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Development of co-current air–water flow in a vertical pipe
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Abstract

Measurements of the cross-sectional distribution of the gas fraction and bubble size distributions were
conducted in a vertical pipe with an inner diameter of 51.2 mm and a length of about 3 m for air/water
bubbly and slug flow regimes. The use of a wire-mesh sensor obtained a high resolution of the gas fraction
data in space as well as in time. From this data, time averaged values for the two-dimensional gas fraction
profiles were decomposed into a large number of bubble size classes. This allowed the extraction of the
radial gas fraction profiles for a given range of bubble sizes as well as data for local bubble size distribu-
tions. The structure of the flow can be characterized by such data. The measurements were performed for
up to 10 different inlet lengths and for about 100 combinations of gas and liquid volume flow rates. The
data is very useful for the development and validation of meso-scale models to account for the forces acting
on a bubble in a shear liquid flow and models for bubble coalescence and break-up. Such models are
necessary for the validation of CFD codes for the simulation of bubbly flows.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

The increasing performance and memory capacity of modern computer progressively expands
the possibilities of applying CFD codes to two-phase flow problems. However there are still
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deficiencies in appropriate models for describing the complex phenomena of interaction between
the phases. In case of bubbly flow and especially with higher void fractions with slug flow, the
codes must be equipped with constitutive laws that describe the interaction between the gaseous
and the liquid phases in a detailed way (Lucas et al., 2001a,b, 2003a,b). The widespread assump-
tion of mono-dispersed bubble flow yields satisfactory agreement to experiments only for low gas
fractions. Experimental (Tomiyama, 1998) and theoretical (Ervin and Tryggvason, 1997) investi-
gations for vertical pipes have shown that the probability of radial residence of a bubble strongly
depends on their diameter. For a vertical upward flow smaller bubbles tend to move towards the
wall, while large bubbles are preferably found in the centre of the tube. This was observed for sin-
gle bubbles by Tomiyama (1998). In our experiments, the investigation of bubble sizes and their
preferred radial residence confirmed this observation in a multi-disperse flow (Prasser et al., 2000,
2002). For the air–water system at ambient conditions a change from wall peak to core peak of the
radial gas fraction profile was found to occur at a bubble diameter of about 5–6 mm (Tomiyama,
1998). This resulted in a relationship between bubble size distributions and the location within the
pipe cross-section and in turn the radial gas fraction profiles, which depend on the bubble size. As
shown by Lucas et al. (2003b) this is a key phenomena for the appropriate simulation of the tran-
sition from bubble to slug flow in case of vertical pipes. The development of the flow pattern along
the flow path mainly depends on the forces acting on the bubbles and on bubble coalescence and
bubble break-up.

For the development and validation of appropriate models for the forces acting on a bubble
and for local bubble coalescence and fragmentation, data for different local flow field situations
are needed. In the case of vertical co-current pipe flow the radial flow field is symmetrically stable
over a quite long distance. Therefore, this type of flow is well suited for the investigation. Accord-
ingly there are a large number of publications regarding measurements on two-phase flow within
vertical pipes of different diameters (e.g. Sekoguchi and Mori, 1997; Chang et al., 1998; Hibiki and
Ishii, 1999; Ohnuki and Akimoto, 2000; Yoneda et al., 2000). The new quality of the measure-
ments discussed in the present paper, results from the high resolution of the data space and time.
The high resolution was obtained using fast wire-mesh sensors developed by the Forschungszen-
trum Rossendorf e.V. (Prasser et al., 1998, 2001). This measuring technique allows the resolution
of single bubbles simultaneously in the entire cross-section of the pipe. The knowledge on the
location as well as the size of single bubbles is used to evaluate time averaged distributions in their
dependence on the location as well as their size.

To investigate the development of the flow along the pipe in dependency on the liquid flow field
and the gas volume fraction; measurements were made for 99 combinations of the gas and liquid
volume flow rates. Up to 10 different distances between the gas injection device and the wire mesh
sensor were considered.

The data has been used to test and validate meso-scale models for the forces acting on bubbles
in the liquid shear field (Lucas et al., 2004; Lucas and Prasser, 2004). Different models were tested
by a simplified model to investigate their dependency on the volumetric flow rates over a wide
range of values. Selected combinations of volume flow rates were defined as test cases for the val-
idation of the implementation of models for bubble forces in CFX-5 in the framework of coop-
eration with the developer (Shi et al., 2004; Frank et al., 2004). As discussed by Lucas et al.
(2003b) for an appropriate modelling of the development of the flow, a number of bubble classes
have to be considered. An extension of the homogeneous MUSIG model, which was implemented
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in CFX-4, was proposed for the further development of CFX-5 (Krepper et al., 2005). In future
the data will be also used to test and validate models for bubble coalescence and break up.
2. Experimental setup and instrumentation

The evolution of the two-phase flow was studied in a vertical tube with an inner diameter of
51.2 mm that was supplied with air–water mixture at 30 �C. The test section is part of a test loop
shown in Fig. 1. The main components of the facility are a circulation pump with a maximum
capacity of approximately 30 m3/h, the vertical test section, a horizontal test section and a cy-
clone-separator. The facility can be operated either with air–water mixture at a constant temper-
ature or with steam–water mixture at a pressure of up to 2.5 MPa and a maximum temperature of
225 �C. The vertical test section has a maximum length of about 4 m. Since the air injection is lo-
cated above a heater section, the maximum inlet length during the tests is limited to about 3.5 m.
Fig. 1. Scheme of the MTLoop facility.
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Upstream of the air injection is a flow rectifier. The volume flow rates are controlled by an ultra-
sonic flow meter for the water and hot wire flow rate sensors for the air. To vary the air volume
flow rate the air supply is fed in to the test section via four separate lines. Each of the lines is de-
signed for a certain range of volume flow rates, thus enabling accurate control of the air flow over
the entire range.

The distance between sensor and air injection was varied from 0.03 m to 3.03 m (inlet lengths
0.6–60 L/D). Stationary flow rates of air and water were used. Gas and liquid superficial velocities
were varied in a wide range. About 100 combinations of the superficial velocities were considered.
They include stable bubbly flow, finely dispersed bubbly flow and slug flow at the upper end of the
pipe. Transitions between the flow regimes were observed within the pipe.

Data was acquired by an electrode wire-mesh sensor (Fig. 2) that measured the instantaneous
conductivity distribution (Prasser et al., 1998, 2001). Two planar electrode grids with 24 parallel
electrode wires each (diameter 120 lm) are placed at an axial distance of 1.5 mm behind each
other with the wires of one grid in perpendicular to the wires of the other grid. During signal
acquisition, each cross-point of a wire of the first grid to a wire of the second grid is asked for
conductivity in a successive order. The conductivity is a measure for the gas volume fraction.
The entire cross-sectional distribution of the gas volume fraction is measured at a high frequency.
For this sensor assembly, 2500 cross-sectional frames per second can be recorded. The spatial res-
olution is given by the pitch of the electrode wires and equals 2 mm for the sensor that was used
Fig. 2. Wire-mesh sensor.
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here. Two identical sensors were put in a distance of 36 mm behind each other to measure gas
velocities by correlating the signals obtained.

The sensor delivers a sequence of two-dimensional distributions of the local instantaneous con-
ductivity, measured in each mesh formed by two crossing wires i and j. Local instantaneous gas
fractions are calculated assuming a linear dependence between gas fraction and conductivity. The
result is a three-dimensional data array i, j, k where k is the number of the instantaneous gas frac-
tion distribution in the time sequence. According to the number of electrode wires of 24 · 24, the
Fig. 3. Distribution of the capillaries of the gas injection device over the cross-section of the pipe. The numbers denote
the groups, which can be switched of separately.

Fig. 4. Matrix of the combinations of superficial velocities measured and assignment of the groups of capillaries used
for the gas injection.
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cross-sectional frame number of 2500 per second and the measuring time of 10 s this matrix has
the dimension 24 · 24 · 25,000. Different averaging procedures enabled a further condensation of
the data.
Table 1
Parameter for the different flow pattern, shown at Fig. 5

Test no. JL (m/s) JG (m/s) Flow pattern

121 4.047 0.2190 Finely dispersed
039 0.405 0.0096 Bubbly flow with wall peak
083 0.405 0.0574 Bubbly flow in the transition region
118 1.017 0.2190 Bubbly flow with centre (core) peak
129 1.017 0.3420 Bubbly flow with a bimodal bubble size distribution
140 1.017 0.5340 Slug flow

Fig. 5. Examples for the observed flow pattern (parameter see Table 1).



Fig. 6. Measured flow pattern map for the upper end of the pipe (L/D = 59.2).
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Fig. 7. Radial gas volume fraction profiles and bubble size distributions for finely dispersed flow. (Numbers for the
points in the measuring matrix see Fig. 4.)
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A special procedure, described by Prasser et al. (2001) allows the identification of single bubbles
and the determination of their volume Vb and the equivalent bubble diameter defined by:
Fig. 8
the po
db ¼
ffiffiffiffiffiffiffiffiffi
6

p
V b

3

r
. ð1Þ
Using this procedure bubble size distributions as well as gas volume fraction profiles for bubbles
within a predefined interval of bubble sizes can be calculated, the latter by using the method de-
scribed by Prasser et al. (2002).

For the calculation of bubble size distributions, the equivalent bubble diameter is subdivided
into intervals and the contribution of each individual bubble to the gas volume fraction is evalu-
ated for each interval. This gives bubble size distributions that are related to the gas volume frac-
tion instead of bubble size distributions related to the bubble number density. The latter has the
disadvantage of poorly reflecting the number of large bubbles, since the number density of small
bubbles is much higher. According to this definition of the bubble size distribution
hðdbÞ ¼
da
ddb

; ð2Þ
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. Radial gas volume fraction profiles and bubble size distributions for bubbly flow with wall peak. (Numbers for
ints in the measuring matrix see Fig. 4.)
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the integral over the distribution yields the total gas volume fraction
Fig. 9
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. Radial gas volume fraction profiles and bubble size distributions for bubbly flow in the transition region.
bers for the points in the measuring matrix see Fig. 4.) The last figure compares the bubble size distribution
ged over the total pipe cross-section with bubble size distributions for the inner (red curve) and the outer (green
) region of the pipe (for interpretation of the references in colour in this figure, the reader is referred to the web
n of this article).
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Fig. 10. Radial gas volume fraction profiles and bubble size distributions for bubbly flow with centre peak, but mono-
modal bubble size distribution. (Numbers for the points in the measuring matrix see Fig. 4.)
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The interaction of the gas bubbles with the sensor was investigated by help of another facility
specially designed for this purpose. A wire-mesh sensor was integrated into a rectangular test
channel that was made of organic glass. The sensor signal was compared with high speed video
pictures. As expected, the sensor cuts the bubbles, which results in the appearance of a cloud
of small bubbles. Though some of the small fragments recombine, the sensor heavily disturbs
the bubbles. This was clearly visible in the high-speed image sequences, while the signals of the
sensor represented the bubbles still in their undisturbed shape despite of the sensor induced frag-
mentation. More detailed results of these investigations are reported by Prasser et al. (2001).
Therefore, the measurements in the vertical pipe for different inlet lengths cannot be made simul-
taneously. Instead, the sensor has to be moved for each height position. For this reason first the
measurements for all the combinations of superficial velocities were done for a fixed inlet length
and then the sensor was repositioned to the next inlet length. This means that the development of
flow pattern along the pipe was observed over several different experimental runs. Therefore, a
great deal of effort was made to ensure the accurate reproducibility of the boundary conditions,
to guarantee that the measurements taken at different height positions but of identical volume
flow rates are comparable.

Further detailed uncertainty analyses were made by comparing the data with measurements
obtained by an ultra-fast X-ray tomograph (Prasser et al., 2005a).
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3. Experimental database

3.1. Pre-tests

The database discussed in this paper is a part of a database of test series. The reproducibility of
the experiments was checked in extensive preliminary tests. In the first experimental runs a wire-
mesh sensor with 16 · 16 electrode wires (pitch of the electrodes 3 mm) was used. Three different
injection devices were applied: (a) small capillaries (inner diameter 0.8 mm) equally distributed
over the cross-section, (b) 1 mm holes circumferential distributed over the tube and (c) 4 mm holes
distributed around the circumference distributed over the tube. The bubbles generated by the
injection devices (a) and (b) are of similar size, whereas the bubbles generated by injection device
(c) are larger. It was shown, that the radial gas fraction profile and the bubble size distribution at
the upper end of the pipe strongly depend on the initial bubble size, but are nearly independent of
the radial location of the gas injection (capillaries equal distributed over the pipe cross-section of
the pipe or orifices in the tube wall). All the injection devices are axis-symmetrical. Nevertheless in
case of small gas volume flow rates an asymmetrical injection was observed, because not all the
capillaries or orifices fed. For this reason in the main experimental run a gas injection device with
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Fig. 11. Radial gas volume fraction profiles and bubble size distributions for bubbly flow with centre peak and bimodal
bubble size distribution. (Numbers for the points in the measuring matrix see Fig. 4.)
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19 capillaries equal distributed over the pipe cross-section of the pipe was used, but the capillaries
were divided into five groups, which can switched off separately (Fig. 3). For small gas volume
flow rates the number of feeding capillaries was reduced which were in any case axis-symmetric
arranged. Thus a symmetrical injection was ensured for all the tests. The groups of capillaries,
which were to be used, were determined by a special pre-test run, at which the sensor was close
(30 mm) to the injection device. The sensor signals then showed the gas injection from the single
capillaries (compare Fig. 13).

The pre-tests also indicated that the reproducibility strongly depends on the water quality. The
bubble coalescence is very sensitive to small amounts of impurities. For this reason much effort
was done to refresh the deionised water for each experimental run. In the result of the pre-tests
a good reproducibility and also a good consistency between the data measured by the 16 · 16
sensor and the 24 · 24 sensor were achieved.

3.2. Test matrix

The development of the flow along the flow path was investigated for 89 combinations of gas
and liquid volume flow rates and 10 different gas flow rates in case without liquid flow. Fig. 4
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Fig. 12. Radial gas volume fraction profiles and bubble size distributions for slug flow. (Numbers for the points in the
measuring matrix see Fig. 4.)
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shows the test matrix and indicates the groups of capillaries used for the gas injection. The given
superficial velocities always refer the values at normal conditions. The measurements were con-
ducted for up to 10 different distances from the gas injection (L/D = 0.6, 1.6, 2.5, 4.5, 8.4, 16.2,
29.9, 39.6, 49.4, 59.2). The measuring time was always 10 s, giving a matrix of raw data with
the dimension of 24 · 24 · 25.000 for each sensor. As mentioned above, two sensors were always
arranged close together to enable the measurement of correlating the signals used for the deter-
mination of the gas velocity. For 10 combinations of gas and liquid flow rates the measurements
were repeated eight times to increase the effective measurement time to 80 s.
4. Results

4.1. Observed flow structures

The structure of vertical pipe flow can be characterized by so called flow patterns. Stationary
flow pattern maps predict such structures in most cases with dependence on the gas and liquid
superficial velocities only (see e.g. Taitel et al., 1980). They are only valid for fully developed
flows. The definition of the flow patterns depends on the subjective judgement of the observer
Fig. 13. Time averaged gas volume fraction within the pipe cross-section for L/D = 0.6.
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especially in transition regions. The new measuring techniques allowed a more objective definition
of the flow patterns. The test series discussed in this paper aimed for bubbly and slug flow. Churn
turbulent and annular flow were not observed in case of the combinations of volume flow rates
shown in Fig. 4. The possibility to measure bubble size distributions allows the definition of
the transition between bubbly and slug flow with dependencies on the largest bubbles observed.
If bubbles with an equivalent diameter (see Eq. (1)) larger than the pipe diameter occur, the flow
pattern is defined as slug flow (Krüssenberg et al., 1999). Otherwise it is defined as bubbly flow. In
case of slug flow two peaks always characterize the bubble size distribution—one for the large slug
bubbles and one for small bubbles.

Bubbly flow can be divided again into characteristic sub-patterns. A bimodal bubble size dis-
tribution was not only observed in case of slug flow, but also if bubbles larger than about
20 mm in equivalent bubble diameter occur (cap bubbles). This sub pattern will subsequently
be referred to as ‘‘bimodal’’. The radial gas volume fraction profile has a central peak in this case.
A further classification of the sub flow pattern is given by this profile. Here the central peak, wall
peak and a transition region can be distinguished by the occurrence of the peak�s location or by a
flat profile in the radial gas volume fraction. Finally at high liquid volume flow rates (4 m/s) finely
dispersed bubbly flow is observed that is characterized by the occurrence of small bubbles and an
intermediate peak of the radial gas volume fraction profile. Table 1 summarizes all these flow
Fig. 14. Time averaged gas volume fraction within the pipe cross-section for L/D = 1.6.
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patterns and gives the parameter for the examples shown in Fig. 5. In this figure virtual side
projections of the measured gas fraction matrix ei,j,k are shown (left columns). These images were
obtained by a ray-tracing algorithm simulating the virtual propagation of light in a three-dimen-
sional gas fraction distribution. For simplicity it was assumed that a parallel beam of white light
arrives from the left side. The red, green and blue components of the light are attenuated by
absorption and scattered towards the observer according to virtual absorption and scattering
coefficients. The method supplies instructive 3D imaging. More details on the algorithm have been
published by Prasser et al. (2005b). The columns on the right hand side show a cut over the pipe
cross-section. Examples for the radial gas volume fraction profiles and bubble size distributions
that are characteristic of for the single flow patterns are given in the next section.

4.2. Flow at the upper end of the pipe

The flow patterns observed at the upper end of the pipe (3.03 m; L/D � 60) are shown in Fig. 6.
The experimental points were classified according to the flow patterns definitions given in the pre-
vious section. Finely dispersed bubbly flow occurs only at the highest superficial water velocities.
This agrees with the well known flow map from Taitel et al. (1980).

Radial gas volume fraction profiles are shown in Fig. 7. They are characterized by a maximum
at about R/2, where R is radius of the pipe. The bubble sizes are below 6 mm in terms of the equiv-
alent bubble diameter.
Fig. 15. Time averaged gas volume fraction within the pipe cross-section for L/D = 2.5.
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Borderlines between the different patterns of bubbly flow and slug flow closely follow lines of
constant gas volume fraction with trends from the lower left to the upper right of the measuring
matrix (Fig. 6). The boundaries of flow patterns that are caused by the action of wall shear differ
from lines of constant gas fraction, like those of finely dispersed flow and the wall peak region.
The latter is characterized by different profiles forms with more or less pronounced wall peaks
as shown in Fig. 8. Again the bubble sizes are less than 6 mm of equivalent bubble diameter.

A transition to central peak is observed with increasing gas fraction (Fig. 9). This is caused by
bubble coalescence, which results in bubble sizes above the critical 6 mm to form, for which the lift
force changes sign (Tomiyama, 1998). The onset of coalescence is observed in the bubble size dis-
tribution by the appearance of a double peak. The peak at the lower bubble diameter represents
the primary bubbles, the second peak belongs to bubbles generated by coalescence of pairs of pri-
mary bubbles, the diameter of which is increased approximately by a factor of the cube root of
two. The larger bubbles (second peak) can preferred be found in the central region of the pipe,
while the smaller bubbles stay closer to the wall (see Fig. 9c). Thus in the transition region radial
gas fraction profiles show two peaks as well.

The centre peak region with a mono-modal bubble size distribution (Fig. 10) is followed by a
region with a bimodal bubble size distribution (Fig. 11). At high gas volume fractions, slug flow
(Fig. 12) is observed. Primarily the transitions do not depend on the total gas fraction, but on the
range of bubble sizes observed. This will be discussed more in detail in Section 4.4.
Fig. 16. Time averaged gas volume fraction within the pipe cross-section for L/D = 29.9.
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4.3. Development of the flow along the pipe

4.3.1. Development of the flow patterns
Figs. 13–17 show the two-dimensional time averaged gas volume fraction distributions over the

pipe cross-section for 5 of the 10 different distances between the gas injection device and wire-
mesh sensor. The figures show gas volume fractions that are normalized to the maximum of
the given test point, since the differences in the total void fraction vary significantly within the ma-
trix. Close to the injection device (Figs. 13 and 14) the distribution still maintains the geometrical
pattern of the injection capillary arrangement. Fig. 13 clearly indicates the active groups of cap-
illaries. At L/D = 1.6 (Fig. 14) a redistribution of the bubbles can already be observed for most of
the cases, but the flow situation is still transient and no clear assignment to flow patterns is pos-
sible for this distance. Nevertheless, this data is valuable for the validation of CFD codes, since
the models for the forces acting on the bubbles have to reflect the fast redistribution of the
bubbles.

Starting from L/D = 2.5 a characteristic flow structure can be assigned to an increasing number
of combinations of superficial velocity. For very high total gas volume fractions (30–40%) slug
flow is observed starting at L/D = 2.5. For most points the small bubbles first move towards
the wall and form a wall peak. The borderlines for the transition from wall to core peak and from
bubbly to slug flow are shifted from the lower right to the upper left with an increasing distance
between gas injection and wire-mesh sensor. Some matrix points even pass through all the flow
Fig. 17. Time averaged gas volume fraction within the pipe cross-section for L/D = 59.2.
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regimes from wall peak via transition to core peak and finally to arrive in the slug flow region, like
point 140 (JL = 1 m/s, JG = 0.53 m/s). The intermediate peak in the radial gas fraction profile is
characteristically found at high liquid superficial velocities and develops from L/D = 30 for finely
dispersed flow.

From this data, a transient borderline for the transition between bubbly and slug flow can be
derived. By Taitel et al. (1980) the border is given for a fully developed flow as
Fig. 1
pipe i
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where JL and JG are the liquid and gas superficial velocities, g is the acceleration of gravity, q the
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8. Development of the radial gas volume fraction profile and the bubble size distribution along the height of the
n case of stable bubbly flow at the upper end of the pipe. (Point 043 of the measuring matrix, Fig. 4.)
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Fig. 19. Development of the radial gas volume fraction profile and the bubble size distribution along the height of the
pipe in case of developing bubbly flow at the upper end of the pipe. (Point 071 of the measuring matrix, Fig. 4.)
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4.3.2. Development of bubble size distributions and radial gas volume fraction profiles
Typical examples for the development of the radial gas fraction dispersion and the bubble size

distribution are shown in Figs. 18–20. Fig. 18 shows an example for stable bubble flow. The small
shift of the bubble size distribution is not caused by coalescence, but related to the decreasing
pressure. The slight increase in the bubble size is partly due to the change in hydrostatic pressure
with increasing height. A stable wall peak of the gas fraction is observed. In the case shown in
Fig. 19, a stable bubble size distribution is not yet established even at L/D = 60. The bubble sizes
still increase because of coalescence. Again, the double peak is caused by the coalescence of pairs
of primary bubbles. The shape of the initial radial gas fraction dispersion is still dependent on the
distribution of the capillaries for the gas injection.

Examining bubble motion along the flow path, first a wall peak is established that becomes a
core peak soon afterwards. It is assumed that the flow pattern would then change to slug flow, if
the pipe has a sufficient length. Such a transition to slug flow is demonstrated in Fig. 20. In this
case slugging first appears at L/D = 29.9. The transition is forced by a high gas fraction in the core
region of the pipe (L/D = 8.4–16.2). This is caused by the inverted lift force, which pushes the
large bubbles (d > 5.5 mm in case of air/water flow at ambient conditions) to the centre of the
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Fig. 20. Development of the radial gas volume fraction profile and the bubble size distribution along the height of the
pipe in case of slug flow at the upper end of the pipe. (Point 140 of the measuring matrix, Fig. 4.)
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pipe. Bubbles with an equivalent diameter smaller than the initial diameter are generated by
break-up from the large bubbles and slugs.

Again, at the upper end of the pipe the flow cannot be assumed to be fully developed. The radial
migration of the bubbles is a relatively fast process and equilibrium of the lateral bubble forces
can be assumed to be as a good approximation for the upper end of the pipe. Bubble coalescence
and fragmentation on the other hand are not in equilibrium except the points in the upper left
corner of the matrix where a stable bubbly flow is observed and for the finely dispersed bubbly
flow (i.e. no coalescence or equilibrium between coalescence and break-up occurs). There is even
a further development in case of slug flow. For the point 135 (JL = 0.102 m/s, JG = 0.534 m/s),
which is the point with the highest total gas volume fraction, slug flow starts at L/D = 2.5.
Fig. 21 shows the measured gas volume fraction averaged over the cross-section of the pipe as
a function of time for the three uppermost height positions. The Taylor bubbles always pass
the sensor when the high gas volume fraction is measured. The coalescence of the Taylor bubbles
causes their number to decrease with height. Over the 10 s time period of each measurement at L/
D = 39.6, 17 Taylor bubbles pass through the sensor, 14 at L/D = 49.4 and 11 at L/D = 59.2.
Therefore, the Taylor bubbles unite on their way up the pipe.
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Fig. 21. Gas volume fraction averaged over the pipe cross-section in dependency on the time (point 135 of the
measuring matrix, Fig. 4).
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4.4. Decomposed volume fraction profiles

Radial volume fraction profiles are decomposed according to the bubble size to give a very de-
tailed insight into the microscopic characteristics of the flow. Such data is produced for bubble
classes with a width of 0.25 mm. Radial gas volume fraction profiles for a wider range of bubble
sizes are obtained by integrating over more than one of these classes.

Fig. 22 gives an example of the decomposed profiles obtained at the upper end of the pipe. While
the total profile has a central peak of the gas volume fraction, decomposed profiles have a more
complex behaviour. For the two profiles that represent bubbles with an equivalent diameter less
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(point 140 of the measuring matrix, Fig. 4).
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than 5.5 mm a clear wall peak is observed. The profiles for larger bubbles form a central peak. This
confirms, that the observations made by Tomiyama for single bubbles, are also valid for heavily
laden flows with broad bubble size distributions.
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This is important for the development of the flow. Injected small bubbles migrate to the wall.
There, some larger bubbles are generated by coalescence. Particularly as the coalesced bubbles mi-
grate towards the pipe centre, where further coalescence and lower break-up frequencies (because
of the lower shear rates in the central region) create favourable conditions for bubble sizes to grow
and to form slugs.

Fig. 23 shows an example of such a migration of large bubbles, which are generated near the
pipe wall, towards the pipe centre. The development of the total gas volume fraction profile
and the bubble size distribution over the height of the pipe was shown in Fig. 20. There is a very
high gas volume fraction in the centre of the pipe at L/D = 8.4. Fig. 23 gives the explanation why
this larger central peak is formed by bubbles larger than 10 mm (Fig. 23b). Such large bubbles are
generated by coalescence on the way from the wall region to the pipe centre (Fig. 23a).
5. Conclusions

An extensive database for air–water bubbly and slug flow in a vertical pipe of 51.2 mm inner
diameter was generated. The data include radial gas volume fraction profiles, bubble size distri-
butions and also gas fraction profiles decomposed with regard to each bubble size considered.
Since measurements were taken for up to 10 different inlet lengths the transient evolution of
the flow along the pipe is reflected by this data. Thus, allowing the classification of a flow pattern
according to objective criteria. The measurements clarify the limitations of static flow pattern
maps. A correlation for the transition between bubbly and slug flow that was dependant on L/
D was obtained.

The experiments confirm the change of the sign of the lift force in relation to the bubble size for
the case of a poly-dispersed flow, previously found in experiments on single bubbles by Tomiyama
(1998). Small bubbles tend to be found near to the wall region, while larger bubbles tend to con-
centrate in the core of the pipe.

The data are suitable for the development of closure models for CFD codes. They have already
been used for the development and validation of models for the forces acting on the bubbles in the
liquid flow field (Lucas and Prasser, 2004; Lucas et al., 2004). Further numerical studies are
planned to validate models of bubble coalescence and break-up. At present more measurements
are being performed at the new TOPFLOW facility (Schaffrath et al., 2001) for longer pipes up to
8 m and for pipes with a diameter of 194 mm (Prasser et al., 2003, Prasser, 2004).
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