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® Standard deviation of the signal was proposed for TOF calculation at lower SNRs
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® Guided wave is strongly influenced by fluctuation of liquid film

® Success ratio of TOF measurements depends on the flow regime in two-phase flow

® Distribution of the standard deviation can be used for the flow regime estimation
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Abstract

To achieve efficient energy management in industrial plants, it is crucial to measure the steam

flow rates at the various points of consumption. Clamp-on time-of-flight ultrasonic flowmeters are

useful devices to measure the steam flow rates in existing pipes. However, it is difficult to accurately

measure the steam flow rates because of the large acoustic impedance difference between the pipe

material and fluid, strong signal attenuation in the fluid, and high temperature. In addition, the steam

wetness increases with heat losses and the presence of liquid film and droplets that creates noise in the

detected ultrasonic signals, making it difficult to distinguish the target signals from the noisy ones.

Hence, a new signal processing method is proposed to determine the transit time difference, particularly

at lower signal-to-noise ratios. Two ultrasonic transducers were used to measure the ultrasonic time-of-

flight, which varies depending on the flow rate. The transmitted ultrasonic signals were time-dependent

due to the generation of guided waves in the pipe wall. The standard deviations of the target signals

increased when the flow regime transitioned from stratified to annular mist flow. The guided waves

significantly influence the success ratio of determining the transit time difference between the ultrasonic



signals transmitted from the upstream and downstream transducers. Based on the results, the use of the

standard deviation of the target signals is proposed for estimating the transit time difference. Further, as

the standard deviation varied significantly depending on the flow regime, it can be used to identify the

flow regime as well.

Keywords: ultrasonic signal propagation, clamp-on, time-of-flight flowmeter, guided waves, steam flow

rate, two-phase flow



1. Introduction

In modern times, most of the heat demands are supplied by steam in industrial plants. Saturated

steam is generated in boilers, which is then supplied through a piping system. Even though the steam

flow rate is controlled at the boilers, the actual steam flow rates at different points of consumption may

vary when condensation occurs as the steam flows through the piping system because of the heat loss.

As a result, saturated steam flow may change to two-phase flow such as stratified, wavy and annular-

mist flows. Hence, it is essential to monitor the wet steam flow rate at each point of consumption to

achieve efficient energy management. In particular, orifice, vortex, and in-line ultrasonic flowmeters

are typically used to measure the gas or steam flow rates [1]. Even though a number of studies have

been carried out to measure wet steam flow rates [2], these flowmeters must be connected to the pipes

and it is difficult to install them in existing pipes. One of the effective solutions to measure the steam

flow rates in existing pipes is to use clamp-on ultrasonic flowmeters.

Ultrasonic flowmeters have been developed for more than 60 years and these instruments are

widely used to measure the flow rates in liquid and gas flows [3]. There are two types of ultrasonic

flowmeters based on their operating principle: (1) pulsed and continuous-wave Doppler ultrasonic

flowmeters [4—8] and (2) time-of-flight (TOF) ultrasonic flowmeters. TOF ultrasonic flowmeters



calculate the transit time of the ultrasonic signal between the downstream and upstream sensors, which

is influenced by the line-averaged velocity along the ultrasonic beam. TOF ultrasonic flowmeters can

be further classified as in-line and clamp-on types based on the sensor settings. For in-line TOF

ultrasonic flowmeters, the ultrasonic sensors are installed at designated points within the piping system.

In contrast, for clamp-on TOF ultrasonic flowmeters, the ultrasonic sensors are installed at designated

points external to the piping system. The ultrasonic sensors are removable in this case, which makes it

more convenient to measure the gas or liquid flow rates at various points of consumption in the piping

system.

Many studies have been carried out to devise methods in order to improve gas and steam flow

rate measurements using ultrasonic flowmeters. Kurniadi and Trisnobudi [9] developed a method to

measure the two-dimensional velocity profiles of gas flows using ultrasonic tomography based on the

transit time. Shen [10] proposed a method to evaluate the steam quality using a TOF ultrasonic

flowmeter, and the results showed that the accuracy of the evaluation was influenced by the wetness of

the steam. Xing et al. [11] proposed a correction method for flow rate measurements of two-phase

(liquid—gas) flows in a horizontal pipe under stratified and annular flow regimes. However, these studies

are focused on in-line ultrasonic flowmeters and most of the studies pertaining to clamp-on ultrasonic

flowmeters are focused on liquid flows. The intensity of the transmitted ultrasonic signal tends to

decrease in gas flows because the signal attenuation is more pronounced in gas than that in liquid. The

significant difference in acoustic impedance between the pipe material and gas also contributes to the



lower intensity of the transmitted ultrasonic signal. To suppress the noise waves arising from the

significant acoustic impedance between the pipe material and gas, Nishiguchi et al. [12] proposed a

method to measure the gas flow rate at low-pressure conditions (< 0.06 MPa) using ultrasonic

transducers designed to follow the curvature of the pipe and a polystyrene wedge attached to the external

surface of the pipe wall.

In addition to the acoustic impedance difference, the high temperature of the pipe and wetness

of the steam are also critical factors that affect steam flow rate measurements. The sensitivity of the

piezoelectric elements in the ultrasonic sensors tends to decrease with an increase in temperature. The

wetness of the steam tends to vary because of heat losses, which affects the characteristics of the

ultrasonic signal propagation. All of these factors pose a significant challenge to obtaining accurate

steam flow rate measurements using clamp-on ultrasonic flowmeters. Sasaki and Hayashi [13] and,

Hayashi et al. [14] developed an ultrasonic sensor in which the incidence angle of the ultrasonic signal

was 57°. The angle between the wedge and pipe surface was greater than the critical angle. Therefore,

ultrasonic wave does not propagate into the pipe wall as a body wave i.e. share wave. However, the

ultrasonic signals transmitted through the gas flow resulted in higher signal-to-noise ratios (SNRs).

Lamb wave has been widely used for measuring gas flowrates [15]. The Lamb wave produces a wider



beam and offers formidable resistance against the effect of suspended solids and droplets [16]. Sasaki

et al. [17] developed a damping material to reduce the reflected propagated waves in the pipe wall and

found that it was possible to measure the steam flow rates using the ultrasonic sensors and damping

material. Morita et al. [18, 19] obtained accurate steam flow rates for stratified and wavy flows but they

found that it was difficult to obtain accurate measurement for annular mist flows.

The steam flow rate is directly related to the transit time difference of the ultrasonic signals

transmitted from the upstream and downstream transducers. The transmitted ultrasonic signals are prone

to noise. The presence of liquid films and droplets due to the steam wetness may alter the propagation

paths of the ultrasonic signals emitted from the transducers, leading to noisy signals. Fluctuations at the

liquid-gas interface also leads to signal reflections and some of the reflected signals are transmitted

through the pipe wall as guided waves. This creates noise in the detected ultrasonic signals, making it

difficult to distinguish the target signals from the noisy ones and thus, it is not possible to accurately

determine the transit time difference and steam flow rate. To address these issues, the objective of this

study is to develop a new signal processing method to determine the transit time difference, particularly

at lower SNRs. Experiments were carried out for air—water two-phase flows in a horizontal pipe. The



standard deviations of the transmitted ultrasonic signals are newly proposed for the TOF analysis. The
transmitted ultrasonic signals and their standard deviations were compared for stratified, wavy, and
annular mist flows in order to determine the relationship between the flow regime and transmitted

ultrasonic signals.

2. Time-of-flight ultrasonic flowmeter

Fig. 1 shows the schematic of a TOF ultrasonic flowmeter. The flowmeter consists of a pair of
ultrasonic transducers installed upstream and downstream at the external surface of the pipe. Each
ultrasonic transducer consists of a piezoelectric element inclined at an angle such that the incidence
angel of the ultrasonic signal is « . If an ultrasonic pulse is emitted from the upstream transducer, the
transit time of the ultrasonic signal, 7], is reduced depending on the flow velocity whereas the transit
time of the ultrasonic signal from the downstream transducer, 7, , is increased. The transit time of the
ultrasonic signal from the upstream and downstream transducers can be determined from the following

equations:

T, =(D/cos8)/(c, +V, sin@)+1,

T, Z(D/COSQ)/(Cf—VLsinQ)HO’ (1)

where D is the inner diameter of the pipe; 6 is the refraction angle of the ultrasonic signal measured with

respect to the flow normal; c¢r is the speed of sound in the fluid; V1 is the line-averaged velocity; and #



is the transit time of the ultrasonic signals emanating from the transducers through the pipe walls. The

relationship between the speed of sound and the o and 6 are expressed by Snell’s law as

sina _sind
= , (2)

c [

m

where ¢ is the speed of sound in the ultrasonic transducers. Based on Egs. (1) and (2), the line-averaged

velocity, Vi, can be expressed as:

V.
At =2Dtan H(ﬁ} s 3)
c; =V sin” @

where At = T, — T. The profile factor, PF, is used to convert the line-averaged velocity, Vi, into the

flow rate, Oror, as follows:

aD?

Oror = PF'- VL 4)
In general, PF is determined based on the calibration considering the flow rate, upstream and

downstream conditions, and so on. Therefore, the accuracy of A¢ determination is important for the TOF

flowmeters.
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Fig.1 Schematic of a clamp-on ultrasonic flowmeter (top view).

3. Methodology

3.1 Experimental facility

Fig. 2 shows a schematic of the experimental facility used for two-phase (air—water) flow rate

measurements using clamp-on TOF ultrasonic flowmeters. The experimental facility consisted of a two-

phase flow mixing section, a flow visualization section, and a test section for ultrasonic signal

transmission. The test section was installed horizontally in the experimental facility. A blower was used

to generate the main air flow in the test section. The mixing section was constructed from an acrylic

resin pipe (inner diameter: 130 mm, length: 150 mm) connected to reducers (SGP125A%50A) on both

sides of the pipe. A fog spray nozzle (model: BIMJ2022, H.Ikeuchi & Co., Ltd., Japan) connected to a

water pump (model: 10-LPM-610, Maruyama Manufacturing Co., Ltd., Japan) and an air compressor

(model: GT-75K, Meiji Air Compressor Mfg. Co., Ltd., Japan) was installed at the mixing section. By

varying the rate of air supply and water flow rate, the mean diameter of the droplets could be controlled



within a range of 30-60 um with a fixed spray angle of 20°. Three types of flowmeters were used in this
work: (1) a vortex flowmeter (model: VXW1050-N11G-1104A, OVAL Corporation, Japan) with an
accuracy of 1% of the full scale to measure the air flow rate from the blower, (2) a mass flowmeter
(model: SEF-12, HORIBA STEC Co., Ltd., Japan) with an accuracy of £3% of the full scale to measure
the air flow-rate from the compressor, and (3) an impeller flowmeter (model: NDO5-TATAAA-RD, Aichi
Tokei Denki Co., Ltd., Japan) with an accuracy of +2% of the reading scale to measure the water flow
rate. The flow visualization section was made of an acrylic resin pipe with an inner diameter of 50 mm
and length of 1.5 m. An SGP50A carbon steel pipe (outer diameter: 60.5 mm, inner diameter: 52.9 mm,
length: 1.0 m) was placed downstream of the flow visualization section. A high-speed camera (model:
FASTCAM SA 1.1, Photron Limited, Japan) with a frame rate of 10,000 frames per second and shutter
speed of 1/25,000 was employed to classify the flow regimes of the two-phase flows.

The water flow rate was varied from 0.30 to 1.35 L/min, which corresponds to a superficial
water velocity, Ji, range of 0.0023-0.0100 m/s. The air flow rates were varied within a range of 1380—
3830 L/min and 130-160 L/min for the blower and air compressor, respectively. The ratios of the air
flow rates from the compressor and blower were within a range of 0.035-0.116. The total air flow rate
was varied from 1540 to 3990 L/min, which corresponds to a superficial air velocity, Jg, of 11.7-30.2

m/s. The wetness fraction, 5, was varied between 0 and 23% and is defined as

__ A
g oL+ P ’ ©)

where pr, and pg are the water and air densities, respectively. The experimental conditions for two-phase



flow were selected based on the conditions in steam pipe lines. An open-to-atmosphere separator tank

was used in the experimental facility and the experiments were carried out under atmospheric pressure

conditions at a temperature of 20-22°C.

Water P F
tank

Ultrasonic transducers

Water pump Mixing section
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Flow visualization section
Separator tank ~ Test section Nozzle

(SGP50A) N
compressor

Fig. 2 Schematic of the experimental facility.

3.2 Experimental procedure

Two ultrasonic transducers were attached horizontally to the outer surface of the test section

(opposite to one another), as shown in Fig. 3. In general, most of the ultrasonic signals will propagate

not only through the flow but also through the pipe wall as guided waves. These guided wave are one

of the noise sources, which complicates the detection of the ultrasonic signals propagating through the

flow. In order to minimize the generation of guided waves, butyl rubber was used as a damping material

and was affixed to the outer surface of the test section. The incidence angle between the ultrasonic signal

and pipe wall was 57°. The angle between the wedge and pipe surface was greater than the critical angle.

Thus, the ultrasonic wave did not propagate in the pipe wall as a body wave and formed wider beams in



the pipe. The transducers employed for the measurements were the same as those used by Sasaki et al.
[13].

The ultrasonic transducers were connected to a pulser/receiver (model: JPR-10C-2CH-KB,
Japan Probe Co. Ltd., Japan). Four-cycle burst signals at 1| MHz were emitted as the ultrasonic signals.
Both of the ultrasonic transducers had the same center frequency of 1 MHz. The ultrasonic pulses were
periodically emitted from the transducers at a pulse repetition frequency of 100 Hz. The ultrasonic
signals were received at the opposite transducer and sampled using a high-speed digitizer (model: NI
PXI-5114, National Instruments Corporation, USA) with a sampling rate of 250 MS/s (mega-samples
per second). Five hundred waves were continuously recorded and the measurements were repeated 10
times, resulting in 5,000 ultrasonic signals in each direction: from the upstream transducer to the
downstream transducer and vice versa. Using the consecutive signals, V(i, ¢), the ensemble-averaged

signals V(t ) and standard deviations V, (l ) were calculated in each direction as

N

V)= 2V i) ©

0= 22 6)- 70 o

where N is the number of waves for averaging; i is the pulse number; # is the elapse time from each pulse

emission; and V is the wave signal obtained at A/D board.
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Fig. 3 Schematic of the test section (front view).

4. Results and discussion
4.1 Flow visualization

Fig. 4 shows the flow visualization results of the two-phase flow at different superficial air
velocities, Jg, and superficial water velocities, J.. The wetness fraction, S, was 19%. The vertical
positions of the ultrasonic transducers installed downstream of the flow visualization section for each
test case is indicated by the dashed box in each image. It can be observed that most of the droplets
flowed like a cloud in the pipe for all test cases. In addition to the droplets, most of the liquid flowed
along the bottom of the pipes when Jg = 11.2 m/s and J. = 0.0030 m/s (Fig. 4(a)). In this case,
fluctuations at the liquid-gas interface were not significant and the flow was classified as stratified flow.
The void fraction can be estimated at 95% based on the height of the liquid phase obtained from the
pictures, assuming that surface of the liquid phase is smooth and flat [20]. When Jg = 15.6 m/s and J. =

0.0045 m/s (Fig. 4(b)), numerous large droplets were observed at the pipe wall and these droplets flowed



to downstream. There was no liquid film observed at the pipe wall except at the bottom of the pipe. A

wavy liquid-gas interface was present and therefore, the flow regime was classified as wavy flow. At

higher values of Jg and Ji. (Figs. 4(c)—(e)), the liquid film covered all over the pipe wall, as indicated by

the light and dark regions in the images. In these cases, the flow was classified as annular mist flow, and

there was significant movement of the liquid film between the bottom and top of the pipe. There have

been several investigations for predicting the void fraction in horizontal two-phase flow. The void

fraction in wavy and annular mist flows in the experimental conditions can be estimated at more than

98% based on a slip ratio model with Lockhart & Martinelli correlation [21]. A flow regime map was

plotted based on these visual observations, as shown in Fig. 5. The empirical models of Weisman et al.

[22] for wavy-stratified transition and annular transition are also indicated in the figure and are given

by

0.20 0.45
( : o J (DGGJ =8(J,/J, )" for wavy-stratified transition
gD (pL - pG) Hg

( )1/8 0.27.0.18 JeP, V2 N Jg " 3)
1.9(J./J,)" =Ku™Fr'"* = GG J (GJ
o ([g(pL -ps)o]™) \ eD

for annular transition,

where o denotes the surface tension; g denotes the acceleration due to gravity; u denotes the fluid
viscosity; G denotes the mass flux; Ku is the Kutateladze number; and Fr is the Froude number. Based
on the results, the values of Jg and Ji. for annular mist flow in the experiments showed good agreement

with the empirical model for annular transition. However, the values of Jg and J;. for stratified flow were



confirmed to be in the wavy flow regime.

Pipe wall

(a) Jo = 11.2 m/s, Ji = 0.0030 m/s (b) Jo = 15.6 m/s, Ji = 0.0045 m/s

(d) Jo = 25.6 m/s, J. = 0.0076 m/s

(e) Jo = 30.1 m/s, J. = 0.0090 m/s

Fig. 4 Flow visualization results of the two-phase flow at different values of Jg and Ji, where
L=19%
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Fig.5 Flow regime map plotted based on the visual observations.

4.2 Characteristics of the transmitted ultrasonic signals

Fig. 6 shows the ensemble averaged transmitted ultrasonic signal and its standard deviations
in stationary air. The number of waves, N, used for averaging was 500. The high intensities of the
transmitted ultrasonic signal at the beginning of the elapsed time (# < 5 pus) represents the noise associated
with the burst signals of the emitted pulse because the transmitter and receiver sensors were connected
with the same pulser/receiver. Therefore, the signal is neglected. The presence of guided waves
propagating in the pipe wall was detected at 1 > 40 ps. The ultrasonic signal transmitted through the
stationary air was clearly detected at 190 us, which was the target signal for the measurements. It shall
be noted that the standard deviation should be 0 if the signal is not time-dependent. However, this was
not the case because white noise was present in the ultrasonic signals due to measurement system. In

general, the standard deviation of the transmitted ultrasonic signal was almost invariant with respect to



time.
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Fig. 6 Ensemble-averaged transmitted ultrasonic signal and its standard deviations in stationary air

(N = 500).

Fig. 7 shows the ensemble-averaged ultrasonic-signals transmitted from the upstream and
downstream ultrasonic transducers and their standard deviations in single-phase (air) flows for different
area-averaged velocity, u . The transmitted ultrasonic signals were averaged based on 5,000 waves. It
can be observed that the transit time difference between the upstream and downstream ultrasonic
transducers, At, increased with an increase in u . In contrast, the intensity of the target signal decreased

with an increase in # , which can be attributed to the higher attenuation of ultrasonic signals as a result

of turbulence dissipation. Therefore, the higher the area-averaged velocity, the lower the intensity of the
transmitted ultrasonic signal. This indicates that it is more difficult to accurately estimate At based on
the transmitted ultrasonic signals at higher flow velocities. The standard deviations of the transmitted
ultrasonic signals in theses test cases were similar to those in stationary air except at the target signals.

The standard deviations at the target signals create a convex shape, with a frequency of ~2 MHz. There



were slight variations in the instantaneous line-averaged velocity along the ultrasonic beam with an

increase in u# because of flow turbulence, which led to differences in the transit time between the

upstream and downstream ultrasonic signals [5]. Therefore, the maximum standard deviations at the

target signal slightly increased with an increase in # . Because the ultrasonic pulses were burst signals

with a center frequency, fo, of 1 MHz, it can be ascertained that the standard deviations with a frequency

of ~2 MHz were due to differences in the transit time of the ultrasonic pulses.
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Fig. 7 Ensemble-averaged ultrasonic signals transmitted from the upstream and downstrem

ultrasonic transducers and their standard deviations in single-phase (air) flow (N = 5,000) for

different values of L_l .



Figs. 8 show the ensemble-averaged ultrasonic signals transmitted from the upstream and

downstream ultrasonic transducers and their standard deviations in two-phase (air—water) flows for

different superficial air velocities, Jg, and superficial water velocities, Ji, where = 19% (Fig. 8). The

target signals were confirmed at = 190 ps and the standard deviations at the target signals form a convex

shape, similar to those in single-phase (air) flows. However, there were significant differences in the

standard deviations during the guided wave period, depending on the flow regime, even though the

ensemble-averaged signal patterns were similar. In stratified flow (Fig. 8(a)), the standard deviations

were almost constant except at the onset of the guided wave (¢ < 100 ps). The standard deviations during

the guided wave period increased when the flow regime transitioned from wavy to annular mist flow.

In annular mist flow (Figs. 8(d)), the intensities of the target signals were significantly lower compared

to those in other flow conditions (Figs. 8(a)—(c)) whereas the standard deviations during the guided wave

period were significantly higher. Although a small gap at the pipe connection between the visual

observation and the ultrasonic test sections existed, the distributions of standard deviation were related

to the flow regime observation. Therefore, it can be thought that the small gap was not so significant for

the flow regime. In addition, it was confirmed that the standard deviations at the target signals create a

typical distinctive pattern. Therefore, it can be deduced that the target signals can be easily distinguished

from the noisy signals based on the standard deviations of the transmitted ultrasonic signals compared

with the ensemble-averaged signals.



It can also be observed that the high-intensity guided waves appeared randomly for each test

case. This indicates that some of the guided waves in the pipe wall are transmitted to the liquid film at

the internal pipe wall and the waves are reflected at the liquid-gas interface. If there are no fluctuations

at the liquid-gas interface, there will be no changes in the propagation paths of the guided waves, which

will lead to low standard deviations. In contrast, if there are large fluctuations at the liquid-gas interface,

random reflection will occur at the interface and thus, the propagation paths of the ultrasonic signals

will change instantaneously. In this case, some of the reflected ultrasonic signals will be transmitted

through the pipe wall and converted into guided waves. As the standard deviations in upstream and

downstream directions were almost the same during guided-wave period in each flow regime, it can be

assumed that the upstream and downstream sensors were mounted almost axisymmetrically with respect

to the vertical axis. In contrast, if the upstream and downstream sensors are not in the correct positions,

i.e. not axisymmetric with respect to the two-phase flows, the values of the standard deviations may be

different.

Fig. 9 show the standard deviations for different values of g, at the same value of Js under

wavy and annular mist flow regimes. In wavy flow, changes in the propagation path were mainly

caused by the fluctuations in the liquid—gas interface flowing along the bottom of the pipes. Thus, the

standard deviation slightly increased with the wetness fraction. In annular mist flow, fluctuation in the

liquid film substantially alters the paths of ultrasonic propagation. This effect mainly appeared around

100 ps in the transit time. The maximum values of the standard deviation increased significantly with



[. If multiple reflections occur at the liquid—gas interfaces, the propagation distances of the guided

wave increase, resulting in the longer propagation times. With increase in the number of reflections on

the liquid—gas interface, ultrasonic attenuation at the interface also increases. Thus, the intensity of the

guided wave decreases with increasing transit time, ¢. Decreases in the standard deviation after z = 100

us occurred more rapidly at higher . As a result, there are conditions that the standard deviation at

the target signal, # = 190 ps, became lower for higher . Therefore, the standard deviation distribution

is dependent on the flow regime and fluctuations at the liquid—gas interface. However, the transit time

that results in the maximum value of the standard deviation may change with the size of the pipe, liquid

film thickness, and covered area on the wall. These observations necessitate further investigations. In

contrast, the minute liquid droplets may disturb the propagation paths of the ultrasonic signals in the

flow. It is very likely that the intensities of the target signals propagating in the flow will weaken with

an increase in the number of liquid droplets. However, the differences due to the wetness fraction are

not as pronounced compared with those due to changes in the flow regime. The volume ratio of liquid

droplets in the gas phase along the measurement line could be estimated considerably less than 0.1%.

Furthermore, the wider ultrasonic beam was used for the measurement. Therefore, the disturbance in

the ultrasonic propagation caused by the droplets was not significant. Thus, the generation of random

guided waves associated with the fluctuations at the liquid—gas interface is a significant factor that

reduces the SNR of the target signal.
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(d) Annular mist flow: Jg = 30.8 m/s, JL = 0.0091 m/s

Fig. 8 Ensemble-averaged ultrasonic signals transmitted from the upstream and downstream
ultrasonic transducers and their standard deviations in two-phase (air—water) flows for different
values of Jg and Jr, where = 19% (N = 5,000).
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4.3 Calculation of the time-of-flight

Several methods have been developed to determine the transit time difference between the
ultrasonic signals transmitted from the upstream and downstream transducers, A¢, [23] such as the trigger
method based on a fixed threshold and the cross-correlation method. In these methods, it is of utmost
importance to distinguish the target signals from the noisy signals accurately. In this study, the

normalized cross-correlation function, R(Z’) , was used to estimate At, as follows:

[ES()E (¢ +7)at

Re)= \/IEU (eVdt| Eye+7)de

)

where the £}, and E represent the signals, that is, V(t) or Vg, (l‘), received from the upstream
and downstream ultrasonic transducers, respectively. The value of 7 at which R(Z’) 1S maximum is

defined as At.

Fig. 10 shows the relationship between the transit time difference, At, and area-averaged

velocity, u#, in single-phase (air) flows calculated using the ensemble-averaged ultrasonic signals

shown in Fig. 7. The least squares approximation and uncertainty range of the reference flowmeter are

also indicated in Fig. 10. As cf2 is much larger than VL2 sin” @, At increases almost linearly with an

increase in # as indicated in Eq. (3). In addition, the data were well within the uncertainty range of

the reference flowmeter.
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Fig. 10 Relationship between u and Atin single-phase (air) flows (N = 5,000).

Fig. 11 shows the transit time difference, At, calculated based on 50 averaged ultrasonic signals
for different superficial air velocities, Jg, and superficial water velocities, Ji, where = 19%. Thus, 100
results of At were obtained from 5,000 waves for each test case. The reference values, Atrer, Were
calculated using least squares approximation for single—phase (air) flows, assuming that the change in
gas velocity due to liquid present in two-phase (air—water) is within uncertainty range of the reference
flow meter. It can be seen from Figs. 11(a) and (b) that the A¢ values conform well with the reference
values. In contrast, there was a significant difference in At determined from the ensemble-average
ultrasonic signals and reference values when Jg = 21.5 m/s, and Ji = 0.0061 m/s (Fig. 11(c)) due to the
lower SNR. In Fig. 11(c), several misdetections of A¢ were confirmed in the 100 data. The differences
are approximately 1 ps from the reference value. In the cross-correlation function, the shapes of the

target signals from the upstream and downstream transducers are compared to calculate Az. As the burst



signal was used for the measurements (Fig. 8), misdetection of A¢ in the cross-correlation function is
likely to have occurred at Afrer = n/fo, where n is an integer. In this study, with decreasing SNR,
misdetection of Af likely occurred at Afrer £ 7 [us] with fo = 1 MHz. As shown in Fig. 7, for single-phase
flow, the intensity of the transmitted signal decreased with the gas velocity. In addition to the higher
noises, the intensity of the transmitted signal was low. As a result, it was difficult to determine Af
accurately when Jg = 30.8 m/s and Ji. = 0.0091 m/s (Fig. 11(d)). To confirm the misdetections of Az at
Atrer £ n/fo, the threshold was set at Afrer £ 0.5 ps. If At was within Afrer + 0.5 ps, it was considered to
have been successfully obtained. Fig. 12 shows the success ratios, R, of determining the transit time
difference, At, for different values of Jg and Ji.. The empirical models of Weisman et al. [22] for wavy—
stratified transition and annular transition are also plotted in the figure. It is apparent that the success
ratios of determining A¢ are the least for annular mist flows, where R < 0.8. This indicates that it is
difficult to obtain accurate flow rate measurements at lower SNRs, as shown in Figs. 8(d) and 9(b).

As shown in Figs. 8 and 9, the peaks of the standard deviations of the target signals can be
clearly observed even in annular mist flows. Thus, it is confirmed that the transit time difference values,
At, can be determined based on the standard deviations of the ultrasonic signals. Fig. 13 shows the
comparison of the cross-correlation coefficients R(T) determined based on ensemble-averaged
ultrasonic signals and standard deviations of the target signals (V = 5,000). To obtain a more accurate
estimate of Az, the maximum R(Z’) must be sufficiently large. It shall be noted that 7 corresponding

to the maximum R(Z‘) is At. The determined Az and reference value are shown as vertical lines in the



figures. It can be observed from Fig. 13 that the R(Z’) values determined based on the ensemble-
averaged ultrasonic signals and standard deviations of the target signals fluctuates at 1 and 2 MHz,
respectively, due to differences in the signal shape. The differencein 7 at which R(Z’) was maximum
was found to be small at higher SNRs (Figs. 13(a) and (b)) such that the maximum R(Z‘) values overlap
one another. However, the difference in 7 corresponding to the maximum R(T) obtained based on
the ensemble-averaged ultrasonic signals and standard deviations of the target signals was significant at
a lower SNR, as shown in Fig. 13(c). In this case, the value of 7 determined based on the standard
deviations of the target signals showed good agreement with the reference value. Furthermore, the
distribution of the cross-correlation coefficients obtained based on the standard deviations of the target
signals tends to have a single well-defined peak, which facilitates in identifying the maximum R(T). As
shown in Figs. 8 and 9, ensemble-averaged ultrasonic signals of the target signals changes from burst
wave into the distorted wave with a decrease in the SNR, making it difficult to distinguish the target
signal from the noisy signal, resulting in an inaccurate estimation of Afz. In contrast, the standard
deviations of the target signal follow a typical distinctive convex pattern, which facilitates in identifying
the true target signal. Hence, it is possible to obtain a more accurate estimate of Az based on the standard

deviations of the target signals.
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Fig. 14 shows the relationships between A¢ and Jg, in two-phase (air—water) flows for different

values of . Here, At was determined based on the ensemble-averaged ultrasonic signals and standard

deviations of the target signals as shown in Fig. 13. The solid lines refer to the reference values obtained

for single-phase (air) flows. Increasing the number of waves used for averaging from 500 to 5,000

improved the accuracy of At determined based on the ensemble-averaged ultrasonic signals with a

success ratio of 80-90%, as shown in Fig. 12. However, there was a significant difference in the Az from

the reference values at lower SNRs (where R < 80%), as shown in Fig. 14(a). This indicates that

increasing the number of waves for averaging does not improve the estimation accuracy of A¢ at lower

SNRs, regardless of the wetness fraction. It should be noted that the difference between the reference

value and the measured data at Jg = 25.2 m/s with f = 10% is almost 1 ps, which corresponds to the

period of the ultrasonic frequency. It means that misdetection of At in the cross-correlation occurred as

discussed in Fig. 11. However, results for the other values of f at the same Js agree well with the

reference value. As discussed in Fig. 9, the standard deviation at f = 10% was slightly higher than that

at higher f values with the same Jg. Due to the slight difference in the SNR, Az could not be accurately

obtained at f = 10% in Jg = 25.2 m/s. In contrast, the A¢ values determined based on the standard

deviations of the target signals showed good agreement with the reference values for all wetness

fractions, as shown in Fig. 14(b). This indicates that this new approach can be useful to estimate the

transit time difference at lower SNRs. However, the main disadvantage of the standard deviation



approach is that a large number of waves are required to determine the A¢ compared to the ensemble-

averaged approach. In other words, it is not possible to accurately determine Af based on the standard

deviations of the target signals if the number of waves is insufficient for the calculations.
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Fig. 14 Relationship between At determined from ensemble-averaged ultrasonic signals and

standard deviations of the target signals (N = 5,000) and J; in two-phase (air—water) flows.

5. Conclusions

In this study, a new signal processing method based on the standard deviation was proposed

to improve the estimation accuracy of the transit time difference of clamp-on TOF ultrasonic flowmeters

for wet steam flows.

The ultrasonic signals were found to be time-dependent and their characteristics vary

depending on the flow regime. The generation of random time-dependent guided waves in the pipe wall

was determined to be a significant factor that reduces the SNR of the target signal, which in turn, reduces



the success ratio of the transit time difference estimations. The guided waves in the pipe wall are

transmitted to the liquid film and reflected at the liquid—gas interface, which alters the propagation path

of the ultrasonic signals, resulting in noisy signals. The presence of noise in the ultrasonic signals makes

it difficult to distinguish the target signal from the noisy signal, which affects the estimation accuracy

of the transit time difference. The effect of guided waves on the ultrasonic signal propagation was more

pronounced compared with the effect of liquid droplets. The success ratio of the transit time difference

estimations decreased with an increase in the temporal change of the guided waves. In order to improve

the estimation accuracy of the transit time difference, the cross-correlation coefficients should be

determined based on the standard deviations of the target signals rather than ensemble-averaged

ultrasonic signals. The results showed that the transit time difference can be determined accurately based

on the standard deviation approach even for annular mist flows where the SNR is greatly reduced. The

results also showed that the SNR of the ensemble-averaged target signal decreased as the effect of the

guided waves became more significant. In contrast, the SNRs were significantly higher for the standard

deviations of the target signals compared with those for ensemble-averaged target signals. Therefore,

the standard deviation approach can be used to obtain a more accurate estimate of the transit time

difference in cases where the SNR is reduced because of signal attenuation such as in wet steam flows.

Furthermore, the standard deviation distribution varied significantly when the flow regime transitioned

from stratified flow to annular mist flow and thus, the flow regime can also be roughly estimated based

on the standard deviation distribution.
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