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ABSTRACT

In this thesis, a study of three-phase air-oil-water flow in horizontal and inclined
pipes, with particular emphasis on the slug flow regime is described. Slug flow is one
of the most predominant flow patterns that occur in oil pipelines. The experiments
. described here were all carried out in the WASP Multiphase Flow facility situated in
the Department of Chemical Engineering at the Imperial College, London.

The objectives of the project were to generate detailed data on three-phase air-oil-
water flow, develop improved analytical frameworks for the prediction of three-phase
flows and obtain detailed data on slug parameters such as slug velocity, slug length,
slug body holdup and slug frequency. In addition to these, it was the aim of this
project to extend CFD techniques from two-phase to the three-phase flow case.

In addressing these objectives, experiments were carried out in which pressure drop
and liquid holdup were measured. These data particularly highlighted the anomalous
behaviour of air-oil-water slug flow, particularly around the phase inversion region

were relatively high pressure gradients and liquid holdups were recorded.

In addition to these, based on a comprehensive database of three-phase air-oil-water
slug flow, a new correlation was formulated for the prediction of the phase inversion
water-cut. This correlation was shown to improve predictions of the pressure drop

and liquid holdup.

Slug parameters were also measured experimentally and these revealed some new
findings. Foremost amongst these new findings were the relatively high values
recorded for the slug translational velocity in the phase inversion region, a result not

predicted by existing two-phase correlations.

A commercially available CFD code has been used to simulate three-phase air-oil-
water slug flow in a pipeline and the results obtained have been compared favourably

with the experimental data.
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6 m/s, U, ;= 0.5 m/s, P= 0 barg, pipe = horizontal)

Comparison of WASP three-phase pressure gradient data
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Beggs and Brill (1973) (U, s= 4 m/s, U, s= 0.5 m/s, p=5 barg
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Lockhart and Martinelli (1949) (U,s= 4 m/s, U ;= 0.5 m/s,
p=5 barg, pipe = horizontal)

Comparison of WASP three-phase pressure gradient
experimental data with predictions by the correlation of
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experimental data with the predictions of the slug model of
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Bonnecaze et al. (U,s=4 m/s, U, ~ 0.5 m/s, p= 5 barg pipe
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Comparison of WASP pressure gradient experimental data
with the predictions by the slug model of Taitel and Barnea
(1990) (U,s = 4 m/s, U= 0.5 m/s, p= 0 barg pipe =

horizontal)

Comparison of WASP pressure gradient experimental data
with the predictions by the slug model of Taitel and Barnea
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horizontal)
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experimental data with predictions by the correlation of
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experimental data with predictions by the correlation of
Lockhart and Martinelli (1949)
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Comparison of WASP three-phase total liquid holdup
experimental data with predictions by the correlation of
Guzhov et al. (1967) (Uys= 4 m/s, U, g= 0.5 m/s, p= 0 barg

pipe = horizontal)

Comparison of WASP three-phase total liquid holdup

experimental data with predictions by the correlation of
Guzhov et al. (1967) (U,s=4 m/s, U g= 0.5 m/s, p= 5 barg
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Comparison of WASP three-phase total liquid holdup
experimental data with predictions by the correlation of
Guzhov et al. (1967) (U,s= 6 m/s, U, 3= 0.5 m/s, p= 0 barg
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Comparison of WASP three-phase total liquid holdup
experimental data with predictions by the correlation of

Guzhov et al. (1967)

Comparison of WASP three-phase total liquid holdup
experimental data with predictions by the correlation of
Beggs and Brill (1973) (Uys= 4 m/s, U = 0.5 m/s, p= 0
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Comparison of WASP three-phase total liquid holdup
experimental data with predictions by the correlation of
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Comparison of WASP three-phase total liquid holdup
experimental data with predictions by the correlation of

Beggs and Brill (1973)

Comparison of WASP three-phase total liquid holdup
experimental data with predictions by the correlation of
Minami and Brill (1987) (U,s=4 m/s, U s= 0.5 m/s, p= 0
barg pipe = horizontal)

Comparison of WASP three-phase total liquid holdup
experimental data with predictions by the correlation of
Minami and Brill (1987) (U,s=4 m/s, U, 3= 0.5 m/s, p=5
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Comparison of WASP three-phase total liquid holdup
experimental data with predictions by the correlation of
Minami and Brill (1987) (U,s= 6 m/s, U; 5= 0.5 m/s, p= 0
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Comparison of WASP three-phase total liquid holdup
experimental data with predictions by the correlation of
Minami and Brill (1987)

Comparison of WASP three-phase slug frequency
experimental data with predictions by the correlation of
Gregory and Scott (1969) (U,s=4 m/s, U ¢ = 0.5 m/s, p= 0
barg pipe = horizontal)

Comparison of WASP three-phase slug frequency
experimental data with predictions by the correlation of
Gregory and Scott (1969) (U,s= 6 m/s, U 3= 0.5 m/s, p= 0
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Figure 6.49

Comparison of WASP three-phase slug frequency
experimental data with predictions by the correlation of
Gregory and Scott (1969) (U,s=4 m/s, U ¢= 0.6 m/s, p=0
barg pipe = horizontal)

Comparison of WASP three-phase slug frequency
experimental data with predictions by the correlation of
Gregory and Scott (1969)

Comparison of WASP three-phase slug frequency
experimental data with predictions by the correlation of
Heywood and Richardson (1979) (U, = 4 m/s, U 3= 0.5
nvs, p= 0 barg pipe = horizontal)

Comparison of WASP three-phase slug frequency
experimental data with predictions by the correlation of
Heywood and Richardson (1979) (U, s= 4 m/s, U s= 0.6m/s,
p= 0 barg pipe = horizontal)

Comparison of WASP three-phase slug frequency
experimental data with predictions by the correlation of
Heywood and Richardson (1979) (U s = 6 m/s, U ¢ = 0.5
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Comparison of WASP three-phase slug frequency WASP
experimental data with predictions by the correlation of
Heywood and Richardson (1979)

Comparison of WASP three-phase slug frequency
experimental data with predictions by the correlation of
Tronconi (1990) (U, s= 4 m/s, U, = 0.5 m/s, p= 0 barg pipe

= horizontal)
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Figure 6.55

Comparison of WASP three-phase slug frequency
experimental data with predictions by the correlation of
Tronconi (1990) (U, =4 m/s, U, 3= 0.5 m/s, p= 5 barg pipe

= horizontal)

Comparison of WASP three-phase slug frequency
experimental data with predictions by the correlation of
Tronconi (1990) (U, s= 6 m/s, U, s= 0.5 m/s, p= 0 barg pipe

= horizontal)

Comparison of WASP three-phase slug frequency
experimental data with predictions by the correlation of
Tronconi (1990)

Comparison of WASP three-phase slug frequency
experimental data with predictions by the correlation of Hill
and Wood (1990) (U, s= 4 m/s, U, ¢= 0.5 m/s, p= 0 barg pipe

= horizontal)

Comparison of WASP three-phase slug frequency
experimental data with predictions by the correlation of Hill
and Wood (1990) (U, &= 4 m/s, U &= 0.5 m/s, p= 5 barg pipe

= horizontal)

Comparison of WASP three-phase slug frequency
experimental data with the predictions by the correlation of
Hill and Wood (1990) (U, ¢= 6 m/s, Uy = 0.5 m/s, p= 0 barg

pipe = horizontal)
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Comparison of WASP three-phase slug frequency
experimental data with predictions by the correlation of Hill
and Wood (1990)

Comparison of WASP three-phase slug frequency data with
predictions by the correlation of Manolis (1995) (U,s = 4
m/s, U, g= 0.5 m/s, p= 0 barg pipe = horizontal)

Comparison of WASP three-phase slug frequency
experimental data with the correlation of Manolis (1995)
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Comparison of WASP three-phase slug frequency
experimental data with predictions by the correlation of
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Comparison of WASP three-phase slug frequency

experimental data with Manolis correlation (1995)

Comparison of WASP three-phase slug body holdup
experimental data with the predictions by the correlation of
Gregory et al. (1978) (U,s=4 m/s, U, s= 0.5 m/s, p= 0 barg
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Chapter 1

INTRODUCTION

In the petroleum industry, in the initial stages of oil well operation, the produced
fluids are predominantly oil and gas, but as the well ages, the amount of water
produced increases either naturally or as a result of water injection, which is used to
boost the diminishing reservoir pressure, and three-phase flow of gas, oil and water

occurs.

Usually the multiphase mixture is transported via a pipe along the seabed and then
through a vertical riser to the platform for phase separation. However, in the case of
marginal reservoirs, it is uneconomical to have fixed or floating platforms and there
has been a shift towards multiphase production where untreated oil-well fluids are
transported in one pipeline to a central processing platform or to an existing on-shore
processing facility. In the case of transporting the multiphase mixture to shore, this
could involve distances of hundreds of kilometres. To ensure proper design and
operation of these pipelines, it is necessary to have knowledge of some important flow
characteristics such as pressure drop and liquid hold-up. These flow characteristics
are related to the spatial and temporal distribution of the three phases in the pipe,

namely the flow pattern or flow regime.

The most commonly occurring flow pattern in pipelines is that of slug flow, which
consists of liquid slugs filling the whole cross-sectional area of the pipe and separated
by elongated gas bubbles. Important aspects of three-phase slug flow are the
possibility of formation of liquid emulsions which lead to even higher pressure drops
especially close to the phase inversion region i.e. the region in which the liquid/liquid

dispersion changes from oil-continuous to water continuous.

For pipeline design, the pressure drop is a very important parameter as it determines
the production rate for a given pipe size and source (reservoir) pressure. In some
cases, the reservoir pressure is insufficient to overcome the pressure drop at the
desired production rate. Increasingly, multiphase pumps are being used to address

this problem,; clearly, pressure drop is an important factor in designing such pumping
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systems. Mean liquid holdup is important in determining gravitational pressure drop
in non-horizontal pipelines. Liquid production rate fluctuates with time in slug flow
and separation equipment (“slug catchers”) must be capable of dealing with such
fluctuations. Thus, the characteristics of slug flow (slug frequency, slug length, etc)

are also important design parameters.

To be better able to predict important parameters such as pressure drop, liquid
holdup and slug parameters in three-phase air-oil water flow, one needs correlations
and models which are able to account for the unique interactions which take place
between the oil and water phases in the liquid. However, there is a distinct lack of
correlations and models which are capable of being applied to the three-phase flow
case as they fail to account for the effects of the mixing between the oil and the water.
This is because existing models and correlations have been based on data obtained

from two-phase data.

In this thesis a study of three-phase air-oil-water flow in horizontal and inclined

pipes, with particular emphasis on the slug flow regime, is described

Experiments have been carried out in which pressure drop and liquid hold-up were
measured. This data were compared with existing models and correlations and a new

improved model for predicting three-phase flows is presented.

This project had the following objectives:

e To generate detailed data on three-phase air-oil-water flow to supplement the
database already developed using the Imperial College high pressure multiphase
facility (WASP).

e To develop improved analytical frameworks for the prediction of three-phase
flows.

e To obtain detailed data on slug parameters such as slug velocity and slug body
holdup.

e To extend CFD techniques from two-phase to the three-phase flow case.
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In pursuance of the above-mentioned objectives, unique data on slug velocity slug
length and slug frequency have been obtained and compared with existing empirical
correlations. A new correlation has been devised for the prediction of the phase
inversion water-cut which has resulted in improved predictions of the pressure drop
and the liquid holdup as well as slug parameters. An existing two-phase flow slug
model has been adapted to the three-phase flow case. This model has been used to
predict the experimental data and the results are also presented. A commercially
available CFD code has been used to simulate slug flow and the results have also been

compared with the experimental data.

This thesis is organised as follows: In Chapter 2, a review of the relevant literature is
included. In Chapter 3, a description of the WASP Multiphase Flow Facility is given
together with the instrumentation used for the experiments. This is then followed by
Chapter 4, in which the experimental results obtained are presented and discussed.
Data on flow pattern are presented in Chapter 5, together with flow pattern maps,
which have been developed from the data. In addition to this, the flow pattern data
have been compared with existing flow pattern maps. In Chapter 6, data on pressure
gradient, holdup and slug parameters such as slug frequency slug velocity, slug length
and slug body holdup have been compared with existing correlations. An existing
slug model has been adapted to the three-phase flow case with good results. In this
Chapter a new correlation for the prediction of the phase inversion point is also
presented. Chapter 6 also presents a brief description of the CFD method used to
model three-phase slug tails as well as a presentation of the results obtained. Finally,

a conclusion and recommendations for future work are set out in Chapter 7.
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Chapter 2

LITERATURE REVIEW

The objective of this Chapter is to present a general review of information relevant to
three-phase gas-liquid-liquid flow with particular emphasis on the slug flow regime.
The literature on three-phase gas-liquid-liquid flow is relatively sparse (as will be seen
from the review of all sources identified in the present work in Section 2.3 below).
The normal practice (also followed in the present study) is to relate the three-phase
behaviour to that of two-phase flows. Three-phase flows have many features in
common with gas-liquid and liquid-liquid flows and the literature on these two-phase
systems is reviewed briefly in Section 2.1 and 2.2 below respectively. There is a vast
literature on two-phase flows and it is inappropriate to review this here; rather those
feétures of gas-liquid and liquid-liquid flows are highlighted which form an important

background to the presentation and analysis of the present results.

In Section 2.1, gas-liquid flow regimes are briefly described and those (selected)
correlations for pressure drop and liquid holdup which are used for the analysis of the
present three-phase flow data are outlined. Work on gas-liquid slug flow is then
described; Section 2.1.3.1 details the phenomenological models of Bonnecaze et al.
(1971) and Taitel and Barnea (1990) which were used for the three-phase case in the .
present work. Section 2.1.3.2 discusses relationships for the parameters of two-phase
slug flow (slug length, slug velocity, slug body liquid holdup and slug frequency),

again to form a basis for the analysis of the present three-phase slug flow data.

Liquid-liquid two-phase flows are important in themselves in oil pipeline transport
systems and in chemical plants. In pipelines, a commonly occurring case is that of the
transport of mixtures of oil and produced water in hydrocarbon recovery. Again only
a brief survey is given here of the liquid-liquid flows. However one aspect is
discussed in detail, namely that of the viscosity of liquid-liquid dispersions (Section
2.2.2.1); this forms an important background to the analysis of the present three-phase
flow data described in Chapter 6.
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2.1 TWO-PHASE GAS-LIQUID FLOW

The simultaneous flow of gas and liquid occurs in many industrial disciplines such as
petroleum, chemical, civil and nuclear engineering. In the petroleum industry, two-
phase gas-liquid flow occurs in the reservoir, the wells, flow lines, as well as in

process equipment used for separating and processing the mixture.

For optimum design and operation of these flowlines and process equipment,
knowledge of the flow patterns in the pipelines is essential. Flow patterns in
horizontal and near-horizontal two-phase gas-liquid flows have been studied
exhaustively in the literature and a consensus has been reached on the fact that seven
main flow patterns exist. These are dispersed bubbly flow, stratified flow, stratified
wavy flow, plug flow, semi-slug flow, slug flow and annular flow. An illustration of

these flow patterns is illustrated in Figure 2.1.

As these flow patterns or regimes have a profound influence on design parameters
such as the pressure drop and the liquid holdup, it is essential to be able to predict the
transition between the different flow patterns. Flow pattern maps which illustrate
these transitions have been formulated by a number of researchers. Examples of these
flow pattern maps include those by Mandhane et al. (1974) and Taitel and Dukler
(1976) illustrated in figures 2.2 and 2.3 respectively. Comprehensive reviews of two-

phase gas-liquid flow pattern maps are given by Hewitt (1982, 1999).

2.1.1 Pressure Drop
The pressure drop in gas-liquid flow in pipelines is a very important parameter as it

governs the pumping requirement. In order to design pipelines adequately it is

necessary to be able to predict the pressure drop.

The most straightforward approach is that in which the gas-liquid mixture behaves as
a homogeneous fluid. For this case, carrying out a momentum balance for steady state
flow in a constant cross-section duct (Hewitt, 1982) yields the following expression
for the pressure gradient:

_dp _1,P N w*d(1/p, )
dz A dz -

+ gpy Sin® 2.1)
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Where 4 is the channel cross section, P is the channel periphery and z, is the wall
shear stress, #is the pipe inclination angle, g, is the homogeneous mixture density
and s is the mass flux. An alternative approach (the “separated flow model”, Hewitt,
1982) is to consider the two phases as each occupying a separate zone of the channel;
in contrast to the homogeneous model, the phases may have different velocities. For
steady flow in constant diameter duct, the equation for pressure drop using this model

is as follows:

dp P _,d| x (1-x*) )
i AP L Jad + + +(1-¢ sin® (2.2
& 4 m dzlrpGSG o, (1-2,) g[Pogo ( G)pL] n (2.2)

Where ¢ is the void fraction (fraction of the cross section occupied by the gas phase),
pcand py are the gas and liquid densities respectively and x is the quality, the ratio of
the gas mass flux to the total mass flux. The three terms on the right hand side of
Equations (2.1) and (2.2) are the frictional, accelerational and gravitational
components of pressure drop respectively. For horizontal flows the gravitational
component is equal to zero, and usually the contribution of the accelerational
component is negligible. However, for flows with phase change (or where there is a
large change of entrained drop fraction in annular flow), the accelerational component
may become significant (particularly at low qualities). Thus, the frictional term
calculated as the difference between the total pressure gradient and the sum of the
accelerational and gravitational components, may have different values if the flow is
interpreted in terms of the homogeneous model than the value obtained by
interpretation of the data via the separated flow model. To evaluate the frictional

component of the pressure gradient, an empirical correlation is usually required.

2.1.1.1 Pressure Drop Correlations

In the course of this work, several empirical gas-liquid pressure drop correlations have
been compared with the present three-phase flow experimental data (see Chapter 6).
In what follows, a brief review of these correlations is given for completeness. The
correlations selected were those of Dukler et al. (1964), Beggs and Brill (1973),
Lockhart and Martinelli (1949), Chisholm (1967) and Schlichting (1970). The
correlation of Dukler et al. (1964) is based on the homogeneous model and uses
single-phase flow relationships for friction factor. The Beggs and Brill (1973)

correlation is also basically of the homogeneous type but uses a friction factor, which
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is related to (non-homogeneous) liquid hold-up. The Lockhart and Martinelli (1949),
Chisholm (1967) and Schlichting (1970) correlation are all of the separated flow type
and relate the frictional pressure gradients to those of flows with one or other phase

properties via a “frictional multiplier”.

2.1.1.1.1 Dukler et al. (1964).

This correlation is of the homogeneous type with the density and the viscosity defined

on a volumetric mean basis between the gas and liquid values. The friction factor is

calculated from standard single-phase flow relationships.

The frictional pressure gradient [ég—"—} is calculated using the following expression:
4

dpp\_Tof _ %o _ 2f (g +riy)® _ 2fn” 23)
dz A D Dpy Dpy

Where D is the tube diameter and 71, and 71, are the mass fluxes of the gas and

liquid respectively and f'the friction factor is given by the Blasius equation:

T ToPum -0.25
f= 2 = - ——=0.079(Re,,) (2.4)
% PuUn’ %("’G +1iy )’
Where U, is the mixture superficial velocity (U,=U;stU,¢) and p,, the mixture
density. The mixture Reynolds number is defined by the expression:

_ (n'zG + 1y )D

Re
M s

(2.5)

The gas and liquid mass fluxes are related to the phase superficial velocities Uy ¢ and

U, s as follows:
g = pcUq,s (2.6)
mp=prULs @.7)
And the mixture density p,,is evaluated using the expression:
Py =U=A)pc+ 4.9, (2.8)
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Where 4, is the input liquid volume flow fraction, which is defined as the ratio of the
total liquid superficial velocity to the total mixture superficial velocity:
ULs

Ap = (2.9)
Urs+Ugs

The mixture viscosity z,is calculated using the expression

Hy == A s+ Ay (2.10)
2.1.1.1.2 Beggs and Brill (1973).

The Beggs and Brill (1973) correlation is probably the most widely used method for
calculating pressure gradient in two-phase flows in hydrocarbon recovery (the context

of the present work).

The air-water experimental data used to formulate the pressure drop correlation were
collected over a wide range of conditions using a 27 metre long transparent acrylic
pipe with pipe inclinations ranging from -90° to +90°. Two pipe diameters were used
with nominal bores 25.4 mm (1 inch) and 38 mm (1.5 inch). A total of 584 data

points were collected.

Liquid holdup was measured through the aid of quick-closing ball valves, which were
actuated pneumatically. The pressure drop was measured using variable reluctance

pressure transducers.

When Beggs and Brill plotted their holdup data against the pipe inclination angle,
they observed a strong dependency of the holdup on the pipe angle. In particular, no
“segregated flow”(i.e. stratified flow) was observed for angles greater that +3°,
whereas in downhill flows the flow was always segregated. The approach taken was
to use the homogeneous model but to correlate the friction factor in terms of the actual
liquid holdup. A separate correlation was developed for liquid holdup (see Section
2.1.2.1.3).

The pressure drop is calculated using the expression:
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(dij = f(mG +mL)2 fM (2.11)
dz )y 2Dpy f
Where fis the friction factor for a smooth pipe given by the expression:

f=l21 ( Rey ) i 2.12)
= | “°¥ 4522310gRe,,, — 38215 '

Re,, is given by Equation (2.5) with the mean density (o,,) and viscosity (44,) being

given by Equations (2.8) and (2.10) respectively and f;, the two-phase friction factor is

given by:

Ifﬂ- = exp(S) (2.13)
S was correlated as a function of y defined as

/?’L
=— 2.14

y ng ( )

Where
U
A, =no slip holdup, ——=>— (2.15)
U,s +Ugs

&, =liquid holdup
S is calculated by applying the following criteria:
S=In22y-12)  Forl<y<l.2 (2.16)

For other values of y, S is given by:

In(y)
S= 2.1
{— 0.0523 +3.1821In(y) — 0.8725[In(»)* +0.01853[ln(3)]* } @17)

The liquid holdup is obtained from the Beggs and Brill correlation, which is described
below in Section 2.1.2.1.3.

2.1.1.1.3 Lockhart and Martinelli (1949)

Lockhart and Martinelli (1949) correlated frictional pressure gradient in terms of
multipliers which are applied to the pressure gradients for the individual phases

flowing alone in the channel; For instance, the multiplier @ is used to calculate the

apr.

two-phase frictional pressure gradient [ ¥ }from the pressure gradient for the liquid
/4

phase flowing alone [‘—igi} as follows:
L

z
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dz dz
This correlation is based on the separated flow approach. The pressure gradient for

(@f_) = 4 [_‘f,p_Fj (2.18)

liquid flowing alone in the pipe is given by:

2 221 )2
(dPFJ _2fmy _2fm (1-x) (2.19)
dz ), Dp, Dp,

Where f; is the friction factor for the liquid phase flowing alone in the channel.

Lockhart and Martinelli used the following correlational relationships for the single-

phase friction factor:

fi= 16 for Re, <2000 (2.20)
€L
f, =0.046 Re, ™ for Re, > 2000 (2.21)
Where Re, is given by: '
Re, = m D _ m(l—x)D 2.22)
AL Ay
Lockhart and Martinelli correlated the multipliers in terms of the parameter X defined
as follows:
/s
X =[(dpy/dz), Ndpy1dz) )2 (2.23)
Where {%’i} is the pressure gradient for the gas phase flowing alone in the
Z lg
pipes. This is given by:
+ 2 2.2
[dp{] _2fee _2fm’x 2.24)
dz I Dpg Dp;

Where f; is calculated from Equations (2.20) and (2.21), using gas phase Reynolds
number instead. The original Lockhart and Martinelli correlation was in graphical
form but Chisholm (1967) provided convenient fits to the curves. For instance, 4,
was fitted by the equation:

¢ = 1+§;+—X12— (2.25)
Where the value of C depends on whether the gas or liquid phase flowing alone in the
channel would have been turbulent or laminar. Values for C for the four possible

combinations are listed in Table 2.1. For all the cases considered in this work, it was
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found that the gas phase was turbulent, i.e. the gas phase Reynolds number always
exceeded 2000.

Gas Liquid C
Laminar Laminar 5
Laminar Turbulent 10

Turbulent Laminar 12
Turbulent Turbulent 20

Table 2.1 Values of parameter C for the Lockhart and Martinelli correlation.

2.1.1.1.4 Chisholm (1967)
A major problem with the Lockhart and Martinelli (1949) correlation is that it fails to

take adequate account of the effect of mass flux; large differences exist between the
experimental data and the correlation for high mass fluxes. The complex graphical
correlations of Baroczy (1966) were aimed at allowing for the mass flux and other
effects. The correlation of Chisholm (1967) was partly based on that of Baroczy but
uses more convenient analytical expressions to correlate the data. Again their

correlation is based on the separated flow approach.

In the Chisholm (1967) correlation, the pressure gradient is given by:
dpr 2 dp )
| = - 2.26
( % j Jr0 ( = (2.26)

Where g,/ is defined as the ratio of the frictional pressure drop to that for a fluid

having the total mass flux and the liquid properties, [égi} . It follows that:
Z lro
. 2
(2’2) _ 2fio 027
az)o  Dpr

Where f;, is obtained from the single-phase friction relationships (Equations 2.20 and
2.21) for a Reynolds number defined as follows:
Re,, =12 (2.28)

L

Chisholm (1967) correlated ¢, as a function of system parameters as follows:

Fro=1+(1 - 1)[Bx(2'”’2) (1- %) 4 xz"'] (2.29)
Where x is the flow quality, n the exponent in the relationship between the friction
factor and Reynolds number (e.g. n=0.2 in Equation 2.21) and Y is defined as:
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Y =[(dpy d2)oo /oy )10V (2:30)
Where f;, is a friction factor calculated for a single-phase flow (from Equation 2.20
and 2.21) with a Reynolds number defined as:
Rego = mD (2.31)
He
The value of the parameter B in Equation (2.29) is dependent on the value of Y as

follows:

B=—22. For0<¥<9.5 (232)
o @)
B= —?-—2'%? For 9.5<¥<28 (2.33)
Y (i)
15000
B=—or——r For 28<Y 2.34
YZ(m)O.S ( )

2.1.1.1.5 Schlichting (1970

The correlation of Schlichting (1970) was selected on the basis of the fact that that it
had been modified for gas-oil-water three-phase flows. This separated flow-type
correlation is similar to that utilised by Lockhart and Martinelli (1949) with the two-
phase multiplier ¢, modified to account for oil viscosities ranging from 10 to 6000
mPas.

The pressure gradient of the mixture is calculated using the expression:

) _ el

(dsz "”L(dz)L 23
C

Where 4 =C, +-—)§ (2.36)

The parameters C, and C, are dependent on the ratio of the liquid and gas viscosities,

7, which is defined by:

7, = (—@Jx 10 (2.37)
76
Thus if 7, <100 C;=]; C,=6
0.8
If 77>100 C, = -1—(’;-9%; C, =6+7.57" (2.38)
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4, P
( 5 - j and X are calculated as in the case of Lockhart and Martinelli using
Z L

Equations (2.18) and (2.23) respectively.

2.1.2 Hoidup
The liquid holdup in two-phase gas-liquid flow is defined as the fraction of the pipe

cross sectional area or volume that is occupied by the liquid phase. Again, many
correlations are available in the literature for holdup and only selected ones were used
for comparisons with the present data. The correlations selected were those of
Lockhart and Martinelli (1949), Guzhov et al. (1967), Beggs and Brill (1973) and
Minami and Brill (1987). The Lockhart and Martinelli (1949) and Beggs and Brill
(1973) correlation were selected for consistency with the selection of pressure
gradient correlations, and also because the latter correlation has been widely applied
in hydrocarbon recovery systems. The other two correlations were selected on the
basis also of their extensive use in these industrial systems. For a thorough review of
liquid holdup correlations the reader is directed to the review carried out by Pan
(1996).

2.1.2.1 Liquid holdup correlations

2.1.2.1.1 Lockhart and Martinelli (1949)
Lockhart and Martinelli (1949) presented their correlation for liquid holdup in the

form of a graphical relationship between & and the parameter X, which is defined in
Equation (2.23). Pan (1996) presented the following expression as a best fit to this
graphical correlation:

£y =0.228255+0.1113271n X +0.012566(In X)* - 0.001085(In X)*  (2.39)

And this equation has been used in the present work.

2.1.2.1.2 Guzhov et al. (1967)

Guzhov et al. (1967) concluded that g was related principally to the Froude number
Fry, which is defined by the expression in Equation (2.40) and the input liquid

fraction 4,.
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2 _ Uy _ (Uo,s +UL,S)2

Fr, = 2.40
¥=2D D (2.40)
They developed a correlation for the liquid holdup as follows:
&, =1-0.811- 4|l - exp(=2.2Fx, )| (2.41)

The expression for the no slip holdup, 4,, is given by Equation (2.15).

2.1.2.1.3 Beggs and Brill (1973

Using quick-closing valve holdup data obtained from the facility described in Section
2.1.2.1, Beggs and Brill (1973) formulated a correlation for the liquid holdup. By
carrying out regression analysis, Beggs and Brill were able to show (consistent with
the findings of Guzhov et al., 1967) that the liquid holdup in horizontal flows was
affected most significantly by the Froude number Fr, (see Equation 2.40) and the
input liquid content 1, . Beggs and Brill and proposed a relationship of the form:

£,(0)= A1, Fr,” (2.42).

Where &,(0) is the liquid holdup in horizontal; flow and 4, & and Sare constants.

This corresponds with the results obtained by Guzhov et al. (1967), who also
developed a holdup correlation dependent on these two parameters. Further work was
carried out to correlate the liquid holdup to the pipe inclination angle through an
inclination correction factor y which multiplies the holdup value for horizontal flow
(i.e. £(0)= wg(0) ) where &(0) is the holdup in a pipe inclined at an angle 0 to the
horizontal.
A relationship between y and & (in degrees) of the form as seen in Equation (2.43)
was established.

w =1+ E(sing—1/3sin’ #) (2.43)
Where ¢g=1.86
The experimental data were then subdivided into three regimes segregated,
intermittent and distributed and it was seen that it was possible to correlate the E
values with the input liquid content 4,, the Froude number Fr and the liquid velocity

number N,

0.25
Ny, =U,; [—/-’-L—j (2.44)
g g

A summary of the results obtained for each flow pattern is shown in Table 2.2.
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Horizontal Horizontal Upward flow Downward flow
flow pattern holdup E E
5(0)
Segregated | (9g 704846 (14, )1 001 IN ;> (i-4 )ln( 47N )
.086 L -
Fr&os 8 /1%76817’]1/}6}4 L /12'3692FI"£!'5056

0.0173 0.4473
Fry

Intermittent 0845 /22-5351 (1 P )1 ( 2.96 ;LL0.305 FrM0.0978] :
el S ~ 2, )In
LV

Distributed 1.065/1%5824
FrM 0.0609

(same as the above)

(same as the above)

Table 2.2 Values of parameters for the Beggs and Brill (1973) correlation

2.1.2.1.4 Minami and Brill (1987)

Minami and Brill (1987) carried out two-phase air-kerosene

experiments and

measured the liquid holdup using quick-closing valves. They produced a correlation

for the liquid holdup expressed in terms of the parameter Z,:

£ =1- exp{' [nz, +9.21)/8.7115]*3™ } (2.45)

Where the parameter Z, is defined by the expression:

e NGV ND0.0277 D

Where Ny, N, N;,and Njare defined by the following expressions:

5, 0%
Noy =Uggs (‘AJ
g0

p 025
Ny =Upg [—A)
go

0.25
g
N, =
L #L[pL0'3)

(2.46)

(2.47)

(2.48)

(2.49)

(2.50)

Where p is the system pressure and p, is a reference pressure corresponding to

atmospheric pressure.
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2.1.3 Slug Flow
Slug flow is arguably the most dominant flow regime in multiphase pipelines and can

have a significant influence on the performance of the phase separation equipment
(slug-catcher). The pressure gradient occurring in this flow regime is significantly
greater than those in the other flow regimes. In the present work, the predominant
regime was slug flow and this Section presents aspects of earlier work on this type of
flow in two-phase gas-liquid systems. The discussion starts in Section 2.1.3.1 with
the presentation of two phenomenological models for slug flow, namely those of
Bonnecaze et al. (1971) and Taitel and Barnea (1990). These models were used in the
analysis of the present three-phase flow data (see Chapter 6). Section 2.1.3.2
discusses results from the literature on the detailed parameters of gas-liquid slug flow
(slug velocity, slug body holdup, slug frequency and slug length); again the
relationships reported form the basis for the comparisoné with the present data for

slug flow characteristics given in Chapter 6.

2.1.3.1 Phenomenological Models

There is an increasing tendency to prefer phenomenological models for specific flow
regimes to the use of the traditional empirical-type correlation. Though such models
may not always predict given sets of data more accurately than the empirical

correlations, it is often argued that they offer a more secure route for extrapolations.

For slug flow, a number of phenomenological models have been developed. One of
the earliest (and simplest) was that of Bonnecaze et al. (1971). A more detailed
model was developed by Dukler and Hubbard (1975) and a more recent model (which
essentially extends the Dukler and Hubbard treatment) is that of Taitel and Barnea
(1990).

The present experimental data obtained on pressure drop and liquid holdup in the
three-phase flow have been compared against two-phase gas-liquid phenomenological
slug models (see Chapter 6). The models selected were those of Bonnecaze et al.

(1971) and Taitel and Barnea (1990), the first for its simplicity and the second since it
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is the most complete published model. These two models are described in what

follows.

2.1.3.1.1 Bonnecaze et al. (1971)

Bonnecaze et al. (1971) developed a model for slug flow for horizontal and inclined
pipes. In this model, the pressure drop across a slug unit was given as a sum of three
terms: the pressure drop in the mixing zone (4p,,;.), at the slug front, the pressure drop
in the slug body (4p,,) and the pressure drop in the gas bubble (4p,,,). Thus

sty = A + Aiig + AP g 2.51)
Bonnecaze et al. made the assumption that the pressure drop in the mixing zone was
zero and that the pressure drop actoss the slug bubble was negligible. As a result of
these assumptions, the expression for the pressure drop across the slug “unit” (i.e. the

combined slug and bubble zones) reduces to:

g = oy (2:52)
Since the pressure drop in the liquid slug arises primarily due to the wall shear and
gravitational forces acting on the liquid, it can be expressed using a Fanning friction
factor type equation. Thus the pressure gradient for slug flow is defined by the
expression below, which is essentially a sum of the gravitational and frictional forces
respectively:

2
[3’3] = ofgp, sing+ 212 (2.53)
dz D

Where #is the pipe inclination angle, D is the pipe diameter, p, is the liquid density,
f is the Fanning friction factor calculated for liquid flow at a velocity U,, and liquid
physical properties. « is the fraction of the pipe occupied by liquid slugs and is given
by the ratio of the slug length /; to the slug unit length /:

o=k (2.54)
lt
By equating the total liquid in the slug unit to the liquid in the slug and in the film,
Bonnecaze et al. were able to arrive at the following expression for a:

I & -¢

S

(2.55)

a=-=+
L, l-¢g

Where & is the average liquid holdup in the gas bubble and ¢; is the average holdup.
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For horizontal flows, Bonnecaze et al. were able to show that « is approximately
equal to the liquid volume fraction of liquid entering the pipe and is given by:

Uis

__Us (2.56)
U,s+Ugs

Where U, s and Ug ¢ are the liquid and gas superficial velocities respectively.

For uphill and downhill flows, & is calculated using Equation (2.55) where & and &
are evaluated below. A correlation for the average holdup was developed by
Bonnecaze et al. and is defined by the expression:

g =1- U=4) ' (2.57)

0.35(1-26)
1204 ——F£L

O+ Fry,

Where 6= +1 for uphill flow, 6= -1 for downhill flow, 4, is the liquid volume

fraction entering the pipeline given by Equation (2.15) and Fr,, is the Froude number
as defined in Equation (2.40). The liquid holdup & in the film is calculated from the

following expression:

3
ér — 2fLFrM/?'F2 (2.58)

L cos™ 1 —2—h~) [sing)]

V4 D
Where A, a constant is defined by Equation (2.59)

r
Ap =01 Y 1-s, )—1} (2.59)
ULs

Where U, is the slug translational velocity (See Section 2.1.3.2.2), U, is the

superficial liquid velocity and & is given by the expression,

0. .
€F=;[cos—l[l_%}-[l_zg]{%] [_.” 2.60)

Where % is the height of stratified liquid layer in the pipe and D is the pipe diameter.
Equation (2.58) is solved iteratively by guessing values of h.

57



Because the velocity profile in the slug flow was likely to be unsymmetrical,
Bonnecaze et al. developed a new friction factor correlation from their experimental
measurements by correlating their pressure drop measurements with the following

friction factor:

= 0.0048+-———-3918;)85 (2.61)
Re,~
Where Re,_the slug body Reynolds number is given by the expression
Re, = PlUnD (2.62)

Hr
And U,,is the total gas and liquid mixture superficial velocity.

Bonnecaze et al. compared predictions from their model with oil-gas field data and

reported good agreement.

2.1.3.1.2 Taitel and Barnea (1990)

Taitel and Bamea (1990) developed a mechanistic unit cell model to calculate the
average pressure gradient over a slug unit. An illustration of the slug unit is shown in

Figure 2.4.

Here the slug unit consists of two main sections: the slug film region of length /;
which consists of an elongated gas bubble and a liquid film below it, and the slug
body having a length I, consisting of liquid with or without dispersed gas within it.
The slug unit length which is the sum of the slug body length and the slug film length
is denoted by the symbol /,. The average velocity of the gas bubbles entrained within
the slug body is U, and the average velocity of the liquid within the liquid slug body
is U,. The velocity of the liquid in the film is denoted by U, while the velocity of the
gas is given by Ug.

The slug model was developed by carrying out mass and momentum balances.
However, a few assumptions were made to simplify this process. It is assumed that
the density of the liquid and the gas phases do not vary over the length of the entire

slug unit (incompressible).
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A liquid mass balance over the entire slug unit can be carried out in two ways:
(1) The first method is carried out by integrating the fluid flow rate at a fixed cross
section over the time 7, taken for the passage of one slug unit. This yields the

following expression:

i
w, -.-%(ULAgsths 4 J'UJ-A&'prdt) (2.63)
u 0
Where W, is the input liquid flowrate, U, is the average liquid velocity in the slug
body, U, is the liquid velocity in the film region, & and & are the average liquid
holdup in the slug body and the film region respectively, 4 is pipe cross sectional area
and ¢,, t,and t, are the times taken for the passage of the slug body, the film region and

the entire slug unit respectively.

Equation (2.63) can be expressed in another way by making use of the following

expressions:

t, = L (2.64)
Ul

- (2.65)

S UI '
l

t, =% (2.66)
Ul

Where U, is the translational velocity of the elongated bubble. Substituting
expressions (2.64-2.66) into equation (2.63) leads to: '
If

I, 1
u 0

u

(2) The second method of carrying out a liquid mass balance over a slug unit consists
of considering the volume of fluid in a slug unit.

This mass balance yields the following expression:

L
W, = L ( pLAsl + .[pLARde}-G (2.68)
0

tu

The term in the brackets represents the mass of liquid in a slug unit. However, as the

slug unit propagates in the pipe, some liquid is picked up at the front of the slug and is
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shed at the rear of the slug. G represents the amount of liquid picked up and is given

by the expression:
G=U,-U,)pds,=U,-U,)pAs; (2.69)

Equations (2.68) and (2.69) can then combined in the following manner yielding the

expression:
1 g
w,= /i prael; + IPLAg deJ ~U, -UL)p s, (2.70).
u 0
NOW, Zé" = UL,S (2.71)
pr4
And
a;=(-&) @.72)

Where U, ; is the superficial liquid velocity and «; is the void fraction in the liquid

film. Substituting Equations (2.71) and (2.72) in Equation (2.70) gives

I
l S
U,s=U,¢ Uz, N [aydz (2.73)
| Z‘u u Zu 0
Further simplification of this expression leads to:
I, u”
U,s=U.é +U,(1~gs)—zfi—-l-L [,z (2.74)
u U o

Applying a mass balance on both the liquid and gas phases on a cross section of the
liquid slug zone yields the following expression:

Uy =U,s+Ugs=U, 5 +U,a, (2.75)
Where U,, is the total mixture superficial velocity, U; is the velocity of the liquid in
the slug body and U, is the gas in the slug body.

In order to calculate the pressure drop in slug flow, it is important to calculate the
length of the liquid film /, its shape A(z) and the velocity profile along the liquid film
Ufz). To obtain solutions for the film velocity profile Uyz) and the film holdup
profile £(z) momentum balances on the film zone are carried out. Equations (2.76)
and (2.77) represent the momentum equations for the liquid film and the gas above it

relative to a coordinate system moving with velocity U,
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an oP Z'fo 7.S. . 6hf
- - LTy - d—— (2.76
PLVy 2% % A_f Af pLgsm P8 COS P ( )

ovg oP 58; 7.5, ) oh,
Y, —tm 2L L sinéd — cosd—— (2.77
Ps¥s =5, o a4, A Pcg Pcg . @.77)

Where /i, is the height of the liquid film, the relative gas and liquid velocities are given
by the expressions v, =U-U, v; =U, U, respectively and & is the angle the pipe

makes with the horizontal plane.

The shear stresses are given by the following expression:

=2 (pLE]flUf) 2.78)
7y = Jo (P ISGIUG) (2.79)
;= fi(p(;lUG _ufl(UG -U,) (2.80)

; 2
Where f; is the friction factor at the gas-liquid interface, f;is the friction factor between
the liquid film and the wall and f; is the friction factor between the gas and the wall.
These friction factors can be evaluated, for smooth pipes, using the Blasius

correlation:
f6=Co(DyUg/vg)" (2.82)
Where C,=16 and n =-1 for laminar flow, C;=0.046 and » =-0.2 for turbulent flow and

D, the hydraulic diameter for the liquid and gas phase respectively is given by the

following expressions:

4Af
= (2.83)
Sy
4AG
=G 2.84
b= B+ 59 (2.54)

Where 4, and A, the cross sectional area occupied by the gas and liquid phase are
defined by:
p? 2h 2h 2 Y
Ag =" cos™| =L -1|-| =L 1| 1-]| =L - 2.85
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T Ag

A, =D2[Z—~—5—2-} (2.86)

Sy Sp and S, the perimeters for the gas phase, liquid film and the gas-liquid interface

are given by:

-

S;=D cos‘l(zg—f——l)] (2.87)

Sp=D (z—Dcos“l(—Z%f——ljﬂ (2.88)
(2hf T

Si—""—D 1'—' —l—)——l (289)

For low liquid and gas velocities the interfacial friction factor f; can be determined
using the smooth surface friction factor, thus f/f;=1 and for higher gas velocities when

the gas-liquid interface is wavy a value of 15 is used for this ratio.

From the momentum conservation Equations (2.76) and (2.77), equating the pressure

gradient in the gas and liquid phases yields the following expression:

ove _%rSs _765¢

ovs 11 . Ohy
PLVy—==PoVa ~ ;S| —+— +(p1,—po)gsmﬁ—(prpa)gcos@-g

oz Af AG Af AG
(2.90)
From equation (2.69) the relative velocity 1;can be expressed by:
v, =U,-Up)=U,-U)e& /g (2.91)

For the gas this can be expressed as:

UgE(U,—UG)=(U,—-Ub)a'S/a'f (2.92)
Substituting Equations (2.91) and (2.92) into (2.90) gives a differential equation for 4;

as a function of z:

Z'fo Z'GSG ( 1 1 J .

L L0 S| —+— |+ (o, - ps)gsinb

dhy _ 4 4 4y 4

dz (u, —u)e, d&; U, -Up)(1-s,) d¢;
- cosf - pyv, =t L — poyg b :

(2.93)
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This differential equation can be solved numerically to yield the film height 4(z). The
corresponding film velocity u4z) is calculated by using the mass balance described by

Equation (2.91).

To evaluate the length of the liquid film /, Equation (2.74) is used and the integration

is carried out until this mass balance is satisfied.

The pressure drop for a slug unit can now be evaluated by carrying out a global force

balance over a slug unit yielding:

b8, +758
B [Ty, (2.94)
A A

0

dp, = p,gsind, +

Where the first term on the right hand side of Equation (2.94) represents the
gravitational component of the pressure drop and the second and third terms are the
frictional components of the pressure drop in the slug body and liquid film region

respectively.

The average density of the slug unit is given by:
Pu = %P +(l—au)lol, (295)
@, the average void fraction of the slug unit is defined as :

I
(@, + [a,dz)
a, = l° (2.96)

u

Using Equations (2.74) and (2.75), Equation (2.96) can be simplified to:
a,=(-Ugs+Up, +U, )/ U, (2.97)
From the above analysis, it can be seen that in order to calculate the pressure gradient
in slug flow, closure laws for certain parameters need to be obtained. Taitel and
Barnea (1990) give general guidance on these closure laws (though the model can be

used with any reasonable set of laws) as follows:

1) Translational velocity

Taitel and Barnea note that the translational velocity is often expressed as:
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Where U, is the drift velocity and U, is the total superficial velocity. Taitel and
Barnea cite typical values for C;=1.2 and U, =0.54gD and these values are used in the

present implementation of the model.

(2)Slug body holdup

There are a number of correlations available for slug body hold-up. These are
reviewed in Section 2.1.3.2.3 below. Taitel and Barnea also review these correlations
and cite amongst others the correlation of Gregory et al. (1978). This correlation was

used in the present implementation of the Taitel and Barnea model.

(3) Slug length

Taitel and Barnea review work on slug lengths (further information is given in Section
2.1.3.2.1 below) and concluded that (from the work of Nicholson (1978), a value of
30D was typical. Again this value has been used in the present implementation of the

Taitel and Barnea model.

2.1.3.2 Slug Parameters

Although comprehensive phenomenological models for horizontal two-phase slug
flow exist as exemplified in Section 2.1.3.1, these models still require closure
relationships in the form of slug frequency (or slug length), slug translational velocity
and liquid volume fraction within the slug. For two-phase gas-liquid flow, extensive
work has been carried out on these parameters (though there is practically no repofted
data on three-phase flow- a deficiency addressed in the present work). This present
section of the review highlights the work that has been carried out in the area of two-
phase gas-liquid slug flow parameters, namely slug length (Section 2.1.3.2.1), slug
velocity (Section 2.1.3.2.2), slug body holdup (Section 2.1.3.2.3) and slug frequency
(Section 2.1.3.2.4).

2.1.3.2.1 Stlug Length

The slug length is an important parameter, particularly for the sizing of downstream

separation facilities. Because of the unsteady nature of slug flow, a critical quantity is
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the maximum possible slug length, as it is this parameter upon which the slug catcher
design is based. In what follows, a brief review is carried out on the most commonly

used correlations and models of slug length in the literature.

Dukler and Hubbard (1975) observed stable slug lengths to be about 12-30D (where D
is the pipe diameter) where a stable slug was defined as one, which is long enough for

the velocity profile at the back of the slug to be fully developed.

Based on field data obtained from the Prudhoe Bay field, Alaska, Brill et al. (1981)
developed a correlation for the mean slug length as a function of the pipe diameter

and mixture velocity. This correlation is given by the expression:
In(3.28081,) = —2.663 + 5.445(In(39.37D))*° + 0.0591n(3.2808U,,)  (2.99)

Where [, is the mean slug length, D is the pipe diameter and U, is the total mixture

superficial velocity.

Norris (1982) modified the above expression in Equation (2.99) using further data
from the Prudhoe Bay Field and produced the following expression:

In(3.28081,) = —2.099 + 4.589(In(39.37 D))*! (2.100)
s

Crawley et al. (1984) made measurements of slug length for refrigerant-water and for
refrigerant-glycerine systems and observed that the average slug length for the
refrigerant-glycerine system was about 2.4 m (14 diameters) while that of the
refrigerant-water was 1.2 m (7 diameters). They also observed that the slug leﬁgths

decreased with increasing gas velocity and increased with increasing gas density.

Barnea and Brauner (1985) extended an existing model for slug length in vertical flow
by Taitel et al. (1980) to the horizontal case and obtained a stable slug length of 32D,
which compared favourably with the experimental results of Gregory et al. (1978).

Scott et al. (1986), using a much wider range of flowrates were able to put forward the

following relationship for predicting the slug length in large diameter pipelines.

In(3.28081,) = ~25.4134 + 28.4948(In(39.37 D))" (2.101)
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Using the residence time and velocity of slug bubbles at a conductance probe
measuring station; Nydal (1991) was able to calculate slug lengths in air-water two-
phase flow. He observed that the lengths of the slugs were independent of the mixture
velocities over a wide range. His results are illustrated in Figure 2.5, where the mean
slug lengths are plotted against the total mixture superficial velocity. For a 48 mm
(1.9 inch) internal diameter tube, slug lengths in the range of 15-20D were observed,
whereas in the case of an 89 mm (3.5 inch) internal diameter pipe, the lengths of the.

slugs were in the region of 12-16 D where D is the tube diameter.

Manolis (1995) using the WASP Facility carried out two-phase air-oil and air-water

slug flow experiments. By analysing the traces from a pair of conductivity probes, the .
slug length was obtained. For the set of conditions he investigated, Manolis observed
that the slug length varied between 10 and 25D. He also investigated the effects of
gas and liquid superficial velocities on the slug length and concluded that increasing
the water superficial velocity led to an increase in the slug length, while increasing the
air superficial velocity resulted in a decrease in the slug length. In addition to this, the
effect of system pressure on the slug length was studied, and this led to the result that
the slug length decreased as the system pressure increased. Manolis compared his
experimental data with the slug length correlations of Brill et al. (1981), Norris (1982)
and Scott et al. (1986). The comparisons showed that all the correlations significantly
over-predicted his experimental data. Manolis attributed this finding, to the fact that
the correlations had been derived from pipeline field data, which were more likely to
have incorporated slﬁg growth and decay, two factors likely to have an effect on the

slug length.

Goncalves et al. (1996) measured slug lengths in a 200 m long 152 mm (6 inch)'
internal diameter, pipeline for a gas-oil system. They obtained the slug characteristics
by cross-correlating the signals from a pair of differential pressure transducers
arranged in a top-to-bottom configuration. They obtained a log-normal distribution
for the shug lengths in agreement with the findings obtained by Brill et al. (1981)
although the average slug lengths measured were in excess of the 30D value that had

been postulated by earlier researchers.
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Marcano et al. (1998) using a 76 mm (3 inch) internal diameter horizontal pipeline
carried out two-phase air-kerosene experiments and obtained data on slug length by
using two capacitance probes to track the propagation of slugs through the pipeline.
They obtained a lognormal slug length distribution. They developed a new
correlation for slug length using the parameters of Hill and Wood (1994) and
compared the prediction of the new correlation with that of the original Hill and Wood

(1994) correlation and observed a better prediction with their correlation.

2.1.3.2.2 Slug Velocity

The slug velocity is a key parameter in the modelling of slug flow and therefore has
been studied extensively by several researchers. It is important, because it is one of

the several closure relationships required by existing pressure drop prediction models.

Dumitrescu (1943) studied the rise velocity of bubbles through a stagnant liquid in a
vertical tube. He then showed both theoretically (by assuming potential flow around
the bubble nose) and experimentally that the rise velocity of the bubble was:

U, =0.35/gD (2.102)

Davies and Taylor (1949) also arrived at the same result. They carried out

experiments to measure the rate at which long glass vertical tubes of different

diameters were emptied. They obtained values of -—l% ranging from 0.33 to 0.346
&

(for the largest tube), which compares favourably with the theoretical figure of 0.328,
which they had derived earlier.

Zukoski (1966) measured the effect of viscosity, surface tension and tube inclination
angle on the velocity of large bubbles propagating into closed horizontal and upward
sloping pipes. He found that as the surface tension increased, the bubble rise velocity
decreased. For horizontal pipes with large diameters, where surface tension effects

are negligible he found that:
U, =0.54,/gD (2.103)
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Benjamin (1968) carried out a theoretical analysis for the case of a horizontal tube
filled with liquid in one end and open at the other end. By applying mass and
momentum conservation equations across a control volume moving with the bubble as
well as the Bernoulli equation along the interfacial streamline, Benjamin was able to

derive the following expression for the bubble rise velocity:

U, =0.542 /(EL—_—@—)gD (2.104)
PL

This expression concurs with the experimental results of Zukoski (1966).

While all of the above work had been carried out for bubbles passing into stagnant
liquids, Griffith and Wallis (1959) extended this to encompass the propagation of
bubbles in non-stationary liquid by carrying out slug flow experiments using an 18-ft
vertical tube. They showed that the bubble-rise velocities in slug flow were quite
sensitive to the velocity profile in the water ahead of the bubbles and proposed the

following relationship to account for this:

U, =CyCy/gD (2.105)
Where C, is the governing coefficient in stagnant water and C, is a function of the

water velocity.

Nicklin et al. (1962) carried out experiments in which the rise velocity of the large
bubbles (Taylor bubbles) in slug flow was measured in upward and downward
flowing streams of water. He proposed a relation for the slug propagation velocity in
a stagnant liquid, which consisted of the rise velocity U, plus a component due to the
motion of the fluid:

U, =C,(Ugs+Ups)+Uy | (2.106)
Where U;sand U, s and the gas and liquid superficial velocities. For the vertical pipe
used:

U, =0.35./gD (2.107)

The following values for C, were found:

C, =12 for fully developed turbulent flow
~2  forlaminar flow
<1.0 fordownwardslug flow
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Crawley et al. (1984) carried out two-phase gas-liquid slug flow experiments in a
horizontal 171-mm (6.75-inch) internal diameter pipe at high pressure. They
measured a number of slug characteristics, slug velocity being included among these.
Using an air/water system and refrigerant-water system they obtained a value of 1.35
for C,, which compared favourably with the result obtained by Gregory and Scott
(1969). Replacing the water with a glycerine solution of high viscosity of 0.4 Pas
(400 cP) they obtained a value of 2.0 for C,. They then concluded that there was little
effect of gas density on the slug velocity whereas the effect of liquid viscosity was

very evident.

Bendiksen (1984) carried out a series of experimental investigations of the bubble
propagation rate as a function of several parameters including the pipe inclination
angle, the Froude number, the Reynolds number and the surface tension for both

stagnant liquid and non-stagnant liquid systems.

Bendiksen’s results showed that for Fr > 3.5, C, has a value of between 1.19 and 1.20
for all inclination angles. The results obtained by Bendiksen can be summarised as

follows:

U 2
C, =1.05+0.15sin? 8, U, =/gD(0.35sin 6+ 0.54c0s8) for Fr? =—25- <35

- (2.108)

U
C,=12, U, =+/gD(0.355in 8) for Fr? =——Lg—>3.52
g

Nydal (1991) carried out experiments to measure slug bubble velocities in two-phase
air-water flow using conductance probes. He plotted the slug bubble velocity against
the mixture velocity, and by assuming the Nicklin ez al. (1962) relationship (Equation
(2.106)) between the slug bubble velocity and the mixture velocity, he was able to
calculate mean values for C, A graphical representation of his results is shown in

Figure 2.6.

The values of C, from his experiments are higher than the 1.2 value obtained by
earlier workers. Nydal attributed this to several factors, particularly the presence of

bubbles within the liquid slugs.
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Manolis (1995) using the WASP High Pressure Multiphase Facility, carried out an
extensive study of slug velocity in two-phase air-water flow by cross-correlating the
signals from conductivity probes and obtained the following result for the slug
translational velocity:

U, =U,,(0.00648p +1.2031) (2.109)

Where p is the system pressure in barg.
It is interesting to note that at atmospheric pressure the above equation collapses to:

U, =121U,, (2.110)

Similar to the result obtained by previous researchers.

2.1.3.2.3 Slug Body Hold-Up

The slug body holdup i.e. the volume fraction of liquid in the slug body, is also
required in slug models as a closure relationship. A significant amount of research
has been devoted to the slug body holdup in air-water and air-oil two-phase slug flow
systems, but the effect of liquid viscosity on the slug body holdup has not been

studied extensively.

Gregory et al. (1978) using capacitance sensors measured slug body hold-up for an

air-light oil fluid system and arrived at the following correlation:

g =l-————s @2.111)

This equation is widely used on the basis of its simplicity, although it fails to account

for the influence of the physical properties of the liquid on the slug body holdup.

Malnes (1983) proposed a correlation based on the data obtained by Gregory et al. as

follows:
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Un

& =
83(&7-) +U,,
PL

(2.112)

Where ois the liquid surface tension.

Barnea and Brauner (1985) put forward a model for the prediction of the liquid slug
void fraction. The method is based on the assumption that the liquid hold-up in the
slug body is equal to the liquid hold-up of fully dispersed bubble flow on the

transition boundary with the same mixture velocity.

Ferschneider (1989) proposed the following correlation, based on experiments carried
out using natural gas and condensate as the test fluids in a 142 mm (5.6 inch) internal

diameter pipe for inclination angles ranging from 0 to 4°.

1
g =1-— ” = (2.113).
2
1+ s -:—( 4 ) <
2, Bo?
1-£8 gD
P
\ - - J
Where o is the surface tension and Bo the Bond number is defined by:
BO_____(/OL—',OG)gDZ (2114)

o)

No information was given on the value of the coefficients 4 and £

Andreussi and Bendiksen (1989) investigated the effect of pipe diameter and ‘pipe
inclination angle on slug body void fraction using 48 mm (1.9 inch) and 89 mm (3.5
inch) internal diameter pipes and using air and water as their test fluids. They
measured the void fractions by using conductance probes. They observed that the

pipe diameter had a significant effect on the slug body void fraction.

Andreussi and Bendiksen also measured slug body void fractions for different pipe
inclinations -3°, -0.5°, 0° and 0.3°. As can be seen from Figures 2.7 and 2.8, where
the slug body void fraction has been plotted against the total superficial velocity, two
trends are clear. For downflow, a decrease in the slug body void fraction was

observed for the downwardly inclined angle of -3° with respect to the horizontal case.
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Andreussi and Bendiksen attributed this to the diminished bubble production in

downflow arising from decreases in the relative slug and film velocity.

For upflows, an increase in the slug body void fraction was observed. This trend was

found to be even more pronounced in the data of Ferschneider shown in Figure 2.9.

Nydal (1991) carried out a detailed experimental investigation into the void fraction in
the slug body. His experiments were carried out with air and water using one 52.9-
mm internal diameter stainless steel pipe and a 90-mm internal diameter acrylic pipe.

The slug void fraction was measured with the aid of conductance probes.

Nydal’s results indicated that for gas to be entrained within the slug body, a minimum
superficial mixture velocity must be exceeded. In addition he compared his
experimental results with two correlations, Gregory et al. (1978) and Andreussi énd
Bendiksen (1989). His comparisons showed that the correlation of Andreussi and
Bendiksen matched his data more closely than that of Gregory et al. (1978). The
reason for this is probably due to the fact that the Gregory et al. correlation is based
on experiments carried out with air and oil, a system which has a higher void fraction,
whereas the Andreussi and Bendiksen correlation is based on air-water data and
accounts for the physical properties of the fluids. Nydal’s experimental results and

the comparisons with the above-mentioned correlations are shown in Figure 2.10.

Nydal proposed a relationship for the void fraction in the slug body incorporating the
effects of gas entrainment due to dispersed gas in the liquid layer as well as surface

entrainment from the gas bubble. This relationship is given by:

BT LA RS, % |- Ky (2.115)

Where U,, is the mixture velocity, U, slug bubble drift velocity, S; the interface

parameter, &, the liquid volume fraction in the slug bubble, X, and K, are coefficients
in gas entrainment relations, D is the pipe diameter, C, is the dimensionless
distribution parameter, s the void fraction in the liquid film and ¢, the void fraction

within the liquid slug.
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Nydal compared the predictions from Equation (2.115) with his experimental results
and obtained good agreement. Nydal also examined the effect of pipe inclination on
the void fraction within the slug body using an air-water system. It can be seen from
Figure 2.11, that increasing the pipe inclination angle from -7° to 90° leads to an

increase in the slug void fraction.

The effect of fluid properties on the slug void fraction was investigated. Using a
gamma densitometer, Nydal (1991) measured slug void fraction for air-oil slug flow
and reported that the slug body void fraction in air-oil slug flow was much higher than

that for air-water flow.

Nadler et al. (1995) carried out experiments to study the effect of liquid viscosity on
the phase distribution in horizontal gas-liquid slug flow. The liquids used for the
eiperiments were water and oil. The viscosity of the oil was varied between 0.014 to
0.037 Pas and density in the range of 834 to 848 kg/m’. The slug body holdup was
measured through the use of a multi-beam gamma densitometer. The results obtained
showed that the liquid holdup in the film region for two-phase air-oil slug flow was
greater than that of two-phase air-water slug flow. For the slug body, the opposite
was the case, with the liquid holdup in the slug body for two-phase air-water slug
flow being greater than that for two-phase air-oil slug flow.

Manolis (1995) measured average slug body holdup in air-water and air-oil two-phase
flow using the WASP High Pressure Multiphase Facility. For both flows, he
observed that increasing the air superficial velocity led to a decrease in the average
slug body holdup for a constant liquid superficial velocity. In addition, Manolis also
showed that increasing the system pressure led to a decrease in the average slug body
holdup. The water superficial velocity had no discernible influence on the average

shug body holdup.
Marcano et al. (1998) measured slug body holdup using capacitance probes. Based

on his experimental results, he was able to formulate a correlation for the slug body

holdup:
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1
& =
1.001+0.0179U,, +0.0011U,,>

(2.116)

Where U,, is the mixture superficial velocity. He compared this correlation with his
experimentally measured slug body holdup and observed a relative error of 8%.
Marcano et al. applied this correlation as well as the correlations of Gregory et al.
(1978), Yang (1995) to a combined data set, consisting of two-phase slug flow data
from the experimental work of Kouba (1986), Roumazeilles (1994) and Yang (1995).
Marcano et al. observed that their correlation was the most accurate in predicting the
data. In addition to this, Marcano et al. observed that the liquid holdup in the slug
body decreased with increasing gas velocity and increased with increasing liquid

superficial velocity.

From an experimental database containing the slug body holdup data of Schmidt
(1977), Kouba (1986), Rothe et al. (1986), Kokal (1987), Brandt and Fuchs (1989)
and Felizola (1992), Gomez et al. (2000) were able to develop a correlation for the
slug body holdup as a function of the slug Reynolds number and the inclination angle

of the pipe. The correlation is given by the expression:
= 1.0g7(0450+ 248107 Re; ) 0<6<1.57 (2.117)
Where Re, is the slug Reynolds number defined as:

Reg = 2:9uD (2.118)
Ay

and &is the inclination angle in radians.

2.1.3.2.4 Slug Frequency

Gregory and Scott (1969) proposed a correlation for slug frequency from data they

had obtained in a CO, -water system.

1.2
v, =0.0226 Ys 1—9‘151+UM (2.119)
gD\ Uy

Greskovich and Shrier (1972) combining their data with those of Hubbard (1965)

obtained the following correlation:
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2 1.2
v, =0.0226 Ubs[202 Uln (2.120)
Uy\ D gD

Taitel and Dukler (1977) introduced the concept of slug formation as an entrance
phenomenon. They then applied the conservation equations for mass and momentum
and modelled the entrance phenomenon assuming open channel flow. By reducing
the problem to one of determining the charactetistic time (the time taken for the liquid
to rebuild from its lowest value to the equilibrium value) they calculated the slug
frequency by assuming it to be equivalent to the inverse of the characteristic time.
Predictions of the model were compared with the data of Dukler and Hubbard (1975),
Gregory and Scott (1969) and Vermeulen and Ryan (1971). Good results are obtained
in comparison with the data of Dukler and Hubbard (1975). Less satisfactory results
were obtained with the data of Gregory and Scott (1969) and Vermeulen and Ryan
(1971). The model predicts an increase of frequency with increasing liquid superficial
velocity at constant gas superficial velocity as well as a minimum in the plot of slug

frequency versus gas velocity at constant liquid superficial velocity.

Heywood and Richardson (1979) were able to estimate the average slug frequency
and length by calculating the probability density function and power spectral density
of the hold-up. Based on this they proposed the following relationship for the slug
frequency:

2 1.02
,,s=o.0434[@(&+@_j] 2121
D gb

Where 4, is the no slip liquid holdup.
Jepson and Taylor (1988) proposed a correlation based on data obtained from a 30-cm
diameter horizontal pipe:

v.D

=4.76x107U,, +0.035 (2.122)
UL,S

By assuming that the slug frequency was half the frequency of unstable waves
precursors of slugs, Tronconi (1990) presented a semi-mechanistic model for slug

frequency in horizontal pipes. The expression for the slug frequency was derived as:
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Predictions from Equation (2.123) were compared with data from Hubbard (1965),
Dukler and Hubbard (1975), Heywood and Richardson (1979), Gregory and Scott
(1969), Kago et al. (1987), Knervold et al. (1984) and Vermeulen and Ryan (1971).
In all cases except in the case of the data produced by Gregory and Scott (1969) and
Vermeulen and Ryan (1971) the model obtained satisfactory results both

quantitatively and qualitatively.

Tronconi also investigated the effect of gas and liquid flowrates, pipe diameter, gas
density and liquid viscosity on the slug frequency and put forward explanations for
these. The Tronconi model was able to predict the increasing slug frequency with
decreasing pipe diameter as well as the maxima appearing on the frequency vs. gas
superficial velocity plots at low gas rates in small diameter pipes, a trend that had
been reported by Taitel and Dukler (1977) and Nicholson et al. (1978). The model
was also capable of dealing with the effect of gas and liquid properties (particularly
the viscosity) on the slug frequency. This is confirmed by the agreement obtained
with the data of Kago et al. (1987) and Knervold et al. (1984). The reason for the
enhancement of the slug frequency in the case of more viscous liquids was attributed

to the higher equilibrium level of the entry stratified flow.

Hill and Wood (1990) formulated a correlation for the slug frequency based on data
obtained from a 50 mm diameter pipe using air and water. The correlation is given by
the expression:
oD 274,
CUe-Uy)  1-gg

(2.124)

‘Where £2is the dimensionless slug frequency and & is the equilibrium liquid holdup.

Nydal (1991) measured slug frequencies in a 59-mm (2-inch) internal diameter pipe
and results obtained are shown in Figure 2.12. All results show the characteristic
minimum in the slug frequency versus mixture velocity plot reported by several
researchers. Nydal compared his data with that of Gregory and Scott (1969) and
obtained good agreement for the range Ugs< 10 m/s and U, 5 1.3 m/s. At higher gas
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and liquid flowrates, there is some discrepancy between the correlation and the data of
Nydal. While the data shows a fairly constant slug frequency at these conditions, the

correlation of Gregory and Scott shows a strong increase with Ugg.

Because of the inadequacy of existing slug frequency correlations in predicting his
data, Manolis (1995) developed a new slug frequency correlation based on seven non-

dimensional numbers. The expression for the slug frequency is given by:

260(-—l~]+0.85 0.2
. .
oD 7 2003 63&—2-(—1—) (2.125)

Where the inverse of the viscosity number is given by the expression:

1 - AL
Ny DI'S[PL(/’L '"Pg)gJo'S

F_ and F; the liquid phase and gas phase Froude numbers are denoted by the

(2.126)

expressions:
U
F, =% (2.127)
A gD
U
Fs= s (2.128)

Z the ratio of inertial to gas phase pressure drop is given by the Equation (2.129):

5 05 2 0.5
PULs ~lUL
Z= —§—D~ = 2D 5 (2.129)
(_ﬁj ic Re.™ pGUG
| \dz /g D IC 2
And X the ratio of the liquid to gas pressure gradient flowing alone in the pipe is
given by:
0.5 0.5
ii_fl) A Re™ AULs"
dz ), p /Tt 2
X = e 5 (2.130)
(_!.’.) A R PUsq,s
dz )6 D /° 2

E, the Eotvos number is given by:
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Manolis compared slug frequency data from the published literature as well as those
obtained from the WASP facility with his correlation and concluded that the

correlation predicted all the experimental data reasonably well.

2.2 TWO-PHASE LIQUID-LIQUID FLOW

Two-phase liquid-liquid flow occurs in a number of industrial processes such as
liquid-liquid extraction as well as multiphase pipelines. This type of flow is
considerably different from two-phase gas-liquid flow due to a number of factors.
Firstly, the viscosity ratio in liquid-liquid flow is much higher than that occurring in '
gas-liquid flow, meaning that the slip velocities and drag between the phases are
likely to be considerably different from that of gas-liquid flow. Se;:ondly, the ratio of
the fluid densities in liquid-liquid flow is also higher than that prevailing in gas-liquid
flow. As a result of this, the separating out of the phases in liquid-liquid flow is less

pronounced, thus increasing the tendency for the formation of dispersions.

2.2.1 Flow Pattern
As in the case of two-phase gas-liquid flow, the two fluids in two-phase liquid-liquid

flow can distribute themselves in a wide number of forms, known as flow patterns or
flow regimes. Trallero (1995) delineated the flow patterns occurring in two-phase
liquid-liquid flow under the following:

(1) Segregated flow: consisting of Stratified flow (ST) and Stratified flow with

mixing at the interface (ST&MI)
(2) Water-dominated Dispersed flow: consisting of dispersion of oil in water and
water (Do/w&w) and Oil in water dispersions (o/w) _
(3) Oil-dominated Dispersed flow: consisting of dispersions of water in oil and oil in
water (Dw/o&Do/w).
Illustrations of these flow patterns can be seen in figure 2.13a and Figure 2.13b.
A detailed description of these flow patterns can be obtained from the review of Valle
(1999).
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2.2.2 Pressure Drop
The pressure drop in liquid-liquid two-phase flow is a very important parameter. The

drive behind the research of pressure gradient in liquid-liquid flow arose from the idea
of injecting water into pipelines to reduce the pressure drop and therefore the pumping
capacity. The behaviour of the pressure drop in two-phase liquid-liquid flow depends

essentially on the flow pattern.

For dispersed flows, it was observed by Hardin (1995) and Soleimani (1999) that the
pressure drop increases gradually from single phase oil flow, reaching a maximum at

the phase inversion point and decreased thereafter to single phase water flow.

Soleimani (1999) observed a fall in the measured pressure gradient as shown in Figure
2.14. More importantly, a peak on the pressure gradient versus water-cut was
observed for around 40%. This peak was explained by the fact that it coincided with
the phase inversion point where there was a change in the flow pattern from oil-
continuous to water continuous. This peak in the pressure gradient versus water-cut

plot is attributed to the formation of emulsions between the liquid phases.

2.2.2.1 Viscosity models

Attempts to obtain correlations and expressions for predicting the pressure gradient in
liquid-liquid flows have been hindered by the difficulty in producing expressions
capable of describing the effective viscosity of the liquid-liquid mixture adequately.
Initially, researchers used a method of linear interpolation to predict the viscosity of a

liquid-liquid mixture. This approach is denoted by the expression:
Hy = (1= ) io + Ay 1t (2.132)
Where 2 is the effective viscosity of the liquid mixture, 4, is the input water fraction

Uw,s

in the liquid, which is given by: where Uy,s and U, are the water and

Ups+Uos
oil superficial velocities respectively and x4, and 4, are the viscosities of the oil and

water phases respectively.

Equation (2.132) is based on the assumption that the effective viscosity of the oil and

water liquid mixture lies somewhere between the water viscosity and the oil viscosity.
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Results of experiments carried out by Mkpadi et al. (1990) show that the viscosity of
the mixture may lie outside the range suggested by Equation (2.132) and may even be

several times the viscosity of oil.

Furthermore, this approach has been shown to produce very large discrepancies in the
prediction of pressure gradients in two-phase liquid-liquid flows for cases where there

is a dispersion of one of the liquid into the other.

Attempts have been made by several researchers to find a suitable viscosity
expression capable of describing the emulsion viscosity. A brief outline of the
various viscosity expressions available to predict the behaviour of oil-water emulsions

is presented below.

This review of viscosity expressions for liquid-liquid flow is by no means exhaustive.
Focus has been placed on expressions used by multiphase flow researchers. Some

earlier studies have been included for background purposes only.

Einstein (1906) was one of the earliest researchers to notice that in a suspension of
solid particles in a liquid, an increase in the amount of the dispersed phase (in this
case the solid particles) led to an increase in the viscosity of the suspension. He
suggested the following expression for the relative viscosity of the suspension:

M, =1+254, (2.133)
Where u, the relative viscosity is defined as the ratio of the viscosity of the

suspension to the viscosity of the continuous phase and A, is the volume fraction of

the dispersed particles.

Hatschek (1928) obtained the following relationship for the viscosity of emulsions:

#con!
1= (2.134)
(1 - ’?’a’isk2 )

Where 4, is the viscosity of the continuous liquid phase and the constant , has a

recommended value of 0.33
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However Richardson (1950) showed that the Einstein expression, Equation (2.133)
was applicable to liquid-liquid systems, by carrying out experiments using a benzene-
water system. He noticed that the viscosity of the benzene-water dispersion increased
exponentially with the concentration of the dispersed phase (in this case, water). He
later derived a theoretical explanation for this phenomenon, tested it with his data and
those of other workers, and found that it agreed well with his theory. His expression

for the mixture viscosity is given by:

Kidus
H = o (2.135)
Where 4, 1s the viscosity of the continuous liquid phase and k; is a constant with a

recommended value of 2.5.

Mooney (1950) extended Einstein’s equation for infinitely dilute suspensions to a
suspension of finite concentration and accounted for the space crowding effect of the
suspended particles on each other. From this he derived the following expression for
the relative viscosity of an emulsion system:
2.54,
= exp| ——2&- 2.136
Hy p(l—kﬂdfj (2.136)

‘Where the constant k has a value between 1.35 and 1.91.

Vand (1948) carried out some experiments, which validated the theory of Mooney
(1950) and found that a value of 1.43 was suitable for k.

Brinkman (1952) developed a method for estimating the viscosity dependence on
concentration. He derived an expression for the relative viscosity and the expression
agreed well with the measurements carried out by Eilers (1941) on asphalt emulsions.
This expression is given by:

zucont
Hp =
(1= A )

Where £, is a constant with a recommended value of 2.5.

(2.137)

Pal and Rhodes (1985) also noticed that as the concentration of the dispersed phase
was increased, the viscosity of the emulsion increased almost exponentially in all the

emulsion systems that they investigated. They then introduced a parameter to
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incorporate the effect of particle size distribution and particle size. They arrived at the

expression:

¢ 25
=10 —22 (2.138)

1187 -2
KZ

Where 4, is the relative viscosity, ¢ is the disperse phase concentration at which the
relative viscosity is equal to 100 and K, is a constant with a value ranging from 0.5 to

1.2 depending on the system.

The drawback of the Pal and Rhodes method is that it entails measuring the dispersed
phase fraction at the point where the relative viscosity becomes 100. This is difficult
to do for a flowing system in a pipe and an alternative approach would involve back
calculation of the viscosity using the pressure drop measurements. However the
problem with back calculating the effective viscosity from the measured pressure
drop, is the possibility of introducing further errors through the pressure drop

expression.

Urdahl et al. (1997) carried out a review of existing viscosity expressions for liquid-
liquid systems and reported that most of them neglected the effect of droplet size and
droplet size distribution. Attention was drawn to a set of correlations developed by
R¢nningsen (1995), for water-in-crude oil emulsions based on experimental data.
These correlations account for droplet sizes and shear rate. The equation is denoted
by the expression:

Iny =k +k,T+kg+ kTP (2.139)

Where k,—k, are correlation constants and T is the temperature.
However, as in the case of the expression derived by Pal and Rhodes (1985), the

Urdahl et al. expression depends on a parameter (in this case drop size), which is

difficult to measure in a flowing system.
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2.2.3 Holdup
Experimental studies have been carried out on the slip ratio between the liquids in

two-phase liquid-liquid flow and have shown this to be dependent on the flowrates,

flow patterns as well as physical properties.

For stratified two-phase liquid-liquid flow, work carried out by Russel et al. (1959)
revealed some interesting results. It was found that for a constant no-slip water
fraction increasing the mixture velocity leads to a decrease in the slip ratio. This was
attributed to the thinner turbulent bouﬁdary layer prevalent at higher mixture

velocities.

In the case of dispersed liquid-liquid flows, for water to oil fraction ratios close to
unity, Angeli (1996) observed that the mean oil velocity was slightly below the water
velocity. This was attributed to the fact that the viscosity in the oil-continuous layer

was significantly higher than that in the water-continuous layer.

2.3 THREE PHASE GAS-LIQUID-LIQUID FLOW

2.3.1 Flow Patterns
In the case of three-phase gas-liquid-liquid flows, due to the scarcity of studies carried

out, an established nomenclature for the description of the flow patterns does not yet
exist. However, several researchers have carried out experiments on three-phase flow

patterns in order to address this issue specifically.

In this section, work published on three-phase flow pattern maps for horizontal and
slightly inclined pipes is reviewed. Emphasis is placed on the terminology used by

the various researchers in describing the flow patterns.

Malinowsky (1975) carried out three-phase gas-liquid-liquid experiments using air,
oil and water in a 38.1 mm bore (1.5 inch), 29.7 mm long transparent acrylic resin
horizontal pipe. The flows studied were in the slug flow regime and the data points
from his experiments as well as the slug flow data points of Sobocinski (1955) were
plotted on the revised two-phase flow pattern map derived by Beggs and Brill (1973).
All these slug flow data points fell in the intermittent region of the map as shown in

Figure 2.15. Malinowsky concluded that the two-phase flow pattern map of Beggs
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and Brill was suitable for three-phase gas-liquid-liquid flows. However his
conclusion is debatable for two main reasons. Firstly, as most of his data points were
obtained in the slug flow regime, the suitability of the Beggs and Brill flow pattern
map for other flow regimes remains to be seen. Secondly, the number of data points

(33) plotted on the map prevents a generalisation from being made.

Laflin and Oglesby (1976) using the same experimental facilities as Malinowsky.
(1975), obtained three-phase slug flow data and plotted these on the flow pattern maps
of Beggs and Brill (1973) and that of Mandhane et al. (1974). All their data coincided
with the slug flow region of the Mandhane et al. map and the intermittent flow region
of the revised Beggs and Brill map so they concluded that these two-phase flow '
pattern maps were adequate for depicting three-phase flow patterns. However since
the results obtained were for the intermittent flow pattern only, the suitability of these

maps for other flow regimes is still questionable.

Acikgoz et al. (1992) carried out a detailed and comprehensive analysis of three-phase
flow regimes and produced three flow pattern maps for three-phase air-oil-water flow
in a 25.4 mm bore (1 inch) horizontal pipeline for three different oil superficial
velocities: 0.043, 0.09 and 0.24 m/s. Their flow pattern map for the case of oil
superficial velocity 0.09 m/s is depicted in Figure 2.16. This flow pattern map shows
an interesting new feature, not seen in two-phase flow pattern maps; starting in the
annular or slug flow regimes, an increase in the water superficial velocity at a fixed air
superficial velocity could lead to the occurrence of stratified wavy flow. In the
Acikgoz et al. flow pattern maps, the oil superficial velocity was shown to have an
effect on the transition between the flow regimes, although the order of the flow

regimes is preserved in all the three cases.

Acikgoz et al. also introduced a new method of classifying the three-phase flow

patterns. Their method of classifying the flow patterns consists of three-parts:
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Part 1 describes the nature of the continuous liquid phase if the two liquid phases are
mixed. Thus oil-based indicates that oil would be the continuous phase and water-

based indicates that water would be the continuous phase.

Part 2 describes the relationship between the two liquid phases. There are three
possibilities here: Separated meaning that the liquid layers are flowing in a stratified
manner according to their densities, Dispersed, where the oil and water layers are
fully mixed and are flowing as one dispersed liquid mixture and Separated-Dispersed

where there is a presence of both separated and dispersed liquid layers.

Part 3 consists of the gas-liquid relationship and this is identical to the six standard
flow patterns obtained for gas-liquid two-phase flow namely: plug, slug, stratified,
stratified wavy, annular and dispersed bubbly flow.

Using the nomenclature described above, Acikgoz et al. obtained ten different three-

phase flow patterns and these are summarised in Table 2.3

Pattern # Flow Pattern Symbol
1 Oil-based Dispersed Plug Flow 0-D-Pl
2 Oil-based Dispersed Slug Flow 0-D-S1
3 Oil-based Dispersed Stratified Wavy Flow O-D-St.W
4 Oil-based Separated Stratified Wavy Flow O-8-St.W
5 Oil-based Separated Annular Flow 0-S-4
6 Oil-based Separated Dispersed Annular Flow 0-8.D-A
7 Water-based Slug Flow W-D-SI
8 Water-based Dispersed Stratified Wavy Flow W-D-St.W
9 Water-based Separated Dispersed Annular Flow W-S.D-A

10 Water-based Dispersed Annular Flow W-D-A

Table 2.3: Three-phase air-oil-water flow patterns observed by Acikgoz ef al. (1992)

Lee et al. (1993) produced flow pattern maps for two and three-phase gas-oil-water
flow in a 10-m long, 102 mm bore (4-inch) acrylic resin pipe using carbon dioxide as
the gaseous phase. Two types of oil were used: Conoco LVT 200 oil with a viscosity

of 2 cP and Arcopak 90 with a viscosity of 15 cP.
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Lee et al. documented seven different flow patterns: smooth stratified, wavy stratified,
rolling wave, slug, pseudo slug, plug and annular flow. It is worth mentioning that in
the slug flow regime, they reported that the distribution of the oil in the water was
never homogeneous. They compared the three-phase flow pattern maps with their
own two-phase flow pattern maps as well as with the two-phase flow pattern
predictions of Taitel et al. (1976). Lee et al. observed that although the configuration
of the flow patterns was similar, the transition lines occurred in different regions. In
particular, they found the transition lines for stratified to slug flow to be influenced by

both the water-cut and the viscosity of the oil.

For the less viscous oil (LVT 200), Lee et al. found that slug flow occurred at a lower
liquid velocity than the case for the gas-water and gas-oil two-phase flow pattern map.
However, for the heavier oil, it was observed that the stratified slug transition for
three-phase flow took place between those for the gas-water and gas-oil two-phaée
flow systems. Lee et al. show results for water cuts 25%, 50% and 75% for both oil
systems, and observed that as the water-cut increased, the transition to slug flow

occurred at higher liquid velocities.

Pan (1996) generated flow pattern maps for three-phase air-oil-water flow in a 38 m
long (3 inch) internal diameter stainless steel pipeline and obtained eight distinct flow

patterns as shown in Table 2.4.

Flow Pattern # Flow Pattern Abbreviation
1 Separated Slug Flow SS!
2 Separated Stratified Flow S8t
3 Dispersed Water Continuous Slug Flow DWSI
4 Dispersed Water-Continuous Stratified Flow DWSt
5 Dispersed Water-Continuous Annular Flow DWA
6 Dispersed Oil Continuous Slug Flow DOSI
7 Dispersed Oil-Continuous Stratified Flow DOSt
8 Dispersed Oil-Continuous Annular Flow DOA

Table 2.4: Three-phase air-oil-water flow patterns observed by Pan (1996) using the WASP
facility
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The flow pattern maps of Pan are illustrated in Figures 2.17-2.19. On comparing the
above named flow patterns with those of Acikgoz et al. (1992), Pan observed that the
descriptions of six of them matched those of Acikgoz et al. These matching patterns
are listed in Table 2.5

Pan (1996) Flow Pattern Acikgoz et al. (1992)
ARYS ) O-S-StW
DWSt W-D-St.W
DWSI W-D-SI
DOSI 0-D-S1
DWSt W-D-St.W
DOSt O-D-St.W

Table 2.5: Matching three-phase air-oil-water flow patterns observed by
Acikgoz et al. (1992) and Pan (1996)

By specifically obtaining data at an oil superficial velocity of 0.1 m/s for the purpose
of comparing his flow pattern map with that of Acikgoz et al. (1992), Pan was able to
plot his data on the flow pattern map of Acikgoz et al. and this is shown in Figures
2.20-2.21. From Figures 2.20 and 2.21, it can be seen that with the exception of the
DWA (Dispersed Water-Continuous Annular) flow pattern, none of Pan’s flow
patterns fall in the corresponding region of the Acikgoz ef al. map. Pan attributed this
to the fact that the maps had been obtained under different experimental conditions
(pipe diameters and fluid properties) and therefore were not generic to all

experimental data.

In addition to these, Pan, by obtaining flow pattern data at different system pressures
(0, 5 and 10 barg) was able to comment on the effect of pressure on the flow pattern
map. He observed that the system pressure had a significant effect on the flow pattern
map as well as on the flow pattern transitions. Two important results were also

obtained

(1) That the region of separated stratified flow (SSt) increased with the system
pressure.
(2) The area occupied by the dispersed oil-continuous slug flow (DOSI) regime

decreased with increased pressure.
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The suitability of two-phase gas-liquid flow pattern maps was another area tackled by
Pan. He plotted his three-phase gas-liquid-liquid data on the two-phase flow pattern
maps of Beggs and Brill (1973), Mandhane ez al. (1975). The plot of Pan’s data on
the two-phase map of Beggs and Brill is illustrated in Figure 2.22; it was concluded
that two-phase flow pattern maps could not be applied to three-phase gas-liquid-liquid

flow.

Donnelly (1997) obtained flow pattern data in 25.4 (1 inch) and 50.8 mm (2-inch)
pipelines. He described each three-phase flow pattern using existing two-phase gas-

liquid flow pattern terminology, with emphasis on the effect of the water-cut.

He proposed a new flow regime mapping system which was aimed at minimising the
diameter effects observed in the flow regime transitions by choosing the Weber (We),
Reynolds (Re) and Froude (Fr) groups as the mapping parameters instead of the gas
and liquid superficial velocities. The slug data of Hall (1992), Malinowsky (1975),
Lahey et al. (1992) and Laflin et al. (1976), and the separated and semi-annular flow
data of Donnelly, Lunde et al. (1993) and Sobocinski (1955) (all obtained from
pipelines of different diameters) were all plotted on a single flow pattern map. The
proposed map performed satisfactorily in all cases except in the case of the Lahey et
al. (1992) data set where the performance of the map was poor and this was attributed

to the highly viscous cil used in the experiments.

Chen et al. (1997) produced flow pattern maps for three-phase air-oil-water flow
using oil with viscosity of 13.7 cp. and density of 871.7 kg/m’,-using a 22.9 mm (0.9
inch) and a 43.2 mm bore (1.7 inch) horizontal pipeline. The flow pattern maps were
produced at specific input water fractions of 50%, 60%, 70% and 100%. In all the
flow patterns observed, water formed the continuous liquid phase. They compared
their experimentally derived flow regime transitions with the theoretical one proposed
by Taitel and Dukler (1976) and found that for the case of a water fraction of 90%,
good agreement with the theoretical prediction of Taitel and Dukler (1976) was
obtained, but some deviations were observed as the water fraction decreased towards

50%.
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Mantripragada (1998) carried out an investigation of the effect of inclination angles,
and water-cut on the flow pattern map and transition lines in three-phase gas-oil-water
flow. The fluid used consisted of carbon dioxide, Conoco LVT 200 oil (density
800kg/m’ and viscosity 0.002 Pas (2 cP) at 40°C) and seawater. The test facility
consisted of a 102-mm (4-inch) internal diameter 16-m long acrylic resin pipe. The
inclination angles used to obtain the data were + 2°, + 5° and + 15°. Slug flow,

stratified flow and annular flow were the flow patterns observed.

For upwardly inclined flows, Mantripragada observed that all the transition lines were
shifted to the left of the flow regime map i.e. less gas was required to cause the
transitions from stratified flow to slug flow and from slug flow to annular flow at
higher upward inclination angles. This is as expected as the region occupied by slug
flow would increase at the expense of the stratified flow regime in upwardly inclined

flow.

For downwardly inclined flows, the transition lines were shifted to the right with
increasing downward angles from —2° to - 15°. This is again expected as the tendency

for slug flow is greatly reduced due to increased gravitational component of the flow.

Mantripragada also investigated the effect of water-cut on the flow pattern maps as
well as on the flow pattern transition lines. He concluded that there was no
discernible effect of water-cut on the flow pattern map for both upwardly inclined and
downwardly inclined flows. He attributed this to the fact that the oil used for the

experiments had almost the same physical properties as the water.

Cai et al. (1999) carried out an investigation into the effect of pressure, water-cut and
inclination angle on flow pattern transitions. The facility used consisted of a 102 mm
(4 inch) internal diameter 18m long stainless steel test section. The test fluids
consisted of carbon dioxide, water and oil of viscosity 26 cP (at 40°C). For the

experiments, two inclination angles were used: -2° and +2°.

The results obtained indicated that the system pressure had a significant effect on the

stratified-slug transition. Results were obtained at four distinct system pressures: 0.13
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MPa, 0.27 MPa, 0.45 MPa and 0.79 MPa, and showed that an increase in the pressure
led to an increase in the liquid superficial velocity at which the stratified-slug
transition occurred. This is in agreement with the conclusion reached by Manolis
(1995) for air-water and air-oil two-phase flow. However, these results are contrary to
the theoretical predictions of Taitel and Dukler (1976), which suggest that an increase
in pressure shifts the transition from stratified to slug flow towards lower liquid

superficial velocities.

In the case of the slug-annular transition, keeping the same liquid superficial velocity,
as the system pressure increased, the transition from slug to annular flow took place at

lower gas superficial velocities.

Contrary to the results of Mantripragada (1998), Cai et al. (1999) observed that the
water-cut had an effect on the stratified-slug transition. When the water-cut was
increased, the transition from stratified to slug flow occurred at higher liquid
superficial velocities for the same gas superficial velocity. The water-cut was found
to have little effect on the slug-annular transition.

It was also observed that for the same liquid superficial velocity the transition from
slug to annular flow occurred at a lower gas superficial velocity, when the inclination
angle was changed from -2° and+2°. This concurs with the results obtained by

Mantripragada (1998).

The observed transitions between the flow regimes were compared by Cai et al. with
the models of Taitel and Dukler (1976) and Wilkens (1997). For the stratified-slug
transition, there was good agreement between the Taitel and Dukler prediction and the
experimental results at gas superficial velocities less than 3 m/s. At velocities above
this, the prediction was poor. The Wilkens model performed well against the data for
the same range of gas velocities. In the case of the slug-annular transition, there was
no agreement between the experimental data and the Taitel and Dukler prediction,
while the Wilkens (1997) prediction compared favourably with the experimental

results.
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2.3.2 Pressure Drop
Most of the work that is mentioned in this review involves experimental studies on the

effect of adding the water phase on the pressure gradient of two-phase air-oil flow or
the effect of adding oil to the two-phase air-water flow. Another aspect covered is the
location of the phase inversion region, which is usually accompanied by a marked
increase in the pressure gradient.

The pressure gradient in slug flow usually consists of a frictional, a gravitational and

an accelerational term:
Ap ot = Ap Sric + Ap grav + Ap accel (2 140)

For horizontal slug flow, the contributions of the gravitational term is zero and the
contribution of the acceleration terms are usually small, relative to the frictional term ‘
and hence can be ignored. Thus in the present study of slug flows, the pressure drop
consists mainly of a loss due to friction in the slug body and the slug film region. Itis
common to neglect the frictional pressure drop in the film region except where long

slug films are present.

Sobocinski (1955) carried out three-phase gas-liquid-liquid flow experiments in a
horizontal 76 mm (3 inch) internal diameter plastic pipe of length 12.7 m using oil of

viscosity 0.0028 Pas (2.8 cP) and density 840 kg/m” at 38°C.

Pressure gradient data were obtained and it was observed that the pressure gradient
increased as water cut increased, reaching a maximum at an input water fraction in the
liquid of 77%. This peak coincides with the phase inversion point where a change in
the liquid flow pattern from a water-in-oil emulsion to an oil-in -water emulsion was
observed. Another point of interest is that when oil was added to the two-phase air-

water mixture, the pressure drop was reported to have increased five fold.

Malinowsky (1975) carried out three-phase air-oil-water experiments in a 29-m
transparent acrylic pipe of internal diameter 38 mm (1.5 inch) using oil of viscosity
0.003 Pas (3 cP) and density 840 kg/m3 (at 40°C) and measured the pressure
gradients. He obtained 34 data points, most of them in the slug flow regime and
compared his data with the two-phase correlations of Dukler (1969) and Beggs and

Brill (1973). He observed large discrepancies between the predicted and measured
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values and this he attributed to the use of the linear viscosity relationship for the oil-
water mixture. He also observed that the pressure gradient in three-phase gas-liquid-
liquid flow was dependent on the input water fraction in the liquid at which the phase

inversion occurred as well as on which of the liquids was the continuous phase.

Laflin and Oglesby (1976) using the same experimental facilities as Malinowsky
(1975), also carried out three-phase experiments and reported on the flow patterns
observed and the pressure drops measured. They observed that the introduction of air

into an oil-water mixture shifted the phase inversion point from 0.4 to 0.5.

Stapelberg et al. (1994) measured pressure drop for three-phase gas-liquid-liquid flow
experiments carried out in a 35-m long horizontal pipeline using two different pipes
with diameters of 23 mm (0.9 inch) and 58 mm (2.3 inch) respectively. These
measurements were made with oil of viscosity 0.031 Pas and density of 858 kg/m® (at
ambient conditions). They compared values of three-phase pressure drop with values
of two-phase pressure drop of air-oil flow and those of air-water flow and found that
at low gas superficial velocities, the three-phase pressure drops were greater than
those for two-phase air-water slug flow, but less than that of two-phase air-oil slug
flow. At higher gas velocities they observed that the measured pressure drops in
three-phase flow were lower than those of both air-oil and air-water slug flows.

Their findings are summarised as follows:

e (2) < (2] <(2)
@3 dZ 2P, Awr-water dZ 3PAirAwal=r-oil dz 2P"”"°"
HighUe - (ﬁp_j (2’11) < (ée)
G.S dz )sp az )op, dz )ap

Alr-water—oil Air-water Air-oil

They attributed the result for high gas superficial velocity case, to be due to a change
in the slug parameters. In particular, they observed that the void fraction in the liquid
slug for two-phase air-water flows was greater than that for three-phase air-oil-water

flows.
Comparisons of the predictions of pressure gradient, using the two-phase slug flow

models of Dukler and Hubbard (1975) and Aziz et al. (1978) with experimental data

were made. To carry out these comparisons, they treated the oil and water as one
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homogeneous fluid and closure relationships in the form of the slug frequency and the

void fraction in the slug body were provided for the models.

At low gas flow rates good agreement was found between both slug models and the
experimental data and the results were not very sensitive to the calculated slug
frequency. However at higher gas flowrates, poor agreement was observed between
the calculated and measured pressure drop and there was a tendency for the models to
over-predict the experimental data. This discrepancy was attributed to the slug body
hold-up correlation used. This was confirmed when a significant improvement in the
predictive capabilities of the models was observed when the measured slug length was

used as a closure relationship instead of the void fraction in the slug.

Details of the liquid mixture viscosity relationship used in the calculations were not
given by Stapelberg et al. so it is likely that a volume weighted viscosity expressioﬁ,
similar to Equation (2.132) was used. It has been shown that this viscosity
relationship gives poor results where emulsions are present, which was likely to be the
case for the data obtained at the higher gas velocities and this might go a long way
towards explaining the discrepancies, observed by Stapelberg et al., between the

predictive models and the experimental data at high gas velocities.

Hall (1992), using the Imperial College WASP Facility, carried out measurements of
pressure drop and liquid hold-up in three-phase air-oil-water slug flow. This facility
consists of a 38-m long 77.92 mm (3 inch) internal diameter stainless steel pipe. The
fluids used were air, water and oil. The oil used was Shell Tellus 22 with viscosity
0.050 Pa.s (50 cP) and density 872 kg/m’ (at 20°C). He compared his data with the
existing two-phase pressure drop correlations of Dukler et al. (1964), Schlichting
(1971), Beggs and Brill (1973), Friedel (1979) and Lockhart and Martinelli. (1949).
Based on these comparisons, he found that he obtained the best agreement with his
data using the Beggs and Brill (1973) correlation. He also noticed a significant
improvement in the prediction of the pressure gradient, when he substituted the linear
volume fraction weighted viscosity expression Equation (2.132) with the non-linear

viscosity expression of Brinkman (1952) Equation (2.137).
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Lunde et al. (1993) carried out three-phase gas-liquid-liquid experiments in a closed
loop flow rig with dimensions 20 m in length and internal diameter 0.1 m. Pressure
drop was measured using gas filled differential pressure cells over a distance of 2 m.
Two dense gases, refrigerant and sulphur-hexafluoride, both having densities of 6
kg/m?, were used to simulate conditions in high-pressure pipelines. The liquid phases
were made up of Exxol D80 (density 800 kg/m’ and viscosity 0.002 Pas at
atmospheric conditions) and tap water. A modest increase in the pressure gradient
was observed in the intermittent flow regime as the water-cut was increased at a
constant gas and total liquid velocity. However, these observations were confined to a

water-cut range of 0 to 15%.

Experiments on three-phase gas-liquid-liquid three-phase flow in a 53 mm (2.1 inch)
internal diameter acrylic resin pipe of length 48 m were carried out by Nadler et al.
(1995). Maxima in the measured pressure drop were observed in the elongated bubble
flow regime, between water-cuts of 20% and 50%. Nadler et al. attributed this
increase to be due to the formation of viscous water-in-oil emulsions. It was also
observed that between water-cuts of 10% and 20%, the pressure gradient of the three-
phase flow is similar to the pressure drop of two phase air-oil flow whereas for water-
cuts between 20% and 30% where the phase inversion was observed, the pressure
drop is higher than that for two-phase air-oil flow. For water-cuts greater than 30%,
where the continuous liquid phase is water, the pressure drop is close to that obtained
in two-phase air-water flow. Their results are in good agreement with the results

obtained by Stapleberg et al. (1994).

Pan (1996) also using the Imperial College WASP facility and the same fluids as Hall
(1992), measured pressure gradient in three-phase air-oil-water flows over a wide
range of flow patterns and compared his data against existing two-phase pressure drop
correlations. He found that the best combination of correlations was the model of
Dukler ef al. (1964) used in conjunction with the Brinkman (1952) viscosity model.
Since his data was collected over a wide range of flow patterns, Pan grouped his data
points into oil and water continuous flows and observed that the Dukler et al. (1964)
correlation was the best for water-continuous flow while the Beggs and Brill (1973)

correlation was the best for oil-continuous flow.
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In addition, Pan (1996) also investigated the effect of input water fraction in the liquid
on the pressure gradient, and observed significant increases in the measured pressure
gradients for water-cuts in the region of 40%-60%. An example of the results
obtained by Pan is illustrated in Figure 2.23. In Figure 2.23, where the measured
pressure gradient is plotted against the water-cut, significant increases in the pressure

gradient can be observed for the cases of gas velocity 5.5 m/s and 7.9 m/s.

Pan also observed from his experimental results that the linear interpolation method of
predicting the liquid mixture viscosity was inadequate, when used in two-phase
pressure drop correlations, when there was intense mixing. In addition to this, Pan
(1996) also showed that in the absence of mixing, the Brinkman expression, Equation
(2.137) performed badly. Therefore he proposed a model for calculating the effective
viscosity of a liquid-liquid mixture, which would take into account the degree of
mixing present in the liquid-liquid mixture. This new model incorporated a new
parameter C,, called the mixing degree coefficient, which described the level of
mixing in the mixture, with values ranging from 0 (for the no-mixing case) to 1 ( for
the fully mixed case). This new model which is a combination of the linear and

Brinkman viscosity expressions is denoted by the expression:

#y = (1= Cog (1= 2y )t + 2y iy |+ Cog (1= A )™ (2.141)
The value of £ is taken to be 2.5. The above expression reduces to the linear viscosity
when there is no mixing present {C,=0), and in the case of full mixing (C,=1), the

expression reduces to the Brinkman expression.

Based on experimental observations, Pan was able to identify the major factors, which
contributed to the mixing degree coefficient and proposed a mixing degree correlation
for smooth pipes:

—Re
C,=1- axp[—%’—’-} (2.142)

Where KX is a constant with a recommended value of 15 000 based on Pan’s
experiments and Re;, is a three-phase Reynolds number defined by the expression:
my DU,

(Ug,sts +Uosto +Up sttw)

Re;, = (2.143)

95



Where D is the pipe diameter, 7, is sum of the individual mass fluxes and U,,is the

total mixture superficial velocity.

Donnelly (1997) also carried out three-phase air-oil-water pressure gradient
measurements in two pipelines, with internal diameters of 25 mm (1 inch) and 51 mm
(2 inch) respectively. Donnelly. observed that there was a maximum in the plot of
pressure gradient vs. water cut, the location of which was dependent on both the air
and liquid superficial velocities. Figure 2.24 shows some of the pressure gradient
results obtained by Donnelly. From Figure 2.24, it can be seen that the maximum

pressure gradient occurs at a water-cut of around 60%.

In the case of a constant liquid superficial velocity, Donnelly noticed that when the air
superficial velocity was increased, the phase inversion point shifted towards lower
water-cut values. This result is shown in Figures 2.25 and 2.26, where the pressure

gradient results of Donnelly are plotted against the water-cut.

For a constant air velocity with varying liquid superficial velocity, two trends were
noticed:
1. At low gas velocities, increasing the total liquid velocity shifted the phase
inversion towards lower water-cut values

2. At high gas superficial velocities, the converse happened.

Donnelly attributed these trends to the fact that for high gas velocities, as the liquid
flow rate is increased, the amount of gas present in the liquid mixture decreases thus
leading to an increase in the liquid viscosity thereby requiring an increasing amount of
water to invert the mixture. In addition to these observations, he proposed a model for
pressure drop prediction which made use of Oliemans (1987) expression for the
dimensionless film height in the Taitel and Barnea (1995) three phase momentum
balance and reported that 78% of his data points were predicted within a +30% error
band.

In addition to this, Donnelly (1997) proposed an expression for the effective viscosity

based on his experimental observations. He observed from his experiments that the
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position of the phase inversion was very important in determining the viscosity of the
liquid mixture. He derived an expression, which accounts for the effects of phase

inversion:

In the oil-continuous region, Donnelly proposed the following expressions for the

effective viscosity:
py =““£Z%ZZT (2.144y
Gy
Where the oil region inversion factor m is given by:
m= Ay’ (2.145)

y
e 5
y(l ] ﬂwk)( )
The effective viscosity 24 in the water-continuous region is given by:

kn
A@=——492?;§W— (2.146)
()
Where the water region inversion factor, n, is given by:

(/1 Q:y_)’) 0.4
WA v (2.147)

-y

And £ is the viscosity ratio of oil to water denoted by the expression (zy/22y), 4 1s the
viscosity of the oil, z, is the viscosity of the water, 4, is the oil fraction in the total

- U, . : . .
liquid defined by ———:L— and y is the phase inversion fraction (% v/v water).
05 Uws

By carrying out experiments in three-phase air-oil-water flow, Cai ef al. (1998) were
able to produce a correlation for predicting the effective viscosity of oil-water
emulsions. The experiments were carried out in a 4.5-m long (1.7 inch) internal
diameter steel pipeline. As a result the two following correlations were produced:

For water-in-oil emulsions, the effective viscosity of the oil-water mixture was given

by:
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2.5
/0.687 ~0.05748t _—0.06
=0.4526|1+ Ay e 2.148
= [ L1874, /0.687] d @149

And for oil-in-water emulsions:

2.5
(1- Ay )/0.687 ~0.0458¢ _—0.06
~0.002{ 1+ 2.149
i { 1187—(1-4,)/0687| = 7 (2.149)

Where A, is the input water fraction as defined by Equation (2.9), z; is the effective

viscosity of the oil-water emulsion, # is the temperature of the system (in °C) and p the

system pressure (in MPa).

2.3.3 Holdup

Lahey et al. (1992) developed a three-phase drift flux model from their experimental
data in an attempt to predict global volumetric phase fractions in horizontal three-
phase gas-oil-water flows. They observed that there was a significant variation in the
drift-flux parameters from one flow regime to another. Nevertheless, they found that

the data were well correlated with the drift flux model.

Pan (1996) using the WASP Facility measured liquid holdup in three-phase air-oil-
water flows using a traversing single-beam dual-energy gamma densitometer. He
compared various two-phase liquid hold-up correlations with his data and found that
the Premoli et al. (1971) correlation was the best for oil-continuous flow while the
correlation by Hughmark (1962) was the best for water-continuous flow. He also
observed the trends in total liquid hold-up, water hold-up and oil hold-up with

increasing water-cut.

For a constant oil superficial velocity, Pan noticed that as the water cut increased, the
total liquid hold-up increased to a maximum and then fell sharply to a2 minimum
before increasing again. The first maximum was attributed to the phase inversion
phenomena while the second rise was due to the fact that the total liquid flowrate was
increasing. The oil hold-up was observed to decrease continuously with increasing
water cut with the greatest rate of decrease observed around the phase inversion point;

the converse applied to the water hold-up. Pan’s results are illustrated in Figures 2.27
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and 2.28, in which the experimentally measured phasic holdups of the oil and the

water and the total liquid are plotted against the input water fraction in the liquid.

Pan (1996) also found that at constant liquid flowrate, once the phase inversion region
had been passed, the total liquid hold-up decreased continuously with water-cut; the
increase with water cut observed for the case of a fixed oil flowrate did not occur. No
differences were observed between the hold-up trends reported for atmospheric and 5
bar (g) although it was noticed that the higher the pressure, the smaller the hold-up of

the oil and water.

Donnelly (1997) measured liquid hold-up using quick closing valves. He investigated
the effect of water cut on water and oil hold-up over a range of liquid flowrates and
superficial gas velocities. Like Pan (1996), he also observed a peak in the total liquid
hold-up on a plot of liquid holdup versus water-cut. Donnelly also observed a
minimum in the total liquid hold-up immediately after the maximum. This is shown
in Figures 2.29 and 2.30; where the measured total liquid holdup increases to a
maximum at water-cut of around 30% and then a decreases to a minimum at a water-
cut of around 60%. This results echo the trends observed by Pan (1996). Donnelly
also noticed that the point of maximum liquid holdup on the holdup versus water-cut

plot was dependent on the gas and total liquid superficial velocities.

Malhotra (1998) carried out three-phase gas-oil-water flow experiments in a 102 mm
(4 inch) 10-m long horizontal acrylic resin pipeline at the University of Ohio. The
fluids used in the experiments were carbon dioxide, Britol 50T oil (viscosity 0.1 Pas
(100 cP) and density 848 kg/m® at 40°C) and water. Experiments were carried out at
atmospheric pressure and at 1.7bar(g).

Although Malhotra obtained data on flow patterns, the emphasis on this work was on
measurements of the thickness of the oil and water film layers between the slugs as
well as calculations of the velocities of the two liquid phases. The composition of the
liquid phases was determined by the use of an iso-kinetic sampling probe. These
measurements, coupled with video recordings of the total film height enabled the

phasic heights to be determined.
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Malhotra reported several interesting results, particularly the result that the total liquid
film thickness decreased at higher pressures in stratified three-phase flow. Malhotra
explained the findings by attributing the increase in the film thickness to be due to the

denser gas sweeping away the oil layer more effectively than at lower pressures.

Another interesting result was the fact that the total film height increased with an
increase in the input water percentage. Malhotra (1998) reports that at water-cuts as
high as 80%, the total film height is higher than those recorded at 20%, 40% and 60%.
It would be expected that as the water-cut increased beyond 60%, the apparent
viscosity of the liquid mixture would decrease, leading to lower film heights at 80%
than those recorded at 20% water-cut. This would persist until a phase inversion
occurred. A possible explanation for this could be that, with the highly viscous oil
used by Malhotra, the phase inversion point occurred at a higher water-cut leading to

an anomalous viscosity and a larger liquid layer thickness.

2.3.4 Slug Flow
2.3.4.1 Slug Frequency

Nadler and Mewes (1992) measured slug frequencies in three-phase slug flow of air,
oil and water by cross and auto correlation of pressure signals in an horizontal pipe of -
internal diameter 59 mm and compared their results to those obtained for two-phase
air-oil and air-water slug flows. The}; noticed that the slug frequency for three-phase
slug flow was always less than that of the corresponding two-phase air-water flow and
air-oil flow. They attributed this to the lower kinetic energy possessed by the three-
phase mixture when compared to a corresponding two-phase mixture with equal gas
flowrate and total liquid volumetric flowrate. Unfortunately this does not explain why
the slug frequencies for air-oil flow were observed to be greater than air-water flow.
The slug frequency in three-phase flow was found to increase both with increasing air

and liquid superficial velocity.

Wilkins and Jepson (1996) measured slug frequencies in two and three-phase gas-oil-

water system using carbon dioxide, water and oil as their test fluids in an 18 m long,
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97 mm diameter pipe with the pipe being horizontal and upwardly inclined at 5
degrees. They observed that the slug frequency increased with water superficial
velocity for the two-phase and three-phase flow tests at constant gas velocities. In the
case of plots of slug frequency versus gas velocity at constant liquid velocities, the
behaviour of the slug frequency was erratic, sometimes a minimum was observed and
sometimes the slug frequency decreased monotonically with the gas velocity. The
effect of pressure and pipe inclination angle on the slug frequency was studied and the

effect of these parameters was negligible.

Hall (1997) measured slug frequencies in three-phase nitrogen-oil-water flow in 102
mm (4 inch) and 152 mm (6 inch) internal diameter pipelines. The frequencies were
obtained visually through the aid of a video camera. Hall compared his data to the
correlation proposed by Hill and Wood (1994) and found that there was good
agreement of the data from the 152 mm pipeline with the correlation while poor
agreement was obtained in the case of the 102 mm pipe data. This was attributed to
the fact that the correlation was based on data collected from pipes of diameters
greater than 152 mm thus highlighting the importance of obtaining data from large
pipe diameters in other to avoid the errors introduced by scaling data from small

pipelines.

Mantripragada (1998) observed the effect of pipeline inclinations, water-cut,
superficial liquid and gas velocities on the slug frequency in three-phase gas-oil-water
flow. The experiments were carried out using light oil of viscosity 0.002 Pas (2 cP) in
a 10-m long, 102 mm (4 inch) acrylic resin pipe. The slug frequency was measured
with the aid of a video camera, observing the number of slugs passing through two
fixed points. He concluded that while an increase in the gas superficial velocity led to
a decrease in the slug frequency, an increase in the liquid superficial velocity resulted
in an increase in the slug frequency. By carrying out experiments at two distinct
water-cuts, he was able to conclude that the water-cut had no discernible effect on the
slug frequency. This was because the oil used had a viscosity close to that of the

water.

2.3.4.2 Slug Velocity
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Mantripragada (1998) studied the effect of pipeline inclination, water-cut, gas and
liquid superficial velocities on the slug translational velocity in three-phase gas-oil-
water flow in a 10 m long 102 mm (4 inch) acrylic resin pipe. The slug translational
velocities were measured with the aid of a video camera, counting the number of
frames taken by the slug front to pass between two fixed points. He found the slug
translational velocity to be independent of the inclination angles in both upward and
downward flows. The slug translational velocities were found to be directly
proportional to the gas and liquid superficial velocities. There was no discernible
effect of the water-cut on the slug translational velocities, and the translational

velocity were observed to be 1.2 times the mixture velocity.

2.4 SUMMARY

From the above review, it is apparent that the existing two-phase flow pattern maps
cannot be applied to the three-phase flow case, because of the strong part played by
the physical properties of the liquids, particularly the viscosity, on the flow pattern
transitions. This view point is backed up by the work of Pan (1996) and Cai et al.
(1999).

On the subject of evaluating the viscosity for liquid-liquid flow systems, several
expressions exist and a trade-off exists between complexity and the practicality of the
expressions. Several researchers have derived expressions that take into account
factors such as droplet-droplet interaction as well as droplet size distribution, which
affect the viscosity of the liquid-liquid system. However the difficulty in obtaining
these parameters for flows in pipelines necessitates the use of the simpler expressions
of which one good example is that of Brinkman (1952). Several researchers have
shown this expression by Brinkman to be the most accurate when applied in two-

phase pressure drop prediction models.
The experimental data on pressure gradient and liquid holdup all reveal the significant

increases in both parameters around the phase inversion point, especially for flow

regimes where intense mixing is present (for example slug flow).
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Existing models for the modelling of three-phase slug flow still utilise correlations
based on two-phase air-water flow for closure relationships. However this review
shows the importance played by the viscosity and how the liquid viscosity affects

these parameters significantly.
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The dimensionless groups used by Taitel and Dukler are defined as follows:
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Figure 2.4: Slug Flow Geometry (Taitel and Barnea 1990)
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Figure 2.25: Three-phase air-oil-water pressure gradient experimental results of Donnelly (1997)
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Figure 2.27: Three-phase air-oil-water holdup experimental results of Pan (1996) for air
superficial velocity 2 m/s, oil superficial velocity 0.1 m/s and pressure 0 barg.
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Figure 2.28: Three-phase air-oil-water holdup experimental results of Pan (1996) for air
superficial velocity 5.5 m/s, oil superficial velocity 0.1 m/s and pressure 0 barg.
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Figure 2.29: Three-phase air-oil-water holdup experimental results of Donnelly (1997) for 2ir
superficial velocity 14 m/s and total liquid flowrate 3L/min.
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Chapter 3

EXPERIMENTAL APPARATUS AND PROCEDURES

In this Chapter, the WASP facility and associated instrumentation used in the course
of the experiments are described and the experimental procedures employed are

explained.

3.1 THE WASP FACILITY

The WASP (Water, Air, Sand and Petroleum) High Pressure Multiphase Flow Facility
is located at the Department of Chemical Engineering and Chemical Technology at
the Imperial College, London and a schematic diagram is shown in Figure 3.1. The
test section consists of a 38 m long stainless steel pipe with internal diameter of 77.92
mm (nominal 3 inch). The facility was specifically designed to enable experimental
studies on two-phase air-water, oil-water and air-oil flow as well as three-phase air-
oil-water flow to be carried out at pressures up to 50 bar and the test section is capable

of being inclined from the horizontal, at angles ranging from -3° to +3°.

The air supply is drawn from the high-pressure supply tanks in the neighbouring
Aeronautical Department which are illustrated in Figure 3.2. The water and oil are
transported from high-pressure storage tanks (Figure 3.3) into the pipeline via the
mixer, using centrifugal pumps. The fluids are introduced into the test section as
three stratified layers in order of increasing density (water, oil and gas). This form of
entrance device, as illustrated in Figure 3.4, avoids spurious effects due to slug.
formation in the entrance zone; the slugs, which may occur, are formed naturally from
these initially stratified layers. Air and oil flowrates are measured using orifice plates
built to BS1042 and the water flow rate is measured by an electromagnetic flow meter
(MAGFLO 381). The flow then proceeds along test section which is illustrated in
Figure 3.5. Close to the end of the test section, there is a visualisation section seen in
Figure 3.6, where the flow patterns are observed with the aid of a video camera. After
leaving the test section, the multiphase flow mixture passes through a separator (slug

catcher) (Figure 3.7) where the air is separated from the liquids. The air leaves
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through a silencer (Figure 3.8) where it is vented to the atmosphere and the liquids are
discharged from the bottom of the separator into the dump tank (Figure 3.9) where
they separate by gravity before being pumped back to their individual storage tanks.

3.2 PROPERTIES OF WASP FLUIDS

3.2.1 Oil
The oil used for all the experiments described in this thesis was Shell Tellus 22. The
viscosity and density of the oil, determined experimentally by Hall (1992) are related

to the temperature ¢ (in °C) by the expressions:

4y =(153-11.2¢+0.457¢% —0.0103£* +0.0001:*)x 107> (0<¢<35°C)(3.1)

0 =860.5+046(24.7—1)  (0<t<35°C) (3.2)

The viscosity of the oil was monitored on a daily basis throughout the experimental .
campaigns with the aid of a Bohlin rheometer. In addition to this, the water content in
the oil was not allowed to exceed 3 % of water in oil, thus ensuring that the oil

properties were preserved.

3.2.2 Water

The water used to carry out the experiments was tap water and its viscosity as a
function of the temperature was obtained using the viscosity correlation of Van
Wingen (1950):

Ly = (exp[l.003 —0.01479¢ +1.928x1075¢" Dx 107 (3.3)

Where ¢’ (in °F) is given by the expression
t =1.8¢+32 (3.4)

3.2.3 Air
The air viscosity as a function of its temperature was evaluated using the source
(National Research Council “International Critical Tables of Numerical Data” (1928)
Vol. 5 No. 2 McGraw Hill Book Company) and was given as:

12, =(0.01622+2.7083x10%¢ Jx10° 3.5)
Where ¢’ is given by Equation (3.4)

The density of air was evaluated using the expression from Perry and Green (1997):
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p
=348.5966 3.6
Pe (z+273) (3.6)

Where p is the pressure in bars (absolute)

3.3. INSTRUMENTATION

The main instrumentation used in the course of the experiments was the pressure
transducer, which was employed to measure the pressure drop along the pipe and the y
ray densitometer, which was used to measure the in-situ liquid holdup. Detailed

descriptions of these devices are given in the following section.

3.3.1 Pressure Drop Measurement

A Rosemount 3051CD differential pressure transducer of maximum range 0.12-
13800kPa was used to measure the pressure drop along the test section. Both ports of
differential pressure transducer were mounted flush to the bottom of the test section
and were placed 3.5 m and 6.0 m upstream of the exit of the test section. The lines of
the pressure transducer were filled with silicone fluid to avoid the infiltration of air

bubbles into the lines.

The accuracy of the transducer was specified as +0.5% of the full span. For the
experiments reported in this thesis, the maximum range utilised was —4000 Pa to
+4000 Pa, which translates into a maximum error in the pressure drop of +40 Pa.
However, the measurements were carried out over a length of 2.5m, thus the error in

the pressure gradient measurement is £16 Pa/m.

3.3.2 Liquid Holdup Measurement

The liquid holdup was measured using a single-beam dual-energy gamma
densitometer. The gamma densitometer operates on the principle of the attenuation of
the gamma ray beam through a medium. When a gamma ray beam of initial intensity

I, is incident on a medium, the transmitted intensity is given by the expression:

I =1, exp(—) (3.7
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Where yis the linear absorption coefficient of the medium and x is the thickness of
the medium. For three-phase air-oil-water flow, Pan (1996) showed that the phasic
holdups of the three phases could be given by the following expressions:

- - - -
ln.{i ln_{B_
Iy _ 28
lnj—% lnfi
& =T 24 = 28 = (3*8)
ln-ll—" In—1&
>y _ 2B
kot | |1k
L IzA | L 2B |
- o - -
mta | | pie
'y _ 3B
lni;‘—/‘— ln[”’
£ == I“ =2 - (39)
In=24 In=22
I, _ 3B
1n—1:i In Lip
L 13,4 4 L 3B ]
& =1-(g+¢&,) (3.10)

Where &, is defined as the holdup of oil, & is the holdup of water and ¢ is the void |

fraction.

The constants Iya, Ina, Iza, Iis, s, I3p, are referred to as calibration constants and are
obtained by a calibration procedure which involves filling the test section with oil,
water and air separately and determining the count rate for each case for each of the
two energies, A and B. Typical calibration data for 31 keV and 81 keV gamma

energy can be seen in Figures 3.11 and 3.12.

3.3.2.1 Single Beam Dual Energy Gamma Densitometer
The gamma densitometer system consisted of four main parts: the gamma source, the

detection system, the positioning system and the computer control & acquisition
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system. Full details for this gamma densitometer can be found in the thesis of Pan

(1996); here, only a brief summary is presented.

(a) Gamma source

The gamma ray source for this gamma densitometer consists of a Ba-133 isotope of
strength 20 mCi. The two energy levels 31 keV and 81 keV were selected on the
basis of optimisation studies carried out by Pan (1996). The gamma source, encased
within a lead block, was positioned beneath a 76.2 mm internal diameter acrylic resin
(Perspex™) tube which was situated 35m downstream of the inlet section and
mounted between the flanges of the main (stainless steel) test section. The lead block
was machined with an aperture of dimension 4 mm x 10 mm, so as to collimate the
beam from the source. An illustration of the gamma source holder collimation is

shown in Figure 3.13.

(b)The detection system

The gamma radiation emitted from the source and passing through the contents of the
Perpex pipe is detected by a Nal (sodium iodide) crystal coupled to a photomultiplier
tube (PMT) fitted with a pre-amplifier. The details of the detector collimation are
shown in Figure 3.14. The Nal crystal scintillates when a gamma photon enters it,
giving pulses of light, which are subsequently amplified by the photomultiplier tube
and the pre-amplifier. A delay line amplifier (DLA) was used to further amplify the
signals obtained from the PMT. Since the electronic detection system is of the pulse
mode variety, two single channel analyzers (SCAs), one for each of the energy levels
(31 keV and 81 keV) were employed to sort the pulses induced by gamma photons of
the respective energies. The output from the SCAs was then passed on to a dual-
counter/timer for counting the number of scintillations over a given time period
corresponding to the respective energies. A schematic of the electronic components

for the single-beam dual-energy gamma densitometer is shown in Figure 3.15.

(c) The positioning system
The positioning system consists of two stepper motors, one for horizontal traversing

of both the gamma source and detector system, and a second one for traversing the

gamma system vertically. The positioning system is controlled by computer with the
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aid of a QUICK BASIC program. For horizontal traversing (using a vertical beam),
there are a number of modes in which the gamma densitometer may be used, and
these modes are illustrated in Figure 3.16. The full-pipe scan mode involves
traversing the gamma beam over 15 chordal positions across the diameter of the pipe,

using the PC controlled stepper motor, and this mode was utilised for the calibrations.

When it is not necessary to use all of the fifteen chordal positions in the course of the
measurements, the gamma densitometer can also be used in a “half-pipe scan” mode,
where only 8 chordal positions across the pipe radius are scanned. This was found to
give the same measurement accuracy as the full-pipe scan mode and was adopted for
the majority of the data presented in this thesis. In addition to these, a centre pipe
scan can also be used. This involves fixing the gamma beam at the pipe center, and is

useful for carrying out cross-correlation measurements.

(d)The computer control and acquisition system
A personal computer was used with a QUICK BASIC program to specify options for

operation of the gamma densitometer such as scanning times, controlling the

positioning system and writing the data.

The gamma densitometer was set to acquire data at a frequency of 25 Hz over a time
period of 160s. The measurement accuracy for the gamma densitometer was
estimated (Pan 1996) as around 1.5 % for two-phase flows and around 3 % for three-

phase flows.

3.3.3 Slug Velocity Measurements

To measure the slug translational velocity, two gamma densitometers were used to
track the slugs as they propagated through the test section. In addition to the single
beam dual-energy gamma densitometer described above, another gamma
densitometer was employed for this purpose. This gamma densitometer is a triple-
beam dual- energy type utilizing a 30 mCi Ba-133 source. It is situated at a distance

of 7.6 m from the exit of the test section.
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3.3.3.1 Triple-Beam Dual Energv Gamma densitometer

Unlike the previously described gamma densitometer, this gamma densitometer was
not traversible and thus consisted of three main parts, the source, the detector system
and the PC control and data acquisition system. The three-beam gamma densitometer
was developed for another project on the WASP facility, one involving mainly
transient three-phase flows. The use of the three beams allows some information to
be gained on transient cross-sectional distributions of the phases; clearly, in a
transient flow, the mechanical traversing method used in the single-beam gamma
densitometer described in Section 3.3.2.1 above would not operate quickly enough to
obtain the required information on transient spatial distribution. In the present work,
the three-beam gamma densitometer was used in single-beam mode with the beam
passing vertically through the tube axis being selected. The main objective of using
this second densitometer was to provide a signal which could be cross-correlated with

that from the single baem densitometer in order to measure slug velocities.

(a) Gamma source and collimation
The three beam gamma densitometer had as its source a 30 mCi Ba-133 isotope. The
gamma photons arising from the source were collimated with three apertures in the

lead block so as to allow the emission of three beams.

b)The detection system

The details of the detector collimation for the dual-energy triple beam gamma
densitometer are shown in Figure 3.17. The dimensions of the detector-side
collimation are 52mm by 15 mm, 52 mm being the distance between the detector fube
and the top of the acryllic resin (Perspex ™) tube. The width of the aperture, 15 mm
is considerably greater than the corresponding width for the single beam dual energy’
gamma densitometer, and this led to significantly higher count rate. However the
down side to this was that the detector was over-saturated with counts thus reducing
the ability of this system to distinguish between oil and water accurately. As a result
of this, the triple beam dual-energy gamma densitometer was used mainly for cross-

correlation.
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3.3.3.2 Cross correlation Method

Slug translational velocities were obtained by cross-correlating the liquid holdup
readings from the vertical beams of both gamma densitometers.

The slug velocities obtained from cross correlating the gamma densitometers are
averaged over all the slugs. To evaluate the time delay between the two gamma
densitometers, use was made of the cross correlation function R,y(7 which is given by

the expression below:

R,(7)= 1imm-11-;2x(z-r).y(z)dz 3.11)

Where T is the total sample time, 7 is the time delay, x(#-7) is the time trace of the
upstream densitometer and y(?) is the time trace of the downstream densitometer. The
time delay between the two gamma densitometer signals is defined as the time delay

that corresponds to a maximum in the cross correlation function.

3.4 EXPERIMENTAL CAMPAIGNS

In the WASP facility, a number of experimental projects are pursued in parallel. The
programme of the facility is arranged in a series of successive “campaigns”, each
from one of the constituent projects. This allows periods of preparations and analysis
between the campaigns in a given project and makes the most efficient use of the
facility. In what follows, the four experimental campaigns carried out over the course
of this project are discussed along with the aims and objectives of each of the

campaigns.
3.4.1 Campaign #1 (January-March 1997)

This campaign was carried with the aim of obtaining flow pattern data for the
construction of flow pattern maps for oil superficial velocities of 0.1 m/s, 0.5 m/s and
0.7 m/s for a horizontal pipe to supplement the data already obtained by Pan (1996) at
an oil superficial velocity of 0.1 m/s. In addition, the influence of the water-cut on the
pressure gradient and the total liquid holdup as well as the individual phasic holdups

of water and oil around the phase inversion region were also investigated.
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Most of the tests were carried out at 0.5 m/s superficial oil velocity though tests were
initially carried out at 0.1 m/s superficial velocity to investigate the reproducibility of
the data obtained by Pan (1996). These tests showed good agreement with his data.

The range of the parameters used for Campaign # 1 are given in Table 3.1

Parameter Range
Air superficial velocity 2-15m/s
Oil superficial velocity 0.1, 0.5 &0.7 m/s
Water superficial velocity 0.05-0.5m/s
System pressure 0 & 5 barg
Pipe configuration Horizontal

Table 3.1:Range of Parameters for WASP Experimental Campaign #1

When the experiments were carried out, the air flow rate was first set, and then the oil
and water flowrates were selected and their respective valves opened. A period of
two minutes was allowed to elapse before data acquisition was commenced to allow

steady state to be reached. The experiments were carried out for duration of 160s.

The flowrates of oil, water and air were sampled at an acquisition frequency of 10 Hz,
while the acquisition frequency for the single-beam dual energy gamma densitometer
was set at 25 Hz throughout the duration of data acquisition. The triple-beam dual-

energy densitometer was not used in these tests.

Video recordings of the flows were made with the aid of the video camera, so that

slug frequency could be measured and flow patterns could be obtained.

3.4.2 Campaign #2 (August-October 1997)

The aim of this set of experiments was to obtain unique data on three-phase air-oil
water flow with the pipe downwardly inclined at an angle of —1.5° to the horizontal.
Foremost amongst the objectives, was obtaining a flow pattern map at an oil

superficial velocity of 0.2 m/s for system pressures of 0, 5 and 10 barg.

The range of parameters investigated during campaign 2 are shown in table 3.2:
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Parameter Range
Air superficial velocity 2-24 m/s
Water superficial velocity 0-0.5m/s
Oil superficial velocity 0-0.5m/s
System pressure 0,5 & 10 barg,

Pipe configuration

Pipe downwardly inclined —1.5° from the horizontal

Table 3.2:Range of Parameters for WASP Experimental Campaign #2

The same mode of operation as described for Campaign #1 was employed here.

3.4.3 Campaign #3 (September 1997)

The objective of this campaign was to extend the existing database and to investigate

the parameters which have an influence on the position of the phase inversion such as

the air superficial velocity as well as the liquid superficial velocity.

Data for the construction of a horizontal flow pattern map for a constant oil superficial

velocity of 0.2 m/s were collected to enable a comparison with results from Campaign

#2 so that the effects of pipe inclination angle on flow patterns could be determined.

Parameter Range
Air superficial velocity 2-24 m/s
Water superficial velocity 0-0.5m/s
Qil superficial velocity 0-0.5m/s
System pressure 0,5 & 10 barg,
Pipe configuration horizontal

Table 3.3: Range of Parameters for WASP Experimental Campaign #3

3.4.4 Campaign #4 (July-September 1999)

The aim of carrying out this set of experiments, was to obtain slug characteristics such

as slug velocity, slug length as well as slug body holdup by cross correlating the total

liquid holdup signals from both gamma densitometers which were situated 6.4 m

apart. The same range of parameters as utilised in Campaign #3 were employed for

campaign #4.
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Figure 3.2: High pressure air tanks
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Figure 3.4: Inlet mixer
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Figure 3.8: Silencer
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Figure 3.14: Detector and source collimator for single beam dual-energy gamma densitometer
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Figure 3.15: Electronic components for single beam dual energy gamma densitometer
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Chapter 4

EXPERIMENTAL RESULTS FOR PRESSURE, LIQUID
FRACTIONS AND SLUG CHARACTERISTICS

To model the slug flow regime, knowledge of certain parameters such as pressure
gradient, average liquid holdup as well as slug frequency, slug body holdup, slug
length and slug velocity is fundamental. However, there is a distinct lack of data for

these parameters for three-phase gas-liquid-liquid slug flow.

In this Chapter the new experimental data on pressure gradient, holdup and slug
parameters for three-phase gas-liquid-liquid flow are presented. The effects of
various variables such as the gas superficial velocity, liquid superficial velocity,
system pressure and input water fraction in the liquid (water-cut) on these parameters
are also presented and discussed. The data obtained cover a wide range of conditions -
and include measurements of pressure gradient, oil, water and total holdups, flow
pattern and slug velocity, slug lengths. To ensure an archival record of this data, the
results are tabulated in Appendix A. In what follows, data are presented from the
respective campaigns to illustrate the effect of various system parameters. The data
on flow pattern are presented separately in Chapter 5 and Chapter 6 presents detailed

analysis of the data with respect to prediction methods.

4.1: PRESSURE GRADIENT

The pressure gradient is a very important parameter in the design of multiphase
pipelines since it governs the pressure and/or pumping capacity required to transport
the multiphase mixture from the reservoir to the separators. Furthermore, Bhongale
(1995) showed that the pressure gradient is one of several parameters that influence
the pipe corrosion rate. The pressure gradient itself is influenced by several factors
such as the gas superficial velocity, liquid superficial velocity, system pressure, pipe

inclination and the water-cut.
In what follows, the effect of the gas superficial velocity, liquid superficial velocity,

system pressure and water-cut on the measured pressure gradient is examined. It

should be recalled that in this project, experiments have been carried out both at
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constant liquid superficial velocity (i.e. where the oil and water superficial velocities
have been adjusted to give a constant total value over the range of water-cuts covered)
and at constant oil superficial velocity where the total liquid superficial velocity

increases with water cut. Results from these respective scenarios are presented.

4.1.1.Effect of Air Superficial Velocity

Results obtained on the effect of the air superficial velocity on the measured pressure
gradient have been sub-divided into horizontal and inclined flows so as to isolate the

effects of the change in pipe inclination.

4.1.1.1Horizontal flows

(a) Constant liguid superficial velocity

Figure 4.1 illustrates the effect of the air superficial velocity on the measured pressure
gradient at a constant total liquid superficial velocity. In Figure 4.1, the measured
pressure gradient has been plotted against input water fraction in the liquid (IWFIL)
also known as the water-cut, for a constant total liquid superficial velocity of 0.5 m/s
at two distinct air superficial velocities 4 m/s and 6 m/s and at atmospheric pressure,
for a horizontal pipe. The water cut (IWFIL) is defined by:

Up.s
Ups+Ups

Ay = (4.1)

Where Up s is the superficial water velocity and Up,s is the superficial oil velocity.

From Figure 4.1, it can be seen that as the water-cut is increased from 0% to about
40%, the measured pressure gradient increases monotonically, reaching a maximum
around a water-cut of around 40%. This increase in the measured pressure gradient
for this range of water-cuts is as a result of the increasing effective liquid viscosity

caused by the intense mixing of the oil and water within the liquid phase.
As the water-cut is increased further beyond 40%, the measured pressure gradient

falls significantly. This sudden drop in the measured pressure gradient marks the

change in the flow pattern from dispersed oil-continuous slug (DOSI) flow to
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dispersed water-continuous slug (DWSI) flow. These flow patterns were observed by
monitoring the flow with the aid of a video camera, directed at the visualization

section, which was situated 35 m downstream of the pipe inlet.

For water-cuts greater than 50%, there is a gradual decrease in the measured pressure
gradient as the water-cut increases from 50% to 100%. This progressive decrease as
the water cut increases, is due to the decreasing percentage of oil in the liquid

mixture, thus decreasing the effective liquid mixture viscosity.

The decrease in the measured pressure gradient with increasing water-cut for water-
cuts ranging from 50 % to 100 % is not as steep as the increase in the pressure
gradient for water-cuts between 0 % and 40 % for the 4 m/s case. The reason for this
is that the apparent viscosity of the liquid mixture does not change significantly
within the water-continuous region. However, in the oil-continuous region, small
changes in the water-cut lead to significant changes in the apparent liquid mixture

viscosity.
Two points are worth noting:

(1) The two-phase air-oil slug flow pressure gradient is greater than the two-phase air-
water slug flow pressure gradient. For the case of air superficial velocity 6 m/s (filled -
circles on the graph), the pressure gradient for two-phase air-oil slug flow is 600
Pa/m, while the corresponding value for two-phase air-water slug flow is 280 Pa/m.
This is expected since the viscosity of water is significantly lower than the oil,
(approximately 40 times less at room temperature) yielding a much lower pressure

gradient.

(2) The maximum three-phase air-oil-water slug flow pressure gradient for the case of
air superficial velocity 6 m/s is almost one and a half times as great as that for two-

phase air-oil slug flow.

In Figure 4.1, increasing the air superficial velocity from 4 m/s to 6 m/s leads to an
increase in the water cut corresponding to the peak in the measured pressure gradient

from 42% to 46%.
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This shift in the pressure gradient peak observed in Figure 4.1, is in agreement with
the results obtained by Laflin and Oglesby (1976), who observed that on introducing
air into an oil-water mixture, the peak in the measured pressure gradient shifted
towards higher water-cuts. The reason put forward for this phenomenon is that as the
gas superficial velocity is increased, the amount of entrained gas within the slug body
increases leading to a dilution and reduction in the overall viscosity of the slug body.

This in turn means more water is required to invert the oil-water mixture.

In addition to this, Pan (1996) who carried out three-phase air-oil-water three-phase
experiments for low liquid superficial velocities, observed a slight increase in the
position of the pressure gradient peak to higher water-cuts for increasing air

superficial velocities.

(b) Constant oil superficial velocity

The effect of the air superficial velocity on the measured pressure gradient when the
oil superficial velocity is held constant instead of the total liquid superficial velocity is

illustrated in Figures 4.2-4.4.

In Figure 4.2, the results depicted were obtained at an oil superficial velocity of 0.2
m/s, system pressure of 0 barg with the pipe horizontal. From this Figure, it can be
seen that increasing the air superficial velocity from 10 m/s to 12 m/s, leads to an

increase in the measured pressure gradient as expected.

In addition, increasing the air superficial velocity from 10 m/s to 12 m/s leads to an
increase in the water-cut at which the peak in the measured pressure gradient occurs
from 50 % to 54%.

A similarity with Figure 4.1, is that the maximum three-phase pressure gradient is

about two times greater than that of two-phase air-oil slug flow.

A feature of Figure 4.2 which is not present in Figure 4.1, is that after the pressure
gradient reaches a peak, and decreases in the water-continuous region, there is a

subsequent increase in the measured pressure gradient for water-cuts ranging from
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60% to 70 %. The reason for this occurrence is that although the oil superficial
velocity has been held constant, the total liquid superficial velocity is still increasing
and thus causes an increase in the measured pressure gradient for this range of water-

cuts. This was also noticed by Pan (1996) in his experimental results.

In Figure 4.3, where the measured pressure gradient has been plotted against water-
cut for a constant oil superficial velocity of 0.5 m/s and for two different air
superficial velocities 2 m/s and 5 m/s at a system pressure of 5 barg, the influence of

the air superficial velocity on the measured pressure gradient can be observed.

Increasing the air superficial velocity from 2 m/s to 5 m/s, leads to an increase in the
measured pressure gradient as expected. A similar trend is observed in Figure 4.4,
where the measured pressure gradient has been plotted against the water-cut for a case
of a constant oil superficial velocity of 0.7 m/s and system pressure 5 barg.
Increasing the air superficial velocity leads to an increase in the measured pressure
gradient.

Figures 4.3 and 4.4 were obtained for a limited range of water-cuts 10% to 40%, so
the effect of the air superficial velocity on the position of the peak in the measured

pressure gradient cannot be discerned from these Figures.

4.1.1.2 Inclined flow

(a)constant total liquid superficial velocity

For flow with the pipe downwardly inclined at an angle of —1.5° to the horizontal, the
effect of the air superficial velocity on the measured pressure gradient was also
investigated and this is illustrated in Figure 4.5. In Figure 4.5 the measured pressuré
gradient has been plotted against the water-cut for a total liquid superficial velocity of
0.35 m/s at 0 barg.

Increasing the air superficial velocity from 10 m/s to 12 m/s, increases the measured

pressure gradient. In addition to this there is a slight increase in the position at which

the peak in the measured pressure gradient occurs.
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For the case of air superficial velocity 12 m/s, there is a decrease in the measured
pressure gradient for water-cuts ranging from 0% to 15 %. This can be attributed to
the fact that these data was obtained at a velocity quite close to the slug-annular

transition, where the slugs were not stable.

4.1.2 Effect of Total liquid superficial velocity

4.1.2.1 Horizontal Flows

In Figure 4.6, the measured pressure gradient has been plotted against water-cut at
two different constant total liquid superficial velocities of 0.5 m/s and 0.6 m/s .
respectively, at a constant air superficial velocity of 4 m/s and system pressure of 0

barg, to observe the effect the total liquid velocity on the measured pressure gradient.

In Figure 4.6, an increase in the total liquid superficial velocity from 0.5 m/s to 0.6

m/s leads to an increase in the measured pressure gradient as expected.

From Figure 4.6, it can also be seen that increasing the total liquid superficial velocity
from 0.5 m/s to 0.6 m/s leads to a decrease in the water-cut at which the peak in the
measured pressure gradient occurs from 42 % to 38 %. An explanation for this effect,
is that at higher liquid superficial velocities, due to the more intense mixing, there is
more shearing action which tends to reduce the size of the droplets of the liquid
phases. This leads to an increase in the apparent viscosity of the oil-water mixture,
which in turn increases the pressure gradient. This is agreement with the results of
Pan (1996) who observed that the position of the pressure peak moves slightly

towards lower water-cuts with increasing oil flowrate.

4.1.2.2 Inclined flows

In Figures 4.7 and 4.8, the effect of the total liquid superficial velocity on the pressure

gradient in inclined flows is depicted.

It can be seen from Figure 4.7, where the measured pressure gradient has been plotted

at a constant air superficial velocity of 10 m/s and system pressure of 0 barg for two
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different total liquid superficial velocities of 0.2 m/s and 0.3 m/s, with the pipe
downwardly inclined at an angle of —1.5 °to the horizontal, that increasing the total
liquid superficial velocity from 0.2 m/s to 0.35 m/s leads to an increase in the

measured pressure gradient.

The same result is evident in Figure 4.8, where increasing the total liquid superficial
velocity from 0.5 m/s to 0.7 m/s leads to an increase in the measured pressure gradient
for water-cuts ranging from 0% to 50%. However, for a water-cut of 58%, the
measured pressure gradient for the lower superficial velocity (0.5 m/s) is greater than
that of the case of 0.7 m/s. This can be explained by considering the effect of the total
liquid superficial velocity on the peak in the measured pressure gradient. Increasing
the total liquid superficial velocity leads to an increase in the position at which the
peak occurs. So for a water-cut of 50 %, a change has occurred in the continuous
phase of the liquid from oil to water for the case of total liquid superficial velocity 0.7
m/s whereas this change has not occurred for the 0.5 m/s case, which still has an oil

continuous liquid phase.

4.1.3.Effect of Oil superficial velocity

Figures 4.9 and 4.10 illustrate the effect of the oil superficial velocity on the pressure
gradiént. In Figure 4.9, the measured pressure gradient has been plotted for a case of
air superficial velocity 2 m/s, system pressure 5 barg and for two different oil

superficial velocities 0.5 m/s and 0.7 m/s.

Increasing the oil superficial velocity from 0.5 m/s to 0.7 m/s for water-cuts in the
range 10 % to 30%, leads to an increase in the measured pressure gradient. However,
for water-cuts greater than 30 %, the measured pressure gradient is greater for the
case of 0.5 m/s. The reason is due to the earlier switch in the continuous phase of the
liquid (from oil to water) for the case of oil superficial velocity 0.7 m/s. This is
similar to the result obtained in Figure 4.8. In Figure 4.10, an increase in the oil
superficial velocity also leads to an increase in the measured pressure gradient for the

range of water-cuts covered.
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4.1.4.Effect of System Pressure

(a) Constant total liguid superficial velocity

In Figure 4.11, the effect of increasing the system pressure on the measured pressure
gradient can be observed for a case of constant total liquid superficial velocity. For
water-cuts less than 50 %, in the oil continuous region, increasing the system
pressure, from O barg to 5 barg, leads to a slight increase in the measured pressure
gradient. However, in the water-continuous region (water-cut > 50%), there is no

discernible effect of the system pressure on the measured pressure gradient.
The results at lower water-cut are in agreement with the results of Pan (1996) who
observed that the higher the pressure, the larger the pressure gradient for the range of

flow rates covered by his experiments.

(b) Constant oil superficial velocity

In Figures 4.12 and 4.13, the measured pressure gradient is plotted against water-cut
at a constant air superficial velocity and oil superficial velocity. Figure 4.12 shows
that for an increase in the system pressure from 4 barg to 5 barg, only a slight increase
in the pressure gradient is observed. However, in the case of Figure 4.13, it can be
seen more clearly that increasing the system pressure leads to an increase in the

measured pressure gradient.

4.1.5 Effect of Flow Pattern

In Figure 4.14, the flow patterns are illustrated alongside the data points. This Figure
illustrates the reason for the sudden drop in the measured pressure gradient observed
around the phase inversion region. Figure 4.14 has been plotted for a case of air
superficial velocity 5 m/s, oil superficial velocity 0.5 m/s at atmospheric pressure with

the pipe horizontal.

As the water-cut is increased from 12 % to 38 %, the measured pressure gradient
increases accordingly, while the flow pattern is dispersed oil-continuous slug flow (D-
O-S1). When the water-cut is increased beyond 38 %, there is a sudden drop in the
measured pressure gradient. This sudden drop in the measured pressure gradient is

also accompanied by a change in the continuous liquid phase from oil to water, thus
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marking the a change in the flow pattern from dispersed oil-continuous slug flow (D-

0-S1) to dispersed water-continuous slug flow (D-W-SI).

4.2 Mean Liquid Holdup

The mean liquid holdup is a very important parameter in slug flow as it plays a big
part in the design of the primary separation equipment ‘slug catcher’. The results for
the mean liquid holdup presented here have been obtained from the dual-energy
gamma densitometer in a traversing mode where the beam is traversed horizontally
over 8 chordal positions. The values of the average holdup over each of the chordal

positions are then summed up to yield a mean liquid.holdup.

In some cases, the gamma densitometer has been used in a central pipe scan mode
where the beam is left stationary at the centre of the pipe. The main advantage of this
mode over the traversing mode is that it enables the slugs to be tracked, thus enabling
better cross correlation of the gamma holdup signals. In this case, the dimensionless
liquid height has been converted into a total liquid holdup by assuming that the total
liquid holdup can be collapsed into stratified liquid layers of oil and water. The in-
situ liquid holdup has been calculated using the geometrical relationships in Equations
4.2-4.4, an illustration of the pipe geometry used to derive this relationships is given

in Figure 4.15:

The in-situ hold-up for the total liquid is given by the expression below:

2
5 %{ﬁ_cw-‘(&g&_l}@ NIWE } 42

To obtain the individual holdup for the oil and the water, the in-situ holdup of the

water is calculated using the equation:

| T N R | A
5W=Z{7r——cos (T lj+( 7 ) 1 ( D J } (4.3)

And the in-situ oil holdup is calculated using the following relationship:

E, = EL — &y (4.4)
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Where 4, is the total liquid height, D is the pipe diameter and 4, is the water height.
A typical total liquid holdup trace from the dual-energy gamma densitometer is
illustrated in Figure 4.16.

4.2.1 Effect of Air Superficial velocity

(a)Constant total liguid superficial velocity

In Figure 4.17, the measured total liquid holdup has been plotted against the water-cut
at a constant total liquid superficial velocity of 0.5 m/s, and atmospheric pressure, for
two different air superficial velocities. It is seen that as the water-cut is increased, the
total liquid holdup increases gradually until a peak is reached at a water-cut of 40%.
The total liquid holdup decreases once the water fraction in the liquid exceeds 44% as

this marks the change in the continuous liquid phase from oil to water.

The effect of air superficial velocity on the measured total liquid holdup can also be
observed from Figure 4.17. Increasing the air superficial velocity from 4 m/s to 6 m/s
leads to a decrease in the total liquid holdup, as expected. In addition, the peak
observed in Figure 4.17 is similar to those observed in the pressure gradient results
presented in the previous section. This is further illustrated in Figure 4.18 where both
the measured pressure gradient and the measured total liquid holdup are plotted on the

same graph for the same set of conditions.

It can be seen in Figure 4.18 that the peaks in the measured pressure gradient and the
total liquid holdup occur at the same water-cut value of 40 %. Since both
measurements have been obtained independently, this confirms that the reason for the
unusually high pressure gradient observed around the water-cutl value of 40 % is due
to a significant increase in the total liquid holdup. This increase in the total liquid
holdup can be attributed to the increase in the effective viscosity of the liquid mixture

around a water-cut value of 40 %.

(b) Constant oil superficial velocity
In Figures 4.19 and 4.20, although the total liquid superficial velocity has not been

held constant, the effect of increasing the air superficial velocity on the total liquid
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holdup can be clearly seen. In Figure 4.19, increasing the air superficial velocity from

2 m/s to 5 m/s leads to a decrease in the measured total liquid holdup as expected.

The same result is observed in Figure 4.20, where the measured average in-situ total
liquid holdup has been plotted against the water-cut for a case of oil superficial
velocity 0.2 m/s, atmospheric pressure (0 barg), with the pipe horizontal. Increasing
the air superficial velocity from 8 m/s to 10 m/s leads to a decrease in the average in-

situ total liquid holdup as expected.

4.2.2 Effect Of Liquid Superficial Velocity

4.2.2.1Horizontal flows

In Figure 4.21, the experimentally determined average in-situ total liquid holdup is
plotted against the water cut for two different total liquid superficial velocities, at a
constant air superficial velocity of 4 m/s and system pressure of 0 barg. It can be seen
that, increasing the total liquid superficial velocity from 0.5 m/s to 0.6 m/s leads to an
increase in the measured total liquid holdup in the oil continuous region (water-cuts
between 0% and 40%), whereas in the water-continuous region, no generalization can

be made on the basis of the data presented here.

4.2.2.2 Inclined flows

For inclined flows, increasing the total liquid superficial velocity also leads to an
increase in the average total liquid holdup as can be seen in Figure 4.22. However,
this increase in the total liquid holdup with total liquid superficial velocity is confined

to the oil-continuous region alone.

4.2.3 Effect of System Pressure

The effect of pressure on the total liquid holdup is shown in Figures 4.23-4.25, where
the measured total liquid holdup is plotted against input water fraction in the liquid at

different system pressures and for different air superficial velocities.
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(a) Constant total liquid superficial velocity

In Figure 4.23, where the total liquid superficial velocity has been held constant, it
can be seen that on increasing the system pressure from 0 barg to 5 barg, the
measured total liquid holdup in the water-continuous region (water-cut >50%),
increases, whereas in the oil continuous region, there appears to be no effect of the

system pressure on the total liquid holdup.

(b) Constant oil superficial velocity

In Figures 4.24 and 4.25, where the total liquid holdup has been plotted against the -
water-cut for a constant oil superficial velocity, increasing the system pressure leads

to an increase in the measured total liquid holdup.

4.3 PHASIC HOLDUPS

The holdups for the oil and water phase are also important as they tell us whether any
phase is being preferentially accumulated within the system. The measurements are

derived directly from the gamma densitometer output.

In Figures 4.26-4.28, the total liquid hold-up and the in-situ holdup of the water and
oil phases have been plotted together against the water-cut, for a range of conditions.
From the plots it can be seen that as the water-cut is increased from 0 % to 40 %, the
water in-situ holdup increases monotonically. For water-cuts greater than 40 %, the

increase in in-situ water holdup with water-cut is less steep.

For the in-situ oil holdup, as the water cut is increased between 0 % and 40%, there is -
a steady decrease in the oil in-situ holdup. However, after water-cuts greater than

40%, the decrease in the in-situ oil holdup is more rapid with increasing water-cut.

4.3.1 Effect of Air superficial velocity

In Figures 4.29 and 4.30, the effect of the air superficial velocity on the in-situ water

holdup and oil holdup is shown for an inclined pipe. In Figure 4.29, the in-situ water

151



holdup has been plotted against water cut at constant oil superficial velocity 0.2 m/s,
and a system pressure of 5 barg. It can be seen that increasing the air superficial
velocity leads to a decrease in the in-situ water holdup as expected. The same trend is
shown in Figure 4.30 where the in-situ oil holdup has been plotted against the water

cut for the same set of conditions.

In Figure 4.29, increasing the water cut from 25% to 50%, leads to gradual increases
in the in-situ water holdup. For water-cuts greater than 50 %, further increases in the

water-cut lead to a decrease and then an increase in the in-situ water holdup.

It would be expected that the in-situ water holdup would increase monotonically with
water-cut. However this is not the case, because beyond the phase inversion point,
there is a sudden drop in the total liquid holdup, which also leads to a sudden drop in
the in-situ water holdup. '

Another possible explanation for the peak observed in the in-situ water holdup in
Figure 4.29, is that because the liquid mixture is fully dispersed, an increase in the
total liquid holdup leads to an increase in the in-situ water hold up because the water

is inextricably well mixed with the oil within the liquid mixture.

In Figure 4.30, where the in situ oil holdup has been plotted against water cut for a
constant oil superficial velocity of 0.2 m/s, the effect of air superficial velocity can
also be seen. Increasing the air superficial velocity leads to a decrease in the in-situ
oil holdup. Initially as the water cut is increased, the in-sifu oil holdup decreases
gradually. However, for water-cuts greater than 50%, the decrease in in-sifu oil

holdup is more rapid.

4.4 SLIP RATIOS

A good indication of the magnitude of the slip ratio between the oil and water
(S =Up!Uy where Uy=Upys/e, and Uy =Uys/é,) can be observed by

plotting the measured in-situ water fraction in the liquid, against the water-cut.
Here, slip ratio is defined as the ratio of the oil velocity to the water velocity. The in-

situ water fraction in the liquid is defined by:
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L — (4.59)
Ey +&p I+ Upys
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Where &, is the in-situ water holdup and &, is the in-situ oil holdup.

The input water-cut is given by:

IWFIL=—2%s 1 (4.5b)
w.stUos 1 Uo,s
» > + ot iy
UW,S

Comparing Equations 4.5a and 4.5b, it is seen that A, <IWFIL for Syw<l and
Ay > IWFIL when S>1.

From Figures 4.31 and 4.32 where the in-situ water fraction in the liquid has been
plotted against the input water fraction in the liquid, it can be seen that the oil-water
slip ratio deviates significantly from unity. For water-cuts between 0% and 40 %,

A,>IWFIL and the slip ratio is greater than one. Above 40% the slip ratio

approaches unity.

4.5 SLUG FREQUENCY

The slug frequency was obtained by observing the slugs through the visualization
section with the aid of a video camera. In addition to this, the liquid holdup traces
from the gamma densitometer were also used to identify the frequency of slug

occurrence. The two methods gave good agreement.

In Figures 4.33-4.37, the experimentally observed slug frequency has been plotted
against the input water fraction in the liquid for a range of conditions.

4.5.1 Effect of Air superficial Velocity

(a) Constant total liguid superficial velocity
In Figure 4.33, the observed slug frequency has been plotted against the water cut, at

constant total liquid superficial velocity for two distinct air superficial velocities: 4
and 6m/s. It can be seen from the plot that for water-cuts between 0 % and 30 %, the
slug frequency is higher for the case of air superficial velocity 6 m/s.
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From Figure 4.33, it can also be seen that for the case of air superficial velocity 6 m/s,
as the water-cut is gradually increased from 0%, there is little effect on the slug
frequency, which maintains a value around 0.4 Hz, whereas in the case of air
superficial velocity 4 m/s, the slug frequency increases monotonically with increasing
water-cut from a value of 0.3 Hz at water-cut 0 % to a value of 0.4 Hz at a water-cut
of 38 %. At water-cuts greater than 40%, the slug frequency begins to decrease
rapidly, before settling at a Figure of 0.25 Hz for two-phase air-water flow.

(b) Constant oil superficial velocity

In Figure 4.34 where the measured slug frequency has been plotted against water cut,
for a constant oil superficial velocity of 0.2 m/s and for air superficial velocities 8 m/s
and 10 m/s, it can be seen that the effect of the air superficial velocity on the slug
fréquency is not clearly discernible. However, for both air superficial velocities, as
the water-cut is increased from 0%, the measured slug frequency increases, before
reaching a peak around water-cuts of 50% to 60%. Subsequent increases in the water-

cut lead to a decrease in the measured slug frequency.

The decrease in slug frequency is due to a change in the continuous phase of the
liquid. When there is a change in the liquid continuous phase from oil to water, the
slug frequency decreases because the slug frequency decreases with decreasing liquid -

viscosity.

Another important feature in Figure 4.34, is that there are two peaks in the plot. The
first peak occurs as the continuous phase changes from oil to water. The second peak
occurs in the water-continuous region and is due to the fact that although the oil
superficial velocity has been held constant, the water superficial velocity has not been

held constant.

In Figures 4.35 and 4.36, increasing the air superficial velocity leads to a decrease in

the measured slug frequency for the range of water-cuts covered.
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4.5.2 Effect of Liquid Superficial Velocity

In Figure 4.37, the effect of the total liquid superficial velocity on the slug frequency
can be clearly observed. When the total liquid superficial velocity is increased from
0.5 to 0.6m/s, the slug frequency increases. This is expected as increasing the total
liquid superficial velocity, leads to an increase in the height of waves, making it more
likely that the waves will eventually bridge the pipe, leading to the formation of slugs.
It is worth noting that the slug frequency for the two-phase air-oil slug flow case
(water-cut 0%) is shown to be significantly greater than that observed in the two-

phase air-water slug flow case (water-cut 100%).

4.6 SLUG BODY HOLDUP

By analyzing the traces of the gamma densitometer, it was possible to obtain the
average slug body holdup, which is defined as the volume fraction of liquid contained
within the slug body.

From Figures 4.38 and 4.39, where the average slug body holdup has been plotted

against the input water fraction in the liquid, distinct trends can be observed.

In all the three plots, the average slug body holdup decreases gradually as the water
cut is increased from 0%. However, beyond a water-cut of 40%, the slug body holdup
begins to increase with the water-cut. At water-cuts greater than 60%, there is little
effect of the water-cut on the average slug body hold-up. Another point of note is that
the average slug body holdup for the two extreme cases, two-phase air-water and two-

phase air-oil slug flow are similar.

4.6.1 Effect of Air Superficial velocity

To examine the effect of air superficial velocity on the average slug body holdup,
Figure 4.38 was plotted. Here the average slug body holdup at two distinct air

superficial velocities is depicted with all other parameters being held constant.
It can be seen clearly from Figure 4.38, that increasing the air superficial velocity

leads to a decrease in the value of the average slug body holdup as expected.

Between water-cuts 0 % and 40 %, the average slug body holdup decreases with
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increasing water-cut. The reason for this is that as the water-cut is increased from 0%
to 40% the effective viscosity of the liquid mixture increases. This trend in the
average slug body holdup agrees with the result of Stapelberg et al. (1992) who
showed that increasing the liquid viscosity leads to a decrease in the slug body
holdup.

4.6.2 Effect of Liquid Superficial velocity

In Figure 4.39, the average slug body holdup has been plotted at a constant air
superficial velocity and system pressure for two different total liquid superficial
velocities, it can be seen that the total liquid superficial velocity does not have a

significant effect on the average slug body holdup for the range presented.

4.7 LIQUID FILM HOLDUP

The liquid film holdup is the volume occupied by the liquid in the film region
between successive slug bodies. In Figures 4.39-4.41, the average liquid film holdup

has been plotted against the water-cut for different conditions.

4.7.1 Effect of air superficial velocity

From Figure 4.40, it can be seen that as the water-cut is increased from 0%, the
average liquid film holdup increases gradually from a value of 0.2, reaching a
maximum around a water-cut of 44%, for the case of air superficial velocity 6 m/s.
For water-cuts greater than 44%, the average liquid film holdup decreases as the water

cut decreases.

In addition to this, the trends in the average liquid film holdup mirror those observed
in the pressure gradient described in previous sections. The increase in the average
liquid film holdup around the water-cut of 40% is due to the rise in the apparent

viscosity of the liquid mixture around the phase inversion region.

It is clear from Figure 4.40, that increasing the air superficial velocity leads to a

decrease in the average liquid film holdup as expected.
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4.7.2 Effect of total liquid superficial velocity

In Figure 4.41 the measured average liquid film holdup has been plotted against the
water-cut at constant air superficial velocity, for two different liquid superficial
velocities 0.5 m/s and 0.6 m/s. It can be seen that increasing the total liquid
superficial velocity does not have any significant influence on the average liquid film
holdup.

4.7.3 Effect of system pressure

The effect of the system pressure on the average liquid film height is seen in Figure
4.42, where the average liquid film holdup has been plotted against water-cut at two
different system pressures 0 barg and 5 barg. It can be seen that on increasing the

system pressure the liquid film holdup increases.

On comparing the results for both the slug body holdup and the liquid film holdup it
can be seen that the results obey the law of conservation of mass. As the liquid
content in the slug body decreases for water-cuts of between 0% and 40%, the liquid
content in the liquid film between the slugs increases for the same set of conditions.
For water-cuts greater than 40% the liquid content in the slug body increases with

increasing water cut, while the average liquid film holdup decreases with increasing

water cut.

4.8 SLUG VELOCITY

Slug translational velocities were obtained by cross-correlating the liquid holdup
readings from the vertical beams of both gamma densitometers. The slug velocities
obtained from cross correlating the gamma densitometers are averaged over all the
slugs. The slug velocity is usually related to the total mixture velocity by the

relationship:

U=CUy+U, “4.6)

Where U, is the slug translational velocity, Uy is the total mixture superficial velocity,
C, is a distribution parameter and Uy is a “drift velocity”. U, represents the effect of
local relative velocity between the bubble and the surrounding fluid whereas C,

represents the effect of differences between the void and velocity distributions. In
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vertical slug flow, the value of U, is commonly taken as being equal to the rise
velocity of a Taylor bubble in stagnant liquid in the tube, namely 0.35./gD where g

is the acceleration due to gravity and D is the tube diameter. C, for this case has a
value around 1.2 (Nicklin et al. 1962).

There has been some controversy about the value of Uy in horizontal flows. Clearly,
in contrast to the vertical flow case, a bubble would be stationary in a stagnant fluid in
a closed tube. If the tube were full of liquid and one end were opened to, say the
atmosphere then the tube would empty as a result of the propagation of a bubble front
along it; the velocity of the bubble front of this “Benjamin bubble” (Benjamin, 1968)

is 0.54,/ gD . At low mixture velocities, Bendiksen (1984) suggests that this value

(i.e. 0.54./gD ) be used for U with C, being taken as 1.05.

However, Bendiksen (1984) suggests that when the Froude number (defined as
Fr® =U} / gD)is greater than 3.5, the value of Uy should be taken as zero and C,
assumes a constant value of 1.2. Thus in this region for Fr> 3.5, the translational
velocity may be calculated using the relationship:

U,=CUy =1.2Uy 4.7
For all the results presented here, the Froude number was greater than 3.5 (values
were typically in the range 10-140) and the drift term U; would, therefore, be
expected to be essentially zero, according to Bendiksen’s findings. However, as we
shall see below, the value of Co may take a value very different in the flows
considered here to the 1.2 value suggested by Bendiksen. A typical plot of the slug

translational velocity against water-cut is shown in Figure 4.43.

4.8.1 Effect of Total liquid superficial velocity

From Figure 4.44, it can be seen that for the case of a total liquid superficial velocity
of 0.5 m/s, as the water cut increases, the value of C, increases from a value of 1.7 for
two-phase air-oil slug flow to a maximum value of 1.8 at an input water cut value of
around 40%. Subsequent to that, C, decreases slowly ending up with a value of

around 1.2 for the two-phase air-water slug flow case. When the total liquid
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superficial velocity is increased to 0.6 m/s, C, increases to a maximum of
approximately 2 and decreases subsequently. Possible reasons for this result are

discussed in Chapter 6.

4.9 SLUG LENGTH

Knowledge of the translational velocity of the slug as well as the time taken for the
slug to pass the monitoring station enables the slug length to be calculated. The slug
length is plotted against water cut in Figure 4.45 for a case of air superficial velocity 4
m/s, total liquid superficial velocity 0.5 m/s and system pressure O barg for a

horizontal pipe.

In Figure 4.45, the average measured slug lengths range from 1m (water-cut 24 %) to
2.8 m (water-cut 100%). This corresponds to a slug length range of 13D to 36D
(where D is the WASP pipe diameter of 0.07792m). At 0% water-cut, the measured
average slug length is 1.9m. However, increasing the water-cut from 0% to 24 %
leads to a decrease in the slug length to 1 m. For water-cuts ranging from 20% to
80%, increasing the water-cut leads to an increase in the slug length. Increasing the

water-cut above 80 %, does not have any significant effect on the slug length.

In Figure 4.46, obtained at an air superficial velocity of 6 m/s, total liquid superficial
velocity of 0.5 m/s and system pressure O barg, a similar trend as observed in Figure
445, is noticed. The slug length increases with increasing water-cut reaching a
maximum at a water-cut of 100% (two-phase air-water slug flow), with a minimum
occurring at a water-cut of 10 %. The slug lengths measured range from 16D (where
D is the pipe diameter) for a water-cut of 10 % to a maximum of 37D for a water-cut
of 66%.

As can be seen from Figure 4.46, the slug lengths for water-continuous flow are

almost twice those occurring in oil-continuous flow.

4.9.1 Effect of Air Superficial Velocity
There appears to be no significant effect of the air superficial velocity on the

measured average slug length for the range of air superficial velocities investigated.
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4.9.2 Effect of Total liquid superficial velocity
In Figure 4.47, it can be seen that increasing the total liquid superficial velocity does

not seem to have a significant effect on the measured average slug length.

4.10 SUMMARY

New three-phase air-oil-water flow data obtained on pressure gradient, hold-up, as
well as slug parameters (slug frequency, slug body hold-up, liquid film hold-up, slug
velocity and slug length) have been presented and trends inherent in the results have
been discussed for a variety of flow conditions, pipe configurations and system

pressures.

For a given total superficial velocity, a peak in pressure gradient occurs with
inéreasing water-cut at constant total liquid superficial velocity. It was shown that the
air superficial velocity had a significant effect on the position of the pressure gradient
peak. Increasing the air superficial velocity leads to an increase in the water-cut at

which the peak in the measured pressure gradient occurs.

The effect of the total liquid superficial velocity on the position of the pressure
gradient peak was contrary to the effect of the air superficial velocity, an increase in
the total liquid superficial velocity leads to a decrease in the position of the peak in

the pressure gradient.

The trends in the measured total liquid holdup were found to mirror those observed in

the measured pressure gradient, with the peaks occurring at the same water-cuts.

Data obtained on slug frequency revealed that slug frequency for oil-continuous flows
exceeded those measured in water-continuous flows for the same set of conditions.

Unique data on the slug body holdup in three-phase air-oil-water flow was presented
and this showed that the water-cut has a significant effect on the slug body holdup,
particularly for water-cuts in the phase inversion region. The results of the average

liquid film holdup showed significant increases in the phase inversion region.
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Data on the C, (ratio of the slug velocity to the mixture velocity) showed that its value
was a strong function of the water-cut in the phase inversion region, reflecting the
high mixture viscosities in this region. Maximum values of C, of around 2 were

observed in the phase inversion region.
Results obtained on slug length compare well with those postulated in the literature.

The slug lengths in water-continuous flows were found to be greater than those for

oil-continuous flows.
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Figure 4.1: Measured pressure gradient plotted against IWFIL at total liquid superficial velocity
0.5 m/s, system pressure 0 barg, horizontal pipe at two different air superficial velocities 4 m/s
and 6 m/s
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Figure 4.2: Measured pressure gradient plotted against IWFIL at oil superficial velocity 0.2 m/s,
system pressure 0 barg, horizontal pipe at two different air superficial velocities 10 m/s and 12
/s
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Figure 4.3: Measured pressure gradient plotted against IWFIL at oil superficial velocity 0.5 m/s,
system pressure 5 barg, horizontal pipe at two different air superficial velocities 2 m/s and 5 m/s
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Figure 4.4: Measured pressure gradient plotted against IWFIL at oil superficial velocity 0.7 m/s, -
system pressure 5 barg, horizontal pipe at two different air superficial velocities 2 m/s and 5 m/s
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Figure 4.5: Measured pressure gradient plotted against IWFIL at total liquid superficial velocity '
0.35 m/s, system pressure 0 barg, pipe downwardly inclined at an angle of —1.5° to the horizontal,
at two different air superficial velocities 10 m/s and 12 m/s.
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Figure 4.6: Measured pressure gradient plotted against IWFIL at an air superficial velocity of 4

m/s at 0 barg at two different liquid superficial velocities 0.5 m/s and 0.6 m/s.

164



Pressure gradient (Pa/m)

U,4s=10 m/s, P=0bar(g)
Pipe -1.5 degrees downwardly inclined

2000
1600
1200
o
800 Sy
o O . o
400 o ~ <

0.2 04 . 0.6 . 0.8
Input water fraction in the liquid(TWFIL)

& Ul,s=0.2m/s © Ul,s=0.35m/s

Figure 4.7: Measured pressure gradient plotted against IWFIL at an air superficial velocity of 10
m/s, at atmospheric pressure, pipe downwardly inclined 1.5° for two different liquid superficial
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Figure 4.8: Measured pressure gradient plotted against IWFIL at an air superficial velocity of
10m/s, at atmospheric pressure, pipe downwardly inclined 1.5° at two different liquid superficial

velocities 0.5 m/s and 0.7 m/s.
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Figure 4.9: Measured pressure gradient plotted against IWFIL at an air superficial velocity of
2m/s, at 5 barg, horizontal for two different oil superficial velocities 0.5 m/s and 0.7 m/s.
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Figure 4.10: Measured pressure gradient plotted against IWFIL at an air superficial velocity of
5m/s, at 5 barg, pipe horizontal for two different oil superficial velocities 0.5 m/s and 0.7 m/s.
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Figure 4.11: Measured pressure gradient plotted against IWFIL at an air superficial velocity
4m/s, total liquid superficial velocity 0.5 m/s at two different system pressures 0 barg and 5 barg
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Figure 4.12: Measured pressure gradient plotted against IWFIL at an air superficial velocity
2m/s, oil superficial velocity 0.5 m/s at two different system pressure 4 barg and S barg for a

horizontal pipe
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Figure 4.13: Measured pressure gradient plotted against IWFIL at an air superficial velocity
5m/s, oil superficial velocity 0.5 m/s at two different system pressure 0 barg and 5 barg for a
horizontal pipe
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Figure 4.14: Measured pressure gradient plotted against IWFIL at an air superficial velocity
5m/s, oil superficial velocity 0.5 m/s at system pressure 0 barg and S barg for a horizontal pipe,
illustrating the flow patterns
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Figure 4.15. Pipe geometry illustrating the height of the oil and water layers.
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Figure 4.16: A typical total liquid holdup trace from the dual energy gamma densitometer for air
superficial velocity 2 m/s, oil superficial velocity 0.5 m/s, water superficial velocity 0.2 m/s, system
pressure S barg for a horizontal pipe.
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Figure 4.17. Measured total liquid holdup plotted against IWFIL at a total liquid superficial
velocity 0.5 m/s, at two different air superficial velocities 4 m/s and 6 m/s for a horizontal pipe
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Figure 4.18. Measured total liquid holdup plotted against IWFIL at a total liquid superficial
velocity 0.5m/s, at two different air superficial velocities 4m/s and 6 m/s for a horizontal pipe
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Figure 4.19: Measured total liquid holdup plotted against IWFIL at oil superficial velocity 0.7

m/s at 5 barg, horizontal pipe for two different air superficial velocities 2m/s and 5 m/s.
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Figure 4.20 Measured total liquid holdup plotted against IWFIL at oil superficial velocity 0.2 m/s
for two different air superficial velocities 8 and 10 m/s at 0 barg, horizontal pipe.
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Figure 4.21 Measured total liquid holdup plotted against IWFIL at air superficial velocity 4 m/s
for two different total liquid superficial velocities 0.5 m/s and 0.6 m/s at 0 barg, horizontal pipe
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Figure 4.22: Measured total liquid holdup plotted against IWFIL at air superficial velocity 10
m/s and 0 barg, pipe downwardly inclined -1.5° for two distinct liquid superficial velocities 0.5
m/s and 0.7 m/s.

172



Air superficial velocity 4 m/s Total liquid superficial velocity 0.5 m/s
Pipe horizontal

0.5

@

04 ®
8 oce ©@

® ©° & C 08 o

0.3

0.2

01

Total Liquid holdup

0.0

0.0 0.2 04 0.6 0.8 1.0
Input water fraction in the liquid

O P=0barg @P=5barg

Figure 4.23: Measured total liquid holdup plotted against IWFIL at oil superficial velocity 4 m/s
and total liquid superficial velocity 0.5 m/s at 0 barg, horizontal pipe
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Figure 4.24: Measured total liquid holdup plotted against IWFIL at oil superficial velocity 0.5
m/s at two different system pressures 4 barg and 5 barg for a horizontal pipe .
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Figure 4.25: Measured total liquid holdup plotted against IWFIL at air superficial velocity 5 m/s
at air superficial velocity Sm/s for a horizontal pipe at system pressures 0 barg and 5 barg.
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Figure 4.26: Measured total liquid and phasic holdup plotted against IWFIL at air superficial
velocity 4 m/s at total liquid superficial velocity 0.5m/s for a horizontal pipe at atmospheric

pressure,
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Figure 4.27: Measured total liquid and phasic holdup plotted against IWFIL at air superficial
velocity 6 m/s at total liquid superficial velocity 0.5m/s for a horizontal pipe at atmospheric

pressure
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Figure 4.28: Measured total liquid and phasic holdup plotted against IWFIL at air superficial
velocity 4 m/s at total liquid superficial velocity 0.6m/s for a horizontal pipe at atmospheric

pressure.
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Figure 4.29: Measured in-situ water holdup plotted against IWFIL at oil superficial velocity 0.2 -
m/s for a range of air superficial velocities at 5 barg, pipe downwardly inclined —1.5° to the
horizontal.
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Figure 4.30: Measured in-situ oil holdup plotted against IWFIL at oil superficial velocity 0.2 m/s
for a range of air superficial velocities at 5 barg, pipe downwardly inclined —1.5° downwardly
inclined to the horizontal.
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Figure 4.31: Measured in-situ water fraction in the liquid plotted against IWFIL at air
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Figure 4.32: Measured in-situ water fraction in the liquid plotted against IWFIL at air
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Figure 4.33: Measured slug frequency plotted against IWFIL at total liquid superficial velocity
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Figure 4.34: Measured slug frequency plotted against IWFIL at oil superficial velocity 0.2 m/s at

two different air superficial velocities 8 m/s and 10 m/s at 0 barg, for a horizontal pipe.
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Figure 4.35: Measured slug frequency plotted against IWFIL at oil superficial velocity 0.5 m/s for
two different air superficial velocities 2m/s and Sm/s at 5 barg, horizontal pipe.
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Figure 4.36: Measured slug frequency plotted against IWFIL at oil superficial velocity 0.7 m/s for
two different air superficial velocities at 5 barg, horizontal pipe
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Figure 4.37: Measured slug frequency plotted against IWFIL at air superficial velocity 4m/s for
two different total liquid superficial velocities 0.5 m/s and 0.6 m/s at 0 barg, horizontal pipe.
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Figure 4.38: Measured slug body holdup plotted against IWFIL at total liquid superficial velocity
0.5 m/s for two different air superficial velocities at 0 barg, horizontal pipe
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Figure 4.39: Measured average slug body holdup plotted against IWFIL at air superficial
velocity 4m/s at two different liquid superficial velocities at 0 barg, horizontal pipe
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Figure 4.40: Measured average liquid film holdup plotted against IWFIL at total liquid
superficial velocity 0.5 m/s at two different air superficial velocities 4 m/s and 6 m/s at 0 barg,
horizontal pipe
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Figure 4.41: Measured average liquid film holdup plotted against IWFIL at air superficial
velocity 4m/s, total liquid superficial velocity 0.6 m/s at 0 barg, horizontal pipe
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Figure 4.43: Measured slug front velocity plotted against IWFIL at air superficial velocity 6 m/s,
total liquid superficial velocity 0.5 m/s at 0 barg, horizontal pipe
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Figure 4.44: Measured Co ratios plotted against IWFIL at air superficial velocity 4 m/s for a
range of total liquid superficial velocities at 0 barg, horizontal pipe
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Figure 4.47: Measured average slug lengths plotted against IWFIL at air superficial velocity 4
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Chapter 5

FLOW PATTERN AND FLOW PATTERN MAPS

In this Chapter, the flow pattern data obtained in this work, are presented in the form
of flow pattern maps. These maps are subsequently discussed in terms of the effect of
different parameters such as superficial velocities, system pressure and pipe
inclination on the flow patterns observed as well as the effects on the transition from
one flow pattern to another. Emphasis has been placed on the slug flow regime

particularly on the transition between oil-continuous and water-continuous slug flows.

The flow pattern maps obtained in this work have also been compared with other
three-phase gas-liquid-liquid flow pattern maps, namely those of Agikgoz et al.
(1992) and Pan (1996).

5.1 FLOW REGIMES

5.1.1 Terminology

The flow regimes in two-phase gas-liquid flow are well established and can be
divided into three main types: dispersed bubble, separated and intermittent flows.
Annular and stratified flow are grouped under the separated flows and plug and slug

flow regimes are grouped under intermittent flows.

However in three-phase gas-liquid-liquid flows, the presence of an extra liquid phase
adds complexity to the flow pattern terminology. Due to the complexity in the flow
pattern terminology, it is worth explaining the nomenclature used for describing the

flow patterns.

In the course of the experiments carried out, nine different flow patterns were
observed and the flow pattern notation of Pan (1996) has been adopted. In this
notation, the three-phase flow pattern may be described in three parts as seen in Table
5.1:
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Part 1 Part II Part III

——>Bubble (B)

———»Qil-continuous (O)—»
Smooth (S)
—» Dispersed(D)——» —Stratified (St) Wavy (W)
'——> W ater-continuous (W) » Stratifying
Three-phase Annular (St.A)

>
flow pattern™ | Plug(PD)

[—»Separated-Dispersed (S.D) >
— Slug (S1)

—»Separated(S)

Y

—» Annular (A)

Table 5.1: The WASP Three-Phase Flow Pattern Classification -
In part I, the terms dispersed, separated and separated-dispersed are used to describe
the configuration relationship between the oil and water phases. When the oil and
water are well mixed, the flow is said to be dispersed and when stratification in the
liquid is present, the flow is said to be separated. In some cases, there may be the
existence of both stratified and dispersed layers in the liquid phase, where this occurs,
the terminology separated-dispersed is used to categorise the liquid phase. For .
instance in gas-liquid-liquid stratified flow, we could have four distinct layers

namely: air, oil, an oil-water dispersion and a pure water layer beneath this.

In part II, the terms oil-continuous and water-continuous, are used to indicate which
of the two liquid phases is the continuous phase and in contact with the.pipe wall
while the other liquid phase is dispersed in it. In Part III, bubble, stratified, plug, slug
and annular are used to describe the configuration relationship between the total
liquid phase and the gas phase and follow the same classifications as that used in two

phase gas-liquid flow.
Additionally, the stratified flow regime, is divided into stratified-wavy, stratified-

smooth and stratifying—annular. The main difference between the stratified-smooth

and the stratified-wavy flow patterns is the presence of waves or ripples on the air-
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liquid interface, whereas in the case of stratifying annular, some atomisation is
present, whereby some of the top-most liquid layer is removed by the gas and
entrained in the gas core. Some of the entrained droplets may deposit on the upper
part of the tube forming a liquid film which may cover part or the whole of the upper
surface of the pipe. When this layer covers the surface the flow is classified as being
annular. Thus, the stratifying-annular flow regime is distinct from the annular flow
regime because of the absence of a continuous liquid film flowing along the upper

pipe wall.

5.1.2 Description

In the course of the experiments carried out, nine different flow patterns were
observed. The flow pattern data presented here have been obtained from the analysis
of high speed video footage taken of the transparent visualisation section of the,

pipeline, situated 35 m downstream of the inlet section.

1. Dispersed Stratified Smooth (D-St.S)

This flow pattern is characterised by a stratified layer of liquid at the bottom of the
pipe with a smooth air/liquid interface. The liquid layer appeared to be well mixed
for all the conditions covered. However, it was not possible to distinguish
unequivocably between oil-continuous and water continuous flows purely on the basis

of these visual observations.

2. Dispersed Stratified Wavy (D-St.W)
This flow pattern is entered from the D-St.S regime when the air superficial velocity
is increased and ripples and waves begin to appear on the air-liquid interface. This is

also accompanied by more intense mixing within the liquid layer.

3. Dispersed Water Continuous Slug Flow (D-W-SI)

On further increasing the air superficial velocity, waves grow on the liquid interface
leading to bridging the pipe establishing the slug flow regime. The fact that the
continuous liquid phase is water can be verified by observing the liquid as it drains

down from the top of the pipe soon after a slug has passed through the visualisation
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section. In the case of dispersed water-continuous slug flow, the liquid drains quickly

from the top of the pipe in a similar manner to water.

4. Dispersed Water-Continuous Stratifying Annular D-W-St.A

The dispersed water-continnous stratifying annular flow regime (D-W-St.A) is
characterised by the rapid drainage of the atomised liquid layer from the pipe wall.
This flow pattern occurs usually at relatively high gas superficial velocities and high
liquid superficial velocities. This flow pattern can be distinguished from the
dispersed water-continuous annular flow regime (D-W-A) because of the absence of a

continuous liquid layer at the top of the pipe wall.

5. Dispersed Oil-Continuous Slug Flow (D-O-Sl)

This is similar to the dispersed water-continuous slug flow pattern (D-W-SI1) with the
exception that the liquid drains slowly from the top of the pipe after the passage of a
slug, suggesting a more viscous continuous liquid phase. Also present are wave
structures in the film region separating the slugs; these structures stretch from the top
of the pipe to the top of the liquid layer. Another difference between this flow pattern
and the dispersed water-continuous slug flow pattern (D-W-SI) is that, the slug

frequency of the oil-continuous slugs is greater with occasional bouts of intense

-slugging.
6. Dispersed Oil Continuous Annular (D-0-A)

This flow pattern is characterised by the presence of complicated wave structures
extending from the thin film at the top of the pipe to the relatively thicker film at the
bottom of the pipe. These are similar to the structures observed in the film region in

dispersed oil continuous slug flow (D-O-SI).

7. Separated-Dispersed Oil-Continuous Slug Flow (S.D-O-SI)

In this flow regime, the slug body appears to be well mixed whereas in the film region
between the slugs, there is some stratification in the liquid layer. The drainage rate of
the liquid from the top of the pipe after the passage of a slug indicates that the
continuous liquid phase is oil. This flow regime is characterised by a relatively low

slug frequency with sufficient time elapsing between successive slugs to allow for the
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separation of the oil and water phases. The liquid film is also characterised by the

presence of low amplitude roll waves on the air-liquid interface.

8. Separated-Dispersed Water Continuous Slug Flow (S.D-W-SI)

This is similar to the separated-dispersed oil-continuous flow regime (S.D-O-SI) with
the exception that the continuous liquid phase is water as can be ascertained from the
drainage rate of the liquid from the top of the pipe wall. Between the slugs, the liquid
phases begin to separate in the film region There is also an absence of the roll waves,

which characterise the film region in the S.D-O-SI flow pattern.

9. Dispersed Oil-Continuous Stratifying Annular D-O-St.A

This flow regime is similar to the stratified wavy flow regime with the exception that
there is atomisation of the liquid layer into the gas core. The atomised liquid deposits
on the pipe wall forming a thin film which drains back into the liquid layer at the

bottom of the pipe. The draining film covers only part of the pipe circumference.

In some cases, during an experimental run, the flow pattern appears unstable and
there is a continuous switch from one flow pattern to another and back again. This
occurs in the slug flow regime, particularly close to water-cuts of 50 %, where the
flow pattern may switch from D-O-S1 to D-W-SI and then back to D-O-SI. These
points have been labelled D-W-SI/D-O-SL

5.2 FLOW PATTERN MAPS

Flow patterns obtained from the current series of experiments are presented in Figures
5.1-5.6, with the air superficial velocity on the X-axis and the water superficial

velocity on the Y-axis.

5.2.1 Horizontal Flow Pattern Maps

For the horizontal flow pattern data presented in Figures 5.1-5.3, slug flow was found
to be the predominant flow pattern. In Figure 5.1, which is obtained at a system
pressure of 0 barg, with the pipe horizontal and at a constant oil superficial velocity of

0.5 m/s, two different flow patterns can be observed: dispersed oil continuous slug
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flow (D-O-SI) and dispersed water continuous slug flow (D-W-SI). No separation
between the oil and water phases was observed and this is attributed to the fact that
the relatively high oil superficial velocity (0.5m/s) was sufficient to cause thorough
mixing of the liquid phases. In contrast, Pan (1996) observed a significant region of
separated slug flow; however his oil superficial velocity (0.1 m/s) was much lower
than the value used in the present experiments. Pan’s flow pattern map obtained
under the same conditions, with the exception of the oil superficial velocity which
was 0.1 m/s, revealed the presence of a significant amount of separated slug flow

points

From Figure 5.1, it can be seen that the water superficial velocity at which the flow
regime switches from dispersed oil-continuous slug flow (D-O-Sl) to the dispersed
water continuous slug flow regime (D-W-S1) is approximately 0.32 m/s which
corresponds to a water-cut of 39 %. The water-cut /,, is defined by the expression:

U

Dy = (5.1)
Ups+Ups

where Uy, and Uggare the water superficial velocities and oil superficial velocities
respectively. This again contrasts with the results of Pan (1996) where the water-cut
at which this transition takes place occurs at water-cuts of approximately 55 %
suggesting that the oil superficial velocity and thus the total liquid superficial velocity
has a strong influence on the transition from dispersed oil-continuous slug flow

regime (D-O-SI) to dispersed water-continuous slug flow (D-W-SI).

Figures 5.2 and 5.3 present the flow pattern data for the case of oil superficial velocity
0.2 m/s, for a horizontal pipe at system pressures of 0 barg and 5 barg respectively.
In Figure 5.2, it can be seen that an increase in the air superficial velocity increases
the value of the water-cut at which a transition from dispersed oil-continuous slug
flow (D-O-SI) to dispersed water-continuous slug flow (D-W-SI) occurs. For
example the switch from dispersed oil-continuous slug flow (D-O-Sl) to dispersed
water-continuous slug flow (D-W-S1) occurs at a water-cut of 50 % for an air
superficial velocity of 4 m/s, whereas at an air superficial velocity of 12 m/s, this
switch takes place at a water-cut of 60 %. When the results shown in Figures 5.2 and

5.3 are compared with those shown in Figure 5.1, it can be concluded that decreasing
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the oil superficial velocity, increases, for a given air superficial velocity, the water-cut
at which the transition from dispersed oil-continuous slug flow to dispersed water-

continuous slug flow takes place.

In Figure 5.2, for the range of water-superficial velocities 0.05 — 0.2 m/s, at an air
superficial velocity of 3 m/s, the flow pattern is dispersed oil-continuous slug flow.
This flow pattern persists until an air superficial velocity of 14 m/s. At this air
superficial velocity, we see the appearance of the dispersed oil-stratifying annular
flow regime (D-O-St.A). Further increase in the air superficial velocity to 16 m/s
leads to a transition from this regime to dispersed oil-continuous annular flow (D-O-
A).

For water superficial velocities between 0.2 m/s and 0.3m/s and for air superficial
velocities between 2 m/s and 6m/s, the flow pattern that predominates is unstable,
fluctuating between dispersed oil-continuous slug flow (D-O-S1) and dispersed water
continuous slug flow (D-W-8SI). Increasing the air superficial velocity beyond 6 m/s

leads to the establishment of the dispersed water continuous slug flow regime.

In Figure 5.3, the flow pattern map is shown for the same phase velocities as those in
Figure 5.2, but with the system pressure increased from 0 barg to 5 barg. We can see
the presence of two flow patterns not observed in Figure 5.2: separated-dispersed oil
continuous slug flow (S.D-O-SI) and separated-dispersed water continuous slug flow
(S.D-W-SI). These flow patterns occur at relatively low air superficial velocities,
approximately 1 m/s and low water superficial velocities of approximately 0.1-0.2
m/s. In these flow patterns, the slug body appears to be well mixed while the low
slug frequency allows the liquid film between successive slugs to separate into oil and:
water layers. On increasing the air superficial velocity beyond 2 m/s, the flow pattern
changes to one of fully dispersed slug flow, where both the slug body and liquid film
are well mixed. This flow pattern persists for air superficial velocities up to 4 m/s.
For air superficial velocities greater than 4 m/s there is a transition between dispersed
oil-continuous slug flow (D-O-Sl1) and the dispersed stratifying annular flow regime
(D-O-St.A)
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5.2.1.1 Effect Of System Pressure On Flow Pattern In Horizontal Flow

The effect of the system pressure on a horizontal flow pattern map can be observed by
comparing Figures 5.2 and 5.3, which have been obtained under the same conditions
with the exception of the system pressure which is 0 barg for the results shown in

Figure 5.2 and 5 barg for those shown in Figure 5.3.

Increasing the system pressure has a significant effect on the slug/annular flow
transition. In Figure 5.2, at a constant water superficial velocity of 0.05 m/s, the air
superficial velocity at which the transition from slug flow to annular flow takes place
is 14 m/s, whereas when the system pressure is increased to 5 barg in Figure 5.3, this

transition takes place at an air superficial velocity of 4 m/s.

Thus the effect of increasing the system pressure is to decrease the air superficial

velocity at which the transition from slug to annular flow takes place.

5.2.2 Inclined Flow Pattern Maps

The inclined flow pattern data has been plotted in Figures 5.4-5.6. Figure 5.4 shows
the flow pattern map for oil superficial velocity 0.2 m/s, at atmospheric pressure at
the outlet of the tube and with the pipe downwardly inclined at an angle of ~1.5° to

the horizontal.

The region of the flow pattern map occupied by the stratified flow regime is greater
for this inclined downflow case than it was for horizontal flow. At low air superficial
velocities between 1 and 5 m/s, only two flow patterns exist: dispersed stratified
smooth (D-St.S) and dispersed stratified wavy (D-StW). Note that it was not
possible, on the basis of these visual studies to determine which phase was continuous
(oil or water). For air superficial velocities between Sm/s and 15 m/s, the flow pattern

map can be divided into three distinct zones.

The first zone occurs at water superficial velocities between 0.05 and 0.10m/s; here at
an air superficial velocity of 5 m/s, the flow pattern is dispersed stratified wavy (D-
St.W) and increasing the air superficial velocity beyond 5 m/s leads to a transition to

the dispersed oil-continuous stratifying annular flow regime (D-O-St.A).
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The second distinct zone occurs for water superficial velocity greater than 0.10 m/s;
here the predominant flow patterns are dispersed oil-continuous slug flow (D-O-SI)
and dispersed water continuous slug flow (D-W-SI). The transition from dispersed oil
continuous slug flow (D-O-S1) to dispersed water-continuous slug flow (D-W-SI)
occurs at a water superficial velocity of 0.28 m/s, which corresponds to a water-cut of

58%.

The third distinct zone in the flow pattern map shown in Figure 5.4, occurs at air
superficial velocities greater 15 m/s. For this set of conditions, the predominant flow
patterns are dispersed oil-continuous annular flow (D-O-A) and dispersed oil-

continuous stratifying annular flow (D-O-St.A).

In Figure 5.5, the flow pattern data have been plotted for the conditions of oil’
superficial velocity 0.2 m/s, system pressure of 5 barg; again, the pipe downwardly
inclined at an angle of —1.5° to the horizontal. From this flow pattern map, six
different flow patterns can be identified. For air superficial velocity between 1 and 4
m/s, the predominant flow pattern is stratified. When the air superficial velocity is
increased beyond 4 m/s, there is a transition to the slug flow regime. Further
increases in the air superficial velocity beyond 5 m/s, leads to a transition to the

stratifying annular flow pattern.

The flow pattern data obtained at an oil superficial velocity of 0.2 m/s, system
pressure 10 barg are shown in Figure 5.6. Three flow patterns are present here:
Dispersed stratified wavy flow (D-St.W), dispersed water-continuous slug flow (D-
W-S1) and dispersed water-continuous stratifying—-annular (D-W-St.A).

5.2.2.1 Effect Of System Pressure On The Flow Pattern In Downwardly Inclined

Flow

Stratified smooth/stratified wavy transition

The effect of the system pressure on the flow pattern transitions for a downwardly

inclined pipe can be observed by examining Figures 5.4 to 5.6. In Figure 5.4
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(showing data for 0 barg outlet pressure), at water superficial velocity of 0.05 m/s, the
transition between dispersed stratified smooth flow regime (D-St.S) and the dispersed
stratified wavy flow regime (D-St.W) takes place at an air superficial velocity of 4
m/s.

On increasing the system pressure to 5 barg in Figure 5.5, the transition from
dispersed stratified smooth (D-SS) to dispersed stratified wavy (D-St.W) at a water
superficial velocity of 0.05 m/s takes place bétween 2 and 3 m/s. When the system
pressure is increased further to 10 barg as shown in Figure 5.6, the transition between
dispersed stratified smooth and dispersed stratified wavy for a water superficial

velocity of 0.05 m/s, takes place at an air superficial velocity less than 1 m/s.

Thus on this basis, it can be concluded that for a downwardly inclined pipe of —1.5°
increasing the system pressure leads to a decrease in the air superficial velocity at
which the transition between the dispersed stratified flow pattern (D-SS) and the
dispersed stratified wavy flow (D-St.W), for a constant water superficial velocity

takes place.

Stratified/Slug transition

The system pressure also has an effect on the stratified/slug transition. As shown in
Figure 5.4, at a constant water superficial velocity of 0.3 m/s, the transition from the
stratified flow regime to the slug flow regime occurs at an air superficial velocity of
6m/s. When the system pressure is increased to 5 barg in Figure 5.5, this transition, at
a constant water superficial velocity of 0.3 m/s, takes place at an air superficial
velocity of less than 5 m/s. At 10 barg (Figure 5.6), this transition takes place at an air

superficial velocity less than 3m/s.

Therefore it can be seen that as in the stratified smooth/stratified wavy transition,
increasing the system pressure in a downwardly inclined pipe leads to a decrease in
the air superficial velocity at which the transition between the stratified flow and the

slug flow regime takes place for a constant water superficial velocity.
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Slug/Annular transition

The effect of the system pressure on the slug annular transition for a downwardly
inclined pipe can be seen by examining Figures 5.4 to 5.6. At atmospheric outlet
pressure (Figure 5.4), for a water superficial velocity of 0.2 m/s, the transition
between the slug and annular flow regime occurs at an air superficial velocity
between 15 and 20 m/s. When the system pressure is increased to 10 barg (Figure
5.6), at the same constant water superficial velocity of 0.2m/s, the transition between
the slug flow and the annular flow regime takes place at an air superficial velocity of
between 3 and 4 my/s.

Another example of the effect of the system pressure on the slug/annular transition
can be seen by comparing Figures 5.4 and 5.5. At 0 barg (Figure 5.4) and at a water
superficial velocity of 0.1 m/s, the transition between the slug flow and annular flow
occurs at an air superficial velocity of between 15 and 17 m/s. Wﬁen the system
pressure is increased to 5 barg (Figure 5.5), this transition takes place at an air

superficial velocity between 5 & 6 m/s.

5.2.3 Effect of Inclination Angle on Flow Pattern Transition

The effect of the inclination angle on the flow pattern transitions can be observed by
comparing Figures 5.2 and 5.4. These Figures were obtained under the same
conditions (atmospheric outlet pressure) with the exception that Figure 5.2 is for a
horizontal pipe and Figure 5.4 is with the pipe downwardly inclined to the horizontal

at an angle of —1.5°.

In Figure 5.2, for an horizontal pipe, there are no stratified flow data points and the
predominant flow pattern is that of slug flow, whereas in Figure 5.4 obtained with the
pipe downwardly inclined at an angle of —1.5°, the area of the flow pattern map

occupied by the stratified flow is significant.
Thus, the effect of decreasing the angle of inclination below 0° is to increase the area

of the flow pattern map occupied by the stratified flow regime at the expense of the

slug flow regime.
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The inclination angle has an effect on the slug/annular transition. From the results
shown in Figure 5.2, obtained at horizontal conditions, it can be seen that at a water
superficial velocity of 0.05 m/s, the transition between the slug flow regime and the
annular regime takes place at an air superficial velocity of 15 m/s. When the pipe
inclination angle is changed from 0° to —1.5°, the transition from slug to annular flow
occurs at an air superficial velocity of 9m/s, for the same water superficial velocity.
This is expected as the pipe inclination angle helps to reduce the liquid level in the

pipe, thus hastening the transition from slug flow to annular flow.

Thus the effect of the inclining the pipe from 0° to —1.5° is to reduce the air

superficial velocity at which the transition from slug flow to annular flow, at constant

water superficial velocity, takes place.

5.3 COMPARISON WITH OTHER FLOW PATTERN MAPS

Flow pattern data obtained from the present series of experiments have been
compared with the horizontal flow pattern maps obtained by Acikgoz et al. (1992)
and Pan (1996).

5.3.1 Comparison of Flow Pattern Data with Flow Pattern Map of Acikgoz ef al.
(1992)

In Figures 5.7-5.9, the flow pattern data obtained for different flow conditions have
been plotted on the horizontal three-phase air-oil-water flow pattern map of A¢ikgoz
et al. (1992) which was obtained at an oil superficial velocity of 0.095 m/s for a
horizontal pipe at near atmospheric pressure and using an oil with a viscosity of
0.1164 Pas. The key to the numbered regions in Acikgoz et al’s map is given in
Table 5.2

Flow Pattern
D-0-Pl
D-0-S!

D-0-StW
S-0-St.W
S-0-4
S.D-0-A
D-W-SI
D-W-St. W
S.D-W-A
D-W-A

Table 5.2: Key for Acikgoz et al's Flow Pattern Map

E‘cm\nexu.«wws.ﬁ
=
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5.3.1.1Horizontal Data

Two sets of horizontal data have been plotted on the horizontal flow pattern map of
Acikgoz et al. (1992), namely data obtained at oil superficial velocity 0.2 m/s and oil
superficial velocity 0.5 m/s. The data plotted were for atmospheric pressure outlet

conditions.

(a) _Oil superficial velocity 0.2 m/s

Figure 5.7, shows data from the present experiments carried out at an oil superficial
velocity of 0.2 m/s, with the pipe in a horizontal configuration plotted on the
horizontal flow pattern map of Acikgoz et al. The flow pattern map of Acikgoz et al
has been obtained at an oil superficial velocity of 0.095 m/s. It can be seen from this
Figure that none of the flow pattern data fall in the designated areas of the flow

pattern map.

(b) Oil superficial velocity 0.5 m/s
In Figure 5.8, data obtained at an oil superficial velocity of 0.5 m/s, with the pipe

horizontal have also been plotted on the flow pattern map of Acikgoz et al. As in the
case of oil superficial velocity of 0.2 m/s (Figure 5.7), none of the flow patterns fall in

the designated areas of Acikgoz et al’s map.

It can be seen that for both cases, none of the flow pattern data fall in the designated
area of the flow pattern map. This indicates a strong influence of both the pipe

diameter, fluids and oil superficial velocity.

5.3.1.2 Inclined data
In Figure 5.9, data from experiments carried out an oil superficial velocity of 0.2 m/s,
with the pipe downwardly inclined at an angle of —1.5° have been plotted on the

horizontal flow pattern map of Acikgoz ef al.

It can be seen from this Figure that only the flow patterns dispersed stratified wavy
(D-St.W) and the dispersed water-continuous annular flow (D-W-A) patterns fall in

the designated areas.
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Acikgoz et al’s map fails to predict the position of the water and oil dispersed slug
flow correctly and the reason for this is that the small downward inclined angle is
sufficient to increase the stratified flow pattern area at the expense of the slug flow
pattern area and also that for a downwardly inclined pipeline, the transition from
stratified to slug flow takes place at much higher air superficial velocities than in the

case of horizontal pipelines.

The conclusion from Figures 5.7-5.9 is that the map of Acikgoz et al (1992) is not
comprehensive enough to account for data obtained from different pipes under
different experimental conditions. Pan (1996) also arrived at the same conclusion

when he compared his data with the Acikgoz et al map.

5.3.2 Pan (1996)

Pan (1996) also constructed flow pattern maps from his experiments in three-phase
air-oil-water flow for oil superficial velocity 0.1 m/s, 0 barg outlet pressure and for a
horizontal pipe. In Figures 5.10-5.12, data from the current experiments have been
plotted on his flow pattern map. The numbered regions in Figures 5.10-5.12 are

denoted by the flow patterns as described in table 5.3:

Map Key Flow Pattern
1 D-0-S1
D-W-SI
D-0-St
D-0-4
D-W-A
D-W-St

N} i A} Wl N

Table 5.3: Flow Pattern Map Key for Pan’s (1996) flow pattern map

5.3.2.1Horizontal Data

(a) Oil superficial velocity 0.2 m/s
In Figure 5.10, experimental data at oil superficial velocity of 0.2 m/s, 0 barg with the
pipe horizontal have been plotted on the horizontal flow pattern map of Pan (1996)

obtained at an oil superficial velocity of 0.1 m/s with the pipe horizontal.
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From Figure 5.10, we can see there is good agreement with the experimental flow
pattern data and the flow pattern map of Pan (1996). All the dispersed water-
continuous slug flow points (D-W-SI) fall in the designated area of the flow pattern
map (region 2). In addition to this, the few dispersed oil-continuous annular flow

points (D-0-A) also fall in the designated area of the flow pattern map (region 4).

The dispersed oil-continuous stratifying annular points (D-O-St.A) fall in the area of
the flow pattern map designated as (D-O-A), this is due to the fact that Pan (1996)
does not distinguish between the flow patterns dispersed oil-continuous annular (D-C)-

A) and the dispersed oil-continuous stratifying annular (D-O-St.A).

The only discrepancy observed is in the case of the dispersed oil-continuous slug (D-
0-S]) flow pattern. This flow pattern is spread over several designated areas. The
reason for this is likely to be due to the higher oil superficial velocity at which the

data from the experiments were obtained.

(b)Qil superficial velocity 0.5 m/s

In Figure 5.11, the horizontal flow pattern data obtained at an oil superficial velocity
of 0.5 m/s, with the pipe horizontal have been plotted on the horizontal flow pattern

map of Pan.

Figure 5.11 shows that the dispersed water-continuous slug flow pattern data (D-W-
S1) falls in the designated area of the flow pattern map (region 2), while this is not the
case for the dispersed oil-continuous flow (D-O-SI) pattern data. This discrepancy is
likely to be due to the effect of increasing the oil superficial velocity from 0.1 m/s
(Pan’s flow pattern map) to 0.5 m/s (present flow pattern map) is to shift the
transition line between D-O-SI/D-W-SI flow regimes towards higher water superficial
velocities. This explains why some of the dispersed oil-continuous flow pattern data
(D-O-8I) are found in the area of the flow pattern map designated for dispersed water-

continuous slug flow (D-W-SI) (region 2).

In addition, increasing the oil superficial velocity also shifts the transition between

dispersed oil-continuous slug flow (D-O-SI) and dispersed oil-continuous annular
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flow (D-O-A) towards higher air superficial velocities, explaining why some of the
D-0O-SI points are found in the D-O-A (region 4).

5.3.2.2 Inclined Data

A total of 25 air-oil-water data points obtained for a 1.5° downwardly inclined pipe at
an oil superficial velocity of 0.1 m/s were plotted on the horizontal flow pattern map
of Pan (1996) and this is shown in Figure 5.12. From this Figure, it can be seen that
all the dispersed water-continuous slug flow patterns (D-W-SI) fall into the

designated area of the flow pattern map (region 2).

Also observed is that the data for dispersed oil-stratifying—annular (D-O-St.A) flow
pattern falls into the areas designated as dispersed oil-annular (region 4) and oil
dispersed slug flow (region 1). There are two factors here; firstly Pan did not
distinguish separately the D-O-St.A region and secondly, the downwardly inclination
of the pipe reduces the propensity for slug flow.

5.4 SUMMARY

Flow patterns have been presented from three-phase air-oil-water experiments carried

out under various flow conditions, system pressures and pipeline inclinations.

Results showed that the increasing system pressure decreased the air superficial
velocity at which the stratified/slug and slug/ annular transitions took place for both

horizontal and inclined flows.

The pipe inclination also was shown to have a profound influence on the flow pattern
map. When the pipeline inclination was changed from 0° (horizontal) to —1.5°, the

area of the flow pattern map occupied by the slug flow regime reduced drastically.

A comparison of the horizontal flow pattern data from this work with the horizontal
flow pattern map of Acikgoz et al. (1992) revealed that this map was not applicable.
The reason for this was attributed to the fact that the map of Acikgoz et al. was

derived from a different pipe diameter, utilising an oil of a different viscosity.
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On the other hand, when the data were compared with the horizontal flow pattern map
of Pan (1996), there was a much better performance with a few discrepancies. The
reason for the improved performance was because the same facilities and fluids were
used in both cases. Differences between the present data and that of Pan (1996) could
be ascribed to the wider range of oil superficial velocities used here and (for the

inclined pipe data) to the significant effect of pipe inclination on flow pattern.

Oil superficial velocity 0.5 m/
Pressure 0 barg Horizontal Pipe
0.55 -
045 - o d * °
<
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Figure 5.1: WASP Flow Pattern Map for Horizontal Pipe at Atmospheric Pressure at Oil
Superficial velocity 0.5 m/s
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Flow Pattern data Oil superficial velocity 0.2 m/s
pressure 0 barg Pipe horizontal
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Figure 5.2: WASP Flow Pattern Map for Horizontal Pipe at Atmospheric Pressure at Oil

Superficial velocity 0.2 m/s
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Flow Pattern data Oil superficial velocity 0.2 m/s
Pressure 0 barg Pipe downwardly inclined -1.5
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Figure 5.4: WASP Flow Pattern Map at 0 barg at Oil Superficial velocity 0.2 m/s for a pipe
downwardly inclined 1.5° to the horizontal
Flow Pattern Data Oil superficial velocity 0.2 m/s
pressure Sbarg pipe downwardly inclined 1.5 degrees
a 0.45 T
£ 040 - - - n
2 0.35 A
S 0.30 - s
= 025 -
€ 0.20 - X X X
]
& 0.15
g 015 o o X
g 0.10 1 . X %
£ 0.05 - + °
0.00 T T T T T I 1
1 2 3 4 5 6 7 9

Air Superficial velocity (m/s)

¢ D-StW o D-O-Sl +5-SS ® D-W-S1 X D-O-StA e D-StW

Figure 5.5: WASP Flow Pattern Map at 5 barg at Oil Superficial velocity 0.2 m/s for a pipe

downwardly inclined 1.5° to the horizontal
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4.5

Flow Pattern Data Oil superficial velocity 0.2 m/s
pressure 10 barg pipe -1.5 degrees downwardly inclined
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Figure 5.6: WASP Flow Pattern Map at 10 barg at Oil Superficial velocity 0.2 m/s for a pipe
downwardly inclined 1.5° to the horizontal
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Figure 5.7: WASP horizontal flow pattern data obtained at oil superficial velocity 0.2 m/s plotted

on the horizontal flow pattern map of A¢ikgoz et al.
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Figure 5.8: WASP horizontal flow pattern data obtained at oil superficial velocity 0.5 m/s plotted
on the horizontal flow pattern map of Acikgoz et al.
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Figure 5.9: WASP flow pattern data obtained at an oil superficial velocity of 0.2 m/s with the

pipe downwardly inclined at an angle of —1.5° to the horizontal plotted on Acikgoz et al's
Horizontal Flow Pattern Map (1992)
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Figure 5.10: WASP horizontal flow pattern data obtained at an oil superficial velocity of 0.2 m/s

plotted on Pan's Horizontal Flow Pattern Map (1996)
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Figure 5.11: WASP horizontal flow pattern data obtained at an oil superficial velocity of 0.5 m/s

plotted on Pan's Horizontal Flow Pattern Map (1996)
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pipe downwardly inclined at an angle of —1.5° to the horizontal plotted on Pan 's Horizontal
Flow Pattern Map (1996)

208



Chapter 6

COMPARISON OF DATA WITH PREDICTIVE METHODS

As will have been seen from the literature survey in Chapter 2, there is a dearth of
predictive models for three-phase flows. The common approach is to use an
adaptation of models for two-phase flows. Such models themselves fall into three
main categories namely:
(1)Purely empirical correlations based on reduction of experimental data.
These models also fall into two main groups namely those which are based on
the assumption of a homogeneous flow which can be calculated in the same
manner as single phase flows by ascribing suitably averaged viscosity and
density. These models are exemplified by the Dukler et al. (1964) correlation.
The other main group of empirical models is the separated flow models. Here,.
it is recognized that the two phases flow at different velocities and the pressure
drop is calculated by means of empirically correlated multipliers (see Chapter
2), which multiply the pressure gradients for single phase flows of the phases
to obtain the two-phase pressure drop. This group of correlations is typified
by the classical Lockhart and Martinelli (1949) correlation. In the separated
flow models, correlations for phase fraction are also required to calculate total
pressure gradient in non-horizontal flows. Some models are essentially
hybrids between these two groups; thus the widely used Beggs and Brill
(1973) correlation uses a homogeneous friction factor but relates this to the

(non-homogeneous phase fractions).

(2) One-dimensional two-fluid models. Here, the two phases are assumed to
flow in separate fields, the interactions between these fields and the wall and
between the fields, being represented by appropriate closure laws. Recent
studies of such models for stratified flow are reported, for instance, by Shaha
(1999). As commonly applied in commercial codes, the two-fluid model is
not very suitable for prediction of hydrodynamic slug flows, though one of the
notable successes of these codes is in predicting “severe” or “terrain-induced”
slugging where the mechanisms are rather different. However, if a large

number of grid nodes are used (i.e. orders of magnitudes more than are
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commonly used in applications of the commercial codes) then many of the

features of two-phase hydrodynamic slug flow can be captured (Issa, 1998).

(3) Phenomenological models which take account of complexities of real
flows such as the behaviour of slugs in slug flow and droplet entrainment and
deposition in annular flow. Typical of such models are those of Taitel and
Barnea (1990) for slug flow, Hewitt and Govan (1990) for annular flow and
Badie (2000) for stratifying annular flow.

The predominant regime in the present study was slug flow, accounting for around
75% of the data. A decision was made, therefore, to focus the comparisons reported
in this Chapter on the slug flow data only. An extensive data set (and associated
analysis) on three-phase stratified flows was presented by Khor (1998), who
concluded that the multi-fluid model (with optimized choices for closure laws) gave
the best predictions for this case. It was felt, therefore, that the present exercise

should concentrate on the (more complex) case of slug flows.

The complexity of the interactions between the liquid phases in three-phase slug flow,
coupled with the gas-liquid interactions (which exist in both two-phase and three-
phase slug flow) make prediction of slug flows a formidable challenge. The approach
taken here is to evaluate the application of the empirical models for two-phase flow to
the whole range of present data for pressure drop and liquid holdup and to evaluate
the applicability of two-phase phenomenological models for slug flow to the three-
phase slug flow pressure drop and holdup data. No attempt has been made to use the
one-dimensional two-phase two-fluid model approach directly (though the model is
implicit in one of the phenomenological models studied, i.e. that of Taitel and Barnea;
1990).

In the use of two-phase flow prediction methods for predicting three-phase flows the
assumption is made here that the two liquid phases can be represented as a single fluid
flowing at a superficial velocity equal to the sum of the superficial velocities of the

water and oil. This single fluid has a density o, given by the homogeneous model:

L= Pwiw + po(l—Ay) (6.1)
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Where o and pp are the water and oil densities respectively and Aw is the water-cut
(i.e. volume fraction of water in the total liquid volume flow). Calculation of the
viscosity of the single combined liquid presents particular difficulties and was a major
focus of the analytical work performed as part of the present study. The viscosity
model developed is described in detail in Section 6.1. In addition to the data for
pressure drop and holdup, data were also obtained for slug characteristics (slug
velocity, slug frequency, slug length and slug body total liquid holdup). These data

have also been compared with various two-phase flow correlations.

A particularly interesting feature of the detailed data obtained on slug characteristics
was the observation that there was a peak in translational velocity of the slugs at the
phase inversion point. In order to investigate this further, calculations were carried
out using a computational fluid dynamic code (CFX 4.2). These calculations are

described in Section 6.8.

In what follows, Section 6.1 describes the new viscosity model and Section 6.2 and
6.3 describe the comparisons of the pressure gradient data with empirical correlations
and (for slug flow) with phenomenological models for two-phase flow respectively.
Section 6.4 describes comparisons of the total holdup data with two-phase flow
correlations for holdup and Sections 6.5 to 6.8 deal with the detailed slug parameters
(slug frequency, slug body holdup, slug length and slug velocity respectively).
Finally, Section 6.9 summarises the main findings and gives an overview of the

situation regarding predictions of three-phase flows.

6.1 A MODEL FOR MEAN LIQUID VISCOSITY IN THREE-PHASE FLOW

The available methods for estimating the effective viscosity of the combined liquid
phases in three-phase flow were described in Chapter 2. The present model has as its
starting point the equation of Pan (1996), which is as follows:

Hy = (1=Cy )ptry +Cor nonuin (6.2)
Where sy is a viscosity linearly interpolated between the oil and water viscosities in

terms of water cut Ay,

Hy = (1= Ay ) pto + Ay 1y (6.3)
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and uyonpiv S a viscosity estimated from an equation which represents the anomalous
viscosity around the inversion point. Pan (1996) used the equations of Brinkman
(1952) as follows:

HNoNLIN = —Heomt__ (6.4)

Where g on: is the viscosity of the continuous phase, A4 the concentration of the
dispersed phase and k; is a constant with a recommended value of 2.5. In Equation

6.2, Cy is a mixing degree coefficient which Pan (1996) correlated by the following

equation:
Cy =1~ exp(—_—{{—eﬁ-} (6.5)
K
Where Res;, is a nominal three-phase Reynolds number given by:
mDU ,,

Re,, = (6.6)

(Ugsh +Ugsho +Up shy )
Pan suggested a value of 15,000 for the constant K in Equation 6.5.

It should be noted that zvonzv shows a discontinuity at the phase inversion point. Pan
(1996) assumed an arbitrary value of 2=0.55 for the inversion point in analyzing his
data. However, assuming that the peaks in pressure drop described in Chapter 4 are
associated with phase inversion, it will be seen that the value of water-cut for phase
inversion (4,,;) varies with flow conditions, particularly the air and liquid superficial
velocities. Hence, without some sort of predictive technique for calculating A,,,;,.it is

difficult to know the water-cut at which the phase inversion occurs.

Previous studies carried out in three-phase air-oil-water flow by Pan (1996) and
Donnelly (1997) also showed that the phase inversion point, where the continuous
liquid phase changes from oil to water or vice versa is influenced by superficial

velocity.

The present data for horizontal flow, together with the data of Pan (1996)

(representing a databank of over 1500 data points) were examined to establish the
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conditions for phase inversion (i.e. the position of the peak in the pressure gradient

versus water-cut curve).

From Figure 6.1, where the phase inversion water-cut has been plotted against the air
superficial velocity at three different total liquid superficial velocities, it can be seen
that the air superficial velocity exerts a stronger influence on the phase inversion

water-cut than the total liquid superficial velocity for the range of conditions covered.

For a constant total liquid superficial velocity of 0.2 m/s, increasing the air superficial
velocity from 2 m/s to 5 m/s leads to an increase in the phase inversion water-cut from
approximately 40% to 46%. Increasing the air superficial velocity further from 5 m/s
to 8 m/s leads to an increase in the phase inversion water-cut from 46% to 53%. The
results for higher liquid superficial velocity were similar. For the two outlet pressures
considered (near atmospheric and 5 barg), there was no discernible effect of pressure

on the phase inversion point.

As a result of this, it was decided to focus on producing a correlation for the phase
inversion water-cut as a function of only the gas superficial velocity. Although some
data were obtained for slug flow beyond an air superficial velocity of 10 m/s, due to
the fact that the nature of the slug flow for these velocities changed radically, due to
the proximity to the slug/annular flow transition, it was decided not to include data

points obtained under these conditions in the formulation of the empirical correlation.

A curve was fitted to the atmospheric pressure data presented in Figure 6.1 and is

represented by the expression:
A, =0.3372U, "% (6.7)

Although the present data at elevated pressure were limited, no significant trend in the

phase inversion with pressure at given phase velocities could be discerned.
Extensive comparisons were made between two-phase empirical pressure drop and

holdup correlations and data obtained for three-phase slug flow both in the present

work and by Pan (1996). It was assumed that the liquid phase could be represented as
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a single mixed liquid with a viscosity given by Equation 6.2. The following
conclusions were reached from these comparisons:

(1) For the slug flow data, the value of Cy, calculated from Equation 6.5 was
generally close to unity since the liquid phase was well mixed. Thus the
results were relatively insensitive to the parameter K in Equation 6.5; the
value 15 000 suggested by Pan (1996) was therefore retained to allow the
model for effective viscosity to be used also for stratified flows where Cy
is low.

(2) On balance, the non-linear viscosity model of Hatschek (1928) performed
slightly better than that of Brinkman (1952) which was recommended by
Pan (1996).

To summarize, therefore the liquid viscosity model used in all the comparisons
reported in this Chapter is as follows: _

#y = Co oy + A= Co) iy, (6.8)
Where 41, is the viscosity given by the Hatschek (1928) equation as follows:

Heont [
Ly, = 6.9
Ha 1— /?’dis k, ( )

The continuous phase is oil for Aw< Aw,; and is water for Aw > Aw,; where Aw; is the

water cut for phase inversion obtained from the correlation given by Equation 6.7.

6.2 Comparison Of Data With Two-Phase Gas-Liquid Pressure Drop Correlations
A total of five empirical two-phase gas-liquid pressure drop correlations were selected
for comparison with the three-phase pressure drop experimental data. A total of 186
data points were used in the comparisons; all were for the slug flow regime. In the
comparisons of the three phase flow data with the two-phase flow correlations, the
two liquid phases were treated as a single liquid phase with a mixed mean density o
given by:

PL= Py + Po(1= Ay ) (6.10)
Where py and pp are the water and oil densities respectively and Ay is the water-cut
(fraction of input liquid volume flow which is water). The viscosity of the mixed
liquid phase was calculated from the viscosity model described in Section 6.1. The

following correlations were compared with the data:
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Dukler et al. (1964) (Case 1) (Section 6.2.1)

Chisholm (1967) (Section 6.2.2)

Beggs and Brill (1973) (Section 6.2.3)

Lockhart and Martinelli (1949) (Section 6.2.4)

Schlichting (1970) (Section 6.2.5)
Details of these correlations are given in Chapter 2 (Section 2.1.2.1). In what follows,
Section 6.2.1-6.2.5 report graphical comparisons. Section 6.2.6 then gives statistical

data on the comparisons.

6.2.1 Dukler et al. (1964)

In Figures 6.2-6.4, the results obtained from a comparison between the homogeneous
model correlation of Dukler et al. (1964) and the experimentally measured pressure

gradient are presented.

In Figure 6.2, where the comparison has been made for a case of an air superficial
velocity 4 m/s, total liquid superficial velocity 0.5 m/s and system pressure 0 barg, it
can be seen that the Dukler et al. pressure gradient prediction agrees well with the
experimental measurements. For oil-continuous flows, i.e. water-cuts between 0%
and 50%, the correlation slightly under-predicts the measurements, with the greatest
discrepancy occurring at a water-cut of 40%. However, for water-continuous flows,

there is much better agreement between the correlation and the data.

In Figure 6.3, the experimental data and predictions are plotted for an air superficial
velocity of 4 m/s, total liquid superficial velocity of 0.5 m/s and system pressure of 5
barg. The results of the comparison show larger discrepancies than those observed in
Figure 6.2; for oil continuous flows, the Dukler ef al. correlation under-predicts the

data, with the maximum discrepancy occurring at a water-cut of 40%.

In Figure 6.4, showing experimental and calculated results for an air superficial
velocity of 6 m/s, total liquid superficial velocity of 0.5 m/s and system pressure of 0
barg, good agreement is observed between the predictions and the experimental data

for both oil and water-continuous flows.
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In Figure 6.5, the predictions of the Dukler et al. correlation have been plotted against
the experimentally measured pressure gradient for the entire data set. In general there
is good agreement, with a tendency for the correlation to under-predict the

measurements.

6.2.2 Chisholm (1967)

In Figures 6.6-6.8, the predictions of the press;.lre drop obtained using the correlation
of Chisholm (1967) are presented. In Figure 6.6, for the case of an air superficial
velocity of 4 m/s, total liquid superficial velocity 0.5 m/s and system pressure of 0
barg, it can be seen that although the correlation of Chisholm (1967) correctly predicts
the trend in the pressure gradient data in the oil continuous region (the increase in
pressure gradient with increasing water-cut), the correlation over predicts the

measurements by a factor of 5 in this region.

For water-continuous flows, however, there is good agreement between the
correlation and the measurements. The same type of performance is observed in
Figures 6.7-6.8 for other experimental conditions. In Figure 6.9, where the
comparisons between the Chisholm (1967) correlation and the entire data set has been
made, it can be seen that there is poor agreement, with the correlation over-predicting

the majority of the data.

6.2.3 Beggs and Brill (1973)

This correlation takes into account the effect of the nature of the flow pattern on the
pressure drop through the liquid holdup. This occurs in the form of flow regime

dependent correlations for the liquid holdup.

However, due to the fact that the flow pattern prediction criteria proposed by Beggs
and Brill do not account for the effects of the liquid viscosity, use has been made of
the various holdup correlations for the flow patterns observed in the actual
experiments rather than those suggested by Beggs and Brill criteria. Using these latter

criteria, larger discrepancies are observed.
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In Figure 6.10, on comparing the Beggs and Brill (1973) pressure gradient correlation
with the experimental measurements, it can be seen that the Beggs and Brill
correlation predicts the trend in the pressure drop, although with a tendency to over-
predict the pressure drop in both oil and water based flows. This trend is again
observed in Figures 6.11 and 6.12, obtained for different sets of flow conditions and
system pressure. Another common feature in Figures 6.10-6.12, is that the
discrepancy between the prediction and the measurements is greater for oil-

continuous flows than it is for water-continuous flows.

In Figure 6.13, where the predictions of the Beggs and Brill correlation are compared
with the entire experimental data set, it can be seen there is a tendency (on average)

for the correlation to over-predict the experimental data.

6.2.4 Lockhart and Martinelli (1949)

In Figures 6.14-6.16, the comparisons of the experimental data with the prediction of
the Lockhart and Martinelli pressure gradient correlation are depicted. An illustration
of the overall performance of the Lockhart and Martinelli correlation is shown in
Figure 6.17, where the predictions of the correlation are compared with all the
experimental data. It can be seen that the performance of Lockhart and Martinelli
correlation is variable, with under prediction in some regions and over prediction in

others.

6.2.5 Schlichting (1970)

The correlation of Schlichting (1970) was selected on the basis of the fact that that it
had been modified for gas-oil-water three-phase flows. This correlation is similar to
that utilized by Lockhart and Martinelli (1949) with the two-phase multiplier &,

modified to account for oil viscosities ranging from 10 to 6000 mPas.

In Figures 6.18 and 6.19, comparisons between the prediction of the pressure gradient
using the correlation of Schlichting (1970) and the experimental results are presented.
It can be seen from Figures 6.18 and 6.19, that reasonable agreement is obtained

between the correlation and the measured data for both oil and water continuous flows
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though there is an overall tendency for the correlation to under predict the data. This
tendency is confirmed in the plot shown in figure 6.20 where the prediction of the

Schlichting correlation has been compared with the entire experimental data set.

6.2.6 Statistical Comparisons
It is of interest to compare the correlations in terms of statistically averaged
parameters. The definitions of the parameters used in the data analysis on this basis

are given in Appendix B. The results are shown in Table 6.1.

Correlation Average Average SD1 Average Average SD2
Relative Relative % Error Absolute (Pa/m)
Error Absolute (Pa/m) Error
% Error % (AE) (Pa/m)
‘ (ARE) | (ARAE) (AAE)
Dukler et al. (1964) -11 29 37 94 164 199
Schlichting (1970) -16 35 42 -120 190 204
Lockhart and Martinelli (1949) 15 38 44 46 184 243
Beggs and Brill (1973) 30 42 52 142 214 257
Chisholm (1967) 190 196 286 937 972 1016

Table 6.1: Summary of statistical errors for pressure drop correlations when compared to WASP
data

Based on all of the statistical parameters, it will be seen that the correlation which
performs best was in fact, the simplest, namely the Dukler et al. (1964) Case 1
(homogeneous) model! The Chisholm (1967) correlation performed notably badly
whereas the other three correlations (Schlichting 1970, Begg and Brill 1973 and
Lockhart and Martinelli 1949) performed only slightly worse than the Dukler et al.
(1964) correlation. It will be noted that even the best correlation has a standard

deviation of the order of 40% and it is clear that improved models are needed.

When the results shown in Table 6.1, are compared with the results obtained by Pan
(1996), who also tested his three-phase air-oil-water WASP data with the predictions
of a number of empirical pressure drop correlations, a number of similarities are
observed. Pan (1996) also observed that the homogeneous model of Dukler et al
(1964) was best for predicting his data set, which concurs with the results of Table

6.1. However the present data set is much more extensive than that of Pan.
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Further analysis of the data reveals that, using the correlation of Dukler et al. (1964)
the errors (Average Relative Absolute Error) in the water-continuous data and oil-
continuous data are similar as shown in Table 6.2 (though the standard deviation for
the water continuous data are higher). Similarly the error (Average Relative Absolute
Error) for the near atmospheric pressure data are similar to that for the elevated

pressure data as shown in Table 6.3, 2 (though the standard deviation for the near

atmospheric data are higher).

Average | Average SD1 Average Absolute SD2
Relative | Relative % Error Average (Pa/m)
Error Absolute (Pa/m) Error
% Error % (AE) (Pa/m)
(ARE) | (ARAE) (AAE)
Oil-continuous -18 30 34 -139 189 192
Water-continuous -6 32 45 2 143 216

Table 6.2: Performance of Dukler ef al. (1964) correlation when applied to oil-continuous and

water-continuous data separately.

Average | Average SD1 Average Absolute Sb2
Relative | Relative % Error Average (Pa/m)
Error Absolute (Pa/m) Error
% Error % (AE) (Pa/m)
(ARE) | (ARAE) (AAE)
Atmospheric data -3 28 41 -41 135 184
Pressure data 26 32 25 -187 215 188

Table 6.4. Performance of Dukler ef al. (1964) correlation when applied to atmospheric and
pressure data points separately.

6.3 Pressure Drop Phenomenological Models

There is an increasing tendency to prefer phenomenological models for specific flow.
regimes to the use of the traditional empirical-type correlation. Though such models
may not always predict given sets of data more accurately than the empirical

correlations, it is often argued that they offer a more secure route for extrapolations.

Phenomenological models for two-phase, gas-liquid slug flow are reviewed in
Chapter 2 (Section 2.1.3.1) and the methods selected for comparison with the present
data (those of Bonnecaze ef al., 1971 and Taitel and Barnea, 1990) are described in

detail.
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In comparing the present data with the selected slug flow phenomenological models,
it has been assumed that the liquids can be treated as a combined phase with a density
given by Equation 6.10 and a viscosity given by the viscosity model described in

Section 6.1.

6.3.1 Bonnecaze ef al. (1971)

In Figures 6.21 and 6.22, the experimentally measured pressure gradient has been
compared against the predictions of the slug model of Bonnecaze et al. (1971). It can
be seen from the comparisons that the Bonnecaze et al. (1971) model over-predicts
the measurements significantly in the oil-continuous region. However, for water
continuous flows, the model tends to under—predi\;;t the data slightly. It should be
remembered that the model is a simplistic one and that its assumption were selected
on the basis of comparisons with air-water data thus the results obtained here are not

to0 surprising.
6.3.2 Taitel and Barnea (1990)

In the present work, a modified version of the Taitel and Barnea model (1990) was
applied in the prediction of pressure drop and holdup in three-phase flow. The main
modification was to represent the two liquid phases as a combined liquid phase with a
density calculated from Equation (6.10) and with a viscosity calculated from the
model described in Section 6.1. A detailed description of this model can be found in

section 2.1.3.1.2 of Chapter 2.

The closure laws used for the model were as follows:
(1) The empirical correlation of Gregory et al. (1978) was used to calculate the slug
body holdup (see Chapter 2).
(2) The slug translational velocity was calculated using the expression:
U, =CU, +0.542,/gD (6.11)
Where a value of 1.2 was utilised for C,
(3) The relationship /=30D was used to calculate the slug length.
These closure laws were within the range recommended by Taitel and Barnea (see

Chapter 2)
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The predictions of the average pressure gradient obtained from the Taitel and Barnea
(1990) slug flow model have been compared with the experimental data and the
results are illustrated in Figures 6.23-6.24. The Taitel and Barnea model is in much
better agreement with the present data than is the Bonnecaze et al. (1971) model.
There is a tendency for the model to overpredict the data. This tendency is strongest
when the pressure is highest (Figure 6.24) and when the gas superficial velocity is
lowest. The following observations may be made about these comparisons:
(1) The closure laws used (selected from those recommended by Taitel and
Barnea) are probably not adequate for the present (three-phase flow) case.
Thus: :
(a) The slug body holdup predicted by the Gregory et al. (1978)
correlation is somewhat lower than that observed experimentally
(see Figures 6.61-6.62)
(b) The slug translational velocity may be higher than that predicted
by Equation (6.11) (i.e. the relationship proposed by Bendiksen,
1984) (see Section 6.8 below)
(c) The observed slug lengths are considerably shorter than the 30D

assumed in the model.

These factors may combine to increase the actual pressure drop
compared to that predicted. Thus, a higher slug body holdup would
increase the pressure gradient in the slug body. A higher slug velocity
and a lower slug length would tend to increase the effect of entrance
conditions (increasing friction) at the slug front.

(2) Both the experimental data and the predictions show a pressure gradient
which is insensitive to change of pressure (compare Figures 6.23 and
6.24). This finding is consistent with the two-phase air-water data of
Manolis (1995) which showed that, for given superficial velocities the
pressure gradient in slug flow did not vary significantly with pressure over
a range of a factor of 25 in pressure (and hence density). This contrasts,

however with the predictions of some of the empirical correlations where
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strong variations of pressure gradient are observed with change of pressure

(see Section 6.2 and Figures 6.2 to 6.20).

It is interesting to compare the performance of the Taitel and Barnea (1990) model
with that of the best-fitting of the empirical equations, namely that of (1964). Such a
comparison is given in Table 6.4. As will be seen, the performance of the Dukler et al.
correlation and the Taitel and Bamea model are similar; however, the
phenomenological model shows a more realistic prediction of the fact that the effect
of pressure is small and one could conclude that such phenomenological models are a

more reliable basis for extrapolation outside the range of experimental data.

Average Average SD1 Average Absolute Average SD2
Relative Relative % Error Error (Pa/m)
Error Absolute (Pa/m) (Pa/m)
% Error % (AE) (AAE)
(ARE) (ARAE)
Dukler et al.(1942) -11 29 37 -94 164 199
Modified Taitel and -18 35 41 -133 195 213
Barnea (1990)

Table 6.4: Statistical errors obtained on comparing the modified Taitel and Barnea model and
the correlation of Dukler ef al (1964) with the experimental data.

6.4 Mean Liquid Holdup Correlations

Measurements of the holdups of the individual liquid phases were made (see Chapter
4), their sum being the total liquid holdup. Only the latter can be compared with
predictions from two-phase holdup correlations. The total holdup data was compared
with predictions from various liquid holdup correlations, using a liquid phase density
calculated from Equation (6.1) and a liquid phase viscosity determined from the.

viscosity model described in Section 6.1

The liquid hold up correlations of Lockhart-Martinelli (1949), Guzhov et al. (1967),
Beggs and Brill (1973) and Minami and Brill (1987) were compared against the
experimental measurements. A description of these empirical correlations is given in
Chapter 2.

6.4.11.ockhart and Martinelli (1949)
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In Figures 6.25-6.27, the experimentally measured total liquid holdup &, measured
using the dual-energy gamma densitometer, is compared with the predictions of the

holdup correlation of Lockhart and Martinelli.

In Figure 6.25, it can be seen that the Lockhart and Martinelli holdup correlation
correctly predicts the increase in total liquid with increasing water-cut, for water-cuts
between 0% and 40%, as well as the subsequent decrease in the total liquid holdup for
water-cuts greater than 40%. The reason why the Lockhart and Martinelli correlation
correctly predicts the trend in the total liquid holdup is because it accounts for the

influence of the liquid viscosity.

However, fhough the Lockhart and Martinelli correlation predicts the correct trends
(Figure 6.25), the correlation over-predicts the measured total liquid holdup for oil
and water-continuous flows at the lower (near atmospheric) pressure. As the system
pressure is increased from 0 barg to 5 barg, the correlation (see Figuie 6.26) over-
predicts the measured holdup, for oil-continuous flows and under-predicts the holdup
for water-continuous flows. A common trend in Figures 6.25 and 6.26 is that the
discrepancy between the measurements and the correlation is lower for water
continuous flows than for oil-continuous flows. This probably reflects the data on

which the correlation is based.

At an air superficial velocity of 6 m/s, total liquid superficial velocity 0.5 m/s at 0
barg (see Figure 6.27), the result obtained is similar to that observed in Figure 6.25.

A comparison has been made between the predictions of the holdup correlation of
Lockhart and Martinelli and the experimental data in Figure 6.28; there is a general
tendency for the correlation to over-predict the data.

6.4.2Guzhov et al. (1967)

In Figures 6.29 to 6.31, the experimental data are compared with the correlation of
Guzhov et al. (1967). All the figures, show that the correlation fails to predict the

trend in the total liquid holdup with water-cut correctly. In fact, the correlation
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predicts a constant liquid holdup for water-cuts ranging from 0% to 100%. The
reason for this is because the holdup expression, (Equation 2.41) does not to include

the liquid viscosity.

As in the case of the Lockhart and Martinelli (1949) correlation, the discrepancy
between the Guzhov et al. (1967) correlation and the measurements is more
pronounced for oil-continuous flows. Figure 6.32, shows the tendency for the

Guzhov et al. correlation to under-predict the data set.
6.4.3 Beggs and Brill (1973

The Beggs and Brill (1973) correlation was based on liquid holdup measurements
carried out using quick closing valves, with air and water as the test fluids. The
correlation was developed to be applicable to a wide range of flow patterns as well as’

pipe inclinations (-90° to +90°).

Comparison between the Beggs and Brill liquid holdup correlation and the present
WASP horizontal three-phase flow experimental data is illustrated in Figures 6.33-
6.35. From the comparisons, it can be seen that the Beggs and Brill correlation does
not take adequate account of the effect of the liquid viscosity on the total liquid
holdup.

Figures 6.33-6.35 show that the Beggs and Brill correlation under-predicts the total
liquid holdup for water-continuous and oil-continuous flows, although the
discrepancy in the water-continuous flows is less pronounced, probably due to the fact

that the correlation is based on data obtained from an air-water two-phase system.

The Beggs and Brill correlation is compared with the entire data set in Figure 6.36.

As can be seen the correlation under-predicts the data over the full range.

6.4.4 Minami and Brill (1987)
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Figures 6.37 to 6.39 show comparisons between the experimental data and the holdup
correlation of Minami and Brill (1987). In Figure 6.37 which has been plotted for a
case of air superficial velocity 4 m/s, total liquid superficial velocity of 0.5 m/s, and
system pressure 0 barg, it can be seen that the correlation of Minami and Brill (1987)
correctly predicts the trend of the variation in the total liquid holdup with water-cut,
although the predicted variation is quite small compared to that observed

experimentally.

However, the Minami and Brill correlation over-predicts the results obtained from the
experiments for both oil-continuous and water-continuous flows. The same result is
obtained is shown in Figures 6.38 and 6.39. The Minami and Brill correlation over-

predicts nearly all of the data set as can be seen from Figure 6.40.

6.4.5 Statistical Comparisons

The statistical errors obtained in comparing the mean liquid holdup correlations with

the experimentally measured mean liquid hold up are shown in Table 6.5:

Correlation Average Average SD1 Average Absolute SD2
Relative Relative % Error Average
Error Absolute (Pa/m) Error
% Error % (AE)

(ARE) (ARAE) (AAE)
Guzhov (1967) -17 20 16 -0.068 0.075 0.06
Lockhart and Martinelli (1949) 26 30 26 0.0730 0.093 0.081
Beggs and Brill (1973) -32 32 16 -0.11 0.11 0.06
Minami and Brill (1987) 62 62 31 0.196 0.20 0.07

Table 6.5: Summary of statistical errors for empirical liquid holdup correlations when compared
to WASP mean liquid hold-up data

It can be seen from Table 6.5 the lowest errors are observed with the correlation of
Guzhov et al. However, this correlation fails to account for the effect of the liquid
viscosity on the total liquid holdup, a trend clearly seen in the data. The Lockhart and
Martinelli correlation most clearly predicts this trend but is in relatively poor

agreement with the data.

6.5 SLUG FREQUENCY
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The two-phase gas-liquid slug frequency correlations of Gregory and Scott (1969),
Heywood and Richardson (1979), Tronconi (1990), Hill and Wood (1990) and
Manolis (1995) were compared with the experimental data. To adapt these
correlations for the three-phase air-oil-water data, the liquids were treated as a single
combined phase having a density given by Equation 6.1 and a viscosity given by the

viscosity model described in Section 6.1.

6.5.1 Gregory and Scott(1969)

This correlation was selected because of its simplicity and its wide use. Details of the

correlation are given in Chapter 2 (see Equation 2.119)

In Figures 6.41-6.43, the prediction from the correlation of Gregory and Scott has
been compared with the experimentally measured slug frequency. It can be seen from
the Figures that the correlation of Gregory and Scott fails to predict the trend in the
slug frequency. In the oil continuous region, the correlation under-predicts the
experimental data, and fails to predict the rise in slug frequency with increasing
water-cut for water-cuts between 0% and 40%. The reason for this can be attributed
to the fact that the correlation does not account for the effect of the liquid viscosity on
the slug frequency. In fact, the correlation assumes that the slug frequency is a

function of only the gas and liquid superficial velocities and the pipe diameter.

In Figure 6.44, the predictions of the Gregory and Scott correlation have been
compared with the entire data set. The greatest discrepancy occurs for the higher slug
frequencies (slug frequency > 0.4 Hz). Overall there is a tendency for the correlation

to under-predict the data.

6.5.2 Heywood and Richardson (1979)

This correlation was developed based on y-ray measurements of the liquid holdup in a
1.65-inch internal diameter pipeline. By determining the power spectral density
functions (PSD) and the probability density function (PDF), Heywood and
Richardson were able to estimate the slug frequency. Details of the correlation are

given in Chapter 2.
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The predictions of this correlation have been compared with the experimental
measurements and the results are shown in Figures 6.45-6.47 for different sets of

conditions of air and liquid flowrates and system pressures.

From the comparisons in Figures 6.45 and 6.47, it can be seen that the correlation of
Heywood and Richardson does not account for the influence of the water-cut on the
slug frequency. For oil-continuous flows, the correlation under-predicts the data,
while for water continuous flows, the correlation predicts higher values than those
observed experimentally. The discrepancies between the predictions of the
correlation and the measurements appear greater for oil-continuous flows, reflecting,

once again, the source of the correlations.

The predictions of the Heywood and Richardson correlation are compared with all the
experimentally measured values in Figure 6.48. As with the Gregory and Scott

correlation, the greatest discrepancy occurs for higher slug frequencies.

6.5.3 Tronconi (1990)

The expression for the slug frequency using the semi-empirical approach of Tronconi
is given in Equation (2.123). The values of Ug, the actual gas velocity and ’,, the gas
height have been calculated by using the Taitel and Dukler {1976) model for
equilibrium stratified two-phase flow. This model was adapted for the three-phase
flow case by treating the oil and water as a single fluid with the mixture density
calculated using Equation 6.1 and the mixture viscosity using the model described in
Section 6.1. Because of the turbulent nature of the flow a value of 15 was assumed
for the ratio fi/f;. Since all the variables in Equation (2.123) depend only on the
dimensionless liquid height, the equation can be solved for the liquid film thickness.

Results of the comparison between the correlation of Tronconi (1990) and the
experimental data are illustrated in Figures 6.49-6.51. From the figures, it can be seen
that the correlation accounts for the influence of the water-cut on the slug frequency.

This is achieved through the effect of the dimensionless liquid height

However, for the higher pressure data shown in Figure 6.50, there is significant

discrepancy between the prediction and the data and this is probably due to the fact
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that the correlation attributes a more significant effect of the system pressure (i.e. gas

density) on the slug frequency than is observed in the experimental data.

The relatively poor performance of the Tronconi correlation in predicting the entire
data set is shown in Figure 6.52.
6.5.4 Hill and Wood (1990)

The Hill and Wood (1990) correlation is described in Chapter 2 (see Section
2.1.3.2.4). This correlation also uses the stratified flow liquid height and therefore
accounts for the effect of the liquid viscosity on the slug frequency through the
calculated liquid height.

In Figures 6.53-6.55, the correlation is compared with the experimental data. The Hill
and Wood (1990) correlation, predicts the increase in slug frequency with increasing
water-cut for oil-continuous flows. However, the correlation significantly under-
predicts the data for water-cuts between 0 % and 40%. At the phase inversion point
there is a closer match with the data. However for water-continuous flows, the

correlation under-predicts the data.

Figure 6.56 summarises the comparison between the Hill and Wood correlation and

the experimental data. There is a general trend towards under prediction.

6.5.5 Manolis (1995)
Because of the inadequacy of existing slug frequency correlations in predicting his
data, Manolis, developed a new slug frequency correlation based on seven non-

dimensional numbers. The correlation is described in Chapter 2.

It can be seen from Figures 6.57-6.59, where the predictions of the correlation and the
measured slug frequencies have been plotted, that the Manolis (1995) correlation

accounts for the effect of the liquid viscosity on the slug frequency.
In Figures 6.57-6.59, it can be seen that water-cuts between 0% and 20%, there is

good agreement between the correlation and the measurements. In the phase

inversion region, the correlation over-predicts the data in the oil continuous region
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and under-predicts the data for water-continuous flows. However, there is good
agreement between the correlation and the measurements for water-continuous flows.
The comparison between the correlation and the complete data set is shown in Figure

6.60. Considerable scatter is demonstrated.

6.5.6 Statistical Comparisons
The error analysis relating to the comparisons between the above-mentioned slug

frequency correlations and the data is summarized in Table 6.6:

Correlation Average Average SD1 Average Absolute SD2
Relative Relative % Error Average Hz
Error Absolute (Pa/m) Error
% Error % (AE) Hz

(ARE) (ARAE) (AAE)
Heywood and Richardson (1979) -5 31 42 -0.04 0.084 0.09
Gregory and Scott (1969) =32 40 31 -0.11 0.12 0.09
Hill and Wood (1990) -19 49 58 -0.085 0.154 0.177
Manolis (1995) 42 70 114 0.13 0.21 0.33
Tronconi (1990) 262 280 600 0.95 1.01 2.63

Table 6.6:Table listing the statistical errors for various correlations’ performance against slug
frequency data

From Table 6.6 it can be seen that the lowest error for all the data is given by the
Gregory and Scott (1969) and the Heywood and Richardson (1979) correlations.
However, these correlations do not adequately represent the effects of water-cut (and

hence mean viscosity).

6.6 SLUG BODY HOLDUP

The experimentally measured slug body holdup obtained using the dual-energy
gamma densitometer has been compared against four slug body holdup correlations:
Gregory et al. (1978), Ferschneider (1983), Malnes (1983) and Gomez et al.. (2000).

6.6.1 Gregory et al. (1978)

In Figures 6.61-6.63, the comparisons between the prediction of the slug body holdup
correlation of Gregory et al. (1978) and the experimentally measured values are
shown. In Figures 6.61-6.63, it can be seen that the Gregory et al. (1978) correlation
predicts a constant slug body holdup with increasing water-cut, whereas the

experimental data show that the water-cut has an influence on the average slug body
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holdup. The correlation under-predicts the data for both oil and water-continuous

flows (Figures 6.61-6.63).

6.6.2 Ferschneider (1983)

In Figures 6.64 and 6.65, the predictions of the slug body holdup correlation of
Fershneider (1983) have been plotted together with the experimental data. Again, in
contrast to the data, the Ferschneider correlation does not predict any influence of the
water-cut on the slug body holdup. For an air superficial velocity of 4 m/s total liquid
superficial velocity of 0.5 m/s and at a pressure of 0 barg (Figure 6.64), it can be seen
that the Ferschneider correlation over-predicts the data in the oil-continuous region,
whereas in the water continuous region there is a closer match with the data. On
increasing the system pressure from 0 barg to 5 barg, the results (Figure 6.65), show
that the Ferschneider correlation over-predicts the data in both water and oil

continuous flows.

6.63 Malnes(1983)

In Figures 6.66 and 6.67, the results obtained from Malnes’ (1983) slug body holdup
correlation have been compared with the experimental data. The Malnes correlation
does not account for the effect of the water-cut on the average slug body holdup, as

there is no viscosity term in the correlation.

In Figure 6.66, where the average slug body holdup has been plotted against water-cut
for an air superficial velocity of 4 m/s and total liquid superficial velocity 0.5 m/s for
a system pressure of 0 barg, it can be seen that the Malnes correlation, under-predicts
the data for both water and oil continuous flows, although the discrepancy between

the predictions and the water-continuous data is more pronounced.
On increasing the system pressure from O barg to 5 barg, the experimental average
slug body holdup results and the predictions are closer, although there is a tendency

for the correlation to under-predict the data for water-continuous flows and over-

predict the data for oil-continuous flows.

6.6.4 Gomez et al. (2000)
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From an experimental database containing the slug body holdup data of Schmidt
(1977), Kouba (1986), Rothe et al. (1986), Kokal (1987), Brandt and Fuchs (1989)
and Felizola (1992), Gomez et al. (2000) were able to develop a correlation for the
slug body holdup as a function of the slug Reynolds number and the inclination angle

of the pipe. The correlation is described in Chapter 2.

The predictions using the correlation of Gomez et al. (2000) were compared with the
experimental results and the results of these comparisons can be seen in Figures 6.68
and 6.69, where the average slug body holdup has been plotted against the water-cut.
In Figure 6.68, plotted for the case of air superficial velocity 4 m/s, total liquid
superficial velocity 0.5 m/s, atmospheric pressure for a horizontal pipe, it can be seen
that the correlation of Gomez et al. (2000) over-predicts the data for oil-continuous
flows, while for water-continuous flows, the correlation under-predicts the

measurements.

In Figure 6.69, plotted for the same conditions as those in Figure 6.68, with the
exception of the system pressure which has been increased from 0 barg to 5 barg, the
same results are obtained on comparing the correlation of Gomez et al. (2000) to the
data. For water-cuts between 0 % and 30%, there is agreement in the trend of the slug
body holdup between the Gomez et al. correlation and the experimental data, as both
show a slight increase in the slug body holdup with increasing water-cut for this range
of water-cuts. However, as in the case of the low pressure data (Figure 6.68), the
correlation of Gomez et al. (2000) over-predicts the data for oil-continuous flows and

under-predicts the data for water-continuous flows.
6.7 SLUG LENGTH

Through calculating the slug velocity by cross-correlating the holdup signals of the
two gamma densitometers, it was also possible to calculate the length of the slugs in
three-phase air-oil-water slug flow. The results obtained have been compared with

expressions and correlations postulated in the literature.

The correlations evaluated were those of Brill ef al. (1979), Norris (1982) and Scott et
al. (1986). These correlations are detailed in Chapter 2.
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In Figures 6.70 and 6.71, the experimentally measured average slug lengths have been
compared with these correlations. From the comparisons, it can be seen that all the
correlations significantly over-predict the data. A possible reason for this is that the
data on which the correlations are based were obtained from much larger diameter

pipelines than that of the WASP facility.

Another important point to note is that most of the existing correlations assume the
slug length to be a function of the pipe diameter alone, whereas the data show that the
liquid viscosity clearly affects the slug length. However, other researchers have
proposed values for the slug length, which are much closer to that observed in the

experiments.

Dukler and Hubbard (1975) observed a stable slug length to be about 12-30 diameters
for horizontal slugs. This would translate to slug lengths of 0.9-2.3 m in the case of
the WASP diameter of 0.0779 m. This range of slug lengths is much more

commensurate with the present data.

6.8 SLUG VELOCITY

The present experimental data for slug velocity have been compared with two kinds -
of predictions, namely those from Equation 6.11 (from Bendiksen et al. 1984 and
those obtained from a computational fluid dynamics (CFD) model. The comparisons

are made in terms of the ratio of the translational velocity to the mixture velocity.

6.8.1 Comparisons with Bendiksen (1984) Equation
Bendiksen suggested the use of Equation 6.11 for Fr<3.5 and the second term on the

right hand side be omitted for higher Froude numbers. Comparison of this approach
and the data are shown in Figure 6.72 with the parameter C, being assigned values of
1.2 and 1.3 respectively. As will be seen the equation under-predicts the data (even
with C,=1.3) and does not predict the observed peak in translational velocity near the

phase inversion point.

6.8.2 CFD Predictions of Translational Velocity
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It is clear from Figure 6.72 that there is an additional effect not predicted by Equation
6.11. It seems likely that this is related to the change of effective liquid viscosity as
the phase inversion point is approached. The influence of liquid viscosity in two-
phase vertical slug flow has been investigated by Frechou (1986) who showed that the
translational velocity of the slugs increased when the Reynolds number in the slug
became low, probably due to laminar rather than turbulent flow occurring in the slug.
It was decided, therefore to investigate this effect using CFD modelling. Again the
liquids were assumed to be represented by a combined liquid phase having a density
given by Equation 6.1 and a viscosity given by the model described in Section 6.1. In
what follows, previous work on CFD simulation of slug flow is first summarised
(Section 6.8.2.1) and then the basic elements of the commercial code used (CFX 4.2)
are briefly explained (Section 6.8.2.2). Section 6.8.2.3 describes the basic set-up and

Section 6.8.2.4 presents the results.

6.8.2.1 Previous Work On CFD Prediction Of Slug Translational Velocity
Hope (1990), using the PHOENICS code, showed that it was possible to simulate a

single slug tail in horizontal flow by utilising a moving frame coordinate system
thereby trapping the slug within the computational domain. However, no quantitative

results were shown.

Pan (1996), expanding on the method developed by Hope, investigated the motion of
Taylor bubbles in horizontal, vertical upward and flows of different inclinations using
the CFD Code CFDS FLOW 3D (now renamed CFX). His results for.the
translational velocity of the bubble were compared with the experimental data
obtained by Bendiksen (1985) and Manolis (1995) with good agreement obtained.
Pan also showed that translational velocity could increase with liquid viscosity at high

liquid viscosity.

Shaha et al. (1996) used CFX4.1 (an earlier version of the CFX code) to simulate the
rise of a Taylor bubble in a vertical pipe using both a moving frame model and a
stationary frame model. He compared his results with those from the literature and

obtained good agreement.

6.8.2.2 Description of the CFX software
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The CFX software is supplied by AEA Technology and consists of three main types

of modules:

e Pre-processing modules and Front-end module (CFX-SETUP) (CFX-
MESHBUILD, CFX-BUILD)

¢ Flow solver module (CFX-F3D)

e Post processor module (CFX-VIEW, CFX-LINEGRAPH, CFX-VISUALISE)

Pre-processor
The pre-processor enables the user to input the necessary information needed to solve

the flow problem. This is done via a user-friendly interface. The following are

examples of the information needed to be specified by the user:

(a) Geometry Definition: The nature of the problem usually dictates the type of
geometry to be employed.

(b) Grid Generation: this involves subdividing the computational domain into a grid
of cells

(c) Chemical and Physical models: this involves choosing the type of models to be
employed in the course of the simulation. An example involves the choice
between laminar and turbulent flows.

(d) Numerical algorithm: this enables the user to select a scheme for discretising the
relevant partial differential equations.

(e) Fluid properties: The physical properties of the fluids such as density, viscosity,
can be specified. In addition, there is a built-in database, which contains the
physical and chemical properties of a wide range of compounds.

(f) Boundary and Initial conditions: The user may set boundary and initial conditions
which are necessary for the solution of the flow problem.

(g) Termination criteria: there are three possible options for terminating a simulation
i.e. specifying a number of iterations, specifying the total simulation time or

through the use of a simulation accuracy.

The shape of the computational domain dictates the type of grid to be employed in the
simulation. For simple, regular shapes, a rectangular grid or a cylindrical grid may be
used. However for more complex geometries, a body-fitted grid is suitable.

Flow solver
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The flow solver carries out the simulation by first transforming the partial differential
equations, and then discretizing the transformed equations before solving these

equations.

If a rectangular or cylindrical grid is used, there is no need to transform the partial
differential equations. However in reality most domain shapes are irregular and
require the use of a body-fitted grid. However, the body fitted grid requires a
transformation step. This step involves transforming the continuity Equation (6.12)
and momentum equations Equations (6.13-6.15) from a Cartesian coordinate system

into another coordinate system such as cylindrical depending on the geometry of the

problem.
ou v ow_, (6.12)
ox 0Oy Oz
2 2 2
p.@_+u%+y@_+w% =—g€+ 612¢+6L2¢+612t +Fx (613)
ot Ox Oy 0z Ox ox~ oy° Oz

2 2 2
O — Ut V— W | = ———+ 612z+612)+8: +F,  (6.14)
ot ox oy 0z oy ox® oy° oz

ow Ow ow  Bw oP 8*w d*w A*w
,0———-+u—-+V-———+W———— =—— 3 + 2 + 2 +Fz (6'15)
0 0 0z ox* oy oz

Where Fy, Fy and F; are the x, y and z components of body forces.

Once the equations have been transformed they need to be converted into a form
which the computer can handle, this is done by a procedure called discretization.
Discretization converts the non-linear partial differential equations into a set of linear
algebraic equations. The solver then solves the linear equations through a wide range

of iterative techniques.
For the CFX code, the discretization is carried out using Taylor series expansion. A

choice of several differencing schemes are offered to the user namely, central

differencing schemes, downwind differencing scheme, etc. Detailed description of
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the differencing schemes available within the solver can be found in the software
manual (AEA Technology, 1997)

Post-processor
The processor consists of several graphic packages which convert information in the

dump file into forms such as graphs, shaded contour plots, surfaces, etc for

assessment by the user.

6.8.2.3 Simulation Set-Up

The simulation was set-up to calculate the slug translational velocity of a Taylor slug.
The method used was the dam break model developed by Hope (1990) and adapted by

Pan (1996) for the simulation of slug motion in two-phase flow.

The modelling of the slug tail is carried out by concentrating on the rear of the liquid
slug body and the front of the elongated gas bubble behind it. This is the region
between the dashed lines depicted in Figure 6.73. The slug translational velocity is U,
and the mean velocity of the liquid in the slug is Ur. In the present calculations, it is
assumed that the slug body holdup is unity (i.e. no gas in the slug). This allows the
effect of combined liquid phase viscosity to be investigated and is consistent with the
fact that holdup is, indeed, relatively high for the conditions studied here. Making

this assumption, it follows that Uy=Ups.

In the computational domain moving with the slug at the translational velocity Ur,
liquid moves through the domain (from left to right in Figure 6.74) at a superficial
velocity U L , due to liquid being picked up at the slug front and discharged at the slug
tail. It follows that:

U,=U;-U, (6.16)
To set up the initial condition for the simulation as shown in Figure 6.75, the left-hand
side of the cylindrical pipe is filled with a uniform oil-water mixture. The right hand
side of the cylindrical pipe (diameter 0.07792 m, length 1.2m) is filled with air and
both halves of the pipe are separated by an imaginary dam at the start of the

simulation.
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The pipe wall is set to move at a velocity Urso as to keep the slug tail within the

computational domain and oil-water mixture with the same composition as that in the
pipe is fed in with a velocity of U'L to simulate the liquid pick up process which takes

place at the front of the slug.

The simulation is initiated by specifying a value for Urand then by a trial and error
procedure, several values of U, are tried until steady state is reached. By steady
state, one means that between successive simulation runs, there is no perceptible

change with time in the volume fractions of both the gaseous and the liquid phases

over the computational domain.

Figure 6.76, illustrates the geometry of the computational domain used in the
simulation. A close view of the pipe inlet is also shown in Figure 6.77, where the
mesh used to subdivide the inlet can be seen. The computational grid essentially

consists of 20x10x10 cells.

6.8.2.4 Results

In Figures 6.78-6.80, typical graphic output files obtained from the CFX simulations
of slug tails are shown for the case of mixture superficial velocity 4 m/s, and water-
cut 40 %. These outputs are shown at 1, 2 and 3 seconds into the calculation from the
“dam break” initial condition. The calculations show that a stable condition is
achieved after 3s (there is little discernible difference between the results at 2 and 3s)
and results at 2 or 3 seconds were used in further analysis. The liquid slug can be
seen to the left of the diagrams, while the elongated bubble is on the right hand side of .
the figures.

The effect of the viscosity of the combined liquid phases on the bubble nose shape
can be discerned more clearly from Figures 6.81-6.86, where the steady state results
for the cases of water-cut 0%, 20%, 40%, 55%, 70 %, and 100% are plotted for a

mixture velocity 4 m/s after 3 seconds of simulation time has elapsed.
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For zero water cut, the bubble nose is near the top of the pipe but, as the water-cut
(and hence effective viscosity) is increased up to the phase inversion point, the
position of the nose moves towards the pipe axis. Beyond the phase inversion point,

the bubble nose again moves towards the top of the pipe.

The changes in interface geometry shown in Figure 6.81-6.86 are also reflected in
systematic changes in translational velocity. The translational velocity calculated is

simply the sum of the mixture velocity Uy and the value of the superficial liquid
velocity UL which is required to maintain the interface stationary in the

computational frame (see Equation 6.16).

In Figure 6.87 the results obtained from the CFX code for the ratio of translational
velocity to mixture velocity have been compared with the experimentally measured
ratios. In Figure 6.87, it can be seen that the CFX code correctly predicts an increase
in the ratio of the slug translational velocity to the total mixture superficial velocity
with increasing water-cut for water-cuts ranging from 0% to 40%. The predicted and
expe;‘imental values both fall at the phase inversion point. However for oil-
continuous flows, the CFX code slightly under-predicts the data, though for water-
continuous flows there is good agreement between the code and the experimental
data. A possible reason for the significant under-prediction of the oil-continuous flow

data could be due to the fact that the viscosity model used (Section 6.1) refers to |
average conditions in the flow whereas the local effective viscosity may vary along

the slug unit. Nevertheless the trends are correctly predicted.

6.9 SUMMARY AND OVERVIEW

In this Chapter, a new model is presented for the prediction of the mixed liquid phase
viscosity in three-phase flow is presented. A key component of the model is a

correlation for phase inversion water-cut.

Using this viscosity model, the experimental data collected were tested against

existing two-phase flow correlations for a number of parameters.

For pressure drop prediction, it was found that the correlations of Dukler et al. (1964)

and Schlichting (1970) showed the closest match with the experimental data.
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The total liquid holdup as measured by the dual-energy gamma densitometer was
compared with the correlations of Lockhart and Martinelli (1949), Guzhov ef al.
(1967), Beggs and Brill (1973) and Minami and Brill (1987). Comparisons showed
that the correlations of Beggs and Brill (1973) and Guzhov et al. failed to predict the
influence of the water-cut on the total liquid holdup. Although the correlations of
Lockhart and Martinelli and Minami and Brill accounted for the influence of the
viscosity on the total liquid holdup, there was a tendency for these correlations to

over-predict the experimental data.

In addition, the experimental data were compared with two phenomenological slug -
models by Bonnecaze et al. (1971) and Taitel and Barnea (1990). The models were
modified and adapted to three-phase flow by assuming the two liquid phases could be
represented as a combined liquid phase with the density calculated using a linear
volume weighted expression and the viscosity calculated from the new viscosity
model. Comparisons of these phenomenological models with the experimental data
showed that the Bonnecaze et al. model significantly over-predicts the data, while the

modified Taitel and Barnea model gives a good prediction of the data

In the present work, a wide range of new data were obtained for the characteristics of
three-phase gas-liquid-liquid slug flows. These characteristics included slug
frequency, slug body holdup, slug length and slug velocity. These results were
compared with a variety of relationships for these parameters in gas-liquid slug flow,
treating the liquid phases as a single fluid with a viscosity given by the new viscosity
model.

It was shown that all the two-phase slug frequency correlations performed poorly:
against the data. The correlations of Gregory and Scott (1969) and Heywood and
Richardson (1979) failed to account for the influence of the liquid viscosity on the
slug frequency. Of the correlations which account for the influence of the liquid
viscosity on the slug frequency, the correlation of Hill and Wood (1990) came closest
in predicting the trend in the slug frequency with water-cut though the discrepancies

were still large.
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Likewise, in the case of the slug body hold-up prediction, none of the existing
correlations (Gregory et al,.1978, Ferschneider, 1983 and Malnes, 1983) account for
the observed influence of the liquid viscosity on the slug body holdup with the
exception of Gomez et al (2000). All the correlations, predict a constant slug body
holdup with increasing water-cut contrary to the experimental data. The results
obtained in the present work are consistent with the results of Manolis (1995) and
Nadler and Mewes (1995), which showed the significant effects of the liquid viscosity
on the slug body hold-up even in gas-liquid flows.

None of the existing relationships in the literature predicted the trends in the slug
lengths obtained The slug velocities were clearly influenced by water cut (and hence
viscosity) and this is not predicted by currently used relationships (e.g. that of
Bendiksen, 1984). The viscosity (i.e. water-cut) effect was investigated using CFD
modeling in which the slug tail velocity and shape were predicted. The trend in slug
velocity with water cut was correctly predicted and reasonable quantitaﬁve agreement

obtained with the predicted values.

Though the application of two-phase flow models (through the use of a combined
liquid phase) has proved reasonably successful and interesting, there is, of course, a
need for more detailed models of three-phase flow. A number of programmes at
Imperial College and elsewhere are pursuing this goal. For stratified flows, a three .
fluid model can be applied and the choice of closure relationship for such a model is
discussed by (Khor, 1998). Models which aim to model mixing processes in liquid-
liquid and liquid-liquid-gas flows are being pursued by Valle (2000) who is
developing prediction schemes involving these models. The extension of the two-
fluid dynamic models for slug flow (Issa and Woodburn 1998) to the three-phase flow
case is also being pursued at Imperial College. Though these advanced models are
not yet producing results which are significantly better than those obtained by
adapting two-phase flow models, there is clearly much development potential for the

future.
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Figure 6.2: Comparison of WASP three-phase pressure drop experimental data with predictions
by the correlation of Dukler ez al. (1964) (U, s= 4 m/s, UL s= 0.5 m/s, p= 0 barg pipe = horizontal)
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Figure 6.9: Comparison of WASP three-phase pressure gradient data with predictions by the
correlation of Chisholm (1966)
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Figure 6.13: Comparison of WASP three-phase pressure gradient experimental data with
predictions by the correlation of Beggs and Brill (1973)
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Figure 6.14 Comparison of WASP three-phase pressure gradient experimental data with
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247



Air superficial velocity 4 m/s total liquid superficial velocity 0.5 m/s
pressure 5 barg pipe horizontal

g
< 1200
g l O
£ 1000 D'——E
= [}
5 800 N [:] o [ L ] &
T 600 o~ o O
& 400 o
g 200
g o
Py
0.0 0.2 04 0.6 0.8

Input water fraction in the liquid (IWFIL)

|.Measured OPredicted |

Figure 6.15 Comparison of WASP three-phase pressure gradient experimental data with
predictions by the correlation of Lockhart and Martinelli (1949) (U s=4 m/s, Uy s= 0.5 m/s, p=5
barg pipe = horizontal)
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Figure 6.16: Comparison of WASP three-phase pressure gradient experimental data with
predictions by the correlation of Lockhart and Martinelli (1949) (U, s= 6 m/s, U, s= 0.5 m/s, p=0
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Figure 6.17: Comparison of WASP three-phase pressure gradient experimental data with
predictions by the correlation of Lockhart and Martinelli (1949)
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Figure 6.18: Comparison of WASP three-phase pressure gradient experimental data with
predictions by the correlation of Schlichting (1970) (U, s=4 m/s, Uy s= 0.5 m/s, p=5 barg pipe, =
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Figure 6.19: Comparison of WASP three-phase pressure gradient experimental data with
predictions by the correlation of Schlichting (1970) (U, s= 6 m/s, U s= 0.5 m/s, p= 0 barg pipe =
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Figure 6.20: Comparison of WASP three-phase pressure gradient experimental data wiﬂi
predictions by the correlation of Schlichting (1970)
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Figure 6.21: Comparison of WASP three-phase pressure gradient experimental data with the
predictions of the slug model of Bonnecaze ef al. (Uss=4 m/s, U s= 0.5 m/s, p=0 barg pipe =
horizontal) .
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Figure 6.22: Comparison of WASP three-phase pressure gradient experimental data with the
predictions of the slug model of Bonnecaze ef al. (Uss=4 m/s, ULs= 0.5 m/s, p=5 barg pipe =
horizontal)
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Figure 6.23: Comparison of WASP pressure gradient experimental data with the predictions by
the slug model of Taitel and Barnea (1990) (U s=4 m/s, U s= 0.5 m/s, p= 0 barg,
pipe = horizontal)
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Figure 6.24: Comparison of WASP pressure gradient experimental data with the predictions by
the slug model of Taitel and Barnea (1990) (U, s=4 m/s, U s= 0.5 m/s,
p=15 barg pipe = horizontal)
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Figure 6.25: Comparison of WASP three-phase total liquid holdup experimental data with
predictions by the correlation of Lockhart and Martinelli (1949) (U, s=4 m/s, Uy s= 0.5 m/s, p=0
barg pipe = horizontal)
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Figure 6.26: Comparison of WASP three-phase total liquid holdup experimental data with
predictions by the correlation of Lockhart and Martinelli (1949) (U, s=4 m/s, Ups= 0.5 m/s, p=5
barg, pipe = horizontal)
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Figure 6.27: Comparison of WASP three-phase total liquid holdup experimental data with

predictions by the correlation of Lockhart and Martinelli (1949) (Uss= 6 m/s, U s= 0.5 m/s, P=5
barg pipe = horizontal)
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Figure 6.28: Comparison of WASP three-phase total liquid holdup experimental data with
predictions by the correlation of Lockhart and Martinelli (1949)

254



Air superficial velocity 4 m/s total liquid superficial velocity 0.5 m/s
pressure 0 barg pipe horizontal

= 050
[o9
!: 0.40 S — .ko .
= 030 “—Eﬁiﬁ—ﬁtmﬁj W
§~ 0.20
5 010
& 0.00
0.00 0.20 0.40 0.60 0.80

Input water fraction in the liquid IWFIL)

I. Measured [1Predicted }

Figure 6.29: Comparison of WASP three-phase total liquid holdup experimental data with
predictions by the correlation of Guzhov ef al. (1967) (U, s= 4 m/s, Uy s= 0.5 m/s, P=0 barg pipe
= horizontal)
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Figure 6.30: Comparison of WASP three-phase total liquid holdup experimental data with
predictions by the correlation of Guzhov et al. (1967) (U s=4 m/s, Ups= 0.5 m/s, p=5 barg pipe
= horizontal)

255



Air superficial velocity 6 m/s total liquid superficial velocity 0.5 m/s
pressure 0 barg pipe horizontal

0.40

0.35 ..‘
P [ )
D—EUD———U:I—Q-——-D--——-—

o0
B8
u}

e

0.20
0.15
0.10
0.05

Total liquid holdup (-)

8

0.00 0.20 0.40 0.60 0.80
Input water fraction in the liquid (IWFIL)

|. Measured [1Predicted |

Figure 6.31: Comparison of WASP three-phase total liquid holdup experimental data with
predictions by the correlation of Guzhov et al. (1967) (U, s= 6 m/s, UL s= 0.5 m/s, p= 0 barg, pipe
= horizontal)
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Figure 6.32: Comparison of WASP three-phase total liquid holdup experimental data with
predictions by the correlation of Guzhov et al. (1967)
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Figure 6.33: Comparison of WASP three-phase total liquid holdup experimental data with
predictions by the correlation of Beggs and Brill (1973) (Uss=4 m/s, U_s= 0.5 m/s, p= 0 barg

pipe = horizontal)
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Figure 6.34: Comparison of WASP three-phase total liquid holdup experimental data with
predictions by the correlation of Beggs and Brill (1973) (U, s=4 m/s, U s= 0.5 m/s, p=S5 barg,

pipe = horizontal)
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Figure 6.35: Comparison of WASP three-phase total liquid holdup experimental data with
predictions by the correlation of Beggs and Brill (1973) (U s= 6 m/s, Up s= 0.5 m/s, P=0 barg
pipe = horizontal)
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Figure 6.36: Comparison of WASP three-phase total liquid holdup experimental data with
predictions by the correlation of Beggs and Brill (1973)
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Figure 6.37: Comparison of WASP three-phase total liquid holdup experimental data with

predictions by the correlation of Minami and Brill (1987) (Uas=4 m/s, U s= 0.5 m/s, p=0 barg

pipe = horizontal)
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Figure 6.38: Comparison of WASP three-phase total liquid holdup experimental data with

predictions by the correlation of Minami and Brill (1987) (Uas=4 m/s, U s= 0.5 m/s, P=5 barg,

pipe = horizontal)
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Figure 6.39: Comparison of WASP three-phase total liquid heldup experimental data with

predictions by the correlation of Minami and Brill (1987) (Uas= 6 m/s, Ups=0.5 m/s, P=0 barg,

pipe = herizontal)
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Figure 6.40: Comparison of WASP three-phase total liquid holdup experimental data with

predictions by the correlation of Minami and Brill (1987)
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Figure 6.41: Comparison of WASP three-phase slug frequency experimental data with
predictions by the correlation of Gregory and Scott (1969) (Us s= 4 m/s, U s= 0.5 m/s, p= 0 barg
pipe = horizontal)
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Figure 6.42: Comparison of WASP three-phase slug frequency experimental data with
predictions by the correlation of Gregory and Scott (1969) (Ua s= 6 m/s, Uy s= 0.5 m/s, p=0 barg
pipe = horizontal)

261



Air superficial velocity 4 m/s total liquid superficial velocity 0.6 m/s
presure 0 barg pipe horizontal

0.5 Py
IS

T o4 ®
z %% 3
& 03 I
[
5 l—ll——~———l—~.——-l—’h‘.-—‘——I
& 02 ¥
&
¥ o1
%3]

0.0

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Input water fraction in the liquid (IWFIL)

| & Measured —ll— Gregory&Scott |

Figure 6.43: Comparison of WASP three-phase slug frequency experimental data with
predictions by the correlation of Gregory and Scott (1969) (U, s= 4 m/s, U s= 0.6 m/s, p=0 barg
pipe = horizontal)
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Figure 6.44:Comparison of WASP three-phase slug frequency experimental data with
predictions by the correlation of Gregory and Scott (1969)
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Figure 6.45:Comparison of WASP three-phase slug frequency experimental data with
predictions by the correlation of Heywood and Richardson (1979) (Uss=4 m/s, U, s= 0.5 m/s, p=
0 barg pipe = horizontal)
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Figure 6.46:Comparison of WASP three-phase slug frequency experimental data with
predictions by the correlation of Heywood and Richardson (1979) (Uss= 4 m/s, U_s= 0.6m/s, P=
0 barg pipe = horizontal) '
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Figure: 6.47:Comparison of WASP three-phase slug frequency experimental data with
predictions by the correlation of Heywood and Richardson (1979) (Uss= 6 m/s, UL s= 0.5 m/s,
p=0barg pipe = horizontal)
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Figure 6.48:Comparison of WASP three-phase slug frequency WASP experimental data with
predictions by the correlation of Heywood and Richardsen (1979)
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Figure 6.49:Comparison of WASP three-phase slug frequency experimental data with
predictions by the correlation of Tronconi (1990) (Uas=4 m/s, Ups= 0.5 m/s,

P=0 barg, pipe = horizontal)
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Figure 6.50:Comparison of WASP three-phase slug frequency experimental data with
predictions by the correlation of Tronconi (1990) (U s= 4 m/s, Urs= 0.5 m/s, p=S5 barg,

pipe = horizontal)
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Figure 6.51: Comparison of WASP three-phase slug frequency experimental data with -
predictions by the correlation of Tronconi (1990) (U s= 6 m/s, U s= 0.5 m/s, p= 0 barg
pipe = horizontal)
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Figure 6.52:Comparison of WASP three-phase slug frequency experimental data with
predictions by the correlation of Tronconi (1990
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Figure 6.53:Comparison of WASP three-phase slug frequency experimental data with
predictions by the correlation of Hill andWood (1990) (U, s=4 m/s, U, s= 0.5 m/s, p=0 barg
pipe = horizontal)
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Figure 6.54:Comparison of WASP three-phase slug frequency experimental data with
predictions by the correlation of Hill and Wood (1990) (U, s=4 m/s, Uy s= 0.5 m/s,
p=5 barg, pipe = horizontal)
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Figure 6.55:Comparison of WASP three-phase slug frequency experimental data with the
predictions by the correlation of Hill and Wood (1990) (Uas= 6 m/s, U s= 0.5 m/s,
p=0 barg, pipe = horizontal)
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Figure 6.56:Comparison of WASP three-phase slug frequency experimental data with .
predictions by the correlation of Hill and Wood (1990)
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Figure 6.57:Comparison of WASP three-phase slug frequency data with predictions by the
correlation of Manolis (1995) (U s=4 m/s, Uy, s= 0.5 m/s, p=0 barg pipe = horizontal)

Air superficial velocity 4 m/s total liquid superficial velocity 0.5 m/s
pressure 5 barg pipe horizontal

0.80
) ul
£ 0.60 n|
3 o 0
g, 040 ! [i] oo 9 o
o
=]
& 0.20 &—mf
@ ®
0.00
0.00 0.20 0.40 0.60

Input water fraction in the liquid (IWFIL)

|.Measured OPredicted |

0.80

Figure 6.58: Comparison of WASP three-phase slug frequency experimental data with the
correlation of Manolis (1995) (U, s= 4 m/s, UL s= 0.5 m/s, p=5 barg pipe = horizontal)
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Figure 6.59: Comparison of WASP three-phase slug frequency experimental data with
predictions by the correlation of Manolis (1995) (U, s= 6 m/s, Uy s= 0.5 m/s,
=0 barg, pipe = horizontal)
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Figure 6.60: Comparison of WASP three-phase slug frequency experimental data with Manolis’
correlation (1995)

270



Air superficial velocity 4 m/s total liquid superficial velocity 0.5 m/s
pressure 0 barg pipe horizontal

= 100
3 “oe ¢ o *
= 0.80 a—*
1 An AL = |8 oo ]
T 060
£
¥ 040
w
5 02
[
2 000
0.0 0.2 04 0.6 0.8 1.0

Input water fraction in the liquid (IWFIL)

,0 Measured [ Gregory et al.J

Figure 6.61: Comparison of WASP three-phase slug body holdup experimental data with the
predictions by the correlation of Gregory et al. (1978) (U s=4 m/s, Uy s= 0.5 m/s, P= 0 barg pipe
= horizontal)
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Figure 6.62: Comparison of WASP three-phase slug body holdup experimental data with the
predictions by the correlation of Gregory ef al. (1978) (Uss=4 m/s, Uy s= 0.5 m/s, p=5 barg pipe
= horizontal)
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Figure 6.63: Comparison of WASP three-phase slug body holdup experimental data with the
predictions by the correlation of Gregory et al. (1978) (U, s=4 m/s, U s= 0.5 m/s, p=5 barg pipe
= horizontal)
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Figure 6.64: Comparison of WASP three-phase slug body holdup experimental data with the
predictions by the correlation of Ferschneider (1983) (U, s=4 m/s, ULs= 0.5 m/s,
p=0 barg, pipe = horizontal)
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Figure 6.65: Comparison of WASP three-phase slug body holdup experimental data with the
predictions by the correlation of Ferschneider (1983) (Uas=4 m/s, ULs= 0.5 m/s,

p="5 barg, pipe = horizontal)
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Figure 6.66: Comparison of WASP three-phase slug body holdup experimental data with the
predictions by the correlation of Malnes (1983) (U, s =4 m/s, U s= 0.5 m/s,

p=10 barg, pipe = horizontal)
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Figure 6.67: Comparison of WASP three-phase slug body holdup experimental data with the
predictions by the correlation of Malnes (1983) (U s=4 m/s, U s= 0.5 m/s,
p=15 barg, pipe = horizental)
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Figure 6.68: Comparison of WASP three-phase slug body holdup experimental data with the
predictions by the correlation of Gomez ef al. (2000) (U, s=4 m/s, Ups= 0.5 m/s,
p=0 barg pipe = horizontal)
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Air superficial velocity 4 m/s total liquid superficial velocity 0.5 m/s
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Figure 6.69: Comparison of WASP three-phase slug body holdup experimental data with the
predictions by the correlation of Gomez ez al. (2000) (U, s=4 m/s, Uy = 0.5 m/s,
p=>5 barg, pipe = horizontal)
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Figure 6.70: Comparison of WASP three-phase average slug length data with the predictions
from the correlations of Brill ef al. (1979), Norris (1982) and Scott ef al. (1986) (U, s=4 m/s,
ULs= 0.6 m/s, p=0 barg pipe = horizontal)
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Figure 6.71: Comparison of WASP three-phase average slug length data with the predictions
from the correlations of Brill e al. (1979), Norris (1982) and Scott ez al. (1986) (U, s= 6 m/s,
ULs= 0.5 m/s, p=0 barg pipe = horizontal)

Air superficial velocity 4 m/s total liquid superficial velocity 0.5 m/s
pressure 0 barg pipe horizontal

s,
mam—f A

o
o N
Z_
*
[He
.|
.

&

e
n

Ratio of slug velocity to
mixture velocity
-

0 0.2 0.4 0.6 0.8 1
Input water fraction in the liquid (IWFIL)

I & Measured —1—Co=1.2 —ll—Co=1.3 I

Figure 6.72: Comparison of WASP three-phase Co ratio experimental data with the predictions
by the expression of Bendiksen (1984) (U, s=4 m/s, Uy s= 0.5 m/s, p= 0 barg pipe = horizontal)
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Figure 6.74: Slug flow in a moving coordinate system
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Figure 6.75: Initial conditions for slug tail simulation
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Figure 6.76:The Geometry of the Computational Domain
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Figure 6.77: The Mesh of the Computational Domain
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Figure 6.78: Gas-Liquid Phase Distribution for Horizontal Air-Oil-Water Slug Flow (Mixture
Velocity 4.0 m/s Time: 1.0 s Water cut 40 %)
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Figure 6.79: Gas Phase Distribution for Horizontal Air-Oil-Water
Shug Flow (Mixture Velocity 4.0 m/s Time: 2.0 s Water-cut 40%) -

282



.0000E+00
.3333E-01
.6667E-01
.0000CE-0O1
.3333E-01
.6667E-01
.0000E+00

1
8
6
S
3
1
0

Figure 6.80: Gas Phase Distribution for Horizontal Air-Oil-Water Slug Flow
(Mixture Velocity 4.0 m/s Time: 3.0 s. Water-cut 40 %)
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Figure 6.81: Gas-Liquid Phase Distribution for Horizontal Air-Qil-Water Slug Flow (Mixture
Velocity 4.0 m/s Time: 3.0 s Water-Cut 0%)
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Figure 6.82: Gas-Liquid Phase Distribution for Horizontal Air-Oil-Water Slug Flow (Mixture
Velocity 4.0 m/s Time: 3.0 s Water-Cut 20%)

285



.0000E+00
.3333E-01
.6667E-01
.0000E-0O1
.3333E-01
.6667E-01
.0000E+00

1
8
)
E s
3
1
o]

Figure 6.83: Gas-Liquid Phase Distribution for Horizontal Air-Oil-Water Slug Flow (Mixture
Velocity 4.0 m/s Time: 3.0 s Water-Cut 40%)
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Figure 6.84: Gas-Liquid Phase Distribution for Horizontal Air-Oil-Water Slug Flow (Mixture
Velocity 4.0 m/s Time: 3.0 s Water-Cut 55%)
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Figure 6.85: Gés-Liquid Phase Distribation for Horizontal Air-Oil-Water Slug Flow (Mixture
Velocity 4.0 m/s Time: 3.0 s Water-Cut 70%) .
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Figure 6.86: Gas-Liquid Phase Distribution for Horizontal Air-Oil-Water Slug Flow (Mixture
Velocity 4.0 m/s Time: 3.0 s Water-Cut 100%)
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Air superficial velocity 4 m/s total liquid superficial velocity 0.5 m/s
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Figure 6.87: Comparison of WASP ratio of translational velocity to mixture velocity with the
predictions by the CFX code (U, s= 4 m/s, U s= 0.5 m/s, p= 0 barg, pipe = horizontal)
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Chapter 7

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE
WORK

The work that was carried out in the course of this thesis is summarised and
conclusions made. In addition to this, recommendations for future work are put

forward.

7.1 CONCLUSIONS

7.1.1 Steady state results

Three-phase air-oil-water flow data were obtained on pressure gradient and hold-up
for a wide range of flow conditions, pipe configurations and system pressures. The-
effect of the air superficial velocity and the liquid superficial velocity on the position

of the peak on the pressure gradient versus water-cut plot was investigated.

The experimental results showed that the air superficial velocity had a significant
effect on the position of the pressure gradient peak. Increasing the air superficial
velocity (holding all other factors constant) leads to a decrease in the water-cut at

which the peak in the measured pressure gradient occurs.

Peaks were observed in both the measured pressure gradient and the total liquid
holdup, when these parameters were plotted against the water-cut. The data are in
good agreement with those of Pan (1996) for the range of conditions he covered.
However, the present data greatly extend this range, particularly in the case of oil

superficial velocity.
New data on three-phase air-oil water slug flow characteristics were obtained. The
data showed the significant effect the water-cut and thus the apparent liquid viscosity

had on these characteristics.

Experimental data on slug frequency revealed that the slug frequency for oil-

continuous flows exceeded those measured in water-continuous flows for the same set
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of conditions. Under some sets of conditions, the slug frequency exhibited the same

trends as observed in the pressure gradient (a peak in the phase inversion region)

Unique data on the slug body holdup in three-phase air-oil-water flow were presented
and these showed that the water-cut has a significant effect on the slug body holdup,
particularly for water-cuts in the phase inversion region. The results of the average

liquid film holdup showed significant increases in the phase inversion region.

By cross-correlating the signals from two dual-energy gamma densitometers, it was
possible to obtain data on slug translational velocities in three-phase air-oil-water slug
flow. Experimental data on the ratio of the slug velocity to the mixture velocity
showed that its value was a strong function of the water-cut, with maximum values of

as high as 2 observed in the phase inversion region.

The cross-correlation procedure also revealed slug lengths for three-phase air-oil-
water flow. The slug lengths in water-continuous flows were found to be greater than

those for oil-continuous flows for the same set of conditions.

7.1.2 Flow Patterns and Flow Pattern Maps

Flow pattern data obtained from three-phase air-oil-water experiments carried out
under various flow conditions, system pressures and pipeline inclinations were

presented.

The data revealed that the system pressure had strong effects on the transition lines
between various flow regimes. It was observed that increasing the system pressure
decreased the air superficial velocity at which the stratified/slug and slug/ annular

transitions took place for both horizontal and inclined flows.

The pipe inclination was shown to have a profound influence on the flow pattern map.
When the pipeline inclination was changed from 0° (horizontal) to —1.5°, the area of
the flow pattern map occupied by the stratified flow regime increased drastically at

the expense of the slug flow regime.
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A comparison of the horizontal flow pattern data from this work with the horizontal
flow pattern map of Acikgoz et al. (1992) revealed that this map was not applicable.
The reason for this was attributed to the fact that the map of Acikgoz et al was

derived from a different pipe diameter, utilising an oil of a different viscosity.

When the flow pattern data from this work was compared with the horizontal flow
pattern map of Pan (1996), there was good agreement as most of the flow patterns fell
in the designated area of Pan’s flow pattern map. The reason for the improved
performance was because the same facilities and fluids were used in both cases.
However, the map could be extended to the higher oil superficial velocity used in the

current work.

7.1.3 Comparisons with empirical correlations

The experimental data on pressure gradient, liquid holdup and slug parameters
obtained for horizontal flows was tested against existing two-phase gas-liquid

correlations. A new viscosity model was derived for the combined liquid phase.

For pressure drop prediction, it was found that the correlations of Dukler et al. (1964)
and Schlichting (1970) showed the closest match with the experimental data while the

correlation of Chisholm (1967) showed the largest errors.

The measured total liquid holdup was compared with the empirical correlations of
Lockhart and Martinelli (1949), Guzhov et al. (1967), Beggs and Brill (1973) and
Minami and Brill (1987). Comparisons showed that the correlations of Beggs and
Brill (1973) and Guzhov et al. (1967) failed to predict the influence of the water-cut
on the total liquid holdup. Although the correlations of Lockhart and Martinelli
(1949) and Minami and Brill (1987) accounted for the influence of the viscosity on
the total liquid holdup, there was a tendency for these correlations to over-predict the

experimental data.
The slug frequency data were compared against a number of existing gas-liquid slug

frequency correlations. The correlations of Gregory and Scott (1969) and Heywood

and Richardson (1979) failed to account for the influence of the liquid viscosity on the
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slug frequency. Although the correlations of Hill and Wood (1990), Tronconi (1990)
and Manolis (1995) account for the influence of the liquid viscosity on the slug
frequency, the correlations significantly over-predicted the slug frequency in the
phase inversion region. The correlation of Hill and Wood (1990) came closest in

predicting the trend in the slug frequency with water-cut.

Likewise, in the case of the slug body hold-up prediction, none of the existing gas-
liquid correlations (Gregory et al., 1978, Ferschneider, 1983, and Malnes, 1983) with
the exception of Gomez et al. (2000) account for the influence of the liquid viscosity
on the slug body holdup. All the correlations, predict a constant slug body holdup
with increasing water-cut contrary to the experimental data and contrary to the results
of Manolis (1995) and Nadler and Mewes (1995) for gas-liquid flow, which showed
the significant effects of the liquid viscosity on the slug body hold-up.

7.1.4 Comparisons with Phenomenological models

The experimental data was compared with two phenomenological slug models
Bonnecaze et al (1971) and a modified version of the Taitel and Barnea (1990). The
comparisons showed that the Bonnecaze model significantly over-predicts the data,
whereas the modified Taitel and Barnea model gives a more reasonable prediction of

the data.

7.1.5 Comparisons with CFD code

Using the dam break model developed by Hope (1990) and following up on the work
of Pan (1990), slug tails in three-phase air-oil-water flow were modelled. The work
focused on investigating the effect of the water-cut on the ratio of slug to mixture
velocity. Results from the CFD simulations using CFX 4.2, a commercially available
code, were presented and compared with the experimental data. The CFX code
predicted a significant increase in the velocity ratio near the phase inversion, in

agreement with the experimental data.
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7.2 FUTURE WORK

In the light of the work that has been carried out, there is room for future work to be

carried out along the areas outlined

7.2.1 Steady state flows

(1) The phase inversion water-cut was correlated here with the air superficial velocity.
The effects of liquid velocity and pressure appeared to be small. However, it is
recommended that the data be extended to obtain a correlation for the effects of

these and other parameters.

(2) Although data on slug parameters such as slug velocity and slug length were
obtained in thrée-phase air-oil-water slug flow, the acquisition frequency of the
gamma densitometer (25 Hz) limited the mixture velocities that could be used. It
is recommended that a higher frequency gamma densitometer be employed for
tracking the slugs to obtain slug characteristics over a wider range of flow

conditions.

(3) The Taitel and Barnea model was modified and compared to the experimental data
with good results. However, the model makes use of closure laws, which have
been found to be inadequate for three-phase flow. It is recommended that

improved closure laws be developed and used.

(4) It is recommended that further experiments be carried out to develop three-phase

air-oil-water correlations for slug body holdup and slug length.

7.2.2 CFD Study

Slug tails for three-phase air-oil-water flows have been successfully modelled using
CFD. These simulations however, were carried out for fully dispersed slug flow,

which is a reasonable assumption, for the data presented in this thesis. It is
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recommended that the model be extended to those flow conditions where separation

takes place within the liquid layer.
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Flow Pattern Terminology

Dispersed Stratified Smooth Flow
Dispersed Stratified Wavy Flow
Dispersed Water-Continuous Slug Flow

- Dispersed Water-Continuous Stratifying-Annular Flow

Dispersed Oil-Continuous Slug Flow

Dispersed Oil-Continuous Annular Flow
Separated Dispersed Oil-Continuous Slug Flow
Separated Dispersed Water-Continuous Slug Flow
Dispersed Oil-Continuous Stratifying Annular flow
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Appendix B:

Definition of Statistical Errors

A number of statistical parameters have been used to assess the performance of the

correlations and these are explained here.

The Average Relative Error (ARE) is defined by the expression (B1) and gives an
indication of whether the correlation over-predicts or under-predicts the entire data
set.

N — s
arp= L3 AM,
NS M,

1

B1)

Where P; is the predicted parameter for instance pressure gradient and M; is the

measured parameter

The drawback of using the Average Relative Error alone, is that the under-prediction

and over-prediction of some of the data may cancel out, resulting in a deceptively

smaller value in the average error. Use of the Average Relative Absolute Error

(ARAE) eliminates this:

|7 - M|
M.

I

1 N
ARAE=7V—Z

i=]

(B2)

The Standard Deviation SD1 indicates the scatter of the data around the average

relative error and is defined by:

Sp1=1>" "N_l " (B3)

The above-mentioned statistical parameters are based on the relative error instead of
the absolute error. This makes the error dependent on the magnitude of the

measurements. To avoid this, another set of statistical parameters have been used:
Average Error (AE)
1 N
AEzﬁZP,. -M, (B4)

i=1
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Average Absolute Error (AAE), which is defined by the expression:
1 N
AAE=—3"|P, - M| (BS)
N3
And the standard deviation (SD2) based on the error is defined by:

D7 < ‘/i (7 - 1\;-); AE 6

i=l

@
wor W
Lta¥e
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