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Abstract

For an accurate flow metering without considering the influences of flow control devices such as valves and elbows in closed conduits,
velocity distribution in the cross-sectional area must be integrated. However, most flow meters, including multi-path ultrasonic, electro-
magnetic or Coriolis mass flow meters, require assumptions on the fully-developed turbulent flows to calculate flow rates from physical
quantities of their own concern. Therefore, a long straight pipe has been a necessary element for accurate flow metering because the
straight pipe can reduce flow disturbances caused by flow control devices. To reduce costs due to the installation of long straight pipes,
another flow metering technique is required. For example, flow rates can be estimated by integrating velocity distributions in the cross-
section of conduits. In the present study, ultrasound tomography was used to find the velocity distribution in the cross-section of a closed
conduit where flow was disturbed by a Coriolis mass flow meter or a butterfly valve. A commercial multi-path ultrasonic flow meter was
installed in the pipeline to measure the line-averaged velocity distribution in the pipe flow. The ultrasonic flow meter was rotated 180° at
intervals of 10° to construct line-averaged velocity distributions in Radon space. Flow images were reconstructed by using a back-
projection algorithm (inverse Radon transform). Flow diagnostic parameters were defined by calculating statistical moments, i.e., average,
standard deviation, skewness, and kurtosis, based on the normalized velocity distribution. The flow diagnostic parameters were applied to

flow images to find whether the parameters could discern flow disturbances in the reconstructed velocity distribution.
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1. Introduction

For accurate flow metering in water or crude oil pipelines,
velocity distributions in the pipelines should have characteris-
tics of fully-developed turbulent flow. Straight pipelines are
installed upstream of flow meters to ensure fully-developed
turbulent flows. The length of straight pipes must be long
enough to reduce flow disturbances by valves or elbows in
moderate Reynolds numbers [1]. However, unexpected flow
disturbances, such as an abrupt increase in upstream pressure,

can influence flow conditions to make flow metering incorrect.

To evaluate such effects of flow disturbances on flow meter-
ing, velocity distributions in the pipe flows must be found.
Ultrasound tomography is a means of reconstructing flow
images from line-averaged velocity distribution by inverse
Radon transform [2-7]. In the literature, ultrasound tomogra-
phy has been implemented by using 16 ultrasonic transducers
for flow image reconstruction purposes [3, 4]. Eight ultrasonic
transducers were installed on the upstream side, and the other
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eight ultrasonic transducers were installed on the downstream
side of the flow metering section. Such arrangement of ultra-
sonic sensors created 64 ultrasonic paths for reconstructing
flow images. Therefore, an ultrasonic flow meter had to be
specially made for flow image reconstruction purposes.

In the case of using a commercial multi-path ultrasonic flow
meter, the flow meter must be rotated with respect to the pipe
axis for ultrasound tomography. This can be implemented by
installing two rotational pipe rigs at both sides of the flow
meter. By rotation of the ultrasonic flow meter at small angu-
lar intervals, the line-averaged velocity distribution can be
mapped into Radon space. The back-projection algorithm
(inverse Radon transform) is then performed to reconstruct a
flow image from the line-averaged velocity distribution [2-4].

Flow diagnostic parameters are derived from mean flow ve-
locity distribution to verify the flow conditions as to whether
the velocity profile is fully-developed turbulent or not [8-11].
While most of the previous works have focused on the self-
validation of flow metering in a metering station in applica-
tions with wireless sensor networks, some other works have
suggested flow diagnostic parameters to investigate flow con-
ditions by examining the mean flow velocity profile. Hydro-
dynamic factors, which are a ratio between the theoretical and
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the measured mean flow velocity, or orientation sensitivity
factors, which are derived from the difference of the hydrody-
namic factors, were suggested to emphasize the efficacy of
tomographic flow metering compared with the conventional
flow metering (diametrical or multi-path transit-time ultra-
sonic methods) [3]. However, there were no flow diagnostic
parameters to look at the shapes of the mean flow velocity
profiles with respect to statistical moments.

Statistical moments can provide better estimates of flow di-
agnosis because the statistical moments can give some infor-
mation regarding the flow conditions of the pipe flows if the
mean flow velocity distribution is normalized as a function
similar to a probability density function. Four statistical mo-
ments such as average, standard deviation, skewness, and
kurtosis can be considered as candidates as flow diagnostic
parameters. The notions of the statistical moments are differ-
ent from the definition of statistical moments in turbulent
flows because the present definition stems from the spatial
distribution of mean flow velocity profiles. If the statistical
moments are good enough to discern different flow distur-
bances in the pipe flows, the statistical moments can provide
indicators for diagnosing flow conditions for accurate flow
metering.

In the present study, a commercial multi-path transit-time
ultrasonic flow meter was used to reconstruct flow images
based on line-averaged velocity distribution [12, 13]. Toward
this end, two rotational rigs were attached on both sides of the
ultrasonic flow meter to give angular intervals during flow
metering. A Coriolis mass flow meter and a butterfly valve
were used to create flow disturbances. Statistical moments
were calculated to find whether they can be used as flow diag-
nostic parameters. The statistical moments were also calcu-
lated with the theoretical flow velocity profiles, in which the
fully-developed laminar and turbulent flows were assumed, to
compare them with the measured statistical moments. It was
found that skewness and kurtosis were appropriate as flow
diagnostic parameters in the flows downstream of the Coriolis
flow meter and the butterfly valve.

2. Experimental apparatus and experimental meth-
ods

The water flow rate facility in KRISS was used to imple-
ment ultrasound tomography using a commercial multi-path
ultrasonic flow meter (UR-1000 Plus, CMNTech, Inc.). The
expanded uncertainty (kK = 2.01 with a confidence level of
95%) of the water flow rate facility was less than 0.072%. The
flow rate in the facility was changed by controlling three glove
valves downstream of a test section in the range between 50
m’/h and 200 m*/h. During flow measurements, pressure up-
stream of the test section was maintained at 190 kPa due to the
constant head tank in the flow rate facility. The temperature in
the pipeline was measured to be between 31°C and 33°C.

Fig. 1(a) shows schematic diagrams for the experimental se-
tup downstream of a mass flow meter (PROMASSS3, En-
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Fig. 1. Experimental setup for ultrasound tomography.

dresstHauser, Inc.) and a butterfly valve (F001, Keystone
Valve Corp.). The length of straight pipe downstream of the
mass flow meter was short at less than 2D, where D was the
pipe diameter of 100 mm. The non-dimensional distance be-
tween the outlet of the mass flow meter and the center of ul-
trasonic flow meter was 5.5D. An electromagnetic flow meter
(PROMAG 53, Endress+Hauser, Inc.) was installed down-
stream of the ultrasonic flow meter to monitor the flow rates
in the pipe flow. When the butterfly valve was installed, the
length of the straight pipe was either 5.5D or 14.5D, as shown
in Fig. 1(b). The closing angle of the butterfly valve, ¢ was
defined as 0°, 30°, 45°, and 60° to define various levels of
flow disturbance to the test section. Flow disturbances were
expected to increase when ¢ was increased. Swirling flows
were also expected by increasing the valve closing angle.

Two rotational rigs were attached on the upstream and
downstream sides of the ultrasonic flow meter to implement
ultrasound tomography. The rotational rigs enabled the flow
meter to be rotated at angular intervals of 10° around the pipe
axis. The rotational angle was measured by using an angle
level meter (AL-12, Iwatsu, Inc.) with a resolution of +0.5°.
The ultrasonic flow meter used for five ultrasonic paths to
measure flow rates. By considering no-slip conditions at the
pipe wall, two additional dummy paths with zero line-
averaged velocities were attached to the five ultrasonic paths
to better describe the mean flow velocity distribution in the
pipe. Therefore, 133 data (7 ultrasonic paths x 19 angles be-
tween 0° and 180°) were obtained to reconstruct the flow pro-
files. The measurement volume by ultrasound tomography
was 246.7 cm’ x 7.1 em = 1751.6 cn’.

At each measurement point, 20 samples were measured at
intervals of 1 s. Because the flow regime in the pipe flow was
turbulent with Reynolds numbers in the range from Re =
170,000 to 700,000, both the sampling rate and the number of
samples should have been large enough to describe turbulent
flows. However, this was not possible because of the limita-
tions of the sampling rate in the commercial ultrasonic flow
meter. To overcome such problems, a high scan-rate pulser &
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Fig. 2. Variation of flow rates in flow measurements downstream of a
mass flow meter.

receiver board can be considered to replace the commercial
flow meter [14]. However, the main purpose of this study was
focused on the reconstruction of the mean flow velocity distri-
bution by using the back-projection algorithm. In this regard,
the low sampling rate and small number of data might be ac-
ceptable in measuring the mean flow velocity distribution in a
well-defined flow condition, i.e., the fully-developed turbulent
flow. In strong swirling flows, it was expected that the accu-
racy of reconstructing flow images would be deteriorated by
the above-mentioned insufficient sampling rate and the sam-
ple numbers.

Fig. 2(a) shows relative deviations of flow rate with respect
to rotational angle @at O =200 m’/h, where Q is the reference
flow rate upstream of the mass flow meter or the butterfly
valve, as shown in Fig. 1. 4Q; denotes the deviations of QO
measured at a specified € from the averaged value of Q.
A40,/Q shows relative deviations less than +1% during the
flow measurement with rotation of the ultrasonic flow meter at
O =200 m’/h. To summarize AQ,/Q at various flow rates, the
relative standard deviation of Q, namely, 40,/Q, is introduced
in Fig. 2(b). 40,/Q indicates the relative standard deviations
of less than 0.6% in the case of the ultrasonic flow meter and
0.4% in the case when both the mass flow meter and the elec-

Table 1. Spatial resolution of ultrasound tomography.

Radon space inverse Radon space spatial resolution
7x18 4x4 25 mm x 25 mm
50 x 181 34 x 34 2.9 mm x 2.9 mm
100 x 181 70 x 70 1.4 mmx 1.4 mm
200 x 181 170 x 170 0.6 mm x 0.6 mm
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Fig. 3. Reconstruction of flow image by an inverse Radon transform
(0 =150 m*/h, z/D = 5.5).

tro-magnetic flow meter are in the range of Q = 50 ~ 200 m’/h.

An example of a reconstructed flow image is shown in Fig.
3, when the flow is measured downstream of the mass flow
meter at Q = 150 m’/h. The measured data are displayed in
Radon space. The data are transformed into real space by an
inverse Radon transform. When the measured data (7 paths x
19angles) are transformed without interpolation in Radon
space, the reconstructed flow image suffers from insufficient
resolution, as indicated in Fig. 3(b) [3, 4]. The spatial resolu-
tion of reconstructed flow image becomes 25 mm, as shown in
Table 1. By interpolating the measured data with a finer mesh,
the reconstructed image becomes better, as shown in Figs. 3(c)
and 3(d). With the finest interpolation in Radon space (200
paths x 181 angles), the spatial resolution becomes 0.6 mm.
This is a necessary procedure because both the number of
ultrasonic paths and the angular resolution are constrained in
the present experimental setup. After interpolating the meas-
ured data in Radon space, the back projection algorithm is
applied to reconstruct the flow image by inverse Radon trans-
form [2-4]. In this study, the iradon function of the image
processing toolbox in MATLAB (Mathworks Inc.) was used
to implement the back projection algorithm [15].
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Fig. 4. Reconstruction of flow images downstream of a butterfly valve
(Q =100 m’/h, z/D = 5.5).
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Fig. 5. Reconstruction of flow images downstream of a butterfly valve
(0 =100 m*/h, z/D = 14.5).

3. Experimental results and discussion

Fig. 4 shows reconstructed flow images downstream of the
butterfly valve when Q = 100 m*h and z/D = 5.5 with the
valve closing angle ¢ between 0° and 30°. Some ultrasonic
paths showed error signals when ¢ was increased to greater
than 45° due to strong swirling flows. The reconstructed flow
images show annular stripes due to the limitations of the
commercial ultrasonic flow meter and the annular stripes are
not removed by increasing mesh sizes for interpolating the
measured data. The shape of the mean flow velocity profile at
@ =0° seems to be symmetrical, while the profile shape at ¢=
30° becomes skewed, as seen in Fig. 4(b).

The reconstructed flow images are influenced by increasing
the valve closing angle ¢ at z/D = 14.5, as shown in Fig. 5. At
first, the magnitudes of the reconstructed flow images are
decreased by increasing ¢. At the same time, the skewness of
the flow images can be seen as increasing ¢. The blunt shape
of flow images also changes into sharper images with increas-
ing ¢ This is due to the swirling flows behind the butterfly
valve, which is partially-closed.

Based on the observations of the reconstructed flow images,

the flow diagnostic parameters can be derived by defining
statistical moments of the normalized velocity profiles U(x, y)
as follows:

,,y, (JxU X y dx IyU X y)dy) )
xzvyz ((J. X = xl x J’)dx) s(J-(y_Jﬁ)zU(st’)dJ’)ojj
2)

; 3 3

(x—x X,y)dx - 14U X,y)d
(vr) = )x4( e Jo D]

Here, U(x, y) is the normalized velocity profile without physi-
cal units, and it satisfies the following equation:

IJU(x,y)dxdy:I (%)

(x1, Y1), (%2, ), (X3, 13), (4, y4) are denoted as the average and
standard deviation, skewness and kurtosis, respectively.
Therefore, U(x, y) is considered as a sort of probability density
function by Egs. (1)-(5). Note that the physical dimensions of
the average and the standard deviation are denoted in meters,
while the skewness and the kurtosis are normalized without
physical units. To construct flow diagnostic parameters, the
vector sum of x; and y; is defined as follows:

=4y, i=123,4. (6)

Here, z; is defined as the flow diagnostic parameters.
Fully-developed laminar and turbulent flow parameters can
be used as limiting values to two flow diagnostic parameters,
z, and z;. The normalized mean flow velocity profile in the
case of the fully-developed laminar flow is defined as follows:

20
;(1 7). 0<r<l. (7

U (x, y) =
Here, 2/z is multiplied to satisfy Eq. (5). The normalized mean
flow velocity profile in the case of the fully-developed turbu-
lent flow is denoted as follows:

60

on ——(1-r)", 0<r<1. )

U(x.y)=

Here, 60/49r is also introduced to satisfy Eq. (5). The limiting
values of flow diagnostic parameters can be calculated using
Eqgs. (1)-(8).

In the flows downstream of the mass flow meter, the blunt-
ness of mean flow velocity profile in Fig. 3 can be described
by using the flow diagnostic parameters z, and z, as shown in
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Fig. 6. Flow diagnostic parameters for pipe flows downstream of the
mass flow meter (z/D = 5.5).

Fig. 6. The flow diagnostic parameters show values of z, = 32
mm and z, = 2.92 by ultrasound tomography. Note that z, =29
mm and z; = 3.18 from Eq. (7), while z, = 34 mm and z, =
2.91 from Eq. (8). Because z, has a value between 29 mm and
34 mm, the flow image seems to show flow characteristics of
developing flow between the fully-developed laminar and
turbulent flows, whereas z, indicates the closeness to the value
of 2.91, which means that the mean flow velocity profile be-
longs to the fully-developed turbulent regime. Considering the
Reynolds numbers in the present experiment (Re = 170,000 ~
700,000), the reconstructed flow images belong to the turbu-
lent flows. Because z, describes the bluntness of the shape of
the mean flow velocity profile, z, can indicate the type of di-
agnosed flow profile downstream of the mass flow meter.
Flow diagnostic parameters in the flow at x/D = 14.5 down-
stream of the butterfly valve are displayed in Fig. 7. z; indi-
cates the central positions of the reconstructed flow images,
which increases as ¢ is increased from 0° to 60°. This is due to
flow asymmetry by swirling flows downstream of the butter-
fly valve. z, indicates the standard deviations of the normal-
ized velocity distribution, increasing from 32 mm to 34 mm
when ¢ increases from 30° to 60°. There are large deviations
of z, at ¢ = 60° due to the strong swirling flows. z; shows the
skewness of the normalized velocity distribution. z; is less
than 0.1 at ¢ < 45°, while z; increases to greater than 0.2 at ¢ >
60°, which indicates flow asymmetry by swirling flows down-
stream of the butterfly valve. Even though both z; and z; can
indicate the flow asymmetry of the measured flow profile, z3
seems to be better because z; is a normalized value within [-1,
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Fig. 7. Flow diagnostic parameters for liquid flow downstream of the
butterfly valve (z/D = 14.5).

1]. z4 indicates the kurtosis of the normalized velocity distribu-
tion, which measures the bluntness of the normalized velocity
distribution. At ¢ = 0°, z, is 2.91, which indicates fully-
developed turbulent flow. z, is maintained at less than 2.95 at
¢ < 45°, while z, indicates values of greater than 3 at ¢ = 60°,
which means that the normalized velocity distribution at ¢ =
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Fig. 8. Flow diagnostic parameters for liquid flow downstream of the
butterfly valve (z/D = 5.5).

60° shows flow characteristics of a developing flow.

The same flow diagnostic parameters are displayed with re-
spect to the Reynolds numbers at both Z/D = 5.5 and 14.5 in
Figs. 8 and 9. At ZZD = 5.5 and ¢ < 45°, z; is less than 4 mm in
Fig. 8(a), which indicates symmetry in the reconstructed flow
images, by considering the pipe diameter of 100 mm. This
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Fig. 9. Flow diagnostic parameters for liquid flow downstream of the
butterfly valve (z/D = 14.5).

tendency is observed at Z/D = 14.5 and ¢ < 45° in Fig. 9(a).
When Z/D = 14.5 and ¢ = 60°, z; becomes within 6 ~ 10 mm,
which indicates asymmetry of the reconstructed flow image. z,
shows a value of around 33 mm at Z/D = 5.5, a value that is
similar to the reconstructed flow images downstream of the-
mass flow meter (Fig. 6(a)). At ZZD = 14.5, z, is slightly de-
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creased from 33 mm to 32 mm at ¢= 0° and 30°. This means
that the reconstructed flow images become sharper. At ¢= 60°,
z, is distributed between 32.5 mm and 34 mm because the
flows become unstable by presence of swirling flows. Note
that the Reynolds number at ¢ = 60° is distributed between
11,700 and 15,500 in the present experiment.

z3 shows the reduction of skewness in the reconstructed
flow images as the flow goes downstream in Figs. 8(c) and
9(c). At ZID = 5.5 and ¢ = 30°, z; is located at around 0.1,
while z; becomes close to zero at ZD = 14.5. This means that
the flow becomes symmetrical further downstream because
the strength of swirling flows is weakened at this location.
This tendency is consistent with z; in that both values are de-
creased as the flow goes downstream. Meanwhile, z, main-
tains values of around 2.91 in the case of 0° < ¢ < 45° at both
Z/ID = 5.5 and 14.5, shown in Figs. 8(d) and 9(d). This means
that the shape of reconstructed flow images has similarity with
that of the fully-developed turbulent flows (z; = 2.91). How-
ever, the value at ¢ = 60° is distributed between 2.95 and 3.13.
This is because the flow at ¢= 60° shows some characteristics
of a developing flow from a laminar to a turbulent flow re-
gime. From this discussion, it is seen that the fully-developed
turbulent flow upstream of the butterfly valve is disturbed by
the swirling flows at Z/D = 5.5 and that the effect of swirling
flow is decreased gradually to recover developing turbulent
flows from the disturbed flows at /D = 14.5.

This point can be observed by investigating z; and z; be-
cause these parameters can indicate the symmetry of the re-
constructed flow images. Also, z, and z, can give information
regarding the bluntness of the shape of the reconstructed flow
images. When the swirling flow downstream of the butterfly
valve is so strong at ¢ = 60°, all the flow diagnostic parame-
ters show large distribution, which indicates that flow meter-
ing at this ¢ would not be reliable because the flow is a devel-
oping flow. In particular, z; and z, give a better indication of
flow diagnosis than z; and z, because they are normalized to
compare themselves with limiting values, i.e., the values by
assuming the fully-developed laminar and turbulent flows.
Therefore, it is concluded that z; and z, would be more appro-
priate than z; and z, to be used as suitable flow diagnostic
parameters.

These flow diagnostic parameters can be calculated whenever
the mean flow velocity profiles are reconstructed by ultrasound
tomography. If the mean flow velocity profiles can be recon-
structed with a high sampling rate, the flow diagnostic parame-
ters can indicate the flow conditions with real-time. This can
lead to on-line monitoring in the measuring stations via a wire-
less sensor network, as suggested in the literature [9-11]. How-
ever, the present experiment relies on the manual rotation of an
ultrasonic flow meter, which hinders the fast reconstruction of
flow images. This might be resolved by introducing an auto-
mated rotational rig in combination with a high scan-rate ultra-
sonic flow meter. If such improvements could be done, the flow
diagnostic parameters can give a means of real-time flow diag-
nosis for an accurate flow metering.

4. Conclusions

Flow images downstream of a mass flow meter and a but-
terfly valve have been reconstructed by ultrasound tomogra-
phy. The back projection algorithm was used to reconstruct
the flow images from the line-averaged velocity distribution in
Radon space. The velocity distribution was measured by a
commercial multi-path ultrasonic flow meter with two rota-
tional rigs. Flow diagnostic parameters were suggested by
defining statistical moments, namely, average, standard devia-
tion, skewness, and kurtosis, based on the normalized mean
flow velocity distributions. The normalized velocity distribu-
tions were taken as a probability density function in this study.
The flow diagnostic parameters were different from the hy-
drodynamic factor and the orientation sensitivity factor from
the previous studies in that the flow diagnostic parameters can
be directly calculated from the reconstructed flow image to
check symmetry and bluntness of the flow image. From the
data analysis, it was found that the skewness and the kurtosis
can be useful flow diagnostic parameters to describe flow
disturbances by flow controlling elements such as the butterfly
valve.
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Nomenclature

D : Diameter of conduit [mm]

O  :Flow rate [m*/h]

Re :Reynolds number

U  :Normalized velocity profile [m/s]

V' :Mean flow velocity in a conduit [m/s]

r : Radial direction [mm]

x;  :I-th statistical moment in x direction
;i :i-th statistical moment in y direction
z;  :i-th flow diagnostic parameter

z : Streamwise direction [mm]

AQ, : Deviations of Q from the average of Q value at @[m’/h]
AQ, : Standard deviations of Q [m’/h]

6  :Rotational angle [°]

¢ :Valve closing angle [°]

v :Kinematic viscosity [m?¥s]
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