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Abstract

Phase distributions were studied experimentally in fully developed laminar bubbly ¯ow with non-
uniform bubble sizes. A stereo-photographic method was designed to determine the three-dimensional
position and size of each bubble in the ¯ow ®eld. The void fraction distributions were determined for
every group bubble with approximately uniform size. The phase distributions for uniform bubble ¯ows
were also measured for analysis of the e�ect of the bubble size on the behaviour of the bubbly ¯ows.
The results show that if the average bubble diameter of a group of bubbles is less than about 3.5 mm,
the void fraction distribution will peak near the pipe wall for both uniform and non-uniform bubble
¯ows. For non-uniform bubble ¯ows, large bubbles with diameters over about 3.7±3.8 mm create a void
fraction pro®le with a peak near the pipe center. Bubbles with diameters from 3.5 to 3.8 mm tend to be
distributed in a two-peak pro®le. The strong e�ect of bubble size on void fraction pro®les is similar to
that observed in previous investigations despite considerable di�erences in pipe size and working liquid
properties. 7 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Laminar bubbly ¯ow is a basic two-phase problem and a good example of the successful
application of the two-¯uid modeling, the most advanced theory for two-phase ¯ow (Antal et
al., 1991). However, although laminar bubbly ¯ow may be the simplest ¯ow pattern in gas±
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liquid two-phase ¯ow, its dynamic and kinetic behaviours are not yet understood completely.
Previous experimental investigations show that the void fraction, one of the most important
parameters to describe the inter-phase interactions in bubbly ¯ow, has various distributions
under di�erent ¯ow conditions (Valukina et al., 1979). Nakoryakov et al. (1996) observed that
the void fraction distribution has a peak near the pipe wall if the bubble diameter is about 2
mm for bubbly ¯ow in a 14.8 mm i.d. pipe. For the bubble diameters greater than about 3.6
mm, the void fraction distribution peak shifted to the pipe center. Kashinky et al. (1993) found
a two-peak void fraction distribution in laminar bubbly ¯ows with average void fractions of
0.01±0.02 and bubble diameters of around 2.3 mm. We can conclude that the bubble size has a
tremendous e�ect on the phase distribution in bubbly ¯ow.
For laminar bubbly ¯ow with non-uniform bubble sizes, it is not di�cult to predict that the

phase distribution will be more complex. This implies more sophisticated mechanisms for the
phase interactions and the interactions among bubbles, which requires further study to
facilitate ¯ow analysis. However, non-uniform bubble sizes present both experimental and
theoretical di�culties because a variety of large and small bubbles means there is no longer a
®xed relationship between the local void fraction and the local interfacial area concentration.
The interfacial area concentration and void fraction will not have the same distributions. The
interfacial area concentration is the most important parameter for quantifying the phase
interactions, so the interfacial area concentration or the local average bubble diameter,
together with the void fraction, is needed to describe the phase distribution. Neither the local
average bubble diameter nor the local interfacial area concentration are easily measured,
though some remarkable progress has been made in this regard (Kataoka et al., 1986; Clark
and Turton, 1988; Liu et al., 1996).
Furthermore, development of two-phase ¯ow theory for bubbly ¯ow with non-uniform

bubble sizes is a serious challenge. The two-¯uid theory has not yet produced a model to
predict the interfacial area distribution independent of the void fraction. Most models assume
that all bubbles are divided into several groups and then the bubbles in each group are treated
as of uniform size (Drew, 1983; Carrica et al., 1999). Therefore, this treatment seeks to
measure the void fraction distribution for each bubble size group.
This paper describes measurements of the phase distributions of laminar bubbly ¯ow using a

specially designed three-dimensional (3D) photographic method. The position and size of each
bubble in the ¯ow ®eld is determined. Then the void fraction distribution for each group
bubbles with the same size is decided.

2. Experimental

2.1. Experimental loop

Experiments were performed in an oil±air test loop. The vertical test section was about 3.7
m long with an inner diameter, D, of 29 mm. Mineral oil was used as the liquid phase. The
liquid ¯ow rate was measured by a ¯ow meter that was calibrated to a relative error of less
than 2%. The air¯ow rate was measured by a rotameter with accuracy better than 5%. Air
bubbles were generated by a small group of nozzles. A few combinations of di�erent size
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nozzles were used to produce bubbly ¯ows with non-uniform bubble size distributions. The
distance between the bubble generator and the measurement section was about 80D to ensure
that the bubbly ¯ows in the measurement section were fully developed.
A cooling system controlled the liquid phase temperature at 20 2 0.38C during the

experiments. The liquid density, rL, at 208C is 866 kg/m3. The liquid dynamic viscosity, mL, is
3.16� 10ÿ2 Pa�s. The surface tension, sL, is 46.5� 10ÿ2 N/m.

2.2. Measurement method

A special 3D photographic method was designed to measure the phase distributions. The
optical deformation caused by the liquid-®lled circular pipe was eliminated by surrounding the
measurement section of the pipe with a shroud box made of the pipe material and ®lling the
gap between the box and the pipe with the working liquid. As shown in Fig. 1, a mirror
re¯ects the side view from the y-direction on the x-direction. The photographs of the ¯ow were
taken by a camera from the x-direction, so the side and front views of the ¯ow ®eld were
obtained simultaneously. Then the bubble position in the 3D ¯ow ®eld was determined by
matching the side view image of the bubble to its front view image. The method for
determining the bubble position has been described in detail by Luo et al. (1999).
A typical side-front view photograph of a bubble ¯ow is shown in Fig. 2(a). The matching

result for the ¯ow is given in Fig. 2(b). In Fig. 2(b), a circle stands for a bubble that has been
matched successfully. If a bubble in the side view has been matched to two or more bubbles in
the front view, then these bubbles are marked by a cross. There is at least one mismatched
bubble for two re-matched bubbles.
After the positions of all the bubbles in the ¯ow ®eld are determined, the void fraction

distribution can be calculated as

e�r� �

Xn
i�1

Si�r�

S0�r� �1�

where e�r� is the radial void fraction pro®le, S0�r� is the surface area of an annulus which is

Fig. 1. Arrangement of 3D photographic system: (a) top view; (b) perspective view.
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coaxial with the pipe with radius r, n is the number of bubbles cut by the annulus, and Si�r� is
the cross-sectional area of bubble i cut by the annulus. Since bubbles in the ¯ow ®eld will be
deformed by the shear stress, they should be all ellipsoids. Then the bubble cross-sections cut
by the annulus should be ellipses. The long- and short-axis lengths and their direction angles
for all bubbles are measured from the photographs and are used to calculate Si�r� by

Si�r� � plai�r�lbi�r� �2�

lai�r� �
�����������������������������������������������
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where lai and lbi are the lengths of the long and short axes of bubble i, respectively.

2.3. Error analysis

The photographic technique is considered to be an absolute and standard method for two-
phase ¯ow measurements (Hewitt, 1978), which is usually used to calibrate other methods such

Fig. 2. A side-front view photo of the bubble ¯ow (Test 12) and its matching result: w, a bubble; �, a bubble
mismatched or re-matched: (a) side (left), front view photo; (b) matching result.
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as probes, in particular for low void fraction ¯ows (Revankar and Ishii, 1992). However,
measurement errors occur in the 3D photographic method as discussed below.
The measurement errors consist of three parts. The ®rst part is from mismatching between

bubble images in the side and front views of the bubbly ¯ow. The mismatching leads to
incorrect determinations of the positions of those bubbles, which results in errors of the
calculated phase distribution. Usually the mismatched bubbles account for less than 7±8% of
total bubbles for most measured bubbly ¯ows. To analyze the e�ect of the mismatching on the
accuracy of the measured phase distribution, an arti®cial error was introduced into the
matching process and caused 12% of the bubbles to be mismatched. The change in the void
fraction distribution due to this arti®cial error was less than 5% (Luo et al., 1999). So, the 7±
8% mismatches will lead to a phase distribution measurement error of about 3%.
The second source of error is due to the ¯ow dynamics. Because of photographic analysis

di�culties, a limited number of bubbles were used for each measurement. However, since the
bubbly ¯ows were steady laminar ¯ows, there was no visible phase distribution ¯uctuation. For
each measurement, three photographs were analyzed with 120±350 bubbles in each
photograph. The di�erence in the bubble number between two photographs for the same ¯ow
is no greater than 6%, so the dynamic error of the phase distribution will be less than 5%. But
for bubbly ¯ows in which large bubbles tend to congregate in the center region of the pipe, the
number of large bubbles may vary by more than 10% for di�erent photographs of the same
¯ow which will produce phase distribution errors for large bubbles of more than 10%.
The third part of the phase pro®le error is produced by imperfect estimates for the bubble

deformation in the ¯ows. The bubbles near the pipe wall are usually egg-shaped. The volume
and area of an egg-shaped bubble was approximated by an ellipsoid with the same axial size,
which gives volume and area errors of 3±4% for bubbles near the pipe wall.
In summary, the total phase distribution error is within 15% for most ¯ows.

3. Experimental results and discussion

Fourteen tests were performed in total. The parameters and ¯ow conditions for the eight

Table 1
Flow parameters for uniform bubble ¯ow tests

Test

no.

USL

(m/s)

USG

(m/s)

USG=�USL �USG � Average void

fraction (%)

Average bubble

diameter (mm)

1 0.27 0.0082 0.030 1.3 3.0
2 0.20 0.0082 0.040 1.7 3.3
3 0.13 0.0082 0.060 1.9 3.2

4 0.079 0.0082 0.090 2.0 3.3
5 0.27 0.0048 0.017 1.5 2.4
6 0.20 0.0048 0.023 2.1 2.7
7 0.13 0.0030 0.022 1.8 2.7

8 0.079 0.0030 0.034 1.6 2.8
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tests with uniform bubble ¯ows are summarized in Table 1 and for the six tests for non-
uniform bubble ¯ows in Table 2. The e�ect of bubble size on the phase distributions was
deduced by arti®cially dividing the bubbles in each non-uniform bubble ¯ow into large and
small bubble groups according to a bubble size selected for each test.

3.1. General observations of bubbly ¯ows

The two-phase pipe ¯ow Reynolds numbers varied from 80 to 240 and the bubble rise
Reynolds numbers varied from 2 to 40 in the present experiments. Therefore, the velocity
¯uctuation in the bubbly ¯ows is small and the bubble motion relative to the liquid is linear if
the void fraction is low and the interaction among bubbles is weak. Fig. 3(a) shows that the
bubbles in Test 6 tended to line up and form clusters due to the Bernoulli e�ect of the bubble
motion relative to the liquid. In this case, most bubbles aggregated in an annulus near the pipe
wall due to the in¯uence of the lateral force induced by the strong velocity gradient. This
forms a high, sharp void fraction peak (see Fig. 4(c)). For the lower liquid velocities, Fig 3(b),
the bubbly ¯ows have a wider and lower void fraction distribution peak as discussed later, i.e.
the bubbles can move with the liquid ¯ow at di�erent radial positions of the pipe. Since the
bubbles near the pipe center have larger velocities than those near the pipe wall, the faster
moving bubbles continuously pass the slow bubbles. As a result, the relative motions and

Fig. 3. Bubbly ¯ows with clustered bubbles and non-clustered bubbles: (a) clustered bubbles in Test 6; (b) non-
clustered bubbles in Test 3.
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Table 2
Flow parameters for non-uniform bubble ¯ow tests

Test no. USL (m/s) USG (m/s) USG /
(USL+USG)

Average void fraction
(%)

Average bubble diameter
(mm)

Large
bubble

group

Small
bubble

group

Large
bubble

group

Small
bubble

group

9 0.19 0.013 0.062 1.0 1.9 3.9 3.0

10 0.26 0.013 0.046 0.8 2.0 3.9 3.1
11 0.079 0.0082 0.096 1.3 1.3 3.4 2.5
12 0.13 0.0082 0.060 1.6 1.0 3.2 2.4
13 0.19 0.0082 0.041 1.5 0.7 3.0 2.3

14 0.26 0.0082 0.030 1.4 0.7 3.1 2.2

Fig. 4. Radial void fraction distributions for uniform bubble ¯ows (RP, pipe radius; e- void fraction): (a) Q for Test
1 and R for Test 2; (b) Q for Test 3 and R for Test 4; (c) Q for Test 5 and R for Test 6; (d) Q for Test 7 and R
for Test 8.
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interactions among the bubbles will disturb the ¯ow ®eld and shatter the bubble clusters as
shown in Fig. 3(b). For bubbly ¯ows with non-uniform sizes, the bubble±bubble interactions
are even stronger because the large and small bubbles may have totally di�erent distributions,
and so no long and stable bubble clusters, like ones shown in Fig. 3(a), were observed in non-
uniform bubble ¯ows, as shown in Fig. 2(a). However, some short bubble clusters consisting of
three to ®ve small bubbles can exist in the region near the pipe wall particularly for higher
velocity non-uniform bubble ¯ows.
In the present experiments, two nearly spherical bubbles cannot approach close enough to

collide and coalesce regardless of whether they are in a cluster or not. This is because the
liquid was not deliberately puri®ed and might contain surfactants which make two approaching
bubbles bounce away (Duineveld, 1998). Furthermore, unlike bubbles rising in water, a bubble
moving in a viscous liquid has a thick boundary layer and a steady wake, which prevents two
bubbles from approaching each other too close in a laminar ¯ow ®eld. However, as the bubble
size increases, bubbles will have noticeable deformation and ®nally become cap-shaped. A cap-
shape bubble rises slowly in a zig-zag path along the pipe-center axis. Small bubbles behind
this large cap-shape bubble move faster and ®nally catch it, coalescing with the large bubble
and further increasing its size. This is the beginning of the transition from bubbly ¯ow to slug
¯ow (Kalkach-Navarro et al., 1994).

3.2. Experimental results for uniform bubble ¯ows

The void fraction pro®les for uniform bubble ¯ows are shown in Fig. 4(a)±(d). All void
fraction pro®les have peaks near the pipe wall. No center-peaked void fraction pro®les were
observed because the bubble sizes for all the uniform bubble ¯ow tests were smaller than 3.4
mm. A center-peaked void fraction pro®le requires bubble diameters greater than 3.5 mm for
bubbly ¯ow even in a 14.8 mm i.d. pipe (Nakoryakov et al., 1996).
The results in Fig. 4 show that the void fraction pro®les mainly depend on the bubble size

and liquid velocity. The void fraction pro®le peaks move to the pipe wall as the bubble size
decreases and the liquid velocity increases. In addition, the void fraction pro®le peak is higher
and slimmer if the liquid phase velocity is large and the average void fraction is low. This may
imply that the phase distribution is dominated by the lateral forces on the bubbles induced by
the mean liquid velocity gradient and the wall±bubble interaction. On the other hand, for a
low liquid velocity and high void fraction ¯ow like Test 4, the void fraction pro®le has a wider
and lower peak, which means that, even in low void fraction ¯ows, the interactions among
bubbles play an important part in the phase distribution shape. The interaction among bubbles
modi®es the pressure ®eld due to the liquid ¯owing around a bubble. Then, higher pressures in
regions with higher local void fraction will push bubbles to regions with lower void fractions
(Antal et al., 1991).

3.3. Experimental results for non-uniform bubble ¯ows

The measured phase and bubble size distributions in non-uniform bubble ¯ows are shown in
Fig. 5 (a)±(f). The results show that the void fraction pro®les in non-uniform bubble ¯ows are
more complex than those in uniform bubble ¯ows. As some large bubbles in Tests 9±11 have
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diameters larger than about 3.5 mm, the void fraction pro®les for these bubbles have a peak
near the pipe center. The void fraction pro®le for the small bubbles still peaks near the pipe
wall despite the large bubble void fraction pro®le. But the void fraction pro®le peak for the
small bubbles becomes wider and lower in comparison with that for uniform bubble ¯ows with

Fig. 5. Radial void fraction distributions (left) and corresponding bubble size distributions (right) for non-uniform
bubble ¯ows: Q, overall void fraction; *, void fraction of large bubble group: R, void fraction of small bubble
group: (a) Test 9; (b) Test 10; (c) Test 11; (d) Test 12; (e) Test 13; (f) Test 14.
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the same ¯ow conditions. One reason for this may be that the interactions between the small
and large bubbles make bubbles ``di�use'' due to the modi®ed pressure ®eld discussed in the
previous section. Another important reason may be that the group of large bubbles may
disturb the liquid velocity distribution and create a more intense ¯uctuating ¯ow ®eld which

Fig. 5 (continued)
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would cause all bubbles to di�use in the ¯ow ®eld to reduce e�ect of the lateral force on
bubbles.
The two-peak void fraction pro®le for the large bubbles was observed in a non-uniform

bubble ¯ow, Test 11, as shown in Fig. 5(c). It is similar to that observed by Kashinsky et al.
(1993) in uniform bubble ¯ows in a 14.8 mm i.d. pipe with void fractions of 0.01±0.02 and
bubble diameters of 2.4±2.6 mm. No completely center-peaked void pro®les as observed by
Nakoryakov et al. (1996) were found in our experiments, perhaps because our pipe diameter
was twice theirs. A totally center-peaked void fraction pro®le may require relatively large
bubble diameters in a large pipe.

4. Conclusion

The bubble size has a dominant e�ect on the phase distribution. The void fraction pro®les
for bubbles with diameters less than 3.5 mm are wall-peaked for all uniform and non-uniform
bubble ¯ows in the present experiments. For bubble diameters larger than 3.7±3.8 mm, the
bubble void fraction pro®les have peaks near the pipe center. Bubbles between 3.5 and 3.7 mm
have a two-peak pro®le. The results are similar to those of Nakoryakov et al. (1996) and
Kashinsky et al. (1993) under considerably di�erent experimental conditions.
The bubbly ¯ows with non-uniform bubble sizes have more complex and varied phase

distributions. The bubbles with di�erent sizes have di�erent phase distributions in the same
bubbly ¯ow. The di�erent phase distributions for the small and large bubbles create a more
intense ¯uctuating ¯ow ®eld that suppresses the e�ect of the lateral force on the bubbles and
then ¯attens void fraction pro®le peaks near the pipe wall. At the same time, the interactions
among bubbles also cause the bubbles to di�use producing a void fraction pro®le with a wider
and lower peak even in low void fraction ¯ows.
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