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The exact measurement of multiphase flow is an important and essential task in the oil and petro-
chemical related industries. Several methods have already been proposed in this field. In the existing
methods, flow rate measurement depends on the fluid flow pattern. Flow pattern recognition requiring
calibration has created instability in such systems. In this paper, a imple and reliable method is pro-
posed which is based on ultrasonic tomography. It is free from calibration and instability problems that
existing methods have. The obtained data from a 32-digit array of ultrasonic sensors have been used and
the two-phase flow rate including liquid and gas phases have been calculated through a simple algebraic
algorithm. Simulation results show that while applying this method the measurement technique is inde-
pendent from the fluid flow pattern and the system error is decreased. For the proposed algorithm, the
average amount of the spatial imaging error (SIE) for a bubble at different positions inside the pipe is

about 5%.
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1. Introduction

Nowadays the multiphase flow measurement is
a big challenge in gas and petroleum industries. In such
industries, multiphase flowmeters are used for reser-
voir management, controlling the process of injecting
chemical materials into the reservoir, acidification, and
optimising the production from oil reservoir (ISMAIL,
2005; KIRILLOV, 2014; SAFONOV, 2014; WAHAB, 2011;
ZHANG, 2014). Multiphase flowmeters show fluid on-
line variations. In the past, oil separation was used for
calculating flow rate of reservoir output, but due to
the large size of equipment, high cost of maintenance,
and their long delay in showing fluid flow variations,
the tendency to use multiphase flowmeters instead of
separators has grown (THORN et al., 2012).

Multiphase or two-phase flowmeters can be di-
vided into two categories: invasive and noninvasive
ones (Xu, Xu, 1997; WANG et al., 2015). Pitot tube,
Orifice, V-cone, or turbines belong to invasive mea-
surement where the tools are placed inside the pipe
and remain in contact with the fluid. The main prob-
lem with these tools is friction with the fluid which
causes the variation of fluid flow pattern and decreases
the accuracy of the system; also the lifetime of such

tools is shorter than that of noninvasive tools. X-ray,
gamma-ray, radioactive sensors, ultrasonic and mag-
netic waves can be categorised as noninvasive mea-
surement tools. Noninvasive flow rate measurement is
better than other methods but it has some disadvan-
tages. Noninvasive optical method and using transpa-
rent pipes have a high speed response but the trans-
parency of the pipe and media are their severe limi-
tations. Nonlinear electrical properties of the soft me-
dia are disadvantages of measurement systems based
on electrical properties (Xu, Xu, 1997; LIANG et al.,
2016). On the other hand, the method based on X-rays,
gamma rays, and radioactive sensors have high fabri-
cation and maintenance cost. Also these methods may
be harmful to workers.

Ultrasonic waves are applied in a wide range of ar-
eas such as medical imaging, fluid flow measurement,
and flaws detecting, but they also have some limita-
tions such as slow propagation velocity and tempera-
ture dependence (WANG et al., 2015; CAMACHO et al.,
2012; OPIELINSKI, 2013). In flow measurement based
on ultrasonic waves, central frequency must be selected
appropriately to achieve requested precision. More-
over, compared with optic and electromagnetic waves,
ultrasonic waves consume less energy, their mainte-
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nance cost is lower, and their scale-up is performed
easily (RAHIMAN et al., 2010). Flow measurement by
ultrasonic waves was studied and developed for the
first time in 1980 and was implemented in the field in
1990 (Xu, 1997). The common method of two-phase
flow measurement with ultrasonic waves use transient
time technique and/or Doppler effect. Recently, artifi-
cial intelligence and mathematical algorithms are used
for analysing sensor’s outputs and measuring flow rate
(KOIKE, 2002; RAHIM, 2007; WANG, 2003). In general,
gas and liquid flow pattern varies with pressure, tem-
perature, the geometric figure of pipes, or amount of
flow rate (KUMAR, 2015). One of the most important
disadvantages of those techniques is that measurement
depends on fluid flow patterns and then causes instabil-
ity in the system. Also, recognition of these patterns
by multiple sensors requires complicated algorithms.
Thus, these systems should be equipped with perma-
nent calibration that might be used for one special kind
of flow pattern (BRATLAND, OVE, 2010).

Tomography can be used to solve the above-
mentioned problems about two-phase flowmeters and
to simplify fluid flow measurement. Tomography has
a wide range of applications in biotechnology and
medical industries and the operation of reactors
(WAHAB, 2011; ROKHANA, ANGGRAINI, 2015). There
are various methods and sensors for tomography such
as X and gamma rays, lonizing Radiation, Position-
Emission Tomography (PET), Nuclear Magnetic Res-
onance (NMR), sound and electrical methods (using
impedance and capacitor properties of media) (LIANG
et al., 2016; WANG, 2015).

Tomography is a process for creating two-
dimensional images from a three-dimensional object
and it can provide a cross-sectional image of fluid dis-
tribution inside the pipe. Nondestructive, noninvasive,
less expensive, and online operation are the key bene-
fits of ultrasound tomography (WANG, 2015). Ultra-
sound tomography is comprised by ultrasonic tran-
sient time tomography (UTT) and ultrasonic reflec-
tion mode tomography (URT). We can use both the
UTT and URT for multiphase flow processing. Com-
bining UTT and URT results for reconstruction algo-
rithm gives us many advantages, which is better than
the single modality of UTT or URT (TAN et al., 2019).

In the previous papers, ultrasonic tomography has
been used for recognising fluid flow pattern, fluid be-
haviour inside the pipe, etc. (ISMAIL, 2005; WAHAB,
2011; Xu, Xu, 1997; WANG, 2003; BEsic, 2014). One
of the most important ultrasonic tomography applica-
tions is in the medical imaging. Ultrasound tomogra-
phy enables early detection of pathologies in biological
tissues. An ultrasonic array can be used for tomog-
raphy too. We can change the inclination and focus-
ing of the waves by changing the activation time of
the ultrasonic transducers (STASZEWSKI et al., 2019).
Thus, considering its potential, the ultrasonic tomog-

raphy will be used in this paper for two-phase flow rate
measurement.

2. Principle and construction

Transmission and reflection modes are used for ul-
trasonic tomography with physical properties related
to the time of flight and Doppler effect, respectively.
We can use one of these modes for ultrasonic tomog-
raphy but in some cases both the transmission and
reflection modes are used for enhancing UT precision
(TAN et al., 2019). The sensor’s output data is using
for reconstructing cross-sectional image of fluid inside
the pipe, fluid flow obtained from image processing,
and fluid motion velocity. There are various algorithms
for image reconstruction depending on sensors data,
therefore algorithm selection depends on the kind of
sensors in the tomography (DOBRUCKI, OPIELINSKI,
2000). Zernike multinomial (BESIC, 2014), ellipse al-
gorithm (YANG, 2013), and back projection algorithm
(TAN et al., 2019; NORDIN, 2014) are examples of such
algorithms.

The presented method is based on acoustic
impedance difference between gas and liquid which
causes wave return on the interface between two phases
(WAHAB, 2011; RAHIMAN et al., 2008):
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In the above relation, R,, T}, Z1 and Z indicate ul-
trasound pressure reflection, transmission coefficients,
and acoustic impedance of the media, respectively. Ac-
cording to these relations, the amount of pressure re-
flection from the interface of gas (air) and liquid (wa-
ter) is 99.94%. Table 1 shows impedance values and
sound speeds for air and water (LIANG et al., 2016).
Wave reflection value in the interface of two phases can
be calculated by considering the acoustic impedance of
phases.

Table 1. Density, sound speed, and acoustic impedance
at normal temperature (27°C) and pressure.

Media | p [kg/m?] | ¢ [m/s] | Z [Mrayl|
Water 1000 1497 1.497
Air 1.293 346 0.00045

To select the piezoelectric centre frequency for wa-
ter media, we use the relation 27” a > 1 (Xu, Xu,
1997), where @ and A are the bubble radius inside the
pipe and sound wavelength, respectively. For instance,
for a piezoelectric sensor with 2 MHz centre frequency,
a bubble with a 1.2 mm diameter can be recognised.

For fluid speed measuring by an ultrasonic wave in
the pipe, we can use a Fig. 1 configuration where ul-
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Fig. 1. Schematic of sensors arrangement on the pipe
for flow velocity measurement.

trasonic signals are emitted and received by two trans-
ducers. The flow velocity can be achieved with propa-
gation delay time between flow direction and opposite
direction.

In the normal pressure and temperature, we can
suppose that both phases of flow have the same speed
and we can neglect the slip effect for the gas phase. In
this condition velocity of the fluid flow is given by the
following equation (XING, 2014):
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where t1, to, and d are propagation time in path 1 and
path 2, and diameter of the pipe, respectively, and 6
is the ultrasonic incident angle into the pipe. In the
room conditions, while the fluid flow is not turbulent,
the bubbles inside the liquid can be assumed as convex.
Besides, if the transmitted ultrasound wavelength are
small compared with the bubble diameter, the motion
of the waves is considered in a direct line. Therefore, we
can use the fan-shaped scan technique for piezoelectric
sensors arrangement.

In the fan-shaped arrangement, all of the sensors
can transmit and receive an ultrasonic wave and this
process is controlled by the electronic circuits (Fig. 2).
By considering ultrasonic wave movement in the direct
line, if there is a gas bubble between two piezoelectric
sensors in the direct path, the receiver will not receive
any signal in the specified time because in this condi-
tion the wave scatters from bubble surface, and if the
path includes only water phase, the signal is received at
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Fig. 2. Fan-shaped sensors arrangement.

specified time with acceptable amplitude. The piezo-
electric receiver may receive various ultrasonic signals
(from different paths) at the same moment and this
can cause incorrect recognition of the target signal. To
solve this we have limited the signal reception time
by target sensor (based on the exact position of piezo-
electric sensors on the pipe and velocity of wave in
the liquid phase). It means that the tomography tech-
nique is based on signal reception time and signal level,
thus the waves which arrived after reflection from other
paths have not been received (Fig. 3).
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Fig. 3. Cross-sectional image of the bubble.

After completion of transmission and reception by
all of the piezoelectric sensors, the first shot is formed
and after a short delay that has been set for sensitivity
matrix formulation and ultrasound waves settling, the
next shot will be captured. Figure 4 shows the shot
with a cross-sectional image of the gas bubble inside
the pipe.

Fig. 4. Propagation time difference between two paths.
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Output of driver circuit includes signals with two
major and minor frequencies. Major frequency is ad-
justed with respect to the time needed for transmission
and reception between piezoelectric sensors; thus it is
equal to the number of shots of fluid flow in one second.
Minor frequency is the central frequency of piezoelec-
tric (Fig. 5) (KIRILLOV, 2014). We can calculate major
frequency with the equation that follows and from the
t for an ultrasonic reflection system:

t:ni—d(l +p), (4)

where n is the number of transducers, d is the pipe
diameter, v is the sound speed in the media, and p is an
additional percentage of time for the ultrasonic wave
to attenuate below a detectable level (WANG, 2015).

Calculations delay
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Fig. 5. One frame of the tomography cycle.

Here, receiver output is considered as two signal
levels of zero and one, so that if the signal is received,
the output becomes one, and if there is no signal, it is
considered zero. Therefore, if the number of piezoelec-
tric sensors is n, the data obtained from them in one
shot are calculated as nxn matrix. This matrix is called
the sensitivity matrix and its main diameter is defined
as null (because piezoelectric sensor cannot be trans-
mitter and receiver simultaneously). In addition, the
sensitivity matrix is symmetrical relative to the main
diameter. The sensitivity matrix is used for the re-
construction of cross-sectional image of the pipe. The
most common algorithm for reconstructing an image
from the sensitivity matrix is the back projection al-
gorithm (WANG, 2015). Sensitivity matrix processing
algorithms and image processing both have systematic
error and therefore, in the worst case, these errors are
added to the error of sensors. In our method, the sen-
sitivity matrix has been used for acquiring gas and
liquid flow amount directly, without image processing.
The important point in flow computation is that mul-
tiphase fluid pattern inside the pipe changes slowly
(LIANG et al., 2016), therefore flow patterns can be
considered constant in a relatively long period. Thus,
in this method, there is no need to recognise fluid flow
patterns or perform system calibration.

3. Proposed method

The presented method for measuring two-phase
fluid flow is divided into two sections. First, with re-
spect to initial data, the pipe diameter, the number,

and place of piezoelectric sensors, the cross-section of
the pipe is divided into small pixels just like it is done
in the Computational Fluid Dynamics (CFD) based
software. The number of pixels is different depend-
ing on the pipe diameter and piezoelectric number. In
the back projection algorithm for image reconstruction
with a growing number of sensors we cannot achieve
high resolution and enlarging the size of the image
grid does not help (OPIELINSKI, GUDRA, 2006). How-
ever, in the proposed method we can improve preci-
sion of the measurement by increasing the number of
sensors and pixels of the gridded area. We mesh the
pipe vertical slice and according to the exact place of
the mounted piezoelectric sensors, pixels located in the
path between two sensors are calculated.

For example, Fig. 6 shows pixels located in the di-
rect path between two sensors. In order to count the
pixels correctly, every pixel is numbered inside the pi-
pe. After computing these data for all pairs of the sen-
sors, the data are stored in the nxn table so that in the
(i, 7)-th home of the table there is a 1 x k matrix which
includes all of the pixels located in the path between
sensor ¢ and j. These data are constant for an installed
system and they only depend on the arrangement of
sensors and meshing manner of pipe cross-section.

Receiver
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Transmitter

Fig. 6. Pixel finding algorithm.

Moreover, the above mentioned table is calculated
only once, before the flowmeter start up. The primary
table is a symmetrical table.

The second section is concerned with the compu-
tation of cross-section area of each phase inside the
pipe by using the data of sensors. As we mentioned
in the previous section, in each shot or sonogram, the
related sensor’s data are stored in a sensitivity matrix.
Here, if an ultrasonic wave is received in the piezoelec-
tric sensor (voltage observation), this piece of data is
considered as 1, and otherwise, it is stored as 0. This
kind of digitalisation of data results in simple compu-
tation and error reduction. After acquiring the sono-
gram data, the computation of inside-pipe flow begins.
In this computation, if (i, j)-th sensitivity matrix entry
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was 1, the pixels that were stored in the primary table
will be supposed as water pixels. In addition, if other
arrays in the sensitivity matrix were 1, new pixels will
be added to the water pixels set. The most important
point here is that the addition should be done as a set
union operator. The numbering of the pixels has been
done for pixel uniqueness and applicability of union
syntax in the MATLAB. After finishing the processing
of sensitivity matrix arrays, the water pixels are speci-
fied. All of these pixels are 100% water because if there
was gas in the path of the sensors, the related pixels
would count zero. Therefore, the percentage of water
inside the pipe is obtained through counting the num-
ber of pixels in this set and dividing it into the total
number of pixels in the pipe cross-section. In the pre-
sented method for computing gas percentage and with
respect to Fig. 7, a real cross-section of the gas bubble
is always smaller than the calculated value. Then, ac-
cording to the sensitivity matrix, we obtain the biggest
polygon inside the cross-section and consider the ave-
rage surface of two polygons for the size of the gas
bubble.

b

NS

5859 6 616263646566676869 7 717273747576777879 8

Fig. 7. Circumscribed polygon of the gas bubble.

By supposing that gas bubble cross-section in to-
mography image is A and pipe cross-section is B, the
volume of gas flowing through the pipe in the image
reconstruction time is A-V- At and for the liquid phase
it equals (B-A)-V-At, where V is the fluid movement
velocity inside the pipe and At is the image reconstruc-
tion time shown in Fig. 4 as calculation delay time. The
momentary flow of gas and liquid are calculated as fol-
lows and flow of each phase is obtained by summing
them in the time domain

@ = (B-A)-V-At, (5)

qq = A-V-At, (6)

Qg =(gg1tqg2t ... tqgn

= ﬁ; dgi» (7)

n
Qu=aqu+q2+ . +qm =Y, qu (8)

i=1
where n is the number of sonograms in the tomography
and @4, Q; are the volumes of the gas and liquid flows,

respectively.

4. Simulation results

Spatial imaging error (SIE) parameter is used for
studying the precision of simulations. This parameter
is considered as including total error of the set and
calculated as follows (Xu, Xu, 1997):

L L . . . .
Zl Zl |Gs (la]) - GT (Zaj)|
i=17g=
SIE = T : (9)
INDINEN(N)
=1 5=1
where
1 at pixels processed
Gs (i,7) = by bubble models, (10)
0 elsewhere,
and
1 at pixels processed
G, (1,7) = by reconstruction bubble, (11)

0 elsewhere,

or in the proposed method

1 f
SIF = reconstructed bubble sur ace. (12)
real surface of bubble

It is evident that the closer this number to 1, the
higher the precision shown by the system. To study
the precision of the algorithm, we consider a gas bub-
ble in various situations inside the pipe and compute
the SIE factor. We have chosen the radius of the pipe
and bubble as 5 and 0.6 in unit scale, respectively,
and bubble situations were chosen in the first quarter
of a coordinate circle with steps one-tenth in X and
Y directions. A 32-number array on the outer wall of
the pipe has been used for sensors arrangement. The
results of the simulation are depicted in Figs 8 and 9
with the vertical axis being the spatial imaging error
(SIE) factor value and the horizontal axis correspond-
ing to the bubble centre position inside the pipe, and
the maximum error in image reconstruction algorithm
occurs in the centre of the pipe. This error varies with
bubble size and location but we can reduce it with
increasing the number of sensors and verifying the al-
gorithm.



464 Archives of Acoustics — Volume 45, Number 3, 2020

15 lab-scale configuration to verify the algorithm’s preci-

1 sion.
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