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Abstract—Air/water slug flow in 53 and 90 mm i.d. horizontal pipes has been investigated for a large range
of gas and liquid velocities. For this purpose a special instrumentation with simultaneous data acquisition
and analysis has been developed. This has been used to determine the mean slug characteristics (length,
holdup and velocity) and their statistical distributions.

Key Words: slug flow, statistical distributions, void in slugs, slug velocity

1. INTRODUCTION

Slug flow in horizontal pipes can be described as the flow of aerated slugs, travelling at high
velocity, separated by flow regions in which the gas and the liquid assume a stratified configuration.
With the introduction of the concept of oil and gas transportation in long pipelines for the
exploitation of subsea reservoirs the research on slug flow has been intensified during the last
decade, as the phenomenon of slugging introduces fluctuations of an unstable nature that must be
considered in the design of two-phase flow systems.

In modelling slug flow, an averaged, one-dimensional model is usually selected.
This approach is based on the assumption that slug flow can be described as a sequence of
identical slug units travelling at a constant translational velocity (Dukler & Hubbard 1975).
In this type of model the length, the translational velocity and the mean liquid holdup in the
slug body are computed by means of empirically based closure relations. The mean holdup in
the pipe, the length of the slug unit and the pressure gradient can then be computed by a set
of mass and momentum conservation equations. Recent works on slug flow (Fernandes 1981;
Malnes 1983; Andreussi & Bendiksen 1989) have provided some improvement to the model
of Dukler & Hubbard (1975), but there is still a need for more data for a better assessment of the
equations used as closure relations.

Considering the stochastic features of slug flow, an experimental investigation of this flow regime
should be based on extensive and accurate measurements of the main slug parameters, such as
length, velocity and mean void. It should also be remarked that before slug flow data can be used
for the assessment of closure relations, it should be ensured that the flow is well-developed and
independent of the inlet conditions. In principle, this can be done taking data at different locations
in the pipe and, eventually, varying inlet conditions, with the consequence that the number of data
required increases appreciably.

In this paper we present an experimental investigation on the statistical properties of slug flow.
Statistical distributions of the slug parameters are obtained for different pipe lengths and inlet
conditions, and correlation functions are computed as indications of the statistical relations
between the parameters. A special instrument has been designed for the direct measurement of
slug flow parameters. Signals from three conductance probes are processed online in a PC
equipped with an ADC working at high sampling rates. Only key parameters are computed and
stored for each slug unit: the slug front velocity, the slug bubble velocity, the slug length and the
slug holdup.

The concept of simultaneous data acquisition and analysis allows the combination of high
sampling rates with long acquisition times. This makes it possible also to characterize slug flow
at flow rates where the slug frequency is low.
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2. EXPERIMENTAL SETUP

2.1. Flow loop

The experiments are relative to air/water flow at atmospheric conditions in two horizontal pipes
of 52.9 mmi.d. (stainless steel) and 90 mm i.d. (acrylic). The ranges of liquid and gas superficial
velocities covered in the experiments are

J.=0.6to 3.5m/s
and
Jg =0.5 to 20 m/s.

All reported superficial gas velocities are at standard conditions (1 bar, 20°C).

The experimental setup is shown schematically in figure 1. A bench supporting the 17 m long
test sections can be inclined continuously between + 3° with respect to the horizontal position by
a motorized support. Tap water is circulated by centrifugal pumps and the air is supplied by a
compressor at a controlled pressure of 6 bar. Single-phase flow rates are measured with calibrated
rotameters before the mixing section. The pressure at the gas rotameters is set at 2 bar.

The design of the inlet section is also shown in figure 1. As can be seen, at the pipe inlet stratified
flow conditions are obtained by injecting the gas phase parallel to the liquid from the top of the

pipe.

2.2. Instrumentation

The instrumentation adopted in this investigation is based on the conductance method.
The central probe is made of two conducting rings spaced 2.5 pipe diameters apart. This probe
has been described in detail and tested by Andreussi et al. (1988) and is used in the present
experiments to measure the instantaneous liquid holdup. Two trigger probes are positioned on each
side of the rings to monitor the conditions at which the holdup in the central probe is recorded.
As shown in figure 2, the triggers are made of two quarters of a ring and face each other
vertically at a given cross-section of the pipe. As for the holdup probe, the trigger probes are
carefully grooved into the pipe section so that the conducting elements are flush with the pipe wall.
The overall distance between the triggers is about 8 pipe diameters.

The triggers and holdup probe operate in a system of simultaneous data acquisition and
analysis. The online data analysis is controlled by the values of voltage signals from the triggers.
Logical flags are associated with the triggers, with flag values set to one (high) when the output
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Figure 1. Experimental setup for slug flow experiments. Test section: 17 m, 53.90 mm i.d.
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Figure 2. Trigger flag values for a slug that passes the measuring station and output signals from the
holdup and the trigger probes.

voltage exceeds a prescribed value and to zero (low) when the voltage signal is below this value.
The sequence of flag values when a slug is passing through the measuring station is shown in
figure 2, together with examples of the probe signals that are recorded and analysed by the
system.

The discrimination level indicated in the figure defines the flag values. In figure 2 this level is
a line, but in the presence of noise this line can be split into a band (noise rejection band). In this
way, the potential problem that small fluctuations modify flag values is eliminated. It should also
be noticed that holdup disturbances shorter than the distance between the triggers will not be
considered in the analysis.

Figure 2 also shows the regions of the time traces where the slug parameters are computed:
the front and tail velocities (U,, U,) are computed from the transit time of the front and the tail
between the triggers; the slug length L, is computed for both triggers from the transit time of the
slug and the mean value of the front and tail velocity; the final length of the slug is taken as the
mean value from the two triggers.

The mean liquid holdup in the slugs can be computed either as the mean value relative to the
entire slug (full averaging), or as the mean value relative to a limited number of data samples
(reduced averaging). In both cases, the mean holdup is only computed when both logical flags are
up, but in the second case a sequence of mean values is computed and the user can choose which
value should be stored. In most cases, the differences between the holdup in the central region and
in the region with maximum holdup were small.

The program is written in Assembler to obtain a high sampling rate and accurate control of
the sampling frequency. Each cycle of data sampling and analysis involves the same number of
operations. The system has been carefully calibrated with a signal generator and gives a sampling
rate per channel of 6.700 kHz.

As input to the online program the following parameters must be given: total acquisition time;
trigger level; trigger band value; and input for full or reduced averaging for the slug holdup.
The determination of these input values is done with the aid of an oscilloscope. It was ensured
on the oscilloscope that the discrimination band was low enough for the system to capture all
phenomena that blocked the pipe.

The number of samples for the mean holdup computations was estimated to correspond to
1-2 diameters of length based on the front velocity. The acquisition time was chosen to give a total
number of recorded slugs between 100 and 500.
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In addition to the online data recording, the local pressure in the pipe was measured with two
absolute pressure transducers. One was positioned at the measuring station and the other 2m
upstream. In a distinct set of experiments, the local void distribution in the slug body has been
determined by a fibreglass optical probe. The tip of this probe was 0.7 mm in diameter and the
characteristics of the probe are described in detail by Annunziato (1986).

Since raw data are lost and only computed parameters are saved, the system was carefully tested
and compared with other experimental methods. In particular, the computational method was
checked with a separate program for a time trace analysis of the triggers and the central probe.
This has proved an efficient way of testing the system, as the sensitivity analysis could be performed
by software instead of conducting a large number of experiments.

The results relative to slug holdup measurements have been compared with the results obtained
with a different time trace analysis. The probability density function of the complete holdup signal,
including the stratified region between slugs, shows two peaks: a low holdup peak relative to the
mean holdup in the stratified region; and a high holdup peak relative to the mean slug holdup.
The online results agree very well with the peak values from this analysis at low flow rates. At high
flow rates, probability density functions of the complete signal are not accurate, since the peaks
in the histogram are no longer well-defined, due to the presence of waves and developing slugs,
and since the limited computer memory allows only a few slugs to be recorded when the sampling
rate is high. For these reasons, the present method of analysis appears more accurate and efficient
than the use of the probability density distribution of the entire holdup time trace.

3. RESULTS

3.1. Developing slugs

The system developed for online data analysis allows the acquisition and processing of large
samples. This gives excellent reproducibility of the mean slug characteristics (typically better
than 2%).

A special phenomenon that has been observed and studied with the present experimental method
is the occurrence of two types of slugs: the regular slugs and a different type of slugs, shorter and
more aerated, which can be described as non-developed slugs. These slugs block the entire pipe
cross-section and propagate at approximately the same velocity as regular slugs. They can easily
be distinguished from waves, as waves only occasionally block the pipe and travel at a lower
velocity. Eventually, non-developed slugs may decay, but the present observations suggest that, on
the average, they evolve into regular slugs. For this reason it seems appropriate to call these slugs
developing slugs.

Developing slugs are clearly observed as a second peak in the statistical distribution of the slug
holdup. The presence of this peak allows us to distinguish developing from regular slugs in the
analysis of slug characteristics. The second peak emerges in two cases: when the gas velocity is
increased or when the measuring station is moved upstream, closer to the region in the pipe where
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Figure 3. Statistical distributions of the void fraction in slugs. (a) Increasing gas velocities; L/d = 300,
d =5cm, J_ = 1.2 m/s. (b) Increasing distance from the pipe inlet; Jo=9.3m/s, J, =0.6m/s, d = Scm.
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Figure 4. Number of slugs and developing slugs for
increasing gas velocity; J; =0.6 m/s, d =5cm, L/d =300.

Figure 5. Time trace from the conductance probe showing
a slug and a developing slug; Jy =1.2m/s, J;=9.0m/s,
d=>5cm.

the slugs are formed. Figure 3 shows examples of histograms for the two cases and figure 4 shows
the corresponding number of slugs and developing slugs.
Several characteristics of developing slugs have been observed:

o They are highly aerated. An example of a time trace representing a developing and
a regular slug is shown in figure 5.

Figure 6 shows the mean void fraction for slugs and developing slugs as a
function of the superficial mixture velocity.

Single phenomena have been investigated with the optical probe for local
void fraction measurements. It was observed that developing slugs can easily
be distinguished from waves as gas bubbles and a continuous liquid phase could
be detected over the whole pipe cross-section. These slugs are more aerated
than regular slugs at all positions, both close to the top and the bottom of the
pipe.

e Developing slugs are shorter. Although statistical distributions of the slug length
show a single peak, discrimination of the slugs according to the slug holdup reveals
that developing slugs are shorter. The results are shown in figure 7.

Developing slugs evolve into regular slugs. After an initial formation zone, the total
slug frequency is fairly constant along the length of the pipe, see figure 8. This was
also confirmed in experiments where the pipe length was doubled; the frequency
of developing slugs at the outlet decreased but the frequency of all phenomena was
about constant. On average, developing slugs do not decay or coalesce with other
slugs, but they seem to grow and transform into regular slugs.

Void fraction in slugs [-]

Developing slugs travel at the same velocity as regular slugs, as shown in figure 9.
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Figure 8. Number of slugs at various locations of the Figure 9. Mean slug bubble velocities for slugs (filled
measuring station. Acquisition time 12min; J, =0.6m/s, symbols) and developing slugs (open symbols); d = 5 cm.
d=5cm.

o Pressure recordings of developing slugs show the same characteristics as those of
regular slugs. The pressure signal from a regular slug typically consists of three
regions: an initial sharp rise in the pressure corresponding to the acceleration of
the film ahead of the slug to the liquid velocity in the slug; a moderate increase
in the pressure due to the frictional pressure drop along the slug body; and, finally,
a fairly constant pressure in the slug bubble that follows the slug.

To give an example, in an experiment with J; = 1.1 m/s and J; = 1.2 m/s the
mean value of the pressure peak after a developing slug was 19% less than the
value relative to regular slugs. The somewhat smaller pressure may be related to
the different length and void in the two cases. The pressure response of a wave
is negligible when compared with that of a slug.

3.2. Developing length for slug flow

3.2.1. Pipe length. Slug flow can be described as a sequence of identical slug units (Dukler
& Hubbard 1975). However, the presence of developing slugs is a clear indication that two
qualitatively different types of slugs may coexist in the pipe. This experimental observation appears
to be related to pipe length; it is then necessary to verify if the flow is fully developed at the
measuring station, before the data obtained can be used to develop or verify closure relations.
Great care is needed, in particular, in the measurement of the mean void in the slugs, as the main
difference between regular slugs and developing slugs concerns this parameter.

The existence of fully developed slug flow in pipes operating close to atmospheric conditions is
a matter of definition, as gas expansion due to pressure losses along the pipe will cause an increase
in the mixture velocity. Nevertheless, it seems possible to distinguish between an entrance region,
in which the slugs are formed, and a quasi-developed region, in which the flow characteristics of
a slug unit change slowly along the pipe and mostly depend on the local value of the gas velocity
rather than on the previous history of the flow.

In the present experiments, in order to avoid the recording of developing slugs, the
measurements must be taken sufficiently far from the inlet, or the gas flow rate must be sufficiently
low. In figure 10 the conditions at which only one peak is present in the histograms of the slug
holdup are shown. These are the flow rates and pipe lengths at which developing slugs are not
recorded. For example, an inspection of the histogram for J; = 0.6 m/s and J; = 6.0 m/s indicates
that a tail in the histogram corresponding to the presence of developing slugs vanishes when the
pipe length is doubled from 300 to 600 diameters.

A well-defined statistical distribution of the slug holdup, with only one peak, may be regarded
as a necessary condition for developed slug flow. It is not a sufficient condition, it only indicates
the pipe length at which all slugs have similar characteristics at given flow rates.

On the other hand, it has been reported (Scott ef al. 1987) that in long pipelines the slug
frequency decreases and the mean slug length increases. These slow changes of slug frequency and
length should be considered as compatible with the definition of quasi-developed slug flow.
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Figure 10. Pipe length in number of diameters where the
statistical distributions of the slug holdup show only one
peak (open symbols).

From figure 10, it is easy to detect an appreciable effect of the liquid flow rate on the developing
length for slug flow. As can be seen, at low liquid flows, it takes a longer distance to obtain
developed flow.

3.2.2. Inlet conditions. In order to assess the effect of inlet conditions on main slug parameters,
the mixing section was inverted (see figure 1). Two series of experiments with 10 gas velocities in
the range J; =0.5 to 10 m/s and J; = 1.2 m/s were performed with the gas being injected at the
top and the bottom of the pipe. With the gas on the bottom the frequency was 3-6% lower and
the slug length 5-10% higher than with the gas on the top. The holdup in the slugs and the velocities
were the same for both inlet conditions (relative mean differences were generally <2%). Although
inlet conditions are important for the transition to slug flow (Bendiksen & Malnes 1987), the flow
structure is not greatly affected by the geometry of the mixing section for velocities well inside the
slug flow region.

3.3. Statistical distributions

In the analysis of the experimental results, regular slugs were distinguished from developing slugs
by means of the statistical distributions of the slug holdup, as indicated in the examples shown in
figure 3. The shape of the statistical distributions of measured slug parameters has been determined
only in the velocity range of developed slug flow.

3.3.1. Slug length. The statistical distribution of the slug length appears to be well-fitted by a
lognormal distribution, as also noted by Brill ez al. (1981) and recently by Sather et al. (1990).
Figure 11 shows that the tail in the distribution corresponding to long slugs is better fitted with
a lognormal rather than with a normal distribution.

3.3.2. Slug void fraction. The distribution of the slug void fraction is often lognormal, as in the
case shown in figure 11.

For small void fractions, the difference between the lognormal and the normal distribution is
small. At higher gas flow rates and higher void fractions the shorter and more aerated developing
slugs emerge. In acquisitions where short slugs were discriminated, the slug void fraction tended
to be normally distributed.

3.3.3. Slug bubble velocities. At moderate superficial gas velocities the slug bubble velocity is
normally distributed, as shown in figure 11. The slug velocity fluctuates mainly because the film
holdup ahead of the slug varies. In addition, a decompression wave propagates through the
pipe whenever a slug enters into the separator. In addition to the physical spread in the velocity,
fluctuations in the front and tail of the slug will contribute to the scatter in the measured values
when the trigger distance is small and the slug velocity large. An experiment with velocity
measurements over 40 diameters gave less scatter, but equal mean values compared with the online
results with a trigger distance of 8 diameters (3% difference with Jg = 11 m/s and J, = 1.2 m/s).
Slug bubble velocities were then seen to be normally distributed.
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3.4. Statistical correlations

The measured slug parameters H,, L, and U, fluctuate within characteristic spreads due to the
unstable nature of the flow. An interesting question is whether these parameters for each slug
are statistically related to each other. Is there, for example, a tendency for long slugs to have
particularly high or low holdups or velocities?

A statistical measure of the dependency between two stochastic variables x and y is the
covariance, covar(x, y), defined as

covar(x, y) = J_ ) [p:(x) = p)lp,(¥) — 1] dx dy, (1

where u is the expected value and p is the probability density. The correlation coefficient R(x, y)
is defined as the covariance normalized with respect to the standard deviations o, and o,:

_ covar(x, y)

R(X,Y)——T&— 2]

If the variables are statistically independent the correlation coefficient is zero.
The empirical correlation coefficient is used as a measure of the linear dependency between two
measured variables:

Y (=0 9)
3]

SxxSyy

r(x,y)=

N |-

with the empirical standard deviations:

Sax = ’ 'il (xi - j)2 [4]

The empirical correlation coefficients have been computed for several pairs of measured slug
parameters. In these computations, developing slugs were to a large degree avoided by excluding
the phenomena relative to the high void fraction peak in the histograms.

Figure 12 shows the empirical correlation coefficient between the holdup in the slug and the slug
length, r(H,, L,). These results indicate that at intermediate mixture velocities longer slugs have
a tendency to have higher holdup. This may correspond to the experimental observations of a small
decrease of the void fraction along the slug.

The correlation coefficient between the slug length and the slug bubble velocity, r(L,, U,), were
small, with values <0.2. This means that slugs are in general long enough to develop a steady
velocity profile at the tail. The following slug bubbles then, on an average, see the same upstream
conditions, independently of the slug length.

The characteristic slug period and the slug frequency may be obtained from the autocorrelation
function and the power spectrum of holdup time traces. The autocorrelation of a holdup time trace
represents a peak corresponding to the slug period and a similar peak in the power spectrum will
correspond to the slug frequency.

Similarly, if there is a pattern in a sequence of slug lengths it will emerge as peaks in the
autocorrelation function and the power spectrum of the sequence. On the other hand, if the slugs
are independent, the functions will be flat.

The autocorrelation function was computed for sequences of slug lengths and slug holdups in
a number of cases. In a sequence of m slugs the autocorrelation was computed from

S -

=L % s
n= XXk +ns
p k_}_:mlz X+ 5]

where x is the length or the holdup. In all cases the spectra were flat and the autocorrelation close
to zero, as for the example in figure 13,

At high gas velocity, a conditional probability density function was also constructed. Slugs with
void fraction in the range 0.27-0.3 were marked and the probability density distributions of the
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Figure 14. Conditional probability density functions for

the void fraction in slugs; J, =0.06 m/s, J;=13.0m/s,

d =5cm, L/d = 600. The lines are the distributions of the

first, second, fifth and tenth following slugs with void
fraction in the range 0.27-0.3.

following first, second, fifth and tenth slug were computed. As shown in figure 14, the distributions
are about equal to the distribution of all slugs. If a slug with a specific void fraction is detected,
the following slugs will not have a characteristic different void fraction.

In conclusion, there seems to be no evident pattern in the sequence of slugs, the characteristics
of one slug have no clear influence on the characteristics of other slugs.

These results are not entirely consisent with the work of S&ther et al. (1990), where the methods
of fractal statistics have been used to quantify the dependency between slugs. It was seen that the

MF 18/3—(
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degree of dependency between slug lengths increased with increasing gas velocity. When the present
data was analysed with the same method (rescaled range analysis) no dependency was found.

At high gas velocities there is, on average, only one slug present in the pipe at a time, and it
may be expected that the characteristics of one slug are independent of the preceding slug that left
the pipe. The present result, that the slugs occur independently also at high slug frequencies, may
be more surprising. Since this is an issue of practical interest, it should be investigated further in
future research.

3.5. Standard deviations

Figure 15 shows the standard deviations from the mean for the slug parameters. The standard
deviations are obtained from acquisitions where developing slugs have been discriminated.

The spread in the slug void fraction increases with increasing flow rate, and there is a slight trend
for the standard deviations to reduce with increasing liquid flow rate.

At high flow rates the spread in the slug length will depend on the trigger discrimination level,
a low level will result in large mean slug lengths with large standard deviations. The decreasing
spread in the slug length at high velocities is probably an effect of the increasing trigger level that
was used to discriminate waves and developing slugs. The relative spread in the measured slug
velocities (mean of the front and back velocities) is quite high and increases with increasing flow
rate. At high mixture velocities the measuring uncertainties are appreciable since the velocities are
determined over a short distance (8 pipe diameters). The characteristic time for fluctuations in the
front and tail of the slug is then not negligible compared with the transit time of the slug between
the stations.

4. MEAN SLUG CHARACTERISTICS

4.1. Void fraction in the slug

In the evaluation of mean slug characteristics developing slugs are not considered. Regular slugs
are selected by means of the probability density function of the void fraction in the slugs. When
these functions are bimodal, only slugs relative to the low void peak are considered in the analysis.
The void fraction data shown in figure 16 are the mean values for regular slugs.

From figure 16 it is seen that the superficial mixture velocity must exceed a minimum threshold
value before the gas can be entrained into the slug body. The void fraction is mainly a function
of the mixture velocity, but a weaker effect of the liquid flow rate is also observed. In particular,
at increasing liquid flows, the mixture velocity at the onset of gas entrainment in the slugs also
increases. Moreover, in the range of low mixture velocities, the void is larger for low liquid flows.
The diameter effect, if any, is small. Measurements with 5 and 9 cmi.d. pipes show very similar
results.

A correlation that is often used as a closure relation in slug flow models is the empirical relation
by Gregory et al. (1978). This is based on experiments with oil/air for which the void is much
higher than in water/air systems. The semiempirical correlation of Andreussi & Bendiksen (1989)
takes into account fluid property effects and is mainly based on water/air experiments. The two
correlations are shown in figure 16. At large mixture velocities, the present measurements are
lower than the previous data on which the correlation by Andreussi & Bendiksen is based. This
is probably due to a better discrimination of developing slugs in the present work.

4.2. Slug length

The slug length is determined from the residence time of a slug at the trigger probes and the
slug velocity. As the holdup time trace of a slug has a finite slope at the front and the tail,
the measured length of a slug depends on the discrimination level. Figure 17 shows the length vs
the superficial mixture velocity.

The extremes of the error bars are the values obtained with two different discrimination levels,
1/3 and 2/3 of the mean voltage signal taken in the central part of the slugs.
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Figure 15. Standard deviations from the mean slug
parameter values; d = 5cm. (a) Void fraction in the slug.
(b) Slug length. (c) Slug velocity.
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Figure 16. Mean void fraction in the slugs with two
correlations: ———, Gregory et al. (1978) (air/oil); —,
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Figure 17. Mean slug length. The error bars represent
the values obtained with a trigger level of 1/3 and 2/3
from the mean top value of the slug holdup signals;
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- Figure 18. Mean slug bubble velocity; J, =1.2m/s,
d =5cm. Open symbols are relative to in situ U, filed
symbols are relative to U, at standard conditions.

Slug lengths were seen to be quite constant for a large range of velocities. These lengths are:

L

7= 15 to 20, Scm id.

and

% =12 to 16, 9cm id.

A fairly constant slug length, in the same range as the present values, has also been reported by
other authors (Dukler & Hubbard 1975; Nicholson et al. 1978; Ferre 1981; Andreussi & Bendiksen

1989).
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4.3. Slug bubble velocity

The relation obtained by Nicklin ef al. (1962) for the velocity of large bubbles in a stagnant or
flowing liquid has been generalized to the bubble velocity in slug flow at all inclinations:

Ub=C0ULs+UO' [6]
The interpretation of [6] is that the bubble moves with a velocity v, relative to the centreline
velocity of the liquid ahead of the bubble. This gives approx. C, = 1.2 for turbulent velocity profiles.

For high velocities in horizontal flow v, = 0.
Conservation of volume at all pipe locations in the slug unit gives, for incompressible flow:

JL+JG=8sUGs+(1—Ss)ULs' : [7]

The slip ratio between the mean phase velocities in the slug is defined as

From [8] and [9], we obtain
Un
ULS— 1—(8-‘1)8‘. [9]

When S =1 or ¢, =0, the mean phase velocities in the slug are equal to the superficial mixture
velocity,

ULs= Um=JL+JG' [10]

In evaluating C,, U, usually replaces Uy, in [6].

Figure 18 shows an example of slug bubble velocities for a series of experiments at J; = 1.2 m/s.
The ordinate is the mixture velocity at standard conditions, which corresponds to the volumetric
flow rate per unit area at the pipe outlet. In order to obtain the mixture velocity at the measuring
station, the gas velocities must be computed at the actual pressure.

The pressure along the slug bubble is fairly constant, so that the gas pressure in the bubble is
equal to the peak value in the pressure signal taken at the measuring station. The mean superficial
gas velocities were computed at the mean pressure relative to a large number of slugs.

The mean bubble velocity is plotted as a function of the local mixture velocity in figures 18 and
19. The error bars show the standard deviations from the mean values.
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* 14+ 8
drjtt b
| N
12+ .
L
4 » d=5c¢m 1
[ s d=9cm
% 5 70 1‘5 20 10 0 41 ; 3 4 5
Um (m/s] JL["'/']
Figure 19. Mean slug bubble velocity vs in situ U,; Figure 20. Mean values C, in the slug bubble relation [6].
d=59cm. Each point is the mean value for several gas velocities at

constant liquid velocity. The error bars are the standard
deviations from the mean.
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The coefficient C, has been computed from these measurements and the measured values of C,
in each series at constant liquid superficial velocity are given in figure 20.

The data points at low velocities were excluded from the computation of the mean value
since accurate measurements of the propagation velocity of single bubbles (Bendiksen 1984)
show the presence of a drift velocity in the low velocity range. This is also seen in the data of
figure 19.

As other authors also report, C, values are somewhat higher than the ratio of the mean to the
centreline velocity in turbulent flow [Cy = 1.35 (Gregory & Scott 1969), C, = 1.25 to 1.28 (Dukler
& Hubbard 1975), C, = 1.02 to 1.3 (Ferre 1981). Possible explanations are:

« The velocity profile at the tail of a slug is modified by the presence of bubbles in
the slug. The local mean liquid velocity in front of the slug bubble may then not
correspond to the centreline velocity in pure liquid flow at the same Reynolds
number.

Recent bubble velocity measurements in horizontal bubbly flow show appreci-
able changes in the velocity profiles with respect to the 1/7 power law for turbulent
flow (Andreussi et al. 1990).

o There may be an appreciable slip between the mean phase velocities in the slug.
The velocity ratio S may be different from unity and the liquid velocity in the
slug will then differ from the mixture velocity. The experiments reported by
Andreussi et al. (1990) confirm that in air/water bubbly flow U can be larger
than U,. It is then possible that C,> 1.2 in order to compensate the difference
between U, and Uj,.

o With respect to an observer moving at the translational velocity of a slug there
is a net gas flow through the slug body, given by

Q =(Ub— UGs)e.\“ [11]

A number of small bubbles in the slug may coalesce at the bubble nose and modify
the displacement velocity of the bubble boundary.

The discrepancy between the present bubble velocities and the results from single bubble
experiments is probably caused by combinations of these effects. In the present experiments, gas
expansion effects complicate the determination of the local gas velocity. Therefore, the present
results should be confirmed by experiments performed at high pressure.

5. CONCLUSIONS

An instrumentation for slug flow characterization has been developed in order to obtain
statistically meaningful data on air/water slug flow for a wide range of gas and liquid superficial
velocities. Simultaneous data acquisition and analysis allowed a large number of slugs to be
recorded. This has given statistical information and mean values with very good reproducibility.

The main results have been:

Developing slugs

For short pipes or high gas velocities developing slugs were seen to be present in
the pipe. These are shorter and more aerated than regular slugs and develop into
slugs when travelling down the pipe.

Initial developing length for slug flow

The initial developing length for slug flow has been estimated from the conditions
where no developing slugs are observed. This length increases with increasing gas
velocity and decreases with increasing liquid velocity.
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Statistical distributions

The slug length and in most cases the slug holdup were seen to be lognormally
distributed. The slug bubble velocity is normally distributed. At low velocities,
slug length and holdup are weakly correlated. No statistical relations between other
slug parameters have been observed. The characteristics of one slug do not seem to
influence the characteristics of following slugs.

Slug length

The slug length is fairly insensitive to the flow rates. Systematic errors in
determining the slug length from holdup time traces can be appreciable at high flow
rates.

Slug void fraction

The void fraction in the slugs is much smaller for water/air than for oil/air flow.
A liquid flow rate effect is observed for the minimum mixture velocity at the onset
of gas entrainment in the slugs. The diameter effect on the void is very weak.

Slug bubble velocity

The measured bubble velocities are somewhat higher than single bubble
velocities in pure liquid flow. This may be due to a modification of the liquid velocity
profile in the aerated slug compared with single-phase flow, to the slip between the
phases in the slug, or to bubble coalescence at the nose of the slug bubble.
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