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a b s t r a c t

Long liquid slugs, with sizes reaching 500 pipe diameters or more, may form in gas–liquid horizontal pipe
flow at intermediate liquid loadings. Such slugs cause serious operational upsets due to the strong fluc-
tuations in flow supply and pressure. Therefore, predicting the transition from short (hydrodynamic) to
long slug flow regimes may play a significant role in preventing or reducing the negative effects caused by
the long slugs.

In this paper we introduce a growth model for calculating the average slug length in horizontal and
near horizontal pipes. The model applies a volumetric balance between the front and tail of the slug in
order to calculate the slug growth rate. The dynamic behaviour of the liquid at the tail is described by
a linear kinematic relation between the slug downstream and the wave upstream.

For the validation of the model we performed measurements in a 137 m length air–water horizontal
pipe flow of an internal diameter (i.d.) of 0.052 m. The measurements provide a detailed flow map of
the long slug regime and sub-regimes. Furthermore, we compared predictions by the model with avail-
able data for a range of 0.019–0.095 m i.d. pipes to investigate the effect of varying operation pressures,
different inlet conditions, different fluid properties and slight inclinations. The model predicted the tran-
sitions from hydrodynamic to long slugs with satisfactory agreements, however it underpredicts the
average slug length at relatively large mixture velocities.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Slug flow is commonly observed in horizontal and slightly in-
clined pipe flows. It is characterized by the appearance of plugs of
liquids, moving downstream, separated by elongated bubbles, mov-
ing along the top of the pipe. Although mostly short hydrodynamic
slugs are observed, at relatively low gas flow rates very long slugs
with sizes reaching 500 pipe diameters or more may form. Such long
slugs cause severe operational failures due to the strong fluctuations
in flow supply and pressure. A frequent appearance of the long slugs
is likely to occur in older gas production offshore fields, where the
operation pressure is low. Therefore, predicting the transition from
regular hydrodynamic to long slug regimes plays a prominent role in
preventing or reducing future operational failures.

Two theoretical concepts are used to predict the flow conditions
at which, both hydrodynamic and long, slugs are observed: stability
of stratified flow and stability of slugs. The stability of stratified flow
describes waves on thin films over which gas is blowing (Hanratty
and Hershman, 1961). Whereas slug stability analysis considers a
volumetric liquid balance between the front and the tail of a slug.
For a fully developed slug moving at the bubble velocity, this balance
results in the minimum liquid height, hLmin

, at the front required for
ll rights reserved.

1 27 82838.
the slug to be stable (Ruder et al., 1989; Bendiksen, 1984). Measure-
ments and photographs done by Woods and Hanratty (1996) sup-
port the idea that the back of a slug can be modelled as a bubble
(Benjamin, 1968). Hurlburt and Hanratty (2002) compared predic-
tions by slug stability for the critical superficial liquid velocity,
USLcrit

, needed for transition to slug flow, with transition measure-
ments by Andritsos et al. (1989). The comparisons show that the the-
oretical predictions of USLcrit

overpredict measurements with a factor
of two. The overprediction reflects inaccuracies in estimating the
interfacial shear stresses (Hurlburt and Hanratty, 2002).

Wallis and Dobbins (1973), Lin and Hanratty (1986) and Wu
et al. (1987) followed the analysis by Hanratty and Hershman
(1961) to examine the growth of a viscous long wavelength insta-
bility (VLW). The VLW theory correctly predicts that the critical gas
velocity needed for the transition from stratified to slug flow for
air–water flows will increase with increasing pipe diameter; how-
ever, it predicts very different effects of liquid viscosity (Hurlburt
and Hanratty, 2002). On the other hand, Kristiansen (2004) made
an experimental investigation based on slug and stratified inlet
conditions and found different critical liquid height, hLcrit

, and
USLcrit

for the two different flow inlet cases. He found that hLcrit

and USLcrit
are successfully predicted by slug stability model for slug

flow inlet conditions, whereas hLcrit
, is well predicted by VLW for

stratified flow inlet conditions only at low gas flow rates. On the
basis of these findings, Kadri et al. (2008) presented a new model
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Fig. 1. Cross-section of the pipe, stratified flow representation.
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for predicting the average slug length as a function of time. The
model applies a volumetric balance between the front and tail of
a slug in order to calculate the slug growth rate and length. At
the front, VLW was used to calculate the liquid height, hLVLW ; and
at the tail linear kinematic relations and geometric considerations
were used to describe the dynamic behaviour of the liquid at the
slug tail. Kadri et al. (2008) postulated that the slug tail extends
due to the fact that the back of the slug travels faster (at the bubble
velocity) than the tail upstream, which they assumed to travel at
the wave velocity. In their model, the slug reaches its final length
when the ratio between the length of the extended slug tail to
the calculated slug length equals the ratio between the bubble to
the slug average lengths. The ratio of the latter is based on conser-
vation of mass were the average liquid height in bubbles of the
fully developed slug flow is calculated from slug stability ðhLmin

Þ.
Their model is only valid at low USG when hLVLW > hLmin

.
In this paper we extend the work by Kadri et al. (2008) such that

larger ranges of flow rates can be applied. Here, we considered the
average maximum liquid height, hLmax , that can appear at the slug
front instead of hLVLW (when hLVLW < hLmin

). The parameter hLmax is,
therefore, the equilibrium level of the liquid phase for the given flow
conditions assuming stratified flow. Special attention was given for
predicting the transition from hydrodynamic to long liquid slugs.
For the validation of the model we performed slug length measure-
ments in a 137 m long air–water horizontal pipe flow of an internal
diameter (i.d.) of 0.052 m. The measurements are original and un-
ique in the sense that they provide a clear and detailed presentation
of the long slug regime which is, unlike the hydrodynamic slug re-
gime, not well reported in the literature. Moreover, we compare the-
oretical predictions of the model with measurements done by
Kristiansen (2004) for 0.06 and 0.069 m i.d. pipes at different, flow
rates, operation pressures, fluids properties, and slight inclinations.
We also compare theoretical predictions with slug length calcula-
tions based on frequency measurements by Gregory and Scott
(1969), Hubbard (1965), Woods and Hanratty (1999) and Fan et al.
(1993) for 0.01905, 0.0351, 0.0763 and 0.095 m i.d. pipes, respec-
tively. The predictions show a satisfactory agreement with the slug
length measurements, and a qualitative agreement with the slug
length calculations (from slug frequency measurements).

Theoretical background including stability of stratified flow,
VLW and slug stability is presented in Section 2. The experimental
setup and the methods used for performing the measurements are
given in Section 3. In Section 3 we further present an overview of
the regimes in the flow map and sub-regimes in the slug flow re-
gime, as found in the experiments. Section 4 provides a detailed
analysis of the proposed model for calculating the final average
slug length. Comparisons between theory and measurements are
given in Section 5. Finally, a discussion and the conclusions are pre-
sented in Section 6.

2. Theoretical background

2.1. Stratified flow pattern

An idealized model of the stratified flow pattern is represented
by a simplified geometry as given in Fig. 1. The diameter of the pipe
is D. The height of the liquid layer along the centerline is hL. The
length of the segments of the pipe circumference in contact with
the gas and liquid are SG and SL, respectively. The length of the
gas–water interface is represented by Si. The areas occupied by
the gas and the liquid are AG and AL, respectively. Given the pipe
diameter and the liquid height (or area), these parameters can be
calculated using the geometric formulae by Govier and Aziz
(1972). Now we can write the momentum balances for the gas
and the liquid flows as follows:
� AG
dP
dx

� �
� sWGSG � siSi þ qGAGg sin h ¼ 0; ð1Þ

� AL
dP
dx

� �
� qLg cos h

dhL

dx

� �
� sWLSL þ siSi þ qLALg sin h ¼ 0 ð2Þ

where qG and qL are the gas and the liquid densities, h is the incli-
nation angle of the pipe from the horizontal, dp=dx is the pressure
gradient, dhL=dx is the liquid hydraulic gradient, and g is the accel-
eration due to gravitational forces. The time-averaged resisting
stress of the gas and the liquid at the wall are sWG and sWL, respec-
tively. Term si represents the resisting stress at the interface. The
stresses sWG; sWL and si are defined in terms of friction factors,
which are calculated using the Blasius equation if Re < 105 and
the wall roughness effect can be ignored, otherwise the Churchill
equation is used (see Churchill, 1977). For given flow rates of the
gas and the liquid, Eqs. (1) and (2) are used to find the pressure gra-
dient and the height of the liquid layer. However, these equations
do not determine the stability of the stratified flow. The flow is as-
sumed to be varying slowly enough that pseudo-steady-state
assumptions can be made (e.g. dhL=dx ¼ 0 and sWG; sWL and si can
be related to flow variables).

2.2. Viscous long wavelength theory

The transportation of gas and liquid in horizontal pipes re-
sults in a wide range of wavelength waves and wave frequencies
along the pipe. At low gas and liquid flow rates, high frequency
waves are formed close to the inlet (Woods and Hanratty, 1999).
Among those, waves with frequencies 10–12 Hz grow and bifur-
cate further downstream due to energy accumulations (Fan
et al., 1993). The bifurcation results, among other, in long wave-
length waves that can grow, roll or decay, depending on the
height of the liquid layer (Fan et al., 1993). For the ‘‘right” flow
conditions, they grow to become slugs. If the pipe is long enough
and the long wavelength waves form far downstream the inlet
such that the evolving slugs are independent from the flow dis-
turbances at the inlet, the slugs can grow to become extremely
large.

The viscous long wavelength (VLW) stability theory describes
such long waves on thin films over which gas is blowing. The
waves are assumed to be long enough so that a change in pressure
can be described by a hydrostatic approximation and the stresses
vary so slowly in time that a pseudo steady-state approximation
describes the change in stresses. The equations of conservation of
mass and momentum for the liquid phase in the horizontal pipe
are, respectively,

@AL

@t
þ @ðuALÞ

@x
¼ 0; ð3Þ

and
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@ðuALÞ
@t

þ @ðu
2ALÞ
@x

¼ � AL

qL

@P
@x
þ qLg cos h

@hL

@x

� �

þ 1
qL
ðsiSi � sWLSLÞ þ ALg sin h; ð4Þ

A disturbance is assumed to occur at the interface,

AL ¼ AL þ ÂLexp½ikðx� CtÞ�; ð5Þ

where AL is the average area occupied by the liquid, ÂL is the ampli-
tude of the disturbance, C is the complex wave velocity and k is the
wave number.

Introducing complex amplitudes of the wave-induced varia-
tions of the pressure and of the resisting stresses and substituting
equations of the form of Eq. (5), Lin and Hanratty (1986) obtained a
relation for the critical velocities for the initiation of a long wave-
length disturbance,

0 ¼ qLðCR � �uÞ2 þ AL

AG

qGðU � CRÞ2 � gALqLcosh
ĥ

ÂL

: ð6Þ

Terms U and �u are the time average gas and liquid velocities.
Term CR is the real part of C, for given superficial gas and liquid
velocities at neutral stability, where CI , the imaginary part of C, is
zero. Substituting the critical velocities in Eq. (4) results in the
liquid area, ALVLW (or hLVLW ), required for the initiation of instabilities
at the surface (e.g. waves or slugs). A detailed analysis of the VLW
theory can be found in Lin and Hanratty (1986) and in Hurlburt
and Hanratty (2002).

2.3. Slug stability analysis

The slug stability analysis considers the rates of liquid adjoining
and detaching from a slug at its front and rear. Slugs are defined
here as stable when the rates of liquid adjoining are not less than
the rates at which liquid detaches, and they are addressed as ‘‘neu-
trally stable” when their length is neither growing nor decaying.
Fig. 2 gives an illustration of a slug moving with a front velocity
CF over a stratified liquid layer, at station 1, of area AL1 and velocity
u1. The volumetric flow rate of liquid adjoining the slug is

Q in ¼ ðCF � u1ÞAL1: ð7Þ

The rear of the slug is assumed to behave as a bubble moving with
a velocity CB. Following Bendiksen (1984), Woods and Hanratty
(1996), Hurlburt and Hanratty (2002) and Soleimani and Hanratty
(2003) the velocity at the back of a slug can be modelled as a Benja-
min bubble (Benjamin, 1968) where three main regimes are defined:

CB ¼ UMix þ 0:542
ffiffiffiffiffiffi
gD

p
; UMix < 2

ffiffiffiffiffiffi
gD

p
; ð8Þ

CB ¼ 1:1UMix þ 0:542
ffiffiffiffiffiffi
gD

p
; 2

ffiffiffiffiffiffi
gD

p
< UMix < 3:5

ffiffiffiffiffiffi
gD

p
; ð9Þ

CB ¼ 1:2UMix; UMix > 3:5
ffiffiffiffiffiffi
gD

p
: ð10Þ
Fig. 2. Sketch of a slug (after Woods and Hanratty, 1996).
The velocity of the liquid in the slug is u3 (the liquid velocity at
station 3). The volume fraction of the gas in the slug is �. The vol-
umetric flow rate of the liquid detaching from the slug is

Qout ¼ ðCB � u3Þð1� �ÞA; at section 3: ð11Þ

Assuming neutral stability, Q in ¼ Q out and CF ¼ CB, and making
use of Eqs. (7)–(11), the following relation is obtained,

AL1

A

� �
crit
¼ ðCB � u3Þð1� �Þ

ðCB � u1Þ
; ð12Þ

for the area of the stratified flow. For incompressible flow, the term
u3 is calculated from a volumetric balance between the inlet of the
pipe and station 3 as follows:

UMix ¼ �U3 þ ð1� �Þu3; ð13Þ

where U3 is the gas velocity at station 3. At low mixture velocities
aeration is negligible ð� ¼ 0Þ so that Eq. (13) gives u3 ¼ UMix. Eq.
(12) is used later to calculate the average liquid level below the
elongated bubbles in the ‘‘fully developed” slug flow. The detailed
analysis of the slug stability model is well documented by Hurlburt
and Hanratty (2002) and Soleimani and Hanratty (2003).
3. Experiments on the occurrence of long slugs

3.1. Experiments

Experiments have been carried out in order to investigate the
long slug regime ( Zoeteweij, 2007). Not many researchers are
aware of this regime and its properties due to a number of condi-
tions required for such slugs to appear, e.g. long pipe and low flow
rates and operation pressure. The flow facility used for this aim
consists of a 137 m long horizontal pipeline with a diameter of
0.052 m (see Fig. 3). The pipe is made of perspex (Plexiglas) to al-
low visual observations of the flow conditions. At the inlet, the two
phases are combined in a Y-shaped section with the gas phase al-
ways entering from the top in a horizontal direction in order to
prevent the impact of the gas-jet coming from above. The pressure
is atmospheric and the gas and liquid phases used are air and
water, respectively.

Two different measurement techniques, based on liquid con-
ductance, were installed. The first consists of point detector sec-
tions positioned at 8 locations along the pipe at: 29, 43, 62, 74,
93, 107, 120, and 132 m from the inlet. A schematic drawing of
these positions is given in Fig. 4. Each measurement section con-
tains 2 pairs of sensors separated by 70 cm. Each pair of sensors
consists of two electrodes one at the bottom of the pipe and the
second on top. Due to the fact that the electrodes at the bottom
are circular plates of 1 cm diameter the electrical conductance be-
tween the liquid phase and the electrodes are always good. The
slug length and velocity are calculated from the time difference
of the slug passing two different sensors of the same section: (1)
the velocity is calculated from the distance between the two sen-
sors divided by the time difference; and (2) the slug length is cal-
culated from the velocity and the time difference between the
front and tail passing the same sensor. The second measurement
technique is based on wire-mesh sensors. Unlike the point probe
sensors, this technique provides a detailed flow imaging in strati-
fied and slug flows. The technique is based on the difference in
electrical conductivity of both phases. A set of 4 sensors is used
at different positions: 38, 56, 105 and 125 m from the inlet (see
Fig. 4). Each sensor consists of two planes with 16 parallel
0.12 mm wires each. The wires in different planes are perpendicu-
lar to each other. Measuring the signal of all vertical receiver wires
crossing a horizontal sending one results in the local conductivity
around the crossing points in the mesh. The conductivity signals



Fig. 3. Sketch of the experimental setup (after Zoeteweij, 2007). The valves are indicated by �.

Fig. 4. Schematic drawing of the position of the point probe ðjÞ and wire-mesh ðdÞ
sensors (after Zoeteweij, 2007).
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indicate the local phase composition in the grid cell. Further details
on the wire-mesh can be found in Zoeteweij (2007).

The experiments were performed at atmospheric pressure and
constant flow rates with superficial gas and liquid velocities being
0.5–2.5 and 0.05–0.30 m/s, respectively. The different combina-
tions of flow rates used in the experiments resulted in a detailed
overview of the slug flow development in different regimes, and
sub-regimes within the long slug flow regime.

3.2. Sub-regimes in the slug flow map

The different flow regimes and a number of different sub-re-
gimes within the long slug flow regime observed in the experi-
ments are shown in Fig. 5. The dashed–dotted line is the
observed transition from stratified ð�Þ or stratified-wavy flow ð�Þ
to slug flow; the solid-line is the observed transition from hydro-
dynamic slug flow ð�Þ to the long slug flow regime. Within the long
slug flow regime, two sub-regimes were observed: (1) above the
dashed-line long but neutrally stable slugs ðNÞ; and (2) below the
dashed line, long and positively growing slugs were found ð�Þ.

The hydrodynamic slugs are characterized by a relatively short
length, less than 40D. Whereas the long slugs have at least a length
of 40D and can reach lengths up to several hundred pipe diameters.
Note that the long slug region shrinks for increasing gas velocity –
the long slugs are found to exist only at low gas and liquid flow
rates, as shown in Fig. 5. Therefore, the transition from stratified
flow to hydrodynamic slugs, at low superficial gas velocities,
passes through the long slug regime. For higher superficial gas
velocities, USG > 2:5 m=s, the transition from the stratified-wavy
to hydrodynamic slug flow is direct. The absence of the long slugs
at higher USG is related to the higher slug frequency and lower
amount of liquid adjoining the passing slug due to a decrease of
the liquid level (conservation of mass and momentum) which re-
sults in a neutral stability (Qin ¼ Q out and CF ¼ CB) earlier in the
pipe. Consequently, in the long slug regime, the slug length and
growth time decrease at larger flow rates, as observed in the
experiments.

Fig. 6 is a flow regime map by Woods and Hanratty (1999) for
air–water flow in horizontal 0.0763 m pipe. In the figure, curve A
indicates the transition from stratified to slug flow; the region be-
tween curves A and B (areas I and II) covers slugs that form about
40D downstream of the entrance; area III represents slugs that
form within 40D from the entrance; and along curve C the Froude
number, Fr ¼ u=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ghLmax

p
, is unity at the inlet. Comparing Figs. 5

and 6, and noting the difference in the diameters, we find the fol-
lowing: (1) the long growing slugs correspond to the slugs evolving
from long wavelength waves downstream (at Fr < 1). (2) The long
stable slugs evolve from the same type of waves but further up-
stream. Their frequency is higher and they travel over a thinner
liquid layer, that is why they reach neutral stability earlier in the
pipe. (3) The hydrodynamic slugs correspond to slugs that form
upstream (close to the inlet) at Fr > 1. These slugs are no longer
formed by the long wavelengths but close to the entrance by
disturbances that are created there (Woods and Hanratty, 1999).
The high frequency of such slugs and the thin liquid layer



Fig. 6. Flow regime map for air–water flow in horizontal 0.0763 m pipe. Curve A
indicates the transition to slug flow; between curves A and B, slugs from
downstream ca. 40D; along curve C, Froude number Fr ¼ 1 at the inlet (Woods
and Hanratty, 1999). Reprinted from International Journal of Multiphase Flow, vol.
25, Bennett D. Woods, Thomas J. Hanratty, Influence of Froude number on physical
processes determining frequency of slugging in horizontal gas–liquid flows, 1195–
1223, Copyright (1999), with permission from Elsevier.
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downstream result in their short length. These findings are in
agreement with our above mentioned experimental observations.

4. Dynamic slug model

In the model presented here, the average length of a fully devel-
oped slug is determined from volumetric liquid considerations be-
tween the front and the tail of a slug. The liquid level at the front is
assumed to be constant, whereas at the back, the liquid level drops
during the initiation of the slug and then rebuilds during its
growth. The liquid level at the back is obtained from linear kine-
matic relations between the slug and the wave behind it. The prop-
erties of slugs at formation time are presented in Section 4.1. In
Section 4.2, the calculation method of the dynamic slug is intro-
duced. A stopping criterion for the calculation of the slug growth,
based on conservation of mass of the gas and liquid phases, is ad-
dressed in Section 4.3.

4.1. Properties of forming slugs

4.1.1. Wave velocity
We address the formation of slugs from growing waves. The

growing waves are assumed to be sinusoidal with an initial wave-
length, k, large compared to the average maximum liquid height,
hLmax . A characteristic property of such waves is the dependency
of the wave velocity, C, on the liquid level alone,
Fig. 7. A slug at initiation time expr
C ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
ghLmax

q
: ð14Þ
4.1.2. Slug at initiation
When a wave keeps on growing, its amplitude will eventually

be so large that the top of the wave hits the top of the pipe. This
is the initiation of a slug. As the initiated slug is the result of a
growing wave, its initial shape will be sinusoidal (note that after
the initiation the slug grows and changes shape and it is no longer
sinusoidal). Here, the front of the wave is addressed as slug-wave,
and the back as tail-wave. These two parts of the wave are coupled
via a mass balance; the liquid required to create the slug is
shed from the tail-wave. The amplitude of the front of the wave
(slug-wave) is

gc ¼ D� hLmax ; 0 < hLmax < D; ð15Þ

as the wave started from the stratified layer of height hLmax . At the
back of the wave (tail-wave), the amplitude gt will be the same, pro-
vided that gc 6 hLmax . Otherwise, the amplitude of the tail-wave is

gt ¼ hLmax ; hLmax 6 D=2: ð16Þ

In this case, the length of the tail-wave, kt=2, is no longer equal
to the length of the slug–tail kc=2 (which is k=2). The actual length
of the tail-wave in this case is computed from a simple mass bal-
ance (i.e. all extra liquid in the slug-wave comes from liquid orig-
inally filling up the tail-wave) and the pipe geometry at the
location of the tail-wave. The length of the tail-wave is then calcu-
lated using the geometric formulae by Govier and Aziz (1972). A
schematic drawing of a slug at initiation is given in Fig. 7. In the fig-
ure, the parameters AL5 and u5 are the liquid area and velocity at
the trough (station 5). The term ALmin

is the critical liquid area cal-
culated by the slug stability model (Eq. (12)). The hatched area,
AG;trough is the gas area between ALmin

and AL5.

4.1.3. Slug tail extension
At slug formation time, t0, the slug front and the back of the tail-

wave, at point c, propagate at the actual velocities CF and C, respec-
tively. On the other hand, the back of the slug propagates at the
bubble velocity CB. The front of the tail-wave (point O) is obviously
the back of the slug. Therefore, it propagates together with the
back of the slug. The ALmin

line in Fig. 7 is the slug stability line rep-
resenting the average liquid level below the bubbles in the fully
developed slug flow. Points a and b refer to two points on the
tail-wave (at time t0) being at the height of the final liquid level,
hLmin

(calculated from ALmin
).

Due to the relative velocity between the two sides of the tail-
wave (points O and c) the wave volume in between is expanded
in time. While point a propagates with the slug back at velocity
CB, from a linear expansion point b propagates at a velocity,
essed as two sinusoidal waves.
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vb ¼ C þ rðCB � CÞ; ð17Þ

where r is the ratio between the horizontal displacements of
points b, calculated from the wave equation, and a relative to c.
The ratio r has a value 0 6 r 6 1. Due to the relative velocity be-
tween points a and b the relative distance between them, LB;r ,
grows linearly as

LB;rðtÞ ¼ LB;rðt0Þ þ vbt: ð18Þ

Eq. (18) describes the extension of the tail in time. It plays a ma-
jor role in a stopping criterion for the calculations of the average
slug length, as will be seen in Section 4.3.

4.1.4. Initial slug length
The initial slug length, L0, is calculated from the wavelength, k,

L0 ¼
k
2
: ð19Þ

Term k is calculated from the wave velocity ðk ¼ C=fwÞ and the
relation fw ¼ cwfs by Tronconi (1990) for the slug and the wave fre-
quencies, fs and fw, as follows:

k ¼ C
cwfs

; ð20Þ

where cw is a constant equal to 2 for air–water systems (Tronconi,
1990). In this paper the same value of cw was used for the different
fluids. Kadri et al. (2008) suggested to use a correlation by Nydal
(1991) for the slug frequency,

fs ¼ 0:088
ðUSL þ 1:5Þ2

gD
: ð21Þ

Quantities in Eq. (21) are in meters and seconds. The application
condition of Eq. (21) is that the frequency of slugs is dominated by
USL. Note that the slug frequency correlation is used here only in
order to obtain a ‘‘realistic” initial length of the long waves (which
are in agreement with experiments). Other methods can be imple-
mented to obtain an initial wavelength. Alternatively, L0 can be cal-
culated from the minimum stable slug length by Dukler et al.
(1985).

4.2. Slug growth and final length

The calculations of the slug growth are not sensitive to small
changes in the initial wavelengths especially for long slugs where
the final length of slugs LS;f � k. Therefore, the main contribution
to the final slug length is the additional slug growth due to the vol-
umetric differences between liquid adjoining the slug at the front
and detaching from the slug at the trough. The volume of the liquid
in front of the slug is the product of the cross-sectional area, ALmax ,
occupied by the liquid times the length of this liquid part. Simi-
larly, for the liquid volume at the back of the slug, we need to cal-
culate the cross-sectional area of the liquid layer at the trough.
Hence, we need to calculate the two liquid areas, at the trough
and downstream the slug.

4.2.1. The liquid area downstream the slug, ALmax

The liquid area downstream is calculated from the momentum
balances for the stratified flow pattern, Eqs. (1) and (2). Substitut-
ing AL ¼ ALmax and AG ¼ A� ALmax , Eq. (1) is written in the following
form:

dP
dx

� �
¼ sWGSG � siSi

A� ALmax

þ qGg sin h: ð22Þ

Plain stratified flow is reached when the pressure gradients of
the two phases on the interface cancel each other. Therefore,
substituting Eq. (22) in Eq. (2) and after basic algebra we obtain,
ALmax ¼ A
sWLSL � siSi

sWLSL þ sWGSG

þ gðA� ALmax Þ qL cos h
dhL

dx

� �
� ALmax sin h qL � qGð Þ

� �
: ð23Þ

For a fully developed horizontal flow Eq. (23) reduces to the
simple form,

ALmax ¼ A
sWLSL � siSi

sWLSL þ sWGSG
: ð24Þ

Eq. (24) successfully predicts that increasing the gas flow rates
or decreasing the liquid flow rates results in a lower ALmax .

At low flow rates slugs evolve downstream from long wave-
length waves as mentioned above. In that case, the liquid level of
the stratified flow at t0 is calculated by VLW theory. If the liquid
flow rates are larger than those predicted by VLW theory, we use
Eq. (24) for the calculation of the stratified liquid level. On the
other hand, the minimum liquid area, ALmin

, at the front of a fully
developed slug is calculated by the slug stability model, Eq. (12),
as mentioned earlier.

4.2.2. The liquid area upstream the slug, AL5ðtÞ
Making use of the neutral stability assumptions (Q in ¼ Qout and

CF ¼ CB), the liquid velocity at the trough u5 is obtained from a vol-
umetric flow balance between the liquid entering at station 1
(front) and detaching at station 5 (see Fig. 2) for the fully developed
case, thus

u5 ¼ u1
ALmin

AL5ðtÞ
; ð25Þ

where u1 is the liquid velocity downstream the slug (station 1) and
AL5ðtÞ is the cross-section area of the liquid at the trough.

The average velocity of the gas above AG;trough is assumed to be
the bubble velocity CB and therefore the gas volume is conserved
there. This also implies that the initial gas volume above the trough
and below ALmin

is constant (see the hatched area in Fig. 7). Since
h	 k the area AG;trough was considered instead of the volume. The
parameter AG;trough is calculated by integrating the wave function
between points a and b at any time t as follows:

AG;trough ¼ hLmin
� hL5ðtÞ

� � Z a

b
sin

2p
kc þ 2ðCB � CÞt x
� �

dx: ð26Þ

The left-hand side of Eq. (26) is a constant. Therefore, substitut-
ing two cases in Eq. (26), the first t ¼ 0 and the other t ¼ t, and
equating between them results in the liquid level at the trough,
hL5ðtÞ, as follows:

hL5ðtÞ ¼ hLmin
1� kc

kc þ 2ðCB � cÞt

� �
þ hL5ð0Þ

kc

kc þ 2ðCB � cÞt ; ð27Þ

where hL5ð0Þ ¼ D� gc � gt . For the pipe diameter and flow condi-
tions used in this paper hL5ð0Þ 	 ðD� hÞ and therefore was ne-
glected. The liquid area AL5ðtÞ is calculated from hL5ðtÞ in Eq. (27)
and the geometric formulae presented by Govier and Aziz (1972).

Eq. (27) provides an explanation for the behaviour of the slug
length at different flow rates, which decreases when increasing
the flow rates (as shown in Fig. 9). In the equation, increasing
the flow rates results in larger values of, hL5. This means that the
rebuild rate of the liquid behind a slug increases with the flow
rates, and thus the growth time of the slug decreases which results
in a shorter slug.

4.2.3. Slug length, LSðtÞ
The change in the additional liquid volume entering the slug de-

scribes the rate of change of the slug volume,
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dV
dt
¼ ½CFðtÞ � u1�ALmax � ðCB � u5ÞAL5ðtÞ; ð28Þ

and the front velocity is

CFðtÞ ¼
dV

dðAtÞ þ CB: ð29Þ

To simplify the problem we assumed that CB is constant in time.
The total slug volume is calculated from the sum of Eqs. (19)

and (28),

VslugðtÞ ¼ L0Aþ
Z t1

0
ððCFðtÞ � u1ÞALmax � ðCB � u5ÞAL5ðtÞÞdt: ð30Þ

Once Eq. (30) is solved, the slug length follows as

LSðtÞ ¼
VslugðtÞ

A
: ð31Þ
Table 1
Summary of system properties.

Air–water Air–water SF6–oil CO2–water

Pipe diameter (cm) 9.5, 7.63, 6,
5.2, 3.51

6 6.9 1.905

Pressure (Pa) 1� 105 1� 105 1—3� 105 1� 105

Pipe inclination (deg) 0 �0.5 �0.1 0
Interfacial tension (N/m) 0.07 0.07 0.022 0.07
Gas density (kg/m3) 1.2 1.2 1.2, 9, 19 1.8
Gas viscosity (kg/ms) 1:8� 10�5 1:8� 10�5 1:37� 10�5 1:5� 10�5

Liquid density (kg/m3) 1000 1000 800 1000
Liquid viscosity (kg/ms) 0.001 0.001 0.0018 0.001
4.3. End of slug growth

If only one slug would have been initiated in the pipe, it would
keep growing until it finally exits the pipe. However, in general
more slugs present at the same time. A slug will stop growing as
soon as its front approaches the back of the tail of the first slug
downstream. Thus, we need to estimate when this happens. We
do so by respecting what happens when all slugs are formed at reg-
ular distances. This means that we will find the average slug length
and ignore that actually a distribution of slug lengths develops as
slugs are initiated in an irregular way. However, with this approach
we can estimate the average slug length and by that predict where
the long slug regime is located in the flow map. As a consequence,
all slugs and bubbles reach their final lengths simultaneously, say
at time t1. This conclusion leads to a stopping criterion for the cal-
culation of the average slug length: the final average slug length is
reached when the extension of the tail (the distance between
points a and b) becomes equal to the bubble final length,

LB;rðtÞ ¼ LB;f ; ð32Þ

as shown in Fig. 8. In the figure, the fully developed average slug
problem is presented for a pipe cross-sectional area A. The cross-
sectional liquid area of the stratified flow is ALmax and for the fully
developed slug flow is ALmin

along the bubble. Choosing a control
volume with the unit length, LU ¼ LB;f þ LS;f , and making a volumet-
ric balance between the stratified flow and the fully developed slug
flow cases, a relation between the bubble and slug lengths is
obtained as follows:

LB;f ¼ LS;f
A� ALmax

ALmax � ALmin

: ð33Þ
Fig. 8. A presentation of the avera
At the limit of Eq. (33) when ALmax ! ALmin
, term LB;f !1, which

means that there are no slugs in the pipe, as expected.
Since LS;f ; LB;f ; LU and t1 are unknowns, t1 is calculated recur-

sively by substituting Eqs. (18) and (32), and LSðtÞ instead of LS;f ,
in Eq. (33) as follows:

t1 ¼
1
vb

LSðt1Þ
A� ALmax

ALmax � ALmin

� LB;rðt0Þ
� �

: ð34Þ

It is known from experiments (e.g. Kristiansen, 2004) that
increasing the gas flow rates results in faster development of the
slug flow. This is well observed in Eq. (34), at higher gas flow rates
vb increases and t1 decreases.

5. Results

The measurements presented in this section were performed by
a number of researchers at different flow conditions and pipe sizes.
A summary of the properties of the different systems is found in
Table 1.

5.1. Predictions for horizontal air–water flow

Theoretical calculations of slug final lengths, LS;f , are compared
with measurements for air–water horizontal flow in Figs. 9–11.
The measurements in Figs. 9 and 10 were carried out in a 137 m
long pipe with 5.2 cm i.d. at the TU Delft facility ( Zoeteweij,
2007). The subplots in Fig. 9 show LS;f as a function of USG for three
different USL: 0.1032, 0.25 and 0.29 m/s. The figure shows a satis-
factory agreement between predictions and measurements for
the given flow rates. The vertical dashed lines indicate the critical
USG for the transition from hydrodynamic to long slugs (i.e. slugs
larger than 40D). The transition is further presented in Fig. 10, a
flow map for different slug flow regimes and sub-regimes. Here,
the dashed line represents the transition from stratified to slug
ge fully developed slug flow.
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flow by the slug stability model, and the solid line is the prediction
by the current model for LS;f ¼ 40D, which represents the transition
from hydrodynamic to long slug regimes. The current model for
the transition from hydrodynamic to long slugs underpredicts
the measurement at low USG, but quite accurately predicts the
transition at higher USG.

The measurements in Fig. 11 were done by Kristiansen (2004) in
a 16 m pipe with i.d. of 6 cm. Two different inlet conditions were
considered here, stratified and slug flow represented by empty
and filled circles, respectively. The dotted vertical lines are the
deviation from the average slug length. The figure shows the
behaviour of the slug length as a function of USL, at USG ¼ 1 m/s.
It is noticeable that the theoretical model (the solid line) overpre-
dicts the average values of the slug lengths with about a factor of 4
at low USL. A possible reason for this deviation between predictions
and measurements is the short pipe length being not sufficient for
developed slug flow (the slug growth rate at x=D ¼ 219 is still po-
sitive, Kristiansen (2004)). Note that the inlet conditions do not
have a significant impact on the slug length in the short loop.

5.2. Predictions for declined air–water flow

Figs. 12 and 13 compare theoretical predictions of the slug length
with measurements, as a function of USL for USG ¼ 1 and 3 m/s,
respectively. The measurements were also done by Kristiansen
(2004) and carried out in the same short flow loop as in Fig. 11.
However, a negative inclination of �0:5� was considered here.
Kristiansen (2004) found that the declination of the pipe results in
lower growth rates so that slugs reach their final length earlier in
the pipe, especially at lower USG. In the case of Fig. 12, where
USG ¼ 1 m/s, the measured slugs have reached their final length
and they are in good agreement with the theoretical predictions.
On the other hand, for the measurements in Fig. 13, carried out at
higher USG, the pipe is too short to obtain a fully developed slug flow.
Here, the model overpredicts the slug length with a factor of three at
low USL, and underpredicts it with a factor of two at high USL.

5.3. Predictions for SF6 gas–ExxsolD80 oil flow under varying pressure

The measurements shown in Figs. 14 and 15 are those per-
formed by Kristiansen (2004) for different inlet conditions with
different fluids in a longer and slightly larger facility (horizontal,
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103 m long test loop with an i.d. of 0.069 m). Instead of air/water
he used SF6 (sulfur hexafluoride) gas and ExxsolD80 (hydrocarbon
fluid) liquid at two different pressures. The figures compare theo-
retical predictions of LS;f with measurements as a function of USL

at constant USG and varying pressure. The predictions of LS;f in
Fig. 14 ðP ¼ 1:5 baraÞ are in a good agreement with the slug inlet
measurements. However, a deviation between the predictions
and the stratified inlet measurements at USL < 0:15 m=2 is noticed.
The reason behind the deviation is the proximity of the low USL to
the pattern transition value that moves the slug initiation point
further downstream in the pipe. As a result, the slugs close to the
outlet are not fully developed.

At higher pressure, P ¼ 3 bara, a deviation is noticed, as well, be-
tween predictions and slug inlet measurements at USL ¼ 0:1 m=s
(see Fig. 15). The deviation between the predictions and the strati-
fied inlet measurements becomes even larger and for a wider range
of USLðUSL < 0:4 m=sÞ. In the stratified inlet case, increasing the
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Fig. 14. SF6—ExxsolD80 theoretical predictions and measurements of slug length as
a function of liquid superficial velocity, D ¼ 6:9 cm;h ¼ �0:1�; P ¼ 1:5 bara;
USG ¼ 1:5 m=s.
pressure results in increasing USLcrit
needed for the transition from

stratified to slug flow. Therefore, the delay of the slug initiation point
further downstream in the pipe corresponds, as well, to higher val-
ues of USL. That is also why in the case of P ¼ 3 bara no slugs appeared
for USL < 0:17 m=s at the given USG (the flow rates are below the crit-
ical values required for the pattern transition). In the case of the slug
inlet, slugs at USL < 0:12 m=s are unstable (slug stability) and their
growth is sensitive to small perturbations at their fronts. Therefore,
they can grow or decay accordingly.

5.4. Predictions at large mixture velocities

In this subsection we examine the effect of large mixture veloc-
ities on the predictions by the proposed model and compare the
predictions to available measurements. Unfortunately, in these
experiments there were no direct measurements for the slug
length but for the slug frequency. For that reason, we used the fol-
lowing approximation, suggested by Woods and Hanratty (1996),
for the relation between fS and LS;f under ‘‘fully developed”
conditions,

fSD
USL
¼ 1:2

LS;f

D

� ��1

: ð35Þ

Please note that we shall denote the slug lengths derived from
the slug frequency measurements via Eq. (35) in the subsequent
comparisons by slug ‘‘measurements”. Figs. 16 and 17 compare
predictions and measurements for a 20 m length and 7.63 cm i.d.
pipe. The slug frequency measurements were done by Woods
and Hanratty (1999). In Fig. 16 we see that the current model over-
predicts the measurements at low USL, underpredicts them at high
USL and successfully predicts them at ‘‘intermediate” USL. Predic-
tions at intermediate liquid flow rates are important for the transi-
tion from hydrodynamic to long slug flows as shown in Fig. 17, a
flow map for the long ð�Þ and hydrodynamic ð�Þ slug measure-
ments at different superficial flow rates. The dashed line is the slug
stability line, and the solid line ðL ¼ 40DÞ represents the transition
from long to hydrodynamic slugs.

Fig. 18 compares predictions with measurements in 3 different
i.d. pipes: 1.905, 3.51 and 9.5 cm (in the figure from top to bottom,
respectively). Each subplot shows LS;f as a function of USG at rela-
tively high constant USL. The slug frequency measurements used
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to calculate the slug length shown in the upper subplot were done
by Gregory and Scott (1969) at USL ¼ 0:442 m=s; in the middle sub-
plot by Hubbard (1965) at USL ¼ 0:432 m=s; and in the bottom sub-
plot by Fan et al. (1993) at USL ¼ 0:5 m=s. The slug growth model
underpredicts the measurements in all of the subplots. A possible
reason for the disagreement between predictions and measure-
ments is that the mixture velocities are not low enough to neglect
the aeration, �, as assumed by the model (see Eq. (13)). Considering
the aeration results in lower liquid velocity in the slug, u3, lower
mixture velocity, Umix (Eq. (13)), lower bubble velocity, CB (Eqs.
(8)–(10)), and therefore larger development time, t1 (Eq. 34) that
results in larger slugs.
6. Conclusions

(1) Very long slugs, reaching 500 pipe diameter have been
observed in gas–liquid horizontal pipe flow measurements.
The long slugs appear at low gas flow rates, where the flow
development is slow and the differences in liquid level
between the front and the tail of a developing slug is large.

(2) In the long slug regime, there are two different sub-regimes:
(a) stable slugs (fully developed), that have reached their
final length; and (b) growing slugs. The second type appears,
at critical liquid flow rates close to the transition from strat-
ified to slug flow.

(3) At low gas flow rates the transition from stratified to hydro-
dynamic slug flow occurs via the long slug regime. At high
gas flow rates such a long slug region does not exist and
for favourable flow conditions stratified flow directly trans-
forms into hydrodynamic slug flow.

(4) A slug growth model was presented. The growth model
applies a volumetric balance between the front and the
tail of a slug. In the model, the behaviour of the liquid
phase at the slug tail is simplified by applying a linear
kinematic relation between the back of the slug and the
wave upstream. This relation is used to calculate the tail
extension and the change in the liquid level. The growth
model captures the main factors contributing to the slug
growth behaviour. As a result, it accurately predicts the
transition from hydrodynamic to long slug regimes for dif-
ferent pipe diameters. However, it underpredicts the aver-
age slug length at high mixture velocities. To improve the
predictions, gas entrainment should be taken into
consideration.

(5) The model provides an explanation for a number of impor-
tant observations in the slug flow regime: (a) in the long slug
regime, the slug length decreases with increasing liquid flow
rates as a result of the faster development of the liquid level
behind the slug (Eqs. (27) and (34)); (b) increasing the oper-
ation pressure results in larger interfacial shear stresses,
lower equilibrium liquid level (Eq. (24)) and volumetric
growth rate (Eq. (28)), and thus shorter average slug length
– that is why at high pressure only hydrodynamic slugs are
observed; (c) further increase of the pressure results in
liquid levels approaching the minimum slug stability level,
so that no stable slugs (long or hydrodynamic) can appear
anymore (unless produced at the inlet).

(6) Our study with the long slug growth model raises important
questions on: (a) the critical operation pressure and flow
development time at which the long slugs appear; and (b)
the contribution of the interfacial shear stresses and gas
entrainment to the long slug development. Answers to these
questions are key issues in reducing the negative effects of
long slugs when operating at low pressure and low gas rates.
These are subjects of research in progress.
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