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Abstract—Intermittent, or slug flow, is a very common occurrence in gas-liquid two-phase pipe flow.
Usually slug flow is an undesirable flow pattern since the existence of long lumps of liquid siugs that move
at high speed is unfavorable to gas-liquid transportation. Considerable efforts have been devoted to the
prediction of the slug hydrodynamic characteristics, primarily by considering an average slug length and
calculating average parameters. This approach is useful, and in many cases it is adequate for many
engineering calculations. There are, however, cases where this information is not sufficient and much more
detailed information concerning the slug length distribution, the mean slug length and the maximum
possible slug length is essential. This work presents a model that is able to calculate the slug length
distribution at any desired position along the pipe. The model assumes a random distribution at the inlet
of the pipe and it calculates the increase or decrease in each individual slug length, including the
disappearance of the short slugs, as they move downstream. The results of the calculation show that for
the fully developed slug flow the mean slug length is about 1.5 times the minimum stable slug length and
the maximum length is about 3 times the minimum stable slug length.
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INTRODUCTION

The main characteristics of gas-liquid slug flow are intermittency and irregularity. Each slug unit
is composed of a liquid slug containing dispersed bubbles and an elongated bubble zone, which
has a stratified or annular configuration, depending on the tube inclination. Due to the unsteady
and developing character of slug flow, flow parameters such as the length of the liquid slug and
the length of the elongated bubbles should be described in statistical terms. Knowledge of the
time-averaged values of these quantities is not always sufficient and information regarding the
length distribution is often essential. Of particular importance is the maximum possible slug length,
since slug catchers design depends on the longest encountered slug and not necessarily on the
average one. It is also important to know the development of the slug length distribution along
the pipe; namely, the variation of the corresponding length distribution close to the pipe entrance,
as well as in the fully developed region further downstream.

Slug length and slug frequency are interrelated properties and often are used alternatively.
Experimental observations for air-water systems in upward vertical and horizontal flows suggest
that the average stable liquid slug length is relatively insensitive to the gas and liquid flow rates
and depends mainly on the pipe diameter. The average slug length has been observed to be about
15-40 pipe diameters for horizontal flow (Dukler & Hubbard 1975; Nicholson et al. 1978; Barnea
& Brauner 1985; Fabre & Liné 1992) and 8-25 pipe diameters for vertical flow (Moissis & Griffith
1962; Moissis 1963; Akagawa & Sakaguchi 1966; Fernandes 1981; Barnea & Shemer 1989).

Slug frequency has sometimes been considered as an entrance phenomenon, namely, it results
from the bridging of the liquid at the entrance (Taitel & Dukler 1977). This is indeed the case in
horizontal and slightly inclined flows, near the transition from stratified flow. In this case
low-frequency slugs are generated, causing relatively long liquid slugs at the entrance, which
propagate downstream. However, generally, short (high-frequency) slugs are formed at the
entrance of the pipe. These slugs are usually unstable. Shedding of liquid at the rear of the liquid
slug seems to be larger for short slugs. As a result, an elongated bubble behind a short slug moves
faster and overtakes the bubble ahead of it (Moissis & Griffith 1962). The bubble and the
corresponding liquid slug merge in this process, decreasing the slug frequency. The merging process
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continues until the liquid slug is long enough to be stable, namely when the trailing bubble is
unaffected by the wake of the leading one. This occurs when the velocity profile at the rear of the
liquid slug can be considered fully developed (Moissis & Griffith 1962; Taitel et al. 1980; Barnea
& Brauner 1985; Dukler et al. 1985).

Moissis & Griffith (1962), Taitel ez al. (1980) and Barnea & Brauner (1985) simulated the mixing
process between the film and the slug by a wall jet entering a large reservoir. It was suggested that
a developed slug length is equal to the distance at which the jet has been absorbed by the liquid.
Dukler et al. (1985), on the other hand, solved the boundary layer equations for calculating the
developed slug length. Although the two approaches are different, the final prediction of the
average slug length is similar. Shemer & Barnea (1987) detected the velocity field in the wake of
the bubble by using the hydrogen bubble technique and utilized the results for estimating the
minimum stable slug length. All the above approaches provide an estimation of the average stable
slug length and tell nothing about the slug length distribution and the maximum possible slug
length. As is well known, the slug length is widely dispersed around its average (Fabre & Liné 1992).
Van Hout et al. (1992) measured the slug length distribution in upward vertical flow and found
that the ratio between the standard deviation and the average is within 20-40%. To date, little
information is available about the slug length distribution, although some interesting approaches
have been introduced recently.

Brill et al. (1981), based on data from the Prudhoe bay field, were the first to suggest that the
slug length distribution follows a log-normal distribution for large-diameter pipes. Nydal et al.
(1992) measured the statistical distributions of some slug characteristics in an air-water horizontal
system. They showed that the cumulative probability density function of the measured slug lengths
fits a log-normal distribution well. Bernicot & Drouffe (1989) proposed a probabilistic approach
for slug formation at the entrance of a horizontal pipe. They also modeled the evolution of the
length distribution by an individual equation for each slug. Their approach is based on the concept
that shedding for short slugs is greater than that for long slugs. Saether er al. (1990) analyzed data
from different horizontal two- and three-phase pipeline systems and concluded that the liquid slug
length distribution obeys fractal statistics. Dhulesia et a/. (1991) used a 1-D Brownian motion with
drift theory to obtain the slug length distribution.

In the present work a model for the slug length distribution at various positions along the pipe
is suggested. The model is based on the bubble overtaking mechanism which occurs when the liquid
slugs are shorter than the stable developed slug length.

MODEL FOR THE SLUG LENGTH DISTRIBUTION

The model assumes that short liquid slugs are generated at the entrance of the pipe.
The generated slug lengths at the entrance are distributed randomly. It will be shown later
that the results—namely the evolution of the length distribution along the pipe, the fully
developed distribution, the average slug length, the maximal slug length and the standard
deviation—are not sensitive to the nature of the initial distribution. Two kinds of entrance
distributions have been chosen: the first is a random number set with a uniform distribution within
a prescribed range; and the second is a normal distribution with a prescribed average and standard
deviation.

The process of the evolution of the slug length distribution and the establishment of a stable
developed distribution can be visualized as follows. Figure 1 shows a schematic structure of the
slugs as they are generated at the entrance and move downstream. The propagation velocity of a
trailing bubble is related to the maximum instantaneous liquid velocity ahead of it (Moissis &
Griffith 1962; Shemer & Barnea 1987). The velocity field behind a leading bubble changes from
an annular jet flow pattern in the near-wake region to fully developed pipe flow far away from
the leading bubble. Thus, the value of the maximum instantaneous liquid velocity decreases with
the distance from the leading bubbles. Therefore, bubbles behind short slugs travel much faster
than bubbles behind long slugs (Moissis & Griffith 1962; Shemer & Barnea 1987). The bubbles are
accelerated in the wake region, while their velocity reduces exponentially as the separation distance
between the leading and trailing bubbles increases. Since the slug lengths (/; ) generated at the pipe
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Figure 1. Schematic slug distribution at the entrance.

entrance are of different lengths, which are randomly distributed, the elongated bubbles behind
these liquid slugs propagate at different velocities, such that U, =f(l, ).

Trailing bubbles that are faster than the leading ones will overtake the leading bubbles.
During the merging process the liquid slug length as well as the bubble length increase. The
process of overtaking is terminated once all the slugs are long enough such that the velocity
profile at the back of the slugs is fully developed and all the bubbles propagate at the same
velocity.

x [m]

Figure 2. Slug generation and motion near the entrance.
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Figure 3. Slug length distribution (U, = 0.01 m/s, Ugg = 0.25 m/s); uniform random input.

In the analysis we introduce into the pipe entrance a set of slugs of randomly distributed lengths.
The length of the bubble behind each generated slug is assumed to be associated with the slug length
by the relation

b
lb + lS

LGS
U, g

This relation is valid for fully developed slug flow, neglecting the film thickness and the aeration
of the liquid slug. Note also that since we consider the evolution of the liquid slug length, the effect
of the bubble length at the entrance is not important.

The motion of the slugs in the pipe is described by the position of the slug front, X;, and the
tail of the slug, Y; (see figure 1). The slug front at X; propagates with a velocity U, while the slug
tail, at ¥; propagates at the velocity U,. The translational velocity U, depends on the length of
the slug ahead of it, namely U, = f (/) where [, = X, — Y,. The velocity of the slug front, Uy, on
the other hand, is assumed to be equal to the velocity of the tail of the slug ahead of it, namely
U, =U,_,. This is consistent with the assumption that the bubbles do not deform as they
propagate along the pipe. The first slug is designated as slug number 1 and its front velocity, Uj,,
is assumed to be equal to the fully developed translational velocity. The physical meaning of this
assumption is that in front of the first slug one has a hypothetical long liquid slug. The last slug,
i.e. the slug which is either in the process of entering the pipe (see figure 1) or has just entered the
pipe, is designated as slug number n.

The translational velocity of a bubble, U, , as a function of the length of the liquid slug ahead
of it, should be given as an input relation. Moissis & Griffith (1962) measured the rise velocity of
trailing bubbles behind a long bubble in vertical flow and expressed this velocity as a function of
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the separation distance between the leading and trailing bubbles. They suggested an exponential
relation of the form

l
U,=Ulw[l+8exp<—l.06—5—>:|, (2]

where D is the pipe diameter and /, is the slug length ahead of the bubble. This equation is an
average result for data taken primarily at low liquid and gas flow rates and pipe diameters in the
range 1.2-5cm. We adopted their format and used the following expression:

U= U,wl:l + B exp(—,Blls )], 3

where /,,,,, is the minimum length of a stable slug and U, _is the translational velocity of the bubble
behind a long liquid slug, i.e. a slug that is longer than the minimum stable length [, . This velocity
is traditionally correlated in the form

U, =CU+U,, [4]
where U, is the mixture velocity, equal to
Us = Uis + Ugs, (3]

C is a parameter which equals about 1.2 and Uy is the drift velocity, namely the velocity of a bubble
in stagnant liquid. Note that for a slug length / longer than /,,, U, is a constant equal to U, .

The motion of each slug is described by the change of the positions of X; and ¥, with time and
is given by

yitar = Yi+ U{,_At [6]
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Figure 4. Slug length distribution (U s = 0.01 m/s, Ugs = 0.25 m/s); normal random input.
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Figure 5. Slug length distribution (U g = 0.75m/s, Ugg = 0.75 m/s); uniform random input.
and
X§+A’=Xf+ U;IAt, (7]

where U, = U, (X, — Y,)and U =U, ,.

Figure 2 demonstrates how the procedure works. In this figure the x positions of the slug front,
X,, and the slug tail, Y;, are plotted vs time. The evolution of the 24 slugs that entered the pipe
at a random length chosen between 2-6 pipe diameters is shown. The liquid slug zone is designated
by the shaded area, while the elongated bubbles are the clear area in between the liquid slugs. Along
the abscissa (x = 0) one can see the time when the slug front as well as the slug tail enter the pipe.
The first slug to enter the pipe is designated in this figure as slug 1, the second as slug 2 etc. The
increase or the decrease in the liquid slug length as it moves downstream depends on the relative
velocity between its front and its back, namely U, — U;,. When this value is positive the slug length
decreases, and vice versa. Since Uy = U, _| and since the translational velocity U, depends on the
slug length, short slugs behind longer ones tend to decrease in length while slugs behind shorter
slugs grow in length. As a result, short slugs whose lengths decrease eventually disappear and their
liquid is accumulated in the slug behind them. This process can be clearly observed in figure 2. In
this figure slugs Nos 1 and 2 disappear after <2s. The liquid of slug No. 1 is first accumulated
into slug No. 2 and then the liquid from slug No. 2 accumulates in slug No. 3. As mentioned
previously, short slugs behind long slugs tend to disppear. For example, the front velocity of slug
No. 4 is relatively low [the slope of the line X (r)] because it is behind a relative long slug (No.
3). The velocity of the slug back, however, increases as the slug length decreases. In this process
slug No. 4 becomes shorter and disappears, i.e. it is merged with the slug behind it, namely slug
No. 5. The slug numbers designated in figure 2 are the numbers of the slugs that enter the pipe
and not the numbers of the slugs in the calculation procedure. In the calculation process, when
a slug disappears its number becomes the number of the slug behind it and all the slug numbers
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Figure 6. Slug length distribution (Ups=0.75 m/s, Ugs = 0.75 m/s); normal random input.

behind the disappearing slug decrease by one. This is reflected in figure 2 by the vertical lines, which
appear whenever a liquid slug disappears, which indicate a reshuffling of the slug numbers in the
computer. Thus, for example, slug No. 1 is designated by X, and Y,. But when it disappears X. 5
becomes X, and Y, becomes Y,. Likewise, slug No. 3 is designated by X, and Y, when slugs Nos
1 and 2 disappear. An interesting point to observe is that short slugs are followed by very short
bubbles. The reason for this is that for short slugs the translational velocity, U,, is high. As a result,
the bubble length calculated by [1] is short.

Figure 2 shows only the beginning of the calculation procedure for 10s during which only 24
slugs entered the pipe. Out of the 24 slugs shown, 17 are seen to disappear within a very short
distance of <1.5m from the entrance. In this process fewer, albeit longer, slugs are generated.

0.4 — -
= Model T £s (max) =29D Experiment {s (max) = 35D
)
=] L ¢ (mean) = 14D L ¢ (mean) = 15.4D
< 0.3
S S$.D.=3.8D S.D.=3.5D
S
0.2 b —
o0
2
I
20.1 +— -
3
=
3
0 1T 1 T T f 1T T ST T T
0 4 8 12 16 20 24 28 32 36 40 44 0 4 8 12 16 20 24 28 32 36 40 44
Liquid slug length (D) Liquid slug length (D)

Figure 7. Slug length distribution at x = 6 m—comparison with experimental results; air-water, 5.0 cm
dia, U5 =0.01 m/s, Ugs =0.25 m/s.
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Figure 8. Slug length distribution at x = 6 m—comparison with experimental results; air—water, 5.0 cm
dia, U5 =0.75m/s, Ugs =0.75 m/s.

RESULTS AND DISCUSSION

In figure 2 only 24 slugs are shown, out of which 17 slugs disappear within a short distance. To
get meaningful statistics we introduced 10,000 slugs at the pipe entrance. At each predetermined
position a count of the lengths of the slugs which pass that point is recorded. The calculated
histograms of the slug length distribution at various positions along the pipe are shown in figures
3-6. All the resuits are for air-water flowing upward in a vertical pipe of diameter D = 0.05 m.
Two sets of mixture velocities are illustrated. Figures 3 and 4 show typical results for a relatively
low mixture velocity (Ui g = 0.01 m/s, Ugg = 0.25 m/s), while figure 5 and 6 are the results for high
mixture velocity (U g =0.75m/s, Ugs = 0.75 m/s).

The instantaneous translational velocity was assumed to follow [3] with B = 5.5 and f =0.6.
These constants are our fit to Moissis & Griffith’s (1962) results for a Scm pipe diameter.
The terminal translational velocity U, was assumed to follow the conventional correlation [4]
with the drift velocity U, = 0.35\/ gD (Dumitrescu 1943). As has been mentioned before, I, in [3)
is the minimum length of a stable slug. The translational velocity of bubbles behind slugs
longer than this minimum length is constant and equals U,_ . It has been shown (Shemer & Barnea
1987; Taitel & Barnea 1990) that the minimum stable slug length is related to the length of the
liquid slug needed to reestablish the fully developed velocity profile. Based on Van Hout et al.
(1992), the wake region of the liquid slugs is longer for higher mixture velocities: /,, is about 10D
for the case of low mixture velocity (figures 3 and 4) and 15D for the case shown in figures 5
and 6.

Although we do use [3] as a correlation for the instantaneous translational velocity, it should
be mentioned that the exact functional dependence of the translational velocity on the operating
conditions is still an open question. It is, however, outside the scope of this work.

In figures 3—6 the histograms of the slug length distribution are plotted at various locations,
namely at x = 0 (the entrance), 6, 10, 15 and 20 m. The plots show the relative number of slugs
within each interval of 1D. The ordinate n,/n was normalized with respect to the maximum value
of n;/n at x =0, to ensure maximum visibility.

For the case in figure 3 the entrance distribution was introduced as a random uniform number
between 2-6D. This is shown in figure 3 by the equal distribution of the number of slugs between
2-3, 34, 4-5 and 5-6D. At a distance of 2 m from the entrance, the number of slugs passing the
station is reduced to 2176 out of the 10,000 slugs that entered the pipe, as a result of the merging
process. At the location x = 2 m, the slug length distribution is already significantly different from
the uniform distribution at the entrance. One can observe very short slugs (just before they
disappear) as well as long slugs up to 22D. At x = 6 m, this process is continued: the total number
of slugs passing x = 6 m reduces to 1469 and the slug distribution is seen to contain fewer short
slugs, some long slugs and a peak number of slugs between 12 to 13D. At station x = 10 m, an
almost fully developed situation is reached, while at x = 15 and 20 m the flow is way into the fully
developed region. The number of slugs remains constant at 1377 (out of 10,000) and no slug is
shorter than the minimum stable slug length /,,, = 10D.
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In addition to the slug length distribution at each station, figure 3 also contains the values of
the average slug length, the standard deviation (¢) and the maximum length of the liquid slug. For
x =0 the average length is 4D (¢ = 1.15D) and the maximum slug length is 6D. As one moves
away from the entrance, the aforementioned variables increase and for the fully developed situation
we obtain /[ (mean) = 14.5D (¢ = 3.4D) and /(max) = 28.4D.

In figure 4 we observe the results for the same conditions as in figure 3, the only difference being
that the random entrance distribution follows a normal distribution with an average of 4D and
standard deviation of 1D. The results are very similar to those shown in figure 3, indicating a very
small effect of the initial distribution.

Figures 5 and 6 are typical results for high mixture velocities, where [, was taken as 15D. Here
the fully developed distribution is obtained at distances longer than for the case shown in figures
3 and 4. For example, at station x = 10D very short slugs are still seen. However, at these high
mixture velocities the histograms are somewhat flatter with a larger standard deviation than in the
case of low mixture velocities (figures 3 and 4).

The model results for slug length distribution were compared to the experimental results obtained
by Van Hout et al. (1992). They sampled about 2500 slugs in vertical upward air-water flow for
several flow conditions. Figure 7 shows the comparison for the case of low mixture velocity, while
figure 8 compares the results for high mixture velocity. In both cases the model results compare
fairly well with the experimental results, regarding the general shape of the distributions, the
average slug length and the maximum slug length.

SUMMARY AND CONCLUSIONS

1. A model for the slug length distribution at various positions along the pipe has been developed.
The model is based on the bubble overtaking mechanism that occurs due to the fact that the
translational velocity of an elongated bubble behind short slugs is considerably higher than that
behind long slugs.

2. Two kinds of slug length entrance distributions have been used, a random number set with a
uniform distribution and a normal distribution. It has been shown that the evolution of the
length distribution along the pipe, the fully developed distribution, the average slug length, the
maximal slug length and the standard deviation are not sensitive to the slug length distribution
at the pipe entrance.

3. The translational velocity of the elongated bubble, as a function of the liquid siug ahead of it,
should be given as an input relation for this model. In the present work, the Moissis & Griffith
(1962) relation for vertical flow has been used. Little work on the dependence of the bubble
translational velocity on the slug length ahead of it has been published. We hope that this work
will encourage future work on this particular subject.

4. The slug length distribution in the developed region seems to follow approximately the log
normal shape. For fully developed flow all the slugs are longer than the minimum stable slug
length, the mean slug length is about 1.5 times the minimum stable slug length and the maximum
length seems to be about 3 times the minimum stable slug length.

5. The model also provides information on the length of the entry region needed to establish fully
developed slug flow, and yields the distribution at any point in the developing zone.
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