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Abstract—Experiments were performed which took into account the influence of a second immiscible
liquid upon gas-liquid slug flow. Well-known models for the prediction of the slug frequency and pressure
loss, as well as the flow pattern maps of two-phase flow, were extended for this special kind of multiphase
flow.
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1. INTRODUCTION

The flow of two immiscible liquids (i.e. crude oil and water) and a gas is being encountered more
and more in the offshore production of oil and gas. Although there is a large number of
experimental and theoretical results on gas-liquid flow, known results for three-phase flow are
small. In particular, the region of slug flow is of great interest in the offshore production of
hydrocarbons.

Tek (1961) derived a procedure for calculating the pressure losses of three-phase flows. The
method of calculation is simplified because he assumed averaged liquid properties for the two
immiscible liquids. In this way, he reduced the three-phase flow to the problem of gas-liquid flow.
Gregory & Fogarasi (1985) pointed out that averaged liquid properties cause large errors in
theoretical predictions compared to experimental data.

Agikgoz et al. (1992) published experimental results for the establishing fiow pattern of the
three-phase flow. They considered similar flow regimes known from gas-liquid flow, but also took
into account which phase was flowing dispersly or continuously. However, a prediction of the
transition lines between the flow patterns for other liquid mixtures or pipe geometries is not yet
possible. A¢ikgoz et al. (1992) as well as Lahey et al. (1992) derived drift-flux expressions for
horizontal three-phase flows in order to predict the phase volumetric fractions for air—water—oil
flows.

The aim of the investigation presented here is to show what difference it makes if one or two
immiscible liquids flow in a horizontal pipe together with the gas, and how it is possible to extend
frequently-used two-phase models to three-phase flow; the slug flow being the most important point
of interest.

2. EXPERIMENTAL

In the experimental investigations on oil, water and air flow in horizontal pipes, two different
diameters were used. The inside diameters of the investigated tubes were 23.8 and 59.0 mm.

The experimental facility is presented schematically in figure 1. Water and oil are supplied from
separate storage vessels into the test pipe. Air is taken from a compressed air station. In order to
enable the observation of the flow pattern, the whole pipeline is manufactured of acrylic glass. After
passing through a 9.0 m long entrance section, the pressure loss is measured and the flow pattern
observed. The mixing of the oil, water and air is achieved by an inlet nozzle. This nozzle is cone
shaped and is separated into three sections by baffle plates. In this way the oil, water and air enter
the pipeline stratified in layers according to their density. The exit diameter of the inlet nozzle equals
the diameter of the pipeline attached to it. Due to this design, the water, oil and air are accelerated
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Figure 1. Experimental setup.

in the nozzle. For this reason the velocity profile is uniform at the entrance of the pipeline.
Therefore, a fast development of the flow pattern in the test section is possible. The total length
of the multiphase flow pipeline is 35 m.

In order to enable the recirculation of the liquids within the test facility, the outlet of the test
section is connected to a separator unit, which separates the oil, water and gas. The preseparator
is vented to the atmosphere. The oil and water are separated due to gravity. In order to separate
the oil and water up to the limit of solubility, two coalescers are used for the small oil droplets
in the water and vice versa. The cleaned fluids are pumped back into the storage vessels.

In two- and three-phase flows, the velocities of the slug front and the lengths and frequencies
of the slugs observed must be measured. For the measurements of these parameters, it is necessary
to determine the time the slug needs to pass a certain part of the test section. Therefore, this
measurement is incorporated into the experimental setup. The beam of an He—Ne laser with a
spectral output of 10 mW passes the test section tube horizontally at two locations. The light beam
and the receiver photodiode are adjusted in such a way that the laser hits the photodiode directly
in the case when air passes through the transilluminated part of the tube. When the light beam
passes through the Plexiglas tube at its upper third portion, the situation is characteristic of film
flow between two slugs. If the light path is traversed by the liquid phase, the light beam is refracted
due to the change in the refractive index, and it can no longer reach the receiver photodiode.

In the experiments, in addition to air and water, a white mineral oil is used. The physical
properties are determined for the conditions when the investigated liquid is saturated by the other
one. Under ambient conditions 0.05 wt% water is soluble in oil and 0.5 wt% oil in water. The
surface tension between the oil and water was measured using the droplet volume method, as
described by Backes (1984). A comparison with the physical property values measured by Pfender
(1986) shows good agreement. For ambient conditions, the density of the oil is 858 kg/m’, the
viscosity of oil is 31.0 mPa s and the surface tension between the oil and water is 53.5 mN/m.

3. THEORY FOR TWO-PHASE FLOW

3.1. Flow of Two Immiscible Liquids

Experimental results on the flow of two immiscible liquids serve as the limiting conditions for
the interpretation of the results on the three-phase flow of water, oil and air. Known equations
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for the calculation of the frictional pressure loss correspond either to a specific flow pattern or are
based on the assumption that the oil and water flow under no-slip conditions. In the following
section empirical correlations are given for the measured frictional pressure loss, which can be
applied without knowledge of the particular flow pattern present in a specific case.

3.1.1. Flow patterns

In the flow of two immiscible liquids, different phase distributions have been observed in the flow
cross section and along the flow path.

The first general presentation of the flow patterns was given by Guzhov et al. (1973). The
immiscible liquids used were transformer oil and water. The flow pattern map is presented in
figure 2. In the diagram, the total volumetric flux of both phases,

1. .
WrEF(Vrz‘F Vi), (1]
is presented as function of the volume flow fraction of the water phase;
Va
by = 2
0= 2

The volume flow rate is denoted by V and F is the cross-sectional area of the tube. The subscript
f1 refers to the water and 2 to the oil. In the region of low volume flow rates, the phases form
layers in the tube corresponding to their density differences. Only for high fractions of water flow
is the oil phase distributed in the form of droplets, although a clear water layer can still be
distinguished. For higher volume flow rates, the reverse phenomenon can be observed: water
droplets moving beneath a clear oil layer. At even higher volume flow rates, a complete dispersion
of the water phase is observed and a direct transition of the flow pattern from water droplet flow
into oil droplet flow occurs. Below this volume flow rate, transitional regions can be recognized.

Arirachakaran ez al. (1989) selected the same diagram for their flow pattern map as Guzhov et al.
(1973). They varied the viscosities of the liquids over a wide range and observed annular flow as
an additional flow pattern. One phase flows in the core of the tube and is surrounded by the other
phase. The corresponding flow pattern map is presented in figure 3.
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Figure 3. Flow pattern map for two immiscible liquids
Figure 2. Flow pattern map for two immiscible liquids from  from Arirachakaran et al. (1989) (oil viscosity = 84 cP. tube
Guzhov et al. (1973). diameter = 38.1 mm).



288 H. HERM STAPELBERG and D. MEWES

Further experimental results of the flow of two immiscible liquids are given by Herm Stapelberg
(1991) and Brauner (1991). These, however, are predominantly limited to stratified flow or annular
flow, so a generalization of these results is not possible.

3.1.2. Calculation of the frictional pressure loss
Besides the flow pattern map for oil and water, Arirachakaran ez al. (1989) presented a method
for calculating the frictional pressure loss in these flows. They assume a homogeneous flow of oil
and water and distinguish between stratified flow and droplet flow patterns.
The volume flow fraction of the oil is
_ "
TVt Vo
Without slip, homogeneous flow is present and the condition &, = ¢, applies, where the volume
fraction of the oil phase is

3]

én

Vet Va
In [4] V}, and V; are the volumes of the water phase (f1) and the oil phase (f2) inside the tube

section, respectively. The average density and viscosity of the homogeneous mixture is—according
to the proposed procedure—calculated by using the appropriate volume flow fractions:

(4]

&p

0 =épop+ (1 —ép)en [5a]
and
1 =énNn+ (1 —éx)Mn- [5b]

The velocity total volumetric flux—the so-called superficial wvelocity—of the liquid two-phase
mixture is

| .
Wl‘=F(VD+ Vi) (6]
The pressure loss of the two-phase flow is
Ap 1 gwt
— | =¥,-"—. 7
< ! )z *d 2 7

The drag coefficient ¥, can be determined by known equations from single-phase flow using the
fluid properties ¢ and 7, respectively.

Equations [S}-{7] are valid for droplet flow, as long as the phase inversion point (see figure 3)
has not been achieved. The viscosity increases if phase separation occurs. A limiting value of the
volume flow fraction of the oil phase &, can be given, for which phase inversion has to be
considered:

éng = 0.5+ 0.1108 log(10%,,). 8]

The viscosity of the oil 5, has to be entered in Pas. If the oil and water are passing through the
tube in layers stacked according to their density, the frictional pressure loss is calculated by another
method (Arirachakaran et al. 1989). If the interface between the oil and water is smooth and there
is no relative velocity between the phases, the pressure loss is given by the sum of the wall shear
stresses for the tube wall wetted by the water and by the oil. The average wall shear stress is

S Y
1=+, (9]
R s

In this equation s is the perimeter of the tube, s, is the section of the perimeter wetted by the oil
and s;, is the section wetted by the water. The relative velocity between the phases is neglected
(én = &p) and

Spy

= S _ 1%
s =5, and T=l-o [10]
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The angle a can be calculated iteratively from the given cross section of the tube if the oil hold-up
is known:

2n(1 —ép) =a —sina. [11]

Further, it is assumed that the wall shear stress 1;; and 1, can be evaluated using the single-phase
flow laws. For determining 1, it is assumed that the total volume flow rate (V, + V,,) passing
through the tube is that of the oil; and for determining t;,, the total volume flow rate is that of
the water. The frictional pressure loss of the two-phase flow is

Ap\ _sm (AP s (AP) [12]
L)y s\! Jup s I fon

(Ap /D), is the pressure loss in single-phase flow,

Ap 1 gpw} Ap 1gqw}
Ap\  _y leaws ap) g 1 , I
<1>m_,2 Yog=z o \T) =¥ [13]

The Reynolds numbers needed for the calculation of the friction factors ¥, and ¥, are defined
by the total volume flux w,; and the diameter d of the pipe:

d
Reo=""? and Re =" (14]
Vi Ve

The transition from laminar to turbulent flow is taken, in accordance with the value for single-phase
flow, as 2300.

Following the recommendation of Charles & Lilleleht (1966) in figure 4, the pressure losses are
presented in a Lockhart-Martinelli diagram. The pressure loss ratio
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Figure 4. Lockhart-Martinelli diagram for the flow of two immiscible liquids.
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is presented as a function of the Lockhard—Martinelli parameter

(Ap>

2 _ / r

X= TN [16]
<l>fl

The subscript 2 denotes the pressure loss when the oil and water flow together through the
tube, and the subscript f denotes the pressure loss that would exist if pure oil (index f2) or pure
water (index fl) were to flow through the pipe at the volume flow rate of each phase under
consideration.

If the flow patterns can be determined correctly using the flow pattern map described previously
then the friction pressure loss can be calculated according to the procedure given by Arirachakaran
et al. (1989). The limiting laws of single-phase flow can be reproduced correctly—similarly to the
homogeneous models. From these relationships, the asymptotic limits for the calculations are
formed.

In figure 4, the frictional pressure losses calculated by [13]-{16] are compared with experimental
results. Only for stratified flow can a continuous curve be drawn. In all other cases, both volume
flow rates influence the calculated transition from laminar to turbulent flow. In particular, in the
region of stratified flow the calculation procedure of Arirachakaran er al. (1989) is not applicable.
In this region, pressure loss ratios were measured which give @3 < 1. This is due to the pressure
loss reduction caused by the addition of water, as mentioned by Charles (1960). In these regions
the definition of the homogeneous model is not applicable. Similarly, no satisfactory agreement
between the measured and calculated results can be achieved in the region of droplet flow using
a homogeneous model for dispersed flow. The measured frictional pressure loss in this region is
lower than the calculated one.

In order to recognize this behaviour and to enable the calculation of the frictional pressure loss
independently of the particular flow pattern present in the investigated flow, the measured values
are represented empirically using a heterogeneous model, analogous to that of Lockhart &
Martinelli (1949) for gas-liquid flows. The whole range of laminar—laminar and laminar-turbulent
oil-water flow is taken into account. Accordingly, the pressure loss ratio is finally only a function
of the Lockhart-Martinelli parameter:

% = f(X?). [17)
For determining the pressure loss ratio @4, the correlation

X* '+ X' +a

=0
e X' +aXx

(18]

is selected, which gives results below @3 = 1. By determining the parameters i and « using the
minimization of the mean-square deviation technique, the exponent J in {18] is

i =0.5589. [19]
The value of a depends on the tube diameter:
a=110 for d=23.8mm
and
a=0.46 for d=59.0mm. [20]

Equation [18] is shown in figure 4. Apart from the correct reproduction of the limiting laws for
X?—0 and X?— o, values of % < 1 are obtained. The mean deviation for both investigated tube
diameters is approximately 15%. In this way, an improved calculation procedure for the frictional
pressure loss for oil-water flow is possible, compared to the results of the homogeneous model
equation. However, the pressure losses in the oil drop region are not fitted so well by the chosen
calculation procedure.



PRESSURE LOSS AND SLUG FREQUENCY IN THREE-PHASE FLOW 291

3.2. Slug Flow of Gas and One Liquid

Comprehensive procedures for the calculation of the pressure loss of two-phase slug flow were
first developed by Dukler & Hubbard (1975) and later in an improved form by Aziz et al. (1978).
In order to calculate the pressure loss, it is necessary to know the physical properties, the volume
flow rates of the gas and liquid, the dimensions of the tube (see figure S), the volume fraction of
the gas in the slug body and the frequency of slug appearance. The volume fraction of the gas within
the body of the slug is calculated, according to Aziz et al. (1978), by

to= 1 —[1 +<W‘ZWG>’Q]I. [21]

The coefficients are obtained as k, = 8.66 m/s and k, = 1.39, and match the experiments by Aziz
et al. (1978).

3.2.1. Slug frequency

The first comprehensive experimental investigations on slug frequencies were performed by
Hubbard (1965), who investigated the flow of air and water in a horizontal pipe with 35.1 mm i.d.
The greater the superficial velocity of the water, the higher is the frequency of the liquid slugs
flowing through the pipe. The measured slug frequencies have a minimum as a function of the
volumetric flux of the gas phase. These observations were confirmed by the experimental
investigations of Gregory & Scott (1969) and Taitel & Dukler (1977). Gregory & Scott (1969)
observed this minimum for the situation when the sum of the volumetric fluxes of the gas and liquid
is approximately 4.4 m/s. Gregory & Scott (1969) investigated the flow of carbon dioxide and air.

Tronconi (1990) adopted the recommendation of Taitel & Dukler (1977) and considered the slug
frequency, because of slug formation from a wavy stratified flow. Apart from this, Tronconi
assumed, according to Mishima & Ishii (1980), that the waves on a liquid surface would grow
according to the Kelvin—Helmholtz instabilities, but only waves characterized by a critical growth
rate cause the formation of a stable liquid slug. Thus, Tronconi postulated that a linear correlation
holds between the frequency of the formation of critical waves and the slug frequency,

Jo=Cufss [22]

and determined the value of the proportionality factor as C, = 2. This means that from every
second critical wave a stable slug is formed, which corresponds to the observations of slug flow
by Dukler er al. (1985). Kordyban (1985) observed that 50% of the slugs originating from the
critical wave are temporally instable and disappear. By using the proportionality factor C,,
Tronconi (1990) adopted the theory of Mishima & Ishii (1980) and obtained the slug frequency:

% Yo
o hg

In [23)], A is the height of the gas-phase layer in the stratified flow, and v is the average gas velocity
within the gas layer cross section of the pipe. According to Taitel & Dukler (1976), the liquid height is

hi=d —h. [24]

fs =0.305C;" (23]

F.e
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Figure 5. Simplified slug model.
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The liquid height depends on the Lockhard-Martinelli parameter

e2)
(A—fl

which can be calculated from the momentum balance equation:
R +
F* % * 2
XZ = G Ff WG ( > . [26]

(widr)™ _r_ wE
(w&dpg) " \Ft

All parameters on the right-hand side of [26] can be calculated as functions of the liquid height.
In [26], s, denotes the perimeter of the tube wetted by the liquid and sg is the perimeter wetted by
the gas. The length of the interface between the gas and the liquid is 5;. The non-dimensional
parameters used in [26] are explained in table 1.

As a significant simplification of the selected evaluation procedure, Taitel & Dukler (1976) took
the flow friction factors ¥, and ¥ of the liquid and gas phases to be equal:

.‘Pr = lIIG . [27]

[25]

This is in agreement with the experimental results from Gazley (1949) for smooth stratified flow.
Tronconi (1990), however, stated that especially in the region of slug formation, the interface is
wavy, therefore the friction factors should increase for increasing gas velocities. Tronconi therefore
calculated the friction factor as a function of the Reynolds number of the gas flow (table 2). In
this way, the height of the liquid or the gas layer can be calculated and the slug frequency can be
determined.

A comparison of the measured slug frequencies given by Hubbard (1965), Gregory & Scott
(1969), Kvernvold et al. (1984), Heywood & Richardson (1979), Vermeulen & Ryan (1971) and
Kago et al. (1987) with the values calculated by [23] gives a mean deviation of <17%. Only the
measurements of Vermeulen & Ryan (1971) deviate by 50%. Tronconi (1990) stated that the tube

Table 1. Explanation of the dimensionless parameters
in [26]

hg=d —h; [24]

(7)
h=fx Xt =L
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! G
s& sFOsP\ ¥,
+ =+
s [F* (F* F"‘)‘I’G
x2=L9

w\?
(n dy ) " /s 7(%) (26]
F""

(wEdie) ™

Tood o\ 4F..
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VG ot
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diameter of 12.7 mm used in the measurements was extremely small. Therefore, the surface tension
can no longer be neglected, due to the curvature of the liquid surface in these pipes.

Our own experiments with water and air are in agreement with the values calculated by the
method used by Tronconi (1990). In figure 6, the slug frequencies measured by the authors are
compared with those calculated by [23]. Starting from low volumetric fluxes, the calculated slug
frequencies are high and decrease with increasing volumetric fluxes. The measured slug frequencies
increase with increasing volumetric fluxes. It has to be noted, that the procedures of Greskovich
& Shrier (1972) and Tronconi (1990) are based on measurements with higher volumetric fluxes than
the maximal values used in our experiments, where plug flow develops first. The plug bubbles first
appear with high frequencies in the pipeline. With increasing volumetric fluxes of the gas phase,
the plug bubbles join to form larger bubbles, and slug flow develops. The frequency decreases
continuously with the change in the flow pattern. On the other hand, in the experimental
investigations it was observed that slug flow developed directly from the stratified flow, which is
characterized by a gradual increase in the slug frequency. Beyond a total volumetric flux of
approximately 2 m/s, the measured and calculated values show a rather good agreement. Using [23]
for volumetric fluxes > 2 m/s, higher values of slug frequencies were obtained with increasing
velocity, which reproduce the measured results even better. Above these volumetric fluxes the mean
deviation between the experiment and the values calculated by [23] is about +30%. It increases
to +50% when the method of Greskovich & Shrier (1972) is used.

A comparison of the measured and calculated slug frequencies is given in figure 7 for the flow
of oil and air. Greskovich & Shrier (1972) only consider the volume flow rates of the phases and
the tube diameter in their calculation procedure. The viscosity of the liquid is not considered.
Therefore, the calculated slug frequencies are too low.

Conversely, Tronconi (1990) also considered the viscosity of the liquid. With increasing liquid
viscosity, the height of the liquid in stratified flow and thus the volumetric flux of the gas phase
increase (see [26]). Both these effects cause an increase in the calculated slug frequency, when the
viscosity of the liquid increases under the assumption of constant volume flow rates. Regarding
[23], it must be realized in the experiments described in this paper liquids of higher viscosity were
used that only form a critical wave every third or fourth wave. The value of the factor C,, used
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in [23] is from our own experiments 3 or 4. The results of the calculations are given in figure 7.
An agreement of the results can be found, similarly to the flow of water and air, only in the case
when the sum of the volumetric fluxes exceeds 2.0 m/s. The mean deviation between the calculations
and measurements is +22%, when C, is taken to be 4. The measured frequencies fluctuate between
the calculated ones according to the coefficients C, = 3 and 4.

3.2.2. Calculation of the pressure loss in two-phase slug flow

The measured frictional pressure losses are compared with calculated values obtained using the
correlations of Dukler & Hubbard (1975) and Aziz et al. (1978). As the agreement between the
measured and calculated slug lengths has only been achieved within limited regions of the varied
parameters, the slug frequency and the gas hold-up in the slug body are selected as additional
necessary parameters in the calculation. According to the observations and comparisons discussed
above, for the calculation of the gas hold-up in the slug body, the correlation of Aziz er al. (1978)
is used, and for the calculation of the slug frequency [23] is used. The values of the coefficient were
chosen to be C, =2 for the flow of water and air and C, =3 to 4 for the flow of oil and air.

In figure 8, measured and calculated frictional pressure losses are presented for the flow of water
and air; and in figure 9, those for the flow of oil and air. The basic difference in the calculation
procedures is the fact that Aziz er al. (1978) consider the total slug length in their calculations of
the frictional pressure loss, whereas Dukler & Hubbard (1975) limit the frictional pressure loss to
the length of the core region of the slug. The accelerational pressure losses in both calculation
procedures are limited to the mixing region. Hence, lower values of the pressure losses are usually
obtained by using the procedure of Dukler & Hubbard than by using the procedure of Aziz et ai.
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The measured and calculated pressure losses for the flow of water and air deviate by <32%,
excluding the situation with very low volumetric fluxes of the gas phase in the transition region
between stratified flow and slug flow. The mean deviations between all the measured values and
the calculated values of Dukler & Hubbard (1975) are around 16%, and those between the values
calculated by Aziz et al. (1978) are around 12%. Thus, it is possible to evaluate the pressure loss
for water and air flow in the slug flow region with higher accuracy than it is to evaluate the pressure
loss with the known homogeneous or heterogeneous models. By evaluating the slug frequency of
the oil and air flow using the method of Tronconi (1990), the mean deviation compared to the
results of Dukler & Hubbard (1975) is +17%.

4. THREE-PHASE FLOW OF WATER, OIL AND AIR IN HORIZONTAL TUBES

4.1. Observed Flow Patterns and the Flow Pattern Map

In horizontal three-phase oil-water—air flow, the same flow patterns are observed as in two-phase
flow of a gas and a liquid, as long as the degree of dispersion of the oil and water is not taken
into account. At low volume flow rates, the water, oil and air flow in layers corresponding to their
density in the pipeline. With increasing volume flow rates, waves of low amplitude are first observed
at the interface between the oil and water and subsequently also at the interface between the oil
and air. Still, before the two immiscible liquids disperse from the wavy surface between the oil and
water, the slug flow develops. In both tube diameters, the liquids continue to flow stratified in the
slug flow regime-—both in the slug body as well as in the film flow region between the slugs. In
addition to this, an accumulation of water in the slug body can be recognized. If the slug velocity
continues to increase due to the increase in the volume flow rate, then the immiscible liquids
disperse into droplets, only partly at first and then completely. For the classification of the flow
patterns, the level of dispersion of the oil and water is not taken into consideration. In figure 10,
the flow pattern map for gas and liquid flow recommended by Baker (1954) is presented. The
volume fraction of the oil is defined as follows:

. Vo

e A o
f1 denotes the water phase and f2 the oil phase. In figure 10, the transition lines between the
different flow patterns are indicated, for the case when only water (é, = 0) or only oil (é; = 1) flows
in the tube along with the air. The experiments with three-phase water—oil-air flow indicate that
the transition lines between the observed flow patterns agree with those presented in the flow
pattern map of figure 10, when the total volumetric flux of liquid phase is used. This is achieved
by taking the average velocities wy, = V}, /(g F) and W, = V /(e F). The superficial velocity of the
homogeneous oil-water mixture is

wp= (1 = éx )Wy + ép Wpy. [29]

For the three-phase flow, the transitional regions from stratified and wavy flow towards the
intermittent flow are located between the lines for the two-phase gas-liquid flow presented in figure
10. If the transitional regions were to be calculated according to the extended flow pattern map
of Baker for the three-phase flow situation, the density and the viscosity of the homogeneously
flowing liquid has to be taken into consideration. It holds that

0 =(1—épon + én0n) [30]
and

1=~0—éx)nn +épnp. [31]
The mass flow rate of the liquid is

. _Q-(Vn+ Vo)
m P ———

r F =Wpnen + Wnlpn. [32]
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4.2. Measured Pressure Losses

In figure 11 the measured pressure losses are presented for the two-phase gas-liquid (oil or water)
flow and for the three-phase flow, as a function of the superficial flow velocity of the gas. The total
volume flow rate is constant, but the oil fraction &; is varied in steps of 25% between 0 (two-phase
flow of air and water) and 100% (air and oil). The measured pressure losses of the three-phase
flow can be divided into two regions, corresponding to the limiting cases of oil-air and water-air
two-phase flow:

¢ For lower volume flow rates of the gas, the measured pressure losses in three-phase
flow lie between the measured values of the respective two-phase flows. For
constant values of the superficial velocity of the gas, the measured pressure losses
increase, as the oil gradually replaces the water in the flow in the horizontal
pipeline. The maximal value of the pressure loss is measured in the case of
two-phase flow of oil and air.

o For higher volume flow rates of the gas, the measured pressure losses are lower
than those for two-phase flow of water and air. In this way they are exceeding the
boundaries of the region for two-phase gas-liquid flow. The measured pressure
losses in this region are almost independent of the oil fraction for constant values
of the superficial velocity of the liquid mixture.

The experimental results presented in figure 12 are, except for those at very low volume flow rates
of the gas, obtained in the region of slug flow. The fact, that the measured pressure losses in the
three-phase flow regime are lower than the values for two-phase water—air flow, can be explained
by the change in the parameters of the slug: slug length, slug frequency and slug velocity for
three-phase flow. The gas hold-up in the liquid slug, for example, is lower for three-phase flow
compared to that for two-phase flow at the same volume flow rate.
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4.3. Slug Frequency

Experimental data of the slug frequency are presented in figure 13 as a function of the sum of
the superficial velocities. Similar to the pressure loss, two characteristic regions can be observed:
for low volume flow rates of the gas, the measured slug frequencies in three-phase flow are higher
than the corresponding values in two-phase water—air flow, but at the same time they are lower
than the values measured for two-phase oil-air flow; and for higher volume flow rates, the measured
values are outside of the region defined by the two-phase flow. Independent of the oil fraction in
the flow, it can be observed that, similar to two-phase gas-liquid flow, the frequency increases with
increasing volume flow rate of the gas.

Calculation of the slug frequency in three-phase flow of water, oil and air is possible using the
method recommended by Tronconi (1990), using the following essential assumptions:

o The slugs are formed, from stratified flow, in a similar process to that in two-phase
gas-liquid flow. The oil and water flow through the tube in layers corresponding
to their density. Thus, the formation of the slug is a result of the forces acting at
the interface between the oil and gas. For this reason, it is assumed that the value
of the coefficient C, corresponds to the value determined for two-phase oil-air
flow. For the flow of oil and air, it has been observed that every fourth liquid slug
formed remains temporally stable and does not collapse. Therefore, C, is taken
to be 4.

¢ In order to evaluate the liquid height and mean velocity of the gas, Tronconi (1990)
selected a correlation from Taitel & Dukler (1976a, b). The liquid height and the
average velocity of the gas are calculated from the momentum balance for
three-phase stratified flow. Therefore, it is assumed that the oil and water flow
through the tube as an homogeneous mixture. In this way, the parameters required
for the calculations of the slug frequency can be determined as functions of the
Lockhart—Martinelli parameter, which is the ratio of the pressure losses in
single-phase flows of liquid or gas:

A A
(7”)2 = cb%z(T”)Q . (33]

The Lockhart—Martinelli parameter of three-phase flow is now defined as the ratio
of the pressure losses in two-phase oil-water flow and single-phase gas flow. This

2 < >l’
X T~ - 34'

3= Ap
I Jg
X, denotes the Lockhart—Martinelli parameter of three-phase flow, and ®% denotes

the correction value for a two-phase flow of oil and water. The liquid height and
the superficial gas velocity can be calculated as follows:

46+ 3)2
St ) ,
o LF& \FF T FE) ¥ (we 351

P (wdd) <SF"> wk)

(w&ditc) " \F¢

The dimensionless parameters used in [35] are explained in table 1. In figure 14, a comparison of
the calculated and measured slug frequencies is presented. For higher volume flow rates of the gas,
and oil fractions above 50%, the measured and calculated frequencies are in agreement. For oil
fractions of 25%, the oil layer is broken up in the inlet section. The damping influence of the oil
layer on slug formation thus ceases, so that now every second slug is temporally stable. If the

coefficient is C,, = 4, independently of the oil fraction in the flow, the mean percentage deviation
between the measured and calculated values obtained using the technique described is +32%. In
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this way, the deviation for three-phase flow is of the same magnitude as for a two-phase flow of
a gas and a liquid.

4.4. Comparison of Calculated and Measured Pressure Losses

Calculation of the three-phase flow pressure loss using homogeneous or heterogeneous models
is not possible. Therefore, in the following it will be explained what accuracy can be achieved when
applying the procedure developed for two-phase slug flow by Dukler & Hubbard (1975) and Aziz
et al. (1978) to three-phase flow. The slug frequency and gas hold-up in the slug body have been
selected as additional input parameters for both procedures. For the calculation of the slug
frequency, the method recommended by Tronconi (1990) is extended to allow for three-phase flow
calculations.

In the calculation procedure for the three-phase flow pressure loss, using the methods developed
by Dukler & Hubbard or Aziz et al., a homogeneous oil-water flow is assumed. In figure 15, a
comparison of the measured and calculated pressure losses is given. From the comparison, the
following conclusions can be drawn:

o For small volumetric gas flow rates, the agreement between the measured and
calculated pressure losses is good.

o The influence of the calculated frequency on the calculated pressure losses is not
pronounced. In figure 15, the results of the calculations are presented, when the
coefficient C, is taken to be 2 or 4. Independently of this value, the difference
between the calculated pressure losses is not significant.

o The difference between the calculated pressure losses is small when the procedure
recommended by Dukler & Hubbard (1975) or that recommended by Aziz et al.
(1978) is applied.

o For higher volumetric gas flow rates, no agreement between the calculated and
measured pressure losses can be found. In this region, the measured pressure losses
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are always significantly lower than the calculated ones. The maximal deviations
in this region are +125%.

In order to improve the accuracy of the pressure loss calculation, the slug lengths have to be
considered with known gas hold-up in the slug body as well as the slug frequency, the slug length
can be calculated using both procedures. In figure 16, some of the measured slug lengths are given.
For low volume flow rates of gas, the slug length in three-phase oil-water—air flow is higher than
in two-phase oil-air or water—air flow. For higher volumetric gas flow rates, this influence can no
longer be seen. Independent of the oil fraction in the flow, nearly constant slug lengths are measured
as function of the sum of the superficial velocities.

A comparison of the measured slug lengths and the values calculated using the procedure of Aziz
et al. is presented in figure 17. The scattering of the measured slug length is also shown in the
diagram. The deviation of the slug length fluctuates, sometimes by more than 2 m around the
average value. In contrast to the decrease in the measured slug length with increasing gas volume
flow rates, the calculated slug lengths show a reversed behaviour. The possibility of a successful
calculation of the pressure losses for low gas volume flow rates, in spite of the inaccuracies in the
determination of the slug length, can be explained by the correct determination of the slug length
to film length ratio. This is not the case for higher volumetric gas flow rates. The calculated slug
length is too high, thus the frictional pressure loss increases, causing an increase in the total pressure
loss, which is the reason for the scattering seen in figure 15.
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A suitable approximate solution for the evaluation of the slug length in two-phase gas-liquid
flow has been recommended by Aziz et al. (1978). The slug length is calculated as a function of
the tube diameter

I,~30d. [36]

Thus, for a tube diameter of 539 mm, a calculated siug length of 1.77 m results. This is, for higher
volumetric gas flow rates (wg > 3 m/s), in quite good agreement with the measurements.

If the measured slug length is used in the calculation of the pressure loss instead of the gas
hold-up in the slug, the pressure loss in three-phase flow can be calculated with higher accuracy.
This is given as an example in figure 18, for a constant volumetric liquid flow rate and a constant
volumetric oil fraction. By using the above-described procedure, the measured pressure loss in
three-phase flow can be reproduced with the same accuracy as in two-phase flow, for the parameter
range investigated. The mean percentage deviation is +20%. The results can be summarized as
follows:

s For low volume flow rates, the calculation of the pressure loss in three-phase flow
is possible with good accuracy, for given slug frequencies. For this purpose, a
procedure developed by Tronconi (1990) and extended for the analysis of
three-phase flow is used. The gas hold-up in the slug body is very small at low
volumetric flow rates.
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o This does not hold for higher volume flow rates. Either measured values of the slug
length have to be known, or they have to be calculated using an approximative
equation [36]. For this case, the evaluation of the pressure loss in three-phase flow
is possible.

5. CONCLUSIONS

With the proposed method the prediction of the frictional pressure loss for three-phase slug flow
is possible. For that purpose, the following apply:

o The slug frequencies have to be calculated for three-phase flow using new equations
for the pressure loss of a flow of two immiscible liquids.

o The pressure losses have to be calculated with the known methods suggested for
two-phase slug flow using homogeneous liquid properties.

o The slug length has to be estimated with the aid of a thumb rule for higher gas
volume flows.
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