver placed as shown in Figure 1, the leaky wave 

between the two plates travels with the air flow (i.e, downstream), the excitation point is shifted right, 

and consequently, the Lamb wave propagation path and time in Plate 2 will decrease. Conversely, if 

the transmitter and receiver are reversed and the leaky wave between the two plates travels against the 

air flow (i.e, upstream), the excitation point is shifted left, and consequently, the Lamb wave 

propagation path and time in Plate 2 will increase. 

To visualize how these displacements of the Lamb wave excitation point are affected by the air 

flow, a series of snapshots of the simulated wave fields is shown in Figure 7 for an air flow velocity of 

1.6 m/s between the two plates. The value of displacement was defined as the change in the 

propagation path from the excitation point of the Lamb wave in Plate 2 to the receiver. 

 

 

 

 

 

 

Figure 6. Simulated signal obtained by the receiver. 
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(a) 

 

(b) 

 

(c) 

Figure 7. Simulations of the shifted wave field and displacement of the 

Lamb wave excitation point (solid arrows) for (a) no flow, (b) upstream 

flow of 1.6 m/s giving a relative displacement of –0.7 mm, and (c) 
downstream flow of 1.6 m/s giving a relative displacement of +0.7 mm. 

 

 

 

 

 



  

Page 19 of 30 
 

In Figure 7, the arrows indicate the position of the central maximum amplitude of the Lamb 

wave excited in Plate 2. Figure 7(a) shows the position at zero flow, with a dashed line drawn at a 

fixed x = 70 mm for reference. In Figure 7(b), it is clear that the central maximum has shifted left by 

–0.7 mm at an upstream flow rate of 1.6 m/s, with a dashed arrow showing the original position of 

this point at zero flow. Similarly, Figure 7(c) shows the central maximum shifted right by +0.7 mm for 

a downstream flow of 1.6 m/s. When the transmitter and receiver positions are reversed in a 

contra-propagating flow meter configuration, identical shifts will occur in Plate 1. 

 

D. Analytical model with air flow 

According to equation (7) and using the relevant parameter values shown in Table I, the 

excitation point of the Lamb wave in Plate 2 should have shifted by ±0.702 mm, which is in excellent 

agreement with the COMSOL Multiphysics® simulations shown in Figure 7. Thus, according to 

equation (11), the time shift of the received leaky Lamb waves should be ±2.07 µs, depending on the 

flow direction. Simulated received signals, taken as the surface displacement of the centre of the 

receiver’s surface in the model, are shown in Figure 8 for different flow velocities for (a) upstream 

and (d) downstream directions, where there is a clear time shift proportional to the flow velocity, as 

expected. Figure 9 shows a plot of these time differences against flow velocity from the simulation 

and a comparison with the values obtained from the analytical model, where it can be seen that, at a 

flow rate of 1.6 m/s, the time difference is 2.0 µs, which again is in excellent agreement. 
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(a) 

 

(b) 

Figure 8. Partial enlargement of simulated received signals (a) upstream, 

and (b) downstream. 

 

 

 

Figure 9. Comparison of the time shift determined from by COMSOL simulation and analytical theory. 
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IV. Experimental measurements 

 

The experimental set-up is shown in Figure 10. The two plates used in the experiments were 

500 mm x 250 mm in size, and were clamped vertically to prevent any axial deflection under their 

own weight. Polycarbonate plates of thickness 1 mm and 2 mm, and aluminium plates of thickness 1 

mm were investigated in different experiments to validate the proposed technique. The ultrasonic 

transducers used were Senscomp 600 Series environmental grade transducers, with a nominal centre 

frequency of 50 kHz and a usable frequency range of up to 120 kHz. 

 

 

Figure 10. Schematic diagram of experimental set-up. 

 

An excitation signal of identical shape to the one used in the simulation shown previously in 

Figure 3 was generated in MATLAB before being sent to a TTi TGA 1244 arbitrary waveform 

generator via a GPIB interface. It was then amplified to 300V by a Falco WMA-300 high voltage 

amplifier, and combined with a bias voltage of +150 V generated by a Delta Electronika SM3004-D 

power supply before generating ultrasound at the transmitting Senscomp device. After propagation 

through the air gaps, plates and flow region, the ultrasonic signals were detected by an identical 
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Senscomp receiver connected to a Cooknell CA6/C charge amplifier powered by a Cooknell SU1/C 

power supply unit. The signal was then further amplified and band-pass filtered between 30 kHz and 

300 kHz by an EG&G Model 5113 low-noise preamplifier. A Tektronix TDS 210 oscilloscope was 

then used to acquire the received signal for post processing and analysis in MATLAB via another 

GPIB interface. The signal-to-noise ratio (SNR) of the received signals was poor, on average -104.7 

dB, so a rolling 128 signal average was used on the Tektronix oscilloscope in all experiments, to 

reduce random noise and minor rapid flow fluctuations. 

The air flow between the two plates was generated by a small axial fan. To measure the velocity 

at any point in the flow region, a Lutron AM-4204 hot wire anemometer was used, with a flow 

measurement range from 0.2 m/s to 20 m/s and a resolution of 0.1 m/s. The velocity flow profile near 

the fan would not have been fully developed, thus the flow region between xin and xout used in the 

experiments was at a distance of 150 mm from the fan. The variation in velocity within this region 

was measured and found to be less than 0.2 m/s along a distance of 100 mm in the x direction. So the 

average flow velocity considered in this work was the averaged value measured at the middle point of 

the flow channel, and it was increased from 0.4 m/s to 1.6 m/s in steps of 0.2 m/s. To emulate a 

contra-propagating flowmeter, the connections to the transmitter and receiver transducers were 

swapped over, reversing the direction of ultrasonic propagation in the system, and the measurements 

repeated. 

Five experiments were performed, to show the feasibility of the proposed technique and to 

investigate the effects of using a different transducer separation xP, different frequency Lamb waves, 

different thickness plates, and a different plate material, as follows: 

(i) a configuration identical to that used in the COMSOL Multiphysics® simulations, using 

polycarbonate plates with a thickness d of 1 mm separated by a distance D of 90 mm, a 

frequency f of 100 kHz and a transducer separation xP of 150 mm, as shown previously; 

(ii) the same configuration as in (i), but with a different transducer separation distance xP of 

100 mm; 

(iii) the same configuration as in (i), but at a different frequency f of 60 kHz, to vary the 
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frequency-thickness product used; 

(iv) the same configuration as in (i), but using a different thickness polycarbonate plate with 

d = 2 mm and frequency of f = 50 kHz, i.e. keeping the same frequency-thickness product of 

0.1 MHz·mm; 

(v) the same configuration as in (i), but using a different plate material of aluminium with d = 

1 mm and f = 40 kHz.  

 

V. Results and Analysis 

 

Typical experimental signals are shown in Figure 11, obtained using polycarbonate plates 1 mm 

thick, an excitation signal frequency of 100 kHz, and with a horizontal transducer separation distance 

xP of 150 mm, so that a direct comparison with the earlier COMSOL Multiphysics® models could be 

made. Figure 11(a) shows a typical measured leaky A0 Lamb wave, with the central region enlarged in 

(b) for the upstream and (c) for the downstream propagation directions. From Figures 11(b) and 11(c), 

it can be seen the experimental signals are in excellent agreement with the simulations. It appears that 

the experimental time shift in Figure 11 (c) is slightly larger than that in Figure 11(b) at the same 

velocity, because the transmitter was closer to the fan in the downstream configuration than the 

upstream configuration in the experiments. It should also be noted that as the upstream wave is shifted 

away from the receiver, the Lamb wave path and propagation time in the plate is increased, shifting 

the signals to the right in Figure 11(b) as the flow rate increases. Conversely, the downstream wave is 

shifted to the left in Figure 11(c), as expected. 
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(a) 

 

(b) 

 

(c) 

Figure 11. Experimental signals collected by the receiver: (a) the leaky A0 

Lamb wave signal, (b) an enlargement of the shifted upstream signals, 

and (c) an enlargement of shifted downstream signals. 

 

Figure 12 shows a comparison of the simulated and experimental time shifts obtained using a 

different transducer separation xP, different frequency Lamb waves, different thickness plates, and a 

different plate material. According to equation (11), the time shift should be independent of the 

horizontal distance xP between the transmitter and receiver. The time shift should also be unchanged if 

the frequency-thickness product f·d is constant, as the Lamb waves will have the same group velocity, 

cg. This is confirmed in Figure 12, where the three respective data sets (solid circles “●” for 

xP = 150 mm, f = 100 kHz and d = 1 mm, hollow circles “○” for xP = 100 mm, f = 100 kHz and 

d = 1 mm, and hollow triangles “Δ” for xP = 150 mm, f = 50 kHz and d = 2 mm ) all match the 
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simulation for f·d = 0.1 MHz·mm (solid line). The refraction angle 0 will also be the same for these 

three datasets, as the phase velocity cp of the Lamb waves will be identical. Also shown in Figure 12 

are the effects of using a different frequency-thickness product of 0.06 MHz·mm in polycarbonate, 

with good agreement between simulation (dashed line) and experiment (hollow squares “□”), and the 

effects of using a different plate material, aluminium, again with good agreement between simulation 

(dotted line) and experiment (crosses “”). 

 

Figure 12. A plot of time shift versus flow velocity for the same frequency-thickness products, different 

frequency-thickness products, different transducer separations, and different plate material. (Error bars are 1 

standard deviation) 

 

However, it can be seen in Figure 4(b) that the initial excitation of the Lamb wave in Plate 2 

occurs whilst there is still significant energy remaining in the leaky wave in the flowing fluid. If the 

transducer separation distance xP is longer, more of this leaky wave will be absorbed by Plate 2 and 

converted into a Lamb wave. Hence, with a shorter transducer separation distance xP, the amplitude of 

the received leaky wave should then be lower, as was observed experimentally. This also resulted in 

slightly more scatter in the experimental values obtained with xP = 100 mm (the hollow circles “○” in 

Figure 12). 
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The time shifts produced by the Lamb waves at 60 kHz and a frequency-thickness product f·d of 

0.06 MHz·mm are larger than those at 100 kHz and 0.1 MHz·mm, as expected. The Lamb waves have 

a phase velocity cp of 360 m/s at 60 kHz and 440 m/s at 100 kHz, thus the refraction angle 0 of the 

leaky Lamb wave is 73.7° at 60 kHz and 52.9°at 100 kHz according to Snell’s Law, resulting in a 

larger geometric shift, xF. Additionally, the group velocity cg for Lamb waves at 60 kHz of 610 m/s is 

lower than the 690 m/s at 100 kHz. Both of these factors affect the time shift, as can be seen in 

equation (11).  

For the aluminium plate, a lower frequency of 40 kHz was used to ensure that the refraction angle was 

not too small due to the faster phase and group velocities of Lamb waves in aluminium. At 40 kHz, cp 

was 620 m/s and cg was 1200 m/s, giving a refraction angle 0 of 33.5°. The experimental values for 

aluminium (crosses “” in Figure 12) show more scatter, due in part to the shorter path through the 

fluid flow at the lower refraction angle, and also to the lower signal levels when using Lamb waves in 

plates with a higher specific acoustic impedance mismatch to air. 

However, transmission of ultrasound through the plates depends on a number of factors. When an 

airborne wave is incident on a plate, some of the energy will be transmitted into the plate and some 

will be reflected. Mode conversion may also occur. At angles of incidence other than the surface 

normal (αTx > 0°), the reflection coefficient is known to be a function of the complex wavenumber and 

has both poles and zeroes at specific real frequencies and incident angles [22, 23]. At these angles, the 

transmission coefficient can approach unity and sufficient airborne energy enters the plate and 

generates the corresponding Lamb wave mode, which then leaks into the surrounding medium. When 

the transducers are aligned such that the main planar wave emitted from the transducer aperture is 

incident at the correct angle, generation and detection of a specific Lamb wave mode is thus 

optimised. For an incident airborne wave from a finite aperture, the diffracted waves from the 

transducer edges emit energy over a range of other angles, so both the S0 and A0 leaky Lamb wave 

modes are generated simultaneously but with different intensities, as shown in previous work by the 

authors [17]. 

Finally, the flow meter correction factor (the anemometer measured flow velocity divided by the 
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ultrasonically measured flow velocity) was calculated for each experimental scenario, as shown in 

Figure 13. It should be noted that the upstream path and the downstream path through the fluid are 

offset with respect to each other, so that the intersection of the ultrasound with the fluid flow profile is 

likely to be different in both directions. However, the three configurations that had the same 

frequency-thickness product f·d of 0.1 MHz·mm and hence the same refraction angle of 52.9° have 

very similar correction factors (solid circles “●” for xP = 150 mm, f = 100 kHz and d = 1 mm, hollow 

circles “○” for xP = 100 mm, f = 100 kHz and d = 1 mm, and hollow triangles “Δ” for xP = 150 mm, 

f = 50 kHz and d = 2 mm in Figure 13). The two configurations with different refraction angles of 

33.5° in the aluminium plate (crosses “” in Figure 16) and 73.7° in polycarbonate (hollow squares 

“□” in Figure 13) also have different correction factors, suggesting that the angle of interaction with 

the flow profile was a dominant effect. It should also be noted that as the flow between the plates was 

not fully developed, this may have contributed to some of the variation in meter correction factors 

shown in Figure 13. Different transducer separations, xP, and refraction angles, β0, may thus 

interrogate a slightly different flow profile. 
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Figure 13. Experimental flow meter correction factors. (Error bars are 1 standard deviation.) 

 

 

VI. Conclusions 

 

In this work, non-contact ultrasonic flow measurement of gas flow using air-coupled leaky Lamb 

waves was investigated. A simplified two-dimensional approximation of a duct system comprising 

two thin plates and air flowing between them was modelled and tested experimentally. It was shown 

that an airborne compression wave emitted from an air-coupled transmitter entered the first plate to 

excite a Lamb wave. Then leakage of this Lamb wave then propagated through flowing air between 

the two plates, and entered the other plate to generate a second Lamb wave. Finally, an air-cooupled 

receiver detected the airborne leakage from the second Lamb wave. A simulation model using 

COMSOL Multiphysics® was implemented successfully to visualise the wave fields and predict the 

time differences, which were confirmed by an analytical study. The results from experiments 

examining different testing configurations were in excellent agreement with the proposed theory, and 

the measured time differences between contrapropagating upstream and downstream paths were used 

to estimate the flow velocity and determine the meter correction factors. This work has successfully 

demonstrated the practical feasibility of conducting completely non-contact ultrasonic gas flow 

measurements in a duct or pipe using air-coupled leaky Lamb waves, and could provide a solution 

where non-contact applications of flow metering are required in ducts or pipes with thin walls, for 

example, in air conditioning systems or large diameter gas pipes where direct contact may be difficult. 
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Highlights for “Non-contact ultrasonic gas flow metering using air-coupled leaky Lamb waves” 

 A non-contact ultrasonic method of gas flow metering in a duct is described. 

 Leaky Lamb waves were generated and detected via airborne compression waves. 

 The gas flow proportionally shifted the exit points of the leaky Lamb waves. 

 The gas flow rates were measured in a simplified 2D contrapropagating flow meter. 

 Good agreement between COMSOL Multiphysics® models and experiments is shown. 


