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ABSTRACT

Ultrasonic instrumentation and measurement techniques

Conventional ultrasonic flowmeters cannot measuefen chanell unfilled fluid flow. To encounter theblem, a

technique was proposed using a single transmitizeiver transducer attached at the bottom opibe. Pulse echo
signals scattered from the particles in the mediwere repetitively recorded with a constant timeinal. From the
slope of the correlation peaks with the variatidrpolse echo excitation time, flow velocity of tiheedium was

estimated. The method has an advantage that therick of the water surface variation can be awbideder the
condition of the non-turblent laminar flow. To shohe feasibility of the technique ,examinations everade for the
rippling unfilled water flow in a pipe with diamat®4 mm and length 1000 mm. Flour powder was miasd
scatterers in the imitated drainage water. The flelocity measured by the present method was cadpaith that

of the predetermined over the range 0-5 cm/s. €kelts showed that the precision of the measuoed $peed was
satisfactory and tolerant of the ripping of the evaurface in so far as the non-turbulent flow dpgas satisfactory
and tolerant of the rippling of the water surface® far as the non-turblent flow conditions weatis§ied.

1. INTRODUCTION

With the recent escalation of environmentahaswns,
monitoring for the flow rates in the flumes anddvain pipes
is much demanded. Conventional ultrasonic flowmetarsh
as through transmission travel time method, canmexdt the
request. Hence, there are few methods applicablethi®
unfilled fluid flows in the pipe or small open chra flumé.
To encounter the problem, a techniftié has been
investigated based on the observation of the pels®o
signals scattered from the particles in the mediSmecial
feature of the present technique is that transmit eceive
direction is perpendicular to the fluid flow dirent and flow
velocity is estimated by the correlation calculatizetween
the repetitively excited pulse echo signals. In present
paper, simulation and experiment examinations amdento
verify the precision of the flow velocity measurerhéor the
open channel unfilled fluid. To show the feasigilaf the
technique, examinations were made for the ripplinglled
water flow in a pipe with diamater 54 mm and leng€00
mm. Flour powder was mixed as scatterers in théated
drainage water. The flow velocity measured by thesent
method was compared with that of the predetermimest
the range 0-5 cm/s. The results showed that theisiva of
the measured flow speed was satisfactory and tdlefathe
ripping of the water surface in so far as the noilent
flow speed was satisfactory and tolerant of thpliig of the
water surface in so far as the non-turblent flomditons
were satisfied.
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Figure 1. Schematic of the open channel ultrasound
flow meter system.
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2. PRINCIPLE OF THE FLOW MEASURMENT

As shown in Figure.1, a flow measurement eqtpa for
the unfilled liquid medium in the pipe is considé&revhere
the medium is flowing with constant speeth the horizontal
x direction. A single transmitter/receiver transduce at-
tached at the bottom of the pipe. Pulsed wavesregeti-
tively excited at time instant =nT,; (n=0,1,2...) for every
time intervalTy.. Echo signal®(t; t) scattered from the par-
ticles in the flow medium can then be received, nglhés the
arrival time of the echo signal starting from eao{titation
time 1. Maximum peak of correlation between the target si
nal e(t;t) and the reference signe(t; 1=0) with respect to
timet is calculated as

[ et-tim)e(t;r = 0)ct
R(r) = Max R
v Jfettr)at [e(t;T =0yt
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Figure 2. Procedure of flow speed estimation,
(a) pulse echo signals, (b) variation of the corre-
lation peak.

Integral range in time is frortety to t=ty+At. It is related
with the water depth as

z,~2,+Az=0.5t,~ 0.8 {,+At), @)

wherec is sound speed in the watét,andAz are the span of
the integration with respect to timand deptlz, respectively.

Suppose that pulse echo signals as shown in FR{a)e
are repetitively observed. Procedure can then ipéaieed
to obtain the flow speed from the observation & phlse
echo signals. Maximum value of the correlationha €cho
signals are obtained as shown in Figure 2(b) andetlina-
tion slope can be estimated. For the case whenatiget
particles are located at the position within theliated
acoustic beam field in the rangg<P+/2 (D is the diameter
of the transducer)R(t) takes peak at=0 and decreases in
proportional to ¥|=t|. Furthermore, when the targets go
beyond the acoustic beam field in the rangeD}/2, the
correlation approaches to zero. We note that fln&tlium
moves a distancx=vT, for each pulse excitation time in-
terval. Therefore, the slope of dec#@R(At|,-) around the
peak ¢=0)is proportional tov (since, }|=pt|). In other
words, flow velocityv can be estimated from the slope of
the fitted regression line over the correlatiorveur
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Figure 3. Simulated pulse echo signals fg~0.2
pcs/mmn, Tpn—lo ms and=2.0 cm/s. (a) shows the
gray scale image, (b) shows amplitude v.s. timé plo
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Figure 4. Variation of the correlation as a function of
pulse excitation time lag under the condition of

Tor=10 ms and different flow speed §&90.5 cm/s,

(b)1.5cm/s, (c)2.0cm/s, (d)3.0cm/s. Fitted regmssi
lines are shown with dashed line in the curves.

3. SIMULATION EXAMINATION
3.1 Method

To show the feasibility of the method descrikaabve,
received echo signals are calculated using the lation
software Field . In the present simulation, point scatterers
with random amplitudes and random locations areeulan
the three-dimensional flow pipe space. Transmitieale
field in the flow medium are calculated assumingsed
wave illumination from the transducer located a Hottom
of the pipe. Following, scattered field by the pHes and
reception amplitude at the receiver aperture dilzded. In
the present simulation, flow medium is consider@de the
collection of the weak scattering particles. Nehadields
were estimated as the superposition of the impusponse
by the individual single particles based on the Bapproxi-
mation. Parameters are set with same conditioharfdllow-
ing experiment. A circular planar disc transducéhwiame-
ter D,=25.4 mm is prepared. Sine pulse wave with frequenc
fo=5 MHz and duration 0.5 cycle was emitted from tifa@s-
ducer.

3.2 Synthesis of echo waves

Pulse echo signals with the pulse repetition Tate10
ms are calculated over the excitation time kg0-2.5s
(number of excitatioN=250). Assuming a constant laminar
water flow with speed=2.0 cm/s, particles in the medium
were translated by a distange=v T, for each excitation.
Calculated echo waves from the particles at thd lewer the
range just below the water surfazel9.5-27 mm are as
shown in Figure 3, where (a) shows the gray scabge of
the echo amplitude, and (b)shows the plot of tleeived r.f.
echo waveforms. Successive echo waves show clgsenre
blance each other and parallely striped patterrthengray-
scale image demonstrate the degree of correlatbgtyeen
the waves. When the turbulent flows are contairtedrathan
the laminar flow, the result exhibits much distdrigatterns
(effect of the turbulent flow was not consideredtia present
simulations).
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3.3 Evaluation examination of the flow speed meas-
urement

Density of the scattering particles was set witl2 0.
pcs/mni. The flow speed was changed over the ramge5s-
5.0 cm/s with 0.5 cm/s step. Pulse waves were exkaitith
repetition ratel,;=10 ms. According to the method described
in 2, correlatiorR(t) were calculated with the variation of the
pulse excitation tima. The results were shown in Figure 4
with the fitted regression line (red line) at thieimity of 1=0.
We can see the tendency that slope of the regredisie
increases with the increase of flow veloaityFor the quanti-
tative estimation, slopes of the regression linesewplotted
with respect to changing flow velocity as showrFigure 5.
Here, the density of the scattering particles vedsasth two
different cases for 0.2 and 0.4 pcs/fim order to increase
the time resolution, pulse repetition time was aepy in-
creased according to that of the flow velocity.(ilg=10 ms
for v<3 cm/s,T,=1 ms forv>3 cm/s). It can be seen that the
slope of the regression line is in good proportidadhe flow
velocity and independent of the scattering partidmsity.
Thus, it is expected that the flow velocity candstimated
from the observation of the slope of the correfatarve.
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Figure 5. Simulated results of slope of correlation
peak as a function of preset flow velocity. Density
the scattering particles is changed as legend aram
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Figure 6. Experimental set-up for the flow velocity
measurement.

4. EXPERIMENT

4.1 Experiment set-up

Experiment set-up used in the present study ishawrs
in Figure 6, which was fabricated with the samedition in
the simulation. As a drainage mimicking water, flpowder
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Figure 7. Results of observed pulse echo signals for

powder densitp,=0.5 %, (a)shows the case for pre-
set flow velocityw=1.27 cm/s and (b) for=4.26

cm/s. Left-hand graphs show the gray scale image,
right-hand graphs show anitude v.s. time plc.

mixed water with density 0.125, 0.25 and 0.5 % pr@pared.
The solutions were circulated in the horizontallsaaged
acrylic pipe with lengti.=1 m and diameteD,=54 mm. The
flow velocity v was controlled by changing the excitation
voltage of the electric pump. Preset value of tbe f/elocity

v was measured by the rotating vane flow meter.exqelec-
tric circular transducer with the center frequerigysMHz
and diameteD,=25.4 mm (Panametrics:V307) was attached
at the bottom of the pipe. Pulser/receiver (Pandoset
5058PR) was used for the excitation and amplificatf the
ultrasonic waves. Finally, they were digitized Ine tdigital
oscilloscope and transferred to the personal coenput

4.2 Experiment result of the flow speed measure-
ment

Flour mixed water was circulated in the pipeedet value
of the flow velocityv was changed over the range from
v=0.68 cm/s to 4.26 cm/s. Pulse echo waves werengitse
repetitively with repetitionT,,=10 ms. Results of observed
pulse echo signals for powder dengitr0.5% are shown in
Figure 7, where (a) shows the case for preset flelocity
v=1.27 cm/s and (b) for=4.26 cm/s. It is recognized that the
stripe patterns in the gray scale images weretdligiolated
due to the generation of the turbulent flows. Timilate the
errors caused by the turbulent flows, echo signei®e proc-
essed dividing the depth range. It is expected tbatela-
tivity is maintained in each subdivided segmentthithis
concept, depth intervals betweenl19.5 mm and 27 mm
were subdivided with everfz=0.9 mm spacing, correlation
peakR® for thek-th depth segment was individually calcu-
lated. The correlation pedkwas determined from the aver-
age ofR™® thus obtained. Figure 8 shows the correlation peak
R as a function of the excitation time for differgmeset flow
velocity. Here, fitted regression lines are showthwlashed
lines in each graph. As expected, it is confirnteat the cor-
relation peak decays linearly especially at theirégg of
the excitation time instant. Finally, the slopestioé fitted
lines were estimated for the data obtained foredgifit parti-
cle densities. Figure 9 shows the plot of the dopkthe
fitted lines as a function of set-up flow velocityThe results
demonstrate that the measured slopes were in gagmbp
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tion to the preset flow velo
the powder particles.
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Figure 8. Experiment results of the peak correlation
coefficientsR as a function of pulse excitation time
for different preset flow velocity. Fitted regression

lines are shown with

dashed line in the curve.
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Figure 9. Experiment results of slope of correlation
coefficients as a function of preset flow velocity.
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5. CONCLUSION

From the results demonstrated above, it was coafirm
that the flow velocity can be measured with miniminftu-
ence by the variation of flow conditions, whichseverely
required for the open channel flow. In particuldrjs ex-
pected that influence of the variation of waterelegan be
avoided if the non-turbulent laminar flow conditiendomi-
nant. The authors are proceeding with much elaboraes-
tigations on these points.
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