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AbstractÐA new tomographic measurement technique for the spatial imaging of the phase distribution
in horizontal slug ¯ow is presented. The features of the new technique are a high spatial and temporal
resolution. The measurement principle is based on the measurement of the conductivity between parallel
wires. It is a function of the liquid hold-up between the wires. Using three di�erent measurement direc-
tions, projections with linearly independent integral measurements of the phase distribution are
obtained. These are processed using an iterative series expansion method based on the algebraic recon-
struction technique (ART). The quality of the reconstruction is increased using a priori knowledge of
the ¯ow regime. The maximum temporal resolution is 5 ms and the spatial resolution is smaller than 1%
of the cross-sectional area of the pipe.# 1998 Published by Elsevier Science Ltd. All rights reserved
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1 . INTRODUCTION

Multiphase ¯ows of gas, vapor and liquid are encountered in a variety of di�erent chemical
reactors, power plants and transportation pipelines. The integral ¯uid dynamic properties in
these systems, i.e. super®cial velocities, pressure drop and residence time distribution, are largely
in¯uenced by the phase distribution inside the pipeline. The phase distribution itself is a function
of the geometric boundary conditions of the ¯ow ®eld, the volumetric ¯owrates and physical
properties of the phases (NaÈ dler and Mewes 1995a,b; Gregory and Scott 1969; Herm-Stapelberg
and Mewes 1994).

In horizontal pipelines, one of the most predominant ¯ow regimes is the slug ¯ow. Besides inte-
gral parameters like super®cial velocities and physical properties of the phases as well as pipeline
diameter, the pressure drop encountered in horizontal slug ¯ow is strongly in¯uenced by the volu-
metric liquid hold-up and the distribution of the liquid phase inside every individual cross-sec-
tional area. Up to date, either only integral measurements of the liquid hold-up or local
measurements conducted with intrusive probes have been used (Jones and Delhaye 1976; Delhaye
1978). Using local probes, a measurement of the liquid hold-up at several positions at the same
time is impossible. For this measurement task tomographic techniques have to be used.

2 . SLUG FLOW IN HORIZONTAL PIPELINES

In cocurrent horizontal two-phase ¯ow in general four major ¯ow regimes are distinguished.
These are the strati®ed ¯ow, the plug ¯ow, the slug ¯ow and the annular ¯ow. These and ad-
ditional ¯ow regimes as well as the ¯ow regime boundaries, pressure drop and general phase dis-
tributions have been studied by several authors (Hewitt 1991).

The most predominant ¯ow regime encountered in technical applications, as for example the
exploration of submarine resources, is slug ¯ow. In ®gure 1(a) the phase distribution of the gas
and the liquid phase encountered in slug ¯ow is depicted schematically. The slug unit consists of
the slug zone and the trailing ®lm zone. Within the slug zone the front is often referred to as
the mixing zone.
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The pressure drop along the slug plotted in ®gure 1(a), which in turn is schematically plotted
in ®gure 1(b) has been calculated, for example by Gregory and Scott (1969). In order to do the
calculation, the following properties have to be known:

. the length of the slug unit including the distinction between slug and ®lm zone as well as the
distinction within the slug zone between mixing and core zone;

. the void fraction in the slug and the ®lm zone;

. the average slug velocity as well as the slug front velocity and the average ®lm velocity;

. the slug frequency.

Azzopardi et al. (1985) conduct a thorough comparison between existing pressure drop corre-
lations and measured data. They show that the knowledge of the void fraction of the ¯ow has a
large in¯uence on the accuracy of the model as also stated by Begs and Brill (1973). The press-
ure drop equation given by Dukler and Hubbard (1975) is based on the fact that the pressure
drop of the ®lm zone between two slug zones can be neglected compared to the pressure drop
of the slug zone. In ®gure 1(b) the pressure drop of the slug unit is plotted schematically. The
pressure drop generated in the mixing zone contributes to about 50% of the total pressure drop
of the slug unit. In ®gure 2 the measured pressure drop of single individual slugs is plotted as a
function of the slug velocity. The measurements have been conducted with the experimental set-
up described in Section 4. In the transition region between the plug and the slug ¯ow the press-
ure drop of the slug unit decreases with increasing slug front velocity. Such a pressure drop
characteristic has also been reported by Ozawa et al. (1989) for the two-phase ¯ow in a capil-
lary. There, the region with the negative dependence of the pressure drop on the ¯ow velocity is
explained by the transition from bubbly ¯ow to slug ¯ow. We assume, that for horizontal two-
phase ¯ow the negative dependence of the pressure drop on the ¯ow velocity is due to the
entrainment of gas into the slug unit, which has to be proved by further investigations.

Experimental investigations on the dispersion of gas into the front of the slug are conducted
by a number of authors. Nydal and Andreussi (1991) are measuring the void fraction of single
slugs using ¯ush mounted ring-electrodes. The experimental set-up consists of a pipe with
50 mm diameter and 17 m length. The inclination is 38 against the horizontal. The dispersion of
the gas into liquid is only observed when the velocity of the slug reaches a critical value and suf-
®cient liquid in form of the ®lm is present. Jepson and Taylor (1993) are conducting their exper-
iments on the void fraction in the slug in a pipe with 300 mm inner diameter.

Figure 1. Schematic representation of a slug unit (a) and the pressure drop along a slug unit (b).
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The equations developed for the calculation of the void fraction inside the mixing and core
zone can be grouped into three di�erent approaches. The ®rst group consists of empirical
equations without discrimination of the ¯ow regime. An overview of these correlations is given
by Spedding et al. (1988). From his experimental investigations he concludes that the accuracy
of the equations depending on ¯ow regime and ¯ow system is satisfactory.

A second group of equations consist of simple physical models corrected using experimental
results. Frequently employed equations include the one from Gregory et al. (1978). This
equation is based on experimental investigations using an oil-air-system in pipes with 25.8 and
51.2 mm diameter.

In contrast to the models from the ®rst two groups, the equations of the third group are
based on physical models of the entrainment of the gas and the dispersion and distribution of
the gas within the liquid. The model developed by Barnea and Brauner (1985) is based on the
assumption that the dispersed gas phase behaves like bubbles. The void fraction in the liquid
slug then corresponds to the void fraction of a bubbly ¯ow with the same mixture velocity at
the transition to slug ¯ow. Experimental investigations are conducted by Andreussi and
Bendiksen (1989). They vary the physical properties of the phases and the pipe diameter. The
results are compared with a semi-empirical relationship. The physical basis of the correlation is
the assumption that the amount of gas entrained at the front of the slug is equal to the amount
deentrained at the back. The volumetric void fraction in the slug is calculated by the volumetric
gas ¯ow deentrained from the roll wave of the mixing zone into the leading bubble. The par-
ameters of the model are ®tted to the experimental data. The agreement between model and ex-
periment is good. According to Andreussi and Bendiksen (1989), there is a large in¯uence of the
surface tension and the gas density on the void fraction within the slug.

From the referred papers it is evident, that the intensity of the mixing and thus the phase dis-
tribution as well as the gas entrainment and integral void fraction in the individual slugs are
dependent on a number of factors. There are the liquid velocity in the ®lm zone and in the slug
zone, the velocity of the gas phase in the ®lm zone, the physical properties of the phases, the di-
ameter of the pipe and the inclination.

Even though a lot of work has been done on this subject, a prediction of the critical slug vel-
ocity for the onset of gas entrainment is not possible. In all the experimental investigations, the
void fraction within the slug has only been measured using integral measurement techniques.
Therefore, no information on the local phase distribution is possible. It is also not possible to
link the void fraction and its distribution to the pressure drop for a single slug or the complete
slug ¯ow. Therefore, in the present investigation a new tomographic measurement technique for
the measurement of the void fraction distribution is used.

Figure 2. Pressure drop of individual slugs as a function of the slug front velocity.
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3. TOMOGRAPHIC MEASUREMENT TECHNIQUE

The measurement of multi-dimensional physical properties using tomographic measurement
techniques requires the performance of two steps. First, a number of linearly independent inte-
grals or projections of the unknown property distribution are generated. In a second step, the
local distribution of the property, which is contained in the integral projection, is calculated using
mathematical reconstruction algorithms. For the measurement of the integral projections a num-
ber of physical measurement principles can be used. These are for example X- or g-ray techniques
(Ikeda et al. 1983), microwaves (Adams and Anderson 1982), ultrasound, coherent and white
light (Mewes and FellhoÈ lter 1993; Ostendorf and Mewes 1988; Mewes et al. 1989), nuclear mag-
netic resonance (NMR) (Gladden 1994) and positron emission (PET) (Simons et al. 1993). Due to
the necessary high frequencies (100 Hz and more), the restricted optical transparency and the
phase boundaries present in the measurement volume these techniques are not applicable for the
tomographic imaging of the phase distribution in slug ¯ow. For this measurement task, electrical
techniques like capacitance and conductance tomography have to be used.

In capacitance tomography the measurement principle is based on the dependence of the
externally measurable capacitance between electrodes mounted peripherally around the measure-
ment volume on the value and the distribution of permittivities inside the measurement volume.
In two-phase ¯ow, the values are those of the gas and the liquid phase and the distribution is
those of the phases. Using a number of electrodes mounted peripherally around the measure-
ment volume, di�erent combinations and thus linearly independent measurements are made (Xie
et al. 1995; Reinecke and Mewes 1994). For the measurement of the capacitance, an axial exten-
sion of the electrodes is required, generating a measurement volume rather than a plane. With
extended phase boundaries inside the measurement volume, the electrical ®eld properties become
discontinuous and the reconstruction of the phase distribution erroneous.

For conductive tomography techniques currently used, the electrodes are also mounted per-
ipherally around the measurement volume. They are mounted ¯ush with the wall and in direct
electrical contact with the ¯owing ¯uid phases (Wang et al. 1994; Abdullah 1993). Depending
on the technique, either a constant current is induced and the resulting potential at the other
electrodes is measured or a constant potential is applied to two electrodes and the resulting cur-
rent measured. Therefore, the electrical properties measured are non-linearly dependent on the
phase-distribution. In addition, this technique requires the full contact of the electrodes with the
conducting phase. This requirement cannot be ful®lled for the horizontal slug ¯ow in the region
of the ®lm zone. Therefore, for the present investigation, a new arrangement of the electrodes is
generated.

Figure 3. Schematic representation of the new sensor.
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3.1. New measurement technique

In ®gure 3 the new sensor for the conductive tomography is depicted schematically. In three
close parallel planes sets of parallel wires are strung across the cross-sectional area of the pipe.
The planes are set h = 3 mm apart. In every plane a total of 29 wires with a diameter of 100 mm
are arranged. With a distance between parallel wires of a = 2 mm a total free cross-sectional
area through the sensor of j>95% is achieved. Due to the extremely small diameter of the
wires the ¯ow is not disturbed and the additional pressure drop negligible. The measurement
principle is based on the conductance between two parallel wires. This is a function of the elec-
trical properties and the distributions of the phases. In ®gure 4 this relationship is given schema-
tically. According to the given phase distribution, liquid bridges the gap between the wires in
several positions. The size on the number of the liquid bridges is dependent on the phase distri-
bution. The arrangement can be simpli®ed by an arrangement of ohmic resistors in parallel.
Neglecting the conductivity of the gaseous phase, the measurable conductance GM becomes

GM �
Xn
i�1

1

Ri
: �1�

In [1] Ri is the resistance of a discrete liquid bridge between the wires. This resistance of a
bridge with dimension li is given by

Ri � 1

Gmax

l

li
�2�

with l as the total length of the pair of wires and Gmax the conductance between the wires
when completely wetted by the liquid. Therefore, the measurable conductance becomes

GM � Gmax

Xn
i�1

li
l
: �3�

Rearrangement of (3) leads to

G� � GM

Gmax
�

Xn
i�1

li

l
: �4�

Figure 4. Schematic representation of the relationship between the phase distribution and the measur-
able conductance between two parallel wires.

TOMOGRAPHIC IMAGING IN TWO-PHASE SLUG FLOW 621



The ratio of the wetted length to the total length of the wire equals to the liquid hold-up,
thus

G� � 1: �5�

The relative conductance G* is equal to the integral measurement value FM given in [1]. By
measuring the conductance between the parallel wires a total of 28 linearly independent
measurements of the distribution of the liquid hold-up is obtained. Using the three parallel
planes of wires a total number of three projections is available.

In order to avoid the in¯uence of the conducting wires on the measurement of the integral
conductance the planes of parallel wires are arranged with an axial o�set. In ®gure 5 the relative
conductance of two fully wetted wires is plotted as a function of the relative distance of the
planes. For a relative distance of 1.4 the in¯uence of the conducting wires of one plane on the
measurement of the integral conductance in another plane is smaller than 2%.

The measurement of the conductance between the two parallel wires is obtained using a com-
mercial impedance meter. The measurement is done using an AC-bridge with a carrier frequency
of 1 MHz and a voltage amplitude of 0.2 V (20.1 V). Using a phase-sensitive demodulation of
the resulting signal, an independent measurement of the real components of the impedance is
possible. Since a voltage is actively driven onto the wires, a parallel measurement of several
pairs is impossible due to the electromagnetic ®eld interference. Therefore all pairs of wires have
to be sampled sequentially. This sequential sampling is achieved with a newly developed multi-
plexing circuit which is driven by the digital output from a PC. The complete measurement
chain of the technique is given in ®gure 6.

3.2. Reconstruction

The ultimate goal of the reconstruction is the inversion of [1] for all projections, yielding the
desired phase distribution within the measurement plane. Due to the limited number of projec-
tions a direct inversion or a convolution and backprojection (Rowland 1979) is not possible.
The reconstruction is further complicated due to the severe underdetermination of the set of
equations since there are usually a greater number of points to be reconstructed than number of
measurement values.

For the reconstruction of an unknown phase distribution e(x, y), an iterative reconstruction
procedure based on a series expansion method is used. The algorithm is schematically plotted in

Figure 5. Dimensionless conductance between two wires as a function of the distance between the wire
planes.
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®gure 7. For a given initial distribution e(x, y) of the two phases [6] is used to calculate the
measurement vector of all conductivities of all combinations of pairs of wires j:

Gk�
R; j �

X
�x;y�
�1�x; y��Sj�x; y�X
�x;y�

Sj�x; y�
: �6�

In [6] Sj(x, y) is a weighting function or spatial ampli®cation of the pair j at the point (x, y).
The calculated vector of the projection is compared to the measured dimensionless conductivity:

DGk�
j � G�M; jG

k�
R; j: �7�

Using the di�erence DGk�
j together with an algebraic optimizer (ART) a correction of the

phase distribution is calculated. The optimization is done using

1�x; y�k�1 � 1�x; y�k�DGk�
j Sj�x; y�X

�x;y�
Sj�x; y�

: �8�

For the algebraic reconstruction in Cartesian coordinates a number of projections are not
located in parallel to the actual axises of the system. Therefore, errors for the discretization of
the elements can be generated. This is schematically shown in ®gure 8(a). A correction of the
property distribution in element (x1, x2) using the measurement value FM,1 can be compensated

Figure 6. Schematic representation of the measuring chain for the new tomographic measurement tech-
nique.

Figure 7. Schematic representation of the employed iterative reconstruction algorithm (ART).
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by a correction with the measurement FM,2. Additionally, the contribution of the element to the
measurement FM,1 is small corresponding to the sensitivity S1(x, y). The amount of this contri-
bution is in the same dimension as the measurement uncertainty of the whole integral measure-
ment. For these reasons, in the present investigation the reconstruction is performed in a
coordinate system which is ®tted to the geometrical relations obtained by the wires in the
measurement plane. This is shown schematically in ®gure 8(b). Due to the three di�erent direc-
tions equilateral triangles are formed. The measurement plane is covered by a pattern of these
equilateral triangles, each belonging to only one pair of wires per direction. Because all triangles
have the same size their contributions to the measurements are all the same and the sensitivity
of all elements is equal to unity.

To improve the reconstruction quality, the implementation of a priori knowledge into the
reconstruction is necessary because of the underdetermination of the system of equations. The
dimensionless values of the ®eld distribution e(x, y) which are bigger than one or less than zero
are set to one or zero automatically. The di�erence between the corrected and uncorrected
values of the ®eld function is redistributed to the other elements of the beam. If the dimension-
less measurement value of a pair of wires is zero or one, all elements belonging to the beam
must also have the same value. This information is not contained in [8]. Consequently, elements
can be determined in the measurement plane for which the size of the ®eld function is known
for reconstruction. These elements are removed from the system of equations to be solved and
its underdetermination is reduced. The conductances measured sequentially are shifted by the
time correction proposed by Reinecke et al. (1994).

Figure 8. Representation of discretization in a cartesian (a) and a problem-oriented (b) coordinate
system.
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Figure 9. Representation of the experimental set-up.

Figure 10. Phase distribution of a slug unit as a function of time.
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4. DESCRIPTION OF THE EXPERIMENTAL SET-UP

The construction of the employed experimental set-up is represented schematically in ®gure 9.
The test section consists of a horizontal, transparent pipe with the inner diameter of 59 mm.
The length of the pipe is 48 m. The phases used are water and air. They are injected into the
pipe by a nozzle as layers corresponding to their densities. At the outlet of the pipeline the
phases are separated in the separator. The water is recirculated in a closed circuit. The volu-
metric ¯ow rates of the phases are measured by ori®ces.

The tomographic sensor is installed into the pipeline at l/d = 680. For the tomographic ima-
ging of the phase distribution, operating points of the two-phase ¯ow are chosen for which the
aerated slug ¯ow is observed. The measurement is started shortly before the slug enters the
measurement plane of the sensor. The measurement duration is 1.8 s with an image refresh rate
of 110 pictures per second. For moderate slug velocities of 3.5 m/s and slug lengths of up to
1.5 m the phase distribution in the slugs is measured. No disturbance of the ¯ow by the sensor
is observed.

5 . EXPERIMENTAL RESULTS

The measured and reconstructed phase distributions of a slug unit for di�erent times are
given in ®gure 10. Every tenth image is represented and the temporal distance between the rep-
resented phase distributions is therefore 0.09 s. The liquid phase is represented in dark shading,
the gas phase in the bright one. The slug velocity is 3 m/s. Before the entry of the slug into the
measurement plane, the gas phase occupies the biggest part of the measurement plane. While
the slug front passes through the measurement cross-section the liquid hold-up increases rapidly.
The gas phase is dispersed in the liquid phase in the center of the pipeline. The radial extension
of the mixing zone reaches into the ®lm zone before the slug. Behind the mixing zone, the slug
body ¯ows almost unaerated through the measurement plane. Individual gas bubbles reach the
slug body from the mixing zone. They ascend to the top of the pipe due to their smaller density
and the gas bubbles are transported to the slug end. At the slug end a liquid ®lm remains at the
pipe wall, which drains after the slug has passed. The liquid hold-up of the separated ¯ow
behind the slug is higher than before the slug. Additionally, the surface of the liquid ®lm in the

Figure 11. Photography of the slug (a) and Eulerian representation of the reconstructed slug unit (b),
and (c).
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strati®ed ¯ow is wavier than in front of the slug. The liquid hold-up of the strati®ed ¯ow after
the slug decreases slowly to the amount in front of the slug front.

Three-dimensional data of the phase distribution in the slug unit is available with the aid of
the tomographic measurements. By stacking the measured and reconstructed images, an
Eulerian representation of the phase distribution of the slug is obtained. This Eulerian represen-
tation can be used to compare the measured and reconstructed slugs to visually observed ones.
In ®gure 11(a) the side view of a slug is given. The direction of ¯ow is from the right to the left.
The mixing zone at the front of the slug is clearly visible. In order to compare this visual obser-
vation to the result of the tomographic measurement two Eulerian plots are given in ®gure 11(b)
and (c). Two surfaces with di�erent liquid contents are given in the ®gure. The surface colored
darkly encloses the regions with a liquid hold-up over 0.5. The surface dyed brightly represents
a liquid hold-up of 0.1. The slug is also represented in a side view, the direction of ¯ow is from
the right to the left. The surfaces are transparent so that the mixing zone in the slug front and

Figure 12. Images of the reconstructed slug unit.
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the gas bubbles entrained from there can be observed. From visual comparison it is evident,
that the characteristic slug properties, in particular the shape of the mixing zone, are captured
using the tomographic technique.

Sectional views of the slug are represented in the ®gure 12(a)±(f). The corresponding position
of the sectional views is to be taken from the rough draft in ®gure 12. The views in ®gure 12(a)±
(c) are arranged vertically through the slug. The entrained gas bubbles and the liquid ®lm
remaining at the pipe wall behind the slug can be observed in this representation. Horizontal
views of the slug are represented in ®gure 12(d)±(f). From this representation, the di�erent
heights of the liquid layer in the strati®ed ¯ow in front of and behind the slug can be seen. The
surface behind the slug is wavier than in front of the slug. The gas bubbles which are trans-
ported to the slug end oscillate in tangential direction.

Figure 13. Liquid hold-up in the slug as a function of time.
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From the reconstructed phase distribution, the liquid hold-up of the slug unit is calculated.
The liquid hold-up of ®ve di�erent slugs is given in ®gure 13(a) as a function of time. The super-
®cial gas velocity is 2.9 m/s and the super®cial liquid velocity is 0.2 m/s. The liquid hold-up
increased rapidly up to a value of 0.9 at the beginning of the slug front and then approaches
slowly to the value of 1. The increase of the liquid hold-up in the slug front of all ®ve slugs is
identical. On the other hand, the length of the almost unaerated slug bodies of the ®ve slugs is
di�erent. In ®gure 13(b) the time dependent liquid hold-ups of the ®ve slugs are shifted so that
the ends of the slugs coincide. The liquid hold-up of the ®ve slugs as a function of time at the
slug end is also identical. The representation of the liquid hold-up as a function of time given in
®gure 13 can be used to compare the results of the present investigation with results obtained
by other authors. Time-plots in particular, are rarely given in publications. A very interesting
experimental investigation is conducted by Nydal and Andreussi (1991). They use a conductance
ring probe in a 49.7 mm i.d. pipe to measure the time-varying liquid hold-up in the slug ¯ow.
The measurements are conducted for arti®cial single slugs generated in the slight inclined hori-
zontal pipe. Therefore, the experimental conditions are similar but not identical to the present
ones. In ®gure 14 the results for the liquid hold-up as a function of time for two measurements
conducted in the present study and by Nydal and Andreussi (1991) are compared. The con-
ditions are similar with a slug velocity in the investigations by Nydal and Andreussi (1991)

Figure 14. Comparison between the liquid hold-up measured by Nydal and Andreussi [14] and by elec-
trical tomography.

Figure 15. Slug velocity as a function of the mixture velocity.
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being 2.7 m/s and 3.8 m/s in the present investigation. The agreement is reasonable given the
statistical nature of the ¯ow and the signi®cantly di�erent experimental conditions in the two
studies.

In further investigations the liquid hold-up in di�erent sections of the slug unit is measured as
a function of the slug velocity. To measure the velocity of the slug front a light barrier technique
is used. In ®gure 15 the slug velocity is plotted as a function the mixture velocity. A linear corre-
lation for the data can be found as

vSF � C0jm � v0 � 1:14jm � 0:13: �9�

The results for the two parameters are comparable to correlations found by other authors, for
example Gregory and Scott (1969) (C0=1.35), Dukler and Hubbard (1975) (C0=1.24±1.3),
Nicholson et al. (1978) (C0=1.128±1.196, v0=0.27±0.28 m/s) and Jepson (1987) (C0=1.4±1.5).

The liquid hold-up in the di�erent sections of the slug is calculated from the reconstructed
phase distributions in the cross-sectional area of the pipe. In ®gure 16 the liquid hold-up in the
®lm zone directly in front of the individual slugs is plotted as a function of the velocity of the
slug front. The super®cial gas velocity and the super®cial liquid velocity are varied from

Figure 16. Liquid hold-up in the ®lm zone as a function of the slug velocity.

Figure 17. Comparison of results for the liquid hold-up in the ®lm zone by electrical tomography and
g-ray-densitometry.
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jG=0.35 to 3.7 m/s and from jG=0.25 to 1.0 m/s, respectively. Due to the statistical nature of
two phase ¯ows there is a scatter in the experimental data. For small velocities of the slug front
the liquid hold-up is decreasing with increasing slug velocity. For slug velocities greater than
2 m/s the liquid hold-up in the ®lm zone is nearly independent of the slug velocity. There is no
dependency on the super®cial velocity of the liquid. It makes no di�erence if the increase in slug
velocity is caused by an increase of the liquid or the gas ¯ow rate. The ®lm thickness is only a
function of the slug velocity or is constant for slug velocities over 2 m/s, respectively. A com-
parison of the liquid hold-up in the ®lm zone measured by electrical tomography and by g-ray-
densitometry is given in ®gure 17. The g-ray-densitometry results are obtained in the same ex-
perimental facility. The range of the liquid hold-up measured by the tomographic measurement
technique is shaded in light gray. The single data points plotted in the diagram are average
values of several slugs and are calculated from measurements of the liquid hold-up in the whole
®lm zone by g-ray-densitometry. Due to this, there is a systematic deviation between the g-ray-
densitometry results and the tomography results. Because the liquid hold-up in the ®lm zone in
front of the slug is smaller than behind a slug the average values of the liquid hold-up obtained
by g-ray-densitometry tend to be greater.

In ®gure 18 the mean liquid hold-up in the slug front is shown as a function of the slug vel-
ocity. To calculate the mean liquid hold-up in the slug front only the ®rst section of the whole

Figure 18. Liquid hold-up in the mixing zone as a function of the slug velocity.

Figure 19. Length of the mixing zone as a function of the slug velocity.

TOMOGRAPHIC IMAGING IN TWO-PHASE SLUG FLOW 631



slug is considered. The length of this section is set to 0.6 m. Due to this de®nition of the mean
liquid hold-up in the slug front a representative value of the aeration of the slug is obtained.
For small slug front velocities below vSF=2 m/s there is no aeration of the slug. Over 2 m/s the
liquid hold-up decreases with increasing slug velocity. First gas bubbles are entrained into the
slug front. With a further increase the liquid hold-up is decreasing. This is due to the higher
void fraction in the slug front and due to the elongation of the aerated front section of the slug.
A dependency on the injected liquid ¯ow rate is not determined. The length of the aerated front
section of the slug is shown in ®gure 19. The super®cial velocity of the liquid is jL=0.5 m/s. A
signi®cant entrainment of gas into the slug front starts at vSF=2 m/s. For vSF=3 m/s the whole
slug is aerated.

From the experimental data it is obvious that there is no in¯uence of the composition of the
injected ¯uids on the slug properties. The main parameter is the velocity of the slugs which is
directly related to the sum of the super®cial velocities of the injected ¯uids. The most interesting
range of slug velocities is between 2 and 3 m/s. In this interval the aeration of the liquid slugs
takes place. For velocities greater than 3 m/s the decrease of the ®lm thickness between the slugs
has ceased, too.

6. CONCLUSION

Slug ¯ow is the predominant ¯ow regime for two-phase ¯ow of gases and liquids through
horizontal pipelines. It is characterized by alternating gas bubbles and liquid slugs ¯owing
through the pipeline. Gas is dispersed into the slug moving over a liquid ®lm due to the high
¯ow velocities. To calculate the slug velocity and the pressure loss of the ¯ow the knowledge of
the spatial distribution of the gas phase in the slug body is necessary.

In an experimental investigation, an electrical tomographic measurement technique is used to
measure the spatial phase distribution of the gas phase in the slug. Features of the technique are
high local and temporal resolution. The sensor employed consists of parallel wires arranged in
three di�erent parallel planes. The conductance is measured between the pairs of parallel wires.
The conductance is directly proportional to the liquid hold-up between the wires. From the
measured values, the phase distribution is calculated by means of an iterative reconstruction al-
gorithm. The reconstruction quality is corrected by introduction of a priori knowledge. The tem-
poral resolution is 0.009 s and the spatial resolution is less than 0.1% of the cross-sectional
area.

The measurements are performed in a horizontal two-phase ¯ow with slug velocities of up to
3 m/s. For these super®cial velocities liquid slugs of di�erent length are formed. The dispersion
of the gas phase is limited to the slug front. Within the slug body, gas bubbles are transported
to the top of the pipe coalescing with the bubble following the slug.
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