Film Profiles Behind Liquid Slugs
in Gas-Liquid Pipe Flow

Martin Cook and Masud Behnia
School of Mechanical and Manufacturing Engineering, University of New South Wales, Sydney, Australia 2052

A comprehensive one-dimensional fully coupled hydrodynamic treatment of the film
profiles behind liquid slugs in horizontal and inclined gas—liquid slug flow is presented.
Experiments were performed in horizontal air —water pipes 32 and 50 mm in diameter,
the smaller also being inclined to an angle of 5 degrees. Time traces of film thickness
were produced with the use of a wire-probe technique. The experimental results are
compared against the theory presented here, as well as previously reported hydrody-
namic models. It is concluded that the film profiles calculated by the use of one-dimen-
sional models are highly sensitive to the choice of input variables, for example, the slug
translational velocity; however, good agreement is achievable provided that consistent
hydrodynamic equations and correct input variables are used. It is hoped that the work
presented here will influence future mechanistic models of slug flow.

Introduction

When a gas and a liquid flow concurrently in a pipe a
number of different flow patterns or regimes may be present,
depending largely on the superficial velocities of both phases.
The slug-flow regime is found commonly in crude oil/gas
multiphase pipelines, boiler tubes, and heat exchangers. It is
initiated when waves of a stratified liquid layer grow until
they reach the top of the pipe. Once this has occurred the
gas propels a “slug” of liquid rapidly down the pipe. Immedi-
ately preceding the slug, liquid is scooped up from the strati-
fied liquid film layer, while behind the slug the liquid level
drops until the whole process is repeated. The slug length
becomes stable as the rate of liquid picked up from the
preceding film equals the rate of liquid shed at the rear of
the slug. The resulting flow pattern is a series of liquid slugs
with some aeration, separated by a liquid film, as shown in
Figure 1.

In the early work of Dukler and Hubbard (1975) the film
was treated as an uncoupled free surface channel flow. The
nature of the film was investigated by considering a momen-
tum balance on the film with respect to a frame of reference
that moves down the pipe at the speed of the slug. Dukler
and Hubbard based their model on the observation that a
constant flux of fluid moves through the slug and into the
trailing film, hence the average velocity of fluid in the slug
was taken to be somewhat less than the speed of the slug
itself. Their one-dimensional approach has formed the basis
of all models since.
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Nicholson et al. (1978) extended the model of Dukler and
Hubbard to cover the entire intermittent two-phase flow
regime, and modified their hydrodynamic treatment of the
film that was found to predict rising, rather than falling, film
levels behind slugs under certain flow conditions. Various
simplified approaches have been suggested in which the film
height is assumed constant at its equilibrium level, including
the long slug model of Andreussi et al. (1993), or the film
shape is calculated to find the film height at the end of the
film, and this value is used as the constant film height in all
subsequent calculations (Nicholson et al.,1978).

All models require empirical correlations for the necessary
inputs of slug liquid holdup, slug frequency or length, and
slug translational velocity, all of which affect the shape and
length of the film between liquid slugs. Experimental and
theoretical investigations of these parameters are summa-
rized well by Taitel and Barnea (1990b). Additionally, all ex-
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Figure 1. Basic siug-flow model.
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isting models use established single-phase wall-friction-factor
correlations in the film regions where a stratified flow is pre-
sent. Where gas effects have been considered, existing inter-
facial friction factors for rough interfaces developed for strat-
ified flow have been employed.

The work presented in this article is concerned with the
shape and length of the film that trails each slug. It is the
film shape that determines, from continuity requirements, the
length of the slug body and film, as well as the velocity pro-
file along the liquid film. These are necessary to calculate the
pressure gradient, heat, and mass-transfer rates. A correct
hydrodynamic treatment of the film is thus central to existing
mechanistic models of slug flow that seek to predict pressure
gradients and liquid holdup. In this work the theory is gener-
alized to include the coupling between the gas and liquid
phases, and the results compared with measurements made
of film thickness in order to validate the model and parame-
ters used in the calculations.

Film Hydrodynamics

In both the horizontal and inclined orientations the flow
consists of an elongated bubble above the liquid film, as shown
in Figure 1. Generally it is assumed that this liquid film con-
tains no dispersed bubbles along its length. The average lig-
uid velocity in the slug is V,, and the velocity of the dispersed
bubbles in the slug is given as V. Both these velocities are
somewhat less than the velocity at which the elongated bub-
ble and the slug move downstream, V;. The liquid velocity in
the film decreases as the film height is reduced away from
the preceding slug. Conversely, the velocity of the gas in the
film zone increases as the void fraction increases.

Fully comprehensive momentum balance equations will be
developed for both the gas and liquid phases, in a frame of
reference that moves with the slug and bubble. Such a mov-
ing coordinate system eliminates any transient terms from the
equations, leaving a steady problem to be solved. The forces
acting on the fluid elements are shown in Figure 2, where Py
and P, are the average pressures for the gas and liquid. The
hydrostatic pressure of the gas is neglected; however, for the
liquid the average pressure is given by

P, = P+ p g£D cos B, ®

where £D is the depth at which the hydrostatic liquid pres-
sure is calculated to yield the same result as the fully inte-
grated solution. Here ¢ is given in terms of the angle sub-
tended by the liquid surface 6 as

Gas
Bubble

Figure 2. Flow geometry and forces.
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The one-dimensional momentum balance equation for the
liquid phase relative to a coordinate system that moves with
the slug can now be written as

P A, - (P, +dP, XA, +dA)+ TS dxp — 7,8 dx;

+ PLE sin def + pLuiAL - pL”LAL(”L + duL)

dP,
+(PG+T)dAL=0, 3)

where u, is the average liquid velocity at any point in the
film zone relative to the moving coordinate system. The last
term in Eq. 3 is the axial component of the pressure force
acting on the inclined surface. Also, the wall shear stress term
7.8 dx; is positive because in the moving frame the wall
shear acts to speed up the flow.

The continuity requirement for the liquid phase is:

Aydu; = —u,dd,. (4)

Combining Egs. 1, 3, and 4 and neglecting smaller order
terms, yields

- ALEI; +1S - 7S+ pLu%‘—dx_;‘

dA,
+ p, gsin B — p, gDE cos B—a;—ll =0. (5
:

An equation is obtained in a similar manner for the gas, by
treating it as incompressible and ignoring any hydrostatic gas
pressure:

dpP; ad,
~ Ag—— + 1685 +7,8; — pgul——=0. (6)

Noting that

et @)

Egs. 5 and 6 can be combined, together with a differentiated
form of Eq. 1, to obtain a coupled momentum balance equa-
tion:

7.8, T8¢ 1 1 pL8sin B
- -S| —+— |+ ——
AL AG AG AL AL
N Dcos3ﬁ+ pLgDécos B dA,
PLE dx, " A, d,
_ pLuL + pous | dAL (8)
A; Ag | dx;’
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The first two terms on the RHS of Eq. 8 can be combined
with the use of the product rule for differentiation, and ex-
pressed as follows:

D cos d dA Dcos B d(A, £)
pPLE: B AL_§+§ L|_ P8 B L . ©9)
A, &, " dx, A, dx,

Additionally,

d(AL8) d(A §) do dA,

dxf de dA; dxf
m(6—sing) (0 o0 ]
? T sm(i)+sm E)COS(E) _—}-COS g)
1—cos @ 2
dA
X —= . (10)
dxy

Using Egs. 8, 9 and 10 and the trigonometric relation 1-
cos 8 = 2sin%(6/2), an expression for the change in liquid
holdup along the film can be obtained as

S,  16S¢ 1 1 pLgsin B
— — 7S+ — )+
d4, 4, Ag "\, 4, A,
s pgDcosB| 6—sind pLu:  pgul

| -
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Dukler and Hubbard (1975) and Nicholson et al. (1978)
have both derived equations for the film profile based on an
uncoupled free-surface approach, and their equations are
equivalent to Eq. 11 if the gas and interfacial terms were to
be neglected. Equation 11 can be expressed in terms of film
height by using:

d4,  dn,
gl 12)
dx; dx;

where §; is the interfacial length. Equation 11 can be manip-
ulated with the use of the following relations

0
S;=Dsin— (13)

2

1rD2(0—sin0)
L=y 20 )

to yield an expression for the change in film thickness with
distance from the preceding slug:

7.8, T15¢ 1 1 .
— -S| —+—1+
dhf AL AG Tr 1( AG AL pLg sin B
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Taitel and Barnea (1990a) have developed a similar equa-
tion for the film shape. However, their derivation differs from
the approach taken here, where we treat the pressure gradi-
ent in each phase separately. A film profile equation can also
be developed using the same comprehensive approach as
here, in which the hydrostatic pressure in the gas region is
not neglected. The net result of this rather involved proce-
dure is an equation identical to Eq. 14, with the exception
that the hydrostatic terms in both the numerator and denom-
inator of Eq. 14 are in terms of ( p, — pg) rather than just
Pr-

The analysis thus far has involved only the relative veloci-
ties u, and u,. However, the shear stress terms are func-
tions of the absolute fluid velocities as follows:

|V;"ULKV;_ML) IV,_uGKV,_uG)

T =fLpL ) 76 = f6 PG 2
lu, —ugluy, —ug)
7= f; PG = Gz t L , 15)

where the fluid friction factors can be determined by the Bla-
sius relation based on the following Reynolds numbers:

Reg = pglV, —uglDg/mg
(16)

Re, = p V., —u, D/,

with D, =44,/5, and Dg=4A;/S;+ S;). A constant
value for the interfacial friction factor has been used by
Shoham and Taitel (1984) for wavy stratified flow, and their
value of f; =0.014 is used for all calculations. Further, rela-
tions for the geometrical parameters A, , §;, Ag, Sg, S, and
liquid holdup as a function of film height for circular pipes
may be found in Taitel and Dukler (1976) or Taitel and
Barnea (1990b).

In order to calculate the film shape it is necessary to set
the initial film height and liquid velocity. The film height is
set such that the initial film holdup equals the holdup in the
slug. The initial velocity of the liquid in the film is assumed
to be equal to the average velocity of the liquid in the preced-
ing slug, V,. Applying a continuity balance to the flow of both
gas and liquid within the slug yields:

V=iL+Jjc=VsELs + V(1= ELg). an

Clearly for an all-liquid slug the average liquid velocity will
equal the flow-mixture velocity, V,,,. The dispersed bubble ve-
locity, V,,, depends on the distribution of bubbles within the
slug. For relatively high flow rates the slug is highly aerated
with the bubbles distributed uniformly across the pipe diame-
ter, so that V, = V. For low flow rates the average gas veloc-
ity in the slug will be somewhat less than the average liquid
velocity, as the dispersed bubbles congregate near the top of
the pipe wall. However, at such flow rates the aeration of the
slug is very low, making the last term of Eq. 17 negligible. It
can thus be expected that the average velocity of liquid in the
slug is approximated well by the flow mixture velocity over a
wide range of input flow rates, and hence the flow-mixture
velocity is used as the initial film liquid velocity.
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Figure 3. Effect of altering film starting conditions.

For flow below a certain critical mixture velocity the film
gradient predicted by Eq. 14 may be positive, leading to a
film shape that curves backwards into the body of the slug.
Such unrealistic solutions are avoided by reducing the initial
film liquid level until dh./dx, becomes negative. This effect
is illustrated in Figure 3 for a low mixture velocity flow, where
it can be seen that the effect of aitering the film starting con-
ditions diminishes quickly along the length of the film. This
procedure results in an instantaneous fall in the liquid holdup
from the value of the holdup in the slug to the critical initial
film value, and has been noted by Taitel and Barnea (1990b)
to resemble drainage into a supercritical channel flow. The
initial film velocities must also be adjusted to maintain conti-
nuity of both phases.

The overall length of the film is determined by performing
a mass balance along the length of the film until continuity
requirements are satisfied. Previous researchers, such as
Dukler and Hubbard (1975) and De Henau and Raithby
(1995), have applied the simplification that the film height is
constant in carrying out the mass balance. The present re-
sults show that this simplification can have a significant effect
on the predicted film length and average liquid holdup, espe-
cially if the film is short.

Wire-Probe Measurement of Film Profile

The use of an electrically conducting liquid phase allows
the variation of film thickness behind a slug to be recorded
by measuring the conductance between two electrodes. In or-
der to achieve highly localized measurements of the film
height at the center of the pipe, two wire electrodes were
stretched across the pipe diameter. An oscillating current was
applied to the probe to give a linear voltage response vs. lig-
uid height.

The behavior of such probes has been investigated by
Brown et al. (1978), who showed that the sensitivity is in-
creased by using higher frequency excitation. They suggested
a minimum excitation frequency of 1 kHz, below which some
long-term drift in the impedance of the device was noted.
Sufficient sensitivity to measure slug film profiles was
achieved by using a 6-kHz excitation. The calibration of the
probe was continually checked throughout the course of the
experiments to detect drift, and very little drift was noticed.

Wire probes have been used previously to measure film
thickness in annular flows by Miya et al. (1971). The intermit-
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tent nature of slug flow, however, means that the probe is
continually immersed in the high-speed liquid phase of the
slug, followed by the mostly gaseous bubble region. This cyclic
process allowed air to get trapped behind the wires, which
affected the value and steadiness of the probe output. The
use of 0.5-mm flat stainless-steel wires was found to elimi-
nate this problem and minimize the effect of the probe on
the flow. Further, as the probe passes through the falling lig-
uid film, it can be expected that a thin layer of water adheres
to the wires indicating a film height somewhat higher than is
actually the case. Brown et al. (1978) have reported that such
probes have been used to measure very high-speed wave dis-
turbances where this time-lag effect was shown to be negligi-
ble.

For all but the fastest and most aerated slugs, the probe
could be used to estimate the holdup in the slug itself. To-
ward the rear of the slug the dispersed bubbies were ob-
served to coalesce at the top of the pipe, creating an effec-
tively stratified section of flow. With this known distribution
of gas in the slug, holdup in the slug could be measured.

Experiments

Tests were conducted in two 16-m-long, smooth Perspex
pipes of 32 and 50 mm ID, over a range of mixture velocities
from 1.0 m/s to over 8 m/s. The pipelines were attached to a
supporting truss that could be inclined, allowing both hori-
zontal and upward flow to be analyzed. Experiments were
conducted in both pipes in the horizontal configuration, and
data were also collected in the smaller pipe at an inclination
of five degrees. All experiments used air and water as the gas
and liquid phases, respectively. The pipes were constructed
of 2-m-long sections that could be easily removed and rein-
stalled. One of these sections in each pipe, the test section,
contained the wire probe and two impact tubes, whose dy-
namic pressure response was used to detect the front and
rear of a slug. An analysis of the impact tube response also
enabled slug speed, length, and frequency to be determined.

Air and water entered the pipes via a mixing nozzle at the
inlet to each pipe, and the test section was located 10 m from
the inlet, allowing a sufficient length for slugs to form and
grow before they entered the test section. A further 4 m was
kept between the test sections and outlet, due to the tran-
sient pressure fluctuations that occur when a slug exits the
pipe into the separator at atmospheric conditions. It was
found that these pressure fluctuations, which resuit in a sud-
den increase in the speed of the following slug, did not affect
the test-section readings significantly.

The water was circulated in a closed loop by a centrifugal
pump. Air was supplied from a high-pressure line, and both
phase flow rates were measured with standard orifice plates.
A venturi was also used in the case of higher water flow rates.

Results and Discussion

At each set of flow rates investigated, film profiles were
measured behind a large number of slugs, provided that the
preceding slug was of sufficient length to ensure that the ve-
locity profile at the rear of the slug was fully developed.
Barnea and Taitel (1993) note that short slugs are unstable
and collapse as a result of the lack of development of such a
velocity profile. As the analysis discussed thus far is based on
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Figure 4. Time trace of film profile (8 =0; D =32 mm;
j =151 m/s; jo=4.11 m/s).

stable flow with no growth or collapse of slugs, only the pro-
files behind relatively long slugs were investigated.

At a selection of flow rates two typical film profiles have
been measured, and samples are shown in Figures 4 through
8. As can be readily seen in these figures, the measured pro-
file shapes are consistent regardless of the intermittent na-
ture of the flow. Very little difference between profile shapes
was observed for profiles measured at the same flow rates,
although the overall length of the films vary considerably. The
calculated film lengths are average lengths, so it is expected
that the individually measured film lengths need not be in
close agreement with the calculations. Indeed, most of the
measured film lengths are somewhat longer than the predic-
tions, as a result of the choice of relatively long slugs.

It was found that the shape of the calculated profiles were
highly sensitive to the value of ¥, used in the calculations.
Other investigators, such as Shemer and Barnea (1987) and
Nicklin et al. (1962), have suggested that the slug transla-
tional velocity is equal to the center-line liquid velocity in the
slug. This velocity is very close to 1.2 times the mixture veloc-
ity for a fully turbulent velocity profile in a pipe. It was found
that using Eq. 14 and this value for V, resulted in very good
agreement between the experimental and calculated results
over a wide range of flow rates. This relationship for ¥, has
been used in all calculations except where indicated. Figure 5

5 = Expt
D 081 + Expt
E — Equation 14, Vt=1.2Vm=2.59m/s
O o6 — Equation 14, Vt=2.74m/s
—
s
D 0.4 -
q) b a8
I DI -]
£ 02
=

] ‘ , .

0 0.1 0.2 03 0.4 0.5 0.6 0.7

Time (s)

Figure 5. Time trace of film profile (8 =0; D =50 mm;
jL=1.00 m/s; jg=1.16 m/s).
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Figure 6. Slug transitional velocity vs. flow-mixture ve-
locity for horizontal flow.

shows profiles predicted by Eq. 14 with V, calculated as be-
fore, and with the correlation used by Dukler and Hubbard
(1975). Clearly, for a slight difference in the input value of
V,, the profile shape differs considerably. Slug translational
velocity was measured directly during the experiments, and
Figure 6 shows that our data supports this linear relationship
between V, and V..

In the model of Taitel and Barnea (1990b) the slug transia-
tional velocity was taken to be a function of both the mixture
velocity and a drift-velocity term. Horizontal drift was ex-
plained by Bendiksen (1984) to be due to the effect of eleva-
tion differences along the bubble nose, and was calculated to
be a function of pipe diameter only, such that

U, =0.542y/gD . (18)

Figures 7 shows that the model of Taitel and Barnea
(1990a) predicts higher film heights than experimentally ob-
served, which also leads to longer film lengths and hence a
substantially different prediction of various flow parameters.

Bendiksen (1984) noted that as the velocity of the bubble
increases, the nose of the bubble becomes centralized, pre-
sumably eliminating the elevation differences in the bubble
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Figure 7. Time trace of film profile (8 =0; D =50 mm;
jL=1.42 m/s; jg = 2.08 m/s).
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Figure 8. Time trace of film profile for inclined flow (8
= +5; D =32 mm; j, = 1.40 m/s; jg = 2.00 m/
s).

nose and any drift-velocity component. Our direct measure-
ments of V, suggest that this drift component need not be
considered at the velocities investigated here, which cover al-
most the full range at which the slug-flow regime exists, re-
gardless of pipe diameter.

In order to achieve computational simplicity, other investi-
gators, such as Nicholson et al. (1978) and Dukler and Hub-
bard (1975), have calculated the length of the film based on
the assumption of a constant film height. In their models the
level and velocity of fluid in the film zone are constant and
equal to the values obtained from the integration of the film
momentum equations at the end of the film. This simplifica-
tion is not trivial, as shown in Figure 9, where it can be seen
that the average liquid holdup along the film in our experi-
ments is about 1.4 times the holdup at the end of the film for
all mixture velocities. Thus, a constant film-height approxi-
mation leads to significantly shorter films than the complete
solution, as noted by Andreussi (1993).

All calculations of film profiles have used the measured
holdup at the rear of the preceding slug as the initial film
holdup. Previous slug-flow models have all assumed that the
initial holdup in the film is equal to the average holdup in
the preceding slug. It was found that the difference in the
two approaches could be significant at high mixture veloci-
ties, when the axial variation in holdup along the slug is con-
siderable.
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Figure 9. Ratio of average film holdup to film-end
holdup for all mixture velocities (8 = 0).
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The film profile behind a slug of subcritical mixture veloc-
ity is shown in Figure 5. Although the one-dimensional ap-
proach presented here is not expected to accurately predict
the shape of the film close to the nose of the bubble, it can
be seen that the simple technique of applying an instanta-
neous fall in the calculated film height agrees well with the
measured film shape. The critical mixture velocity was found
to be approximately 3 m/s in both pipes, which was near the
lower limit of mixture velocity for slugging to occur.

The upwards inclination of the pipeline produced film pro-
files that fell behind the slug far more rapidly than in the
equivalent horizontal flow. This effect resulted in consider-
ably shorter films, and hence a general increase in the slug-
ging frequency for positively inclined flow. Figure 8 shows
that the profile predicted by Eq. 14 matches well with a typi-
cal measured profile for flow at a +5-degree inclination. In-
terestingly, the translational velocity of the slugs was unaf-
fected by a change in pipeline inclination. The stug speeds
were consistently found to be equal to 1.2 times the flow mix-
ture velocity over the range 1.0 <V,, <8.0 m/s in the 32-
mm-diameter pipe.

Conclusions

Experiments have been performed in two air—water hori-
zontal pipes of 32- and 50-mm diameter, and in the smaller
pipe at a 5-degree inclination angle. The film profiles behind
the slugs were measured using a wire probe. The results show
a consistency in the shape of the liquid profiles, and it has
been possible to compare the results with the predictions of
the theory presented here and an existing hydrodynamic
model of slug flow.

The one-dimensional fully coupled hydrodynamic treat-
ment of the film presented in this work is capable of accu-
rately predicting the shape of the film profile behind slugs
over a range of flow conditions. The agreement between the
theory and the measurements is sensitive to the choice of the
slug translational velocity used in the calculations. This veloc-
ity has been measured to be consistently close to 1.2 times
the flow mixture velocity, and this value gave calculated film
profiles that agreed well with the measurements.

The accuracy of the one-dimensional approach seems to
justify the use for single-phase friction factors in the film. It
is not suggested, however that these friction factors are ap-
propriate for the aerated body of the slug. It has been noted
that the predicted length of the film may be significantly af-
fected by the use of a constant film height assumption in the
continuity calculations, which leads to a proportionally large
change in the predicted slug length. Because this assumption
does not lead to any great reduction in computational effort,
its use is not recommended.

While the one-dimensional approach has been found to
work well in the case of water, the use of oil as the liquid
phase could be expected to lead to stronger two-dimensional-
ity effects due to the higher viscosity.

Notation
A =cross-sectional area of pipe
D = pipe diameter

E,; =liquid holdup
f =friction factor
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g =acceleration due to gravity
hy =height of the liquid film
j =superficial velocity
I; =length of the liquid film
§ =wetted periphery
x; =film distance parameter measured from start of film at slug
trailing edge
B =pipeline inclination angle
£ =nondimensionalized depth to the center of pressure of the film
p =density
6 =film geometry parameter (see Figure 2)

Subscripts

fe =end of film
f=film
t = translational
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