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outside metal pipes with electromagnetic acoustic resonance

Abstract: Accurate measurements of water levels within metal pipes are vital, particularly in
environments where thick-walled pipes serve as critical components, such as in nuclear facilities.
Measuring water levels in pipes becomes more difficult under high temperatures and pressures. In
response to this need, a method involving electromagnetic acoustic measurement is proposed. This
method begins with a transducer emitting a high-frequency pulse designed for precise measurements
of wall thickness, then calculates the resonance frequency using the time intervals between echoes.
Finally, the transducer emits an excitation signal at the fundamental resonance frequency to measure
the water level. At low water levels, the measurement is conducted by manually scanning along the
pipes, utilizing varying energy losses. At high water levels, the resonance echo method is employed.
Numerical simulations have demonstrated that this approach effectively improves signal amplitude,
thereby ensuring the robustness of the measurement. Experimental results also demonstrated that
the proposed method boosted the echo signal-to-noise ratio to approximately 15 dB. Additionally,
it successfully detected water levels in both aluminum and stainless-steel pipes. Therefore, it is
considered to be a highly efficient non-contact and non-invasive method to measure liquid levels in
metal pipes, and it has proved to hold significant potential for engineering applications.
Keywords: Water level measurement; Electromagnetic acoustic transducer; Resonance
enhancement; Stainless-steel pipe

1. Introduction

Water level monitoring [1] has widespread and practical applications in various critical fields
such as nuclear power plant cooling water pipelines, high-pressure boilers, and chemical water
transmission pipelines. The safety and lifespan of equipment are significantly affected by thinned
walls [2] and internal water levels.

In pipelines operating under pressurized and sealed conditions, invasive methodologies that
could potentially compromise the original structure are generally deemed unacceptable. The
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presence of an anti-corrosion layer and elevated temperatures necessitates non-contact detection
techniques to prevent corrosion-related complications. Metal surface grinding, which could
inadvertently damage the protective layer, and the use of coupling agents [3] are prohibited.
Therefore, developing a method to measure the internal water level in thick-walled, sealed metal
pipes is both a practical and challenging research question.

Current water level detection methods encompass a broad spectrum, including the capacitive
method, floating method [4], optical fiber method [5-8], radar method [9-11], and the ultrasonic
method [12]. A comparison of these methods is presented in Table 1, which indicates that ultrasonic
methods are the only viable solution in this scenario.

Table 1 Comparison of level measuring methods.

Non- Non- Metal  Technol
Sensor _on on o echnology Pros & Cons
invasive contact wall maturity
" . D 11 non- 1li .
Capacitive « « « High etect a i(;rlv rzgtszi ic targets
Cannot be used under high pressure
Floating gauge x x v High situations.
Low cost.
. . High temperature environment.
x x v g p
Optical fiber High Expensive.
. Excellent performance.
x v v p
Radar level gauge High Expensive for higher accuracy.
Laser level gauge « v v High indirect and Eontinuous level measurement.
Xtreme accuracy.
. . Coupling agent.
PlezoelecFrlc v x v High Non-metallic/ metallic containers.
ultrasonic Low cost
Electromagnetic Non-invasive, non-contact measurement of
& 4 4 v Medium liquid level in closed containers.
acoustic Low cost and strong stability.
. t iving t .
Laser ultrasonic v 7 v Low Cannot be used Fjas areceiving ransducer.
xpensive.
Air-counled Greatly affected by the environment.
P v v v Low Extremely low transducer efficiency.
ultrasonic

Unstable.

In ultrasonic liquid level measurement [14], guided waves and bulk waves [15] represent two
wave modes that have been extensively researched and applied. Zhang et al. proposed an ultrasonic
method for measuring the liquid level in whiskey casks. By utilizing the presence or absence of bulk
wave echoes and moving scans, they achieved centimeter-level precision in non-metallic containers
[16]. Liu et al. designed a method that falls under the guided wave category [17], where they
developed separated electromagnetic acoustic transmitters and receivers with a fixed distance of
350 mm to estimate liquid levels based on differing surface arrival times. Liu et al. proposed a
method for measuring liquid levels via the Lamb energy loss, which utilizing the guided wave
method for scanning [18].

Considering the differing ultrasonic impedances at solid-liquid and solid-air interfaces, Zhang
et al. used a longitudinal wave piezoelectric probe to conduct in-wall echo experiments,
distinguishing liquid levels through energy differences during scanning [19]. Dixon et al. proposed
a non-contact bulk wave ultrasonic system for measuring liquid levels in thin-walled beverage
containers, although specific details of the measurement system were not provided [20].
MacLauchlan et al. have proposed a patented technique for determining the liquid level within a
container using an electromagnetic acoustic transducer (EMAT) [21]. This method involves
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emitting and receiving longitudinal ultrasonic waves to the thin metal wall or thin metal foil seals
of the container with EMAT, and then determining the liquid level by analyzing the flight time of
the echo.

The guided wave method is considered inefficient because it depends on scanning, and its
measurement accuracy is affected by the size of the probe. Moreover, the existing EMAT bulk wave
method is mainly suitable for measuring water levels in metal containers with thin walls. Accurately
measuring water levels inside thick-walled metal pipes is of substantial practical significance.

Laser ultrasonics [22], typically employed as transmitting transducers, need to be used in
conjunction with other ultrasonic transducers due to their high cost and large size, making practical
applications difficult. Air-coupled ultrasonic [23] transducers are easily disturbed by the
environment, exhibit poor stability, and lower transducer efficiency. In contrast, EMAT is more
cost-effective and stable. There exists promising potential for the application of EMAT in certain
scenarios, for example, in the inspection of nuclear power plant pipes.

Despite its advantages, EMAT has its own limitations. Notably, its transduction efficiency is
lower than that of piezoelectric ultrasound. In the presence of a magnetic field, the vertical magnetic
field induces stronger surface residual magnetism compared to the horizontal field, thereby
enhancing the shear wave efficiency of EMAT [24]. However, shear waves are incapable of
propagating in liquids [25], necessitating the use of less efficient longitudinal wave transducers.
Furthermore, the energy penetration efficiency of EMAT at solid-liquid interfaces is approximately
20 dB lower than that at continuous impedance. This results in an extremely low signal-to-noise
ratio (SNR) for an electromagnetic ultrasonic water level measurement system. Conventional
EMAT optimization strategies, such as high-power excitation [26][27], weak signal amplification,
probe design [28], and matching [29], have reached a rather mature stage with limited room for
improvement. In this innovative paper, reliable measurements are realized and ensured by exciting
resonant waves.

The analysis underscores the challenges associated with using EMAT for water level
measurement, primarily due to its low SNR, which renders EMAT almost infeasible for practical
applications. To extend its use, Electromagnetic Ultrasonic Resonance (EMAR) was developed,
gaining recognition in recent years. Its applications span various domains, including sheet thickness
measurement [30][31], material characterization [32], and detection of composite layer debonding
[33]. This advancement enables the application of EMAR in water level measurement for thick-
walled pipes, forming the cornerstone of this theoretical framework. However, traditional EMAR
[34], which typically excites long pulses and uses frequency sweeps [35], does not require resolution
in the time domain and is not entirely suitable for water level measurement, necessitating
improvements in this study.

The main contribution of this paper is the proposal of an improved EMAR, which uses EMAT
to excite long-period signals, causing acoustic waves to resonate and thereby enhancing signal
amplitude. Specifically, the proposed method involves determining echo time intervals through
thickness measurement, obtaining resonance frequencies, and enhancing signal amplitude by
exciting resonance frequency waves. This approach enables effective water level measurement.
Resonance attenuation is employed to distinguish water levels in scenarios of low or no water, while
high water levels are calculated by the reception time of the echo reflected from the liquid-air
interface.

The theoretical foundation of the proposed water level measurement is established in Section
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2, analyzing energy loss along the ultrasonic propagation path and illustrating resonance simulation
using Matlab. Section 3 outlines the design of longitudinal wave probes and simulates high water
level measurements using the finite element method. Section 4 explains the method for obtaining
resonance frequencies and utilizes the echo method for rapid high water level measurements.
Experimental results of water levels are presented and discussed in Section 5. Section 6 summarizes

the findings and discusses potential avenues for future research.
2. Theoretical analysis

2.1. Energy Loss during ultrasonic propagation

EMAT generates ultrasonic bulk waves. As these waves propagate through solid media,
attenuation occurs. This attenuation results from the combined effects of eddy current energy losses,
absorption, scattering, and diffraction. The attenuation coefficient in each terms can be written as
follows

g =0, +a,+as;+ay, @9)

where af is the overall attenuation coefficient, @, denotes the attenuation due to eddy current losses,
a, signifies the absorption attenuation, ag corresponds to the scattering attenuation, and ag
represents the attenuation due to diffraction losses.
For a small section of the large diameter pipe, the section can be approximated as a small flat plate
to simplify the analysis model [36].The reflection coefficient (R) and transmission coefficient (7) at
different medium interfaces [37] can be written as follows

W—W, 2W,

= waw, “waw, (2)

where W and W, represent the acoustic impedances of solid and liquid, respectively. Given that

the energy is directly proportional to the square of the pressure amplitude, the distribution of energy

in transmission and reflection is deduced as follows
W-W,

Ir _ WimWs. 5 _
T, = (WZ+WS) aR=

pRiCE ©
where I; denotes the intensity of the sound wave prior to reaching the contact interface, and the
energy intensities of the reflected and transmitted sound waves are represented by Ir and I7. oy is
the reflection coefficient. The acoustic impedance, W, is calculated as follows

W = pc, 4)
where p is the density, and ¢ is the sound velocity. The parameters are detailed in Table 2, showing
that the reflected energy is 70.6% and the transmitted energy is 29.4%. Similarly, the energy
reflection at the interface between stainless steel and water is calculated to be 88.0%. Nearly 100%

of the energy is reflected at the aluminum-air interface, which is also the case for the water-air

interface.
Table 2 Acoustic impedance related parameters.
Symbol Parameter meaning Value
Ds Aluminum density 2.7 g/cm3
Cs Aluminum longitudinal wave sound velocity 6300 m/sec
p1 Density of water 1g/cm3

q Speed of sound in water (25°C) 1480 m/sec
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Wy Acoustic impedance in aluminum 17.01 * 10° Rayl
W Acoustic impedance in water 1.48 = 10° Rayl
II_T Reflected energy from solid to liquid 29.4%
I—T Transmitted energy from solid to liquid 70.6%

Ultrasonic propagation loss through water can be attributed to several factors, including
spreading loss, absorption loss, and boundary loss [38]. Such attenuation losses are approximately
0.002 dB per millimeter [39]. Consequently, when the propagation distance in water in the case of
a 200-mm diameter pipe is relatively short, the propagation loss can be considered negligible.

2.2. Signal attenuation in time-domain

The time-domain received signal is the primary source for analyzing water level measurements.
Therefore, understanding signal attenuation in time-domain signals is crucial. The signal consists of
multiple echoes reflected from the opposite end of the transducer. The relationship between the
amplitude A; of the i-th echo signal and the amplitude A; of the first echo is represented by the
following equation [40].

A; = Ajagie™@To (1=1,2,3,..N1), (5
where ap represents the reflection coefficient, @' is the energy loss caused by i liquid-solid

. . . 1
interfaces. To is the echo round-trip time at resonance, here we take To =-=1.9Hs. For

==
longitudinal waves, the relaxation time coefficient ag can be estimated as 7000 [41].
The time-domain expression of the i-th echo 4;(t) is as follows, which is a sinusoidal wave

truncated by a rectangular window.

Aicos2 7nft) ((I—DTog=t<(i+N-—-1)Typ)
Ai(t) = . . _ . (6)
0 t<(i—DTgort>({+N—1T,
By superimposing the waveforms of Eq. (6), we obtain A(t) in the following equation.
AW =Zi2 4D )

The parameters of the numerical simulation are shown in Table 3. There, N1 denotes the
number of bottom reflections, the maximum value of which correlates to the length of the time axis
discussed later. Considering the constraints of the hardware system and the blind zone, the effective

length of the time Tpqy is taken as 132 ps. Therefore, we define N to be an integer equal to or

greater than the value of (% +1— N), which is 61.
0

Table 3 Numerical simulation parameters.

Parameter Value Parameter Value
Signal frequency f 525 kHz Resonance number N1 61
Amplitude A1 1V Attenuation coefficient ag 7000
Excitation pulse train period N 10 cycles Solid-liquid interface energy loss ar 0.88
The echo round-trip time To 1.9 us Solid—gas interface energy loss @r 1

The energy attenuation of the echo is simulated using MATLAB. Fig. 1(a) shows multiple echo
signals (4;(t)) at resonance. The echo signals are summed up to obtain the time-domain results A
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(t), and the envelope is obtained, as illustrated in Fig. 1(b).

The differences between the curves of the solid-liquid interface and the solid-air interface are
significant and merit attention. Here is an example to better demonstrate the difference in amplitude
between these curves. At the solid-liquid interface, the peak-to-peak value in the resonant state is
11.5, which is approximately six times greater than in the non-resonant state. In contrast, the peak-
to-peak value at the solid-air interface is 19.2, yielding a peak-to-peak ratio of 1.67 when comparing
the solid-air interface to the solid-liquid interface. Since energy is proportional to the integral of the
amplitude squared, the energy ratio between the solid-air interface and the solid-liquid interface is
2.79. These differences underpin the theoretical basis for employing energy thresholds to distinguish
between interfaces, as discussed in Section 5.4.
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Fig. 1. Simulation diagram of echo energy attenuation: (a) received resonant echoes at the solid-air interface (top)

and at the solid-liquid interface (bottom), (b) signals after superposition and envelope processing.

The above analysis concludes that utilizing the frequency corresponding to wall resonance can
increase the received signal amplitude and that the energy at the solid-air interface differs from that
at the solid-liquid interface. These findings form the theoretical basis for high and low water level
measurements.

3. Transducer design and simulation

3.1. Design of longitudinal wave transducer

As mentioned in the previous section, two types of bulk waves propagate in solids, namely
longitudinal waves [42] and shear waves, but only longitudinal waves can propagate in liquids.
When the shear wave reaches the solid-liquid interface, it is not transmitted through the interface.
Therefore, almost all the energy is reflected back, resulting in no energy loss. The EMAT designed
in this study is used to generate ultrasonic longitudinal waves [43][44]. Currently, there are two
prevalent methods for generating EMAT longitudinal waves: excitation of alternating current in the
coil [45] under the influence of the horizontal magnetic field produced by the electromagnet, and
excitation of alternating current [46][47] in the coil in the presence of a horizontal magnetic field
between the two poles of the magnet. Despite the pipe possessing a certain degree of curvature, it
can be approximated as a flat plate [48] when the ratio of diameter to thickness is substantial [36].
Here, double magnets and cage coils [49][50][51] are employed to ensure that the bottom surface
of the magnet is tangentially parallel to the pipe, thereby enhancing the strength of the magnetic
field and the efficiency of energy conversion. The schematic diagram and 3D module of the
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longitudinal wave transducer are illustrated in Fig. 2(a) and Fig. 2(b), respectively.
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Fig. 2. Longitudinal wave EMAT: (a) schematic representation, (b) fabricated transducer.

The dimensional parameters of the transducer are detailed in Table 4. During the fabrication
process, it is essential to completely cover the magnet with copper foil tape to prevent the occurrence
of echoes within the magnet. Additionally, the coils are encased in tape to protect against potential
collisions with metal and to enhance their resistance to wear.

Table 4 Parameters of the transducer.

Parameter Value
Magnet size 20%x30x50 mm?
Magnet spacing 6 mm
Coil diameter 0.2 mm
Coil turns 20
Upper and lower coil distance 8 mm

There is a negative exponential relationship between the received voltage and the lift-off
distance [52], making it essential to keep a small lift-off distance. In the following experiments, the
transducer uses multiple layers of tape to achieve a lift-off distance of approximately 0.5 mm and is
placed on the surface of the pipe. At this point, the air gap is very small or considered non-existent.
It is important to note that for the EMAT used in this study, a lift-off distance of less than 0.5 mm
is necessary. A larger lift-off will result in an extremely low SNR, making it impossible to measure
the water level.
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3.2. Finite element simulation

Figure 3 illustrates the EMAT water level detection model used in this study, simulated using
COMSOL Multiphysics. The model captures the interactions among solid mechanics, static and
alternating magnetic fields, and pressure acoustics. The components include an air domain, a
permanent magnet, a coil for generating pulsed eddy currents, an aluminum plate, and water. The
vertical magnetic field strength above the magnet is 1 T, and the lift-off distance between the magnet
and the aluminum plate is 0.5 mm. Resonance is induced by exciting a three-cycle wave at 525 kHz
on a 6 mm thick aluminum plate. The sound wave is then transmitted into the water, with the

waveform amplitude increasing due to the resonance effect.

20 mm,,
6 mm
Magnet Air
/* The mesh
/
Yy
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\ Coil
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Fig. 3. Acoustic field simulation result under resonance condition. The excitation waveform is a three-cycle
525 kHz wave, and the simulation time is 31.5 ps.

A 2D model is employed to streamline the simulation process, optimizing computational
efficiency by reducing the volume of calculations and minimizing temporary data storage
requirements. In this model, the size parameters are consistent with the actual probe, thereby
enhancing the fidelity. To ensure accuracy, the minimum mesh size in the simulation corresponds
to 1/5 of the skin layer thickness. Given the simulation duration of 200 ps, managing extensive data
within a single computation necessitates high computational resources. Therefore, the simulation is
divided into two phases, with the second phase commencing immediately after the first iteration
concludes. The simulation's time step is configured to 1/10 of the period. These considerations are
crucial for achieving successful simulation outcomes.

Fig. 4 presents the voltage within the coil. The first echo aligns with the waveform envelope
in the numerical simulation depicted in Fig. 1, matches the theory. However, due to the propagation
distance and multi-interface reflection issues, the secondary echo is heavily attenuated, reducing its
amplitude similar to the noise level. This diminishes the resolution. The signal prior to 67 pus exhibits
a significant DC offset. To reduce visual clipping, the signal remains unchanged. Instead, only the
subsequent signal is amplified by 100 dB and then concatenated with the preceding data.
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Fig. 4. A typical simulated RF signal received by EMAT.
4. Fast resonance method for measuring water level

4.1. Resonance frequency calculation and measurement process

Initially, a high-frequency pulse is generated to gauge wall thickness. Subsequently, the
resonant frequency is determined from the echo time, facilitating the measurement of water level
using resonant waves.

The thickness d is expressed as

{ d=cp* A
A : ®)
t=XN, At; /N (i=12,3,..N)

where ¢ is the average of multiple echoes interval time. At; represents the time difference between
the i-th and (i-7)-th echoes, and N represents the total number of valid echoes. The equation to
calculate longitudinal wave wavelength 4, is

=7, €))

=le

dpy=22(M=123,.). (10)

Eq. (9) indicates that the wavelength equals the ratio of sound velocity ¢, to frequency f. Eq.
(10) indicates the relationship between thickness, wavelength, and wave number M, which is the
number of cycles observed in a interval [32].

Based on the Eq. (8)-Eq. (10), the resonance frequency fis expressed as follows

f_cp*M_M_ M
T 2d Tt XAt/N

(M=123,.)(i=123,..N). (11)

The water level measurement approach is structured as follows: Initially, a three-cycle 4 MHz
wave is employed for thickness measurements. After a 20 ms interval, the resonant excitation
frequency (e.g., 525 kHz) is transmitted. The waveform schematic for this excitation is illustrated
in Fig. 5. Compared to the pulse used for thickness measurement, the resonant wave excitation uses
a higher amplitude, leading to improved conversion efficiency.

According to Eq. (11), the resonance frequency is determined based on the echo of time from
the thickness measurement. Despite variations in metal materials, pipe curvature, or temperature,

the resonance frequency for water measurement remains consistent. This design ensures efficient
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and real-time resonance-based water level measurement without the need for frequency scanning.
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‘ Resonant wave
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Fig. 5. Thickness measurement-resonance excitation waveform.

4.2. Ultrasonic time-of-flight at high water level
When the water level is high, echo method is employed. Ultrasonic longitudinal waves are
generated at the bottom of the pipe wall, subsequently traversing through the pipe wall, the solid-
liquid interface, and the water. Upon reaching the liquid-air interface, the waves undergo reflection.
These reflected waves propagate along the reverse path, ultimately reaching the outer surface of the
pipe wall, where they are then converted into electrical signals by the transducer. The entire process

is illustrated in Fig. 6. The water level d,, is expressed as follow

d. = Cw*(f1—t2—t3—zc—ds)
w— ———5—

. (12)

In the Eq. (12), ds represents the thickness of the pipe wall, ¢ denotes the longitudinal wave
2d; . . . . . .
velocity in the solid, —— stands for the round-trip propagation time. ¢y, is the velocity of sound in

water. The initiation command is sent to the equipment, and the time until the reception of the first
valid peak of the echo is denoted as t;.

While the system initiates waveform transmission, it starts the analog-to-digital conversion
(ADC). However, due to the gate time of the RITEC power amplifier, the ADC starts collecting
data earlier than the output pulse, which constitutes the main part of t,. During the simulation, t; is
Zero.

Taking the superposition of resonance into account, we define t3 to be the effective
commencement time of the theoretical emission. This is typically characterized as the time of the
second emission peak.

In the experiment, we calibrated the sum of t, and t3 using a standard water level gauge. This
calibration process reduces bias errors, for example in converting time of flight to water column
height. The parameters mentioned above are listed in the table below.

Table 5 Time parameters of two types of pipes

Parameter Aluminum pipe value Stainless-steel pipe value
t, +t3 7.86 pus 5.78 ps
ds 6 mm 5 mm
Cs 6300 m/s 5900 m/s
Cw 1500 m/s 1500 m/s

Fig. 6 is a schematic diagram illustrating Eq. (12), aiming to visually depict the calculation
method for high water level and the meaning of each parameter.

10
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Transducer Initiates emission

Initiates emission

Fig. 6. Schematic of high-water level echo calculation.
5. Experiment

5.1. Experimental setup

The instrumental setup, as depicted in Fig. 7, comprises a self-developed ZYNQ7020 board, a
power amplifier, a weak signal amplifier, a duplexer, an EMAT probe, and a PC. At the core of the
experimental setup is the ZYNQ7020 board, a specialized circuit designed around a heterogeneous
FPGA. This board generates TTL gate and sine signals through the DAC902 and utilizes the
AD9226 for sampling with a refresh rate of 50 MHz. The entire system operates on a Linux platform
running Jupyter and employs Python for programming. It controls the transmission of signals to the

transducer through a power amplifier while concurrently capturing the incoming analog echo signals.

The Ga2500 power amplifier can deliver up to 5 kW of power output. Additionally, the signal
amplifier, specifically RITEC’s BR640A, comes equipped with a hardware filter ranging from
100 kHz to 3 MHz and offers a gain of 48 dB. The system also includes a duplexer, the RDX-EM2,
which provides an estimated preamplifier gain of 20 dB. Connectivity between the PC and the
ZYNQ7020 board is facilitated via WiFi, allowing for control over the experimental setup. An
oscilloscope is integral to the setup for signal monitoring. A self-made cage coil and a transducer
fitted with a rectangular magnet are horizontally positioned at the base of the pipe, approximately
0.5 mm above it.

This experiment utilizes two types of test samples: one is a stainless-steel pipe measuring
200 mm in diameter, 1000 mm in length, and 5 mm in thickness, while the other is an aluminum
pipe with dimensions of 300 mm in diameter, 1000 mm in length, and 6 mm in thickness. Both ends
of each pipe are meticulously sealed using acrylic plates and waterproof adhesive, followed by the
addition of water within the pipe. The resonance-based water level measurement experiments are
designed to be comprehensive and are conducted across a range of water levels to ensure accuracy
and reliability in the findings. By systematically varying the water levels, the experiments can
observe and record the measurement accuracy under different conditions.

11
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Fig. 7. Experimental equipment and tested pipe.
The measurement points for the transducer, as referenced in the subsequent discussion,
correspond to four distinct positions labeled A through D, as illustrated in Fig. 8. Positions C, B,
and A represent the interfaces for solid-liquid, solid-liquid (air), and solid-air measurements,

respectively, under conditions of low water levels. Conversely, position D is located at the bottom
of the pipe, used for the echo method at high water levels.

é /Transducer

s

®
0

Fig. 8. Different transducer positions for measuring the water level.

5.2. Effect of resonance and nonresonance on echo intensity

An ideal method of measuring water level is to excite a pulse wave, and the wall thickness and
water level can be obtained by analyzing the echo time of the pipe wall and the liquid—gas interface.
However, the experiment reveals that the water-air interface reflected echo cannot be obtained under
conventional high-frequency pulse excitation, primarily due to two factors: the low efficiency of
interface transmission and weak EMAT transduction.

From a theoretical standpoint, resonance can enhance the energy of sound waves [53]. Upon
substituting the values of M = 1, ¢, = 6300 m/s, and d = 0.006 m into Eq. (11), we ascertain that
f =525kHz. When M = 0.5, the echo cancellation frequency f =262 kHz. When M = 2, the

resonance fundamental frequency f = 1050 kHz. In addition, we choose approximately the mid-

12
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frequencies of 400 kHz and 700 kHz from the ranges of 262~525kHz and 525~1050 kHz,
respectively. These frequencies are used for comparison with resonant and non-resonant conditions,
enhancing the robustness of our analysis. The excitation voltage, power amplifier, and preamplifier
remain consistent across all experiments, as do the number of excitation waveforms and the settings
for both software and hardware filters.

The experimental results, as depicted in Fig. 9, reveal that echo results cannot be obtained at
frequencies of 262 and 700 kHz. At 400 kHz, the echo characteristics are less discernible, and it is
difficult to calculate the starting point algorithmically. At 525 kHz, the amplitude and characteristics
of the echo signal are most pronounced, enabling the calculation of the water level height. Therefore,
it can be concluded that the resonant fundamental frequency serves as the optimal excitation
frequency for this method.

The oscillation observed in the low-frequency waveform, as depicted in the figure, is attributed
to the application of a band-pass filter. This filter serves to eliminate the oscillation within the blind
zone, which is induced by a portion of the emission. In order to accentuate the echo signal, the
amplitude of the oscillation within the emission blind zone (prior to 64 microseconds, Fig. 9(c) Blue

dotted line) is diminished, as illustrated in Fig. 9. This adjustment allows for a more pronounced
representation of the echo signal.
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Fig. 9. Resonant/nonresonant echo signals at (a) 262 kHz, (b) 400 kHz, (¢) 525 kHz, (d) 700 kHz.

5.3. Effect of resonance frequency doubling on echo intensity
In the experiment, a water level height of 94 mm was measured for the aluminum pipe. The
resonance fundamental frequency, calculated based on the echo time difference, was found to be

525 kHz. To ensure the consistency of the emitted pulse width with the energy, a three-cycle wave

13
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was excited at the resonant fundamental frequency, while six and nine cycles were excited at the
second and third multiplied frequencies, respectively.

As depicted in Fig. 10(a), the initial 32 ps represents the resonance excitation and its oscillation
blind zone. This duration cannot be shortened due to the inherent limitations of the electronic system
and excitation frequency. At the 42 s, the first echo of the bulk wave, excited by the coil above the
magnet, is observed. This effect can be mitigated by wrapping copper foil around the magnet. At
136 s, the resonant wave propagates from the solid to the water, reflects off the liquid-air interface,
and ultimately returns to the solid’s outer surface where it is detected by the EMAT.

In Fig. 10, a fifth-order bandpass Butterworth filter, with a frequency range of 0.2-5 MHz, is
employed to eliminate the bias voltage and suppress the noise’s high-frequency components. A
comparative analysis of Fig. 10(a)-(c) reveal a slower resonance attenuation of the pipe wall in the
latter two figures, resulting in a larger signal amplitude within the 40-100 ps timeframe. However,
at 1050 kHz and 1575 kHz, the echo amplitude at the water-air interface is relatively small, leading
to a low SNR. The low SNR primarily arises due to two factors: (1) the rate of ultrasound attenuation
in water increases with the frequency under the same sound source level. (2) the hardware
configurations, including impedance matching and filters, are skewed towards low frequencies.
While they can encompass the entire frequency band, their performance is more effective at lower
frequencies. The discrepancy is approximately 20% - 30%, but it is not the predominant factor.

Upon comparative analysis, Fig. 10(a) emerges as the most effective, indicating that the
resonance fundamental frequency experiences less propagation loss in water and exhibits a shorter

resonance energy duration in metals. Consequently, the fundamental frequency is selected for
resonance echo-based water level measurement.
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Fig. 10. Resonant frequency echo effect at (a) 525 kHz, (b) 1050 kHz, (c) 1575 kHz.

5.4. Analysis of low water results

In the actual experiment, an oscillation blind zone [54] is observed in the electronic system.
When the water level is low, the echo falls in the blind zone and the water level cannot be measured.
Fig. 11 shows the echo can still be distinguished when the water level is 28 mm, but this is already
a more extreme situation. The blue frame is the blind area, and a stronger waveform after that is the
magnet echo. Given multiple reflections in the water and the exceptionally long resonance
transmission to the water, overlapping in time is easy, thus it is difficult to determine the echo time

at the water-air interface.
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Fig. 11. A typical signal when the water level is low (28 mm).

Given the above situation, resonance analysis is performed at C (solid-liquid), B (the interface
of water and air), and A (solid-air) in Fig. 8. At this time, the attenuation is faster when the ultrasonic
resonance wave is propagated to water, and slower when it is not transmitted to water (Section 2.2).
The analysis time is 81.92 ps (2048 points) after 50 ps (system blind zone), the echo waveforms are
shown in Fig. 12(a)-(c). The time domain shows the attenuation is very slow in the anhydrous
position, and the oscillation attenuation can hardly be seen in the water area and semi-water area.
Spectrum analysis of this segment of data is shown in Fig. 13(a)-(c). By analyzing the energy
intensity at 525 kHz, the peak values are 0.55 mV, 1.21 mV, and 7.78 mV. These results indicate
the ease of determining the presence of water at the detection point through scanning. The presence
of water at the test point can be ascertained based on a threshold value of 4 mV, which is half the
amplitude observed at the top in the absence of water.

The frequency domain analysis reveals a line spectrum at 840 kHz, likely due to the switching
frequency of equipment in the laboratory's computer room or another source. When the frequency
corresponding to the pipe thickness is close to the ambient EMI spectrum, it affects the analysis of
resonance attenuation. In such cases, selecting multiple of the fundamental resonance frequency
could be a viable solution. While this aspect is not explored in the present study, it holds potential
for enhancing the stability of the water measurement system.
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Fig. 12. Time domain analysis of resonance attenuation, which is conducted at (a) C, (b) B, (c) A.
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Fig. 13. Frequency domain analysis of resonance attenuation, which is conducted at (a) C, (b) B, (c) A.

As shown in Fig. 14, a manual scan is conducted on the aluminum pipe. This scanning
procedure systematically covers the pipe's circumference from -120 mm to 120 mm, with 10 mm
intervals. The outcomes of this scan are illustrated in Fig. 15. A threshold of 5 mV is utilized for
segmentation purposes, and the solid-liquid interfaces at -78 mm and 77 mm are denoted as w1 and
wa, respectively. In this equation, d represents the inner radius of the pipe, which measures 144 mm.

The water level hy, computed by Eq. (13), is determined to be 20.36 mm. It’s consistent with the
actual value of 20.0 mm.

hy = d * (1 — cos(“2=2+ 180)) . (13)

Scan start Scan end
position position
A

~ / | -
20740 5100 20

Fig. 14. Low water level circumferential scanning diagram.

While the scanning method proves effective in distinguishing the water level interface, the
calculation of the water level height necessitates knowledge of the pipe diameter. An enhancement
in signal amplitude is observed at the bottom of the figure, see Fig. 15. This amplitude rise is
attributed to the echo reflected by the horizontal water surface falling within the analysis time,
resulting in a signal amplification compared to oblique incidence.

In the experiment, the low water level measurement was conducted manually. Measures to
reduce the error are to be part of future works, including a reduced scanning interval, narrowed
coils, and machine scanning.
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Fig. 15. Low water level circumferential scanning results.
5.5. Experimental results of high water level

Utilizing the experimental conclusions in Section 5.2 and Section 5.3, the resonance
fundamental frequency is used for excitation at high water levels. The overall scheme uses the
method in Section 4, that is, the resonance frequency is calculated by using the echo time interval
after thickness measurement, and a three-cycle sine wave is excited at this frequency. This scheme
can adaptively resonate and excite pipes with different thicknesses, and complete the work of
thickness measurement and water level measurement in a brief period, which is also one of the main
innovations of this paper.

Fig. 16(a)-(b) present the echo results of the water level for aluminum and stainless-steel pipes,
respectively, at varying water levels. A comparative analysis reveals that the aluminum pipe exhibits
superior performance in terms of noise level and SNR compared to the stainless-steel pipe.

As shown in Fig. 16(c) at a water level of 56 mm, 20 ps prior to the echo start point was
selected as noise, and 20 us after the echo start point as signal. Using MATLAB snr function, a
value of 19.85 dB was obtained. The same method was applied to the other five sets, and their SNR
results averaged to approximately 15 dB. It is important to note that the 15 dB SNR was obtained
under the specific conditions of our experimental environment. Factors such as electromagnetic
interference, probe’s lift-off distance, and temperature can affect the SNR.

In the Fig. 16, 0 - 32 pus data is attenuated by 20 dB, thus there is an amplitude change that
manifests as an echo-like pattern at the blue dotted line. This operation primarily targets the large
amplitude oscillation area induced by the duplexer, where the signal amplitude is substantial,
thereby hindering the observation of subsequent signals. This procedure bears resemblance to the
process of normalization.

Fig. 16(c) is an enlarged view of the 56 mm primary echo in Fig. 16(a). The rising slope of the
envelope first increases and then decreases, and the falling slope also increases first and then
decreases. This result is consistent with the red line in Fig. 1(b) of the numerical simulation results.
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Fig. 16. Resonance water echo diagram: (a) the aluminum pipe, (b) the stainless-steel pipe, (c) enlarged diagram of

Using Fig. 16(a) as an example, when the ground truth level is 56.0 mm, t; = 84.3 ps. By
substituting t1 and the variable values from Table 5 into Eq. (12), the measured level is 55.9 mm.
The experimental results are listed in Table 6. The ground truth level is measured using a caliper to
measure the water level from the side of the pipe, which has a piece of acrylic to visually confirm
the actual level. The measured ground truth values are listed under the "Actual Water Level” column
in Table 6. The measured values using the presented method in this paper are marked as “Measured
water level”. The absolute errors are the differences between the measured values and the ground

truths.
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Table 6 Results of water level measurement

Pipe material Actual water Echo time Measured water Absolute Error
level (mm) t1(us) level (mm) (mm)

56.0 84.3 55.9 0.1

Aluminum pipe 70.0 103.9 70.6 0.6
94.0 135.6 94.4 0.4

54.0 78.4 53.2 0.8

Stainless-steel pipe 70.0 99.6 69.1 0.9
85.0 121.6 85.6 0.6

5.6. Measurement uncertainty of high water level
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The uncertainty in water level measurement is caused by various factors, including the
electronic system, temperature variations, and the Time Delay Estimation (TDE). The error
introduced by the electronic system is compensated by the t, parameter in Eq. (12). To ensure the
stability of the water temperature, tap water is left indoors for 24 hours before the experiment. A
vernier caliper is used to mark the water level line. A spirit level is placed above the stainless-steel
pipe to ensure the water level is horizontal. Measurements are taken 10 times at 30.0, 38.0, 46.0,
54.0, 62.0, 70.0, 78.0, 85.0, and 93.0 mm, respectively. In each measurement, the probe was
manually lifted and repositioned back to its original location. The measurement error is shown in
Fig. 17.
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Fig. 17. Measurement error.

As illustrated in the above figure, the median error across various water levels consistently
remains within =£1.0 mm. The error is larger at the lower water level (30.0 mm). When the water
level is greater than 30.0 mm, the outliers of the error are all within £2.0 mm, and the maximum
and minimum values are within £1.5 mm. These findings provide substantial validation for the
efficacy and precision of the employed measurement technique.

Additionally, materials such as stainless steel, which are characterized by their low electrical
conductivity and inability to be magnetized, there are inherent challenges when used in common
pipes due to their low transduction efficiency. Consequently, the measurement error associated with
such pipes is anticipated to be greater than that observed with carbon steel pipes. Therefore, it is
crucial to optimize the probe, particularly from the angles of magnetic circuit design and the
application of magnetostrictive force, to mitigate these issues.

6. Conclusion and future work

This paper introduces a novel non-contact and non-invasive technique using electromagnetic
acoustic resonance to gauge water levels in metallic pipes, particularly those with thick walls. For
lower water levels, an external EMAT performs a circumferential scan along the pipe, utilizing
differences in acoustic impedance to determine the liquid's upper boundary. At higher water levels,
the fluid level is determined by measuring the duration of resonance echoes.

Originally designed for measuring cooling pipelines in nuclear power plants, this method also
shows promise for application in industries using extensive metal piping, such as global chemical
logistics.

The study also investigates the impact of signal strength variations from non-resonance,
fundamental resonance frequency, and double resonance frequency, concluding that the
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fundamental resonance frequency offers the optimal signal for water level measurement.

The efficiency and accuracy of EMAT for these measurements may be affected by factors like
the probe’s footprint, pipe diameter, and the pipe’s inclination angle. Custom EMAT designs that
conform closely to the pipe’s surface may be required for smaller diameter pipes. Using a gyroscope
placed on the probe to measure the pipe inclination angle and compensate for errors is indeed
meaningful.

Future research directions include exploring the effects of high temperatures on measurements,
estimating and compensating for sound velocity changes under such conditions using thermometers.
Developing automatic methods to switch between high and low water level measurements is also a
critical area for future study, potentially involving statistical analyses of SNR, errors factors.
Additionally, investigating the use of automated scanning robots or fixed-position probes for low

water level measurements in radioactive environments is worth exploring.
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Highlights:

1) The resonance method enhances the SNR, enabling more accurate high water level
measurements in the time domain.

2) The fundamental resonance frequency is the best excitation frequency for measuring water
level.

3) The scanning EMAR method for low water level can effectively reduce the blind spot caused
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by the resonance echo method.
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