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Abstract— Recently, experimental series of co-current gas-liquid
upward bubbly flows in a 6 m-height and 54.8 mm i.d. vertical
titanium pipe had been conducted at the TOPFLOW thermal
hydraulic test facility, Helmholtz-Zentrum Dresden-Rossendorf,
Germany. The experiments were initially performed to develop a
high quality database of two-phase flows as well as to validate
new CFD models. An ultrafast dual-layer electron beam X-ray
tomography, named ROFEX, was used as grey value
measurement system with high spatial and temporal resolutions.
The gathered cross sectional image results from the tomography
scanning were reconstructed and segmented to acquire gas
bubble parameters for instance bubble position, size and hold-
up. To assign the correct paired bubbles from both measurement
layers, a bubble pair algorithm was implemented on the basis of
the highest probability values of bubbles in position, volume and
velocity. Hereinafter, the individual characteristics of bubbles
were calculated include instantaneous three dimensional bubble
velocities, Sauter mean diameters and the movement angle in
polar-azimuthal directions. The instantaneous three dimensional
bubble velocities are discussed through the distribution results of
the axial, horizontal, radial and azimuthal velocities in statistical
parameters. The present results show satisfactory agreement
with previous works.

Keywords —Bubble velocity; Bubbly flow; Gas-liquid two-phase
flow.

I. INTRODUCTION

Two-phase bubble flow is encountered in a wide range of
industrial plants such as bubble column reactors, gas-liquid
pipeline systems, and steam generators. This flow regime
belongs to the important phenomena that have to be
understood in order to improve the effectiveness of the heat
and mass transfer process as well as to perform a safety
analysis relating to the human and environment.

As the performance of modern computer increase
throughout the decades, CFD simulationsare extensively
employed in industrial application to compute complex two-
phase flow problems. The simulation results can provide
valuable information for the optimization of industrial
processes. Therefore, the validations of two-phase CFD
models using experimental data with high spatial and temporal
resolution are inevitable.
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Numerous researchers developed some methods and
techniques to investigate the two-phase bubbly flow
phenomena. Some examples are wire-mesh sensor [1-3],
needle probes [4-6], electrical capacitance tomography [7-9]
and X-ray CT (computed tomography) [10-12]. Wire-mesh
sensor and needle probes are intrusive approaches
measurement methods for the physical mechanism of the
measured bubbles. Electrical capacitance and X-ray computed
tomography are belong to the non-intrusive methods [13] but
these techniques still do not reach the required temporal and
spatial resolution at the same time [14].

Institute of Fluid Dynamics at Helmholtz-Zentrum
Dresden-Rossendorf (HZDR), Germany had developed a
novel measurement system of the gas-liquid phenomena in
high spatial and temporal resolution, namely Rossendorf Fast
Electron Beam X-ray Tomography (ROFEX). Instead of using
mechanical rotation of scanner components as in conventional
X-ray CT scanners, an electron beam is rapidly swept across
an X-ray target using deflection coils. Hence, an imaging
speed of up to 8000 frames per second can be attained. For the
velocity measurement purpose, the target and detector rings
are dual constructed with a vertical distance of 10.2 mm.

In the case of bubbly flow, the implementation of an
accurate method to evaluate the bubble velocity plays an
important role. Commonly, for dual-layer measurement
system, i.e. wire-mesh sensor and ROFEX, a cross-correlation
method is applied [1, 2]. However, this method assumes that
all bubbles present in a given time interval have the same
velocities [15]. Hence, the individual instantaneous bubble
rise velocity cannot be derived. Another method that can be
taken is by detecting the time delay of each bubble passes
through two measurement layers with known vertical distance.
Then, the individual instantaneous bubble rise velocity can be
calculated. To dothis, an algorithm to assign the correct paired
bubbles from both measurement layers must be implemented.

Patmonoaji et al. [16] had developed an algorithm to assign
the correct paired bubbles from dual-layer ROFEX
measurement database, calledbubble pair algorithm.The
present work dealswith thebubble velocity calculations in
axial, horizontal, radial, and azimuthal directions from the
bubble pair algorithm’s results, as well as the bubble
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movement angle in polar and azimuthal directions. To check
the reliability of a bubble pair algorithm, the validation of the
velocity calculation results must be performed.The present
goal is to meet a good agreement between velocity calculation
from a bubble pair algorithm results with the established data
and theory.

II. EXPERIMENTAL SETUP

A. The Ultrafast X-ray Tomography

The ultrafast dual-layer electron beam X-ray tomography
ROFEX at the HZDR is a non-intrusive measurement system
with high spatial and temporal resolution. Fig. 1 shows the
operating principle of the ultrafast dual-layer electron beam
X-ray tomographyROFEX. In an operation of the ROFEX
scanner, an electron beam of sufficient energy is produced by
an electron beam gun, which is focused onto a 240° circular
target. Fischer et al.[17] implied that the angle of 240°
provides sufficient data for a complete tomography
reconstruction. The electron beam is swept across the circular
target by means of an electromagnetic deflection coils. The
circular target deflects the electron beam, yielding an X-ray
fan in the form of radiation that passes the investigation
objects. The investigation objects attenuate the incoming
radiation regarding the Lambert’s Law. Here, the attenuation
signals in form the radiation intensity signals are recorded by
a fast X-ray detector system.The maximum scan frequency of
ROFEX is 8000 frames per second. For the determination of
bubbles velocities, ROFEX is constructed with two target and
detector rings, which are able to scan the pipe cross sectionin
two measuring layer with a vertical distance of 10.2
mm.Detail explanation about ROFEX had presented by
Fischer et al. [17] and Fischer and Hampel [18].
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Fig. 1. The operating principle of ROFEX.
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B. TOPFLOW Test Facility

The gas-liquid flow experimental series were carried out in
the TOPFLOW test facility at Institute of Fluid Dynamics in
Helmbholtz-Zentrum  Dresden-Rossendorf, Germany. A
vertical titanium pipe with inner diameter of 54.8 mm and
total length of about 6 m was used.In comparison with a steel
pipe, the utilization of titanium pipe is intended to reduce the
wall thickness down to 1.6 mm for high pressure and high
temperatures experimental conditions, thus, provides a better
signal to noise ratio for radiation measurements.

In the present experiments, air and water were used as the
test fluids to simulate the co-current gas-liquid vertical
upward bubbly flow. The superficial gas and liquidvelocities
were varied between 0.0025 m/s to 0.0898 m/s and 0.0405 m/s
to 1.611 m/s, respectively. The pressure at the position of the
gas injection was adjusted to 0.25 MPa, whilst the two-phase
mixture was maintained at 30°C + 1 K. The gas injection
device contains of annuli of cannulas which are fed with gas
from two ring chambers. The cannulas have an inner diameter
of 0.8 mm.The distance between ROFEX measurement layer
and gas injection was varied from L/D = 0.33 to L/D = 59.67.
Therefore, the evolution of gas-liquid flows is observable.
Each test matrix in each specific L/D position is scanned for
10 s.The schematic view of the experimental apparatus is
shown in Fig. 2.

exhaust- and
cooling system

(] [e]

b
4 wire mesh
heat-up SENsors
steam
DN 50 vertical
steam test section
drum
exhaust- and 4
cooling system a
— 4
L 4
ROFEX-scanner
CT-plane
X test '
section
i
Qeump |
saturated steam
control system

pressure air

control system
Fig. 2. The schematic view of experimental apparatus.

III. DATA PROCESSING

A. Image Reconstruction

Once a scanning process has been performed and data has
been transferred to the PC, data is pre-processed and
reconstructed using the filtered back projection, reported in
Kak and Slaney [19]. The reconstructed data yield a 3D
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arraywith grey value that represent the distribution image of
the gas and liquid. The cross sectional size of a 3D array is
108x108 pixel with spatial resolution 0.5x0.5 mm’ for each
square pixel. The array length depends on the measuring time
and chosen frequency, for example, for measuring time 10 s
and frequency 2.5 kHz, the array length is 25 000 frames. Fig.
3 gives an example of a 3D array data.

Fig. 3. A reconstructedtomography data (left: A 3D array data; right: A cross-
sectional slice of a 3D array data).

B. Images Segmentation

To obtain the bubble parameters, the grey value arrays have
to be binarized. The new segmentation algorithm for the grey
value arrays had been developed by Banowski et al. [20] on
the basis of the bubbles detection by pixel agglomeration. The
idea is growing of bubble regions by beginning at the
maximum grey values. To obtain real bubbles sizes, individual
bubble threshold depending on maximum bubble grey value is

used. The process is starting from maximum grey value of 95%

until 10% and repeatedly with decreasing 10% of the
maximum grey value in every step. Further explanation about
the image segmentation algorithm had been presented by
Banowski et al. [20]. An example of a segmented image is
shown in Fig.4, whereas a flowchart of the image
segmentation algorithmis shown in Fig. 5.

L16 096P_2«2R00Hz_U_108+108_berei
frame: 53

Fig. 4. A cross-sectional segmented image.
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Fig. 5. Flowchart of the new image segmentation algorithm [20].

After binarization is carried out, bubble parameters such as
bubble virtual size, bubble position and bubble detected time
are able to be derived. Bubble virtual size is the size
dimension of a bubble from ROFEX measurement with the
unit volume mm’ms. This is because the i-coordinate of a 3D
array datais in time coordinate (see Fig. 3).

C. Bubble Pair Algorithm Process

To evaluate the individual instantaneous bubble rise
velocity from ROFEX measurement database, instead of using
cross-correlation methods which assumes that all bubbles
present in a given time interval have the same velocities, a
bubble pair algorithm is implemented. This algorithm will
assign the correct paired bubbles from the data of both
ROFEX measurement layers. The process starts from the
largest bubble size to the smallest one. During the process,
when the pairing algorithm has found the most probable pair,
both bubbles at different measurement layers are labelled as
solved bubble to prevent the multiple pair. The determination
of correct paired bubbles is based on the highest probability
values of bubbles in position, volume and velocity.Thus,
definiteprobability criteria for compared parameters were
created by Patmonoaji et al [16]. A bubblewith the closest
value with another bubble at the other measurement layer and
the expected value will have the high probability value. The
definite probability criteria for volume, position, and velocity
probability had explainedin detail by Patmonoaji et al [16].
After all probabilities parameters have been calculated, the
total probability of the paired bubbles is calculated by
multiplying all of the probability parameters.

D. Bubble Velocity Calculation

After performing the bubble pair algorithm, the paired
bubbles are then recognized. After that, the evaluation of three
dimensional bubbles velocities can be carried out. Fig. 6
shows the velocity components that can be calculated after the
correct paired bubbles are identified. The bubbles position
data from ROFEX measurement database are stated in
Cartesian coordinate, with the origin that is showed in Fig. 6.
In the present work, the bubbles’ centre of mass is used as the
reference for velocity calculation. The calculationformula for
each component is explained as follow:
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1) Axial Velocity: this velocity component shows the
bubbles movement rate in axial direction, which is calculated
using (1).

Usvial = l—‘/(iO - iU) (1)
I' is the distance between two measurement layers. For
ROFEX measurement layers, the value is 10.2 mm.i, and iy

is the time detectionof paired bubbles in upper and lower
measurement layers, respectively.

2)  Radial Velocity:this velocity component expresses

the bubbles movement rate in the radial direction. If the
bubbles move toward the pipe wall, the radial velocity is
negative, otherwise positive. This can be calculated using (2).
Uradial = Arald/(iO - iU) (2)
Arad =715 — 1y
19 =+ (o — R)? + (ko — R)?
ry =Gy — R)? + (ky — R)?
The values of jand k are the Cartesian coordinate
positionsof the bubbles in cross-sectional image, where
subscripts 0 and u are symbols for bubbles in upper and
lower layers, respectively.R is the radius of the inner
diameter pipe.

3)  Azimuthal Velocity:bubbles movement rate in
azimuthal direction are stated by this velocity component.The
bubbles will have negative azimuthal velocity when the
bubbles move in clockwise direction,otherwise positive, with
the reference an observer is looking towards the oncoming co-
current upward flow. This is stated in (3).

Uazimut hal = Tu [,3/(10 - iU)] 3)

where

1 joJutko-ky (4)

The value 1y is the radial distance of the detected bubblesfrom
the centre of pipe in lower layer, whilst § is the azimuthal
angle difference between the paired bubbles (see Fig. 6) and
calculated using (4).

4)  Horizontal Velocity:this velocity component is a
superposition between radial and azimuthal velocities.This is
expressed in (5).The calculation of this velocity is based on
the difference point in horizontal position according to the
Cartesian coordinate.

Uhorizontal = (\/(]0 _jU)2 + (kO - kU)Z)/(iO - iU) (5)

5) 3D Velocity: this velocity component is the
resultantvelocity between axial and horizontal velocities. This
can be calculated using (6).

U3D = \/Ucfxial + Ulforizontal (6)
By knowing the axial and horizontal velocities, the polar angle
is also can be calculated by using (7).

a = tan‘1 (Uhorizontal /Uaxial ) (7)
The size of the bubbles is generally stated in the Sauter
mean diameter. To obtain the Sauter mean diameter of the
bubbles, the actual volume of each bubble must be known. To
do this, each bubble virtual size is multiplied by
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thecorresponding axial velocity of the bubbles, then the Sauter
mean diameter can be calculated using (8).V}, is the bubble

actual volume.
dsy = 3\/ 6V, /T (3
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Fig. 6. Velocity components of three dimensional bubble velocities.

IV. RESULTS AND DISCUSSIONS

A. Results Verification
The reliability of a bubble pair algorithm from Patmonoaji
et al. [16] can be evaluated by comparing the bubble velocity
calculation’s results to other established experimental
database and theory.Experimental database from Hibiki et al.
[4], Doup et al. [5],Tian et al. [21], and Lucas and Mishra [6]
were used as the comparisons, despite the power law velocity
profile theory from Bankoff [22] was used. It should be noted
that the experimental condition from the aforesaid authors are
not exactly similar, but near, with the present work, i.e. the
superficial gas-liquidvelocities, inner-diameter pipe, and L/D.
A care has been taken to compare the present test matrix to the
comparison data,hence the comparison method will be correct.
Hibiki et al. [4], Doup et al. [5], Tian et al. [21], and Lucas
and Mishra [6] employed the probe measurement technique to
acquire the bubble parameters. Doup et al. [5] performed the
experiments of co-current air-water vertical upward bubbly
flow in a 50 mm inner-diameter pipe, while Hibiki et al. [4]
and Tian et al. [21] used a 50.8 mm inner-diameter pipe. The
larger inner-diameter pipe of 80 mm was used by Lucas and
Mishra[6], which was originally used to develop the
measurement technique for axial, azimuthal, and radial bubble
velocities by using probe in the swirl and non-swirl condition.
Fig. 7 shows the development of the bubble axial velocity
profiles from L/D = 7.94 to 59.67, with various J; at a constant
Jg =0.0096 m/s. The present results are consistent with Hibiki
et al’s[4] experimental database which state that the
introduction of bubbles into the liquid flow at J; < 1 m/s
flattened the velocity profile, with a relatively steep decrease
close to the wall. For J;> 1 m/s, the velocity profile came to
be the power law distribution profile as the flow developed.
Fig. 8 shows the comparison of the time-averaged axial
velocity in radial distribution between Doup et al. [5] (left
box), Bankoff’s [22] prediction and the present data (right
box). In Doup et al’s [5] data, the superficial gas velocities (Jg)
are 0.09 m/s at L/D = 10 and 0.10 m/s at L/D = 32, with the
constant superficial liquid velocity (Jp) of 1.08 m/s. The
present test matrix is 1.017 m/s for J; and 0.0898 m/s for Jg, at
L/D = 59.67; 23.20; and 7.94. The present data show a good
agreement velocity profile with the Bankoff’s [22] prediction.
For the comparison with Doup et al’s [5] data, the present
velocity profile shows similar trend. The little disagreement of

SSN 2407-4330



velocity profile occurs in the radial distribution near the wall
(/R = 0.5 - 1). It is supposed that the little bit higher J; for
Doup et al’s [5] data become the reason of the higher
estimation of velocity profile in this range.
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Fig. 7. The development of the bubble axial velocity profiles.
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Fig. 8. The comparison of the time-averaged axial velocity in radial
distribution.
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Fig. 9 shows the comparison of thetime-averaged Sauter
mean diameter in radial distribution between Tian et al’s [21]
data and the present data. The superficial gas velocities
between them is near similar, Jg = 0.009 m/s for Tian et al.[21]
and Jg = 0.0096 m/s for present data. The superficial liquid
velocities of Tian et al.[21] is 0.071 m/s with L/D = 22, and
for present data is 0.0405 m/s with L/D =23.2. From /R =0 —
0.8, a good agreement data is attained, while for /R =0.8 — 1,
a slight difference is noted. Start from /R = 0.8 to the pipe
wall, an increasing trend of Sauter mean diameter was
observed by Tian et al. [21], whilst the present data show a
decreasing trend. It is expected that the probe decreasethe
velocity of the bubbles near the wall due to its intrusive
measurement characteristic. Then, this results the longer
measurement of the bubble chord length. The present data are
believed tohave a better resultbecause ROFEX measurement
system is not intrusive.

6
5
Oed I OO O enDm@iipp®e
—~4 O
=)
E3
g

=2 ® Tian et al (2014)

1 OPresent Data

0

0 0.2 O'4r/R(-)0'6 0.8 1
Fig. 9. The comparison of the time-averaged Sauter mean diameter in radial

distribution.

The present calculated time-averaged radial and azimuthal
velocities are compared to Lucas and Mishra’s [6]
experimental data, as shown in Fig. 10 and 11. For Fig. 10 and
11, the present test matrix has J; = 0.405 m/s and Jg = 0.0096
m/s at L/D = 23.20. Lucas and Mishra’s [6] test matrix has J;.
=0.41 m/s at L/D = 25 with J5 = 0.068 m/s for Fig. 10, and Jg
= 0.037 for Fig. 11. A high discrepancy of the time-averaged
radial and azimuthal velocities are exhibited between Lucas
and Mishra’s [6] data and the present data.The relatively
higher inner diameterpipe than the present work is presumed
to be the cause. Ahigherinner diameter pipe enables the
bubbles to move relatively free toward any direction due to
the smaller bubbles density rather than in the smallerinner
diameter pipe,resulting the higher radial and azimuthal
movement. Moreover, due to the presence of a probe in the
flow field, bubbles approaching the probe tip are disturbed,
even deformed, and slowed down, causing a change in the
bubble orientation direction during the bubble-sensor touching
process [23]. Therefore, the bubbles movement directions in
the Lucas and Mishra’s [6] experiments are not purely due to
the interplay of the lateral force between gas, liquid and pipe
wall,but also including the interaction with the probe. This
proves that the present experiments show the better results
because the implementation of non-intrusive measurement
systems.
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The negative and positive values of the radial and
azimuthal velocities represent the direction of the bubbles
movements. The negative value on the radial velocity implies
that the bubbles move toward the pipe wall, and vice versa.
For the azimuthal velocity, the negative value implies the
bubbles movements in theclockwise direction (when the flow
is moving co-currently upwards along the pipe towards the
observer), and vice versa.

6 mm are commonly foundin /R = 0.75 — 0.8. On the other
hand, for /R = 0 — 0.05, the bubbles larger than 6 mm-
diameter are observed. This indicates that the small bubbles
less than 6 mm-diameter tend to move toward the pipe wall.
This is consistent with the experimental results of Lucas et al.
[27] and Tomiyama [24]. Tomiyama [24] showed that small
bubble below 5.8 mm-diameter has a positive lift force
coefficient, thus has negative lift force which act on the
bubbles toward the pipe wall.
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Fig. 10. The comparison of the time-averaged radial velocity in radial
distribution.
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Fig. 11. The comparison of the time-averaged azimuthal velocity in radial
distribution.

B. Interpretation for the Lateral Forces

In vertical pipe flow, the development pattern of the local
radial and azimuthal velocities are affected by the interplay of
the bubble lateral forces, which act perpendicularly to the flow
direction (non-drag forces). The forces taken into account are
lift force, wall force and dispersion force. A number of
correlations for these bubble forces can be found in literature
[24-26].

Fig. 12 illustrates the effects of J_ on the time-averaged
radial velocity in radial distribution at constant J5 = 0.0096
m/s and L/D = 59.67. At the lowest J; = 0.0405 m/s, the radial
velocity profile shows a relatively straight gradient trend with
one equilibrium position (U, 44;q; = 0 m/s) in /R about 0.56.
Equilibrium position in /R is defined as the radial distribution
position that has zero time-averaged velocityvalue.This may
imply that, in the equilibrium position, the total magnitude of
the velocity toward the pipe wall is equal to the total
magnitude of the velocity toward opposite direction (toward
centre of pipe). For the lowest J; in Fig. 12,the pattern
illustrates that the bubbles in range /R = 0 - 0.56 tend to move
toward the centre of pipe (positive radial velocity), while at
/R = 0.56 — 1 the bubbles are likely to move toward the pipe
wall (negative radial velocity).

Fig. 13 showsthe bubble size distribution samplesfor the
lowest J;in Fig. 12. The small bubbles with diameter less than
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Fig. 13. Bubble size distribution for specific radial distribution range.

As shown in Fig. 12, for J;< 1 m/s, a steep increase profile
near the pipe wall (/R = 0.9 - 1) is noted. This is interpreted
when the small bubbles move toward the pipe wall because
the lift force, the wall force gives anopposite force to the
bubbles, resulting the decreasing radial velocity magnitude of
the bubbles.This must be remembered that the negative value
in the time-averaged diagram shows the direction of the
velocity. The decreasing velocity of the moving bubbles in
radial direction is shown by the shiftedvelocity value get near
to 0 m/s.For J; > 1 m/s, the wall force effect is not observed.
This is because the wall forces acting on the bubbles are by far
weaker than the dispersion force at the given J.. The
dispersion force is the result of the turbulent fluctuations of
liquid velocity [28], hence, the dispersion force will increases
as the J;increases.

In Fig. 12, as the J increases, the straight gradient trend
becomesmore flattened with a tendency to be the wavy-like
profile. As seen in Fig. 14, the wavy-like radial velocity
distribution profile is characterizedby thepresence of the
bends. The number of the bendsrelatively increase as
increasing the J; (see Fig. 12), which indicate an increasing
fluctuation of the bubbles radial velocity directions. The
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fluctuations of the bubbles movement in radial position are
related to the increasing of the dispersion force by the liquid
flow. The dispersion force disperses the bubbles out of the
pipe centre. Meanwhile, as the bubble growing along the pipe
and tend to move to the centre of the pipe because the lift
force,the dispersion force act to give an opposite force. Thus,
this interactionwill resulta fluctuation in the bubbles as the
bubbles move upward along the liquid flow.

Fig. 14 displays the location of the bends in the radial
velocity profile for J, = 1.017 m/s and Jg = 0.0096 m/s at L/D
= 59.67. The bends are located about r/R = 0.28; 0.52; 0.72;
0.84. The bubble size distributions on the r/R of the bends
location are shown in Fig. 15. The bimodal bubble size
distribution is appeared on the bends location. This may
suggest that, on this point, two dominant bubbles classes have
opposite orientation direction, resulting a significant
resistance to the opposite bubbles direction. Hence, the
averaged radial velocity at that point starts to change its
magnitude toward equilibrium position (0 m/s). This can be
inferred that, the bends indicate the presence of the bubbles
that change the dominant bubbles direction, resulting a thrust
to shift the dominant direction to the opposite direction (for
example from direction toward the pipe wall to direction
toward the centre of pipe).

[ J;=0.0096 m/s
J.=1.017m/s

Radial Velocity (m/s)

0 0.2 Or’4 . 06 0.8 1

Fig. 14. The wavy-like time-averaged radial velocity distribution profile.

Fig. 16 shows the effects of Jg on the time-averaged radial
velocity profile in radial distribution. The wavy-like velocity
distribution profiles are observed for all cases. This is because
the given test matrix has J;> 1 m/s, which relatively has high
dispersion force, thus, resulting the high dispersal movement
of the bubbles. For the case of the highest J5 = 0.0898 m/s, the
relatively high negative radial velocity is observed in the
range near the pipe wall. As the Jg increases, the void fraction
also increases, thus the number of the dispersed
bubblesincrease, too. The increasing number of the dispersed
bubbles will increase the number of the bubbles that are
dispersed toward the wall by the liquid dispersion force,
resulting the comparatively high negative averaged value of
the radial velocity. Fig. 17 strengthensthis interpretation. This
is shown from Fig. 17 that the distribution of the bubbles with
diameter less than 6mm are mostly observed near the pipe
wall in the highest Jg in Fig. 16, resulting a high number of
the dispersed bubble toward the pipe wall.

Fig. 18 and 19 illustrate the effects of J| and J on the time-
averaged azimuthal velocity distribution profile, respectively.
The time-averaged azimuthal velocity distribution profiles
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illustrate the interaction effects between lateral forces in
angular direction. The wavy-like velocity distribution profiles
are observed for all cases in Fig. 18. The increasing value of
Ji does not give a remarkable change in the azimuthal velocity
distribution profiles. This is contrary to the radial velocity
distribution profiles in Fig. 12, that the profiles are gradually
changed from a straight gradient distribution profile to be a
wavy-like distribution profile as the J; increases.
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Fig. 15 Bubble size distribution on the bends location.
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Fig. 17. Bubble size distribution for the highest J; in Fig. 16.

On the other hand, in Fig. 19, the azimuthal velocity
distribution profiles change from a relatively wavy-like
distribution profile to be a sharp-bend distribution profile as
the Jg increases. The sharp-bend velocity distribution profile
is characterized by the appearance of a bend with a sharp-turn
side near the pipe wall position (/R = 1), as shown in Fig. 20.
The bend position shows the maximum averaged azimuthal
velocity that can be reached at given test matrix. When the Jg

SSN 2407-4330



increases, the void fraction and the dispersed gas bubbles in
the liquid flow increase as well. The increasing amount of the
dispersed bubbles in the liquid flow creates a tendency
movement to the clockwise direction.
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Fig. 20. The sharp-bend time-averaged azimuthal velocity distribution profile.

In Fig. 19, for Jg> 0.03 m/s, the gas dispersed bubbles will
have a higher averaged azimuthal velocity magnitude as the
bubbles are located away from the centre of pipe. Then, the
bubbles will reach its maximum averaged azimuthal velocity
in the bend position. After that, the averaged azimuthal
velocity significantly decreases in magnitude as the bubbles
are located near the wall. The significant decrease in the
averaged azimuthal velocity magnitude is influenced by the
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pipe wall shear stress. This interpretation is consistent with
Moursali et al. [29], which indicated that the bubbles sliding
along the pipe wall generated significant velocity
perturbations. The effects of the pipe wall shear stress to the
bubbles azimuthal velocity are not relatively noted when the
Jg is low (Jg< 0.03 m/s). This may suggests the reason why
there is no notable change in Fig. 18 due to the low Jg in the
given test matrix.

V. CONCLUSIONS

To study the three dimensional bubble velocities at co-
current gas-liquid vertical upward bubbly flow, a bubble pair
algorithm had been implemented to assignthe correct paired
bubbles from both measurement layers of the ultrafast dual-
layer electron beam X-ray tomography ROFEX. The bubble
velocity calculations from the bubble pair algorithm’s results
show satisfactory agreement with the available experimental
database and theory. Therefore, the bubble pair algorithm
from Patmonoaji et al.[16] is reliable to implement.

From the bubble pair algorithm results, the calculation for
the three dimensional bubblevelocities can be done. The
resultspoint out that lift-, wall- and dispersion-force play an
important role in the development of three dimensional bubble
velocity distribution profiles. The interplay between these
forces are used to explain the characteristics of the distribution
velocity profile. A deep understanding about these lateral
forces can be the key to predict the velocity profile for the
bubbly flow cases. The present results are also consistent with
the previous work.
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