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Abstract: Most ultrasonic flowmeters utilize several wedge sensors for transmission and reception.
Thus, the location and alignment of the sensors are critical factors that determine the performance
of the ultrasonic flowmeter. In this study, we proposed an ultrasound liquid flowmeter utilizing
a 128-element linear array transducer with a transmit delay control for varying the incidence angles
of ultrasound wave transmission. The performance of the flowmeter was evaluated at flow rates of
0–50 L/min in a specially designed pipe system. Flow estimation was performed with the transit-time
method using cross-correlation with phase zero-crossing for sub-sample estimation. While a single
plane wave approach performed invasive electromagnetic measurements with only 74% accuracy as
a reference, a multiple angular compensation method with 24 angles was proposed to increase the
accuracy of measurements up to 93%. This study demonstrated the capability of the non-invasive
single-sided ultrasonic flowmeter with a linear array transducer for liquid flow measurements in the
metal pipe system.
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1. Introduction

Flowmeters [1] have been utilized for liquid and gas flow rate measurements in industrial
and medical fields. There are several types of liquid flowmeters, such as turbine [1], vortex [2],
electromagnetic [3,4], and ultrasonic flowmeters [1,5]. The ultrasonic flowmeter can be applied for
either invasive or non-invasive measurements with relatively easy installation [6,7]. Moreover, it
has a high sensitivity to flow change [8,9]. Owing to these advantages, ultrasonic flowmeters are
widely used for liquid flow measurements [10]. Doppler and transit-time flowmeters are two general
types of ultrasonic flowmeters. In the Doppler ultrasonic flowmeter, ultrasound waves propagating
through the fluid are reflected by particles in the liquid, such as small bubbles or solids moving
with the flow. The frequency shift between the transmitted and reflected signals indicates the flow
rate [1]. However, the accuracy of the Doppler ultrasonic flowmeter is limited by its dependence on
the properties of the particles (e.g., size, concentration, distribution, and the relation between particles
and fluid velocity) [11]. The second type is the transit-time ultrasonic flowmeter, which calculates
the flow rate according to the differential transit time of the reflected ultrasonic waves between the
downstream and upstream flow of the liquid [12–14]. The reflection of ultrasound waves is mainly due
to the impedance mismatch between the pipe walls and the fluid. The Doppler ultrasonic flowmeter
is preferable when there are scattering particles in the fluid. In contrast, the transit-time ultrasonic
flowmeter is used for clean fluids flow or for a non-invasive approach, which can use the strong signal
from the pipe walls [11,15,16].

The performance of the transit-time ultrasonic flowmeter can be degraded for various reasons,
including the misalignment of transmitter and receiver sensors, irregular pipe surface conditions, errors
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in time difference estimation, and non-invasive (i.e., clamp-on or air-coupled) installation of transmitter
and receiver sensors [13,17]. To measure the transit-time difference, several ultrasound sensors are
installed on the pipe [18]. The single-sided measurement uses two or more sets of wedge-shaped
ultrasound sensors on the same side of the pipe [17]. Ultrasound waves transmitted from wedge
sensors propagate at an angle through the pipe wall and fluid, and then are reflected from the opposite
pipe wall and received by the sensor. Although this angle can be determined by considering the
specifications of the pipe and Snell’s law, the location and alignment of multiple transmitter and
receiver sensors by choosing the proper wedge sensor angle are critical factors in designing flowmeters.

As employing more sensors with several wave traveling paths can increase the accuracy of the
flowmeter, previous studies have tried to use array sensors for the flowmeter [19–21]. One study
showed the feasibility of a combination of two-dimensional (2D) ultrasound phased array transducer
(4 × 4 and 8 × 8 elements) and single transducers invasively installed in pitch-catch mode [19,20].
They used beam angle control for the transmission and reception of the array elements to increase the
signal-to-noise of the ultrasound signals for gas flow measurements. Another study used an ultrasound
linear array transducer (128 elements) to measure liquid flow non-invasively from a single side by
tracking nylon powders inserted into the fluid using the Doppler mode [21]. Their system had a limited
number of data channels (20 channels) without specific beam angle control for the transmission
or reception of the array elements. Thus, the feasibility of array transducers for flowmeters was
shown, but they were applied to specific cases. In this study, we aim to implement the single-sided
non-invasive ultrasonic liquid flowmeter by fully utilizing the delay control and channel data from
a one-dimensional (1D) ultrasound linear array transducer.

By utilizing the delay control of the ultrasound system, an array transducer can replace multiple
wedge sensors. When the transmit delays for wave transmission are controlled, the incidence angle
can be adaptively modified without varying the physical position and wedge angle of the transducer.
Hence, both the transmission and reception of ultrasound waves can be achieved by one flat array
transducer. Ultrasonic radio frequency (RF) signals from multiple receiver channels will include
all possible reflective paths from the pipe wall. Therefore, ultrasonic signals from the appropriate
transducer receiver sensors can be used to calculate the flow rate.

In this study, a single-sided non-invasive ultrasonic flowmeter is proposed for liquids flowing
through a metal pipe to obtain more accurate and precise flow estimates. The flowmeter was
implemented by utilizing the delay control function of an ultrasound imaging system and array
sensors. Afterward, the performance was evaluated using the ultrasound data acquired from the
specially designed pipe system. We performed a thorough analysis of the experimental results for
non-invasive liquid flow measurements using an ultrasound array transducer. Multi-angle based
liquid fluid measurements were also suggested for further improvement.

2. Materials and Methods

2.1. Experimental Setup

Figure 1 shows the experimental setup for liquid flow measurements through the metal pipe
using the ultrasound system with an ultrasound array transducer. Water in the pipe was circulated by
a pump with a maximum capacity of 50 L/min. Additionally, the capacity of the water reservoir was
2 L. The pipe (SUS304) was made of carbon steel with an outer and inner diameter, as well as a wall
thickness of 34 mm, 27.6 mm, and 3.2 mm, respectively. Flow rates, ranging from 0 to 50 L/min, were
controlled by adjusting the pump (three flow modes at 0, 25, and 50 L/min) and valve of the pipe system
for a subtle control between the fixed flow controls of the pump. By controlling the pump and valve of
the pipe system, flow rates were adjusted for the experimental study at eight levels (approximately 0,
7, 10, 15, 20, 25, 35, and 50 L/min). An electromagnetic flowmeter (FMAG550G, Flos Korea Inc., Seoul,
Korea) was installed through the pipe system invasively for real-time flow monitoring.
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Two-dimensional (2D) ultrasonic signals were acquired by an ultrasound imaging system 
(Vantage 32LE™, Verasonics, Inc., Kirkland, WA, USA) with a linear array transducer (ATL L7-4, 
ATL Ultrasound Inc., Bothell, WA, USA). The ultrasound imaging system consists of a hardware for 
controlling wave transmission and data acquisition, and a host computer that controls all actions of 
the hardware and software environments using the Matlab software. Ultrasound waves were 
generated and received by the ultrasound imaging system with the linear array transducer. The 
system has 64 independently controlled transmitter channels and 32 receiver channels. The array 
transducer contains 128 elements with a frequency range of 4–7 MHz and a transducer size of 38 mm 
× 7 mm (i.e., width and height). The transducer transmission frequency was set at 5.2 MHz. The 
sampling frequency (fs) for system data acquisition was four times the transmission frequency. The 
transmitted signal was a pulsed wave with 2–3 cycles of sinusoidal waves to avoid any overlap 
between multiple reflections. The width of the transducer was aligned in the vertical direction of the 
pipe. Then, the height of the transducer was small enough to fit on the surface of the circular pipe 
(outer diameter is 34 mm). Thus, the flat linear transducer was coupled well on the pipe surface. 
Ultrasound gel was applied as a couplant agent to match the impedance between the pipe and the 
ultrasound transducer. 

A linear array transducer was utilized to alternately transmit and receive ultrasonic waves from 
both upstream and downstream of the liquid. The ultrasound beams were transmitted by activating 
31 elements (i.e., elements 1–31 for downstream and elements 98–128 for upstream). In this study, 
two types of ultrasound waveforms were investigated: focused beam with a focal position at the 
surface of the pipe [22], and plane waves with no focus applied to the array transducer [23]. The 
incidence angle of the ultrasound path was 20.13°. The simulated transmitted beam profiles of the 
focused beam and plane waves are shown in Figure 2. It illustrates the active elements and the 
ultrasonic paths of the beams in the simulation of the beam transmission. All 128 elements were used 
to receive the reflected signals from the pipe. The received signals were transferred to the host 
computer and used for flow estimation. 
  

Figure 1. Experimental setup for liquid flow in the pipe system and ultrasound data acquisition system
with array transducer.

Two-dimensional (2D) ultrasonic signals were acquired by an ultrasound imaging system (Vantage
32LE™, Verasonics, Inc., Kirkland, WA, USA) with a linear array transducer (ATL L7-4, ATL Ultrasound
Inc., Bothell, WA, USA). The ultrasound imaging system consists of a hardware for controlling wave
transmission and data acquisition, and a host computer that controls all actions of the hardware and
software environments using the Matlab software. Ultrasound waves were generated and received by
the ultrasound imaging system with the linear array transducer. The system has 64 independently
controlled transmitter channels and 32 receiver channels. The array transducer contains 128 elements
with a frequency range of 4–7 MHz and a transducer size of 38 mm × 7 mm (i.e., width and height).
The transducer transmission frequency was set at 5.2 MHz. The sampling frequency (f s) for system
data acquisition was four times the transmission frequency. The transmitted signal was a pulsed wave
with 2–3 cycles of sinusoidal waves to avoid any overlap between multiple reflections. The width of
the transducer was aligned in the vertical direction of the pipe. Then, the height of the transducer was
small enough to fit on the surface of the circular pipe (outer diameter is 34 mm). Thus, the flat linear
transducer was coupled well on the pipe surface. Ultrasound gel was applied as a couplant agent to
match the impedance between the pipe and the ultrasound transducer.

A linear array transducer was utilized to alternately transmit and receive ultrasonic waves from
both upstream and downstream of the liquid. The ultrasound beams were transmitted by activating
31 elements (i.e., elements 1–31 for downstream and elements 98–128 for upstream). In this study,
two types of ultrasound waveforms were investigated: focused beam with a focal position at the surface
of the pipe [22], and plane waves with no focus applied to the array transducer [23]. The incidence
angle of the ultrasound path was 20.13◦. The simulated transmitted beam profiles of the focused beam
and plane waves are shown in Figure 2. It illustrates the active elements and the ultrasonic paths
of the beams in the simulation of the beam transmission. All 128 elements were used to receive the
reflected signals from the pipe. The received signals were transferred to the host computer and used
for flow estimation.Sensors 2020, 20, x FOR PEER REVIEW 4 of 14 
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zero at the peak of the cross-correlation. Thus, the peak of the correlation in the subsample-level time 
could be estimated from the Hilbert transform phase zero-crossing. For the comparison of flow 
estimation methods, time-shift estimations were performed using both the conventional zero-
crossing method and the cross-correlation with the phase zero-crossing method on the same dataset. 
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2.2. Flow Estimation

When ultrasonic waves travel through the pipe and water and then impinge on the opposite
side of the pipe, a portion of the incident acoustic energy is transmitted through the pipe, while the
rest is reflected from the pipe, as shown in Figure 3. The transmission and reflection coefficients of
acoustic energy were determined by applying Snell’s law with the ratio between acoustic impedance
and incidence angle [24]. As there is nearly full reflection from the metal pipe, the incidence angle (θi)
is the same as the reflection angle (θr). Considering the incidence and reflective angles, the matching
receiver elements for the transmitter elements were calculated (e.g., matching elements for incidence
angle (θi) of 20.13◦ are 90 and 39 for the downstream and upstream, respectively).
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Most of the transmit-time ultrasonic flowmeters performed time estimation using the conventional
zero-crossing approach, which detects the zero-crossing time of the received ultrasonic signals [5,25].
Afterward, the zero-crossing time difference between the upstream and downstream was measured.
In this study, transit-time estimation was performed using the cross-correlation with phase zero
crossing and the ultrasonic signals were interpolated by a factor of 100. Cross-correlation can estimate
the time shift in the sampling interval. Then, in order to achieve subsample-level time estimation,
the Hilbert transform phase zero-crossing method with linear interpolation was used [26,27]. The phase
response of the cross-correlation in the Hilbert transform domain linearly crosses zero at the peak of
the cross-correlation. Thus, the peak of the correlation in the subsample-level time could be estimated
from the Hilbert transform phase zero-crossing. For the comparison of flow estimation methods,
time-shift estimations were performed using both the conventional zero-crossing method and the
cross-correlation with the phase zero-crossing method on the same dataset. The proposed estimation
process in this study is shown in Figure 4.

The time difference between the upstream and downstream (∆t) can be described as

∆t = tup − tdown =
2Lsinθ

c2 −V2sin2θ
Vbeam, (1)

where L is the ultrasonic path length through the fluid, c is the speed of sound in the fluid, Vbeam is the
average flow velocity along the ultrasonic beam, and θ is the angle of the propagating ultrasonic wave.
As liquid flow velocity is much lower than the speed of sound in general, the flow velocity equation
was derived as follows:

Vbeam =
c2∆t

2Lsinθ
. (2)
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Therefore, the flow rate Q is given by

Q = K
πD2

4
Vbeam, (3)

where D is the diameter of the pipe, and K is the correction factor resulting from the ratio of the
actual average velocity in the pipe and the velocity measured along the ultrasonic beam. As the
Reynolds number was in the range of 4 × 103 to 3.8 × 104, the flow in the pipe was turbulent where the
correction factor depended on the Reynolds number, pipe radius, and pipe roughness. As the pipe
roughness could not be measured, K (0.93~0.94 in this study) was theoretically calculated using the
Reynolds number [13]. In addition, the speed of sound was affected by temperature. Thus, the liquid
temperature (20–25 ◦C) was monitored in real-time while acquiring the data and reflected on the speed
of sound in the estimation.

Because bubbles in the fluid can significantly affect the time estimation performance, bubble
concentrations in the pipe were monitored using ultrasound imaging. Ultrasound images of the pipe
cross-section (i.e., same view as the flow meter) were generated by transmitting plane waves using the
64 array elements (elements 1–64) placed on the pipe surface and collecting the received signals from
32 array elements (elements 33–64). No beamforming was applied for imaging. The imaging region
measured 9.5 mm in width by 9.5 mm in height, and the center of the region was at 15 mm depth of the
fluids in the pipe. Ultrasound images of the fluid were acquired at different flow rates. As bubbles are
strong reflectors of ultrasound waves in the fluid owing to the high impedance mismatch between
the fluid and air, the strength of the reflected ultrasound signals in the water was measured from the
acquired ultrasound images. When the signal strength is higher, the concentration of the bubbles
can be interpreted to be higher. Thus, the relative change in bubble concentration was measured by
averaging the signal strength in the imaging region at different flow rates.

2.3. Angular Compensation

Angular compensation from various plane wave angles was applied to improve the accuracy
of flow measurement using the linear array transducer. To control the incidence angle by delaying
the transmission time of each element of the array transducer, multi-angle transmission was used. In
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this study, 24 incidence angles were applied for both upstream and downstream transmissions. Then,
the estimated flow rates were averaged, which is a similar concept as the spatial averaging method [28].
To measure the time difference, each plane wave angle had appropriate matching receiver elements
for the transmitter elements in the upstream and downstream. The positions of the receiver elements
were calculated from the positions of the transmitter elements, incidence angle, and Snell’s law. Once
the theoretical element matches were calculated from Snell’s law, the receiver elements were further
selected by searching for the minimum shift at no flow near the theoretical elements. Table 1 lists the
angle and appropriate center elements of the receiver for both upstream and downstream.

Table 1. Angles of plane waves and corresponding receiver element numbers (#: number).

Number of Angles Incidence Angle (◦) Center Element # of
Upstream

Center Element # of
Downstream

1 22.83 28 101
2 22.59 29 100
3 22.35 30 99
4 22.11 31 98
5 21.86 32 97
6 21.62 33 96
7 21.37 34 95
8 21.13 35 94
9 20.88 36 93
10 20.63 37 92
11 20.38 38 91
12 20.13 39 90
13 19.88 40 89
14 19.63 41 88
15 19.38 42 87
16 19.12 43 86
17 18.87 44 85
18 18.62 45 84
19 18.36 46 83
20 18.10 47 82
21 17.85 48 81
22 17.59 49 80
23 17.33 50 79
24 17.07 51 78

2.4. Analysis of the Measurements

To compare the performance of flow rate estimates, linear regression using the least-squares
method was performed between the reference measurements using the electromagnetic flowmeter
(i.e., predictor variable) and the measurements using various approaches in our study (i.e., response
variable). In the linear regression, the slope (i.e., regression coefficient) and intercept values were
calculated to determine the accuracy of the measurements (ideally, regression coefficient = 1 and
intercept = 0). The coefficient of determination R2 was also evaluated to determine the goodness-of-fit.

3. Results

3.1. Ultrasound Data

Ultrasound data acquired from the array transducer at a flow rate of 35 L/min is shown in Figure 5.
Figure 5a displays the data from receiver elements 1–128 for both upstream and downstream. In
addition to the first reflection from the pipe surface, there were two more reflections. The ultrasonic
signals from the upstream (dashed line) and downstream data (dash-dotted line) in Figure 5a are
shown in Figure 5b. A time difference was observed between the upstream and downstream signals.
As the velocity for the downstream was higher, the signal from downstream arrived faster.
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data were used (i.e., 4 × 8 = 32 total samples). Overall, the flow rates from both focused beams and 
plane waves were underestimated. The regression coefficient was 0.58 and the intercept was 4.55 for 
the focused beam, while the ultrasonic flowmeter using plane waves showed a higher regression 
coefficient (0.74) and a lower intercept (3.20). These results demonstrate that plane waves can estimate 
flow rates more accurately than the focused beam. Thus, plane waves were chosen for analysis. 

Figure 5. Ultrasonic (a) 2D images and (b) signals of upstream (blue dashed line) and downstream
(red dash-dotted line) at a flow rate of 35 L/min. Dashed and dash-dotted lines in (a) are the positions
where the ultrasonic signals in (b) are displayed. The arrows indicate the 1st, 2nd, and 3rd reflections.

3.2. Focused Beam vs. Plane Wave

Figure 6 illustrates the flow rates measured by the ultrasonic flowmeter using the array transducer
for focused beam (Figure 6a) and plane-wave beam (Figure 6b) compared with the flow rates measured
using the electromagnetic flowmeter (i.e., reference). For each flow rate, four sample data were used
(i.e., 4 × 8 = 32 total samples). Overall, the flow rates from both focused beams and plane waves were
underestimated. The regression coefficient was 0.58 and the intercept was 4.55 for the focused beam,
while the ultrasonic flowmeter using plane waves showed a higher regression coefficient (0.74) and
a lower intercept (3.20). These results demonstrate that plane waves can estimate flow rates more
accurately than the focused beam. Thus, plane waves were chosen for analysis.Sensors 2020, 20, x FOR PEER REVIEW 8 of 14 
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Figure 6. Estimated flow rates using (a) focused beam and (b) plane waves.

3.3. Zero-Flow Calibration

Ideally, the flowmeter should estimate the zero flow rate when there is no fluid flow in the
pipe. However, the flow rate estimation can be affected by the properties of the pipe, the impedance
matching of the transducer, and the flow condition. Hence, zero-flow calibration was applied by
subtracting the estimated flow rate at no flow [5]. Ultrasound data using the plane wave approach was
recorded at eight flow levels for 60 s with a frame rate of five frames per second (i.e., total 300 frames).
The flow rates were estimated and zero-flow calibration was then applied. Figure 7 shows the estimated
flow rate for no flow (Figure 7a) and for various flow rates (25, 35, and 50 L/min) after zero-flow
calibration (Figure 7b). The mean and standard deviation of the zero flow were 6.64 L/min and 0.15,
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respectively. As shown in Figure 7b, the proposed flowmeter could perform stable measurements at
various flows, which were measured for 60 s. The means and standard deviations of the estimated
flow rates were 22.2 and 0.13, 38.0 and 0.16, and 50.6 and 0.44 L/min for the reference flow rates at 24.8,
36.2, and 50.7 L/min, respectively. As the flow rates increased, the standard deviations also increased.
However, the estimated errors and deviations were significantly lower than the zero-compensation
value (i.e., 6.64 L/min in this example). Thus, zero-flow calibration can effectively offset the dependence
on the physical conditions of the pipe.
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Figure 7. Estimated flows for (a) no flow, and (b) eight flow rates (reference flows at 0, 24.8, 36.2, and
50.7 L/min) after zero-flow calibration.

3.4. Bubble Monitoring

Figure 8a–c show the 2D ultrasound images of the fluid moving in the pipe at flow rates of
0, 25, and 50 L/min, respectively. The relative bubble concentration changes in the pipe, as shown
in Figure 8d. Overall, bubble concentration increased gradually as the flow rate increased. Bubble
concentrations at flow rates of 7, 10, and 15 L/min were relatively higher than those at the flow rate of
20 L/min as shown in Figure 8b. This can be attributed to the control of the valve leading to varying
diameters of the pipe (i.e., narrower diameter to reduce flow) at flow rates lower than 20 L/min.

Sensors 2020, 20, x FOR PEER REVIEW 9 of 14 

 

of 20 L/min as shown in Figure 8b. This can be attributed to the control of the valve leading to varying 
diameters of the pipe (i.e., narrower diameter to reduce flow) at flow rates lower than 20 L/min. 

 
Figure 8. 2D ultrasound images of the liquid flowing in the pipe (color bar represents the ultrasound 
signal strength) at flow rates of (a) no flow, (b) 25 L/min, (c) 50 L/min, and (d) the relative bubble 
concentrations at varying flow rates. 

3.5. Flow Rate Estimation 

Figure 9 shows the measured flow rates using the conventional zero-crossing method for transit-
time estimation. The regression coefficient and the intercept of the conventional zero-crossing 
method were 0.55 and 10.92, respectively. Compared to the result of the cross-correlation with the 
phase zero-crossing method (regression coefficient: 0.74 and intercept: 3.20) in Figure 6b, the 
estimates from the conventional zero-crossing method showed higher variations than the proposed 
method. 

 
Figure 9. Estimated flow rates using the conventional zero-crossing method. 

3.6. Multiple Angular Compensation 

Figure 10 shows the flow estimation results of the ultrasonic flowmeter using a single plane 
wave (Figure 10a) and multiple angle plane waves (Figure 10b). In the case of a single plane wave, 
138 data points with varying flow rates were used at a fixed incidence angle (angle #12 in Table 1). 
Compared to the results from 32 data points using a single plane wave (regression coefficient: 0.74 

10 20 30 40 50

ReferenceFlow Rate [l/min]

10

20

30

40

50

y = 0.55x+10.92 (R2 = 0.80)

Es
tim

at
ed

Fl
ow

Ra
te

[l/
m

in
]

Estimated flow rates
Linear regression
Reference

Figure 8. 2D ultrasound images of the liquid flowing in the pipe (color bar represents the ultrasound
signal strength) at flow rates of (a) no flow, (b) 25 L/min, (c) 50 L/min, and (d) the relative bubble
concentrations at varying flow rates.
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3.5. Flow Rate Estimation

Figure 9 shows the measured flow rates using the conventional zero-crossing method for
transit-time estimation. The regression coefficient and the intercept of the conventional zero-crossing
method were 0.55 and 10.92, respectively. Compared to the result of the cross-correlation with the
phase zero-crossing method (regression coefficient: 0.74 and intercept: 3.20) in Figure 6b, the estimates
from the conventional zero-crossing method showed higher variations than the proposed method.
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Figure 9. Estimated flow rates using the conventional zero-crossing method.

3.6. Multiple Angular Compensation

Figure 10 shows the flow estimation results of the ultrasonic flowmeter using a single plane wave
(Figure 10a) and multiple angle plane waves (Figure 10b). In the case of a single plane wave, 138 data
points with varying flow rates were used at a fixed incidence angle (angle #12 in Table 1). Compared to
the results from 32 data points using a single plane wave (regression coefficient: 0.74 and intercept: 3.20)
in Figure 6b, an improvement was hardly observed in the 138-data-point case (regression coefficient
0.75 and intercept: 2.91). Figure 10b shows the multiple plane wave case (regression coefficient: 0.93
and intercept: 0.16) with 24 angles (Table 1) applied for transmission. The results show that multiple
angular compensation with spatial averaging can be utilized to achieve higher accuracy instead of
simply averaging additional data points using a single plane wave.
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Figure 10. Estimated flow rates using (a) a single plane wave and (b) multiple angular compensation.
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4. Discussion

The current study demonstrated the feasibility of using the single-sided non-invasive ultrasonic
liquid flowmeter with a linear array transducer. The ultrasound array transducer was used as
the transmitter and receiver sensors. As shown in Figure 6, 58% and 74% of the flow rates of the
electromagnetic flowmeter were measured by the focused beam and plane-wave methods, respectively.
As the ideal focal position of the focused beam is on the surface of the opposite side of the pipe to
receive a strong reflection from the pipe wall, the focused beam can have a high signal-to-noise ratio.
However, in the non-invasive measurement, the beam experienced wave distortion when passing
through the pipe and fluids, allowing the direction of the waves and the energy of the beam to be
changed. Thus, the focused beam in this study had limited focusing. For the plane wave, the beam
was broad; therefore, the effect from the wave distortion through the pipe was less. Thus, it was
demonstrated that the plane wave can measure flow rate more accurately than the limited focused
beam in non-invasive measurement. Although it would be complex to control the focused beam in the
non-invasive case, perfect beam focusing can be achieved by precisely predicting the wave path in the
pipe. Then, the focused beam will be further compared with the plane-wave method.

Moreover, it was shown that the accuracy of flow rate measurements using the ultrasound array
transducer was lower than that of invasive reference measurements (i.e., electromagnetic flowmeter).
The possible factors degrading the accuracy of our transit-time ultrasonic flowmeter were the small
inner diameter and pipe roughness, as well as the velocity distribution in the pipe [11,13]. To
increase measurement accuracy, a multipath approach was suggested in the previous study [16,28].
By using multipath rather than a single path, the increased sound path coverage can improve
measurement accuracy. A previous study applied the spatial averaging method by utilizing a single
element transducer for transmission and eight array elements for reception to spatially average the
corresponding eight ultrasonic paths [28]. The results showed that the spatial averaging method
using multiple ultrasound paths enhanced the accuracy of the ultrasonic flow meter. To maximize
the multipath compensation, it is necessary to decide the sound paths covering a wide range in the
pipe. However, there were geometric limitations in our study; therefore, multipath was selected as the
angle-varying plane waves. By controlling the transmit delays for transmission wave propagation,
the incidence angle can be adaptively modified without changing the physical position and angle of
the sensors. As shown in Figure 10, multiple angular compensation from various plane wave angles
(24 angles in Table 1) improved the accuracy of 93% of the reference measurements. By averaging
the measurements from multiple angular compensation, we can achieve higher accuracy. The results
showed the advantage of multiple angle transmission of the ultrasound array transducer, unattainable
neither by wedge sensors with physical angles nor by the simple averaging of multiple measurements
from a single angle. This study demonstrated the validity of the ultrasonic flowmeter using the array
transducer by utilizing the transmit delays control and multiple angular compensation. Although
24 angles were used in this study owing to the limitation of our current data acquisition system, more
ultrasonic paths (i.e., angles in this study) can improve the accuracy as demonstrated in the previous
studies [16,28,29]. For the multipath approach, the velocity values can be integrated with weighting
factors considering the geometrical positions of the sound paths [16,29]. In our study, multiple beams
were not significantly different in the geometrical positions. Thus, the estimated velocities were
spatially averaged without weighting factors.

As this study uses a flat linear array, the irregular condition of the pipe surface can disturb the
incident waves and eventually lead to measurement errors. Thus, it is expected to have an even
surface for at least the length of the flat linear array or that a special measuring window with an even
surface can be designed. In a previous study, a Plexiglass viewing window was installed on the metal
pipe for the linear array transducer to provide a regular condition of the pipe [21]. Although the
transducer used in this study was originally designed for human study, the ultrasound wave could be
transmitted well through the pipe with no observation of impedance mismatch problem. In addition,
the correction factor K was calculated using theoretical calculation considering the Reynolds number
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only. The correction factor K can be further validated through an experiment quantifying flow rates,
such as liquid collection and measurement methods, to consider other factors affecting K such as pipe
radius and roughness [11,13,30].

For the transit-time ultrasonic flowmeter, the time-shift estimation method plays an important
role in determining the quality of measurements. In this study, we performed experiments to compare
two estimation methods, i.e., the conventional zero-crossing method and cross-correlation with phase
zero-crossing method. As shown in Figures 6b and 9, the cross-correlation approach performed 74% of
the reference measurements compared to 55% of the conventional zero-crossing method measurements.
A disadvantage of the conventional zero-crossing method is that it depends on the threshold value
applied to the signal before calculating the shift [5,25]. Thus, it is susceptible to changes in signal
amplitude, which leads to large variations of the estimated flow rate. Moreover, the cross-correlation
approach was more robust against variations in signal amplitude. A previous study compared the
simple cross-correlation method and the cross-correlation with the phase zero-crossing method in the
frequency domain using Monte Carlo simulation for invasive pitch-catch ultrasonic flowmeter [7].
The results showed that the cross-correlation with phase zero-crossing method achieved superior
signal-to-noise-ratio. Thus, the cross-correlation with phase zero-crossing method can be employed
for valid and reliable flow rate measurements. To compensate for the possible error due to the low
sampling frequency, the ultrasonic signals were interpolated by a factor of 100. An advantage of the
cross-correlation with phase zero crossing is that it is less affected by the sampling frequency than the
conventional zero crossing method [31]. Still, the accuracy and precision of the flowmeter could be
significantly degraded owing to the errors in the estimation using signals acquired in the relatively
low sampling frequency (i.e., four times the transmitting frequency in this study) [32]. Thus, a higher
sampling rate with at least 10 times of the transmission frequency will be further implemented and the
effect of the sampling rate on the accuracy of the measurement will also be investigated. To further
improve measurements, zero-flow calibration was applied to the estimated flow rates to remove the
bias values due to the variations in the pipe, sensors, and flow conditions. As shown in Figure 7,
zero-flow calibration can reliably compensate for the flow rate estimates for long measurement periods.

For ultrasound flow measurements in the pipe, bubble concentration has a great impact, as bubbles
are strong ultrasonic reflectors. At a higher pump speed, more bubbles were generated as shown
in Figure 8. Overall, variations in the estimated flow rates were higher when the flow rate increased.
To avoid bubble generation, an improved pipe system can be designed with a larger reservoir and
pipe radius for a more stable liquid flow. In this study, the amount of bubbles was quantified by
ultrasound images acquired using the array transducer, as shown in Figure 8. Thus, the reliability of
the measurement could be predicted based on this information. As shown in Figure 8b, there was
a local peak of bubble concentration in the low flow rates (<20 L/min). The effect of the bubbles in the
low flow rates was prominent in the focused beam (Figure 6a) and in the conventional zero-crossing
method (Figure 9). However, the plane wave case (Figure 6b) did not present a high variation in the low
flow rate. This suggests that the plane wave may be much less affected by bubbles. However, further
research is needed to understand the effect of bubbles on flow measurement using the plane wave.

Figure 5 shows that there were at least three strong reflections of the ultrasound signal due to the
Lamb waves that propagated through the pipe wall [33,34]. Although we used only the first reflection
of the signal for the time-shift estimation in this study, the second and third reflections can also be
employed to add more traveling paths. Moreover, the 2D ultrasonic signals can be processed directly
for the time-shift estimation instead of ultrasonic signal line processing. The error of the traditional
non-invasive flowmeter is about ±2–5%, which is more accurate than the current study [11,35]. Our
future research will focus on investigating the full utilization of the ultrasonic flowmeter functions
with an array transducer for further improving accuracy and precision. As the current approach was
evaluated to demonstrate its feasibility in the limited experimental environment, extensive testing will
also be performed on multiple pipes at different temperatures.
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5. Conclusions

In this study, the performance of a single-sided non-invasive ultrasonic flowmeter with an array
transducer was evaluated. The experimental results of multiple angular compensation confirmed that
our approach can be applied to increase the accuracy of the ultrasonic flowmeter using the linear array
transducer. It can also help monitor liquid flow non-invasively with reliable measurement accuracy.
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