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Abstract 

Hermetically sealed tanks are widely used in many areas, e.g., they assure aseptic production in food or 

pharmaceutical industries. Level sensors are mounted in these installations via drilled holes, during the 

manufacturing phase. It seems impractical to add any additional level sensor during the operation of the tank, 

since it requires additional drilling. Also maintenance or replacement of a broken indicator can be an issue, 

because of the contamination risk.  

It appears, however, that it is possible to sense liquid level in a non-invasive manner using ultrasonic waves 

excited at the outer side of the tank’s wall. Different approaches can be used, all of them, in principle, are based 

on substantial acoustic impedance differences between liquid and air. Ultrasonic waves, propagating in a steel 

plate radiate an order of magnitude less energy to the surrounding air than to liquid, therefore, adequately 

processed signals yield information on the tank’s content.  

In this paper a concept of a sensor that can be permanently installed on a tank’s wall to investigate liquid level is 

presented. In the proposed approach, Lamb waves that are excited by a special transducer propagate in the wall 

of an empty tank. The liquid presence exhibits itself as a conversion of the Lamb mode to the Scholte wave. 

Since both waves have different velocities, time-of-flight (TOF) measurement can be used as a feature for liquid 

detection.  
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1.  Introduction 
 

Sensing of liquid level in vessels is essential for many industrial branches. Choice of specific 

measuring technique depends to a large extend upon practical constraints encountered in 

practical applications. Various techniques based on different operating principles has been 

implemented in industrial applications, such as, mechanical, capacitive [1], inductive, acoustic 

[2, 3], fiber-optic [4, 5], heating [6] and visual [7].  

 

The main drawback of the above-mentioned techniques is that they require permanently 

installed apparatus inside the tank. This approach can be impractical for hermetically sealed 

tanks used, for instance, in aseptic production in food industry. The sensors installed in a tank 

may hinder its cleaning and sterilization. Moreover, it is difficult to extend the measurement 

system, since additional drilling and welding is required to install additional liquid sensors. 

Among non-contact solutions to this problem application of ultrasound appeared to be both 

feasible and practical.  

In this paper we will consider the setup consisting of a pair of ultrasonic transducers that 

excite and sense elastic waves in the wall of a vessel from its outside. Since there is a 

considerable difference of acoustic impedances between the air and most liquids, it is possible 

to detect liquid presence based on the analysis of ultrasonic waves at the boundary between 

the vessel wall and liquid.  

 

The most straightforward solution of the liquid detection is to use normal probe and 

longitudinal waves [8]. If the dimensions of a vessel are small enough, the device can operate 

in through-tank-transmission mode, i.e., a pulse excited by a transmitter is sensed by a 

receiver located at the opposite vessel’s side. If liquid lever in the tank is lower than the 
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sensor position no energy can be transmitted through air/gas and the transmitted pulse will be 

not received. When the liquid level increases and an acoustic coupling between the emitter 

and receiver is created, the ultrasonic signal can be received. The same principle can be also 

used in pulse-echo mode in which reflection of the opposite wall appears when the tank is 

filled with liquid.  

Using the methods based on the transmission of ultrasonic waves through the liquid in vessels 

can be difficult if dimensions of a tank are large or if a mixing device is installed inside. 

Therefore, the techniques that rely on the propagation of guided waves in tank wall are of 

great interest. In these methods transducers that are mounted outside the tank can be used in a 

pitch-catch setup to excite and receive Lamb waves [9]. The main operational principle used 

in these applications is higher energy leakage from the solid to liquid than to air, therefore, a 

decreased amplitude of the arriving incident wave can be observed when liquid is present 

along the wave path [10].  

Using the signal amplitude can be unreliable for permanently installed sensors due to ageing 

of the coupling agent and temperature variations.  Therefore, in this paper we present another 

approach that combines two specific guided waves modes, i.e., Lamb and Scholte waves. Due 

to velocity difference of these modes, time-of-flight measurement can be used instead from 

the amplitude decay.  

 

  

2.  Theoretical background  
 

A structure with stress-free boundaries can serve as a waveguide for elastic guided waves. 

Thin metallic plates or tubes surrounded by vacuum are structures where guided waves can 

propagate. Due to a large acoustic impedance difference between solids and air the wave 

energy is hardly transmitted to the air, therefore energy leakage can be often neglected. 

Waves that arise as a superposition of multiple-reflections of longitudinal and shear waves at 

interfaces of the thin plates are called Lamb waves [11].  

 

(a) (b) 

  
 

Figure 1. Dispersion curves of the fundamental A0, S0, and Scholte modes for a steel plate. Phase velocity (a) 

and group velocity (b). 

 

Liquid-solid interfaces are not traction-free, therefore, energy leakage into the surrounding 

liquid occurs and these waves are called leaky Lamb waves [11]. Dispersion curves of the 

fundamental guided waves existing in a water-immersed steel plate are presented in Figure 1a 

and b. The velocity of the A0 and S0 modes is not highly affected by the presence of the 



liquid, therefore, only a change of wave amplitude can be used as a liquid symptom if these 

modes are used in the sensor.  

However, the Scholte mode, indicated in Figure 1a and b, exists only when the plate is 

immersed in water. Scholte waves, guided along the liquid-solid interface, are characterized 

by elliptical particle motion that decays with the distance from the interface. In the level 

sensing applications we consider a plate that is water-loaded from one-side and surrounded by 

air at the opposite side, where the transducers are installed. Therefore, although a large wave 

phase and group velocity difference between the Lamb and Scholte modes is apparent for a 

wide frequency band, the excitation frequency has to be adjusted to keep the Scholte 

wavelength short enough to be sensed through the wall. The required wavelength of the 

Scholte wave can be calculated theoretically, however, another experimental approach will be 

described below.  

 

3. Investigation of Scholte wave propagation in a water-filled tank  
 

The first experiment, aimed to investigate the propagation of the Scholte waves, was 

performed using a stainless steel cylindrical shell with diameter of 300mm and wall thickness 

2mm. A single PZT element was used to excite a broadband chirp signal, whereas the laser 

scanning vibrometer was used to sense the responses at 100 points spaced at a distance of 

1mm along the wave propagation direction.   

The gathered B-scan data were processed using Slant stack transform [12], and the results, 

compared to theoretical dispersion curves, are presented in Figure 2. From the experimental 

dispersion curves it can be seen that the Scholte wave can be sensed outside the tank only for 

a limited frequency band, i.e., 80-200kHz. From the figure it can be also seen that the wave 

velocity difference between Scholte and A0 mode is much lower in this band than for higher 

frequencies. On the other hand, at frequencies higher than 250kHz only A0 mode is visible, 

therefore, only wave attenuation can be used as a liquid indicator.  

 
 

Figure 2. Experimental dispersion curves obtained for a water-filled steel tank.  

The amplitude colour scale is in dB. 

 



4. Level sensing results 
 

The consecutive experiments were performed using the stainless steel cylinder described in 

the previous section. Three pairs of PZT elements, NAC2011 from Noliac, Denmark, were 

coupled using cyanoacrylate glue at different levels, as illustrated schematically in Figure 3. 

PAQ 16000D from EC Systems, Poland was used as a signal generator and data acquisition 

unit.  
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Figure 3. Experimental setup for the level sensor investigation. The elements 1-3 were used as transmitters 

and elements 4-6 were sensors. 

 

A tone-burst signal consisting of 5 cycles of a sine with frequency 150kHz modulated with 

Hamming window was used as an excitation. An example of responses captured from the 

empty and water-filled cylinder can be compared in Fehler! Verweisquelle konnte nicht 

gefunden werden.a. The waveforms in Figure 4a show that the time-of-flight (TOF) of the 

wave arriving for the water-filled tank is longer than when the tank was empty. This was 

expected due to the lower velocity of the Scholte wave compared to the A0 mode at the 

excitation frequency.  

 

(a) 

 

(b) 

 
 

Figure 4. Comparison of signals and their envelopes acquired for an empty and filled tank (a), time of flight of 

waves captured at the subsequent levels during the tank's refill (b). 

 

 



 

 

 

In the next experiment the measurements were performed subsequently using the transducers 

at different levels, whereas the tank was filled with water. For each measurement TOF was 

found and the results can be seen in Fehler! Verweisquelle konnte nicht gefunden 

werden.b. As expected, the TOF increased when the water surface exceeded the transducer’s 

line. In the presented case it was possible to set a threshold limit that could classify the 

measurements and trigger a digital  output when the sensor detected water inside the tank. 

 

 

5. Conclusions  
 

A non-invasive sensing technique for liquid level sensing based on ultrasound transducers 

installed on outside vessel walls  was presented in the paper.  

 

The presented technique, based on TOF measurements, is expected to be more reliable 

compared to amplitude-based techniques that can be sensitive to coupling agent ageing. 

Amplitude analysis of the Scholte waves  can be used for self-diagnostics of the transducers. 

 

Although, the presented sensing technique was developed for sealed tanks in aseptic 

production, it can also be implemented in other branches, like fuel industry for sensing of 

flammable fluids or liquid gas sensing. These applications require, however, further 

investigation of wave interaction with these liquids and gases.  
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