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Abstract

The e�ect of the liquid Froude number on the physical processes for forming slugs was investigated
for cocurrent air±water ¯ow through a 7.63 cm horizontal pipeline that was 20 m long. The transient
characteristics are described by using simultaneous measurements of the liquid holdup at multiple
locations. When the Froude number of the strati®ed ¯ow at the onset of slugging is less than unity, the
frequency is related to the propagation, upstream of gravity waves caused by the formation of slugs. A
stochastic model is used to describe the formation for Froude numbers greater than unity. These results
provide a physical basis for developing models for the frequency of slugging. # 1999 Elsevier Science
Ltd. All rights reserved.
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1. Introduction

The slug ¯ow pattern, observed in horizontal pipes, is characterized by the intermittent
appearance of aerated masses of liquid that travel downstream approximately at the local gas
velocity. These slugs are separated from one another by a strati®ed con®guration that contains
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a slower moving liquid layer. Dukler and Hubbard (1975) developed a model for predicting the
pressure drop and liquid holdup by assuming that slug ¯ow can be represented by a sequence
of identical units translating at a constant velocity. This idea has been used in subsequent
works by Nicholson et al. (1978), Kokal and Stanislav (1989) and Andreussi et al. (1993). A
critical issue in developing these models is the prediction of the slug frequency or the slug
length.
Slug lengths have been reported to be in the range of 12±30D for horizontal air±water ¯ow

(Dukler and Hubbard, 1975; Nicholson et al., 1978; Nydal et al., 1992). Taitel et al. (1980) and
Dukler et al. (1985) recognized that new liquid is scooped up into the body of the slug from
the slower moving liquid layer and suggested that the minimum stable slug length is
determined by the distance required to establish a fully turbulent velocity pro®le.
Taitel and Dukler (1977) introduced the notion that slug frequency is related to events

that occur in the beginning portion of the pipeline, where slugs form from interfacial
disturbances. They observed that the initiation of a slug is associated with the depletion of
liquid in the slug formation zone and argued that the frequency of slugging is given by the
time required to rebuild the liquid from a level required to initiate slugs, hs, to the height of
the liquid layer, he, in a fully developed strati®ed ¯ow at the same gas and liquid ¯ow rates.
Tronconi (1990) used linear stability theory and the concept of a `most dangerous wave'
proposed by Mishima and Ishii (1980) to identify the frequency of the unstable wave
responsible for initiating a slug.
Hubbard (1965), Gregory and Scott (1969) and Heywood and Richardson (1979) examined

the e�ect of gas and liquid ¯ow rates on the frequency of slugging. All of these investigators
reported a minimum in the frequency at a super®cial gas velocity of about 4 m/s for the range
of conditions that they studied. This result is consistent with observations of air±water ¯ow in
a 9.53 cm pipe at atmospheric pressure by Lin and Hanratty (1986a, 1986b), Fan et al. (1993a,
1993b) and Andritsos et al. (1989), that the wave patterns and the mechanism of slug
formation are di�erent for large and small gas velocities. Below 4 m/s, they found that slugs
evolve from regular gravity waves which grow and eventually bifurcate as they propagate
downstream. If the average height of the liquid layer is greater than a certain value, hs, the
bifurcated waves can form a slug. Above 4 m/s, they found that irregular waves appear in a
strati®ed ¯ow. If the liquid layer is thick enough, the waves can coalesce and form a slug.
These considerations, plus the recognition that the design of the gas±liquid mixer at the entry
could a�ect slug formation suggest, that it may not be possible to describe the frequency of
slugging with a single mechanism.
This paper provides a detailed account of the physical processes that determine the

frequency of slugging, de®ned as the number of slugs passing a stationary observer per unit
time. The system considered is water and air ¯owing in a 7.63 cm horizontal pipe. The
evolution of slugs was studied by measuring the liquid holdup at a number of locations along a
20 m length. These studies reveal that the mechanisms responsible for the formation of a slug,
and thus the slug frequency, depend on the liquid Froude number of the wavy strati®ed ¯ow,
the gas velocity, and the location in the pipeline at which the slugs form. The results do not
support the proposals by Taitel and Dukler (1977) and by Tronconi (1990).
Film heights de®ning the transition from strati®ed to slug ¯ow, hs, and the necessary height

for the stability of a slug, ho, are important parameters needed to interpret the results. Ruder
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et al. (1988) have shown that hs is greater than ho for air±water ¯ow at low gas velocities and
atmospheric pressure. Therefore, an instability at the gas±liquid strati®ed interface has the
possibility of creating a stable slug. Ruder et al. (1988), Bendikson and Esperal (1992) and
Woods and Hanratty (1996) point out that for large enough gas densities, ho is greater than hs,
so the stability of a slug, rather than a strati®ed ¯ow determines the initiation of slug ¯ow.

2. Background

2.1. Stability of a strati®ed ¯ow

The classical inviscid linear analysis of the stability of a strati®ed ¯ow considers an
in®nitesimal wave at the interface of two ¯uids which, for the case considered here, are a gas
with velocity U and a liquid with velocity u. The following relation is derived between the wave
velocity, C, and the wavenumber, k � 2p=l, (Milne-Thomson, 1968):

krL�uÿ C�2coth kh� krG�Uÿ C�2coth kH � g�rL ÿ rG� � sk2: �1�

Here, H is the height of the gas layer, h, the height of the liquid layer, rG, the gas density rL,
the liquid density, g, the acceleration of gravity, and s, the surface tension. Instability is
de®ned by a complex or imaginary value of C. This occurs when the destabilizing e�ects of
liquid inertia and gas phase pressure variations 1808 out of phase with the wave pro®le are
larger than the stabilizing e�ects of gravity and surface tension. If one considers long
wavelength waves, for which kh� 1 and kH� 1, and if rG=rL is small, (1) predicts the
following relations for the initiation of an instability:

rG�Uÿ u�2� rLgH, �2�

CR � u �3�
Wallis and Dobbins (1973) and Taitel and Dukler (1976) examined whether Eqs. (2) and (3)
predict the initiation of slugs. They found that (2) overpredicts the critical gas velocity by a
factor of about 2. From Eqs. (3) and (1), it is seen that the inviscid analysis predicts that liquid
inertia is neither stabilizing nor destabilizing. Lin and Hanratty (1986a, 1986b) and Wu et al.
(1987) used a long wavelength viscous analysis that introduces the in¯uence of a shear stress at
the gas±liquid interface and a resisting stress at the wall. This yields values of CR which are
di�erent from u and a destabilizing in¯uence of liquid inertia. Predicted critical gas velocities
are in good agreement with measurements for air±water ¯ows, if the interfacial shear stress is
taken to be twice the value for a smooth surface. The equation developed by Lin and Hanratty
is used to de®ne the values of hs used in this paper. However, this analysis does not have
general application. Eq. (2) and the analysis of Lin and Hanratty (1986a, 1986b) predict that
the critical U increases with pipe diameter, in agreement with experiments with air±water ¯ows.
However, studies with liquids having viscosities greater than 20 cp (Andritsos et al., 1989) have
shown no e�ect of pipe diameter. The transition in these cases is predicted by the classical
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Kelvin±Helmholtz analysis (2) and slugs are found to evolve from capillary-gravity waves,
rather than from long wavelength gravity waves.

2.2. Stability of a slug

Fig. 1 gives a pictorial representation of a slug moving over a strati®ed liquid layer of area
AL1 and velocity u1, which is assumed to contain no air bubbles. Liquid is incorporated into
the front of the slug at a rate given by �CF ÿ u1�AL1, where CF is the velocity of the front of
the slug. Liquid is shed from the tail at a rate QL, so a necessary condition for a stable or
growing slug is

�CF ÿ u1�A1rQL �4�
Ruder et al. (1988) used Eq. (4) to de®ne a critical height, ho (obtained from AL1), by
calculating QL with the equation for a bubble displacing liquid in a horizontal tube (Benjamin,
1968). For a stationary condition, CF � CB, they obtained

AL1

A
� 0:542

�������
gD
p

CB ÿ u1
, �5�

where D is the pipe diameter. Eq. (5) has been found to de®ne ho in the limit of small gas
velocities, for which the slug body is unaerated.
Woods and Hanratty (1996) made direct measurements of QL for air and water ¯owing in a

horizontal pipe with a diameter of 0.0953 m. At high gas velocities, ho was found to deviate
from Eq. (5). The open points in Fig. 2 are calculated values of ho. The darkened points
represent the observed transition to slug ¯ow. The solid curve is the prediction of hs obtained
by Lin and Hanratty (1986a, 1986b). At low USG, the critical height predicted by linear
stability theory is greater than the height required for slug stability. At high USG, linear
stability theory does not correctly predict hs (Lin and Hanratty, 1986a, 1986b; Fan et al.,
1993a, 1993b); transition is determined by the stability of slugs.

Fig. 1. Pictorial representation of a slug.
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2.3. Formation of slugs in subcritical ¯ows

The formation of a slug is associated with a depletion of liquid. Replenishment occurs
rapidly enough that inertia dominates. Therefore, the e�ects of viscosity and of the air ¯ow can
be ignored, to a ®rst approximation. At the instant a slug appears, the liquid layer behind the
slug is approximated as a discontinuity (see Fig. 3). Two means exist for rebuilding the liquid
level, the ¯ow of new liquid into the pipe and the upstream propagation of a depression
(gravity) wave from the location at which a slug formed (the breaking dam problem discussed
by Stoker, 1957). The relative importance of these two mechanisms can be determined by
considering the propagation velocity of a long wavelength gravity wave in a stationary shallow
liquid

C �
�����
gh

p
: �6�

In a ¯owing liquid, a gravity wave that moves upstream would have a velocity

ÿC �
�����
gh

p
ÿ u: �7�

A consideration of Eq. (7) shows it is not possible for a depression wave to move upstream if
the Froude number Fr � u=

�����
gh

p
, is greater than unity. In this case, the re®lling will occur by a

bore moving downstream.
An idealized picture of the re®lling by a depression wave is depicted in Fig. 3. It is assumed

that the formation of a slug at location LD results in the ¯uid con®guration shown in Fig. 3a.
The conditions at the inlet are maintained at an approximately constant hi and ui by the
incoming ¯uid. If Fr > 1, the discontinuity in the ¯uid would propagate downstream. For
Fr<1, a wave forms from the discontinuity. One portion of the wave moves upstream with a

Fig. 2. Variation of hs and ho with USG.
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velocity given by Eq. (7). The lower portion moves downstream. The wave which moves
upstream is re¯ected at the inlet. As shown in Fig. 3d, the pipe is then re®lled and the height
of the liquid at x � LD can change.
Shallow water wave equations are used to describe the motion of the gravity wave. The mass

and momentum balances are

@h

@t
� u

@h

@x
� h

@u

@x
� 0 �8�

@u

@t
� u

@u

@x
� g

@h

@x
� 0 �9�

where u is the liquid velocity, h, the height of the liquid, t, time, and x, the distance
downstream. Viscous e�ects are not considered in Eq. (9) because in rapid transient ¯ows they
are small compared to the terms appearing in Eq. (9). Cartesian coordinates with h equal to
the height of the strati®ed ¯ow at the centerline of the pipe, are used as a simpli®cation. The
initial condition is a discontinuity in the liquid level at x � LD. The height at the inlet needs to
be slightly greater than hs for the strati®ed ¯ow to become unstable at LD. The equations are
solved to determine how the velocity and height change with space and time and, in particular,

Fig. 3. Schematic of a gravity wave translating upstream after the formation of a slug.
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to calculate the time required to rebuild the liquid layer at x � LD back to the height required
to initiate another slug. This is taken as the interval between slugs for the case of Fr<1.
Eqs. (8) and (9) can be written in dimensionless form by using hs as a characteristic length in

the y-direction, LD as a characteristic length in the x-direction, us as a characteristic velocity,
and LD=us as a characteristic time.

@h�

@t�
� u�

@h�

@x�
� h�

@u�

@x�
� 0 �10�

@u�

@t�
� u�

@u�

@x�
� 1

Fr�2
@h�

@x�
� 0 �11�

Fr� � us�������
ghs

p �12�

3. Experiments

The ¯ow facility used in this study consists of a horizontal pipeline with a diameter of 0.0763
m and a length of 23 m. The pipe segments are constructed from Plexiglas to allow visual
observations of the ¯ow conditions. The pressure is atmospheric. Both phases are combined in
a tee section with the liquid in the run and the gas entering from the top. The air ¯ow is forced
through an ori®ce located 5 pipe diameters upstream of the tee section. The velocity of the air
through this ori®ce approaches the local velocity of sound. Consequently, downstream
variations in the gas phase pressure caused by the formation of slugs do not strongly a�ect the
inlet air ¯ow.
Measurements of the variation of the liquid holdup and wave properties were obtained with

a liquid conductance technique. A probe, consisting of two chromel wires, traverses the
diameter of the pipe vertically. When a signal is applied to one of the wires, the conductance
between the two wires is dependent upon the volume fraction of liquid between the wires. Each
conductance probe is calibrated to compensate for di�erences in construction. Conductance
measurements are converted into an equivalent h=D, where h is the liquid height at the bottom
of the pipe.
Pressure ¯uctuations associated with the passage of a slug were measured using a

piezoresistive pressure transducer mounted ¯ush with the wall. A characteristic pressure pulse
reveals the passage of a slug, as described by Lin and Hanratty (1986a, 1986b), Fan et al.
(1993a, 1993b). This method of identifying slugs is useful at large gas velocities where the
liquid is highly aerated and large amplitude waves need to be distinguished from slugs.
Six or seven conductance probes were located at various positions along the pipeline. The

probes were sampled simultaneously in order to study the transient behavior of the liquid
layer. Probes located near the inlet monitor the growth of waves which are responsible for
initiating slugs. The depletion and rebuilding of the liquid layer due to the intermittent
formation of slugs is studied with probes located farther downstream.
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4. De®nition of sub-regimes

A number of sub-regimes, which are distinguished from one another by the mechanism for
slug formation, are de®ned in Fig. 4. Curve A gives the observed transition from a wavy
strati®ed to a slug ¯ow. Slugs are observed to form far downstream in the pipeline for
conditions close to the transition curve. As USL increases for a ®xed USG, slugs form closer to
the inlet. For conditions below B, slugs appear at L=D > Ca: 40, so that the formation could
be weakly dependent on the design of the inlet. Curve C de®nes when Fr � 1 at the inlet. Zone
I in Fig. 4 is de®ned as the region in which Fr<1 and slugs form downstream of
L=D > Ca: 40. The region of the ¯ow regime map in which Fr > 1 and slugs form at L=D >
Ca: 40 is de®ned as zone II. For high USL, slugs form upstream of L=D � Ca: 40. This is
denoted as zone III.
Fig. 5 shows measurements for USG � 1:2 m/s and USL � 0:16 m/s (zone I of Fig. 4). This is

a condition for which the ¯ow at the inlet is subcritical (Fr � 0:36, u � 0:25 m/s) and no slugs
form at L=D<40. The presence of slugs at L=D � 98 is indicated by the peaks in h=D. From
Fig. 2, one observes that hs=D is approx 0.6. The strati®ed ¯ow at the inlet is maintained at a
height approximately equal to hs (see the results for L=D � 12 in Fig. 5). If no slugs were
present in the pipe, the strati®ed ¯ow would assume an equilibrium height, he, which is larger
than hs. The slugs, therefore, feed information back to the inlet, through the backward moving
waves, to regulate the height. The height of the strati®ed ¯ow required for a stable slug to exist
is found to be ho=D10:3 in Fig. 2. One notes that this is a lower limit for the height of the
liquid layer behind a slug. Thus, the strati®ed layer changes from hs to ho during replenishment
rather than from he to hs, as suggested by Taitel and Dukler (1977). The time interval over
which a slug is detected at L=D � 180 is larger than at L=D � 98. This suggests that the slug is
growing in length since its velocity is approximately constant. The height of the liquid in front
of the slug is greater than that necessary to stabilize it, h > ho. The slug grows by consuming
liquid in this layer. In a much longer pipe than used in the experiments, one could presume

Fig. 4. Flow regime map for air±water ¯ow in horizontal 0.0763 m pipe. Curve A indicates the transition to slug

¯ow; between curves A and B, slugs form downstream of L=D � Ca: 40; along curve C, Fr � 1 at the inlet.
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that slugs stop growing (unless they coalesce) and that the strati®ed ¯ow between slugs would
have a value slightly greater than ho.
Fig. 6 shows slug formation for USG � 5:5 m/s and USL � 0:23 m/s (zone II of Fig. 5). The

conditions at the inlet are such that the strati®ed ¯ow is supercritical, Fr � 1:3. Values of
hs=D10:3 and ho=D10:2 are obtained from Fig. 2 for this condition. Fig. 6 shows that h is
slightly greater than hs at the inlet. The pro®le at L=D � 131 shows that the liquid height
behind the slug S1 is approximately equal to ho. For these ¯ow conditions, slugs formed at
L=D > 98 are detected from the pressure trace. The h/D characterizing slugs is small because
of the large amount of aeration.
The di�erences between the formation processes for Fr > 1 and for Fr<1 are seen in Fig. 6.

The pro®le at L=D � 98 shows that the replenishment of liquid after a slug has passed is
accomplished by a bore of height hs moving downstream. (The wave labeled as HJ1 in Fig. 6

Fig. 5. Liquid holdup measurements for USG � 1:2 m/s, USL � 0:16 m/s.
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represents a bore that developed as a result of the formation of the slug labeled as S1).
Furthermore, the formation of slugs for Fr > 1 is much more irregular than for Fr<1. There is
a large range of L=D at which slugs are formed and a large range of time intervals separating
successive slugs.
At very high liquid ¯ows, above curve B (zone III) in Fig. 4, slugs appear close to the entry

and the formation is strongly a�ected by large amplitude waves created at the inlet. The
outcome of these disturbances is in¯uenced by the amount of liquid in the beginning portion of
the pipeline at any given time. If a large amount of liquid is present in this region of the pipe,
conditions are more favorable for the accumulation of liquid by a large amplitude disturbance
and, thus, the formation of a slug. Consequently, only a fraction of the disturbances created
near the inlet form slugs within zone III. The waves at the entry evolve into slugs by a process

Fig. 6. Liquid holdup measurements and pressure measurement for USG � 5:5 m/s, USL � 0:23 m/s. Symbols S1, S2,
S3 indicate slugs. Symbol HJ indicates a hydraulic jump.
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which is not easily identi®ed. When slugs form at L=D > Ca: 40, an instability almost always
formed a slug. Curve B is de®ned as the boundary between zone I and III.
Fig. 7 gives data for the frequency of slugging. Three zones are identi®ed. Within zone I, the

frequency increases both with increasing super®cial gas and liquid velocities. In zone II, the
frequency decreases with USG and increases with USL. Zone III represents conditions for which
slugs are formed at L=D<Ca: 40. For the most part, these are for Fr > 1. The results in zone
III are similar to what has been found in smaller pipes by Gregory and Scott (1969), Taitel
and Dukler (1977) and Heywood and Richardson (1979).

5. Slug formation within zone I

Wave spectra at di�erent locations along the pipeline are given in Fig. 8 for similar
conditions to those represented in Fig. 5. The spectral density functions, f�f �, are normalized
with the mean square of the wave height ¯uctuations, c2. High frequency waves are generated
near the inlet. Energy becomes concentrated in waves with f � 10±12 Hz at L=D � 21:5. As
already shown by Fan et al. (1993a, 1993b), these waves grow and bifurcate, as seen in the
spectrum at L=D � 49:1. Fan et al. point out that the behavior of the 5 Hz waves that result
from this bifurcation depends on the height of the strati®ed ¯ow. They can eventually decay,
tumble, or grow to touch the top of the pipe. For the conditions shown in Fig. 8, the height is
large enough that waves evolve into slugs.
The formation of a slug at USG � 1:8 m/s and USL � 0:12 m/s in a pipe with D � 7:63 cm is

shown in Fig. 9, which gives 10 sequential frames obtained with a high speed video camera. The
time between frames is 1=30 s. The ¯ow is right to left and a pipe length of 0.5 m is shown. Three
wave crests, 16±20 cm apart, are observed in Fig. 9a. This corresponds to the spectrum at L=D �

Fig. 7. Frequency of slugging, fs as a function of USG and USL.
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56 shown in Fig. 8 and the waves correspond to the 5 Hz peak. The wave velocity is, thus,
approximately 0.9 m/s. The third wave from the left in Fig. 9a becomes unstable as it propagates
downstream. It grows to form a slug in frame h. The liquid behind the slug decreases to ho. The
waves immediately behind the slug decay because they are propagating over a thinner layer.
The pipe length shown in Fig. 9 is too small to observe the backward moving depression wave.

Fig. 8. Wave spectra for slug ¯ow condition at USG � 1:0 m/s, USL � 0:16 m/s.
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Fig. 9. Video images of slug formation within zone I.
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Fig. 8 shows that, at upstream pipe locations where no slugs are observed, a considerable
fraction of the wave energy is contained in frequencies that roughly correspond to the
frequency of slugging for this ¯ow condition, fs10:05±0:06 Hz. The relative contribution of
these low frequency disturbances to the total wave energy is determined by calculating the
cumulative energy spectrum, E�fn�, de®ned as

E�fn� �

Xi�n
i�1

fif�fi�

c2
: �13�

Fig. 10 presents measurements of E�fn� for two liquid ¯ows at USG � 1:0 m/s. Fig. 10a

Fig. 10. E�fn� for two liquid ¯ows at USG � 1:2 m/s.
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represents a situation, USL � 0:09 m/s, for which no slugs appeared in the pipeline. At L=D �
98 most of the energy is contained in waves with frequencies of 10±12 Hz. The contribution
from waves of 5±6 Hz increases with increasing L=D until at L=D � 180 about 75% of the
energy is contained in waves in the frequency range 5±6 Hz and 5% of the energy is found in
waves with frequencies less than 5±6 Hz. If the liquid ¯ow is increased, the mean height of the
liquid layer increases until a height is reached at which the interfacial waves become unstable.
Fig. 10b presents cumulative energy spectra at L=D � 4:3, 31, 49, and 56 for the conditions

represented by Fig. 5. Slugs were not observed at locations upstream of L=D � 62. Yet, a
signi®cant fraction of energy is contained at frequencies corresponding to the frequency of
slugging, 0.05±0.06 Hz. It is of interest to explore the origin of these long wavelength waves
and their role in the initiation of slugs.
The correlation coe�cient r12�t� for a given time delay t between wave height pro®les at two

di�erent pipe locations is de®ned as

r12�t� �
E
�
h1�t��h2�t� t��

s1s2
ÿ m1m2

s1s2
�14�

where h1 is the upstream liquid height, h2, the downstream height, s1, s2, the standard
deviations, m1,m2, the means. If a wave is translating downstream between two probes, the time
delay t for which a maximum occurs is positive. Fig. 11 shows that the maximum in the
correlation function is at a negative value of t, when the wave height pro®les at L=D � 12 and
44 in Fig. 5 are used to determine r12�t�. In this case, the upstream wave height pro®le lags the
downstream wave height pro®le suggesting that a low frequency, long wavelength wave is
translating upstream, rather than downstream.
Fig. 12 shows measurements of the liquid height at L=D � 49, 62, and 110 for USG � 1:0 m/s

and USL � 0:16 m/s over a period of 40 s. The stability height, hs, equals 0.6 for this condition.
Two slugs are indicated at L=D � 110, one at t � 370 s and another at t � 388 s. Both of these

Fig. 11. Cross correlation function between wave height pro®les at L=D � 12 and 44 for USG � 1:0 m/s, USL � 0:16
m/s.
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slugs were initiated from interfacial waves between L=D � 49 and 62. The ®rst slug was
initiated just upstream of L=D � 62 at t � 369 s, as indicated by the arrow labeled as 1. The
liquid height remained at an approximately constant value of h=D10:74 at L=D � 49 over the
time period of 366±372 s. Three seconds after the slug forms close to L=D � 62, the liquid
layer height at L=D � 49 is depressed. The time at which the probe at L=D � 49 detects the
depression wave associated with the formation of a slug is denoted by the arrow labeled as 2.
The liquid heights at L=D � 49 and 62 increase over the time period 380 to 388 s until the
liquid height is thick enough to produce another instability at t � 388 s. The gravity wave
depresses the liquid layer at L=D � 49 just enough, so that no unstable waves are produced.
The low frequency waves indicated by the frequency spectra in Fig. 8 and by the cross

Fig. 12. Liquid holdup measurements for USG � 1:0 m/s, USL � 0:18 m/s illustrating the motion of a depression
wave.
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correlation function in Fig. 11 are, therefore, associated with the formation of a slug when the
¯ow of liquid is subcritical. The waves responsible for the initiation of a slug have frequencies
of 5±6 Hz. The notion that the frequency of slugging is one-half of the frequency of the
unstable waves responsible for slug initiation, presented by Tronconi (1990), does not appear
to be consistent with these experimental data.
The shallow water Eqs. (10) and (11), have been solved to determine the interval between

slugs. If the origin at x � x i is a perfect re¯ector, the boundary conditions would be
dh=dx � 0 and a ®xed volumetric ¯ow rate, q � USLA, or ui � q=ALi

. These boundary
conditions would allow h at the inlet to vary with time. Experiments showed a very small
variation, so a boundary condition of a ®xed ALi

and a ®xed ui was chosen at x � x i to
simplify the calculations. A non-linear partial di�erential equation solver in IMSL libraries
was used. The initial condition for the solution was obtained from experimental
observations, and is given by the liquid layer pro®le in Fig. 13a. In accordance with Fig.
12, the discontinuity is placed at L=D � 60. The liquid height downstream of L=D � 60 is
taken to be h=D10:35. The liquid velocity within this layer is assumed to be zero. The
liquid layer upstream of the discontinuity varies in height from h=D10:78 at L=D � 0 to
h=D10:70 at L=D � 60. The liquid velocity within the strati®ed ¯ow is u � USLA=AL. Since
the ¯ow is subcritical, a depression wave moves upstream of L=D � 60. Fig. 13a gives the
solution during the time period for which the depression wave propagates upstream. The
wave front moves closer to the inlet as time proceeds. When it reaches the inlet, at
approximately 10 s, the liquid height is rebuilt as shown by the height pro®les in Fig. 13b.
The liquid layer returns to the initial condition after approximately 17 s. This time agrees
with the time interval between slugs in Fig. 12.
Fig. 14 compares the experimental values for the frequency of slugging for case I, given in

Fig. 7, with those calculated by the above procedure. In accordance with (10), the parameter
tsuS=LD is plotted as a function of Fr, where ts is the time interval between slugs �ts � 1=fs� and
uS is the liquid velocity corresponding to the instability condition, hs. The ®lled symbols
represent values obtained from the solution of the shallow water equations. The open symbols
are obtained from experimental observations. Good agreement is noted. A critical parameter
that appears in this analysis is the pipe length, LD, required to generate an unstable wave
pattern. The bars in Fig. 14 re¯ect the error in estimating the value of LD. Fig. 15 shows the
variation of the mean values of LD with the ¯ow velocities, USG and USL. This parameter was
estimated by measuring the liquid holdup at various locations in the pipeline for several
di�erent ¯ow conditions and estimating the probe at which a slug is ®rst observed. Each mean
value in Fig. 15 is based on an ensemble of at least 100 slugs. The length LD depends on how
rapidly waves develop in the ¯ow direction. Since this could depend on disturbances
introduced at the inlet, the frequency of slugging in zone I could be a�ected by the
construction of the inlet.

6. Slug formation within zone II

At the onset to slugging for horizontal air±water ¯ows at USG > 4 m/s, Lin and Hanratty
(1986a, 1986b) observed that the gas±liquid interface is dominated by irregular waves. The
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regular f � 5 Hz waves which are responsible for generating a slug at low gas ¯ows rapidly
form close to the inlet at high gas ¯ows. Fig. 16 shows cumulative energy spectra E�fn�,
de®ned by (13), of a strati®ed ¯ow at several pipe locations at USG � 5:5 m/s and USL �
0:20 m/s. This value of USL is slightly less than that of Fig. 6 and represents the onset to
slug ¯ow for USG � 5:5 m/s. For this ¯ow condition, hs=D � 0:3, Fr � 1:1. The cumulative
energy spectra at L=D � 12 in Fig. 16 represents the energy spectra of a gas±liquid
interface that is dominated by 5±6 Hz waves. The height of the strati®ed ¯ow at L=D � 12
is not thick enough for the f � 5 Hz waves to initiate slugs. These waves grow in
amplitude until their limiting height is reached and roll waves form when they break. Lin
and Hanratty (1986a, 1986b), Andritsos et al. (1989), Fan et al. (1993a, 1993b) observed

Fig. 13. Solution of the shallow water equations for the slug ¯ow condition at USG � 1:0 m/s, USL � 0:18 m/s.
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that the resulting wave pattern is irregular. Fig. 17 compares the cross correlation functions
for wave patterns at the transition to slug ¯ow from two probes separated by a distance of
15.2 cm at L=D � 138, for a regular wave pattern, observed for USG � 3:0 m/s and USL �
0:08 m/s, and for an irregular wave pattern, observed for USG � 5:0 m/s and USL � 0:12 m/s.
Since the peaks and troughs of the cross correlation function in Fig. 17a are separated by 0.2 s
for a number of cycles, this wave pattern is approximately periodic. The only dominant peak
in the cross correlation function in Fig. 17b occurs at 0.2 s, which equals the quotient of the
probe separation and the average wave velocity. No regularity is indicated. The irregular waves
have a range of wave velocities so they can overtake one another. The cumulative spectra in
Fig. 16, suggest that wave coalescence results in a decrease in the median frequency, as the
waves translate downstream.

Fig. 15. Variation of LD=D with USG and USL.

Fig. 14. Comparison of predicted and experimental slug frequencies within zone I.
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An example of the initiation of a slug by the coalescence of roll waves is presented in Fig.
18, which has nine sequential frames obtained with a high speed video camera. The time
between frames is 1=30 s. The ¯ow is right to left and a pipe length of 0.5 m is shown. Three
roll waves are observed in Fig. 18a. The roll waves are characterized by a steep front and a
gradually sloping tail. A large roll wave enters the frame in b and c. As this wave translates
downstream, a faster moving roll wave overtakes it in d, e, and f. Frames g, h, and i show that
this coalescence results in a larger roll wave. In this example, the coalescence produces a wave
whose height is large enough to become unstable. For USGR4:0 m/s, slugs initiate by the
mechanism illustrated in Fig. 9. For USGr4:0 m/s, wave coalescence, shown in Fig. 18, is
responsible for slug initiation.
The liquid holdup measurements in Fig. 6 for u � 0:61 m/s and Fr � 1:15 indicate that slug

formation occurs randomly in space and time. No slugs are observed at L=D � 44. The wave
pattern at this location is similar to that shown by the wave spectrum at L=D � 131 in Fig. 16;
roll waves are present. Three slugs are labeled as S1, S2, and S3 in Fig. 6 on the pressure trace
at L=D � 185 and on the liquid holdup measurement at L=D � 180. The slug labeled as S1
forms at a location between L=D � 44 and 98. As this slug passes the probe at L=D � 98, the
liquid height decreases to ho=D � 0:2. Since Fr > 1, a hydraulic jump, labeled as HJ1,
replenishes the liquid back to the height hs, a short time later. As this hydraulic jump translates
downstream, the length of the unstable wave pattern upstream of the slug increases.
Consequently, the probability of forming another slug increases. Slug S2 is observed to form
between L=D � 148 and 180. Slug S3 forms at a location between L=D � 131 and 148. For
case II, therefore, a length of pipe is required to develop an unstable roll wave pattern. Beyond
this location, there is a probability of forming a slug at any location at which the liquid height
is equal to hs. Fig. 19 shows 100 s of the pressure signal at L=D � 185 for USG � 5:5 m/s and
USL � 0:28 m/s. The peaks, which indicate the passage of a slug, are not periodic. The
formation process is clearly stochastic.

Fig. 16. Cumulative wave spectra for USG � 5:5 m/s, USL � 0:20 m/s.
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Fig. 20 presents a schematic which describes a probabilistic model for the formation of slugs
for case II. A strati®ed ¯ow exists at the beginning of the pipe of length LD over which wave
development occurs. Beyond LD, an unstable irregular wave pattern exists over the length LU.
It is assumed that it is equally probable for roll waves to coalesce to form a slug at all
locations between LD and LU. After a slug forms, it translates downstream, rapidly picks up
liquid at the front, and sheds liquid at the tail to form a strati®ed ¯ow of height ho. Since
Fr > 1, a hydraulic jump forms at the location at which the slug formed; it moves downstream
with velocity Cjump and restores the liquid to height hs. The probability of forming a slug
between x and (x� dx) and between t and �t� Dt� is de®ned as N, which is taken to be
independent of x. The probability of forming a slug between locations LD and LD � LU�t� over
the interval Dt is then given as

Fig. 17. Cross correlation functions for regular and irregular waves.
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Fig. 18. Video images illustrating the formation of a slug within zone II due to coalescence of roll waves.
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DtP�t� � Dt
�LU�t�

0

N dx � DtNLU�t� �15�

where N has the units of reciprocal time and reciprocal length. The length of the unstable wavy
strati®ed ¯ow increases with time at a rate given by

LU�t� � Lf � CjumpDt �16�
where Lf � LD is the pipe location at which a previous slug was formed at t � 0. The
introduction of Eq. (16) into (15) gives the following expression:

DtP�t� � N
ÿ
Lf � Cjumpt

�
Dt �17�

The randomness of the slugging process is modeled through the use of random number
generators. At t � t� Dt, a random number Ri between 0 and 1 is selected and compared with
the value of DtP�t�, obtained by Eq. (17). If Ri > DtP�t�, a slug does not form. The time is
incremented by Dt, LU is increased by an amount CjumpDt, another random number is
generated, and the calculation is repeated until Ri<DtP�t�. If Ri<DtP�t�, a slug has formed at
some location along LU. A second random number generator is then used to determine where,
along LU, this occurred. This becomes the new value of Lf. The algorithm is repeated to
generate an ensemble of time intervals between the formation of slugs and an ensemble of pipe
locations beyond LD at which the slugs form. The constant N is chosen so that the mean value
of the ensemble of time intervals between slug formation obtained by the above algorithm is
consistent with the slug frequency that was determined by experiment.
Velocity Cjump is determined analytically by applying conservation of mass between stations 1

and 2 in Fig. 20 in a reference frame moving with the hydraulic jumpÿ
Cjump ÿ us

�
As �

ÿ
Cjump ÿ uo

�
Ao, �18�

where As and Ao are the cross sectional areas occupied by liquid of heights hs and ho. A value
of uo is determined from equations (Andritsos and Hanratty, 1987) that describes an
equilibrium strati®ed ¯ow of height ho in the presence of a gas velocity Uo � USGA=�Aÿ Ao�.
The probabilistic approach outlined above is compared with measurements of the

distribution of time intervals between slug formation in Fig. 21 for two di�erent ¯ow
conditions. The thin line in Fig. 21a represents the distribution of time intervals between
pressure pulses, associated with 472 slugs, at USG � 5:5 m/s and USL � 0:28 m/s. The slug
frequency for this ¯ow condition is 0.11 Hz. The mean value of the distribution in Fig. 21a is
8.9 s. For N � 0:0092, the predicted distribution has the same expected value. The shapes of
the calculated and measured distributions are similar. However, the calculated maximum is
lower than the measured value. Fig. 21b compares computed and experimental spectra for
USG � 5:5 m/s and USL � 0:40 m/s. A value of N � 0:0153 is selected so that computed and
experimental distributions have the same mean slug frequency, 0.17 Hz.
Reasonable agreement between the experimental and computed probability distributions are

obtained for values of N shown in Fig. 22. This ®gure indicates that the probability constant N
is sensitive to u, equal to USLA=As, and relatively insensitive to changes in USG. Fig. 23 gives
values of LD that were used in the stochastic formulation. Slugs form close to the outlet at
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liquid velocities close to the strati®ed-slug transition (curve A in Fig. 4). As u increases, slugs
are observed closer to the inlet. Results for N in Fig. 22 are shown for ¯ow conditions for
which the slugs were observed at LD=DR125. For ¯ow conditions such that LD=Dr125, the
length LD � LU may equal the total pipe length, suggesting that if the pipe were longer, fs
would be larger. The values of N needed to compute frequencies consistent with the
experimental slug frequencies for these ¯ow conditions could, therefore, be lower than the
values plotted in Fig. 22.

7. Discussion

Measurements are characterized, according to the mechanism of slug formation, by the sub-
regimes shown in Fig. 4. The boundaries are de®ned by the Froude number and the location in

Fig. 19. Pressure measurement at USG � 5:5 m/s, USL � 0:28 m/s.

Fig. 20. Schematic of the probabilistic model for case II.
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the pipeline where slugs are observed to form. For low gas and liquid velocities, the liquid ¯ow
is characterized by subcritical ¯ows (Fr<1) and a deterministic model for the slug frequency is
proposed which takes into account an upstream translation of a gravity wave associated with
the formation of a slug. This wave depresses the liquid below the critical liquid layer height, hs,
needed to initiate a slug; the next slug is formed when this depleted liquid is replenished. For
USG > 4 m/s, the formation of slugs, in the experiments described in this paper, should be
interpreted as a stochastic process. Measurements and photographs suggest that a model
should take into account the probability of forming a slug over a patch of an unstable wavy
strati®ed ¯ow, as a consequence of roll wave coalescence. For USG > 4 m/s, the ¯ow of liquid
is supercritical (Fr > 1), so that the liquid is rebuilt to the height hs by a hydraulic jump after
the formation of a slug.
The most widely used model for predicting the slug frequency is that proposed by Taitel and

Dukler (1977). Since this deterministic model considers the frequency to be related to the liquid

Fig. 21. Comparison between experimental and model distributions for the time interval between slugs: (a)
USG � 5:5 m/s, USL � 0:28 m/s; (b) USG � 5:5 m/s, USL � 0:40 m/s).
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replenishment just downstream of the pipe location at which a slug is formed, one could
consider it to represent supercritical ¯ows. However, measurements presented here indicate
that, for supercritical ¯ows in which slugs form far downstream of the inlet, the frequency is
related to the probability that a slug forms from the coalescence of roll waves along a length of
unstable wavy strati®ed ¯ow. The notion that the slug frequency is proportional to the
frequency of the unstable waves, as hypothesized by Tronconi (1990), is not supported by the
measurements and photographs presented in this work.
Critical parameters which evolve out of this analysis are hs, ho, and LD. Taitel and Dukler

(1977) modeled the rebuilding of the liquid layer from a level given by hs back to an
equilibrium height he that would exist for the given ¯ow conditions. Our results suggest that
the liquid rebuilds from a level ho, dictated by the necessary conditions for the existence of slug
(Ruder et al., 1988; Woods and Hanratty, 1996), to the level hs. Furthermore, results indicate

Fig. 23. Variation of LD=D with u for case II ¯ows.

Fig. 22. Variation of the probability constant N with u.
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that the pipe length required to produce an unstable wavy strati®ed ¯ow, LD, strongly
in¯uences the frequency of slugging. The prediction of LD is complicated by the possible
in¯uence of the construction of the gas±liquid mixer. Fig. 24 shows the root mean square of
the liquid holdup measurements as a function of distance from the inlet, L=D, for six di�erent
liquid velocities at USG � 2:3 m/s. For this gas velocity, the transition to slug ¯ow occurs at
USL � 0:10 m/s. Consequently, the measurements in Fig. 24 for USL<0:10 m/s denote the rms
of wave height ¯uctuations, h 0 � hL ÿ hhLi. For each of these ¯ows,

��������
hh2i

p
increases with L=D,

indicating that the waves grow in amplitude with distance. The parameter
�����������
hh 0 2i

p
achieves a

constant value at the end of the pipeline at USL � 0:04 m/s, suggesting that the waves have
saturated. For USL � 0:06, 0.08, and 0.10 m/s,

�����������
hh 0 2i

p
increases over the entire pipeline. For

USL � 0:10 m/s, the root-mean square of the wave amplitude at L=D � 180 is large enough,
and the liquid layer height is thick enough for instabilities to occur. For USL > 0:10 m/s, the
waves necessary to produce slugs are generated closer to the inlet. The horizontal line labeled
as 1 in Fig. 24 denotes the approximate value of

�����������
hh 0 2i

p
needed to produce slugging. For data

above this line, slugs are observed at the indicated L=D. If a longer pipeline was used, Fig. 24
suggests that slugs might be observed at USL � 0:06 and 0.08 m/s, since

�����������
hh 0 2i

p
does not reach

a constant value in the pipeline used in the experiments. As USL increases, the combination of
air and water in the simple tee arrangement results in an increase in

�����������
hh 0 2i

p
at L=D � 4. Thus,

the value of L=D at which slugs are formed could be sensitive to the construction of the inlet.
It is well documented in the literature that parameters such as the pipe diameter, pipe

inclination, and ¯uid properties have a strong in¯uence upon the transition from a strati®ed
¯ow to a slug ¯ow. Consequently, the boundaries among zones I, II, and III in Fig. 4 are
expected to be a function of these parameters. Shoham (1982) has shown that liquid velocities
of USL � 0:8 to 1.0 m/s are needed to initiate slugging in a 5.1 cm diameter pipe declined at 18.
Gravity waves associated with zone I slugging would not be expected under such conditions,
since the Froude number would be greater than unity. Conversely, slug ¯ows are observed over
a wider range of ¯ow conditions for up¯ows. For a pipe inclination of 18, the strati®ed ¯ow

Fig. 24. Variation of the root-mean square of the wave height ¯uctuations,

������
c2

q
, with L=D at USG � 2:3 m/s.
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region in a ¯ow regime map shrinks to a very small bell-shaped region (Grolman et al., 1996).
Thus, the range of slug ¯ow conditions characterized by subcritical liquid ¯ows would be
expected to be large for up¯ows. For high viscosity liquids, the liquid velocity is lower than for
water at a given USG and h=D. In these ¯ows, zone I would extend over a wider range of
conditions.
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