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ABSTRACT

Valves are widely used in transportation systems for various reasons. In oil and gas pipelines, they

regulate the flow rates or pressures to meet facility requirements or ensure safe transportation. However,

their effect on multiphase flow behavior is still not well understood. A major purpose of this study is to

systematically investigate the choking effect on downstream multiphase flow behaviors for three-phase slug

flow. To achieve this goal, a flow loop consisting of a 43-ft long horizontal pipe with a 2.067-in. inner

diameter was constructed, with a 2-in. ball valve installed at the inlet of the test section. Flow patterns,

phase distributions, and pressure drop were measured at the test section 123 pipe diameters downstream of

the valve. The instrumentation includes a high-speed camera, an Electrical Capacitance Volume

Tomography system for phase distribution monitoring, and differential pressure transducers for pressure

drop measurements in the test section and across the valve. A total of 67 tests for oil-water two-phase flow

and 106 tests for gas-oil-water three-phase slug flow were conducted to systematically investigate the effects

of the inlet choke opening, water cut, gas, and liquid superficial velocities on the downstream fluid flow

behaviors.

Based on the experimental observations, new models were proposed for oil-water and gas-oil-water flows

in horizontal pipes, respectively. The model for oil-water flow focuses on semi-dispersed flow that

demonstrates a dispersion layer on top with a free water layer at the bottom. The model for gas-oil-water

three-phase flow focuses on slug flow, in which the slug body and film region demonstrates some

stratifications in the liquid phase. Parametric studies show that the new three-phase slug flow model

captures well the effects of choking opening, water cut, liquid and gas flow rates on the pressure gradient.

Both models outperform other existing models.

In summary, this study provides valuable insights into how an inlet choke affects the downstream fluid

flow behavior for oil-water two-phase and gas-oil-water three-phase flows in horizontal pipes at different

flowing conditions. It also offers two new hydraulic models for predicting phase holdup and pressure

gradient with a focus on flow patterns that lack deep understanding.
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CHAPTER 1

INTRODUCTION

Valves are typical restrictions that are widely used in the oil and gas industry, especially for

transportation pipelines. Their ubiquitous applications are primarily due to the necessity to control the


ow rates or pressures to meet facility requirements or ensure safe transportation. Their presence can

signi�cantly a�ect 
uid 
ow behaviors, particularly in the case of multi-phase 
ow. Gas-oil-water

three-phase 
ow frequently occurs with the maturity of an oil �eld since water production is almost

inevitable. This is even more common in o�shore scenarios because of the limited space to accommodate

all the necessary facilities for a complete separation. Therefore, understanding the e�ects of choke on the

downstream 
uid 
ow behaviors is of great signi�cance.

Though liquid-liquid and gas-liquid two-phase 
ows have been extensively studied, gas-liquid-liquid

three-phase 
ow is still not well understood. In particular, the in
uence of choke on downstream 
uid 
ow

behaviors is rarely investigated. One of the major objectives of this study is to understand the e�ects of

choke openings on the downstream 
ow behaviors in three-phase 
ow. Our focused 
ow pattern is

three-phase slug 
ow due to its complexity and lack of studies. To achieve this goal, a 
ow loop with a 43-ft

long horizontal test section was built in the laboratory to carry out experimental studies. A 2-in. nominal

ball valve was installed at the inlet to examine the e�ects of choke openings on downstream 
ow behaviors.

Gas-oil-water three-phase 
ow experimental work was conducted at various inlet choke openings, water

cuts, and 
ow rates. Additionally, respective oil-water two-phase 
ow experiments were conducted to

better understand their relationships with the gas-oil-water three-phase 
ow. Moreover, existing hydraulic

models were evaluated, and new models were proposed based on the �ndings of the experimental work.

The structure of this thesis is: Chapter 1 provides an overview of the background, goals, and thesis

structure. Chapter 2 presents literature review related to the topic of this thesis. The current progress of

three-phase 
ow studies in horizontal pipes is also reviewed, including experimental studies and modeling

studies. Chapter 3 outlines the objectives and tasks. Chapter 4 focuses on introducing experimental

facilities and analyzing our experimental results of oil-water two-phase and gas-oil-water three-phase 
ows.

Various inlet choke openings are a major consideration in those experimental studies. Chapter 5 discusses

new model development and model evaluation. Lastly, in Chapter 6, the key �ndings are summarized and

recommendations for future studies are brie
y presented.
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CHAPTER 2

LITERATURE REVIEW

This chapter provides a literature review in terms of experimental studies on three-phase 
ow,

experimental studies on 
uid 
ow in pipes with restrictions, gas-liquid two-phase slug 
ow modeling, and

gas-oil-water three-phase 
ow hydraulic modeling in horizontal pipelines.

2.1 Previous Experimental Studies on Three-phase Flow in Horizontal Pipes

In this section, previous experimental studies centering on 
ow patterns, liquid holdup, and pressure

drop of three-phase 
ow in horizontal pipelines are reviewed.

2.1.1 Flow Pattern

This subsection reviews the reported 
ow patterns in gas-liquid-liquid three-phase 
ow, with a focus on

how 
ow pattern is de�ned in this context. Critical studies are reviewed in the following.

Acikg•oz et al. (1992) conducted experiments in 19 mm inner diameter plexiglass tubes and

systematically investigated the 
ow regimes of three-phase 
ow in horizontal pipelines by varying both the

super�cial water and air velocities at a constant super�cial oil velocity. The used super�cial water velocity

ranges from 0.4 to 60 cm/s, and the range of super�cial gas velocity is 14.22-5000 cm/s. They

discriminated plug 
ow from slug 
ow by the driving phase (it is plug 
ow if the liquid is the driving

phase, and it is slug 
ow if the gas is the driving phase) in classifying the 
ow patterns. The nomination

rule for the 
ow pattern begins with the base phase (the phase with the largest volume fraction) followed

by the liquid-liquid 
ow pattern and then the gas-liquid mixture 
ow pattern, though the rule was not

explicitly introduced. It's worth mentioning that a free water layer is present at the bottom of the pipe for


ow-pattern numbers 3, 4, 5, and 6 (Figure 2.1), which still fall into the oil-based 
ow patterns. This

means that the oil-based and water-based 
ow pattern is not di�erentiated based on whether oil or water is

the continuous phase. In summary, they classi�ed six oil-based 
ow patterns (1-dispersed plug 
ow,

2-dispersed slug 
ow, 3-dispersed strati�ed/wavy 
ow, 4-separated strati�ed/wavy 
ow, 5-separated wavy

stratifying-annular 
ow, and 6-separated/dispersed stratifying-annular 
ow) and four water-based 
ow

patterns (7-dispersed slug 
ow, 8-dispersed strati�ed/wavy 
ow, 9-separated/dispersed incipient

stratifying-annular 
ow, and 10-dispersed stratifying-annular 
ow), as shown by Figure 2.1. Note, j a , j o,

and j w denote super�cial velocities for air, oil, and water, respectively.
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Figure 2.1 Flow pattern map for three-phase 
ow at a super�cial oil velocity of 9.0 cm/s in a horizontal
pipe (Acikg•oz et al., 1992).

Lee et al. (1993) conducted experimental work to observe 
ow patterns for water-oil-carbon dioxide

three-phase 
ow in a 10 cm inner diameter horizontal plexiglass pipeline. The liquid and gas velocity

ranges are 0.05-2 m/s and 0.5-15 m/s, respectively. For gas-oil-water three-phase 
ow, they de�ned in a

similar way as those observed in gas-liquid two-phase 
ow and identi�ed seven 
ow patterns, including

smooth strati�ed, wavy strati�ed, rolling wave, plug 
ow, slug 
ow, pseudo slug, and annular 
ow. They

also mentioned that those 
ow patterns are combinations of 
ow patterns in gas-liquid and oil-water

two-phase 
ow.

With regard to slug 
ow, they pointed out that the oil 
ows above water at low gas and low liquid 
ow

rates. However, oil-in-water mixture forms when either the gas or liquid 
ow rate is increased. The mixture

is not homogeneous with more oil close to the top of the pipe and more water settling down to the pipe

bottom. But, the liquid mixture will be well-mixed at high gas velocity.

Pan (1996) measured three-phase 
ow patterns and found a major drawback of the name rule used by

Acikg•oz et al. (1992) in cases where oil and water 
owed separately, and the 
ow pattern could not be

named as either oil-based or water-based. As such, he introduced a new three-part naming convention to

classify three-phase 
ow patterns. The �rst component of the name depicts the relationship between oil

and water, the second component identi�es the continuous phase in the liquid mixture, and the third

component represents the 
ow pattern of air-liquid. It is noteworthy that the continuous phase is not

included in the name when the oil-water demonstrates a separated 
ow. He conducted experimental work

in a horizontal or 1-degree upward 3-in. steel pipeline. The testing 
uids are Shell Tellus 22 oil, tap water,
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and air. The super�cial velocities for air, oil, and water are 0-25.87, 0-0.565, and 0-0.615 m/s, respectively.

He observed eight 
ow patterns, including separated strati�ed (SSt), dispersed oil continuous strati�ed

(DOSt), dispersed water continuous strati�ed (DWSt), separated slug 
ow (SSl), dispersed water

continuous slug 
ow (DWSl), dispersed oil continuous slug 
ow (DOSl), dispersed oil continuous annular

(DOA), and dispersed water continuous annular (DWA).

Spedding et al. (2005) conducted three-phase 
ow experiments in both 0.0259 m and 0.0501 m inner

diameter horizontal pipelines. The testing 
uids are Oil, water, and air. They �rst divided the 
ow

patterns into either oil-dominated (Figure 2.2) or water-dominated (Figure 2.3). Then, they used strati�ed,

intermittent, and annular to further classify the three-phase 
ow patterns. Though they did not explicitly

introduce the 
ow pattern designation rule, it seems to start with gas-liquid 
ow patterns followed by

liquid-liquid 
ow patterns after the discrimination between oil-dominated and water-dominated ones. They

sketched 22 
ow patterns, as shown in Figure 2.2, Figure 2.3, and listed in Figure 2.4, but only observed

six of them in their experiments based on their reported 
ow pattern map.

Figure 2.2 Oil-dominated 
ow patterns in three-phase horizontal pipe 
ow adapted from Spedding et al.
(2005).

Wegmann et al. (2007) captured 
ow patterns of three-phase pipe 
ow for two distinctive pipe inner

diameters (5.6 and 7mm) by high-speed photography. The testing 
uids are para�n oil, deionized water,

and air. They blended a 
uorescence dye into the water phase and employed a laser-induced 
uorescence to

light the pipe for photography. They explicitly de�ned their 
ow patterns based on a two-part rule, with

the �rst part describing the liquid-liquid 
ow and the second part depicting the gas-liquid 
ow. They

observed six 
ow patterns, namely, strati�ed-intermittent, annular-intermittent, intermittent-dispersed,
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intermittent-intermittent, dispersed-intermittent, and dispersed-annular. Additionally, they found that a

reduced pipe size altered the 
ow pattern map and the transition boundaries.

Figure 2.3 Water-dominated 
ow patterns in three-phase horizontal pipe 
ow adapted from Spedding et al.
(2005).

Figure 2.4 Flow patterns for three-phase horizontal pipe 
ow (Spedding et al., 2005).

Keskin et al. (2007) proposed to nominate the three-phase 
ow pattern starting with gas-liquid 
ow

patterns followed by oil-water 
ow patterns. They argued that simpli�ed 
ow patterns should be used to

avoid any impractical combinations of gas-liquid and oil-water 
ow patterns. They simpli�ed oil-water 
ow
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patterns into strati�ed, dual continuous, water continuous, and oil continuous, and gas-liquid 
ow patterns

into strati�ed, intermittent, annular, and dispersed bubble 
ow. Finally, they came up with twelve 
ow

patterns for three-phase 
ow. Additionally, they experimentally examined three-phase 
ow patterns in a

horizontal pipeline of 0.0508m inner diameter with mineral oil, tap water, air, and a high-speed camera.

The super�cial velocity ranges for air, oil, and water are 0.1-7.0, 0.02-1.5, and 0.01-1.0m/s, respectively.

They observed eight 
ow patterns for three-phase 
ow in the horizontal pipeline with the absence of

annular and dispersed bubble 
ow for gas-liquid 
ow. Six observed 
ow patterns are shown in Figure 2.5,

namely, strati�ed-strati�ed (ST-ST), strati�ed-oil continuous (ST-OC), strati�ed-dual continuous

(ST-DC), intermittent-strati�ed (IN-ST), intermittent-oil continuous (IN-OC), and intermittent-dual

continuous (IN-DC). The other two 
ow patterns are strati�ed-water continuous(ST-WC) and

intermittent-water continuous (IN-WC) which were observed at a water cut equal to 50% or higher. The

corresponding 
ow regime map is not listed here for simplicity.

Figure 2.5 Flow pattern map at a water cut of 40% for three-phase 
ow in a 0.0508 m inner diameter
horizontal pipe (Keskin et al., 2007).

Bannwart et al. (2009) investigated gas-oil-water 
ow patterns in a 2.84 cm inner diameter steel

horizontal pipeline with viscous crude oil, and identi�ed nine 
ow patterns, as shown in Figure 2.6. They

de�ned 
ow patterns starting with the gas-water 
ow patterns followed by the oil-water 
ow patterns.

Since a major motivation of their study is to investigate heavy oil transportation under core-annular 
ow

conditions, almost all observed 
ow patterns are water continuous.

Wang et al. (2013) investigated the three-phase 
ow using natural gas and viscous oil in a horizontal

pipeline. They adopted a two-part combined nomination rule describing the gas-liquid followed by
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liquid-liquid interactions. In particular, they further sub-classi�ed the intermittent 
ow pattern into INT

(O/W-S & SOW-F) as shown by Figure 2.7, INT (O/W-S & O/W-F), and INT (W/O-S & W/O-F) based

on the phase distribution both in the slug and �lm regions. The �rst one denotes an oil-in-water dispersion

in the slug body and oil-water strati�ed 
ow in the �lm region. The second one represents oil-in-water

dispersion in both regions. The last one indicates a water-in-oil dispersion in both regions. All those three


ow patterns have a thick oil �lm in the �lm region.

Figure 2.6 Viscous crude oil-water-gas 
ow patterns (Bannwart et al., 2009).

Kee (2014) used a high-speed camera to observe the 
ow pattern of three-phase 
ow in a 4-in. inner

diameter horizontal PVC pipeline. The testing 
uids are para�nic oil, 1 wt.% NaCl water, and carbon

dioxide as the gas phase. The super�cial velocity ranges for the liquid mixture and gas are 0.2-1.5 and 1-45

m/s, respectively. The water cut is 1-20%. The author identi�ed �ve oil-continuous 
ow patterns in a

horizontal pipe, namely strati�ed 
ow, elongated bubble (i.e., plug 
ow), slug 
ow with a strati�ed liquid

layer in the �lm region, wavy annular 
ow, and annular-mist 
ow. These 
ow patterns are de�ned similarly
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to gas-liquid 
ow patterns. However, it should be noted that both strati�ed and elongated-bubble 
ows are

not truly oil-continuous as the author claimed, given the presence of a free water layer at the pipe bottom

as shown in the author's 
ow pattern sketch.

Figure 2.7 INT (O/W-S & SOW-F) 
ow pattern in three-phase horizontal pipeline 
ow. (a) slug body
region, (b) liquid �lm region (Wang et al., 2013).

Husein et al. (2021) systematically examined the waxy crude oil-water-air three-phase 
ow patterns in

a 0.041m inner diameter horizontal pipeline. They de�ned the three-phase 
ow pattern with a combination

of gas-oil and oil-water 
ow patterns and identi�ed eight 
ow patterns, shown in Figure 2.8.

Figure 2.8 Waxy crude oil-water-gas 
ow pattern map in horizontal pipelines (Husein et al., 2021).

In summary, the 
ow pattern of gas-liquid-liquid three-phase 
ow is much more complicated than

gas-liquid or liquid-liquid two-phase 
ow. Generally, gas-liquid-liquid 
ow shows the same 
ow patterns as

in gas-liquid 
ow if the 
ow pattern of the liquid-liquid phase in three-phase 
ow is not considered. Indeed,

some researchers did de�ne the 
ow pattern of gas-liquid-liquid three-phase 
ow in almost the same way as

that for gas-liquid two-phase 
ow (Lee et al., 1993; Kee, 2014). Nevertheless, the available literature

suggests that most studies use a two-part or three-part nomination rule. The former is to combine the 
ow
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patterns of liquid-liquid 
ow with those of gas-liquid 
ow to characterize three-phase 
ow patterns (Pan,

1996; Wegmann et al., 2007; Keskin et al., 2007; Bannwart et al., 2009; Husein et al., 2021). The latter

follows the same rule as that for the two-part one but with an additional part to de�ne the continuous

phase for the liquid-liquid mixture (Acikg•oz et al.,1992; Spedding et al., 2005). It is worth pointing out

that most of the aforementioned literature uses low-viscosity oils while few studies (Bannwart et al., 2009;

Wang et al., 2013) deal with viscous oil 
ow. Wang et al. (2013) additionally depicted the liquid-liquid

dispersion states in both the slug region and the �lm region for three-phase slug 
ow.

2.1.2 Liquid Holdup and Pressure Gradient

Liquid holdup and pressure drop are two crucial parameters in multiphase 
ow, and they are closely

related to many factors, such as pipe geometry, system pressure, super�cial velocities, water cut, and 
uid

properties. This subsection reviews the e�ects of these factors on both liquid holdup and pressure gradient

in three-phase 
ow.

2.1.2.1 Liquid Holdup

Liquid holdup in horizontal pipe 
ow is primarily a�ected by super�cial velocity, liquid viscosity, and

pipe friction (Husein et al., 2021). Other factors, including system pressure and water cut, can also have an

impact on the liquid holdup. This part reviews the e�ects of super�cial velocity, system pressure, and

water cut on liquid holdup.

E�ect of super�cial velocity

In general, liquid holdup decreases with increased super�cial gas velocity but increases with a growing

super�cial liquid velocity (Husein et al., 2021), shown by Figure 2.9. The highest liquid holdup was

observed at the highest super�cial liquid velocity and the lowest super�cial gas velocity when the 
ow

pattern was dispersed bubble-oil continuous 
ow. The lowest liquid holdup was observed at slug-oil

continuous 
ow pattern, where super�cial gas velocity was high and super�cial liquid velocity was low.

E�ect of system pressure

System pressure is believed to greatly in
uence the gas phase density and thus can a�ect liquid holdup

(Pan, 1995). Pan (1995) observed a smaller liquid holdup at a higher system pressure. He measured liquid

holdups for various water cuts at a super�cial gas velocity of 2 m/s and a super�cial oil velocity of 0.1 m/s.

the liquid holdup is higher for the case at a 0 bar pressure than that of a pressure of 10 bar. It is worth

mentioning that the 
ow pattern also changed with increasing system pressure. The 
ow pattern changed

from DOSl to DWSl with the water cut increase at a 0 bar system pressure, while it was SSt for all the

tested water cuts at a 10 bar system pressure.

9



Figure 2.9 Liquid holdup of waxy crude oil-water-gas 
ow in horizontal pipelines (Husein et al., 2021).

E�ect of water cut

Pan (1995) investigated the e�ect of water cut on liquid holdup in gas-oil-water three-phase 
ow in

both horizontal and one-degree upward inclined pipelines. We only reviewed the results for horizontal slug


ow at atmospheric pressure conditions, which are more relevant to the current study. He measured the

liquid holdup as a function of water cut at di�erent super�cial gas velocities and a �xed super�cial oil

velocity using a dual-energy gamma densitometer system. He concluded that the water holdup �rst

increased, then dropped at the inversion point, and increased again with a further increase of the water

cut. By contrast, the oil holdup had a continuously decreasing trend with the water cut. The decrease was

gradual at lower water cuts before the inversion point and became much faster close to the inversion

region. As such, the total liquid holdup �rst increased with the water cut until reaching a peak, then

dropped to a minimum, and slightly increased with a further water cut increase. He believed the �rst

increase was due to the growing viscosity with the water cut in the oil continuous region before the

inversion point, and the second increase was because of the elevated water 
ow rate. In addition, the total

liquid holdup decreased with an increased gas 
ow rate, and the peak of the total liquid holdup slightly

moved to a higher water cut at a higher gas 
ow rate.

Wang et al. (2013) examined the e�ect of water cut on viscous oil-water-natural gas 
ow in a 5.25 cm

ID horizontal pipeline. The used mineral oil has a viscosity of 0.15 Pa� s at 37.8°C, and a surface tension

of 35.75 mN/m at 19.8 °C. The dominant 
ow pattern is slug 
ow with oil dispersed in water both in the

slug and �lm regions. The oil holdup showed a decreasing trend with increasing the water cut, while the

water holdup increased with the water cut (Figure 2.10).
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Figure 2.10 Measured oil holdup (left) and water holdup (right) as a function of the input water cut in
gas-oil-water three-phase slug 
ow (Wang et al., 2013).

2.1.2.2 Pressure Gradient

The pressure gradient of horizontal pipe 
ow is mainly in
uenced by the 
ow pattern, 
ow rates, and


uid properties (Husein et al., 2021). Regarding the 
ow pattern, it is generally accepted that pressure

gradient increases with 
ow pattern transition from strati�ed to intermittent, to dispersed bubble, and to

annular 
ow. Note, the 
ow pattern is also in
uenced by the 
ow rates and 
uid properties. Pipe diameter

can also impact the pressure gradient when the other 
ow conditions are the same. The following reviews

the e�ects of pipe diameter, super�cial velocities, and input water cut on the pressure gradient.

E�ect of the pipe diameter

Spedding et al. (2008) measured the pressure gradient of gas-oil-water three-phase 
ow in 0.0259 and

0.0501 m inner diameter horizontal pipelines. They observed an increase in pressure gradient with a

decreased pipe diameter. Despite using an oil with a smaller viscosity (12.2 mPa� s) for the 
uid 
ow study

in the 0.0259 m inner diameter pipe, the measured pressure drop was much larger in this pipe than that

measured in a 0.0501 m inner diameter pipe 
owing with a higher viscosity (39.5 mPa� s) oil. It should be

noted that such a result is observed in strati�ed 
ow with ripple and rolling waves at a super�cial gas

velocity of 10 m/s.

E�ect of super�cial velocities

Poesio et al. (2009b) measured the pressure gradients of oil-water-gas three-phase 
ow in a 21 mm ID

horizontal pipeline with very viscous oil. The oil has a density of 886 kg=m3 and a viscosity of 1.2 Pa� s at

20� C. The super�cial gas velocity was �xed at 0.29 m/s. They concluded that the pressure gradient

increased with increasing super�cial water or oil velocity (Figure 2.11). It is worth mentioning that the

dominant 
ow pattern is core annular 
ow with elongated air bubbles, which aims to better understand its
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application to heavy oil transportation.

Al-Hadhrami (2014) conducted gas-oil-water three-phase 
ow experiments in a 2.25 cm ID horizontal

pipeline. The author studied the e�ects of super�cial liquid velocity and super�cial gas velocity on the

pressure gradient. They measured the pressure gradient by varying either super�cial gas velocity or

super�cial liquid velocity at four �xed water cuts (10%, 30%, 60%, and 90%). They concluded that

increasing either super�cial liquid or super�cial gas velocity increases the pressure gradient for a constant

water cut.

Figure 2.11 Three-phase pressure gradient as a function of super�cial water velocity (j w ) at a 0.29 m/s
super�cial gas velocity(j g) (Poesio et al., 2009b).

Figure 2.12 Pressure gradients as a function of gas to super�cial liquid velocity for three-phase slug 
ow
(Dehkordi et al., 2019a).
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Dehkordi et al. (2019a) conducted three-phase slug 
ow experiments with viscous oil in a 4 cm inside

diameter horizontal pipeline. They concluded that increasing the super�cial liquid velocity for a given

super�cial gas velocity would increase the pressure gradient. Such an increase was more dramatic for a

lower super�cial gas velocity. They believed that this was caused by a transition from the slug to plug 
ow

(Figure 2.12).

Husein et al. (2021) conducted experiments to understand the e�ect of water salinity on waxy crude

oil-water-gas three-phase 
ow in a 0.041 m inner diameter horizontal pipeline. They concluded that the

pressure gradient increases as the super�cial gas velocity increases while the super�cial liquid velocity

remains constant. Additionally, the pressure gradient is higher for a larger super�cial liquid velocity when

the super�cial gas velocity is held constant. The e�ect of super�cial gas velocity is more apparent at a

higher super�cial liquid velocity (Figure 2.13).

Figure 2.13 Pressure gradients as a function of super�cial velocities for three-phase 
ow (Husein et al.,
2021).

E�ect of input water cut

Stapelberg and Mewes (1994) measured the pressure gradient of three-phase slug 
ow in horizontal

pipelines. They observed that the pressure gradient had a two-region characteristic. In the �rst region for a

lower super�cial gas velocity, the pressure gradient of three-phase 
ow lay in between those of gas-oil and

gas-water 
ows. It increased with oil fraction for a �xed super�cial gas velocity. In contrast, the pressure

gradient for three-phase 
ow fell below the gas-water two-phase pressure gradient at higher super�cial gas

velocities. They also concluded that the pressure gradients in this region were independent of the oil

fraction for a given liquid 
ow rate. Additionally, it is apparent that the pressure gradient of three-phase
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ow increases with super�cial gas velocity for a constant super�cial liquid velocity (Figure 2.14).

Figure 2.14 Measured pressure gradient as a function of super�cial gas velocity at a �xed super�cial liquid
velocity of 0.244 m/s adapted from Stapelberg and Mewes (1994).

By varying the water cut at a system pressure of 0 bar, Pan (1995) observed pressure gradient peaks for

super�cial gas velocities of 2, 5.5, and 7.9 m/s with a super�cial oil velocity of 0.1 m/s. His results also

demonstrate that the pressure gradient peak slightly moves to a higher water cut for a larger super�cial gas

velocity.

Figure 2.15 Pressure drop as a function of the input water cut in the liquid (Wang et al., 2013).
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Wang et al. (2013) observed an inversion point at 20% water cut for the respective oil-water mixture of

the viscous oil-water-natural gas three-phase 
ow in a horizontal pipeline. They concluded the three-phase

pressure gradient showed an increasing trend with the water cut increment in the oil-continuous region and

reached a peak close to the inversion point. After that, the pressure gradient decreased again to a

minimum and increased again with a further water cut increase (Figure 2.15).

In summary, various e�ects on both liquid holdup and pressure gradient have been investigated for

three-phase slug 
ow in horizontal pipelines. The e�ects of pipe diameter, system pressure, super�cial

velocity, and water cut have been examined. However, it is not well studied considering that there are only

three experimental studies found in the literature (Odozi, 2000; Wang et al., 2013; Dehkordi et al., 2019a)

about three-phase slug 
ow with two of them using heavy oil (Table 2.1). In particular, none of these

studies have examined the inlet choking e�ect for three-phase slug 
ow.

In the following section, we will review studies that speci�cally address 
uid 
ow through restrictions.

2.2 Previous Studies on Horizontal Pipe Flow with Restrictions

Restrictions commonly exist in the oil and gas transportation system, and various types of valves are

employed to achieve di�erent goals. In terms of chokes, the needle and seat choke, multiple ori�ce choke,

and �xed-bean choke are typical ones that have a common feature of signi�cant pressure drop across a

short length (Kwakernaak et al., 2007). Chokes are typically mimicked by a circular ori�ce in a circular

pipe (Khor et al., 1997; Van der Zande et al., 1999; Malot et al., 2003). Various studies have been

conducted investigating their e�ects on 
uid 
ow behavior. For example, Fossen and Sch•umann (2017)

conducted experimental work to investigate the in
uence of a butter
y valve on downstream droplet size

distribution. Some studies investigated other types of valves, such as globe valve (Paolinelli et al., 2018),

gate valve (Silva et al., 2019), and ball valve (Shmueli et al., 2018 and Skjefstad et al., 2020). All those

studies fall into two categories: one aims to study the pressure drop across the restriction, and the other

mainly focuses on its e�ects on downstream 
ow behaviors including 
ow pattern, pressure drop, and

droplet size, as summarized by Table 2.2. Those are reviewed in the following sections.
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Table 2.1 Literature review of three-phase 
ow in horizontal pipelines

Authors Pipe
material

Pipe ID
(mm)

Pipe
length(m)

Super�cial
velocity(m/s)

Flow pattern Oil properties Measurement

Odozi
(2000) stainless

steel
77.92 38

VSG : 2-24
VSO : 0-0.5
VSW : 0-0.5

slug 
ow � o=45.4 mPa � s,
� o=862.66 kg=m3

Translational
velocity, slug

length, slug body
holdup

Wegmann
(2007) glass

5.6 and
7 5

VSG : 0.2-6.77
VSO :0.1-1.0
VSW : 0.04-2.0

intermittent{dispersed,
intermittent{intermittent,

strati�ed{intermittent, et al.

� o=4.2-5.24
mPa � s,

� o=817.3-820.6
kg=m3

Flow pattern

Piela et
al. (2009) acrylic 16 > 26.5 VM : 2, 3 dispersed

� o=3.10 mPa � s,
� o=794 kg=m3

Friction factor,
bubble size, gas
volume fraction

Poesio et
al.

(2009a)
glass 28 and

40
10

VSO :0.32-1.08
VSW : 0.04-0.67

VSG : 0.06-4

strati�ed-intermittent,
annular-intermittent � o=900 mPa � s

and -

Pressure drop,
bubble frequency

and velocity
Poesio et

al.
(2009b)

glass 21 9
VSO :0.03-0.7
VSW : 0.1-2.6

VSG : 0.29
annular-intermittent

� o=1200 mPa � s,
� o=886 kg=m3 Pressure drop

Spedding
et al.

(2007)
perspex 25.9 4

VSG : 4.6-23
VSL :

0.051-0.095

strati�ed +rolling wave +
dispersed,

annular+dispersed,
strati�ed +rolling wave+

strati�ed

� o=12.2 mPa � s,
� o=828.5 kg=m3

Flow pattern and
liquid holdup

Wang et
al. (2013)

stainless
steel 52.5 48.8

VSG : 1-5
VSO : 0.1-1
VSW : 0.1-1

slug 
ow
� o=150 mPa � s,
� o=884.4 kg=m3

Pressure drop
and liquid holdup

Dehkordi
et al.

(2019a)

transparent
pipe 40 12

VSG : 0.22-1.9
VSO :0.36-0.71
VSW : 1.02-2.1

slug 
ow � o=830 mPa � s,
� o=890 kg=m3

Flow pattern,
pressure drop,
slug frequency

Ren et al.
(2021)

stainless
steel 50 10

VSG :0.06-2.55
VSO : 0-0.425
VSW : 0-0.425

plug 
ow, slug 
ow and
annular 
ow

� o=28 mPa � s,
� o=841 kg=m3

Flow pattern and
water holdup

Husein et
al. (2021)

carbon
steel

41 24.3 VSG : 0.01-0.61
VSL : 0.5-3.0

slug - dual continuous, slug
- oil continuous, slug with

oil �lm-oil continuous, et al.
� o=3.015 mPa � s,
� o=838.8 kg=m3

Flow pattern,
liquid holdup and

pressure drop
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Table 2.2 Literature review of 
uid 
ow in pipes with restrictions

Authors Restriction
type

ID (mm) Inclination
angle

Flow rate
(m/s)

Oil-water type Oil property Measurement

Van der Zande
et al. (1999)

Ori�ce 4.5 or 15.25 - 0.5-5.5
n-heptane,

nVitrea 9,46,68;
tap water, DI

� o=0.4,
25,250,410

mPa � s; � o=684,
867, 877, 882

kg=m3

Drop breakup

Malot et al.
(2003)

Ori�ce 4.8 vertical 0.46-0.92 crude oil; brine � o=10.6 mPa � s;
� o=847 kg=m3

Droplet
breakup,

droplet size

Dalmazzone et
al. (2005)

Ori�ce 30 vertical 0.007 Heptane; tap
water

� o=0.45 mPa � s;
� o=684 kg=m3

Droplet
breakup,

droplet size
Fossen et al.

(2006)
Needle
valve 6.35 horizontal 0.263

Exxsol D60;
3.5wt% NaCl � o=780 kg=m3 Droplet size

Sch•umann et al.
(2016)

Static
mixer

100 horizontal 0.5-1
Primol

352+Exxsol
D80; tap water

� o=35, 60, 120
mPa � s
� o=853-866

kg=m3

Flow pattern,
phase

distribution,
DP, droplet size

Fossen and
Sch•umann

(2017)
Butter
y

valve
100 horizontal 0.18-0.71

Primol
352+Exxsol

D60; tap water
+NaOH

� o=4 mPa � s
� o= 800 kg=m3

Droplet size

Paolinelli and
Yao (2018)

Globe
valve 100 horizontal 1.1-1.6

Isopar V;
0.1wt% NaCl

� o=9 mPa � s
� o=810 kg=m3 Droplet size

Shmueli et al.
(2019)

Ball valve 69 horizontal 0.5-2 Exxsol D80; tap
water

� o=1.8 mPa � s
� o=803 kg=m3

Flow pattern,
water

distribution, DP

Silva et al.
(2019)

Gate valve 12.7 - 4.52-4.49 Mineral oil; tap
water

� o=12, 26 mPa � s
� o=865.6 kg=m3

Droplet size

Skjefstad et al.
(2020)

Ball valve 67.8 horizontal 1.38-2.31 Exxsol D60; 3.2
wt% NaCl

� o=1.6 mPa � s
� o=795.7 kg=m3

Separation
performance
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2.2.1 Studies of Fluid Flow through Restrictions

The 
ow through an ori�ce restriction can be depicted in Figure 2.16 (Vander Zande et al., 1998 and

Charlafti et al., 2021). Due to the cross-section area reduction by the restriction, the 
uid accelerates to a

maximum velocity after passing the restriction where the pressure comes to the minimum downstream.

This corresponds to a maximum pressure drop (�Pmax ) with reference to the upstream pressure. This is

also called the vena contracta with a minimum 
owing area that is smaller than the ori�ce area Perry,

2019. It is believed most of the energy is dissipated downstream around the middle zone close to the jet,

based on which the average energy dissipation rate (Equation 2.1) is derived by Van der Zande and Van

der Broek (1998). Recirculation zones also form around the wall due to the low pressure in the middle

zone. At a further position downstream of the restriction, the 
ow decelerates which comes with an

ensuing pressure recovery, based on which the permanent pressure drop (�Pperm ) can be de�ned.

Typically, pressure drop across a restriction corresponds to �Pperm at default. The pressure drop

downstream of an ori�ce restriction was measured by Galinat et al. (2005) with single-phase water 
ow,

which elaborated the pressure drop characteristics downstream of the restriction very well, as shown in

Figure 2.17. L dis is typically treated as 2.5 pipe diameter or larger. Morrison et al. (1993) conducted

experimental work to research the turbulence 
ow downstream of an ori�ce. They observed that the 
ow

reattachment occurred 5.3 pipe radii downstream of the ori�ce, and the pressure fully recovered 17 pipe

radii downstream of the ori�ce.

�� =
� Pperm Vo

� m L dis
(2.1)

Perry (1984) proposed a correlation to calculate the maximum pressure drop downstream of an ori�ce,

given in Equation 2.2. Also, the author proposed to use 1� 
 2 to account for the pressure recovery

downstream of the vena contracta which gave an equation for the permanent pressure drop in Equation

2.3. The restriction ratio ( 
 ) is de�ned as the ratio of the inner diameter corresponding to the opening area

of a restriction to that of the pipe. Galinat et al. (2005) �tted Equation 2.2 and found that the discharge

coe�cient varied between 0.8 and 0.9 for a restriction ratio of 0.5-1 and was 0.7 for a restriction ratio of

0.33 independent of the Reynolds number.

� Pmax =
1

C2
D

�V 2
p

2
(1 � 
 4)


 4 (2.2)

� Pperm = � Pmax (1 � 
 2) (2.3)
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Figure 2.16 Flow through an ori�ce restriction modi�ed from Charlafti et al. (2021).

Figure 2.17 Pressure drop downstream an ori�ce for single-phase water 
ow at a restriction ratio of 0.5 in a
3 cm ID vertical pipe (Galinat et al., 2005).

Al-Safran and Brill (2017) summarized the models to identify 
ow regimes comprising critical and

sub-critical 
ows through chokes for single-phase liquid, single-phase gas, and two-phase 
ow. Critical 
ow

for gas is a 
ow regime de�ned as the state that the 
uid velocity at the choke throat equals the respective
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velocity of sound in that 
uid at the in-situ condition. An important feature of critical 
ow is that the 
ow

rate across the choke only depends on the restriction upstream condition, i.e., the downstream disturbance

will not change the 
ow rate across the choke. By contrast, the 
ow behavior depends on both upstream

and downstream conditions of the restriction under the sub-critical condition. They also summarize some

typical empirical and theoretical models to calculate the 
ow rate at the respective regime. Equation 2.4

was documented by Al-Safran and Brill (2017) for single-phase liquid 
ow through chokes under the

sub-critical condition, which is similar to Equation 2.2 except for the restriction ratio not explicitly shown

in their equation. CD depends on the type of restriction, the ratio of the restriction diameter to the

upstream pipe diameter (
 ), and the Reynolds number with reference to the restriction diameter. They

also mentioned the equation for multi-phase 
ow under sub-critical 
ow conditions as Equation 2.5

developed by Beggs et al. (1980), which was the same as the one for single-phase liquid 
ow but with

density and velocity replaced by those of the mixture.

Q = CD Ao

s
2� P

�
(2.4)

� P =
� m V 2

mo

2C2
D

(2.5)

2.2.2 Studies of Fluid Flow Downstream of Restrictions

Choking or restriction has profound e�ects on downstream 
ow behaviors. It can change the 
ow

pattern due to excessive mixing, in
uence downstream pressure drop, induce dispersion, and further impact

the drop size. The following reviews studies related to 
uid 
ow downstream of inlet choking, with a focus

on 
ow pattern, pressure gradient, and droplet size.

2.2.2.1 Flow Pattern

Choking can signi�cantly impact the 
ow pattern downstream in a pipe. Shmueli et al. (2018) observed

that the oil-water 
ow pattern changed from strati�ed 
ow to dispersed 
ow for a 0.2 bar pressure drop

choking implemented at the inlet. This alternation was also veri�ed by measured vertical water cut pro�les

of the pipe cross-section at a downstream distance of 120 pipe diameters, which demonstrated a

homogeneous water cut pro�le for the 0.2 bar inlet mixing compared to a strati�cation of the water cut

pro�le without inlet choking.
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2.2.2.2 Pressure Drop

This part reviews studies related to inlet choking and its e�ect on downstream pressure gradient, and

some other factors including pipe diameter, mixture velocity, water cut, and oil viscosity are also reviewed.

E�ect of choking level

Sch•umann et al. (2016) used an inlet static mixer to create dispersed 
ow in a 25 m long horizontal.

They compared the measured pressure drop at a distance of 200 pipe diameters downstream of the inlet

mixer for the cases with and without the mixer and concluded that there existed a substantial pressure

increase for the water-dominated 
ow with the presence of a mixer. By contrast, the pressure drop almost

stayed constant for the oil-dominated 
ow with and without the mixer (Figure 2.18).

Figure 2.18 Comparison of downstream pressure gradient with and without inlet choking (Sch•umann et al.,
2016).

E�ect of the pipe diameter

A smaller pipe diameter induces a larger wall shear stress and thus higher pressure drop at a given 
ow

condition. Zhang and Xu (2016) studied emulsion 
ow in 25-mm. and 50-mm. inner diameter horizontal

pipes with a length of 2 meters. White mineral oil and tap water were used as the testing 
uids. A special

static mixer was installed at the pipeline inlet section to facilitate the emulsion creation. The measured

wall shear stress as well as the pressure drop are larger for the smaller pipe, as shown in Figure 2.19 and

Figure 2.20. It can also be concluded that the pressure drop is more sensitive to mixture velocity in the

smaller diameter pipe.
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Figure 2.19 Wall shear stress as a function of mixture velocity (Zhang and Xu, 2016).

Figure 2.20 Friction pressure drop of oil-water emulsions as a function of oil volume fraction and 
ow rates
at di�erent pipe diameters (Zhang and Xu, 2016).

E�ect of mixture velocity

The increase in mixture velocity generally induces a larger pressure drop for the emulsion 
ow (Zhang

and Xu, 2016). The pressure increase was sharper for the higher mixture velocity, as shown in Figure 2.21.

Interestingly, Sch•umann et al. (2016) found that the mixture velocities did not signi�cantly change the

pressure gradient for water cuts between 50% and 80%, which was of great practical signi�cance in terms of

a higher transportation liquid volume without requiring extra power input (Figure 2.22). However, they

also pointed out that measurements at various choking levels were necessary to further verify that the

similarity in pressure drop was not caused by coincidence.
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Figure 2.21 Pressure drop as a function of the oil volume fraction in emulsion pipe 
ow (Zhang and Xu,
2016).

E�ect of water cut

Zhang and Xu (2016) created oil-water emulsions in the pipe with an inlet mixer and they mentioned

that the dispersion was pretty good without noticing any evident droplet strati�cation. The pressure drop

�rst increased with increasing the water cut before the inversion point and then decreased with a further

water cut increment after the inversion point. The pressure drop changed more rapidly for a lower water

cut than that for a higher water cut after the inversion. In particular, the observed phase inversion was

invariably at an 80% oil volume fraction regardless of the pipe diameter and the mixture velocity

(Figure 2.21).

Shmueli et al. (2018) examined the e�ect of water cut on the downstream pressure drop of oil-water


ow through a ball valve in a 69 mm inner diameter horizontal pipe with a length of 51 m. When no

choking was applied, they observed strati�ed 
ow at a mixture velocity of 0.5 m/s, strati�ed 
ow with a

mixing interface at 1.0 and 1.5 m/s, and dual dispersion for a mixture velocity of 2.0 m/s. However, the


ow patterns all changed to dispersed 
ow when a choking level of a 0.2 bar pressure drop was applied at

the inlet. The pressure gradient without inlet choking demonstrated a smooth increase with increasing the

water cut. Such an increase was believed to be caused by the formation of a full dispersion of the oil phase,

which was a densely packed oil droplet layer of high viscosity in the upper region of the pipe. The pressure

gradient variation with the water cut for the 0.2 bar inlet choking was related to the presence of phase

inversion. The pressure gradient increased with increasing water cut till 50%, then decreased with a further

increase thereafter. However, the pressure gradient measuring position was not reported in this study and

only one choking level was tested and compared.
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Figure 2.22 Pressure gradient 200 L/D downstream of the valve at di�erent mixture velocities (Sch•umann
et al., 2016).

E�ect of oil viscosity

Sch•umann et al. (2016) measured pressure drop downstream at a distance of 200 pipe diameters with

oil of di�erent viscosities and found that pressure gradient increased with the oil viscosity for oil continuous


ow, while the water continuous 
ow did not show a dependency in the pressure gradient for di�erent oil

viscosities (Figure 2.23).

2.2.2.3 Droplet Size

Extensive studies have been conducted to investigate the e�ect of choking levels on downstream droplet

size in oil-water two-phase 
ow. Furthermore, the e�ect of other factors including development length,

mixture velocity, and water cut on droplet size have also been reviewed.

E�ect of choking level

Pressure drop across the valve is a major droplet breakup mechanism. A higher pressure drop is

believed to induce a smaller droplet size shown by Figure 2.24 (Fossen and Sch•umann, 2017). The DSD

signi�cantly shifts towards the left, which indicates a smaller droplet size and a narrower distribution, as

shown in Figure 2.25. The authors used a 100 mm inner diameter pipe with a butter
y valve to study the

relative e�ects of 
ow rate and pressure drop across a valve on the droplet breakup process. A key �nding

is the dominant role of pressure drop across the valve compared to 
ow rate and water cut. It is worth

mentioning that only droplet size variations at 1 m downstream of the valve under di�erent 
ow conditions

were studied in their paper.
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Figure 2.23 Downstream pressure drop at 200 pipe diameters as a function of water cut at di�erent oil
viscosity (Sch•umann et al., 2016).

Figure 2.24 Comparison of the maximum droplet size as a function of pressure drop across the valve for
di�erent water cuts and 
ow rates (Fossen and Sch•umann, 2017).
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Figure 2.25 Comparison of the DSD as a function of pressure drop across the valve for di�erent water cuts
at a 
ow rate of 20 m3=h (Fossen and Sch•umann, 2017).

Paolinelli et al. (2018) measured both the volume density and cumulative volume droplet size

distribution at di�erent choking levels. They found that a higher choking level caused a smaller droplet size

downstream with a narrower volume density distribution and a steeper increase in cumulative droplet size

distribution (Figure 2.26).

Figure 2.26 Volume density droplet size distribution for various mean energy dissipation rates at a 5%
water cut (Paolinelli et al., 2018).

Skjefstad et al. (2020) investigated the inlet choking level on the separation performance of a new

separator. They measured the droplet size at the position 1 m downstream of a ball valve in a 67.8 mm

inner diameter horizontal pipeline with a length of 13 m. They observed a droplet size decrease with

increasing choking levels. Interestingly, the case without a choke gave a much smaller droplet size. They
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pointed out that most of the oil and water existed as continuous phases without choking, leading to very

small droplets entrained in the liquid. Those small droplets were not separated out during the circulation.

They believed that this was why smaller droplet sizes were observed when no choke was applied. In fact, it

is also related to the 
ow pattern and droplet sampling position. In Figure 2.27, the 
ow pattern is dual

dispersion without choking and oil-in-water dispersion with choking. The sampling position is at the

bottom indicating oil droplets are sampled for all cases. The dual dispersion case can have fewer entrained

droplets and oil droplets tend to migrate upward to the interface, which makes the bottom sampling

location give a much smaller droplet size.

Figure 2.27 Cumulative volume fraction at the respective droplet size at di�erent choking levels measured
at the bottom of the pipe (mixture velocity is 500 L/min with water cut 50%) (Skjefstad et al., 2020).

E�ect of development length

Paolinelli et al. (2018) investigated the e�ect of the development length on the droplet size evolution

downstream of a globe valve in a 0.1 m inner diameter horizontal pipe. The droplet size was measured at

both 2.1 m (21 pipe diameters) and 6.1 m (61 pipe diameters) downstream of the valve. The authors found

that the maximum droplet size (dmax and d98) did not vary much at those two positions. Nevertheless,

Sauter mean diameter (d32) showed an increase downstream. The authors believed this increment was due

to the coalescence of medium size droplets which had a high frequency. However, the mean droplet size

growth did not exceed 9%, which made the authors decide to monitor the droplet size only at 2.1 m

downstream of the valve (Figure 2.28).
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Figure 2.28 Measured droplet sizes as a function of the distance downstream the valve at di�erent pressure
drop across the valve (Paolinelli et al., 2018).

Voulgaropoulos and Angeli (2017) investigated oil-water two-phase dispersed 
ow created by an inline

mixer in a 26 mm inner diameter 4-meter-long horizontal pipeline. They used a combined method using

high-speed planar laser-induced 
uorescence and particle image velocimetry to obtain droplet size

information. Silicone oil and 52% w/w water/glycerol were used as the oil and aqueous phases. The

mixture velocity ranged from 0.2 to 0.8 m/s. They measured the droplet size at two streamwise positions,

i.e., one is 15 pipe diameters downstream of the inline mixer, and the other one is 135 pipe diameters

downstream of the inlet mixer.

They measured the droplet concentration variation along the pipe and observed a phase strati�cation

downstream of the inlet mixer. Figure 2.29 compares the droplet concentration variation of O/W and W/O

dispersed 
ow with the same dispersed volume fraction downstream of the inlet mixer at two di�erent axial

positions (15 L/D and 135 L/D). For O/W dispersed 
ow, the oil droplets tend to migrate to the top area

of the pipe cross-section, while water droplets settled down to the bottom of the pipe for W/O dispersed


ow. Big water droplet coalescence occurred downstream which induced a free water layer at the pipe

bottom. Notably, a clear water layer developed in all cases at the axial position of 135 pipe diameters.

They also pointed out that drop migration was mainly caused by gravity, lift forces, and shear-induced

di�usion. In addition, they concluded that the dispersed oil droplet size was much smaller than that of the

dispersed water droplet. They explained that this was because the oil viscosity (0.0046 Pa� s) is smaller

than the water mixture (a 52% w/w water/glycerol) viscosity (0.0084 Pa � s). The energy dissipation in the

mixer is lower when oil is the continuous phase due to a smaller friction factor.
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Figure 2.29 Planar laser-induced 
uorescence images at the two axial measuring locations for two 
ow
conditions with the scale bar of 5 mm long on the bottom image.' o is the input oil fraction
(Voulgaropoulos and Angeli, 2017).

E�ect of water cut

Paolinelli et al. (2018) compared the e�ect of di�erent water cuts on the droplet size downstream of a

globe valve. They found that a higher water cut generally induced a broader droplet size distribution. The

cumulative droplet size distribution variation was not pronounced but seemed to demonstrate a steeper

change for the lower water cut case (Figure 2.30).

The literature review of this part shows that studies concerning 
uid 
ow downstream of restrictions

mainly focus on two-phase oil-water 
ow and lack of deep understanding. Many researchers used an inlet

choke without systematically examining its e�ect on downstream 
ow behaviors.

2.3 Previous Modeling Studies on Two-phase Slug Flow

Gas-liquid two-phase slug 
ow models were used by several researchers for modeling three-phase slug


ow by treating the oil-water phase in gas-oil-water three-phase 
ow as one phase (Hall, 1992 and

Dehkordi et al., 2019b). In this case, the gas-oil-water three-phase 
ow could be simpli�ed to gas-liquid

two-phase 
ow. Three major two-phase slug 
ow models are reviewed in this section, including Dukler and

Hubbard (1975) model, Taitel and Barnea (1990) Uni�ed model, and Zhang et al. (2003) Uni�ed model.
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Figure 2.30 Volume density droplet size distribution at di�erent water cuts (Paolinelli et al., 2018).

2.3.1 Dukler and Hubbard (1975) Model

Dukler and Hubbard (1975) proposed a model to predict the pressure drop across the slug body of

gas-liquid slug 
ow in horizontal pipes. One major assumption is that the pressure drop in the gas pocket

of the �lm region is negligible. Therefore, they stated that the pressure drop across a liquid slug body

consisted of two parts as shown by Equation 2.6: pressure drop induced by the acceleration of the liquid

�lm to the velocity of the slug (Equation 2.7), and pressure drop caused by the wall friction to the slug

(Equation 2.8), as shown in Figure 2.31. Another key assumption implicitly made by the authors is that

the �lm velocity and the �lm holdup behind a slug were a function of the position from the rear of the slug

due to the deceleration in the �lm after the slug. They believed the �lm holdup decreased rapidly to a

value close toHLF E right behind the slug and further declined only slightly. HLF E denotes the liquid

holdup in the �lm region right in front of the slug. Similarly, VF E is the average velocity of the liquid �lm

just in front of a slug.

� ps = � pa + � pf (2.6)

� pa =
x
A

(VS � VF E ) (2.7)
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Figure 2.31 The physical model for horizontal slug 
ow modi�ed from Dukler and Hubbard (1975).

� pf =
f S [� L HLS + � G (1 � HLS )]V 2

S (lS � lm )
2D

(2.8)

To obtain the acceleration pressure drop � pa , the authors proposed an equation to calculate the mass

rate of pickup (x), as shown by Equation 2.9. They also proposed Equation 2.10 for the translational

velocity and suggested usingCT = 0 :021ln (ReS ) + 0 :022 for approximating the constant CT when ReS has

a range of 30000-400000.

x = � L AH LF E (VT � VF E ) (2.9)

VT = (1 + CT )VS (2.10)

They derived another important equation to relate the average liquid �lm velocity VF with the liquid

holdup in the �lm region based on liquid �lm material balance, given in Equation 2.11. Note HLF and VF

are not constant values but change with position along the 
ow direction in the �lm region.

VF = VS [1 � CT (
HLS � HLF

HLF
)] (2.11)

To �nd the pressure drop of wall friction, the authors introduced an equation (Equation 2.12) to get the

length of the mixing eddy (lm ) where sL was the speci�c weight of the liquid phase.

lm =
0:3� L (VS � VF E )2

2sL
(2.12)

The friction factor can be found by Equation 2.13 and Equation 2.14 (Hall, 1992).
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f S = 0 :00140 +
0:125
Re0:32

S
(2.13)

ReS = DVS
� L HLS + � G (1 � HLS )
� L HLS + � G (1 � HLS )

(2.14)

Dukler and Hubbard (1975) derived an equation to get the slug length based on a material balance of

the liquid in the �lm region, given in Equation 2.15. The parameter HLF E in Equation 2.15 was obtained

by the hydrodynamic of the liquid �lm based on the momentum conservation, Equation 2.16 and Equation

2.17.

lS =
VS

! (HLS � HLF E )
[
VSL

VS
� HLF E + CT (HLS � HLF E )] (2.15)

Z H LF S

H LF E

f (HLF ) dHLF =
lF
D

(2.16)

f (HLF ) =

C 2
T H 2

LS
H 2

LF
� 1

F r
[

�
2 sin �

2 H LF � sin 2 �
2

1� cos� � 0:5cos�
2 ]

f F B 2 �
� + sin� H LF

F r

(2.17)

Where B = 1 � CT ( H LS � H LF )
H LF

), HLF = � � sin�
2� , Fr = V 2

S
gD

Nicholson et al. (1975) modi�ed the Dukler and Hubbard (1975) model. In the original model, the

authors assumed the �lm solution started with the conditions of the slug HLF S = HLS . However,

Nicholson et al. (1975) found the existence of a critical mixture velocityV �
m , below which the numerator of

Equation 2.17 became negative. In this case,HLF S needed to be adjusted downward fromHLS until

f (HLF ) �rst becoming positive. Then, the �lm solution should start with this adjusted value instead of

HLS . When Vm > V �
m , the starting condition of HLF S = HLS was suggested to be used. The authors

pointed out that V �
m was proportional to pipe diameter at a given 
uid system.

Another di�erence from the original model is the equation for the slug length. The authors derived

Equation 2.18 assuming thatVF HLF over the �lm region was well approximated by its end condition

VF E HLF E .

lS =
lF (VF E HLF E � VSL )VS

VSL � HLS (VSL + VSG )
(2.18)
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2.3.2 Taitel and Barnea (1990) Uni�ed Model

Taitel and Barnea (1990) are the �rst to propose a uni�ed model applicable to all inclination angles for

two-phase slug 
ow. The liquid entrainment in the gas core of the �lm region is not considered. They used

a slug unit consisting of a slug zone and a �lm zone for modeling two-phase slug 
ow (Figure 2.32). They

introduced three cases based on various degrees of simplicity for the hydrodynamics of the liquid �lm. Our

main focus is Case 3 from their original work, which assumes a constant �lm thickness. The key steps in

solving the problem are summarized in the following.

Figure 2.32 Two-phase slug 
ow model (Taitel and Barnea, 1990).

The average liquid velocity in the slug (uL ) is solved by Equation 2.19.

Vs = VSL + VSG = uL HLS + ub(1 � HLS ) (2.19)

Guess a liquid �lm thickness and calculate all the wetted parameters.

The liquid velocity in the �lm ( uf ) is solved with Equation 2.20 and the gas velocity in the �lm region

(uG ) is solved with Equation 2.21. Then, all the friction factors and shear stresses are calculated.

(ut � uL )� L AH LS = ( ut � uf )� L AH LF (2.20)

Vs = uG (1 � HLF ) + uf HLF (2.21)
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The momentum equation (Equation 2.22) is checked to see if it is converged. If not, go back to the step

of guessing a new liquid �lm thickness till the momentum equation converges.

� f Sf

A f
�

� G SG

AG
� � I SI (

1
A f

+
1

AG
) + ( � L � � G )gsin� = 0 (2.22)

The �lm length ( lF ) is calculated by Equation 2.23.

lU (VSL � uf HLF ) = lS (uL HLS � uf HLF ) (2.23)

Eventually, the pressure drop of the slug unit can be calculated by Equation 2.24.

� Pu = � u gsin�l U +
� S �Dl S

A
+

(� f Sf + � G SG )lF
A

(2.24)

It is noteworthy to mentioning that the authors suggested to use slug length as a model input rather

than the slug frequency, though those two were used interchangeably. They explained the reason was that

the slug length was based on a physical model, while the slug frequency was typically obtained by

experiments.

2.3.3 Zhang et al. (2003) Uni�ed Model

Zhang et al. (2003) used the �lm region as the control volume to derive a uni�ed model encompassing

all inclination angles. They also argue that slug 
ow has transition boundaries to several other 
ow

patterns, therefore their uni�ed model can also be used to predict other 
ow patterns. The continuity

equations, momentum equations, closure relationships, and solution procedure are introduced below.

Continuity equations: considering the mass 
ow balance in the control volume, i.e., mass 
owing into

the control volume equals the mass 
owing out, continuity equations for liquid and gas phases could be

written as Equation 2.25 and Equation 2.26, respectively.

HLS (VT � VS ) = HLF (VT � VF ) + HLC (VT � VG ) (2.25)

(1 � HLS )(VT � VS ) = (1 � HLC � HLF )(VT � VG ) (2.26)

Two other continuity equations were also given by the authors, as shown by Equation 2.27 and

Equation 2.28.

lU VSL = lSHLS VS + lF (HLF VF + HLC VG ) (2.27)
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lU VSG = lS (1 � HLS )VS + lF (1 � HLF � HLC )VG (2.28)

Momentum equations: based on the force balance, the momentum equations for the liquid �lm and gas

pocket could be written as Equation 2.29 and Equation 2.30, respectively. A combined momentum equation

Equation 2.31 could be obtained by eliminating the pressure drop from Equation 2.29 and Equation 2.30.

� L (VT � VF )(VS � VF )
lF

+
� I SI � � F SF

HLF A
� � L gsin� =

p2 � p1

lF
(2.29)

� GC (VT � VG )(VS � VG )
lF

�
� I SI + � G SG

(1 � HLF )A
� � G gsin� =

(p2 � p1)
lF

(2.30)

� GC (VT � VG )(VS � VG ) � � L (VT � VF )(VS � VF )
lF

=

(� I SI � � F SF )
HLF A

+
(� I SI + � G SG )
(1 � HLF )A

� (� L � � G )gsin�
(2.31)

Closure relationships:

Liquid entrainment

Liquid entrainment in the gas core was de�ned as Equation 2.32 for slug 
ow (Zhang et al., 2003).

They also used Oliemans et al. (1986) equation in its dimensionless form to obtain the liquid entrainment

in the gas pocket (Equation 2.33).

f E =
HLC VG

HLF VF + HLC VG
(2.32)

f E

1 � f E
= 0 :003We1:8

SG Fr � 0:92
SG Re� 1:24

SG Re0:7
SL (� L =� G )0:38(� L =� G )0:97 (2.33)

Where WeSG = � G V 2
SG D
� , F r SG = VSGp

gD ,ReSL = � L VSL D
� L

, ReSG = � G VSG D
� G

Shear stresses

The wall shear stresses and the interfacial shear stress were obtained by Equation 2.34 and Equation

2.35. f F and f G were calculated by Equation 2.36 and� denoted phases and can be F and G.Cf and n are

16 and 1 for laminar 
ow or 0.046 and 0.2 for turbulent 
ow.

� F = f F
� L V 2

F

2
; � G = f G

� G V 2
G

2
(2.34)
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� GL = f GL
� G (VG � VF )jVG � VF j

2
(2.35)

f � = Cf (
� � V� d�

� �
) � n (2.36)

Where dF = 4A F
SF

, dG = 4A G
(SG + SGL ) , AF = HLF A, AG = (1 � HLF )A, SG = �D � SF

Zhang et al. (2003) modi�ed the Andritsos and Hanratty (1987) correlation as Equation 2.37 to

calculate the gas-liquid interfacial friction factor for strati�ed 
ow with a concave interface due to its better

performance to match their data (Zhang et al., 2003). � GA is the gas density at atmospheric pressure.

f GL = f G f 1 + 14:3H 0:5
LF [

VSG

5( � GA
� G

)0:5 � 1]g (2.37)

Wetted perimeters

Two correlations of the wetted parameter for gas-liquid 
ow were proposed. Hart et al. (1989) proposed

Equation 2.38. A modi�ed empirical correlation (Equation 2.39) was introduced by Grolman and Fortuin

(1997). � is the pipe inclination angle and is zero for horizontal pipe 
ow. � is the gas-liquid interfacial

tension. They also proposed a correlation (Equation 2.40) to calculate the interfacial wetted parameter.

� = 0 :52H 0:374
L + 0 :26[

� L V 2
L

(� L � � G )gD
]0:58 (2.38)

� = 0 :624H 0:374
L (

� W

�
)0:15 + (

� L V 2
SL D
�

)0:25[
V 2

SG

(1 � HL )2gD
]0:8 � G

(� L � � G )cos�
(2.39)

SI = �D [
� � 0:624H 0:374

L

1 � 0:624H 0:374
L

(1 � HL )0:5 +
(1 � � )sin (0:624�H 0:374

L )
� (1 � 0:624H 0:374

L )
] (2.40)

Zhang et al. (2003) proposed a correlation (Equation 2.41) to calculate the wetted interfacial perimeter.

SI =
SF (ACD � AF ) + SCD AF

ACD
(2.41)

Where SF = �D�; A CD = D 2

4 [�� � sin (2 �� )
2 ]; SCD = Dsin (�� )

Slug liquid holdup

Zhang et al. (2003) developed a mechanistic model for the slug liquid holdup (Equation 2.42), while

Ggregory et al. (1978) correlation (Equation 2.43) was used as an initial guess for the slug liquid holdup.

36



HLS =
1

1 + k
3:16[( � L � � G )g� ]0: 5

(2.42)

Where k = 2
2:5�j sin� j [

� S V 2
S f S

2 + � L DH LF (VT � VF )( VS � VF )
4l S

+ � G D (1 � H LF )( VT � VG )( VS � VG )
4l S

]

HLS =
1

1 + ( VS
8:66 )1:39

(2.43)

Translational velocity

Zhang et al. (2003) used Equation 2.44 to calculate the translational velocity for horizontal pipe 
ow.

CS is 1.2 for turbulent 
ow and around 2 for laminar 
ow.

VT = CSVS + 0 :54
p

gD (2.44)

Poesio et al. (2009a) claim that at lower total super�cial velocity, the translational velocity has a linear

relationship with the total super�cial velocity as described by Equation 2.44. However, it deviates from

linear relationships at high gas velocities. But they found the dimensionless elongated bubble velocity

collapsed to a master curve for the lower dimensionless total super�cial velocity (1 +VSG
VSL

) as depicted by

Equation 2.45 and they pointed out that the new relationship was still not enough to depict the complex


ow dynamics at high air velocities.

VT

VSL
= CP 1(1 +

VSG

VSL
) +

CP 2

VSL
(2.45)

Zhang et al. (2003) proposed the solution procedure for their uni�ed model of slug 
ow: continuity

equations (Equation 2.25, Equation 2.26 and Equation 2.27) and liquid entrainment equation (Equation

2.32) are solved simultaneously, based on which the combined momentum equation is solved to �nd the �lm

length. Equation 2.46 to Equation 2.48 are some auxiliary equations and are useful for solving the problem.

� G =
� G (1 � HLF � HLC ) + � L HLC

1 � HLF
(2.46)

� S = � G (1 � HLS ) + � L HLS (2.47)

VS = VG (1 � HLF ) + VF HLF (2.48)
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2.4 Review of Previous Modeling Studies on Oil-water Flow

This section provides a brief review of the modeling of the oil-water mixture viscosity, which is one of

the most important parameters that impacts the pressure gradient prediction, followed by a discussion of

the modeling considering oil and water interface mixing.

2.4.1 Viscosity Modeling of Liquid Mixture

Viscosity plays a crucial role in predicting pressure gradient, but accurately predicting the e�ective

mixture viscosity is a signi�cant challenge. There are two primary methods for predicting the mixture

viscosity of oil and water. The �rst involves using the volume-averaged method to estimate the mixture

viscosity in segregated 
ow situations. Alternatively, numerous correlations have been proposed for

dispersed 
ow. Correlations within the second category are reviewed in the following, which have been

developed and applied speci�cally for multiphase 
ow purposes.

Brinkman (1952) developed Equation 2.49 for predicting the suspension viscosity. It is widely used for

evaluating liquid mixture viscosity in multi-phase pipe 
ow (Pan, 1996; Hall, 1992; Hewitt, 2005). k was

shown to be 2.5 for a mono-dispersed system with spherical solid particles in a liquid (Hall, 1992).

� l =
� c

(1 � � )k (2.49)

Roscoe(1952) argued that the Einstein equation is valid only when the concentration of suspended

spheres is below 0.05. Further, the authors proposed a new correlation applicable to medium and high

concentrations.

� l =
� c

(1 � 1:35� )k (2.50)

It is worth mentioning that most of the correlations don't consider droplet size except for Pal (1996).

The author pointed out that dispersion viscosity would increase if a thick layer adsorbed to the particle

surface with the presence of a surfactant or a trapped continuous phase caused by the solvation e�ect. In

this case, the e�ective dispersed-phase volume fraction can be written as Equation 2.51. It is apparent that

a smaller droplet size induces a larger e�ective dispersed-phase volume fraction, which results in a higher

dispersion viscosity if it is used in those aforementioned viscosity correlations. In fact, Pal (1996) pointed

out that particle size could play an important role even in diluted dispersion.

� e = � (1 +
�

Rd
)3 (2.51)
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2.4.2 Previous Modeling Studies Considering Mixing at Interface

In this section, the liquid-liquid strati�ed 
ow model is reviewed �rst, followed by a review of the

modeling studies that consider the mixing oil-water layer. The latter is typically based on the former one.

2.4.2.1 Brauner(1998) Strati�ed Model

Brauner et al. (1998) published a model for liquid-liquid two-phase strati�ed 
ow. Modeling both plane

and curved interfaces was introduced and compared. The momentum equations for the two phases in

liquid-liquid 
ow are written as Equation 2.52 and Equation 2.53, respectively. Eliminating the pressure

gradient from those two equations, one can get a combined momentum equation represented by Equation

2.54. This is the key equation for solving the problem.

� Aa
dp
dz

� � aSa � � I SI + Aa � agsin� = 0 (2.52)

� Ab
dp
dz

� � bSb + � I SI + Ab� bgsin� = 0 (2.53)

� a
Sa

Aa
� � b

Sb

Ab
+ � I SI (

1
Aa

+
1

Ab
) + ( � b � � a)gsin� = 0 (2.54)

The equations for the shear stresses are expressed as Equation 2.55. The friction factorf a and f b can

be evaluated by the Blasius equation (Equation 2.56). The authors also give Equation 2.57 for the

interfacial friction factor and hydraulic diameters based on the relative velocity of the phases. Note, we put

f I and � I for the third case on the right-hand side of Equation 2.57 only for consistency since� I = 0 when

Ua ' Ua and f I and � I are no longer necessary.

� a = f a
� aU2

a

2
; � b = f b

� bU2
b

2
; � I = f I

� I (Ua � Ub)jUa � Ubj
2

(2.55)

f a = C(
� aUada

� a
) � n ; f b = C(

� bUbdb

� b
) � n (2.56)

f I ; � I ; da ; db =

8
><

>:

f a ; � a ; 4A a
Sa + SI

; 4A b
Sb

for U a > U b

f b; � b; 4A a
Sa

; 4A b
Sb + SI

for U a < U b

f I ; � I ; 4A a
Sa

; 4A b
Sb

for U a ' Ub

(2.57)
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2.4.2.2 Vedapuri(1997) Segregated Flow Model with a Mixing Interface

Vedapuri et al.(1997) rede�ned the phase properties for the gas-oil-water three-phase strati�ed model

proposed by Taitel et al. (1995) to model oil-water 
ow with a dispersion layer in the middle, i.e., the new

three phases are oil, dispersion, and water instead of gas, oil, and water. They introduced two new

parametersCML and VSm as the water cut and super�cial velocity for the mixing layer, respectively. Two

new mass balance equations due to the introduction of the mixing layer are written as Equation 2.58 and

Equation 2.59. Unfortunately, no equations were available to solve those two new parameters. However,

the authors conducted experimental studies to investigate their variations with 
ow conditions and

recommended that the in situ velocity of the mixing layer could be approximated with 1.2 times of the

input mixture velocity for low-viscosity oil as the convergence criterion. They also treated the water cut in

the mixing layer as the input water cut for this case. Additionally, they suggested an in situ mixed layer

velocity the same as the input mixture velocity and a 50% water cut for the mixing layer with

high-viscosity oil. Shi (2001) further de�ned a four-layer strati�ed model based on the study by Vedapuri

et al. (1997). She introduced two mixing layers between the top oil and bottom water layers with a

water-in-oil layer above an oil-in-water layer in horizontal pipe 
ow.

VSW i = VSW + CML VSm (2.58)

VSOi = VSO + (1 � CML )VSm (2.59)

2.5 Previous Modeling Studies on Three-phase Flow in Horizontal Pipes

This section reviews the available models for three-phase gas-liquid-liquid 
ow in horizontal pipelines,

which include the strati�ed model, the drift-
ux model, and the uni�ed model. How the two-phase slug


ow model was modi�ed to be applicable to three-phase slug 
ow is also reviewed. In the end, some

correlations for the liquid holdup and the pressure drop are also summarized.

2.5.1 Strati�ed Model

Several authors introduced the strati�ed model for three-phase 
ow (Hall, 1992; Taitel et al.,1995;

Ghorai et al., 2005). The strati�ed models introduced by di�erent authors have almost the same

momentum equation for each phase with limited di�erences. Hall (1992) derived three-phase strati�ed

model based on Taitel and Dukler (1976) two-phase strati�ed model and the author assumed� go = � g and

� ow was between� w and � o. Taitel et al. (1995) also proposed a three-phase strati�ed model. In particular,

they proposed an explicit formula for both � go and � ow in Equation 2.60 and Equation 2.61, with the
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assumption that knowing the phase that had a higher velocity at the interface was no longer necessary. It

is widely used and hence introduced below in detail. Several assumptions were made in the three-phase

strati�ed model. It was assumed that the water had the highest density and hence held the bottom

position of the pipe, while oil was in the middle and gas on the top. The second assumption was the gas

dragged the oil and the oil dragged the water phase. The momentum equation for each phase was written

as Equation 2.60, Equation 2.61 and Equation 2.62.

� Ag
dp
dL

� � gSg � � goSgo = 0 (2.60)

� Ao
dp
dL

� � oSo + � goSgo � � ow Sow = 0 (2.61)

� Aw
dp
dL

� � w Sw + � ow Sow = 0 (2.62)

The shear stresses were calculated by Equation 2.63 to Equation 2.67.

� � = f �
� � V 2

�

2
(2.63)

f � = Cf (
� � V� d�

� �
) � n (2.64)

dw =
4Aw

Sw
; do =

4Ao

So
; dg =

4Ag

Sg + Sgo
(2.65)

� ow = f ow
� o(Vo � Vw )jVo � Vw j

2
(2.66)

� go = f go
� g(Vg � Vo)jVg � Voj

2
(2.67)

� denotes the phases (gas, oil or water). The phase wall shear stress can be calculated by Equation

2.63, andCf and n are 16 and 1 for laminar 
ow or 0.046 and 0.2 for turbulent 
ow. d� is the hydraulic

diameter for each phase.f go = 0 :014 whenf g � 0:014, f go = f g when f g > 0:014. f ow = 0 :014 when

f o � 0:014, f ow = f o when f o > 0:014.

Khor et al. (1997) assessed the accuracy of the hydraulic diameter calculations for three-phase strati�ed


ow and suggested using Equation 2.68 to calculate hydraulic diameters for a better accuracy. The formula

for do in Equation 2.68 is a new equation proposed by them.
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dw =
4Aw

Sw
; do =

4Ao

So + Sow
; dg =

4Ag

Sg + Sgo
(2.68)

2.5.2 Drift-
ux Model

Lahey et al. (1992) proposed the drift-
ux model for three-phase 
ow as Equation 2.69, Equation 2.71,

and Equation 2.70 based on the original drift-
ux model proposed by Zuber and Findlay (1965) for

gas-liquid two-phase 
ow. Equation 2.71 was derived for water-based 
ow, while Equation 2.70 was for

oil-based 
ow. The authors �tted experimental data from the ten 
ow patterns introduced by Acikg•oz et

al. (1992) and all seemed to be �tted well. In all those three equations, the drift velocitiesVgj , Vwl , and

Vol , together with Cg, Cw and Co are constants which can be �tted from experimental data. Once those

parameters are known, the model can be used to predict phase volume fractions.hj i i is the cross-section

averaged volumetric 
ux (super�cial velocity) of phase i and h� i i is the cross-section averaged volume

fraction of phase i .

hj g i
h� g i

= Cghj i + Vgj (2.69)

hj w i

[ h� w i
h� w i + h� o i ]

= Cw (hj w i + hj oi ) + Vwl (2.70)

hj oi

[ h� o i
h� w i + h� o i ]

= Co(hj w i + hj oi ) + Vol (2.71)

2.5.3 Zhang and Sarica (2006) Uni�ed Model

Zhang and Sarica (2006) proposed a uni�ed model for three-phase slug 
ow in pipes. A slug unit was

used as the control volume to derive their model. Several assumptions were made in their model: (1) Water

and oil 
owed separately in the slug body with the gas trapped in both the oil phase and water phase as

seen from Equation 2.90. (2) Water and oil 
owed separately in the �lm region as seen fromEquation 2.89.

(3) There was no liquid entrainment in the gas core and no gas entrapped in the liquid phase within the

liquid �lm region. (4) Momentum exchange between the slug body and the gas pocket was negligible due

to a very low density of the gas phase compared to that of the liquid phase. (5) The authors used a

constant interfacial friction factor of 0.0142 for f OW S and f OW F suggested by Taitel et al.(1995). Khor et

al. (1997) concluded that such a constant friction factor gave the best predictions for three-phase strati�ed


ow. In the following the continuity equations, momentum equations, and closure relationships are

introduced separately.
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Continuity equations: The continuity equations were obtained from the volumetric 
ow rate balance by

equaling the volume 
ow rate 
owing out of the slug body with that 
owing into the �lm region for gas, oil

and water as Equation 2.72, Equation 2.73 and Equation 2.74.

(1 � HW GS )� OS (VT � VOS ) + HW GS � W S (VT � VW S ) = (1 � HOF � HW F )(VT � VG ) (2.72)

(1 � HW GS )(1 � � OS )(VT � VOS ) = HOF (VT � VOF ) (2.73)

HW GS (1 � � W S )(VT � VW S ) = HW F (VT � VW F ) (2.74)

The authors gave three other continuity equations for oil, water, and gas by weighting the 
ow rate

with slug unit length as Equation 2.77, Equation 2.75 and Equation 2.76.

lU VSO = lS (1 � HW GS )(1 � � OS )VOS + lF VOF HOF (2.75)

lU VSW = lSHW GS (1 � � W S )VW S + lF VW F HW F (2.76)

lU VSG = lS [(1 � HW GS )� OS VOS + HW GS � W S VW S ] + lF (1 � HOF � HW F )VG (2.77)

Momentum equations: In the gas pocket region, the momentum equations for the oil �lm, water �lm,

and the gas pocket were written as Equation 2.78, Equation 2.79 and Equation 2.80. The subscripts of

GOF and OWF represent the gas-oil interface and oil-water interface in the �lm region, respectively.

� o(VT � VOF )(VOS � VOF )
lF

+
� GOF SGOF � � OW F SOW F � � OF SOF

HOF A
=

p2 � p1

lF
(2.78)

� w (VT � VW F )(VW S � VW F )
lF

+
� OW F SOW F � � W F SW F

HW F A
=

p2 � p1

lF
(2.79)

� GOF SGOF + � G SG

(1 � HOF � HW F )A
=

p2 � p1

lF
(2.80)

Using Equation 2.78 and Equation 2.79 to eliminate the pressure drop, a combined momentum equation

for the �lm 
ow in the �lm region was derived, given in Equation 2.81.
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� o(VT � VOF )(VOS � VOF ) � � w (VT � VW F )(VW S � VW F )
lF

+
� GOF SGOF � � OW F SOW F � � OF SOF

HOF A
=

� OW F SOW F � � W F SW F

HW F A

(2.81)

By adding Equation 2.78 to Equation 2.79, Equation 2.82 was obtained. Then, another combined

momentum equation Equation 2.83 was obtained by eliminating the pressure drop in Equation 2.80 and

Equation 2.82.

� o(VT � VOF )(VOS � VOF )HOF + � w (VT � VW F )(VW S � VW F )HW F

lF (HOF + HW F )
+

� GOF SGOF � � OF SOF � � W F SW F

A(HOF + HW F )
=

p2 � p1

lF

(2.82)

� o(VT � VOF )(VOS � VOF )HOF + � w (VT � VW F )(VW S � VW F )HW F

lF (HOF + HW F )
+

� GOF SGOF � � OF SOF � � W F SW F

A(HOF + HW F )
+

� GOF SGOF + � G SG

A(1 � HOF � HW F )
= 0

(2.83)

In the slug body, the authors also gave two momentum equations (Equation 2.84 and Equation 2.85) for

the strati�ed 
ow scenario. By eliminating the pressure drop in those two equations, the third combined

momentum equation Equation 2.86 in the slug body was derived.

� o(VT � VOS )(VOF � VOS )
lS

�
� OW S SOW S + � OS SOS

(1 � HW GS )A
=

p1 � p0

lS
(2.84)

� w (VT � VW S )(VW F � VW S )
lS

+
� OW S SOW S � � W S SW S

HW GS A
=

p1 � p0

lS
(2.85)

� o(VT � VOS )(VOF � VOS ) � � w (VT � VW S )(VW F � VW S )
lS

�
� OW S SOW S + � OS SOS

(1 � HW GS )A

=
� OW S SOW S � � W S SW S

HW GS A

(2.86)

Where HW GS is the holdup of water with entrapped gas in the slug body, V is the local velocity andVT

is the translational velocity.

Closure relationships: Two types of shear stresses-wall shear stresses and interfacial shear stresses-need

to be obtained. The wall shear stresses including� OF , � W F , � G , � OS , � W S were calculated by Equation

2.87 (where p denotes OF, WF, G, OS and WS), while the interfacial shear stresses were solved separately

by Equation 2.88, Equation 2.89, and Equation 2.90. The subscriptsGOF , OWF , and OWS denote the

gas-oil interface in the �lm region, the oil-water interface in the �lm region, and the oil-water interface in
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the slug body, respectively.

� p = f p
� pV 2

p

2
(2.87)

� GOF = f GOF
� G (VG � VOF )jVG � VOF j

2
(2.88)

� OW F = f OW F
� o(VOF � VW F )jVOF � VW F j

2
(2.89)

� OW S = f OW S
� o(VOS � VW S )jVOS � VW S j

2
(2.90)

The authors suggested using Churchill (1977) correlation to �nd the pipe wall friction factors (f p). � is

absolute pipe wall roughness.

f p = 2[(
8

Rep
)12 +

1
(Cc1 + Cc2)3=2

]1=12 (2.91)

Where Cc1 = [2 :457ln ( 1
( 7

Re p
)0: 9 + 0: 27 �

d
)]16; Cc2 = ( 37530

Re p
)16

The mixture velocities (VM = VSO + VSW + VSG ) in the slug body and liquid �lm were expressed as

Equation 2.92 and Equation 2.93. The slug unit length was calculated by Equation 2.94. A stable slug

length of 32D for horizontal pipe 
ow (Barnea and Brauner, 1985) was used.

VM = VOS (1 � HW GS ) + VW S HW GS (2.92)

VM = (1 � HOF � HW F )VG + HW F VW F + HOF VOF (2.93)

lU = lS + lF (2.94)

Solution procedure: The authors suggested choosing four continuity equations, two from Equation 2.72

to Equation 2.74 and two from Equation 2.75 to Equation 2.77, in addition to the three combined

momentum equations mentioned earlier as Equation 2.81, Equation 2.83, and Equation 2.86 to solve the

seven unknowns (HW GS ; HOF ; HW F ; VW S ; VOF ; VW F ; lF ) of this model.
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2.5.4 Modeling Three-phase Slug Flow with Two-phase Uni�ed Model

One way to solve three-phase slug 
ow is to treat oil-water mixture as one liquid phase, which simpli�es

the three-phase problem to a two-phase case. Hence, the two-phase uni�ed model for slug 
ow could be

applied.

Modi�ed Dukler and Hubbard (1975) model

Hall (1992) modi�ed the Dukler and Hubbard (1975) model for three-phase slug 
ow in horizontal

pipelines. One assumption is that the liquid phases are fully dispersed at the end of the mixing eddy in the

slug body. The volume-averaged density (Equation 2.95) and viscosity calculated by the Brinkman

equation (Equation 2.49) were suggested to be used for liquid slug pressure gradient calculations. The

author derived a formula for the pressure drop associated with the formation of dispersed drops during the

eddy mixing and concluded that this pressure drop was negligible. Further, Hall (1992) argued that it was

common that oil and water 
owed separately in the �lm region despite its dispersion state in the slug body.

Therefore, the author suggested using strati�ed model to solve for the liquid holdup in the �lm region. In

terms of the required super�cial velocities to solve the strati�ed model, the author recommended the mean

super�cial gas velocity for the gas and proposed two equations (Equation 2.96 and Equation 2.97) to

obtain the super�cial velocity for water and oil in the �lm region by the mass balance.

� L = �� o + (1 � � )� w (2.95)

VSOF =
VSO � VSHLS � ( !l S

VT
)

1 � !l S
VT

(2.96)

VSW F =
VSW � VSHLS (1 � � )( !l S

VT
)

1 � !l S
VT

(2.97)

Stapelberg and Mewes (1994) also modeled gas-liquid-liquid slug 
ow in horizontal pipes by assuming a

homogeneous liquid-liquid mixture formed in gas-liquid-liquid three-phase 
ow and utilized the gas-liquid

two-phase slug models by Dukler and Hubbard (1975) and Aziz et al. (1978).

Modi�ed Zhang et al. (2003) model

Dehkordi et al. (2019b) proposed a model to solve three-phase slug 
ow based on Zhang et al. (2003)

two-phase uni�ed model for slug 
ow. They used the Zhang et al. (2006) mixing rule to determine when

the liquid phase could be treated as a homogeneous one-phase and simpli�ed the three-phase slug 
ow to

two-phase slug 
ow. In particular, they �tted a new formula for the slug unit length as Equation 2.98,

which was used directly in the modeling. In this way, their model complexity was greatly reduced.
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lU = 7 :3(1 +
VSG

VSL
)2 (2.98)

2.5.5 Summary

Modeling three-phase 
ow in pipelines mainly includes the three-phase strati�ed model, three-phase

uni�ed slug 
ow model, and drift 
ux model. The former two are capable of predicting both downstream

pressure drop and liquid holdup, while the drift 
ux model is mostly used for �tting experimental data and

predicting gas void fraction or liquid holdup. With regard to three-phase slug 
ow modeling, there are two

main approaches in the literature. The �rst one is to use Zhang et al. (2006) uni�ed model to model

three-phase slug 
ow assuming strati�ed 
ows both in the slug body and �lm region for the respective

liquid-liquid mixture. The second method is to use two-phase slug 
ow models to model three-phase slug


ow assuming a homogeneous liquid-liquid phase.

2.6 Other Empirical Correlations for Three-phase Flow

Although the aforementioned models can predict liquid holdup and pressure drop, those models are

comparatively complicated. This section reviews other simpli�ed models or correlations which can be used

directly to roughly estimate the liquid holdup and pressure drop in three-phase 
ow.

2.6.1 Liquid Holdup

Lahey (1992) proposed a drift 
ux model for three-phase 
ow. The gas void fraction can be predicted

once the phase distribution parameter and drift velocity are determined, and the liquid holdup can

therefore be calculated.

Spedding et al. (2007) measured liquid holdup with quick closing valves for three-phase 
ow in a 0.0259

m inner diameter horizontal pipeline. They also proposed a method to predict the liquid holdup for

three-phase 
ow, which was done by predicting the oil holdup and water holdup separately and then

combining them to obtain the total liquid holdup for three-phase 
ow, given in Equation 2.99 to Equation

2.101. Importantly, this method was based on very limited 
ow patterns and no slug 
ow was considered.

log(HLoi ) = (554 :61V 2:0335
SL )V � 1

SG + 0 :9787VSL � 1:7751 (2.99)

log(HLwi ) = (2 :5574V � 0:0838
SL )V � 1

SG + 3 :6625VSL � 2:006 (2.100)

HLo = 0 :03857(6:932� 10� 4ReSL + 0 :0206)� 8:57� 10� 5ReSL (2.101)
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Ren et al. (2021) conducted a dimensional analysis to �nd the relation between water holdup and

dimensionless numbers in three-phase 
ow. They eventually came up with an equation for predicting the

water holdup in three-phase 
ow as Equation 2.102 by �tting the equation obtained by a dimensional

analysis with their water holdup data measured at the vertical pipe section. Equation 2.103 to Equation

2.106 are supplementary equations for the water holdup calculation by Equation 2.102.

HW = 0 :06Re0:2
m Fr � 0:26

m
VSG

V � 0:34
Sm

(2.102)

Rem =
� m VSm D

� m
(2.103)

F r m =
V 2

Sm

gD
(2.104)

� m = � w
VSW

VSm
+ � o

VSO

VSm
(2.105)

� m = � w
VSW

VSm
+ � o

VSO

VSm
(2.106)

2.6.2 Pressure Drop

Lockhart{Martinelli (1949) proposed a correlation Equation 2.107 to predict gas-liquid pressure drop in

pipes. They introduced a dimensionless number,X =
q

( dp
dL )L =( dp

dL )G , to which many parameters

particularly the liquid holdup and � L could be related. The equation to determine X is given in Equation

2.108, in which n, m, CBL and CBG are based on the 
ow regimes, provided in Table 2.3. Note, n, and m

are the exponents in the Blasius friction factor correlation for the liquid and gas phases, respectively;

Reynolds number smaller than 1000 and higher than 2000 were used as thresholds for laminar and

turbulent 
ows, respectively. Further, they introduced the empirical plots of � L as a function of X without

giving any equations. Later, Chisholm (1967) introduced a theoretical basis for the Lockhart{Martinelli

correlation and �tted an equation Equation 2.109 correlating � L with X (Chisholm, 1967). They

introduced the coe�cient CC based on 
ow regimes of the involved phases, as shown in Table 2.3. The

constituent phase pressure drop was obtained by the Darcy-Weisbach equation (Equation 2.110) (Chisholm

and Laird, 1958), and Equation 2.111 was used to �nd the friction factor. A key advantage of this method

is its simplicity and accuracy to predict pressure drop without knowing the 
ow pattern, though this

method is limited to horizontal pipe 
ow (Rahman et al., 2013). Apparently, this method can be applied to

predict pressure drop for three-phase 
ow by treating the liquid-liquid mixture as one phase.
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Table 2.3 Exponents n, m and constantsCBL , CBG (Lockhart, 1949) and the coe�cient CC (Chisholm,
1967) under di�erent 
ow regimes

Liquid-gas 
ow regimes n (-) m (-) CBL CBG CC

Turbulent-turbulent 0.2 0.2 0.046 0.046 20
Laminar-turbulent 1.0 0.2 16 0.046 12
Turbulent-laminar 0.2 1 0.046 16 10
Laminar-Laminar 1.0 1.0 16 16 5

dp
dL

)GL = � 2
L

dp
dL

)L (2.107)

X 2 =
CBL

CBG

� G

� L

Rem
SG

Ren
SL

(
WL

WG
)2 (2.108)

� 2
L = 1 +

CC

X
+

1
X 2 (2.109)

(
dp
dL

)L =
f SL � L V 2

SL

2D
(2.110)

f SL =
CBL

(� L VSL D=� L )n (2.111)

Malinowsky (1975) presented the pressure drop for single-phase 
ow in horizontal pipes as Equation

2.112, which consisted of two pressure drops due to acceleration and friction, respectively. This equation

comes from a derivation of momentum balance and conservation of mass in horizontal pipes for

single-phase 
ow. The friction factor is expressed by the wall shear stress divided by the kinetic energy per

unit volume as f = 2g� w
�v 2 , and the wall shear stress can be expressed as� w = D

4 ( dp
dL )f . Combining those

two, the pressure drop induced by friction can be expressed as Equation 2.113. The author pointed out

that the pressure gradient due to acceleration can be negligible for oil-water two-phase 
ow. Therefore, the

homogeneous model for oil-water two-phase 
ow can be expressed as Equation 2.110 with the density and

viscosity evaluated by a volume averaged method.

dp
dL

=
�V dV
gdL

+ (
dp
dL

)f (2.112)

(
dp
dL

)f =
f �V 2

2gD
(2.113)
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Poesio et al. (2009b) tried to use the Lockhart{Martinelli (1949) model to predict their pressure drop

data for gas-oil-water three-phase core annular 
ow with elongated gas bubbles for a viscous oil and found

that the model was insensitive to the super�cial water velocity and failed to give good performance. So,

they proposed a hybrid model which was a combination of the liquid-liquid core annular 
ow model by

Brauner (1991) and the Lockhart{Martinelli (1949) model. That is, the pressure gradient of the

liquid-liquid phase used in the Lockhart-Martinelli (1949) model is solved by the Brauner core annular

two-phase model rather than from the Darcy-Weisbach equation by treating the liquid-liquid as one phase.

Hall (1992) modi�ed the two-phase slug 
ow model proposed by Dukler and Hubbard (1975) to be

applied to three-phase slug 
ow in a horizontal pipeline. The �rst modi�cation was to use the volume

average density (Equation 2.95) to calculate the acceleration pressure drop. The author pointed out that

this was not true when the liquid phase right in front of the slug was strati�ed 
ow rather than dispersed


ow. In this case, the oil density should be more appropriate. A second modi�cation was to consider the

liquid viscosity in calculating the frictional pressure drop. The author suggested using the Brinkman

equation (Equation 2.49). It should be noted that this is appropriate only when the liquid phases are a

dispersed 
ow. Additionally, the author argued that the pressure drop in the �lm region was negligible

based on the experimental observations of the pressure drop variations with time and the low liquid holdup

in the �lm region that demonstrated strati�ed 
ow.

Dehkordi et al. (2019b) introduced a simpli�ed model based on Zhang et al. (2003) uni�ed model for

two-phase slug 
ow. They treated the oil and water phases in three-phase slug 
ow as one homogeneous

phase based on Zhang et al. (2006) mixing rule, by which way the three-phase slug 
ow case was simpli�ed

to a two-phase slug 
ow model. They used Equation 2.114 to calculate the pressure gradient.

�
dp
dL

=
� S �D

A
lS
lU

+
� F SF + � G SG

A
lF
lU

(2.114)

2.6.3 Modeling the Mixing of Liquid-liquid Phases in Three-phase Slug Flow

Zhang et al. (2006) proposed a method to determine the mixing state of the liquid-liquid in three-phase


ow. They contended one phase would be fully dispersed in the other phase when the turbulent energy was

larger than the total surface energy and derived Equation 2.115.

Vlm > f
6:325Ce� inv [� ow (� w � � o)g]0:5

f lm � lm
g0:5 (2.115)

They also gave the equation forCe (Equation 2.116) and suggested the Brauner and Ullmann's (2002)

equation (Equation 2.117) for the critical oil fraction at the inversion point ( � inv ).
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Ce =
2:5 � j sin� j

2
(2.116)

� inv =
( � o

� w
)0:6( � o

� w
)0:4

1 + ( � o
� w

)0:6( � o
� w

)0:4 (2.117)

Where � lm , Vlm , f lm , � inv are the density, velocity, friction factor of the liquid mixture, and dispersed

phase volume fraction at the inversion point, respectively.
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CHAPTER 3

OBJECTIVES AND TASKS

The objectives of this study are to experimentally understand the e�ects of a valve at the inlet on

oil-water and gas-oil-water 
ow behaviors in a horizontal pipe downstream of the valve with a focus on

three-phase 
ow, and improve the hydraulic modeling for pressure gradient and phase holdup predictions

in two-phase liquid-liquid and three-phase gas-oil-water 
ow as needed. The modeling study on three-phase


ow will mainly focus on slug 
ow which is the main 
ow pattern observed in this current experimental

study.

To accomplish this goal, I have:

1. Conducted a literature review on previous experimental and modeling studies of oil-water two-phase


ow and gas-oil-water three-phase 
ow in horizontal pipes.

2. Conducted experimental studies on oil-water two-phase and air-oil-water three-phase 
ows in

horizontal pipelines at various inlet choking levels, 
ow rates, and water cuts. Major measurements

include the pressure drops across the valve and the test section downstream of the valve, 
ow pattern

by high-speed camera, and phase distribution at pipe cross-section by an Electrical Capacitance

Volumetric Tomography (ECVT) system.

3. Developed new hydraulic models to better capture the experimental �ndings for both oil-water and

gas-oil-water three-phase 
ows.
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CHAPTER 4

EXPERIMENTAL STUDY

This chapter presents the experimental facilities and equipment, test matrix, and experimental results

in terms of various inlet choke openings, water cuts, and super�cial velocities for oil-water two-phase and

gas-oil-water three-phase 
ows respectively.

4.1 Experimental Facilities and Equipment

The following subsections introduce the facility, instrumentation and its calibration, properties of the

testing 
uids, and test matrix in the current study.

4.1.1 Facility Description

The three-phase 
ow loop in this study consists of a horizontal pipe with a length of 43 ft and an inner

diameter of 2.067 in. as shown in Figure 4.3. The system was designed to introduce water and oil

simultaneously through wye connections at the inlet. The experimental setup utilized a progressive cavity

pump to minimize the shear e�ects in the oil phase and avoid the formation of tight emulsions. The oil


ow rate was controlled by a frequency converter. A submersible pump was employed to introduce water

into the system, and the 
ow rate was mainly controlled manually by a needle valve at the inlet.

Compressed air from a building compressor was introduced right after the wye-shaped oil connection. The

air
ow rate was adjusted automatically by a control valve through Labview. The oil and water 
ow rates

were metered by a Coriolis 
ow meter (Emerson Micro Motion R100S) respectively, and the air 
ow rate

was measured by a vortex 
ow meter (Rosemount 8800D). To examine the e�ect of di�erent inlet choke

openings on downstream 
ow behavior, a 2-in. ball valve was installed immediately after the introduction

of all the phases. The valve was installed in a commonly used position in the �eld as shown in Figure 4.1.

Figure 4.2 demonstrates the internal structure of the ball valve. The handle and pipe material are di�erent

from the one we have in Figure 4.1, but the internal structure is the same. The black arrow indicates the


uid 
ow direction through the valve. Pressure and temperature transducers were installed at the inlet of

the airline and in the test section to monitor the pressure and temperature. Two di�erential pressure

transducers (Rosemount 3051S di�erential pressure transducer) were used to measure the pressure drop.

One was installed over a span of 14-in. across the inlet ball valve (the valve is 8 in. to the upstream remote

seals and 6 in. to the downstream remote seals) and the other was set in the test section around 21.2 ft

downstream of the inlet valve over a span of 18 ft. The di�erential pressure sensors have a pressure range
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of -250 to 250 inH2O with a 0.025 % span accuracy. All the sensors were wired to a data acquisition system

controlled by a LabView project, which was used to automate the data acquisition and the valve control to

achieve the desired 
ow rates. All the data were recorded at a time interval of 100 milliseconds.

Figure 4.1 Valve setup at the inlet of 
ow loop.

Figure 4.2 Internal structure of a ball valve. This drawing, sourced from Burgard (2013), was created by
Trevor Johnston. The black arrow in the picture was added in this study to show a possible 
ow direction.
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Figure 4.3 The schematic of the 
ow loop.

An Electrical Capacitance Volume Tomography (ECVT) system was deployed downstream of the

pressure drop measurement section to monitor the in-situ phase distribution inside the pipe. The sensor

was clamped around the pipe, as shown in Figure 4.4. Twenty-four sensors were connected to an ECVT

data acquisition system box (Figure 4.5). The system was calibrated with pure water and mineral oil

before the actual measurement was taken. The calibration of the system was typically done with two types

of liquids that would be used during subsequent experiments. In our study, mineral oil and tap water were

used in a dynamic calibration. Pure water �rst 
owed through the pipe that generated a \full" case in the

calibration �le, followed by pure oil 
owing through the pipe for creating an \empty" case in the

calibration �le. These two �les were treated as the two ends of the 
owing condition spectrum to be tested.

After the calibration �les were generated, pure oil and water 
owing through the pipe were measured to

evaluate the quality of the data from ECVT (Figure 4.6). As can be seen, the pure oil is indicated in blue

color, whereas the pure water is shown in red color. This veri�ed that the data and calibration were good.

It could also mean that the red color denotes a water-continuous state while the blue color indicates an

oil-continuous state during multi-phase 
ow. The recorded ECVT data were later analyzed by Tech4

Imaging software, from which the videos of the phase distribution variation with time inside the pipe, and

images of phase distribution at pipe cross-section were obtained and analyzed.
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Figure 4.4 ECVT sensor.

Figure 4.5 ECVT data acquisition system.

Figure 4.6 Phase distribution of pipe cross-section for both 0% and 100% water cuts.
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