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Abstract

The bubble and liquid turbulence characteristics of air-water bubbly flow in a 200 mm diameter vertical pipe was experimentally
investigated. The bubble characteristics were measured using a dual optical probe, while the liquid-phase turbulence was measured using
hot-film anemometry. Measurements were performed at six liquid superficial velocities in the range of 0.2-0.68 m/s and gas superficial
velocity from 0.005 to 0.18 m/s, corresponding to an area average void fraction from 1.2% to 15.4%. At low void fraction flow, the radial
void fraction distribution showed a wall peak which changed to a core peak profile as the void fraction was increased. The liquid average
velocity and the turbulence intensities were less uniform in the core region of the pipe as the void fraction profile changed from a wall to a
core peak. In general, there is an increase in the turbulence intensities when the bubbles are introduced into the flow. However, a tur-
bulence suppression was observed close to the wall at high liquid superficial velocities for low void fractions up to about 1.6%. The net
radial interfacial force on the bubbles was estimated from the momentum equations using the measured profiles. The radial migration of
the bubbles in the core region of the pipe, which determines the shape of the void profile, was related to the balance between the turbulent
dispersion and the lift forces. The ratio between these forces was characterized by a dimensionless group that includes the area averaged
Eo6tvos number, slip ratio, and the ratio between the apparent added kinetic energy to the actual kinetic energy of the liquid. A non-
dimensional map based on this dimensionless group and the force ratio is proposed to distinguish the conditions under which a wall
or core peak void profile occurs in bubbly flows.
© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

The local distribution of the bubble and the liquid tur-
bulence characteristics such as the void fraction, bubble
diameter, bubble velocity, liquid average and turbulent
velocities in two-phase bubbly flow is important to under-
stand the interaction between the phases. It is now well
established that the scale of the pipe can have an effect
on the flow patterns and phase distribution. Typically,
for a vertical upward bubbly flow, when the diameter of
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the pipe (Dpipe) is greater than about 100 mm, the bubbles
tend to migrate toward the pipe centerline forming a “core-
peak” void fraction distribution instead of a “wall-peak”
void profile that is commonly observed in smaller diameter
pipes (Cheng et al., 1998; Yoneda et al., 2002; Shen et al.,
2005). Herringe and Davis (1976), however, indicated that
the void fraction profile was also dependant on the size of
the bubbles, and obtained a core-peak void profile in a
50.8 mm diameter pipe by introducing larger bubbles to
the flow. This was later corroborated by Nakoryakov
et al. (1996) in a 14.8 mm pipe, where the void profile chan-
ged from a wall to a core peak when the gas injector was
changed to obtain larger bubble diameters (D) for the
same liquid and gas superficial velocities (J; and J,
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respectively). On the other hand, a wall-peak void distribu-
tion was observed at relatively low area averaged void frac-
tion flows ({a) < 4%) in a 200 mm pipe when the bubble
diameter was relatively small (Ohnuki and Akimoto,
2000; Shoukri et al., 2003; Shen et al., 2005; Shawkat
et al., 2007).

Prasser et al. (2005) observed larger diameter bubbles in
a 194 mm diameter pipe compared to that in a 52.3 mm
diameter pipe at the same superficial velocities. Their mea-
surements showed that the bubbles moved more freely and
with more deformation in the larger diameter pipe. This is
consistent with the experiments of Zun (1988) and Kariya-
saki (1987), which indicated that larger bubbles tend to
migrate toward the pipe centerline and form core-peak
void distributions. Esmaeeli et al. (1994) and Ervin and
Tryggvason (1997) attributed the change in the void frac-
tion profile mainly to the deformation of the bubbles by
analyzing the bubble trajectories for both spherical and
deformed bubbles. They found that deformed bubbles tend
to move toward the center of the pipe and suggested that
the lift force (F1) can reverse its direction as the bubbles
are deformed. Based on experiments on a train of bubbles
in an uniform shear flow, an analytical model for the lift
coefficient (Cp) was introduced by Tomiyama et al.
(2002). The model indicated that the lift force reversed its
direction towards the pipe centerline for a relatively large
bubble diameter of about 5.8 mm in air—water flow. They
suggested that the reversal in the direction of the lift force
was the main reason for the core-peak void profiles in large
diameter pipes. Shoukri et al. (2003) and Shawkat et al.
(2007), however, obtained a core-peak void distribution
at smaller Dy, in the range of about 3-5 mm, which corre-
sponds to a positive Cy according to the model of Tomiy-
ama et al. (2002).

The formation of core-peak void profiles was also
related to the effect of the liquid turbulence structure
around the bubbles (Ohnuki and Akimoto, 2000). This
effect was first introduced by Lahey et al. (1993) in the form
of an interfacial force called the “turbulent dispersion for-
ce” (Fiq), which accounts for the diffusion effect of the sur-
rounding liquid turbulence on the bubble motion. Ohnuki
and Akimoto (2000) suggested that in upward bubbly flow
this force could overcome the lift force and move the bub-
bles towards the centerline. Ohnuki and Akimoto (2001)
compared the void fraction and turbulent velocity profiles
in small and large diameter pipes for the same bubble
diameter, to approximately equalize the effect of the lift
force, and suggested that the turbulence dispersion force
is related to the ratio between the bubble diameter to the
liquid turbulence integral length scale. However, the lack
of data for the liquid turbulence structure in large diameter
pipes prevented a clear physical explanation of the turbu-
lence effect on the direction of bubble migration.

Most previous investigations of the liquid turbulence in
bubbly flow have been performed in pipes with diameter
ranging from about 15mm to 60 mm (Serizawa et al.,
1975; Sato and Sekoguchi, 1975; Theofanous and Sullivan,

1982; Michiyoshi and Serizawa, 1986; Wang et al., 1987;
Liu and Bankoff, 1993a,b; Hibiki and Ishii, 1999). In gen-
eral, the average liquid velocity (U) profiles were found to
be more uniform in the core region compared to the single-
phase case. Theofanous and Sullivan (1982) and Wang
et al. (1987) noticed a slight increase in the average liquid
velocity near the radial location of the maximum void frac-
tion, and this phenomenon was called the “Chimney
Effect”. Tt was conjectured that the increase in velocity
was due to the extra driving force due to the additional
bubbles in this region. The radial distribution of the axial
and the radial turbulence intensities (u/ U and v/ U) was sim-
ilar to that in single-phase flow, but more uniform in the
core region indicating less turbulent diffusion in this region.
The Reynolds shear stress (—u'v') showed a gradual
increase towards the wall in the core region with a sharp
increase in the near-wall region. The values were found
to be much higher than the corresponding single-phase
flows, especially near the wall (r/R z 0.97). Compared
to single-phase flow at the same Jg, a turbulence suppres-
sion was observed in the central region when the J¢
exceeded approximately 1 m/s for area average void frac-
tion ({«)) less than about 5% (Michiyoshi and Serizawa,
1986; Liu and Bankoff, 1993a; Hibiki and Ishii, 1999).
There have been far fewer studies of the liquid turbu-
lence structure in large diameter vertical pipes. Ohnuki
and Akimoto (2000) investigated the liquid average and
fluctuating velocity distributions at high liquid superficial
velocity of about 1 m/s in a 200 mm diameter pipe. For
the same Jy and J,, no significant difference in the magni-
tude and the shape of the liquid average velocity profile
was noticed in the core region compared to that in small
diameter pipes. However, near the pipe wall the average
velocity was lower in the larger diameter pipe. The axial
fluctuating velocity profile was similar to that in smaller
diameter pipes. Shawkat et al. (2007), in a 200 mm diame-
ter pipe, showed that the average liquid velocity profiles
were more uniform than the single phase profile for a
wall-peak void fraction profile, while having higher average
velocities in the core region for core peak void fraction pro-
files. Their results indicated, generally, an increase in the
turbulence intensity when the bubbles are introduced into
the flow. However, a turbulence suppression was observed
close to the wall at a very low void fraction and a high J;.
Near the pipe wall the effect of the wall lubrication force
tends to move the bubbles away from the wall (Antal et al.,
1991). The effect of this force is generally limited to about
two bubble diameters from the pipe wall (Lopez de Bertod-
ano et al., 1994; Troshko and Hassan, 2001). Outside this
range, it could be argued that the balance between the lift
and turbulent dispersion forces govern the radial migration
of the bubbles and hence determines the void fraction pro-
file. The pipe diameter is expected to affect the flow charac-
teristics that in turn determine the value and the direction
of these forces. To investigate this balance, however, more
information is required regarding the liquid turbulence
structure, especially in large diameter pipes. Thus, the
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objective of this study is to investigate the local distribution
of the bubble and liquid turbulence characteristics for two-
phase bubbly flow in a 200 mm diameter vertical pipe. In
particular, the main flow parameters that characterize the
effect of the pipe diameter on the radial motion of the bub-
bles and hence the shape of the void fraction profile are
investigated.

2. Experimental test facility and data reduction

A schematic of the experimental test facility is shown in
Fig. 1. Filtered water and air are used as the liquid and gas
phases. The two-phase flow is established in the larger
diameter pipe (riser) and returns in the smaller pipe (down-
comer). The riser is made of 200 mm diameter transparent
acrylic tubing and is 9.56 m in length. The riser extends
0.5m into a phase-separation tank and discharges the
two-phase mixture at a level higher than the liquid level
in the tank to avoid reverse flow. An angled reflector and
a baffle plate were welded to the tank to enhance the phase
separation. The liquid phase is then returned in the down-
comer, which is made of 100 mm diameter PVC pipe, with
its upper portion (1.5 m length) made of acrylic to observe
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X-hot film with overheat ratio 1.06. The optical and hot-
film probes were mounted on separate traverse mechanisms
with 0.01 mm resolution. The data was acquired using a
16bit A/D converter interfaced to a PC using LabView
software. For both optical and hot film probes, the data
were acquired at a sampling frequency of 10 kHz for
80s, which was found sufficient to obtain statistically
steady values. However, at low J, conditions a sampling
time of 120 s was used due to the smaller bubble popula-
tion in this case.

The hot films were calibrated in the flow loop by oper-
ating it with only water and using the centerline single-
phase velocity, assuming a (1/n) power law distribution
for the velocity profile (where n = 2.95Re*%%) (Schlich-
ting, 1979). For the cross hot-film the effective angle con-
cept described by Browne et al. (1989) was used to
decompose the signal into its two components. The reliabil-
ity of the single and cross hot film measurements were
checked by performing a number of single-phase measure-
ments using only water and comparing the average liquid
velocity and Reynolds stresses, (U,u/,v' and u'v’), with the
experimental data of Laufer (1954) and Lawn (1971). The
average velocity and Reynolds stresses were in good agree-
ment with the experimental data, with a maximum devia-
tion near the wall (r/R > 0.85) of approximately +6% for
the average velocity, +10% for the turbulent intensities,
and +11% for the Reynolds shear stress.

A combined amplitude and slope threshold method was
used to separate the phases in both the optical probe and
hot-film signals as described by Wang and Ching (2001)
and Farrar et al. (1995). A linear interpolation was used
to replace the gaps that arose from removal of the gas
phase signal to obtain a continuous liquid phase signal,
as described by Shawkat et al. (2007). For the cross hot-
film, to ensure the correct correlation between the two out-
put signals, the voltage drops due to the gas phase were
removed from both signals simultancously, even if only
one of the signals showed a voltage drop. The bubble
and the liquid turbulence characteristics were calculated
as described by Liu and Bankoff (1993a,b). The void frac-
tion and the bubble frequency (defined as the number of
bubbles passing the measurement location per unit time)
presented in this study were obtained from the front optical
probe, and these results were within +3% of those deter-
mined from the rear probe. The average bubble diameter
was estimated as the most probable value of the chord
lengths (xp,) that represents the bubble diameter. This value
was obtained by filtering the optical probe signals twice;
first using the method of Revankar and Ishii (1992) to
ensure that only bubbles that hit both probe tips in
sequence were used, and second to exclude bubbles that
hit the probe away from the bubble centerline. Here, the
bubble were assumed spherical and moving vertically
upward. The bubble diameter was also calculated using
the normalized chord length probability density function
(PDF(xp)) of the unfiltered signals, as suggested by Uga
(1972) and Liu (2002)

Table 1

Relative uncertainty of the main measured quantities
Quantity Uncertainty
U, and u (single-phase, for single hot-film) +2.6%

U, and u (single-phase, for cross hot-film) +3-5%

U, and u (two-phase, for single hot-film) +3.7%

U, and u (two-phase, for cross hot-film) +6-9%

v (single phase) +3-5%

v (two-phase) +6-9%

—u'v/ (single-phase) up to 0.88 cm?/s* or 10%
—u'v’ (two-phase) 3-8.5 cm?/s? or up to 13%
o or (o) 14%

Db = 15/ Xp - PDF(Xb) dxb (1)
0

The results from the two methods agreed to within +4.5%.

The data were taken 42 diameters (8400 mm) down-
stream from the location where the air was introduced.
The liquid and gas superficial velocities (Jf and J,) were
in the range 0.2-0.68 m/s and 0.0-0.18 m/s, respectively.
The corresponding area average void fraction varied from
0% to 15.4%, while the area average bubble diameter ({Dy,))
was in the range of 3-6 mm. The experimental uncertainties
of the hot-film measurements were estimated according to
the method of Yavuzkurt (1984). The uncertainty in the
void fraction was estimated by comparing the measured
area averaged void fraction with that obtained from the
liquid phase integral momentum equation by measuring
the axial pressure drop along the test section and using
the model suggested by Beyerlein et al. (1985) to account
for the wall shear stress. The details of the uncertainty
analysis are given in Shawkat (2007) and are summarized
in Table 1.

3. Results and discussion
3.1. Bubble characteristics

The radial void fraction distributions at the different
liquid superficial velocities are shown in Fig. 2. At each
liquid superficial velocity, the profiles for different J, are
presented. As expected, increasing J, at a constant Jr
increases the void fraction while an increase in J; results
in a decrease in the void fraction. For low J¢ and J, flows,
the void fraction profiles are nearly uniform with a ten-
dency to form a peak near the pipe wall as shown in
Fig. 2a—c for J, in the range 0.005-0.015 m/s, correspond-
ing to (a) < 4%. The wall peak becomes more pronounced
at higher J;, as shown in Fig. 2d-f for the same range of
(o). The location of the wall-peak moves closer to the pipe
wall as J; is increased. For example, in Fig. 2d-f for J, of
0.015 m/s, the peak location changed from r/R of 0.85 to
0.925 as J; increased from 0.45 to 0.68 m/s, which corre-
sponds to approximately 3.5-2 (Dy) from the pipe wall.
For constant Jp, an increase of J, typically reduces the
wall-peak and causes more bubbles to migrate toward the
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Fig. 2. Radial distribution of the void fraction at different J; for J, of [* 0.005, +0.015, ¥ 0.03, x0.05, v 0.065, 00 0.085, A 0.1, and ¢ 0.18 m/s].

pipe centerline to form core-peak profiles. For high J,, cor-
responding to () = 4%, the core-peak profiles are more
pronounced at the low J; flows, and the profiles become
more uniform as the liquid flow rate is increased. This indi-
cates that the tendency of bubbles to migrate toward the
centerline decreases as Jy is increased for constant J,. The
change in the wall-peak profiles with the flow conditions
is similar to that in smaller diameter pipes (Michiyoshi
and Serizawa, 1986; Wang et al., 1987; Liu and Bankoff,
1993b), where a more pronounced wall peak was observed
at high J; flows. In small diameter pipes, however, the wall-

peak became more distinct as J, was increased for constant
Jr. In the cases where a core-peak distribution was
observed in small diameter pipes, the profiles were more
distinct than in the larger diameter pipe, with a higher dif-
ference between the void fraction at the centerline and near
the wall. For both types of void distributions, at the same
Jr and J,, the area averaged void fraction in the larger
diameter pipe was smaller than the corresponding values
in small diameter pipes.

The corresponding bubble frequency profiles are shown
in Fig. 3. In general, the profiles have the same trend as the
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Fig. 3. Radial distribution of the bubble frequency at different J; for J, of [* 0.005, +0.015, ¥ 0.03, x0.05, v 0.065, (I 0.085, A 0.1, and < 0.18 m/s].

void fraction profiles, where the location of the maximum  ble diameter as Jris increased for constant J, as will be dis-
frequency approximately coincides with the location of  cussed later. In small diameter pipes, the bubble frequency
the maximum void fraction. However, relatively small void  profiles had the same trend as the void fraction profiles.
wall-peaks did not show the same significant influence on =~ However, the measurements of Liu and Bankoff (1993b)
the bubble frequency as shown in Fig. 3d, where no distinct ~ in a 38.1 mm diameter pipe showed that an increase in J;
wall-peak is observed for J, < 0.03 m/s. Increasing either ~ decreased fy, in the core region and increased it in the wall
Jg or Jp increases the bubble frequency. The increase in region (r/R = 0.8). The present wall-peak profiles do not
bubble frequency due to an increase in Jy can be attributed  exhibit these characteristics. The bubble frequency is
to an increase in the bubble break-up in the developing  dependant on both the void fraction and bubble diameter.
region. This is also consistent with the decrease in the bub- In large diameter pipes, the mechanisms that govern the
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bubble break-up and coalescence are likely to be different
due to the change in the liquid turbulence structure around
the bubbles as the flow domain changes.

The bubble velocity distributions are shown in Fig. 4.
An increase in Jr or J, increases the bubble velocity. In gen-
eral, the bubble velocity distribution is parabolic, with the
bubbles having a higher velocity at the centerline for both
wall and core-peak void profiles. Increasing J, causes a
higher increase in U, at the centerline compared to that
near the wall. On the other hand, changing J; for the same
J did not cause a significant change in the shape of the

profiles. Due to the buoyancy, the bubble velocity is always
higher than the liquid velocity at the corresponding radial
location. The increase in J, results in larger bubbles which
will move faster relative to the liquid due to the higher
buoyancy force.

The radial distributions of the average bubble diameter
are presented in Fig. 5. Increasing J, for constant J; results
in larger bubble sizes, while an increase in J; decreases the
bubble size. This may be due to the suppression of bubble
coalescence indicated from the increase in the bubble fre-
quency. However, an increase in the bubble diameter was
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observed at J, < 0.05 m/s as Jy was increased from 0.35 to
0.45m/s. This corresponds to approximately where the
uniform void profile transitions to a more distinct wall-
peak profile. Such a transition may result in more bubble
coalescence, especially near the pipe wall. For the cases
with a core-peak void fraction, the bubble diameter distri-
butions are mainly uniform in the core region (up to r/
R~ 0.8), and then decrease as the wall is approached.
For the wall-peak cases, the bubble diameter profiles are
also uniform in the core region but show a continuous
increase toward the pipe wall in the near-wall region, indi-
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cating more bubble coalescence in this region. This is differ-
ent to that observed in small diameter pipes, where the
bubble diameter profiles show a peak near the wall (Mich-
iyoshi and Serizawa, 1986; Liu and Bankoff, 1993b; Hibiki
and Ishii, 1999). As in the bubble frequency profiles, small
void peaks did not have a significant effect on the bubble
size distribution near the wall, as shown in Fig. 5d. For
example, at J, < 0.03 m/s the bubble diameter profiles do
not show an increase in the wall region although the void
profiles showed a peak in this region for this flow range
(Fig. 2d).
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3.2. Liquid velocity and turbulence characteristics

The radial distributions of the average liquid velocity
and the corresponding profiles normalized by the centerline
velocity for the different flow conditions are shown in Figs.
6 and 7, respectively. The single-phase average liquid veloc-
ity profiles at the same J; are also shown for comparison.
For low J;r and J,,
similar to that of single-phase flow, but with relatively
higher velocities near the pipe wall as shown in Fig. 6a—c
and Fig. 7a— for J, of 0.005-0.015 m/s. In this flow range,

the average liquid velocity profiles are

the void fraction profiles are mainly uniform in the core
region with a peak near the wall, which likely causes the
average liquid velocity in that region to increase due to
the buoyancy effect of the bubbles. For higher J; of 0.45—
0.68 m/s and low J,, the wall-peak void profiles are more
prominent resulting in higher average velocities near the
wall, and a more uniform velocity in the core region as
shown in Figs. 6d-f and 7d—f. For the low void fraction
flow conditions, the U values in the central region are lower
than the corresponding single-phase values as shown in
Fig. 6, especially at the high J; flows. This could be
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explained from the liquid phase mass conservation, where

the increase in the average velocity near the wall has to

be compensated by a decrease in its value in the central
region for the same liquid flow rate. For high J,, the void
profiles change to a core-peak distribution which causes
the liquid average velocity to be higher in the core region
than near the wall. Consequently, the normalized velocity
profiles displays a parabolic shape, with higher centerline
velocities than the corresponding single-phase flow for high
void fraction flows, as shown in Fig. 7 at the highest J,. A
similar effect of void fraction on (U/Ucy) profiles was

observed by Nakoryakov et al. (1996), as the void profiles
changed from a wall to a core peak distribution. Fig. 8
illustrates the radial distribution of the relative velocity
between the bubbles and the average liquid velocity
(U, = U, — U). At low J;, the relative velocity tends to
decrease toward the pipe wall (Fig. 8a and b). As J; is
increased, the profiles become more uniform and then
increase toward the pipe wall, indicating higher turbulence
in that region (Fig. 8e and f). The transition between the
two trends occurs in the range of J; between 0.35 and
0.45 m/s.
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The radial distribution of the liquid axial turbulence
intensity is shown in Fig. 9. The single-phase turbulence
data corresponding to the same J; are shown for compar-
ison. For a constant Jy, increasing J,, generally, increases
u/ U for all the flow conditions. The current data shows a
dramatic decrease in u/U as J; is increased. At Jy of 0.58
and 0.68 m/s and J, of 0.015m/s (() < 1.6%), a turbu-
lence suppression relative to the single-phase flow is
observed near the wall as shown in Fig. 9¢ and f. For
the lower J; of 0.2 and 0.26 m/s, the introduction of the
bubbles increases the axial turbulent velocity in the core

region more than in the near wall region, resulting in pro-
files that decrease toward the wall as shown in Fig. 9a and
b. At the higher J; of 0.35 and 0.45 m/s, the axial turbu-
lent velocity near the wall increases more rapidly com-
pared to the core region as J, is increased, and the
profiles of u/U show an increase toward the pipe wall
(Fig. 9c and d). For the high J; flows of 0.58 and
0.68 m/s, an increase in J, causes a significant increase
in u/U near the wall which results in profiles that tend
to increase toward the pipe wall (Fig. 9¢ and f). The
change in the trends of u/U profiles as J; is increased is
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consistent with the change in the trends of the relative
velocity profiles.

In general, the radial turbulence intensity profiles have the
same trends as the axial turbulence as shown in Fig. 10. How-
ever, they become more uniform as J; is increased without
showing an increase toward the pipe wall as in the axial tur-
bulent velocity profiles. The value of v/u was in the range
0.35-1. A turbulence suppression is observed in the v/ U pro-
files at the same flow conditions of the u profiles. The suppres-
sion region for the radial turbulence is slightly wider than the

corresponding region for the axial turbulence, especially at J;
of 0.68 m/s, where the suppression in u/U is observed at r/R
of 0.9 (Fig. 9f) while for v/ Uit starts at /R of 0.825 (Fig. 10f)
for J, of 0.015 m/s.

As the bubbles are introduced to the flow, the Reynolds
shear stress increases significantly compared to the corre-
sponding single phase flow as shown in Fig. 11, except for
the suppression conditions. A suppression of the Reynolds
shear stress is observed at J; of 0.68 m/s and J, of 0.015 m/s
over a r/R range that starts at about 0.725, which is wider
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than that observed for both turbulent velocities. Increasing
Jr decreases the shear stress where a smaller bubble diame-
ter and void fraction are found. For the wall-peak void
flows, the Reynolds shear stress generally increase toward
the pipe wall with the values being slightly higher than that
in single phase flows in the near-wall region. When the void
fraction profiles display a core-peak, the Reynolds shear
stress profiles show a maximum around r/R of 0.5-0.8,
which becomes more distinct at J; > 0.35 m/s. The maxi-
mum of the shear stress, however, does not necessarily coin-
cides with the maximum of the void fraction.

3.3. Net radial interfacial force on the bubbles

The net radial interfacial force on the bubbles can be
estimated from the one dimensional steady radial momen-
tum equations. These equations for the liquid and gas
phases in cylindrical coordinates are

_ oPL 19(1 — o)rv?

e T
T pp—— [l

T R L ey L VAR ¢)
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where P, p;, p, w and M, are the phasic pressure, interface
pressure, density, azimuthal turbulent velocity and net ra-
dial interfacial force in the r-direction, respectively. The
subscripts L and G indicate the liquid and the gas phases

respectively, while the overbar indicates a time average.
Neglecting the effect of the surface tension leads to,

My =My (4)
For a single interface pressure (py)

Py, =Pig =P (5)
Assuming no pressure gradient in the gas phase results in,

Pig = Pg (6)
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The phasic pressure difference (p; — Pr) could be expressed
using Eqgs. (5) and (6) as Lahey et al. (1993),

p1— PL =P —PL = p.[C,(U)*(1 — )] (7)

where C, is an empirical constant and its value is typically
between 0.25 for single bubbles and 1.7 for a swarm of bub-
bles (Lopez de Bertodano et al., 2004; Troshko and Has-
san, 2001). In the current study, C, was taken equal to 1
as recommended by Lahey et al. (1993) for bubbly flow
in vertical conduits.

By neglecting the gas turbulent stresses relative to the
liquid stresses and adding (xa% to both sides of Eq. (3),
and using Egs. (4)-(6), the momentum equations could
be re-written as

Eliminating the pressure gradient from Eqgs. (8) and (9)
gives

_ —19(1 — w)rv? w2 1 Qu(p — Pr)
M., =apy 7T+(1 (1)7 p—LT

N aa(PIa—rPL)
(10)

The local variation of M,, was estimated from Eq. (10)
using the measured profiles of the liquid turbulent veloci-
ties, the relative velocity and the void fraction, and assum-
ing w? ~ v2. The uncertainty in M, was within £10 to
+40%. The sign of M, indicates the direction of the net
interfacial force on the bubbles in the radial direction. In
the core region of the pipe, M, is expected to be negative
for core-peak void profile flows since the net interfacial
forces would move the bubbles toward the pipe centerline
in this case. Likewise, positive values for M, in the pipe
core region are expected in case of wall-peak void flows.
The core region, in this analysis, was defined up to the loca-
tion of the maximum void fraction in case of wall-peak
profiles and up to 2.5D,, from the wall for core-peak pro-
files, which correspond to r/R = 0.85.

The radial distribution of M., for the present data is
shown in Fig. 12. For J; of 0.2 and 0.26 m/s, and the lowest
Js, the net interfacial force tends to reverse its direction
near the pipe wall. This is consistent with the void profiles
at these flow conditions (Fig. 2a and b) where the profiles
show a small wall peak. As J; is further increased to
0.45 m/s and the void profiles have a more distinct wall-
peak, the value of the force increases up to the location
of the void peak and then decreases, with negative values
when the effect of the wall lubrication force becomes signif-
icant. For core-peak void flows, as J; is increased at the

same J, the value of M| decreases indicating a reduction
in the migration of bubbles towards the centerline. For the
wall-peak void flows, M, increased with J¢ for the same J,
resulting in a greater number of bubbles near the wall.

The net radial interfacial force on the bubbles in the core
region could be decomposed into the lift and turbulent dis-
persion forces as

1

M

— —
I'G |core—regi0n = FL |0n bubbles + Ftd |on bubbles (1 1)

The void fraction profile in the pipe core-region will be
determined by the balance between the lift and turbulent
dispersion forces, which could be quantified by the ratio
between their area averaged values in the core region

{Fideoreresion (12)

Fratio =
<FL>core-region

The lift force can be expressed as
ou
:7CLOCPL(Ub7U)E (13)

The lift coefficient is estimated using the model of Tomiy-
ama et al. (2002), where

Fy | on bubbles

co— {min[0.288 tanh(0.121Rey), f(Eoa)] for Eoq <4
TS (Eog) for 4 < Eog < 10.7
and
F(Eoq) = 0.00105E3, — 0.0159E2, — 0.0204E,q + 0.474
(14)

Here, Rey, and E,q are the bubble Reynolds number and
the deformed E&tvés number based on the length of the
horizontal axis of the bubbles. For prolate bubbles, which
is the case in most bubbly flows (Clift et al., 1978), E.q is

_ 2
related to the traditional E6tvos (i.e E, = M) by

a

Eoq = Eo(1 +0.163E077)} (15)

where o is the surface tension. From Egs. (10), (11) and
(13) the ratio between the forces could be presented as

Fu —1 |-10(1 —a)r”
_:_1+ o |—
Fy CLU 5 | r or
W 1 Goc(pl —PL)
1—g)—— — 2wt 7L/
+ (- roopL or
1 o(p; — PL)
16
+pLCLUr%_[,.] ar ( )

The following relations are introduced to determine the or-
der of magnitude of the different terms in the above
equation:

U/z ~ I/V/2 ~ KEL
U,

U~s
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where S is the slip ratio. The phasic pressure difference is
proportional to the relative velocity and the void fraction
as shown in Eq. (7),

~-P
AL
PL

(17)

and from Tomiyama et al. (2002) the lift coefficient is pro-
portional to E6tvés number

Cp ~ Ey (18)

Hence, the ratio ’;—‘f could be represented as

F
= f(«,8,KEyr, U2, Ey) (19)
Fy
or using an area average over the core region as
<Fd> re-region
Frato = 1 8 o £((3), (S), (KEL), (U2, (Eg))  (20)

<FL > core-region

The balance between the lift and turbulent dispersion
forces was estimated from Egs. (10), (11) and (13) for the
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current flow conditions and for the data of Michiyoshi and
Serizawa (1986), Wang et al. (1987) and Liu and Bankoff
(1993a,b) to represent small diameter pipes. Three cases
were observed for the balance between Fy and Fiq as Dy
was increased. Fig. 13 illustrates these cases with the corre-
sponding range of F,,, for each case. In the first case, for
small diameter bubbles, both forces are positive and the
bubbles move toward the wall to form a wall-peak void
profile. In this case F4 was higher than F;. In the second
case, for bubble sizes larger than case 1, Fiq is negative
and higher than F; and the bubbles will reverse its migra-
tion direction toward the pipe centerline to form a core-
peak void profile. In the final case, for larger bubbles
(Dp = 5.8 mm), according to the model of Tomiyama
et al. (2002), the lift coefficient becomes negative and the
lift force reverses it direction to form more distinct core-
peak void profiles. The case of 1 > F,.4, = —1, was not
observed for the data sets examined here.

The flow parameters on the right hand side of Eq. (20)
can be grouped into one dimensionless group, X, where

_ (U
X = (S)E) o) s e
and hence
Fraiio :f(X) (22)

The group X represents the combined effect of the slip ra-
tio, the bubble deformation (represented by Ej), and the ra-
tio between the apparent added turbulence kinetic energy
to the liquid by the bubbles to the actual turbulent kinetic

energy (%) The value of X was found to be well cor-

related with the area averaged bubble diameter as shown in
Fig. 14, which is consistent with Fig. 13. The figure shows
that case 1 is associated with bubble diameters up to about
of 4mm and X less than about 3.5, while case 2 corre-
sponds to (Dy) in the range of 4 to about 5.5 mm and X
higher than 2.5. There is an overlap between the bound-
aries of the first and the second cases for X between 2.5
and 3.5 and (Dy,) in the range of 3.8 to about 4.2, indicating
a transitional zone where either a wall or core peak void
profile could occur. For values of X greater than about

Pipe C.L. Pipe Wall
F F
Wall — Peak () F_>1
. ;
(Case 1) ratio
Core — Peak F. Fyq
(case 2) ( ) E‘atio <-1
Distinct F. m F, Fr o> 1
Core — Peak U
(case 3)

Fig. 13. The different cases for the balance between the lift and turbulent
dispersion forces in the pipe core region.
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Fig. 14. The relation between the area averaged bubble diameter and the
dimensionless group X for * Michiyoshi and Serizawa (1986) data, x
Wang et al. (1987) data, O Liu (1989) data, and <) present data.

14.5, which corresponds to Dy larger than 5.8 mm, the
core-peak becomes more distinct as the lift force reverses
it direction.

The value of Fi., is plotted as a function of X in
Fig. 15. The data fall into three distinct zones, correspond-
ing to the three cases shown in Figs. 13 and 14. The
approximate boundaries of these zones can be described
as

Fraio>1and X3.5 Wall-Peak (case 1)

Fraio < —land X € [2.5— 14.5] Core-Peak (case 2)
Flratio >1land X = 14.5 Distinct Core-Peak (case 3)

In order to obtain a distinct bubbly flow regime, most pre-
vious experiments in small diameter pipes had (D) in the
range 1.8-3.7 mm (Michiyoshi and Serizawa, 1986; Wang
et al., 1987; Liu and Bankoff, 1993a), with corresponding
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Fig. 15. The variation of F,;, with X for [* Michiyoshi and Serizawa
(1986) data: wall-peak (case 1), x Wang et al. (1987) data: wall-peak (case
1), A Liu (1989) data: wall-peak (case 1), O present data: wall-peak
(case 1), O present data: core-peak (case 2), and <> present data: core-peak
(case 3)].
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Table 2

The X parameter values for the data of Nakoryakov et al. (1996) and Ohnuki and Akimoto (2000)

Author (Dpipe) Je Je Injector type (Dy) (o) Void fraction X
(m/s) (m/s) (mm) (%) shape

Nakoryakov et al. (1996) (14.8 mm) 0.44 0.05 Cylindrical with 18 holes of 0.15 mm 2 6.9 Wall-peak 0.286
diameter on its circumference

Nakoryakov et al. (1996) (14.8 mm) 0.44 0.11 Cylindrical with 18 holes of 0.15 mm 2.4 12.8 Wall-peak 0.554
diameter on its circumference

Nakoryakov et al. (1996) (14.8 mm) 0.44 0.05 6 Hypodermic needles of 0.4 mm 3.7 5.5 Core-peak 34
diameter

Nakoryakov et al. (1996) (14.8 mm) 0.44 0.11 6 Hypodermic needles of 0.4 mm 3.6 11.8 Core-peak 33
diameter

Ohnuki and Akimoto (2000) (200 mm) 1.06 0.11 12 Porous sinter tubes of 30 mm 3.43 7.36 Wall-peak 0.245

diameter and 40 pm grain size

X less than about 2.5, which results in an interfacial force
balance that gives a wall-peak void profile. In larger diam-
eter pipes, a similar distinct bubbly flow regime can be
obtained with a higher range of (D), and consequently a
higher value of X. As X increases beyond 2.5, core-peak
void profiles are observed. Increasing X to greater than
14.5, causes the core-peak profiles to be more distinct (case
3), as shown by the three data points corresponding to Jy—
Js of 0.2-0.085, 0.2-0.1, and 0.26-0.1 m/s in Fig. 2a-b.
There is an overlap between cases 1 and 2 for X in the range
of about 2.5-3.5, where the shape of the void fraction pro-
file will be dependant on the value of Fy,, as well as X. The
sensitivity of the value of C, on the relation between X and
Fratio Was examined by varying C, from 0.75 to 1.25.
Increasing C,, in this range resulted in an increase in the va-
lue of Fi,4, by about 160% and 68% for cases 1 and 3, and
a decrease by about 50% for case 2. However, the location
of the boundaries between the different cases on the map
were unaffected by the value of C,,.

The above map was also checked against the data of
Nakoryakov et al. (1996) and Ohnuki and Akimoto
(2000) for bubbly flow in a 14.8 and 200 mm diameter
pipe, respectively. For the data of Ohnuki and Akimoto
(2000), the void fraction profile was wall-peak, while for
the (Nakoryakov et al., 1996) data the void fraction pro-
file changed from wall to core peak when the injector type
was changed to obtain larger bubble diameters. For these
data v and w are assumed equal to u and the areca aver-
aged slip ratio for Nakoryakov et al. (1996) was estimated
as

& =7 (1) (23)

because no measurements for the bubble velocity were
provided.

The flow conditions and the corresponding range of X are
given in Table 2. For the wall-peak cases, the bubble diam-
eter was relatively small and X was less than 2.5 in both the
small and large diameter pipes. In the small diameter pipe,
when the value of X was increased above to 3.3 by injecting
larger bubbles, the void fraction profile had a core peak.
This is consistent with the map shown in Fig. 15.

4. Conclusions

Experiments were performed in a 200 mm diameter
vertical pipe to investigate the liquid turbulence structure
of an upward fully developed two-phase bubbly flow
using air and water. The measurements were performed
at L/Dpipe of 42 at six liquid superficial velocities in the
range 0.2-0.68 m/s. At each liquid superficial velocity,
the gas superficial velocity was varied in the range
0.005-0.18 m/s, corresponding to an area averaged void
fraction of 1.2% to 15.4% and bubble diameter in the
range of 3-6 mm. The bubble characteristics were mea-
sured using a dual optical probe while the liquid turbu-
lence characteristics were measured using single and
cross hot-film anemometry.

A core-peak void fraction distribution was obtained for
most flow conditions, except at low void fraction flows
({o) < 4%) where a wall-peak was observed. The wall-
peak profiles were associated with an increase in the bub-
ble diameter towards the pipe wall, while for core-peak
profiles the bubble diameter decreased as the pipe wall
was approached. The profiles of the bubble frequency
were found, in general, to follow the same trend of the
void fraction profiles. The average liquid velocity profiles
were more uniform than the corresponding single phase
profiles for the case of a wall-peak void fraction profile.
When the void profile had a core peak, the average liquid
velocity in the central region was higher than the corre-
sponding single phase profiles. In general, there is an
increase in the turbulence intensity when the bubbles are
introduced into the flow. However, a turbulence suppres-
sion was observed close to the wall at very low void frac-
tion flows ({o) < 1.6%). The distribution of the net radial
interfacial force on the bubbles was estimated from the
two-fluid model using the current measurements. The
radial direction of the bubble migration in the pipe core
was related to the balance between the turbulent disper-
sion and the lift forces. The ratio between these forces
was characterized by a dimensionless group (X) that
includes the area averaged EO6tvos number, slip ratio,
and the ratio between the apparent added kinetic energy
to the liquid to the actual amount. A flow map was pro-
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posed to specify the flow conditions under which wall or
core peak void distribution would occur. The data from
the current measurements and existing data in small diam-
eter was found to be in good agreement with this flow
map.
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