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Abstract

A velocity profile is the distribution of velocities in the
axial direction over a cross-section of circular pipe. In
this study, a new ultrasonic flow meter with a modified
multi-path configuration. namely, a tomographic ultra-
sonic flow meter is proposed for the measurement of the

flow velocity profile. The flow meter consists of a set of

transmitting transducers and a set of receiving transdu-
cers placed at different positions on the pipe surround-
ings. This configuration produces an ultrasonic path in
various directions and positions for the {low detection.
Transmitting transducers. in sequence. propagate the ul-
trasound wave to all receiving transducers, and the axial

velocity in cach ultrasonic path is measurcd. The aver-
age velocity is calculated by using the weighting method.
Using the thcoretical flow profiles. the tomographic ul-
trasonic flow meter is simulated in asymmetric flow and
compared to both the diametrical and quadrature con-
figurations. The filtered back projection method is
cmployed to reconstruct a flow velocity profile. In the
reconstruction process. the flow velocity obtained in
cach ultrasonic path is used as the projection data. An
experiment is also performed in a circular pipe for mea-
suring the air flow velocity profile. in order to validate
the proposed flow meter.

Keywords: flow velocity profilc. tomography. transit time ultrasonic flow meter

1 Introduction

Until recently. most industrial flow meters have been
designed specifically for measuring average velocity.
However, a flow meter that can be used for measuring
the flow velocity profile is also rcquired. The velocity
profile is defined as the distribution of velocities in the
axial direction over the cross-scction of a circular pipe.
Detailed information about the velocity distribution is
very important, e.g., in the oil and gas industries, where
the flow velocity distribution might be useful for more
accurate calculation of the amount of oil and gas that
has been distributed and sold to customers through a
certain pipeline.
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Nowadays, there are many kinds of flow measuring prin-
ciples which might be used for velocity profile measure-
ments such as ultrasonic flow metering, magnetic flow
metering. ete. [1]. One important type is the multi-path
ultrasonic transit time tlow meter, which is being inten-
sively studied and developed [2-4]. Such meters are al-
ready used for industrial flow velocity profile measure-
ment, either for process monitoring or custody transfer.
In practice. there are many configurations of ultrasonic
transit time flow meters such as diametrical, mid-radius,
orthogonal and quadrature. In general. they consist of a
set of transmitter-receiver pairs. where each transmitting
transducer propagates the ultrasonic wave to a particu-
lar receiving transducer.

The velocity profile depends on the fluid properties and
the pipe configuration, which is usually not uniform.
This condition will produce an asymmetric flow profile
and as a consequence, will affect the accuracy of the
measurement. The ultrasonic flow meter with multi-path
transducer configuration is designed to obtain more ac-
curate measurement results for cither the symmetric or
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asymmetric flows. Many researchers have investigated
the problem of the accuracy of multi-path ultrasonic
flow meters, e.g., Moore et al. [2] have developed a
methodology for evaluating the performance ol ultraso-
nic transit time {low meters in some asymmetric low
profiles. They investigated seven different configura-
tions of ultrasonic flow meters with equally weighted
measurement paths. The authors used some theoretical
flow protiles and three parameters to describe the per-
formance of the flow meter, i.e., hydrodynamic factor.
orientation scnsitivity factor and orientation range fac-
tor. They showed that their methodology 1s uselul for
optimizing the design of a multi-path ultrasonic transit
time flow meter. In this present study. their methodol-
ogy will be employed to evaluate the proposed svstem
of the current authors.

This paper describes a new multi-path ultrasonic flow

meter for measuring the axial tlow velocity profile of

gas within a pipe. The proposed flow meter consists of a
set of transmitting transducers and o set of receiving
transducers placed at ditferent positions on the pipe sur-

roundings. The transmitters are placed in o section of

the pipe and the receivers are placed in another scetion
upstream to the position of the transmitters. The tlow iy
electronically scanned by ultrasonic transducers. The ul-
trasonic waves are propagated in sequence from trans-
mitting transducers and received simultaneously by all
receiving transducers. Thus, at any given time, only one
transmitter is activated and the propagated wave is re-
ceived by all receivers. This configuration produces an
ultrasonic path in various directions and positions for
flow detection. The axial velocity in each ultrasonic path
is detected and measured. The total average axial velo-
city is determined by using the weighting method. The
tomography method is employed to estimate the distri-
bution of the axial velocity. In order to evaluate the per-
formance of the proposed tflow meter. the hydrodynamic
factor and the orientation sensitivity factor are calcu-
lated for various asymmetric theoretical flow profiles.
Finally. the performance of the proposed flow meter is
compared to other ultrasonic {low meter configurations
such as the single path flow meter in a diametrical con-
tiguration and the four paths flow meter in a quadrature
configuration.

The remainder of this paper is arranged as follows: sec-
tion 2 describes the basic principles used in the present
study. i.e., the ultrasonic transit time flow metering and
tomography method, and section 3 describes the pro-
posed flow meter and compares it to other ultrasonic
flow meter configurations. Section 4 describes the ex-
periments for validation of the concept and the results
obtained from the experiments. Finally, section 5 de-
scribes the conclusions of the study.

2 Basic Principles
2.1 Ultrasonic Transit Time Flow Meter

The ultrasonic flow meter using the transit time or time
of flight method with a singlc path configuration is de-
picted in Figure L. In this flow meter [1], the measure-
ment is performed by transmitting a pulse from a trans-
ducer through the fluid to another transducer positioned
downstream in the pipe, and back again. The flow velo-
city is obtained by measuring the difference in the time
taken for the signal to travel up and downstream. There-
fore, the transit time in the upstream direction 7, and in
thc downstream direction ¢, can be expressed by
Eqgs. (1) and (2), respectively:

R (1)
"= Veost
L
_ 2
L ¢+ Vcosd (2)

where L is the path length, ¢ is the velocity ultrasound
path in the {luid. V' is axial velocity measured along the
path. and 7 is the angle between the sound path and the
axial velocity of flow.
From Egs. (1) and (2). the axial velocity of flow can be
caleulated as follows:

L1 -1

21,0, conH

9]

In other words. il the ultrasound travel time (*. is mea-
sured in the upstream direction and #, is the travel time
without {low. then the tflow velocity can be expressed as:

ol —1) )
© rcost 4)

In the present system. Eq. (4) is used to calculate the
flow velocity.
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Fig. 1: Single path ultrasonic flow meter.
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2.2 Tomography Method

In the present work. a well known reconstruction algo-
rithm from tomography methods. i.c.. the filtered back
projection is employed [5]. This algorithm is based on
the Fourier slice theorem. Consider that f{x, v) repre-
sents the characteristic distribution of the object to be
studied and Py(r) is defined as its projection function.
I'he function Py(r) 1s known as the Radon transform of
the tfunction f{x, v). It S(w.0) is the Fourter transform of
Py(t), then the Fourier slice thecorem is cxpressed as:

Stew. ) = F(en. 0) = Flacos ). crsin{)) (5)

where F(w.0) 15 the 2-dimensional Fourier transform of
an object with polar coordinates. The image of the ob-
jeet Ax, v) can be constructed by means of the inverse
Fouricr transform of S(.8). If K is the number of pro-
jections, then the reconstructed object function flxy)
can be written as:

.
_f'(x.y) :% ; Q. (xcost, - vsinl) (6)
where,

e de (7)

Q1) = /”‘ Sii(w)

Equation (7) represents the filtering operation and Q is
known as a filtered projection.

3 Tomographic Ultrasonic Ilow Meter
3.1 Transducer Configuration

Based on the principle of transit time ultrasonic flow
metering. a new configuration of multi-path ultrasonic
flow meter is proposed [6]. The objective of this new
configuration is to detect the flow in various directions
and positions from many angles. A set of transduccrs
arc installed around the pipe in the measurement por-
tion at two cross-sectional planes. i.e.. the transmitter
and receiver planes. In this work. the flow meter is de-
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Fig. 2: Transducer arrangement of the tomographic configuration.

veloped by using 8 transmitting transducers and 8 re-
ceiving transducers. The distance between the receiver
and transmitter planes is equal to the diameter of the
pipe. D. Transmitting transduccrs arc installed in the
transmitter plane or downstrcam planc and receiving
transducers in the receiver planc or upstrcam planc.
Each transducer is oriented to maximize the signal am-
plitude reccived. The proposed system is called the to-
mographic {TOMO) ultrasonic flow meter and its con-
figuration is shown in Figure 2.

The variables being measured arc the transit times of
the ultrasonic pulse generated only in the upstream di-
rection. The transit time data was collected according to
the following procedure, as shown in Figure 3. The
transmitter was activated sequentially from the first
transmitter to the last transmitter. This procedure is
known as scanning of the flow. At any one time. only
one (ransmitting transducer propagates an ultrasonic
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Fig. 3: Data collection procedure.
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Based on the principle of transit time ultrasonic flow
metering, a new configuration of multi-path ultrasonic
flow meter is proposed [6]. The objective of this new
configuration is to detect the flow in various directions
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Fig. 2: Transducer arrangement of the tomographic configuration.

veloped by using 8 transmitting transducers and 8 re-
ceiving transducers. The distance between the receiver
and transmitter planes is equal to the diameter of the
pipe, D. Transmitting transducers are installed in the
transmitter plane or downstream plane and receiving
transducers in the receiver plane or upstream plane.
Each transducer is oriented to maximize the signal am-
plitude received. The proposed system is called the to-
mographic (TOMO) ultrasonic flow meter and its con-
figuration is shown in Figure 2.

The variables being measured are the transit times of
the ultrasonic pulse generated only in the upstream di-
rection. The transit time data was collected according to
the following procedure, as shown in Figure 3. The
transmitter was activated sequentially from the first
transmitter to the last transmitter. This procedure is
known as scanning of the flow. At any one time, only
one transmitting transducer propagates an ultrasonic

transmitter

plane
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pulse. In order to obtain a relatively large ultrasonic
beam spread angle, the frequency of the transducers
should be relatively low. Thus, the ultrasonic beam
transmitted from a transmitter can be received simulta-
neously by all receiving transducers. The total number
of the measurement paths is N*N, where N is the num-
ber of transmitters or receivers. The measurement path
in the data collection process for 8 transmitting transdu-
cers and 8 receiving transducers is shown in Figure 4.

Fig. 4: Transit time measurement path.

After collecting the travel time data in each measure-
ment path, the flow velocity is calculated by using
Eq. (4). The different position and orientation of each
measurement path will result in different contributions
to the total average flow velocity. The weighting method
is used for calculating the total average axial flow velo-
city. The weighting factor w;, for each path is applied to
each velocity and the total average velocity measured is
described as:

Vineas = Z W; (Vpath)i (8)

i=1

3.2 Comparison with Other Configurations

To evaluate the performance of the proposed flow me-
ter, two parameters were calculated, i.e., the hydrody-
namic factor H. and the orientation sensitivity factor S,
to indicate the sensitivity of variation of flow meter con-
figuration to the asymmetric flow. The hydrodynamic
factor is defined as the ratio of actual mean velocity in

the pipe to that which is measured [2], and it is described
by the following equation:

Vact

H = )
In the theoretical flow model, the actual velocity is the
true mean cross-sectional mathematical function of the
velocity, and the measured velocity is the total of all
measured velocities along the paths. The orientation
sensitivity factor is defined as the range of hydrody-
namic factors and described by the following equation:

S = Hmax - Hmin (10)
These two parameters are calculated in theoretical flow
velocity profiles for the tomographic (TOMO) config-
uration, and then compared to two other ultrasonic flow
meter configurations, i.e., diametrical (DIAM) and
quadrature (QUAD). These flow meter configurations
are shown in Figure 5. Each flow meter configuration is
rotated at increments of 22.5° with respect to the profile
for a maximum of 180°.

Tomo

Diarnetrical GQuadrature

Fig. 5: Three different configurations of ultrasonic flow meter.

The theoretical asymmetric flow velocity profile in a cir-
cular pipe of Salami [2] is described by Eq. (11). Moore
et al. [2] used this equation in their study to generate 14
profiles. In the present study, only two profiles are used
and the parameters are shown in Table 1, with profile 1
having one peak and profile 2 having more complex
characteristics. The contour plot of the theoretical flow
velocity profiles are depicted in Figure 6.

v=(1=r)"4mr(l —r)"f(6) (11)
Table 1: Paramcters for theoretical flow [1].

Profile |n k m a f(6)

1 9 4 -0.5/n - fsin 8

2 9 0.5 -6.7501 {05 e-afsin ¢
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Fig. 6: Theoretical flow velocity profiles.

The hydrodynamic factors for profiles 1 and 2 are shown
in Figure 7. The hydrodynamic factor of the single path
flow meter in a diametrical configuration has the largest
variation with respect to orientation. The hydrodynamic
factors of the tomographic configuration are relatively
constant, and remain close to 1.0, with respect to orien-
tation in an asymmetric flow, i.e., the actual velocity is
almost equal to the measured velocity for orientation in-
crements of 22.5°.

The orientation sensitivity factor calculated for the three
configurations are listed in Table 2, and the values are
very close to zero for the tomographic configuration.
This shows that the hydrodynamic factor is constant for
orientation increments of 22.5°. It is clear from the re-
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Fig. 7: Variation of hydrodynamic factors for the flow meter con-
figurations, DIAM (diametrical), QUAD (quadrature) and
TOMO (tomographic) on flow profiles 1 and 2.

Table 2: Orientation sensitivity factors.

Configuration Orientation sensitivity factor, S
Profile 1 Profile 2
DIAM 0.0914 0.1272
QUAD 0.0320 0.0149
TOMO 0.0000 0.0000

sults that the tomographic ultrasonic flow meter can
provide a more accurate measurement of flow velocity
in asymmetric flows than the diametrical and quadrature
configurations.
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ing the flow velocity. From the measurements, the aver-
age sound wave velocity is found to be 334.7 m/s.

The average axial flow velocity was then calculated in
each measurement path and the total average velocity
was determined. The average axial flow velocity and the
flow rate obtained from the experiments are described
in Table 3.

Table 3: Mcasurement results obtained from the tomographic ul-
trasonic flow meter.

Experiment Average Velocity Flow Rate
(m/second) (m*/second)

I 0.867 0.028

I 1.579 0.051

m 2.277 0.074

In these experiments, the measurement result was not
compared to a standard flow meter for validation. How-
ever, for comparison, the average velocity was also mea-
sured using a single path ultrasonic flow meter in the
diametrical configuration. Table 4 shows the results ob-
tained from both the diametrical and tomographic flow
meters. The error is defined as the difference between
the measurement results obtained from both these types
of flow meter.

The measurement path of the diametrical flow meter is
only along the diameter, while the tomographic flow
meter has measurement paths in a variety of positions
and directions. As discussed in section 3.2., the tomo-
graphic flow meter is more accurate than the diametrical
flow meter. Thus, in these experiments, the error which
occurs can be viewed as the relative error of a diametri-
cal flow meter compared to a tomographic flow meter.
Before the velocity profile is reconstructed, the mea-
surement path data are interpolated to be 40 and 240
equally spaced data in each projection. The recon-

Table 4: Results from diametrical and tomographic flow meters.

structed velocity profiles are shown in Figures 10 and
11. The result obtained from 240 interpolation projected
data is better in terms of smoothness relative to the 40
interpolation projected data.

5 Conclusions

This paper has presented a new multi-path ultrasonic
transit time flow meter with a tomographic configura-
tion for measurcment of the flow velocity profile. The
proposed flow meter consists of a set of transmitting
transducers and a set of receiving transducers placed at
different positions on the pipe surroundings. The flow is
electronically scanned by ultrasonic transducers, i.e., the
transmitter is activated sequentially from the first trans-
mitter to the last transmitter. This configuration results
in an ultrasonic path in various directions and positions
for detecting the flow, and makes it possible to estimate
the flow velocity profile using the tomography ap-
proach. The transit time of an ultrasonic wave is mea-
sured in each measurement path and the weighting
method is then used to calculate the total average velo-
city. The filtered back projection algorithm of the
straight path tomography was employed for reconstruct-
ing the flow velocity profile. From the experimental re-
sults, the tomographic ultrasonic transit time flow meter
can, in principle, be implemented for measuring both
the total average flow velocity and the velocity profile.
The tomography results show that the flow meter can be
used to visualize the velocity profile. It has also been
shown that the hydrodynamic factor of the tomographic
ultrasonic flow meter was relatively constant, remaining
close to 1.0 for orientation increments of 22.5°, and its
sensitivity factors are zero. Thus, the tomographic ultra-
sonic flow meter can be used to provide more accurate
measurements of flow velocity than the diametrical and
quadrature configurations in asymmetric flows.

Average Velocity (m/second) Flow Rate (m*/second)

1 1 X I I m
Single path (Diametrical) 1.024 1.717 2.417 0.033 0.056 0.078
Multi-path (Tomographic) 0.867 1.579 2277 0.028 0.051 0.074
“error” 0.157 0.138 0.140 0.005 0.005 0.004
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Fig. 10: Flow velocity profiles with 40 interpolated data. Fig. 11: Flow velocity profiles with 240 interpolated data.
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Unfortunately in the Abstract of the paper a word (opacity) is missing,

In the first sentence in the Abstract:
... because of the excellent and whiteness they provide.

There should be:

... because of the excellent opacity and whiteness they provide.
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