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Abstract. In the study of fluid flows, one of the important parameters is the spatial-
temporal velocity distribution. Experimental measurement of the parameter is required
for the development and validation of various models in this field. Techniques for the
measurement of flow velocity at single points have been in operation with great success
for many years. However, there are situations where the measured data at one point is
obviously not enough to understand structures in, e.g., turbulent/transient flows. One
of the well-established and powerful methods for measuring velocity distribution is the
UVP - Ultrasonic Velocity Profile method that enables measurements of the instantaneous
velocity profile along a measurement line, i.e. the sound path. The new application of
spike excitation along with the Doppler signal processing to the UVP method has recently
been successfully tested. Regarding this new method, factors influencing the measure-
ment result require further careful investigations. This study addresses, to some extent,
the effect of the seeding-particle concentration on the results of spike-excitation UVP mea-
surements. For the investigation, experimental measurements of water pipe flow have
been carefully executed for a wide range of the particle concentration. The dependence of
the measured data on the particle concentration is evaluated and reported. The result of
this study suggests an appropriate range of the seeding-particle concentration in setting
up spike-excitation UVP measurements.

Keywords: flow velocity measurement, velocity profile, UVP - Ultrasonic Velocity Profile,
spike excitation, doppler signal processing.

1. INTRODUCTION

Single-phase liquid flow widely exists in industry, such as in the thermal hydraulic
system of various power plants. The flow characteristics, flowrate etc. are mandatory for
the proper and optimized operation of the system. Because, for example, they directly
affect the heat transport and therefore the power generation, the plant safety etc.

The spatial-temporal distribution of the flow parameters is of great importance for
detailed analyses of the flow dynamics. Besides, liquid velocity profiles can be used
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to calculate the flowrate, an important parameter for flow control. A high accuracy of
the flowrate measurement can be derived. Therefore, the uncertainty of the flowrate
measurement can be firmly decreased. Advanced techniques for flow measurement are
under continuous improvement and development. Among them, the ultrasound tech-
niques, e.g. the UVP method, to measure the velocity profile of single-phase liquid flow
have been well established and of considerable interest.

The UVP method is a unique and powerful tool to measure the velocity profile of lig-
uid flows. It exploits the ultrasonic echography and Doppler effect [1,2]. A UVP system
comprises an ultrasonic sensor (for emitting and receiving ultrasound); a signal process-
ing unit that includes a Pulser/Receiver (P/R), a highspeed digitizer, and signal process-
ing electronics and/or software. In conventional/commercial UVP systems, the signal
processing algorithm is usually based on the pulse-repetition Doppler-shift method. In
contrast with the continuous-wave method, the pulsed-wave method enables velocity
profile measurement [3]. The Doppler method uses the Doppler effect to calculate the
fluid velocity. An important characteristic of the UVP method is that it is able to perform
non-intrusive and online measurement of spatial-temporal velocity distribution. Mea-
surement of opaque-liquid flows in non-transparent boundaries is possible, especially at
critical industrial conditions, e.g. at very high temperature etc. In comparison, the opti-
cal PIV/PTV (i.e. Particle Imaging/Particle Tracking Velocimetry), and the Echo PIV (i.e.
PIV that uses ultrasonic B-mode images) are also of particular interest [4,5]. However,
measurement result is typically obtained from offline analyses because, presently, im-
age processing is a time-consuming process, especially at high measurement resolution
and/or image resolution [6]. The UVP method has found a wide range of applications
including the flow measurement, flow monitoring etc. in laboratory, industry and engi-
neering.

In the UVP method, the active element (usually the piezoelectric element) of the sen-
sor emits ultrasonic pulses when it is excited by an electrical excitation pulse [2]. Con-
ventionally, the Doppler method exploits either a constant-amplitude electrical pulse or a
sinusoidal one to excite an ultrasonic sensor [3]. Such particular electrical excitation pulse
is generated from specially designed pulser to generate electrical pulses that have a spe-
cific number of wave cycles and a required frequency. The design and implementation
of the hardware of such pulser are usually complicated. These pulsers are mainly used
for specific applications (e.g. in conventional UVP systems, medical ultrasound systems
etc.) and not widely available for custom applications. In contrast, the electrical excita-
tion pulse of a spike type (i.e. a very short-time voltage rise/fall) is most widely used,
especially in the Non-Destructive Testing (NDT) industry. Such a pulse that is gener-
ated from spike pulsers has a wideband frequency spectrum in nature. Previously, in the
UVP method, it was not used with the Doppler shift method but with wide-band signal
processing methods, e.g. the Ultrasonic Time-Domain Correlation - UTDC [7] etc. The
spike length is typically much shorter than that of the sinusoidal pulse. Hence, the spike
pulse enables high-spatial-resolution measurements. Additionally, the spike pulser cir-
cuit has simple design and can be cheaply implemented [8,9]. Therefore, affordable spike
pulsers can be widely found for custom applications. In the previous study [10], a UVP
system that utilizes the electrical excitation pulse of the spike type has been successfully
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developed. Applications of the system to the measurements of both single-flows and
two-phase flows present obvious potential of new UVP method (e.g. see [11,12]).

The conventional UVP measurement method that exploits sinusoidal-burst excita-
tion UVP systems (both hardware and software: e.g. commercial UVP systems) has been
well established. Thus, regarding the UVP measurement method that is based on the new
spike-excitation UVP system, it is also of immense importance to carefully investigate the
factors influencing the applicability, accuracy etc. of the method.

In UVP measurement, the seeding of the liquid flow is of critical importance since
there must be enough reflected ultrasound so that the velocity profile of the flow can
be measured. Several seeding methods are in use with the UVP method such as using
seeding particles, generating gas bubbles etc. (e.g. see [13]). The first affecting factor that
needs to be addressed is the concentration of the seeding ultrasonic reflectors. Here the
particle concentration is defined as the number of ultrasonic reflectors per one measure-
ment volume of the UVP method.

In the previous study [14], preliminary investigations and analyses have been car-
ried out and briefly reported. Based on the received feedback about the received results
presented, in this study, the effect of the seeding-particle concentration is fully inves-
tigated and analyzed experimentally. Measurements of instantaneous velocity profile
of a liquid flow in a pipe have been carried out at varied seeding-particle concentra-
tion. Analyses of the measured velocity profile have been executed. The influence of the
seeding-particle concentration on the velocity profile measured by the spike-excitation
UVP system has been quantified. The suitable range of the seeding-particle concentra-
tion has been suggested. Accordingly, the received results towards these research ob-
jectives would make significant new contributions to in-depth clarifications of the spike
excitation UVP method.

2. EXPERIMENTAL SETUP
2.1. Flow loop

A schematic drawing of the experimental flow loop is shown in Fig. 1. The loop
consists of the following main parts:

oflow 1- Test pipe (transparent acrylic, 50 mm inner diameter)
| 0 u 7|—L]ﬂ } 2-8 MI—P}zpultrasonI;c sensor Y
3- Turbine flowmeter (accuracy +2%)
JDOW'!ﬁOW 4- Needle valve controlling the flowrate in the pipe 1
64D Overflow| 5- Floor tank
J s |9 6- Overflow weir (in the floor tank)
7- Circulation pump
/IE) 8- Overflow drain tube
4D 9- Tube supplying water to the upper tank
f ‘%7 10- Upper tank
5 AL 11- Overflow weir (in the upper tank)

Fig. 1. Experimental flow loop [14]
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As shown in Fig. 1, the test flow is generated in the vertical pipe 1. The sensor 2
is located at a distance of 64D from the pipe inlet and 14D from the end of the pipe
(where D is the inner diameter of the test pipe 1). 8 MHz ultrasonic sensor 2 is used. The
flowrate in the pipe 1 is measured by using the turbine flowmeter 3. The needle valve
4 is used to control the flowrate of the test flow. Overflow weirs 6 and 11 are used to
maintain constant water levels in the floor tank 5 and the upper tank 10. Working liquid,
tap water, is circulated through the up-flow pipe 9 to the upper tank by the pump 7.
The overflow from the upper tank returns to the floor tank through the pipe 8. Nylon
powder (WS-200P, Daicel Degussa Co., Ltd., Japan) is used as the seeding particles in the
UVP measurements.

2.2. Instrumentation

The spike-excitation UVP system, both hardware and software, developed in [10] is
used for the experimental investigation in this study. In general, the principle of UVP
could be briefly explained as follows. An ultrasonic sensor is excited by electrical pulses
from a pulser (i.e. a pulse generating circuit). Thus, the corresponding ultrasonic pulses
generated from the sensor are transmitted along a measurement line, i.e. the sound path,
through the tested flow. During the time between two consecutive emitted pulses, the
sound reflected from the seeding particles along the line is received by the sensor it-
self and transmitted into a receiver (i.e. the receiver circuit). Since the sound speed is
a known parameter, the received signal (i.e. a time series) can be exactly divided into
segments that correspond to the equally-spaced positions along the sound path (i.e. the
time-gating technique which is widely used in ultrasound systems, radar systems etc.).
The Doppler shift frequency, hence the velocity, at each position can be calculated by us-
ing a Doppler-signal processing algorithm. Thus an instantaneous velocity profile can be
obtained. The detailed principle of the pulsed-wave Doppler ultrasound and the signal
processing methods can be found e.g. in [15-18].

In the UVP measurement of pipe flow, the ultrasonic sensor is typically set inclined
an angle with respect to the flow direction so that the desired velocity profile can be
always obtained. This is based on the fact that the Doppler effect, i.e. the change in the
sound frequency, is measured for the movement towards or away from the sound source.
The inclined angle is an input parameter and is selected based on detailed investigations
prior to any UVP measurement [2].

The UVP system used in this investigation includes:

a) 8 MHz ultrasonic sensor having active-element diameter 3 mm (Japan Probe Co.
Ltd.).

b) Spike pulser and a signal receiver (JSR DPR300, JSR Ultrasonics Co., Ltd.) having
maximum pulse-generating frequency 5000 Hz.

c) PC with a high-speed digitizer having maximum sampling frequency 100 MHz
(NI PCI-5112, National Instrument Co. Ltd.) and signal processing software.

2.3. Measurement setting

Measurements were carried out in fully developed turbulent flow regime. The
Reynolds number Re was 11’000 approximately where Re is calculated by using Egs. (1)



Evaluation of the effect of the concentration of seeding particles on spike-excitation doppler UVP measurement 83

and (2). The measurement conditions and UVP setting parameters are shown in Tab. 1.
Re =UD/v, 1)
U=Q/A, @)
where U is the cross-sectional averaged velocity; v is the kinematic viscosity of water; Q

is the flowrate in the pipe 1 (Q is measured by the flowmeter 3); A is the cross-sectional
area of the test pipe 1 (see Fig. 1).

Table 1. UVP settings and experimental conditions in the measurement of single-phase flow using
the spike excitation UVP system

Parameter Value
Inclined angle of the ultrasonic sensor (°) [2,19] 45
Number of instantaneous velocity profiles used to calculate an averaged profile (-) 1000
Spatial resolution in the sound path (mm) 0.754
Spatial resolution across the pipe (mm) 0.533
Temporal resolution (ms) 51.2
Temperature of the working liquid (°C) 30
System pressure Ambient pressure

The nylon powder used as the seeding particles in the measurements have an aver-
age diameter 80 1m, density 1.02 gram/cm? that is almost the same as the water den-
sity. The particles are typically recommended for the UVP measurement of water flow
[2]. In this study the definition of the particle concentration C is as follows. C is the
spatially-averaged number of seeding particles in one UVP measurement volume (shown
in Fig. 2). C is determined once before each measurement by following the procedure

Liquid flow
- Ultrasonic
0.533 mm TDX
» <« 45 0
&
N
v
v
f v Ultrasonic
) » measurement
Sound path YyV
i ’ volume

Velocity profile

Fig. 2. Arrangement of the ultrasonic sensor and the settings of measurement parameters [20]
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shown next. First, the total volume of water used in the flow loop is converted into the
total number of UVP measurement volumes by dividing the total water volume by the
volume of one UVP measurement volume. Then, the particle concentration C is calcu-
lated by dividing the total number of particles that are used in each experiment by the
total number of UVP measurement volumes.

Measurements were carried out at the following conditions of the seeding particle
concentration C: 0.01, 0.1, 0.3, 1, 10, 25, 70 and 100 (particles per UVP measurement
volume). The settings of the ultrasonic sensor (TDX) are shown in Fig. 2.

The measurement volume of the UVP method is defined as the cylindrical volume
surrounding a measurement position as shown in Fig. 2. Its thickness and diameter are
specified by the spatial resolution and the ultrasonic beam diameter, respectively. The
beam diameter is 3 mm approximately in this study.

3. RESULTS AND DISCUSSION
3.1. Measured data

Instantaneous velocity profiles of the flow are measured for different particle con-
centrations listed above. Then time-average velocity profiles are obtained by using the
measured instantaneous velocity profiles. The average profiles and a profile obtained
from the power law of turbulent pipe flow (i.e. Eq. (3) [21,22]) are plotted on the same
graphs for each seeding particle concentration (Figs. 3-10). In the plots, the profiles are
normalized by the measured velocity at the pipe center. The symbols are as follows: r is
the radius of the measurement positions along a velocity profile; ry is the inner radius of
the pipe.

”/umax == (1 - r/rO)l/n (3)
where u is the flow velocity at radius 7 (taken from the pipe center) along the profile; Umax

is the velocity at the pipe center. In this study of turbulent pipe flow, the value n = 7,
which means the typical one-seventh power law velocity profile, is used.
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3.2. Discussion

As shown in Figs. 3 to 10, the spike-excitation UVP method can be applicable to a
wide range of particle concentration. First, at very low particle concentration, i.e. C =
0.01 (particle per measurement volume), the measured instantaneous velocity profile
fluctuates. The backscattered ultrasound is weak, the SNR (Signal to Noise Ratio) is low,
hence much noise presents in the measured data as what can be generally seen in the
measurements using other UVP systems. Thus the averaged data are incorrect as shown
in Fig. 3. It would be useful to keep in mind that, the values C < 1 mean that, when
they are written in the fractional form, i.e. C = m/n where m, n are integers (m < n), sta-
tistically, there are m particles distributed randomly in 7 measurement volumes. Some
volumes might not have any particles.

As C increases, the SNR increases accordingly, the measured instantaneous velocity
profiles improve. The averaged velocity profiles become better. They are in good agree-
ment with that of the power law as seen in from Fig. 4 (C = 0.1) to 8 (C = 25). As general,
closer to the sensor, the measured averaged velocity fits better to the theoretical profile
since the SNR in such area is higher. Thus the corresponding instantaneous data should
also be reliable. And the SNR in such range of C and of the measurement depth (i.e. the
distance along the sound path starting from the sensor surface) could be appropriate for
the measurements, particularly in this investigation.

Since the UVP method is a non-intrusive and profile measurement method, the max-
imum measurable depth where the flow velocity can still be measured correctly is also a
useful parameter. One of the main factors influencing the parameter is the particle con-
centration. As C increases, the maximum measurable depth of the UVP method increases
accordingly. However, this tendency is only applicable up to some value of the seeding-
particle concentration. Up to some higher value, the maximum measurable depth de-
creases since the sound attenuation appears to play an important role when the particle
concentration is high. Sound is attenuated strongly and its strength abruptly decreases at
some distance from the sensor surface. The same problem applies to the backscattered ul-
trasound from the seeding particles. The sensor receives very weak signal returning from
the flow field. Investigation of the phenomenon in the UVP method is also of interest.

As can be observed in Figs. 4 to 8, in the far distance of the velocity profiles, the
measured velocity first improves when C increases from 0.1 to 1 (Figs. 4 to 6). The most
appropriate velocity profile would be the one measured around C = 1. Further increas-
ing C, the measured data do not improve accordingly as can be seen in Figs. 7 and 8.

Atincreased C (Figs. 9 and 10), the sound attenuation problem becomes obvious. The
measured data are affected more strongly as C increases. Beyond some critical depth,
the measured velocity all becomes zero, but not noise as in the cases of low seeding
particle concentration. It is useful to look at the received echo signal, i.e. the raw signal
before applying signal processing, as briefly shown in Figs. 11(a) and 11(b). When C =1
(Fig. 11(a)), the echo signal distributes fairly along the measurement line. However, when
C = 100 (Fig. 11(b)), it is obvious that the signal strength is high in the close part of the
profile but degenerates quickly in the far distance.
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Fig. 11. Instantaneous received echo signal along the measurement line (raw data from the re-
ceiver output; u: micro-second)

As generally expected, a UVP measurement should always be possible when C =
1 (particle per measurement volume). Fig. 6 confirms that, when C = 1, the averaged
velocity profile measured by the spike-excitation UVP system appears to be the most
reasonable one in comparison with the data of the power law of the pipe flow.

In addition, in order to confirm the accuracy of the measured data in this study, the
measurement error needs to be quantified explicitly. In order to do so, the absolute error
(in percentage) of the measurements is obtained by comparing the flowrate Q calculated
by using the measured velocity profile with that measured by the flowmeter 3 in Fig. 1)
is shown in Tab. 2 for each particle concentration. To calculate the flowrate, the following
discrete integral formular is used as shown in Eq. (4):

wfrg—n o~ 2
Q=T30 Py Y T2 (g ) 42U 4)
3 |lro—n grm—hH( l )+ Tk
where g = D/2 is the inner pipe radius; Uy is the time-average velocity at the first

measurement point from the pipe wall; r; is the radial distance from the pipe center to
the measurement position 7; U; is the time-averaged velocity measured at the position i;
k is the total number of the measurement points along the radius of the pipe; Uy is the
time-averaged velocity at the pipe center (e.g. see [23-25]).

Table 2. Absolute error of the flowrate calculation

Particle concentration C

. 001 01 03 1 10 25 70 100
(particles per measurement volume)

Particle concentration

(gram per flow volume in litter or dm?) x 102 0.05 052 157 523 1568 5228 130.69 365.93

Measurement error (%) 384 11 18 0.07 8 8.2 8.5 > 8.6
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The data of the measurement error further confirm that, the best error is obtained
when C = 1. Moreover, it is of significant interest to notice that, in this study on the spike-
excitation UVP method, the measured data (when C is close to but less than 1) appear to
have lower measurement error than those obtained when C is above 1. This characteristic
is always preferable in UVP measurements since the lower the concentration of seeding
particles, the lower the effects it might have on the flow dynamics.

4. CONCLUDING REMARKS

Investigation of the effects of the seeding particle concentration on the velocity pro-
tile measured by the spike-excitation UVP method has been systematically carried out
experimentally for the first time. The following concluding remarks have been obtained:

Similar to the conventional UVP method, the spike excitation method works prop-
erly with the seeding particle concentration C = 1 (particles in a measurement volume)
in the measurement of turbulent single-phase pipe flow.

For the flow conditions in this study, when C is too low (C ~ 0.01 or below), the
measured instantaneous data would be all noise. The averaged data are incorrect.

In the range 0.1 < C < 10, the measured data obtained are reliable. The averaged
data have been compared with the theoretical ones. The accuracy of the measured data
is firmly confirmed by further investigating the measurement error.

When C increases (C ~ 25 or above), the sound attenuation problem becomes sig-
nificant that the measured data all become zero beyond some distance from the sensor
surface. In these cases, the measurable depth is limited but the non-zero measured data
can still be usable.

Since the seeding of the test flow is required in the UVP method, it is preferable
to make the seeding particle concentration as low as possible to avoid any effects that
the seeding particles might have on the flow dynamics. When the spike-excitation UVP
method is used, particularly with the flow conditions investigated in this study, the fa-
vorable range of C would be from around 0.1 to 1.

In order to fully address the behavior of the spike excitation UVP system, further
investigations are required for different flow conditions or types of flows etc.
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