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Abstract

The usage of Plastic Fuel Tanks dominates in the automotive industry over steel tanks as they offer numerous advantages such as lower weight, higher corrosion resistance, better crash performance and lower total system costs. Tank manufacturing from plastics and composites has been adapted to mass production to meet the ever growing demand. The management of quality control (QC) systems for the factory environment poses challenges in the absence of relevant experience in the development and use of in-situ non-destructive evaluation technologies. The problem currently faced by the automotive industry is that most techniques that meet accepted leak detection sensitivity requirements are operator-dependent. Mechanized leak detection techniques are characterized by high investment and operational costs. Hence, their implementation is not economically feasible as the related costs outweigh their benefits for automotive QC purposes.

The proposed Leak Detection project was targeted at bringing a low cost leak detection system that is fast, accurate, traceable and automated for the mass production environment of the fuel tank production industry. The system eliminates the disadvantages associated with the manual-intensive and operator dependent techniques currently employed by the industry, through the use of Acoustic Emission. In this approach, hydrophones were used to listen to the sound induced by gas escaping from tanks under pressure. When pressurized gas leaks from a tank it creates an acoustic signal that can travel through the liquid medium. 

At the core of the system denoising techniques were designed and developed in order to obtain the highest possible signal to noise ratio (SNR) in the noisy industrial conditions. Experiments were carried out at different conditions including bubble size, distance from hydrophone to the bubble source. Furthermore, experiments were carried out at real industrial plant in order to validate the signal processing techniques and the hardware to detect the bubbles produced by leakage in the real scenario.
1.  Introduction

The bubble phenomenon consists of the formation, coalescence and collapse of vapour or gas bubbles in a liquid due to pressure gradients under either static or dynamic conditions. The bubble formation at the nozzle, coalescence in the liquid and burst at a free surface are the potential sources for acoustic emission (AE) (1). These events produce broadband transient pulses and can be detected using a hydrophone.

Minnaert(2) showed that additional mechanisms might contribute to the sounds of running water. In particular, he suggested that at least some of the sound emission came from spherical gas bubbles undergoing periodic expansions and contractions. The basic principle of the bubble emission leak testing consists of creating a pressure differential across a leak and observing bubbles formed in a liquid medium located on the low pressure side of the leak or pressure boundary. The accuracy of the bubble emission test method can be influenced by factors such as (3):

1. The pressure differential acting across the leak.

2. The tracer gas probing medium that passes through the leak.

3. The contamination on surfaces being tested (oil, dirt).

4. The test liquid used for bubble formation

Husin(1) proved that AE is sensitive and successful in the detection of the sound from a single bubble activity, particularly bubble formation and burst at a free surface. However, his observations indicated no AE could be detected during bubble rise up to the free surface. Osterman et al.(4) compared the detection of pressure oscillations produced by leakage inside a pipeline using the hydrophone and visual methods. The visualization method proved to offer higher efficiency over hydrophones due to the higher sensitivity to cavitation and the fact that the signals were independent of the operating pressure. Divoux et al. (5) investigated the AE associated with the bursting of a gas bubble at the free surface of a non-newtonian fluid. The authors observed that the typical frequency of the AE signals decreased and the characteristic duration of the AE increased when the bubble length was increased. The authors concluded that the acoustic energy exhibited a high sensitivity to the dynamics of the thin film bursting, which demonstrates that, in practice, it is barely possible to deduce from the acoustic measurements the total amount of energy released by the event. Natasha et al. (6) investigated the sounds produced by cavitation produced in a 9-Inch Water Tunnel. The authors observed that growing and collapsing bubbles often produced a sharp, broadband, pop sound. The spectrum of these bubbles and the peak resonant frequency could generally be related to quiescent flow bubble dynamics and corresponding resonant frequencies but most of the energy of the phenomena was in the range 1-30 kHz. It was concluded that different cavitation spectra could relate to different flow and fluid properties and therefore would not scale in the same manner.

All the investigations presented succeeded detecting bubbles in a liquid media. However, there are some disadvantages that must be taken into account in the design including the variation in frequency of the sounds produced by bubble inception and collapse or the high impact of conditions such as the pressure differential acting across the leak. These disadvantages will be investigated to develop an efficient system for leak detection of pressurised fuel tanks (PFTs).
2. System overview
Figure 1 presents a general overview of the leak detection system (Figure 1-a), including a schematic of the main hardware components employed by the system (Figure 1-b). A special bath and pump system was developed with the AE equipment installed inside the bath. Specifically, the bath includes four hydrophones. The hydrophones are connected to the pre-amplifier which includes a filter for eliminating the frequency content of the background noise present at the factory. The required pre-amplifier to drive a piezoelectric load is a charge amplifier with high accuracy and low-noise. After this, the signal is acquired using a DAQ system which is connected to an industrial computer. According to the Nyquist theorem, the minimum sampling rate of the DAQ card has to be at least 2 times the maximum frequency being measured. Thus, the DAQ system has been selected considering the hydrophone bandwidth and the frequencies excited by the bubbles.
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Figure 1 General overview of the leak detection system
An air pump maintains the pressure of the air inside the fuel tank (Test Item in Figure 1-a) at certain pressure, typically 300 mBar so that the possible leakage opening creates air bubbles.
The control software decides the sequence of operation and communicates that with the operator through the GUI software. It also runs the DSP software that processes the signals from hydrophones, and takes its results to the ERP software. 

The PLC component is in charge of driving the movement of the fuel tank and application of air pressure.

Further details on the software system that controls and communicates the data and the information is out of scope of this paper. Rather, this paper focuses on the core mechanism that allowed leakage detection through acoustic emission.
2.1 Hardware overview
Figure 2 presents the Leak detection workstation which consists of the Data AcQuisition (DAQ) hardware (i.e. hydrophones and microphone pre-amplifiers and DAQ system) and the industrial PC, which hosts the Leak detection Graphical User Interface (GUI). 
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Figure 2 The leakage detection workstation
The following hardware components are included at leakage detection workstation;

1. One computer system with at least four USB and one Ethernet ports.
2. Pre-Amplifier with associated power supply,

3. Two Data Acquisition devices,

4. One Microphone with associated Power module device, battery operated, or with associated Low Noise Power Supply

5. Four hydrophones,

The above hardware components are connected in the order that the four hydrophones installed inside the isolated water tank, and one microphone installed on the air section of the top of the isolated water tank send the electrical signals through the amplifiers and data acquisition card towards the industrial computer that runs appropriate software to interface, receive, and process those signals.
2.2  Hardware validation
In order to validate the suitability of hardware, specially hydrophone, a setup was designed to reproduce the bubbles that leakage on PFTs can generate and the signals generated by hydrophone were acquired and recorded. Signal processing was applied to the signals in order to characterise the produced signal to noise ratio (SNR) which is expected to be the limiting factor for detection of small bubbles in an industrial environment.
2.2.1 Experimental setup
The experimental setup consists of two parts: the bubble test rig which is used to generate the bubbles in the water and the instrumentation including DAQ system. A visual description of the setup designed to perform the initial experiments is shown in Figure 3. This test rig comprised a water tank made of 4mm thick float glass which confined the water. The dimensions were 60x30x35cm with a total volume of 63 dm3. The tank joints were glued using silicone. A 50 ml syringe ending in a needle was used to pump air into a rubber tube with 2mm section and 2m long to inject bubbles into the water. When the syringe was pressed a bubble was generated which could be measured with the hydrophone. 
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Figure 3 Graphical and practical illustration of the experimental setup
2.2.2 Experimental procedure
A picture of the experimental setup is shown in Figure 4. Initially the hydrophone was introduced into the water in the right side of the tank next to the tank wall. The hydrophone was connected to the amplifier. The gain of this preamplifier was set as 30 dB which is the maximum for this device. The high-pass filter integrated in the pre-amplifier was set as 200 Hz to remove the noise coupled from the power lines (50 Hz). The amplifier was plugged to the DAQ card and from there to the computer. 
Once all the equipment was connected the syringe was pressed. This allowed the bubbles to emerge to the surface. Approximately 1 bubble was produced every 500 msec. The signals were recording continuously at a sampling rate of 200 ksamples/sec.
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Figure 4 Picture of the experimental setup
2.2.3 Acquired data and its analysis
The time domain signal captured is shown in Figure 5. The bursts produced by bubble collapse were visually detectable without applying any signal processing. However, the SNR was low. For this reason, it was decided to identify the frequency regions of the signal where the SNR is higher. The AE signal transformed to the frequency domain using FFT is displayed in Figure 6. It showed a pattern with some stronger frequencies but it did not provide information regarding the bubble sound. In other words, no particular signs of frequencies associated with the AE produced by the bubble were present.
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Figure 5 Time domain signal measured by hydrophone

[image: image7]
Figure 6 Frequency domain signal transformed using FFT
In order to further analyse the signal to identify any indication of the AE generated by the bubbles Short Time Fourier Transform (STFT) was applied to the signal. STFT allows analysis of non-stationary signals, decomposing the signal in both time and frequency. The STFT graph is sown in Figure 7. It clearly shows vertical lines of higher energy, each of them corresponding to bubble bursts. They were of higher amplitude compared with the previous system and the frequency content was clearly shifted to higher frequencies. The optimal frequency band for signal denoising corresponded approximately to the range 20 - 50 kHz.
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Figure 7 Time-frequency decomposition of the AE signal using STFT
Applying a band-pass filter with low and high cut-off frequencies of 20 and 50 kHz respectively generated the graph shown in Figure 8. This waveform showed an increased SNR compared with the filtered signal shown in Figure 5. The waveform focusing on one of the AE bursts is shown in Figure 9 and the signal in the frequency domain is shown in Figure 10. The frequency band excited by the bubble burst can be clearly identified in this graph.
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Figure 8 AE signal after denoising
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Figure 9 Zoom on an individual AE burst
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Figure 10 Frequency domain signal associated with an individual AE burst
3.  Discussion

Based on the outcome of the analysis of the acquired data, it was understood that the existence of the environmental noise may help increasing the noise level of the hydrophone signal, and therefore lower the SNR. It was then decided that understanding the environmental noise could allow cancellation of noise by filtering the noisy parts of the signal out. This was performed by an additional Microphone on the surface of the test environment. 

By measuring the level of the received signal on the microphone, the ‘noisy’ moments could be identified and the corresponding moments of the hydrophone signal can be ignored.

Figure 11 shows the block diagram view of the leakage detection algorithm. The algorithm works based on the analysis of the selected parts of the signal received from the four hydrophones within certain time interval. The analysis is done by conditioning the sampled signals, selecting the portion of the signal belonging to the quietest sections based on the signal received from the microphone, and further processing of those portions.
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Figure 11 The block diagram view of the Leakage Detection software
A number of mechanisms are implemented in order to decrease the number of false positives or false negatives. The software allows for calibration against the practical conditions of the real application environment as well as the characteristics of every single hydrophone being used.

The sequence of the steps runs as follows;

1.
The received signals from the four hydrophones are filter between 500-4000 Hz.

2.
The received signal from the microphone is filter between 300-6000 Hz.

3.
For all hydrophones the signals are divided in sub-waveforms of 20000 samples (0.2 seconds each) (100 steps) and RMS, crest factor and kurtosis are calculated for each step. 

4.
For Microphone the signal is divided in sub-waveforms of 20000 samples (0.2 seconds each) (100 steps) and RMS is calculated for each step.

5.
If the certain number of steps with lower RMS value are higher than 50 mV the test must be repeated. It basically implies that the Microphone has picked up too much noise from the environment, and therefore, the decision making based on the hydrophone signal would not be valid as the hydrophone signal may also be affected by the environment noise.

6.
At Decision Making phase, if at least two of the steps have an RMS or Kurtosis higher than 10 mV or 4 respectively the tank is faulty.
4.  Conclusions

The present document reported on the preliminary validation of the Leak detection hardware components. They have been selected to obtain the highest possible SNR in laboratory conditions in order to be applicable in industrial conditions as the SNR is expected to decrease considerably in the latter case.

During the next task the required denoising techniques will be developed in order to further increase the SNR in industrial conditions. Experiments will be carried out at different conditions including bubble size, distance from hydrophone to the bubble source, etc. Furthermore, experiments will be carried out at real condition of the industrial plant in order to validate the signal processing techniques and the hardware to detect the bubbles produced by leakage in a real scenario.
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