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Abstract

This paper examines the e�ect of small downward inclinations on the formation of slugs. Experiments
were conducted with air and water at atmospheric pressure, in a pipe with a diameter of 0.0763 m, a
length of 23 m and inclinations of ÿ0.2, ÿ0.5 and ÿ0.88. Measurements of the variation of the
interfacial displacement were made simultaneously at a number of locations. For low gas velocities in a
horizontal con®guration waves with lengths of 16±20 cm, grow until they reach of the top of the pipe.
These waves evolve from smaller wavelength waves (8±10 cm) through a non-linear growth mechanism.
At high gas velocities, the liquid height is not large enough for this mechanism to be operable. In these
cases slugs evolve from the coalescence of roll waves. Surprisingly, the large amplitude small wavelength
waves observed in horizontal ¯ows, at the transition to slug ¯ow, are damped in pipelines that are
inclined slightly downward. The transition is associated with the initiation of long wavelength, small
amplitude waves, whose appearance is predicted by a viscous long wavelength linear stability analysis. A
local Kelvin±Helmholtz instability at the crest of a growing long wavelength wave is observed when a
slug forms. The frequency of slugging is equal to frequency of these long wavelength waves. 7 2000
Elsevier Science Ltd. All rights reserved.
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1. Introduction

Slugging is a commonly observed pattern in horizontal and near horizontal concurrent gas±
liquid ¯ows. It is characterized by the intermittent appearance of highly aerated masses of
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liquid that ®ll the whole cross section of a pipe and travel approximately at the gas velocity.
They are separated from one another by a strati®ed con®guration. This paper examines the
e�ect of small downward inclinations on the mechanism of slug formation. The motivation is
to provide a better understanding of the in¯uence of inclination on the transition from a
strati®ed to a slug ¯ow and on the frequency of slugging.
Considerable progress has been made in describing how an instability of a strati®ed ¯ow can

lead to the formation of slugs at a low gas velocity. Wallis and Dobbins (1973) explored the
use of an inviscid linear stability analysis to predict the initiation of long wavelength waves.
They found that the predicted critical gas velocity is approximately twice what is observed. Lin
and Hanratty (1986a) and Wu et al. (1987) included viscous e�ects and found close agreement
between the predicted critical gas velocity for the initiation of waves and the initiation of slugs
at low gas velocities in an air±water system at atmospheric pressure. The analysis shows that
the transition is best described by a plot of the in¯uence of the super®cial gas velocity, USG, on
the critical height of the liquid layer, h, normalized by the pipe diameter, D. Larger USG are
required to initiate an instability at smaller h/D. For very small h/D the transition to slug ¯ow
is not caused by the instability of a strati®ed ¯ow; it is associated with the stability of a slug
(Woods and Hanratty, 1996).
The picture that is evoked by the stability analyses is that very long wavelength waves grow

until they reach the top of the pipe. Detailed observations of the interfacial behavior at the
transition to slug ¯ow were made by Fan et al. (1993a, 1993b). These revealed an appearance
of small amplitude long wavelength waves. However, the slugs were observed to evolve from
waves with lengths of 8±10 cm. These bifurcate through a resonance mechanism. The resulting
16±20 cm waves can grow and tumble or, if h=D is large enough, can grow to form a slug
before they become saturated. These observations present a paradox in that the formation of
slugs appears to occur by a di�erent mechanism from what is suggested by the successful linear
stability analysis.
The striking in¯uence of small pipe inclinations on the transition to slug ¯ow is documented

in a number of studies. Barnea et al. (1980) examined air±water ¯ows with upward inclinations
of 0.25, 0.5, 1, 2, 5 and 108 and with downward inclinations of 1, 2, 5 and 108. Andreussi and
Persen (1987) carried out studies with air and water ¯owing in a 5 cm pipe which was inclined
downward at 0.658 and 2.18 and Stanislav et al. (1986), with air and water ¯owing in a pipe
with upward inclinations of 0±98. Grolman et al. (1996) developed ¯ow regime maps for
up¯ows at angles between 0.1 and 68 in pipes with diameters of 0.026 and 0.051 m for air/
water and air/tetradecane systems at atmospheric conditions. These studies show that higher
liquid ¯ow rates are required to produce slugs in down¯ows. For up¯ows, the opposite is the
case; for an inclination of only +18, the strati®ed region in a ¯ow regime map shrinks to a
very small bell-shaped area (Grolman et al., 1996).
These results have been interpreted with stability analyses for horizontal strati®ed ¯ow by

arguing that the critical h/D for a given USG would be the same in horizontal and inclined
¯ows. For down¯ows this would require a larger liquid ¯ow; for up¯ows, a smaller liquid ¯ow.
This approach has been used successfully by Barnea et al. (1980), Stanislav et al. (1986) and
Kokal and Stanislav (1989). The results presented in this paper were obtained for smaller
downward inclinations, 0.2, 0.5 and 0.88, than had been studied previously. The experiments
were performed in a pipeline with a diameter of 0.0763 m and a length of 23 m. Air/water
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¯ows at atmospheric pressure were used. Liquid holdup measurements were made
simultaneously at multiple locations along the pipe. A number of surprising results were
obtained.

2. Theory

The classical inviscid Kelvin±Helmholtz analysis of a strati®ed ¯ow considers an in®nitesimal
wave at the interface of two inviscid ¯uids which, for the case considered here, have a gas with
velocity �U and a liquid with velocity �u (Milne-Thomson, 1968). If viscous e�ects are neglected,
the following equation relates the wave velocity, C, to the wavenumber, k � 2p=l, for ¯ow
between two parallel plates:

krL� �uÿ C�2 coth k �hL � krG
� �Uÿ C�2 coth k �hG � g cos y�rL ÿ rG� � sk2 �1�

Here, �hG is the height of the gas layer, �hL ,the height of the liquid layer, rG, the gas density,
rL, the liquid density, g, the acceleration of gravity, y, the inclination angle, and s, the surface
tension. Instability occurs when the destabilizing e�ects of liquid inertia and gas phase pressure
variations 1808 out of phase with the wave height are larger than the stabilizing e�ects of
gravity and surface tension. The wave velocity in Eq. (1) is complex,

C � CR � iCi �2�
Waves will grow or decay depending on the sign of Ci. The condition Ci � 0 de®nes neutral
stability, where Eq. (1) gives

� �Uÿ �u�2�
�hG

rG

h
g cos y�rL ÿ rG� � k2s

i" tanh
ÿ
k �hG

�
k �hG

� rG

rL

tanh
ÿ
k �hL

�
k �hG

#
�3�

The real part of the wave velocity is

CR �
�UrG

�hL � �urL
�hG

rL
�hG � �hLrG

�4�

If one considers long wavelength waves, for which k �hL � 1 and k �hG � 1, and if rG=rL is
considered to be small, Eqs. (3) and (4) simplify to the following relations for the initiation of
an instability:

rG
� �Uÿ �u�2� rLg cos y �hG �5�

with

CR � �u �6�
Wallis and Dobbins (1973) found that Eq. (5) overpredicts the critical gas velocity, for the
initiation of slugging, by a factor of about 2.
From Eqs. (1) and (6), it seen that the inviscid analysis predicts that liquid inertia is neither
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stabilizing nor destabilizing. Lin and Hanratty (1986a, 1986b) and Wu et al. (1987) introduced
the in¯uence of a shear stress at the gas±liquid interface and a resisting stress at the wall. This
produced values of CR which are di�erent from �u and a destabilizing in¯uence of liquid inertia.
Lin and Hanratty (1986a, 1986b) adapted this viscous analysis to the more complicated case

of ¯ow in a circular pipe. The simpli®ed representation of the geometry presented by Govier
and Aziz (1972) was used. The interface was assumed to be ¯at and to have a length of Si: The
lengths of the segments of the pipe circumference that are in contact with the gas and with the
liquid are SG and SL. The areas covered by gas and liquid are AG and AL. The height at the
center of the strati®ed liquid is h.
A plug ¯ow is assumed. Because long wavelength waves are considered, a shallow water

assumption is made, so that the pressure variation in the liquid at a given x-location is given
by

p � Pi � rL�hÿ y�g cos y �7�

where Pi is the gas phase pressure at the interface and p is the pressure in the liquid. The
equations of conservation of mass and momentum are given as

@AL

@t
� @�uAL�

@x
� 0 �8�

@�uAL�
@t

� @
ÿ
u2AL

�
@x

� ÿAL

rL

�
@Pi

@x
� rLg cos y

@h

@x

�
� 1

rL

�tiSi ÿ twSL� � ALg sin y �9�

Here, u is the liquid velocity, ti is the stress at the interface and tw is the stress at that portion
of the wall that is in contact with the liquid. The quantities in this equation are assumed to be
given by the sum of mean and ¯uctuating contributions. Thus,

AL � �AL � ÂL exp ik�xÿ Ct� �10�

where k is the wavenumber, C is the complex wave velocity and ÂL is the amplitude of the
disturbance. Eq. (8) gives a relation between the amplitude of the ¯uctuations in the liquid
velocity, ûL, and ÂL

ûL � �Cÿ �u�ÂL

�AL

�11�

The ¯ow is assumed to be fully-developed so that the time mean momentum balance is

0 � ÿ
�AL

rL

@ �Pi

@x
� 1

rL

��tiSi ÿ �twSL� � �ALg sin y �12�

If the disturbances are assumed small the following equation is obtained from Eqs. (8), (9),
(11) and (12):
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ÂL

ÿ �tw

rL

ŜL

ÂL
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Here, �ĥ=ÂL� � dh=dAL, �Ŝi=ÂL��dSi=dAL, and �ŜL=ÂL��dSL=dAL: At neutral stability C � CR

is real. The real and imaginary parts of Eq. (13) give two equations:
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ÂL

�15�

Equations similar to Eqs. (8) and (9) can be written for the gas phase if a long wavelength
assumption is made:

@AG

@t
� @�UAG�

@x
� 0 �16�

@�UAG�
@t
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ÿ
U 2AG

�
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� ÿAG
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�
� 1
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where U is the gas velocity, AG, the cross-sectional area occupied by the gas, ti, the interfacial
stress and tB, the resisting stress on the portion of the wall bathed by the gas. A disturbance of
the form

AG � �AG � ÂG exp ik�xÿ Ct� �18�
with ÂG � ÿÂL is introduced. Eq. (16) gives a relation between the amplitude of the
¯uctuations in the gas velocity and ÂG:

Û � ÿ� �Uÿ C�ÂG

�AG

� � �Uÿ C� ÂL

�AG

�19�

The following equations for P̂iR and P̂iI are obtained from Eqs. (17) and (19):
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ÂL

#
�20�

P̂iI

ÂL
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where the mean momentum balance

�AG
@ �Pi

@x
� ÿ�ti

�Si ÿ �tB
�SG �22�

was used to eliminate the mean pressure gradient.
For the range of conditions considered in this paper Eqs. (14) and (20) give

0 � rL�CR ÿ �u�2�
�AL

�AG

rG

ÿ
�Uÿ CR

�2ÿg �ALrLcos y
ĥ

ÂL

�23�

where � �Uÿ CR� � �U and �ÂL=ĥ� � dAL=dh: Eq. (23) de®nes a critical gas velocity, �U, for the
initiation of a long wavelength disturbance. The ®rst term represents the destabilizing e�ect of
liquid inertia and the third, the stabilizing e�ect of gravity. For an inviscid ¯ow, CR � �u and
liquid inertia has no in¯uence. However, for very long wavelength waves the stresses, ti, tw and
tB need to be considered in order to obtain a wave velocity to substitute into Eq. (23).
Therefore, the wave velocity, CR, in Eq. (23) is calculated from Eqs. (15) and (11). The terms

t̂iR, t̂wR, and t̂BR are obtained by making the pseudo-steady state assumption, that the same
relation for ti and tB exists both for the disturbed and undisturbed ¯ows:

tw � 1

2
rLfLu

2 tB � 1

2
rGfGU

2 �24�

where fL and fG are given by the Blasius equation

fL � 0:0791Reÿ1=4L fG � 0:0791Reÿ1=4G �25�

The Reynolds numbers are de®ned by

ReL � DL �u

nL

ReG � DG
�U

nG

�26�

where DL and DG are hydraulic diameters,

DL � 4AL

SL

DG � 4AG

SG � Si

�27�

The relation for ti is

ti � 1

2
rGfi

ÿ
�Uÿ CR

�2 �28�

The interfacial friction factor, fi, can be larger than the friction factor for a smooth surface, fs ,
which is given by Eq. (25). Wave velocities obtained in this way are similar to what is found
for the kinematic waves de®ned by Lighthill and Whitham (1955). Details of this analysis may
be found in the paper by Lin and Hanratty (1986a).
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3. Experiments

3.1. Flow facility

The pipeline used in this study was constructed from Plexiglas to allow visual observations.
The pressure at the outlet was atmospheric. The air ¯ow was forced through an ori®ce located
5 pipe diameters upstream of the entry 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 wire was calibrated individually to compensate for di�erences in probe
construction. Conductance measurements were 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

piezoresitive pressure transducer mounted ¯ush with the wall. A characteristic pressure pulse
reveals the passage of a slug, as described by Lin and Hanratty (1986b) and Fan et al. (1993a,
1993b). This method of identifying slugs is useful at large gas velocities where the liquid is
highly aerated and measurements from conductance probes cannot distinguish large amplitude
waves from slugs.
The conditions required to initiate slug ¯ow were investigated for 1 < USG < 7 m/s in a

0.0763 m diameter pipe for downwardly inclined ¯ows. The mechanism designed by Williams
(1990) could incline the pipeline between +2 and ÿ28 from the horizontal with a high degree
of accuracy. The pipeline was supported at a number of locations by pipe racks attached to a
90 ft. beam. The beam was supported by a series of lifting stations and a stationary pivot point
at one end of the beam. Each lifting station consisted of a support bed, a pair of screw jacks,
and a pair of rollers. The rollers support the beam and allow the point of contact between the
roller and the beam to change once the beam is inclined. The ®ve lifting stations were
synchronized so that the beam remains straight as it is inclined. This is accomplished by a gear
system, powered by a single 0.25 HP AC motor, that drives each lifting station at a rate
necessary to keep the beam straight.
It is imperative that the pipe segments supported by pipe racks are the same distance from

the beam. The racks were ®rst adjusted to be at the same height. Then, the leveling is
improved by introducing a wavy strati®ed ¯ow into the pipeline and adjusting the heights of
the pipe racks so that no hydraulic gradients exist. Of particular concern are gradients that
may occur at the connection of two pipe segments, since large amplitude interfacial waves
experience a noticeable change in wave velocity as the waves translate through a misaligned
pipe section.
Williams (1990) used a simple pipe tee to contact the air and water at the beginning of the

pipeline, where water was introduced in the run and air was introduced in the branch. When
the pipeline was declined, this method of introducing the phases resulted in large ¯ow
disturbances inside the pipe tee at ¯ow conditions necessary to produce slugging. The initiation
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of slugs from disturbances originating inside the pipe tee was suppressed by elevating the entry
section above the height of the rest of the pipe segments. Williams found this to be e�ective in
eliminating disturbances for declinations up to 0.28. For larger declinations, the liquid ¯ow
required to initiate slugging was too large for this procedure to dampen inlet disturbances. As
a result, all the slugs at large declinations were found to be initiated very close to the entry.
These observations by Williams (1990) motivated the use of the mixing section shown in

Fig. 1. An insert of height hinsert separates the two phases until the ®rst pipe segment at L=D �
0 is reached. The insert is tapered at a small angle. Five entry sections were constructed, each
with a di�erent value of hinsert. When the pipeline is operated with a slug ¯ow, an entry was
chosen that introduced the liquid ¯ow at the approximate height required to initiate slugging at
the prevailing ¯ow conditions. This prevents hydraulic gradients downstream of the entry; i.e.,
the height of liquid is approximately constant throughout the pipeline for ¯ow conditions close
to the transition to slug ¯ow.
The conductance probes were located at L=D � 4, 60, 106, 140, 190, and 192. Measurements

of wave velocities of small wavelength waves were determined from measurements with two
probes that were 0.152 m apart at the end of the pipline, at L=D � 190 and 192. Wave
velocities of long wavelength waves were determined by examining the cross correlation
functions of wave height measurements from probes separated by a longer distance. The
pressure ¯uctuations in the gas ¯ow were measured with a pressure transducer at L=D � 142:
The passage of a slug is associated with a large increase in the gas phase pressure.

4. Results

4.1. E�ect of pipe declination on transition lines

Fig. 2 shows the e�ect of declination on the strati®ed-slug transition for down¯ows. The
inlet pictured in Fig. 1 was used. The open circles denote the liquid ¯ow required to initiate a

Fig. 1. Inlet design used in declination studies.
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slug at the end of the pipeline for horizontal ¯ow. As the declination increases, the liquid ¯ow
required to initiate slugging increases. At low gas velocities, the critical liquid ¯ow in a pipe
with y � ÿ0:88 is approximately four times the value for a horizontal pipeline. This shows that
gravity plays a dominant role at low gas velocities. At USG > 5 m/s, the transition is weakly
sensitive to declination, suggesting that the inertial e�ects of the gas ¯ow overcome the
stabilizing e�ects of gravity.
For all of the experiments in Fig. 2, the ¯ow at the end of the pipe was well developed. Fig. 3

provides measurements of the mean h=D over the length of the pipeline at the onset to slug
¯ow when USG � 2:4 m/s. The liquid was introduced at the inlet with h=D � 0:60: Each of the
declined ¯ows became well developed close to the entry, as indicated by the small changes in
the liquid layer height after L=D � 30:
The increase in pipe declination is accompanied by an increase in the height of liquid

required to initiate slugging, as indicated in Fig. 4. For constant USG, a large increase in the
critical height, hs, is observed when the pipe is declined from the horizontal to y � ÿ0:28: The

Fig. 2. Strati®ed-slug ¯ow transition boundaries for horizontal ¯ow and down¯ows.

Fig. 3. Mean liquid height as a function of distance from the inlet and pipe inclination at the onset to slugging
�USG � 2:4 m/s).
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critical USG is not the same as for horizontal ¯ows at the same h=D, as was presupposed by
the authors. Declination is seen to stabilize the liquid layer. For USG > 5 m/s, hs is insensitive
to pipe inclinations between y � 0:08 and ÿ0.88.

4.2. E�ect of pipe declination on wave properties at the transition to slug ¯ow

4.2.1. Low gas velocities
For horizontal air±water ¯ows, the interface at the onset to slug ¯ow is characterized by

large amplitude regular waves. The properties of these waves are documented by Fan et al.
(1993a, 1993b). At low gas velocities, prior to the initiation of slugs, these regular waves have a
frequency of 5 Hz, a wavelength of 15±20 cm and amplitudes of 1±2 cm. As the pipeline is
declined, the gas±liquid interface is smoother at the transition to slug ¯ow. Fig. 5 compares
conductance measurements for a 10 s period at L=D � 190 for three di�erent declinations, at
the transition to slug ¯ow for USG � 1:6 m/s. The measurements for a horizontal ¯ow show the
waves observed by Fan et al. The interface is much smoother for inclinations of ÿ0.2 and
ÿ0.58.
Fig. 6 presents wave spectra obtained at di�erent distances from the inlet for a horizontal

strati®ed ¯ow at USG � 1:6 m/s and USL � 0:17 m/s. The power spectral density function
Gxx�f � is de®ned as

Gxx�f� � 2

T
E
�
jSx�f�j2

�
�29�

where the quantity Sx�f � is the ®nite Fourier transform

Sx�f� � 1

2p

�T
0

h�t�eÿi2pft dt �30�

and T is the period of the wave height time series h(t ). The spectral functions in Fig. 6, and
subsequent ®gures, are normalized with the mean square, c2, of the time series. At L=D � 60,

Fig. 4. Mean liquid height at the onset to slug ¯ow as a function of USG and inclination.
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most of the energy resides in waves with frequencies of 10±12 Hz. As these waves translate
downstream, they resonate with waves with half their frequency. The outcome of this process is
a wave with a frequency of 5±6 Hz at the end of pipe. This wave can become unstable and
develop into a slug if the liquid layer is thick enough.
Fig. 7 presents wave spectra for strati®ed ¯ows before the onset to slug ¯ow when the pipe is

declined. The gas velocity is the same as for the data, in Fig. 6, for USG � 1:6 m/s. The wave
instability mechanism documented by Fan et al. is not observed, in that the wave energy is
evenly distributed over a large range of frequencies, 0.1±7.0 Hz.
Fig. 8 shows conductance results for a slug ¯ow for y � ÿ0:58, USG � 2:4 m/s and USL �

0:59 m/s. The measurements are shown for a 50 s duration at L=D � 35, 60, 106, 190. For this
¯ow condition, slugs are initiated periodically in the middle of the pipeline �L=D1106±140).
The measurements at L=D � 190 show that six slugs pass this station in 50 s; i.e., fs � 0:12 sÿ1.
The y-axis for the measurements at L=D � 35 and 60 shows heights between h=D � 0:5 to 0.75.
A low frequency, small amplitude wave is observed at L=D � 60: The vertical arrows indicate
the crests of these waves. Six crests are observed in 50 s; the frequency of this long wavelength
wave equals the frequency of slugging observed downstream. It should be noted that the liquid
¯ow is supercritical, FrL � 1:4; the long wavelength waves are not propagating upstream as

Fig. 5. E�ect of inclination on the wave height measurements at L=D � 190 for USG � 1:6 m/s.
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depression waves associated with slug formation, as observed in horizontal ¯ows at low gas
velocities; that is, FrL < 1 (Woods, 1998). The fs � 0:12 sÿ1 wave in Fig. 8 is translating
approximately at 1.5 m/s. The calculated correlation function between L=D � 60 and 106 is
shown in Fig. 9. Since the two peaks in Fig. 9 are separated by 9 s, l � 12 m.
The slugs shown in Fig. 8 originate from interfacial disturbances propagating periodically

downstream. The long wavelength waves grow in amplitude until a local instability develops at
a crest. An example of this behavior is given in Fig. 10, which shows eight images obtained
from a video camera. Each of the images was obtained approximately 1/30th of a second after
the prior image. These photographs cover a small length compared to the l of 12 m.
Consequently, the crest appears as a ¯at surface. The interface in Fig. 10(a) is smooth. A small
wavelength instability, observed at the far right in the second frame, is seen to grow in
amplitude in Fig. 10(c) and (d). This instability forms a slug in Fig. 10(f) and (h). Slugs are
thus suggested to be the result of a local instability that develops at the crest of a long

Fig. 6. Measurements of Gxx�f � at L=D � 60, 106, and 140 for USG � 1:6 m/s, USL � 0:17 m/s, and y � 0:08:
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wavelength wave. This mechanism was observed in channel ¯ow experiments by Kordyban
(1985) and by Kordyban and Ranov (1970), who photographed the initiation of slugs triggered
by mechanically generated long wavelength waves.

4.2.2. High gas velocities
Fig. 11 presents measurements, for USG � 4:4 m/s and a liquid ¯ow close to that needed for

the onset of slugging, of the liquid holdup at L=D � 190 for four di�erent declinations. Many
large amplitude waves exist on the gas±liquid interface for the y � 0:08 and ÿ0.28. However,
for y � ÿ0:58 and ÿ0.88 the interface is much smoother. For the horizontal ¯ow, the 5 Hz
small wavelength waves that are responsible for the formation of slugs at low gas velocities are
observed to exist at the beginning of the pipeline. However, the liquid height at this USG

�h=D10:35� is not large enough for these waves to grow into a slug. The wave crests tumble
and form roll waves as they propagate downstream. A concentration of wave energy at 5±6 Hz

Fig. 7. Measurements of Gxx�f � at L=D � 106, 140, and 190 for USG � 1:6 m/s, USL � 0:63 m/s, and y � ÿ0:58:
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Fig. 8. Liquid holdup measurements at USG � 2:4 m/s and USL � 0:59 m/s for y � ÿ0:58:

Fig. 9. Correlation function between liquid holdup pro®les at L=D � 60 and 106 at USG � 2:4 m/s and USL � 0:59
m/s for y � ÿ0:58:
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is not observed in spectra at L=D � 106 and 140. The initiation of slugging in a horizontal pipe
under these conditions is associated with the coalescence of roll waves (Fan et al., 1993a,
1993b; Woods and Hanratty, 1996). The interface for y � ÿ0:58 and ÿ0.88 is smooth.
As the gas velocity is increased, the e�ect of declination upon the wave structure becomes

less. This is illustrated in Fig. 12 for USG � 5:5 m/s at a liquid velocity near the onset of slug
¯ow. Roll waves are observed for horizontal ¯ow and for all inclinations.

5. Discussion

It is surprising that the large amplitude, small wavelength waves observed at the onset to
slug ¯ow in a horizontal pipe are not observed at the onset of slug ¯ow for y < ÿ0:28: At this
time, the reason for this behavior is not understood. However, an explanation needs to take

Fig. 10. Initiation of a slug at USG � 2:4 m/s, USL � 0:59 m/s for y � ÿ0:58:
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into consideration that ¯ows in inclined pipes, at a ®xed USG and h=D, di�er from ¯ows in
horizontal pipes in that the liquid velocity is larger. This will be associated with a larger wave
velocity and a larger wall resistance.
The results show that both long wavelength and small wavelength waves play roles in the

initiation of slugs in down¯ows. Visual observations and experimental data suggest that the
slugs evolve from small wavelength waves that suddenly form at the crests of slowly growing
long wavelength waves. The small wavelength waves (12 cm) are a�ected by both gravity and
surface tension. Consequently, the stability of these waves should be given by a classical
Kelvin±Helmholtz analysis. The curves in Fig. 13 were calculated by solving the inviscid
neutral stability relations, (3) and (4), along with the equations describing the equilibrium
condition for a strati®ed ¯ow. The neutral stability curves in Fig. 13(a) show a critical USG at
which a wavelength of approximately 1±3 cm becomes unstable. This critical wavelength is
relatively insensitive to h=D; it corresponds to a critical current velocity � �Uÿ �u�, of
approximately 6.9 m/s, that is insensitive to the height of the liquid (Fig. 13(b)). The video
images in Fig. 10 show a small amplitude wave, whose wavelength is approximately 2 cm,

Fig. 11. E�ect of pipe inclination upon the liquid holdup measurements at L=D � 190 at the onset to slug ¯ow for

USG � 4:4 m/s.
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becoming unstable. The dimensionless height at the crest of the long wavelength, shown in
Fig. 8, is h=D � 0:64: For this height, �U and �u are 7.5 and 0.87 m/s. The value of �Uÿ �u at the
crest of the long wavelength waves roughly corresponds to the critical current velocity needed
to produce a classical KH instability.
Fig. 14(a) compares theoretical values of h=D at neutral stability with experimental data for

y � ÿ0:58: The thick dashed curve is the prediction for a classical KH instability. A
wavelength of 1.5 cm is used in this calculation since this is the most unstable wave (Fig. 13).
The prediction of Taitel and Dukler (1976) is given by the dotted curve. Results from the long
wavelength viscous analysis of Lin and Hanratty (1986a, 1986b) in Section 2, are given by the
solid line. The ratio fi=fs in the viscous analysis is taken to be unity. For small gas velocities, a
lower h=D is required to produce unstable long wavelength viscous waves than is required for
small wavelength inviscid KH waves. Long wavelength waves are observed for strati®ed ¯ow
prior to the appearance of slugs, as indicated by the results in the previous section.
Even though slug formation occurs through a local inviscid KH instability, this theory does

not accurately predict transition boundaries; the predicted value of USL at the transition to

Fig. 12. E�ect of inclination upon the liquid holdup measurements at L=D � 190 at the onset to slug ¯ow for

USG � 5:5 m/s.
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slug ¯ow are too high when compared to experimental data. This is indicated in Fig. 14(b)
which shows experimental and predicted values of USL required to initiate slug ¯ows for y �
ÿ0:58: The viscous analysis of Lin and Hanratty provides the best agreement with the
experimental data. Thus, the stability of the observed long wavelength waves de®ne the
transition to slug ¯ow.
For ¯ow conditions prior to the observation of slugs in declined ¯ows, growth of long

wavelength waves is observed. Since the growth of these waves is small, slug ¯ows are expected
to be observed at values of USL slightly below the transition boundary shown in Fig. 2 if a
longer pipeline were used in the experiments. Consequently, the lower curve in Fig. 14 should
de®ne the initiation of slug ¯ows in very long pipelines.
The calculations in Fig. 14 were carried out by assuming a ¯at pro®le. Shape factors are

de®ned as

Fig. 13. Neutral stability curves using an inviscid analysis.
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Fig. 14. Comparison of neutral stability predictions with experimental data �D � 0:0763 m/s, y � ÿ0:58).

Fig. 15. Shape factor as a function of ReL.
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G � 1

�uA2L

�
u2 dA �31�

where G � 1 corresponds to a plug ¯ow. Values of G are plotted in Fig. 15. Details of this
calculation are given in the thesis of Woods (1998). Lin and Hanratty have shown that an
approximate correction can be made to Eq. (14) to account for the errors in assuming a plug
¯ow, by making the following substitution:�

CR

�u
ÿ 1

�2

4

�
CR

�u

�2

ÿ2G
�
CR

�u

�
� G �32�

This correction is used in the comparison of measurements with the long wavelength viscous
stability analysis in Fig. 16. Values of fi=fs used in these calculations were obtained from
experiments. The long wavelength theory on viscous instability is found to provide a good
prediction for the onset of slugging for all of the values of y that were studied.
Values of CR obtained from the long wavelength theory are compared with measurements in

Fig. 17. Perfect agreement cannot be expected since observations necessarily require ®nite
amplitude waves. For inclined ¯ows these are the velocities of the long wavelength waves,
obtained from cross correlation measurements, such as shown in Fig. 9. Value of CR for
horizontal ¯ows represent the f � 5 Hz waves observed at the onset of slugging.
Shoham (1982) studied air±water ¯ows in inclined and declined pipes with diameters of 2.5

and 5.1 cm. Fig. 18 compares Shoham's observations of the transition from strati®ed to slug
¯ow with the long wavelength stability analysis. Reasonably good agreement between theory
and experiments is obtained using G � 1 and fi=fs � 1:0:

6. Summary and conclusions

Results from this study show that waves of the type observed by Fan et al. (1993a, 1993b) in

Fig. 16. Comparison of viscous linear stability predictions of values of USL needed to initiate slug ¯ows with
experimental data � �G6�1,fi=fs 6�1).
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a horizontal pipe are completely suppressed at ÿ0.28, as has been previously reported by
Andreussi and Persen (1987). The transition to slug ¯ow was found to be associated with the
appearance of very long wavelength waves �l � 5±10 m); the frequency of slugging is equal to
the frequency of these waves. The transition to slugging is found to be described by a viscous
long wavelength analysis that directly accounts for the in¯uence of declination. Photographic
studies of the transition process support the suggestion of Kordyban (1985) that actual slug
initiation occurs through a local Kelvin±Helmholtz instability of small wavelength waves on
the crest of long wavelength waves. Thus, the instability is triggered by the long wavelength
waves. This result could provide a resolution of the paradox presented by the measurements of
Fan et al. (1993a, 1993b) in a horizontal pipe.

Fig. 17. Comparison of viscous linear stability predictions of the wave velocity C with experimental data
� �G6�1,fi=fs 6�1).

Fig. 18. Comparison of viscous linear stability predictions with results of Shoham (1982) for y � ÿ1:08:
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