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Abstract

The paper presents a method for the prediction of radial gas fraction profiles from a
given bubble size distribution. The method is based on the assumption of the
equilibrium of the forces acting on a bubble perpendicularly to the flow direction.
Assuming a large number of bubble size classes radial distributions are calculated
separately for all bubble classes. The sum of these distributions is the radial profile of
the gas fraction. The results of the model are compared with experimental data for a
number of gas and liquid volume flow rates. The experiments were performed at a
vertical test loop (inner diameter 50 mm) in FZ-Rossendorf using a wire mesh sensor.
The sensor enables the determination of void distributions in the cross section of the
loop. A special evaluation procedure supplies bubble size distributions as well as local
distributions of bubbles within a predefined interval of bubble sizes. There is a good
agreement between experimental and calculated data. In particular the change from
wall peaking to core peaking is well predicted.

Introduction

One-dimensional codes are frequently used for the simulation of two phase flow in the
field of design, optimization and safety analysis of nuclear and chemical plants. All
these codes imply empirical correlations, e.g. for the calculation of the pressure drop
or the heat and mass transfer rates. Most of these correlations are valid only for a given
flow regime. By this reason, the knowledge of the flow pattern is very important for the
application of such codes. Most of the existing codes are based on empirical or
theoretical flow pattern maps (e.g. [1]). These steady state flow maps predict the flow
regime for given volume flow rates of liquid and gas or any equivalent parameters. That
means, that they are not able to predict the development of the flow along the flow path
in case of constant gas and liquid volume flow rates. In particular they are not able to
predict the flow pattern in case of transient flows.
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Recently, attempts were made to solve this problem by the introduction of additional
equations for the bubble density or corresponding parameters like bubble diameter,
bubble volume or interfacial area [2, 3]. Bubble coalescence and break-up rates, which
form the source terms in these equations, are determined by local events. That means,
they depend on local parameters of turbulence as well as on the local bubble size
distribution.

Experimental and theoretical investigations for vertical pipes have shown, that the
probability of radial residence of a bubble strongly depends on their diameter [4,5].
Whereas smaller bubbles tend to move towards the wall, large bubbles are preferably
found in the centre of the tube. For the water-air system at ambient conditions a change
of the maximum in the radial profiles was found to occur at a bubble diameter of about
5 - 6 mm [4]. This change is very important for the development of the flow as the
following consideration demonstrates.

A vertical upward air-water pipe flow with an initial bubble size of 3 mm is considered.
Most of these bubbles move to the near wall region. Because of the larger shear-stress
in this region, the break-up rate is larger than in the central region. At small gas volume
flow rates an equilibrium of bubble coalescence and break-up may occur. In this case
a stable bubbly flow exists. If the gas volume flow rate is increased, the gas volume
fraction and the bubble density increase in the near wall region. While the rate for
bubble break-up is proportional to the bubble density, the rate for bubble coalescence
is proportional to the square of the bubble density. For this reason the increase of the
coalescence rate is larger than that of the break-up rate. The equilibrium is shifted to a
larger bubble density and a larger mean bubble diameter. If bubbles with a diameter of
more than 6 mm are generated they start to migrate towards the pipe centre. There the
break-up rates are smaller and these bubbles can growth up by further coalescence.
This may lead to a change from bubbly to slug flow.

This example shows, that for an adequate description of the development of the flow
pattern by bubble coalescence and break-up the consideration of the radial profiles of
the bubble density in dependence on the bubble size is very important. It is supposed,
that the attempts for a one-dimensional modelling of bubble coalescence and bubble
break-up suffer from neglecting the radial profiles of the bubble densities, which
depend on the bubble size.

To consider the radial profiles of the bubble densities for bubble coalescence and
break-up they have to be calculated in a first step. In the following a model is presented,
which predicts such radial profiles for a large number of bubble classes from a given
bubble size distribution. It bases on the assumption of an equilibrium of the forces
acting on a bubble perpendicular to the flow path. For the prediction of the flow pattern
this model has to be used within an iterative procedure together with appropriate
models for local bubble coalescence and break-up.

Model for radial profiles

A one-dimensional model was developed, which resolves the parameters in radial
direction. Experimentally determined bubble size distributions were used as input of
the model. They were measured for several combinations of gas and liquid volume flow
rates.
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The radial profile of the liquid velocity is calculated by the model of Sato [6]. On the
basis of this velocity profile, radial distributions are calculated separately for all bubble
classes according to the given bubble size distribution. The sum of these distributions
is the radial profile of the gas fraction. It is used in an iteration process to calculate a
new velocity profile. There is a strong interaction between the profiles of liquid velocity
and gas volume fraction.

Non drag forces

Forces acting perpendicularly to the flow direction (non drag forces) determine the
establishment of radial distributions of the bubbles. The forces taken into account are:
the transverse lift force, the lubrication or wall force and dispersion forces. The model
does not consider single bubbles, but the radial distributions of volume fractions for
single bubble classes. For a mono-dispersed flow with bubbles with a volume Vbubb the
volume fraction can be defined as:

« = Vbubbnbubb (1)

where nbubb is the number of bubbles per unit volume.

The forces acting on a bubble are determined by the Reynolds number, Eôtvôs number
and Morton number (see [4]):

Re _ PlWreldbubb (2)

(3)
M = *^(P/-P«> (4)

p,o3

The classical lift force is shear-induced and acts toward the wall [7]. Related to the unit
volume it can be calculated as:

FL = -CLpL(wg-Wl)xrot(Wl) (5)

with a positive lift force coefficient CL. Tomiyama et al. [8] proposed another kind of
transverse lift force, which is caused by the interaction between the wake and the shear
field. It acts to the opposite direction, that means it is also calculated by equation (5),
but has a negative coefficient C|_. Tomiyama [4] expresses both forces summarized as
a net transverse lift force with the experimentally determined coefficient Cy, which
depends on the Eôtvôs number. For the water-air system at normal conditions CT

changes its sign at dbubb=5.8 mm, i.e. the net transverse lift force acts towards the wall
for bubbles with a diameter less than 5.8 mm and it acts towards the pipe centre for
larger bubbles.

The lubrication force, introduced by Antal et al. [9], acts to drive bubbles away from
the wall. Tomiyama et al. [8] developed a modified equation for this force per unit
volume:
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The coefficient Cw also depends on the Eôtvôs number.
As mentioned above, the presented model does not consider individual bubbles, but
continuous radial distributions. The turbulent dispersion force considers the
smoothing of these radial gas profiles caused by the turbulence. That means this force
is introduced to simulate a phasic diffusion. Lahey et al. [10] derived an equation the
force per unit volume as

FD = -O.lp^Va (7)

Following [4] there is a fluctuating motion of single bubbles, which increases with the
Eôtvôs number. It is caused by the deformation of the bubbles. These fluctuations
cause an additional smoothing of the profiles, which is not covered by the dispersion
force according to equation (7). For this reason a second dispersion force is introduced,
which depends on the Eôtvôs number. As reported in [4] the fluctuations were
observed at bubbles with Eôtvôs numbers larger than about 1. For this reason we
stated for the new Eôtvôs number dependent dispersion force:

(8)

The parameter CD E o is the only new model parameter. According to integral
experimental data (see below) CD E o = 0.0015 m2/s2 is assumed for Eo>1. For Eo<1
CD E o is set to zero.

The radial balance of forces for the equilibrium can be written as:

= 0 (9)

where the scalar forces denotes the components in radial direction. Applying equations
(6)-(9) the resulting equation is

(0.lkl + CDEo(Eo-l))—+\CTwrel— +Cw^r-[ \wrel \a = 0
dr V \R-r) (R + r)J J

This equation is a first order differential equation with respect to a(r). The coefficients
depend on r. The equation is valid only for a mono-dispersed bubble distribution with a
bubble diameter dbubb.

For real bubble size distributions a subdivision into several bubble classes is done.
According to these bubble classes the gas volume fraction a is subdivided into gas
volume fractions OCJ with
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ccj is the total volume fraction of bubbles with a diameter, which is within the bubble
class i. Equation (10) has now to be solved separately for each bubble class i with ocj(r)
as result. For given coefficients it is solved, starting at the centre of the pipe with
a|(r=0)=1. The resulting aj(r) is renormalized according to the volume fraction of the
bubble class i in the bubble size distribution.

To solve equation (10) the turbulent kinetic energy of the liquid k| and the gradient of
the liquid velocity dw/dr are needed as a function of the radius. Their calculation is
presented in the next two chapters. They depend on a(r), and so the system of
equations is solved by an iteration procedure.

Liquid velocity

The radial profile of the liquid velocity is calculated for a given radial gas distribution
using the model of Sato et al. [6]. They subdivided the eddy diffusivity into two
components. The first component considers the inherent wall turbulence, which does
not depend on the bubble agitation, the second considers the turbulence caused by the
bubbles. This causes a feedback between the radial gas profile and the radial profile
of liquid velocity. The complete model equations as well as a scheme for a numerical
solution procedure can be found in [6]. The wall shear stress xw is calculated by an
iteration procedure until the averaged liquid velocity equals to the given liquid volume
flow rate.

Besides the radial gas profile a(r) the model of Sato needs as an input the bubble
diameter and the relative velocity of the gas wre|. For the last two parameters values
averaged over all bubble classes are taken to keep the model simple. In the result the
radial profile of the liquid velocity and its gradient dw/dr as well as the turbulent
viscosity m are calculated as functions of the radius.

Liquid turbulent kinetic energy

For the calculation of the turbulent kinetic energy the equations of the k-e model are
used. An ordinary non-linear differential equation of second order for the steady state
turbulent kinetic energy k of the liquid can be derived by using the following
assumptions:
- The time averaged liquid velocity has only a component in axial direction.
- The time averaged liquid velocity is only a function of the radius and does not

depend on the azimuthal position and the height.

According to the k-e model, the turbulent energy k then satisfies the following balance
equation:

A h p h \ \ p ç^ rp^ __ 0
kdr Vr)dr V ^dr )

A+hp
This equation is transferred to a discrete difference scheme and solved with the
boundary conditions k|(R) = 0 and dk/dr = 0 for r=0.
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Iteration procedure

Because of the feedback between the velocity profile and the gas fraction profile, the
equations (5)-(12) are solved by an iteration procedure. The radial profile of liquid
velocity and afterwards the radial profile of the liquid turbulent energy are calculated for
an initial gas profile. Then volume fraction profiles are calculated separately for each
bubble class. The sum of these profiles yields the gas volume fraction profile, which is
used for a new calculation of radial profiles of liquid velocity and turbulent kinetic
energy. An underrelaxation is necessary to guarantee the stability of the iteration.

There is a very sensitive feedback between the velocity profile and the gas fraction
profile. Calculations with an assumed velocity profile according to a 1/m-law have
shown, that this feedback is not negligible. In case of a flow with bubble sizes below
5.8 mm the feedback smooths the radial gas profiles. The bubbles are located
preferably in the wall region. For this reason the liquid velocity near to the wall is
increased. This smooths the velocity profile apart from the wall and reduces the lift
force in the core region of the flow, which acts towards the wall.

Otherwise, if a considerable fraction of bubbles with an diameter larger than 5.8 mm
occurs, there is a positive feedback between the gas and velocity profiles. The bubbles
in the centre accelerate the liquid. For this reason the velocity gradient in the central
region increases. This again causes an increase of the lift force, which acts towards the
pipe centre in the calculation. The turbulent component of the dispersion force is not
large enough to distribute the large bubbles over the cross section of the pipe. Instead
they accumulate near the centre line, which is in contradiction to the experimental
observations. Obviously, another mechanism is dispersing the bubbles, which is not
covered by any of the models introduced in literature up to now. The fluctuating
movement of the large bubbles, as observed by Tomiyama [4], may be such a
mechanism. Due to the oscillatory trajectory, the bubbles are moved away from the
centerline. That's why the additional dispersion force according to equation (8) was
introduced. It describes the fluctuating movement of large bubbles and prevents their
accumulation within a small region close to the centerline. The parameter CD Eo was
tuned to achieve a good agreement between calculated and measured radial profiles
for large bubbles.

Experiments

Experimental results for bubble size distributions and radial distribution for the gas
fraction as well as radial distributions for bubbles within a defined range of diameter
were obtained using a fast wire-mesh sensor developed by the Forschungszentrum
Rossendorf.

Fast wire mesh sensor for gas-liquid flows

The function of the sensor is based on the measurement of the local instantaneous
conductivity of the two-phase mixture [11]. It consists of two electrode grids with 16
electrode wires (diameter 120 m) each, placed at an axial distance of 1.5 mm behind
each other (Fig. 1). This results in 242 measuring positions inside the circular cross
section. During the signal acquisition, one plane of electrode wires is used as trans-
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Fig. 1 Wire mesh sensor
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mitter, the other as
sectional view A-A receiver plane. The trans-

mitter electrodes are acti-
vated by a multiplex circuit
in a successive order. The
currents arriving at the
receiver wires are digi-
talisée] by analogue/digital
converters and stored in a
data acquisition computer.
This procedure is repeated
for all transmitter elec-
trodes. The time resolution
achieved by the signal
processing unit is 1200
frames per second, a
device for 10000 frames
per second is under devel-
opment [12]. The spatial
resolution is given by the
pitch of the electrodes and
equals 3 mm.

The wire-mesh sensor delivers a sequence of
two-dimensional distributions of the local
instantaneous conductivity, measured in each
mesh formed by two crossing wires i and j .
Local instantaneous gas fractions are calcu-
lated 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 fraction distri-
bution in the time sequence. A special
procedure, described in [13] allows the identifi-
cation of single bubbles and the determination
of their volume and the equivalent bubble
diameter. Using this procedure bubble size
distributions as well as gas fraction profiles for
bubbles within a predefined interval of bubble
sizes can be calculated [14].

Experimental mock-up

The evolution of the bubble size distribution
was studied in a vertical tube of 51.2 mm
diameter. A sketch of the test section is shown
in Fig. 2. Experiments were carried out with an
air-water flow at room temperature. The super-
ficial velocities were varied in the range of 0 <
wOg <4 m/s and 0 < wOj < 12 m/s. The distance
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between sensor and air injec-
tion was varied from 0.03 m
to 3.5 m. This corresponds to
related inlet lengths of
0.6 L/D up to 70 L/D. Three
different types of air injecting
devices were used: (A) an
array of 19 capillaries of 0.8
mm inner diameter, the ends
of which were bent into the
flow direction and equally
distributed over the cross
section, (B) 36 orifices in the
tube wall with 1 mm inner
diameter and (C) 8 orifices in
the wall of 4 mm diameter.
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Fig. 4 Decomposed radial volume fraction profiles for
w01=0.4048 m/s and wOg=O.O574 m/s (Point A
in Fig. 3, stars : experiment, solid line model)
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Fig. 5 Decomposed radial volume fraction profiles for
w01=0.4048 m/s and wOg=O.219 m/s (Point B
in Fig. 3, stars : experiment, solid line model)

Model vs. experiment

The model allows to calculate
radial gas fraction profiles
from a given bubble size
distribution. For the validation
of the model experimental
bubble size distributions were
taken as an input of the
model. The calculated radial
distributions for the gas
volume fraction as well as
gas fraction profiles decom-
posed according to bubble
size classes were compared
with experimental results.
The approximation of an
equilibrium of the forces
acting on a bubble is met best
for large UD. For this reason
the results from the
measurement at the upper
position (L/D = 60) were used
for the comparison.

Fig. 3 shows the points of
combinations of liquid and
gas superficial velocities w01
and wOig for which tests were
performed (red bars). They
include the transition from
wall to core peaking as well



oooo
as the transition from bubble to slug flow. For the two points marked in Fig. 3 with A
and B a comparison of radial volume fractions for bubbles within predefined intervals
of bubble sizes is shown in Figs. 4 and 5. In the calculations 200 bubble classes were
used. The radial volume fraction profiles for these bubble classes were added
according to the intervals shown in the Figures. For bubbles less than 5.5 mm wall
peaking occurs in the calculated as well as in the experimental data. For large bubbles
core peaking is observed. This confirms the results from [4] concerning the
dependence of the lift force on the bubble size. There is a good agreement of the
predictions from model with the experimental data.

Radial profiles for the gas volume fraction are shown at Fig. 7. The colours of the
curves correspond to the colours of the marked points in Fig. 3. The experimental
bubble size distributions shown at Fig. 6 were used as input for the model. There is also
a good agreement between predictions and experimental data. In particular the change
from wall peaking to core peaking is well predicted. The assumption of an equilibrium
of the forces acting on the bubble is violated in the region of this transition. Large
bubbles, which are generated by coalescence in the near wall region, migrate towards
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the pipe centre. In the presented model they are assumed to move immediately to the
pipe centre by this assumption. This causes some slight deviations between predicted
and experimental data for these points.

Conclusions

The presented model allows the prediction of radial gas profiles in vertical pipe flows.
In particular the model allows a prediction whether wall peaking or core peaking occurs
in dependence of the gas and liquid volume flow rates and the bubble size distribution.
The good agreement between experimental and calculated data confirms the
dependency of the radial forces acting on a bubble on the bubble size as reported by
Tomiyama [4]. The correlations for these forces as well as the model for the radial
velocity profile from were taken from literature without any change of the empirical
parameters. The only extension was the introduction of a Eôtvôs number dependent
dispersion force.

The dependency of radial volume fraction profiles on bubble size is very important for
the modelling of the transition between bubble flow and slug flow. Bubble coalescence
and break-up are determined by local events. By this reason local bubble size
distributions have to be considered. It is supposed, that the attempts for a
one-dimensional modelling of bubble coalescence and bubble break-up suffer from
neglecting the radial profiles of the particle densities for the single bubble classes. This
assumption will be proofed in a next step by including correlations for bubble
coalescence and break-up into the presented model.

Nomenclature

D
Eo
F
M
R
Re
V
d
g
k
n
r
w
y

a
e
H
P
a

diameter of the pipe
Eôtvôs number
force per unit volume
Morton number
radius of the pipe
Reynolds number
volume
diameter
constant of gravity acceleration
turbulent kinetic energy
bubble density
radius
velocity
distance from the wall

gas volume fraction
energy dissipation rate per unit mass
viscosity
density
surface tension

m
-
N/m3

-
m
-
m3

m
9.81 m/s2

m2/s2

1/m3

m
m/s1

m

_
m2/s3

Ns/m2

kg/m3

N/m1
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Indices

D
D,Eo
L
T
W
bubb
g
i
1
rel
t
w

refers the dispersion force
refers the Eôtvôs number dependend dispersion force
refers the lift force
revers the net transverse lift force
refers the wall force
property of a bubble
gas phase
number of the bubble class
liquid phase
relative
turbulent
wall
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