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ABSTRACT 

The bidirectional flow reversal phenomenon results in liquid accumulation, causes 

significant increase in pressure drop and therefore, the pumping power. In pipelines, 

this poses significant problem due to the presence of slug to churn, especially in 

producing gas wells.  

To understand the bidirectional flow reversal phenomena of co-current to counter-

current annular flow with a falling liquid film inside a vertical tube with internal diameter 

of 0.054 m, height of 10.5m length, and length of 40m horizontal section, was 

researched experimentally.  

Despite the significance of this problem, there is lack of reports in the literature of a 

generally accepted empirical correlation model that resolves the phenomenon of flow 

reversal and flooding in vertical tubes for gas / liquid flows with different fluids. Rather, 

experimental empirical model correlation developed so far relied on air/water flows.  

This research, therefore, has studied flow reversal phenomenon, using gas, light 

viscous oil, and water as working fluids, to compare experimentally obtained flow 

reversal, flooding superficial gas and liquid velocity conditions with existing works, 

established flow reversal and flooding correlations, in addition, CFD Ansys simulation 

to carry out experimental data analysis and reviewed methodologies that focus on the 

churn/annular-annular mist flow regimes transition explored by other researchers.  

The outcome was a valid empirical model that correlates flow reversal and flooding 

within the geometry under study and have establish a critical superficial gas velocity 

of 3.5 m/s to avoid a bidirectional flow in gas wells. Also achieved, was a programmed, 

flow regime recognition in two-phase flow reversal and flooding in tubes.  

The empirical model correlation curve and the critical superficial gas flow rate of 3.5 

m/s derived in this work will enable oil and gas well engineers to establish whether a 

specific well has enough flow velocity to lift both gas and water sufficiently to the 

surface without flow reversal and resulting in liquid accumulation in a producing well. 

Further research is recommended to study the effect of fluid properties especially 

density and viscosity and liquid film thickness on the flow reversal and flooding 

phenomena. 
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CHAPTER 1: RESEARCH INTRODUCTION 

1.1 Background/Problem Definition 

This chapter provides the justification for this research, the research problem, 

research aims and objectives, research questions, the methodology as well as 

the thesis structure. Empirical model correlations for bidirectional flow reversal 

have been an area of research interest for many decades (Tekavcic, et al. 2016; 

Jayanti, Tokarz and Hewitt, 1996; Elperin and Klochko, 2002; Hewitt, 2012; 

Govan et al., 1991, Hewit et al. 2001; Suzuki and Ueda, 1977; Macquillan et al. 

1985; Jeong et al. 1996, Bankoff and Lee, 1986; Drosos et al. 2006; Turner et al. 

1968). The establishment of a universally acceptable empirical correlation model 

to predict the critical point at which bidirectional flow reversal will occur in a 

vertical two-phase riser system is imperative, as this is the root cause of 

accumulation of liquids in most riser systems, as reported by Szalinski et al. 

(2010). Bidirectional flow refers to an important class of gravity-induced 

hydrodynamic processes that imposes a serious restriction on the operation of 

two-phase gas-liquid systems. In the co-current to counter-current flow system, 

there is the occurrence of liquid flow reversal, which results in flooding, and 

consequently, liquid accumulation.  This scenario causes a considerable increase 

in the pressure drop in the upstream of the well. The loss of pressure leads to 

loss of energy that is required to pump the fluid to the production platform. The 

primary concern of the natural–gas well operator is how to maintain a flow rate, 

which will keep a producing well flowing without liquid bidirectional flow that 

results in liquid accumulation (liquid loading) in the wellbore. As a result, various 

researchers have investigated and analysed the experimental empirical 
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modelling to predict the critical gas velocity that causes bidirectional flow reversal 

to occur. Such researchers include (Li et al. 2016); Skopich 2015); Liu et al. 

(2017); and Fadairo et al.2015) who proposed empirical model correlations for 

co-current to counter-current flow in tubes. Two-phase gas-liquid bidirectional 

flow reversal models have also been developed in vertical riser systems for many 

industrial applications, especially in the oil and gas sector by many authors 

(Tekavčič et al. 2016; Hewitt 2012; Liu et al. 2017; Szalinski et al. (2010); Govan 

et al. 1991). Despite the importance and the amount of literature that is available 

on this area of study, Wang et al. (2018), and Li et al. (2016), pointed out that the 

understanding on this very important subject area of research is still limited, and 

that there are not enough studies that provide detailed benchmark data. In 

addition, scholars are yet to develop a universally accepted empirical model 

correlation for flow reversal and flooding in vertical tubes. Hogan and Hogan 

(2009) opined that this may be due to lack of conclusive perception of the physics 

of two-phase co-current to counter-current flow, specifically the mechanism of 

flooding, and a large amount of uncertainty among data from various 

experiments. 

Furthermore, the usage of air and water in establishing most of the correlation 

models in the literature, have made most field engineers working with 

conventional industrial application fluid to doubt the validity of these correlations, 

knowing that water has much more higher surface density than the fluids they 

work with. Hernandez (2010) showed that in a concurrent flow of gas and liquid 

from the wellbore to the wellhead, and flow lines, the gas and liquid phases tend 

to split, because of changes in density and, thus, fluids flow at different velocities. 
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The expansion of the extremely compressible gas phase with declining pressure 

increases the in-situ volumetric gas flow rate. As a result, gas and liquid phases 

would not ordinarily travel concurrently at the same speed. The initiation of the 

different patterns of flow of these fluids in the tube are due to the changes in the 

physical distribution of the phases, in which flow reversal and flooding play an 

important role. 

The motivation for this study is borne out of the pursuit of knowledge during the 

literature review that there is much more to learn on bidirectional liquid flow 

reversal, as there are not sufficient empirical correlation models for air, oil and 

water. This study, therefore, investigates the flow reversal phenomenon using air, 

light viscous oil, and water as working fluids, inferring to a conventional producing 

gas well. Multiphase gas-liquid flow is of great significance in the Oil and Gas 

sector, as well as other industrial applications. An accurate prediction of the 

critical superficial gas velocity in this multiphase flow will enable the estimation of 

Flowing Bottom-Hole Pressure (FBHP) in a producing gas wellbore to avert liquid 

accumulation. In recent times, simulation method of modelling is prevalent, 

Skopich et al. (2016) emphasise on the importance of accurate simulation of 

FBHP which measures production forecasting as well as connects well bore 

pressure to reservoir pressure. Failure to do so could disrupt the production 

process. As wrong calibrations in this direction could lead to a high production 

risk and disruption. Alsaadi et al. (2015) noted that the adverse effect of FBHB 

accumulation in pipes will hinder overall gas production. In addition, the presence 

of slug to churn poses a significant problem in pipelines and this scenario can 

eventually lead to stoppage in gas well. A well-designed equipment in the gas 
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and oil facilities, steam power plants, chemical industries, and nuclear reactors 

can prevent the bidirectional flow reversal and ensure the facilities function at 

their best. In a co-current upward two-phase flow system, bidirectional flow 

reversal is defined as the commencement of the liquid part flowing in the opposite 

direction that leads to a downward counter-current flow resulting in liquid 

accumulation reported by (Harang et al. 2012; Hewit 1970; and Hall-Taylor, 

1970). 

Figure 1-1 shows the bidirectional flow reversal scenario for a producing gas well 

and its flow patterns in a vertical tube system, while Figure 1-2 illustrates a 

decreasing and increasing gas flow in a vertical riser section of a tube. 

These figures further show the bidirectional flow reversal phenomenon for a 

producing gas well with its flow patterns. For every producing gas well reservoir, 

there is always aquifer water being produced along with the gas during 

production. Karimi and Kawaji (2000) are of the opinion that there still seems to 

be a considerable unpredictability about the onset of the flow reversal and 

flooding phenomenon despite the enormous number of studies in this area.  

Alsaadi et al. (2015) stated that empirical correlations are still the conventional 

method for predicting the emerges of flow reversal and flooding phenomenon. 

Imura et al. (1977) suggested that the onset of flow reversal is due to the 

instability in the flow. This instability triggers a speedy propagation of waves until 

it bridges the pipe cross-section. In contrast, Karimi et al. (2000) stated that, at 

the commencement of flow reversal, the interfacial waves will not stop the flow in 

the pipe but tends to spread downward with substantial velocity. Their 

observation is consistent with the findings of Zabaras et al. (1986) whose analysis 
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did not report the occurrence of upward moving waves at the onset of the flow 

reversal. McQuillan et al. (1985), Suzuki and Ueda (1977) also stated that, the 

flow reversal and flooding ensued because of the waves that develop close to the 

liquid outlet and are swept upwards by the gas phase. Nonetheless, all these 

model correlations are limited due to their confined scope of operational settings 

such as, the pipe geometry, fluid properties. and the inlet and outlet conditions, 

rather than the physical mechanisms.  

Flow reversal and flooding is one phenomenon that greatly affects a variety of 

systems, especially, the multiphase flow in pipes, including natural gas 

production and its transportation. Therefore, the oil and gas production engineers 

need a better understanding of this bidirectional flow reversal and liquid 

accumulation phenomenon and its potential impact on oil and gas production as 

well as their transportation in pipelines. 

 

 

Figure 1-1: (a) Reservoir aquifer oilfield overview Bailey et al., (2000), (b) Action 
sequence for gas wells experiencing liquid build-up conditions 
Veeken and Bakker, 2003), (c) Liquid accumulation process 
pattern (Yilin Wang, 2012). 
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Figure 1-2: Schematic representation of the formation of bidirectional flow 
reversal (e-h) and flooding (a-d) (Fowler and Lisseter, 1992). 

 

1.2 Research Aim  

The aim of this study is to develop an empirical correlation model and establish 

a critical gas superficial velocity that will cause bidirectional flow reversal to occur 

in vertical tubes for a specific liquid flow rate with air (gas), oil and water (liquid) 

as the working fluids.  

1.3 Research Objectives 

To achieve the aim of this study, the following objectives are to: 

1. Survey previous experimental works for identifying major phenomenon  

responsible for the liquid bidirectional flow reversal that result in liquid  

accumulation (liquid loading) in the riser systems and or in the oil and  
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gas production systems. 

2. Conduct an experimental investigation in a 10m riser pipe, which is longer 

than those obtained in the literature in order to acquire a fully developed 

flow and analyse the bidirectional flow reversal features at different system 

pressures, as well as making comparisons with the available air-oil and 

air-water data analysis. 

3. Analyse the data obtained from the experiment and propose a general gas 

and liquid empirical model correlation, which can be used in pipelines for 

multiphase flow (oil and gas) transportation and vertical gas producing 

well, with the aim of predicting and avoiding a bidirectional flow reversal 

scenario. 

4. Conduct numerical modelling through Computational Fluid Dynamics 

(CFD) techniques, using ANSYS Fluent software. The results obtained 

from the experiment will be used to validate the numerical modelling 

results. 

5. Carry out programmed application to determine the critical superficial 

velocity at which bidirectional flow reversal does occurs 

6. Establish a critical superficial gas velocity point to avoid bidirectional flow 

in multiphase riser systems. 
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1.4 Research Questions 

This study intends to address most of the fundamental questions as outlined 

below: What is the major cause of liquid accumulation in riser systems, 

particularly in oil and gas production systems? 

1. Is my well impaired? How impaired is it? What is the solution? 

2. What is bidirectional flow reversal and the possible phenomenon behind 

it?  

3. What could be the appropriate techniques for identifying the bidirectional 

flow reversal scenario?  

4. How could a proper empirical correlation be established to know the point 

at which bidirectional flow reversal will occur? 

5. Are there recommendations for solving this unwanted scenario?  

 

1.5 Methodology 

To apply a bidirectional flow reversal in vertical riser system in oil and gas 

application, it became imperative to propose an empirical model correlation, 

which can predict the initiation of bidirectional flow reversal and liquid 

accumulation in such as geometry. To achieve this, a series of experiments were 

carried out on the 54.8 mm internal diameter vertical pipe in the oil and gas 

multiphase flow facility. This facility is an industrial standard multiphase flow 

experimental rig, in which the working fluids are air, oil and water. The testing rig 

consists of a Perspex pipe section that allows for a visual inspection of the 

bidirectional flow reversal phenomena. The full description of the experimental 
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facility and operational procedures are given in section 3.6. In additional, 

Computational Fluid Dynamics (CFD) technique, using ANSYS Fluent software 

was used for the numerical modelling. The results obtained was validated using 

the experimental data. 

ANSYS Fluent version18.2 has been used in developing the geometry and the 

grids for the simulation. The mesh independence simulation test was evaluated. 

The experimental results from this study have been used for the validation of the 

numerical simulation along with Kocamustafaogullari and Wang (1991) 50.4 mm 

vertical pipe diameter experimental data as yardstick for the comparisons with 

published literature.   

Figure 1-3: presents the research methodology process for the experimental 

works and analyses. 
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Figure 1-3: The research methodology process chart. 
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1.6 Thesis Structure  

The remaining sections of this study are divided into seven chapters as follows: 

Chapter 2  

A comprehensive review of published studies about bidirectional flow reversal 

and flooding includes the experimental conditions at which the bidirectional flow 

reversal and liquid accumulation occur, and the associated phenomena were 

carried out comprehensively. It also covers the studies on the mechanism 

causing the occurrence of bidirectional flow reversal and liquid accumulation. The 

influence of bidirectional flow reversal on flow patterns and flow pattern maps for 

the vertical pipes are discussed. Emphasis is given to flow reversal, empirical 

model correlations for predicting the dimensionless gas and liquid bidirectional 

flow reversal velocities. In addition, a brief review of past studies on numerical 

modelling through Computational Fluid Dynamics (CFD) using ANSYS Fluent 

software was carried out, and data from the experimental campaign analysed. 

CFD Ansys with instrumentation and software acquisition of data were briefly 

described.  

Chapter 3.  

This chapter discusses the experimental facilities used to evaluate occurrence of 

co-current to counter-current bidirectional flow reversal and liquid accumulation.  

A detailed discussion of the instrumentation used in the experimental works is al

so provided. The procedure for these instrumentations, with their performance 

on how co-current to counter current flow reversal (flooding) occurs in air (gas), 

oil and water were presented. 
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The experimental apparatus, properties of the fluids used, technique used for the 

for measurements were discussed. In addition, surface tension measurements 

of water and oil, pressure transducer and pressure sensor calibrations as well as 

determination of inlet parameters with uncertainty of measurement were 

discussed. 

 

Chapter 4:  

This chapter discusses the experimental results obtained with the 54.8 mm pipe. 

The results obtained were compared with existing literature data.  

 

Chapter 5:  

This chapter focuses on the pressures measured during the flow reversal 

occurrence in the experimental test sections. Comparisons of published pressure 

drop correlations are made with the measured pressure drops data results of this 

work. The investigation and correlation comparisons provided an understanding 

of the corresponding flow reversal phenomenon and the associated pressure 

gradient. In addition, the flow regime pattern identification with pressure 

fluctuation features is also studied. 

 

Chapter: 6  

This chapter presents a programmed application method for the identification of 

two-phase flow regime patterns with fluid flow simulation modelling software. The 

different flow regime pattern maps, such as annular, annular mist and slug flows 

are identified, and compared with experimentally obtained data plots.  
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Chapter 7:  

This chapter presents the numerical modelling through Computational Fluid 

Dynamics (CFD). using ANSYS Fluent software Version 18.2. A 2D axisymmetric 

analysis with the K- epsilon model for a multiphase gas-liquid two-phase flow 

simulation is conducted. The results of the velocity and pressure flow field and 

profiles obtained from the Ansys fluent are presented and discussed. The results 

are also compared with existing work in the literature as well as data from this 

current work. 

 

Chapter 8:  

This chapter discusses the summary of the findings of this current research, the 

limitations of the techniques used, the difficulties encountered during this work, 

implications of my findings, as well as the recommendations for further study. 

The contributions to knowledge in this research area are presented. 
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CHAPTER 2:  LITERATURE REVIEW 

2.1 Introduction 

The subject of bidirectional flow reversal and flooding have been studied 

extensively in the literature over the past decades on two-phase flow riser 

systems. And several correlation models have been developed in this direction. 

This chapter aims to look at a comprehensive review of past published studies 

on bidirectional flow reversal and flooding. This includes the experimental 

conditions at which the bidirectional flow reversal and liquid accumulation occur, 

and the associated phenomena was carried out comprehensively. It also covers 

the studies on the mechanism causing the occurrence of bidirectional flow 

reversal and liquid accumulation. 

Multiphase gas-liquid bidirectional flow in industrial riser systems have been 

studied for decades, Alves and Barbosa (2015). This chapter presents a review 

of the past literature on the two-phase flow phenomenon. However, as set out 

earlier in the objectives of this study, more emphasis is directed to bidirectional 

flow reversal, to understand the complex nature of the co-current to counter-

current liquid down-flow scenario. That causes the reverse flow and leads to the 

accumulation of liquids in the upstream of the riser and causes backpressure that 

limits production optimization particularly in the oil and gas sector. In the 

literature, there are many published researched works about empirical correlation 

models on vertical gas-liquid two-phase flow in tubes, Wan et al. (2020).  

However, majority of these empirical correlation models are mostly established 

with air (gas) and water (liquid) data as reported by Szalinski et al. (2010), he 

further added that, these correlations developed with air and water such as 
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(Mollamahmutoglu et al., 2012, Juliá et al., 2008) and a host of others may not 

be of an acceptable standard considering the different fluids properties most field 

engineers work with. Empirical correlation model to predict the critical gas 

superficial velocity of the bidirectional flow reversal in vertical tube for a specific 

liquid flow rate with air (gas), oil and water (liquid) as working fluids will give a 

more accurate flow rate prediction. Alves and Barbosa (2015) and Wan et al. 

(2020) reported in their study that flow reversal and flooding have been a major 

concern in the oil and gas producing sectors. They added that, co-current to 

counter current flow in tubes is a common scenario in the chemical and petroleum 

industry. Therefore, an accurate prediction of flow rate, flow regimes and the 

counter-current flow limitation is important, as they are intrinsically linked to flow 

characteristics that also dictates the operating conditions 

According Karimi and Kawaji (2000), the uncertainties and complexities 

surrounding the limitations and expectations of flow reversal and flooding have 

contributed to the difficulty in its modeling empirically. Numerous empirical 

correlations for flow reversal and flooding in complicated geometries and 

configurations have also been developed. However, these models can generally 

not predict the flooding in experimental facilities that are not identical to the facility 

that the model was developed to represent. Historically, all models have been 

developed to predict flooding in systems with similar sets of features.  Bankoff 

(1983) categorizes all flow reversal flooding models into four groups: These 

models based on the stability of a traveling wave, (studies patterns that form 

instabilities in two-dimensional dispersed two-phase flows such as a suspension 

of particles in a fluidized bed and a bubbly gas-liquid flow), envelope models, (a 
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version of multivariate linear regression method  to improve prediction), static 

equilibrium models, (studies the conditions under which fluids (gas, liquid) are in 

a stable equilibrium), and models based on slug formation (studies the transition 

to other flow regime) as reported by Karimi and Kawaji (2000). These categories 

are based on the models' assumptions, including assumptions about the 

mechanistic cause of the flow reversal scenario and system configuration, which 

Bankoff and Lee (1986) cited by Drosos et al. (2006) determined were most 

important.  

Wu et al. (2019), Hussein (2019), Dewangan et al. (2016), and Li et al. (2016) 

investigated and reviewed three phase flows, and methods to identify flow regime 

maps, which is also a key to knowing flow pattern transitions. (Wan et al. 2020, 

Wu et al. 2019) and Adaze (2018) presented in their studies that, although, the 

flow reversal and liquid accumulation scenario has been studied experimentally, 

researched, and investigated for several years, there still seems to be some 

unpredictability regarding the accurate mechanisms through which this flow 

reversal phenomenon in tubes occur in the co-current - counter-current or 

bidirectional gas-liquid annular flow. Past investigators, Suzuki and Ueda (1977), 

McQuillan (1985) and Govan et al. (1991) have typically acknowledged  as true 

that flow reversal and flooding take place due to large waves, developing close 

to the liquid outlet and carried upwards by the gas phase. However, (Zabaras et 

al. 1986), Biage and Delhaye (1989) in their experiments on film thickness 

measurements did not disclose the existence of these upward-moving waves 

resting at the flow reversal and flooding point. Govan et al. (1991) suggested that 

in some instances, this disparity could be connected to inlet as well as outlet 
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conditions for gas and liquid phases. Furthermore, (Jayanti et al. 1996), that, 

despite having the inlet and outlet conditions for these phases, unbroken upward-

moving waves were not observed.  

Fadairo et al. (2015) and Alves and Barbosa (2015) have studied flow reversal 

and flooding experimentally in the past with their respective flooding correlations, 

proposing majorly for loss – of coolant accident (LOCA) in pressurized reactors. 

However, there are no previous studies so far that have derived an acceptable 

empirical model to predict flow reversal in oil and gas pipeline transportation in 

vertical flow orientation. In addition, most of these past investigators have not 

carried out the experimental campaigns and analysis of the flow reversal 

phenomenon at different system pressures to compare with air oil and air-water 

data to identify the flow reversal flooding regimes. This current study has 

specifically investigated the occurrence of flow reversal (flooding) in a riser 

system inferring to oil and gas producing wells. The flow reversal occurrence is 

associated with the liquid-loading scenario which is critical in exploiting most gas-

wells. A good understanding of the critical point on bidirectional flow reversal will 

help to establish a reliable universal empirical model correlation. Furthermore, 

this will provide better production predictions in oil and gas producing wells and 

multiphase flow line operations, particularly with improving gas wells under liquid 

accumulation circumstances. 

2.2 Experimental methods review of gas-liquid vertical flows 

The bidirectional flow reversal term is a phenomenon in a vertical riser tube as 

reported by (Wan et al. 2015; Mollamahmutolu 2012; Liu et al. 2017; and Skopich 
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et al.  2015), They all carried out studies on the subject of flow reversal, and 

reported that, this is a process in which, a co-current to downward counter-current 

flow of liquid takes place, while the gas flows upward carrying some portions of 

the liquid along is observed. This type of fluid transportation arrangement is 

usually experienced mainly on gas and oil production vertical flow systems that 

are related to decreasing reservoir formation pressure. This is a case where the 

reservoir pressure, due to production decline, will no longer be sufficient to 

transport the liquid along with the gas to the top of the wellhead This process is 

presented by Bankoff and Lee (1983) in Figure 2-1, where an initial upward-

moving film with high gas flow rate made to flow downwards.  The gradual 

decrease in gas flow rate initiates the waves to emerge on the liquid surface, 

which drains downward as falling films by the side of the tube wall as reported by 

Shoham (2006). As a result, this causes the liquid to flow further than the injection 

point so that concurrent climbing and falling film flow ensues, which is the critical 

point referred to as the flow reversal point. This gas-liquid two-phase bidirectional 

flow scenario is encountered in many industrial applications, such as, the 

petroleum and gas sector, chemical processing, nuclear reactor, geothermal 

energy, and space industries. 

In relation to the oil and gas production systems, gas often enters the wellbore in 

a solution with oil and water and comes out as a separate phase when oil moves 

up enough along the wellbore to drop below the bubble point pressure. Both 

cases, as reported by Hagedorn and Brown (1964) and Hasan and Kablr (1988), 

lead to gas-liquid two-phase flow in the wellbore and, subsequently, in the 

pipeline. Gas-liquid two-phase flow takes many configurations or patterns. The 
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term flow pattern, or flow regime, applies to the geometrical dispersion of the 

liquid and gas phases in a tube. The existing flow pattern in each two-phase flow 

system relies on the approximate degree of the forces that affect the fluids, e.g., 

the surface tension, turbulence, inertia, and buoyancy. These forces are bound 

to change considerably due to the flow rate, the diameter of the tube, angle of 

inclination, and properties of the fluid phases. The latter changes because of the 

enormous pressure and temperature variations that the fluids encounter. 

Therefore, as presented by Beggs and Brill (1973), various flow patterns are 

bound to exist in each wellbore or pipeline. 

As reported by Hassan and Kabir (1988) empirical correlation models for two-

phase flow calculations can give inaccurate results when applied to situations 

different from the database from which they are derived. When gas flow velocity 

is adequately high, the existence of climbing films is observed. At the reduction 

of gas velocity, it gets to the point that the fractional downflow of liquid shows up, 

and additional reduction of the gas velocity will cause dry out in the ascending 

liquid film, and the flow retreats to the state of a descending falling liquid film with 

the up flow of gas. On flow reversal and flooding, Hewitt and Wallis (1963), Hewitt 

et al., (1965), Pritchard and Nedderman (1966), Suzuki and Ueda (1977), and 

Dukler and Smith (1977) were the first to introduce liquid halfway the tube in a 

sintered pipe which allowed homogeneous dispersion, which has also been used 

in this study. Table 2-1 presents publications in upward, co-current, gas-liquid 

flows in vertical pipes with diameters of 10 to 100 mm. However, in the table, the 

few cases for downward bidirectional counter-current gas-liquid flows in vertical 

pipes were not accounted for. (Wu et al., 2019; Barnea et al., 1982; Julia et al., 
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2013 and Kim et al., 2004) reported that, conditions which draw gas bubbles or 

slugs down with liquid flows are less common in industrial applications than 

upward flow conditions. Although most of the co-current upward flow studies used 

air with water, while the studies of Akhiyarov et al., (2010), Alruhaimani (2015), 

Hlaing et al., (2007), Furukawa and Fukano (2001), Oddie et al., (2003), 

Omebere-Iyari et al., (2007), Schmidt et al., (2008), and Szalinski et al., (2010), 

investigated on co-current experiment studies in vertical pipes with hydrocarbon 

liquids or glycerol-water solutions. But Oddie et al., (2003), Omebere-Iyari et al., 

(2007), Schmidt et al., (2008) used nitrogen gas and water, in place of air in their 

studies. 
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Table 2-1 Survey of published experiments of co-current upward gas-liquid flow 
regimes in vertical pipes with diameters 10 < D < 100 mm. Cited from Wu et al.  
(2020) 

Study  Fluids Pipe 

Dia 

(mm) 

No. of 

data 

points 

Usg(m/s Usl 

(m/s) 

Flow regime 

identification 

techniques 

Akhiyarov et al. 

(2010) 

Air Oil 52.5 16 0.50-4.0 0.10-1.0 Visual obs. 

Alruhaimani 

(2015) 

Air ND50 50.8 183 0.01-5.0 0.5-2.6 Visual obs.Video 1000 

frame/s) 

Barnea et al. 

(Barnea et al., 

1983) 

Air Water 12.3 164 0.04-63.5 3.8e-3 – 4.1 Visual obs. 

Conductance probe 

Barnea et al. 

(1985) 

Air Water 25 103 0.04-25 2.6e-3 – 1.6 Visual obs. 

Conductance probe 

Furukawa and 

Fukano (2001) 

Air Water 19.2 73 0.05-4.1 0.10-1.0 Visual obs. (still 

photography) 

 Air Glycerol 

53wt% 

19.2 52 0.03-5.6 0.10-1.0 Visual obs. (still 

photography) 

 Air Glycerol 

53wt% 

19.2 72 0.05-40 0.09-0.76 Visual obs. (still 

photography) 

Govier and Short 

(1958) 

Air Water 16 11 0.60-8.1 0.26-0.26 Visual obs. 

 Air Water 26 11 0.84-4.1 0.27-0.27 Visual obs. 

 Air  Water 38.1 13 0.80-9.6 0.27-0.27 Visual obs. 

 Air Water 63.5 11 0.52-4.6 0.26-0.26 Visual obs. 

Juliá et al. (2008) Air  Water 50.8 12.1 0.02-9.7 0.03-2.5 Visual obs. 

Conductance probe 

Lucas et al. (2005) Air Water 51.2 89 1.4e-3 – 

0.52 

1.4e-3 – 

0.52 

Wire mesh 

conductance sensor 

Rosa et al. (2010) Air  Water 54.5 73 0.12 – 29  0.22 – 3.1 Visual obs., resistivity 

probe 

Schmidt et al. 

(2008 

Nitro

gen 

Luviskol in 

Water 

54.5 20 0.04 – 21 4.6e-3 – 3.3 Visual obs., gamma 

ray, quick-closing 

valves 
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2.2.1 Bidirectional Flow Reversal Condition in Regime Maps    and 

Identification 

 

The conditions with which bidirectional flow reversal regimes patterns are 

observed and identified is an essential aspect of multiphase flow assurance 

studies, which is either through observations or otherwise. However, according 

to Wu et al. (2019), Kim et al. (2011), and Ghosh et al. (2012), there are but very 

few publications in that aspect. Furthermore, Besagni et al. (2014) argued that 

there are none or very little experimental research on bidirectional flow regimes 

patterns in pipes with air and other fluids besides water. Table 2-2 presents a 

summary of experimental study based on bidirectional flow reversal conditions in 

vertical tubes. 

Multiphase flow studies in tubes have always predicted the velocities through 

assumptions that the phases or the working fluids were a single phase flowing 

inside a given pipe as reported by Alruhaimani (2015). Various fields in 

engineering have made use of superficial gas and liquid velocities in their 

calculations with the consideration that these evaluations are most reliable, 

simply established, on the other hand the actual velocity is not simply acquired in 

some so complicated flow structures, as these are liable to assumptions 

according to Ghosh et al., (2012). Piteiu et al. (2008) reported in their work that 

the two major accepted approach for the minimum superficial gas velocity to 

prevent bidirectional flow and avoid liquid accumulation in the petroleum and gas 

industry are: the rule of thumb, which is universally accepted in the petroleum 

and gas industry, and the Turner et al. (1969) theoretical correlation.   
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Flow identifications in multiphase systems is associated with the existence of 

interfaces within the gas and liquid phases with incoherence of similar properties. 

The conventional and common ways of flow regime and patterns classifications 

with data analysis is mostly through observations. However, there is always an 

extensive variety in the prediction of flow pattern as they are all produced based 

on the configuration of the experimental setup that was used. According to Wu et 

al. (2019) the interpretation of different flow patterns maps either `in the two or 

three phase pipes is solely, on an individual’s choice o assessment and 

prediction. 

Table 2-2 represents experimental investigations carried out to identify flow 
pattern maps in a co-current – counter current two-phase multiphase flow in 
vertical tubes. Cited by Wu et al. (2019). 

Study Gas Liquid Pipe dia. (mm) Observed flow regimes 

Ghosh et al. (2013) Air Water 25.4 - Annular  
- Flooding 

Ghosh et al. (2012) 
 

Air Water 25.4 -Slug 
 - Churn  

Kim et al. (2001) Air Water 20 -Bubbly 
 - Slug 
 - Churn/annular 

Ghiaasiaan et al. (1997) Air Water 19 -Bubbly 
-Bubbly 

 Air Mineral oil 
Parafinic oil 

19 
19 

-slug/churn-slug  
- Churn  
- Churn-annular 

Ghiaasiaan et al. (1995) Air Water 19  

Yamaguchi and 
Yamazaki (1984) 

Air Water 40 - Bubbly  
- Slug and semi-annular 
 - Annular 
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2.3 Bidirectional Flow Reversal in Vertical Tubes 

When the gas flux is reduced in a co-current flow, a transition occurs that leads 

to a counter-current flow that is termed bidirectional flow reversal Bankoff and 

Lee (1983). This is illustrated in Figure 2-1 (a – g) which shows the flow transitions 

of a vertical counter-current and co-current annular type flow with a fluid injection 

device consisting of an absorbent enclosure system. 

For a given lower gas flow, a thin film of liquid flows downwards easily sideways 

of the pipe wall surface, (a).  Once the flow rate of gas slowly increases, it gets 

to a point, (b)  at which stage huge waves develop, leading to a chaotic flow where 

the droplets in the liquid are entrained in the upward flow of gas, and this is the 

critical point of incipient bidirectional flow. At that stage, the liquid supply rate will 

still be equivalent to the rate at which liquid is injected, though a fraction of section 

of the flowing liquid is carried upwards by droplets entrained in the gas. As the 

gas velocity increases past the flooding, a climbing as well as bidirectional film 

flow takes place at the same time, consequently there will be a reduction in the 

rate of liquid distribution [Figure 2.1c]. 

At some point, when the velocity is further increased, the entire liquid certainly is 

transported upwards, at that instance, a zero penetration occurs, (d).  As the gas 

flow rates further increases, an upward co-current annular-churn flow ensues in 

the pipe at the upper section. on further reduction of the gas rate, a point is 

reached (e) when part of the liquid film starts to sneak down the sidewall of the 

tube wall below the point of injection. This transition is known as the critical point 

of flow reversal. A further decrease in gas flow rate leads to a simultaneous 

climbing and falling liquid film flow  (f).  Then, finally, the entire liquid film flows 
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downwards below the point of injection called deflooding as observed in (g). Clift 

et al. (1966) reported that de-flooding is the term used for this final transition or 

flow reversal point since this describes the flow reversal and flooding point with 

declining gas flow. 

Figure 2-1 (e–g), is the co-current to counter-current flow reversal scenario of 

Bankoff and Lee (1983) which approach have also been employed in this study 

for the experimental campaign and analysis.  

 
Figure 2-1: (a-g) Flow regime transitions in vertical counter-current co-current 

annular flow by Bankoff and Lee (1983) 

 

Wu (2019) and Govan et al. (1991) reported that, bidirectional flow occurs in two-

phase flow, when the gas rate in an annular flow becomes very low, induces the 

liquid to descend under gravity as a film, whereby initiates a counter-current flow 

from the initial co-current flow. In contrast, excessive gas fluxes certainly will drag 

the liquid film upward, hence creating a co-current flow. However, this study 

objectively looks at the transition linking these two states, (co-current to 

countercurrent). According to Bankoff and Lee (1983), when the gas flux is 
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increased, the transition to upward film flow is termed flooding. When the gas flux 

is reduced in a co-current flow, the transition to counter-current flow is termed 

flow reversal. Bankoff and Lee (1983) also noted a hysteresis effect in the wake 

of flooding, suggesting that the gas flow rate must be reduced below the rate at 

which flooding will occur. They also stated that other useful information’s and 

occurrences that are classified with flow reversal and flooding comprises of: the 

locus of flooding, holdup, and partial delivery, hanging (or "standing") bidirectional 

film, flow reversal, and deflooding.  

Govan et al. (1991) reported that, in the flow reversal scenario, the tube's 

downstream zone on the locus of flooding of the gas can be described as a churn-

annular flow. The growth of interfacial waves is prone to flow reversal, and the 

co-current flow that ensues might be motivated by sheer interfacial power as 

reported by Mouza, Paras and Karabelas (2003). As established by Wallis (1962), 

the locus of flooding is the essential region where flooding ensues in a pipe. 

Richter (1981) reported that the liquid upstream of the locus of flooding could be 

predominantly reversed, inducing the partial delivery of the liquid, or entirely 

reversed, prompting liquid holdup. 

 

2.3.1 Flow Reversal in the Gas Well  

Westende (2007) reported a complete explanation of the multiphase flow 

phenomenon, which occurs when decreasing the gas rate in a pipe flow 

experiment. This is illustrated in Figure 2-2, which shows how liquid film and 

droplets are conveyed by the gas velocity. It is imperative to understand that a 

constant transposition occurs within film and droplets, while mature droplets 
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collide with the liquid film and are simultaneously trapped (deposition). Under this 

process the droplets are developed on the interface between the gas entering the 

stream and liquid film (entrainment). 

In a 0.05 mm diameter and 12 m long air-water experimental loop, to compute 

the droplet velocity and size, Van't Westende (2007) established that liquid 

accumulation (loading) agrees with the liquid film flow reversal direction. And 

Veeken et al., (2009), when using the modelling tool for transportation of oil, 

natural gas and water in the same pipeline (OLGA) approach for transient 

multiphase flow in a simulator in modeling liquid loading procedure, also arrived 

at the same conclusion: the inception of liquid accumulation (loading) was 

restrained and controlled by film flow reversal instead of flow reversal of droplets. 

Furthermore, Pigott et al. (2002) also back up this claim in his downhole video 

footage report. Concisely, liquid film flow reversal appears to be a reliable belief. 

Notwithstanding the realistic achievement of the Turner et al. (1969) based on 

droplets is still undeniable, and it is no astonishment as the incipience of flow 

reversal is controlled by the identical balance involving drag as well gravitational 

forces. 

At the point when a rapid gas stream moves through a vertical tube of internal 

diameter (D = 0.05 mm), for instance, at a superficial gas velocity of say, Usg of 

(35-45) m/s, with liquid flowing along the tube, the flow pattern will be a co-current 

dispersed annular flow. If the velocity of the gas is decreased, however, 

maintaining the liquid volumetric flow rate, the slip with the liquid-gas interface 

declines, prompting a lesser interfacial shear, and thus the entire pressure 

gradient, ∆Ptot, reduces; the volume of entrained liquid also declines as the gas 
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rate decreases. Lopes and Dukler (1986) reported that the interfacial friction 

factor gets bigger with the reduced entrainment, interfacial shear, which induces 

increase in the liquid film thickness that produces even more giant roll waves, 

whereby the interface becomes more uneven.  And with further reduction of the 

gas velocity, the pressure gradient and the measure of entrainment attains a 

minimum.  For the air-water framework, this minimum is attained at Usg ≈ 20 m/s 

as reported by Lopes and Dukler (1986). Zabaras, Dukler, and Moalem-Maron 

(1986) presented that the wall shear is occasionally co-ordinated upward, which 

results in the film–churning. The interfacial shear needs to increase to balance 

the expanding weight of the liquid film. Thus, there will be an increase in the 

pressure gradient. Also, the extent of entrainment will likewise increase once 

more. If in a churn-annular flow regime, when the gas velocity is reduced, 

increased liquid is transported upwards, smaller interfacial waves start tripping 

up co-currently, as it is now over the main film, which appears to be to drain 

downward. Now and then, substantial interfacial waves (extremely dynamic) are 

pushed along with the flow; perhaps these waves relate to the immense waves 

described by Sekoguchi and Takeishi (1989). They noted that the 

commencement of down-flow of liquid denotes flow reversal (inversion) point. In 

addition, this takes place at a gas velocity lower than the minimum in the pressure 

gradient curve. With a further decrease in the gas flow rate, the entire liquid flows 

counter-currently with the gas phase below the flow reversal point as presented 

by Van't Westende (2007). 
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Figure 2-2: Graphic representation of (a) a co-current annular flow and (b) a 

churn-annular dispersed flow by Van’t Westende, (2007) 
 

Liquid accumulation in gas wells is a prevalent drawback in oil and gas fields, 

estimated to occur in no less than 90% of the producing gas wells as reported by 

Veeken et al. (2009). This phenomenon enables liquid (condensate or water) to 

load up at the wellbore in the span of gas production operations. Moreover, 

prevailing signs are noticed in the field associated with liquid accumulation in the 

wellbore according to Lea et al. 2004). Hence, a basic knowledge of this 

phenomenon is highly significant concerning the completion and optimization of 

production for gas wells. Figure 2-3 illustrates the process of liquid accumulation 

(flooding) phenomenon in a gas well. In the initial stages of Figure 2-3 (left side), 

the well gas rate is generally high, with low liquid content in the wellbore. 
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Figure 2-3: Liquid build up process in a gas well as the gas rate declines over the 

life of the well by Yilin -Wang 2012). 
 

Figure 2-3 exemplifies gas flow in a vertical tube at high gas velocity that usually 

describe an annular flow regime, where the gas and liquid phases are organized, 

as shown. Due to reservoir depletion, the gas production rate decreases over 

time as presented by Yilin -Wang 2012). The affiliated lower gas rate decreases 

the interfacial friction amidst the gas along with the liquid phases, slowing down 

the liquid. To complement the liquid mass conservation principle (for a given liquid 

production rate), the cross-sectional area occupied by the liquid must increase 

with decreasing liquid film velocity. This increase in liquid content over time in the 

well is represented in the right part of Figure 2-3. Whenever the well reaches the 

stages on the right side of Figure 2-3, sizeable liquid content is present, which 

will increase bottom hole pressure and, consequently, causes a decrease in the  

Several investigations on liquid accumulation have been carried out, for example, 

by Lacy and Dukler (1994), Hewitt et al. (1965), Richter (1981), and Mouza, Paras 
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and Karabelas (2003). Notwithstanding, a complete understanding of the liquid 

flow behavior during liquid accumulation is not yet wholly attainable, and 

prediction methodologies for this phenomenon are still instead emerging. A better 

perception of liquid accumulation basics in an operating gas well will no doubt 

improve more general and reliable models, that can successfully give additional 

and accurate production forecasts, successful design of flowlines and 

implementations, and remediation of wells under liquid loading conditions. Figure 

2-4(a) shows a typical gas production field while (b) presents the sequence of 

flow from the reservoir to the wellhead. 

 

Figure 2-4:(a) Natural gas production field by (Wang 2012), (b) action sequence 

for gas wells experiencing liquid build up conditions, (Veeken and Bakker 2003). 

 

Liquid accumulation in a well is a transient phenomenon in nature; after its onset 

(e.g., when the velocity of gas is below a particular limit and the liquid cannot be 

transported to surface), a circle of events begins to occur in the wellbore, as 

shown in (b). These occurrences are described by Veeken and Belfroid (2011): 

1 The liquid and gas produced are transported to surface simultaneously. 
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2 The velocity of the gas reduces, and it is inadequate to lift liquids to the 

surface. Liquid flow reversal ensues and start to build up in the bottom 

hole.  

3 Due to liquid build up, pressure at the bottom hole increases and the 

gas flow rate decreases considerably until the gas well ceases to flow. 

4 Liquid that has accumulated at the bottom hole is recycled to the 

formation as soon as the bottom-hole pressure attains values higher 

than the near-wellbore region. During the re-injection, the pressure in 

the near-wellbore region energises.  

5 The near-wellbore pressure recharges until it is sufficiently high to lift 

the fluids column (gas + liquid) in the wellbore, and afterwards the well 

begins flowing once more.  

In addition, Veeken et al. (2009) investigated the origin of liquid accumulation in 

gas wells. Their findings confirmed that, liquid accumulation in gas wells is 

induced by liquid film flow reversal rather than falling liquid droplets. Govan et al. 

(1991) noted that the initiation of the film flow reversal is presumed to occur during 

the transition from annular to churn flow. Turner et al. (1969), Lacy and Dukler 

(1994), Hewitt et al. (1965) do not class churn flow as a flow regime, the reason 

may be primarily due to the similarities of the phase distribution in annular and 

churn flow. 

The mechanism associated with the transition from annular to churn flow, can 

enable interpretation of such transitions. The most familiar type is the flow 

reversal criterion is by Wallis (1969), cited in Waltrich et al. (2011), which can 

simply be observed experimentally and can be correlated by a simple 
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relationship. The flow reversal criterion utilises the flooding correlation and states 

that the transition between churn to annular flow occurs when the dimensionless 

gas velocity UGS
∗ = 1.  

Therefore, annular flow is expected to occur for UGS
∗  > 1 and churn flow for UGS

∗  <

1. The dimensionless gas velocity  UGS
∗  is defined as, 

 

UGS
∗  = UGS [

ρG

gD(ρL – ρG)
]
1/2

  
(2-1) 

  

Where g is the acceleration due to gravity, D is the diameter of the tube, 𝜌𝐺 

and  𝜌𝐿, are gas and liquid densities, respectively.  

In their experiments, Hewitt et al. (1985), cited in (Waltrich et al. 2011), observed 

the flow reversal in the transition between annular to churn flow using a dye 

tracing in the liquid and cine records of the flow. Zabaras, Dukler, and Moalem-

Maron (1986) confirmed the occurrence of flow reversal using a wall shear stress 

measurement technique. The studies of Van't Westende (2007) and Vierow 

(2008) provided further insight into the mechanisms by which liquid flow reversal 

and liquid loading occur in vertical tubes. Through experimental measurements 

and visualization of the downward falling film in churn flow, Van't Westende 

(2007) and Vierow (2008) confirmed that below a certain gas flow rate level, a 

reasonable number of liquid falls into the pipe in a wall film form. Similarly, the 

present study also believed through the current investigations which have 

provided relevant evidence that the root of liquid loading is strongly related to the 
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wall film flow reversal, and its onset is associated with the transition between the 

annular to churn flow regime.  

Moreover, this scenario is also the same as the co-current to counter-current flow 

reversal-flooding phenomenon in vertical tubes, which is the focus of this current 

investigation. The phenomenon of flow reversal occurs at the transition of 

annular-dispersed flow to churn flow, where the gas flow rate can no longer 

transport the liquid entirely upwards, and some of the liquid phases drain 

downwards, counter-current with the gas flow. 

 

2.3.2 Studied Parameters 

The key parameters influencing flow reversal and flooding are: 

➢ the systems’ orientation,  

➢ the geometry (including the inlet and outlet conditions, the cross sectional 

area shape and size), the fluid properties, including the presence of phase 

change by Bankoff (1983). 

➢ The system temperature and pressure 

The effects of temperature and pressure on fluid properties was investigated by 

Tien (1977) and Wang et al., (2011) Though, increase in temperature affects 

viscosity of the fluids by impacting on its molecular structure which has little effect 

on flow reversal. While an increase in pressure leads to decrease in the flow 

volume.  Yet they reported that of all the fluid properties, the density of liquid and 

gas is known to have the most significant impact on flow reversal and flooding.  

That an increase in gas density is known to cause a decrease in the gas flow rate 

required to initiate flow reversal and flooding for a given liquid flow rate. While the 
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reverse is valid for the liquid, an increase in the liquid density increases the flow 

rate of the gas.  Zapke and Kröger (1996) presented that flooding is a property of 

the viscosity of the liquid. Zapke and Kröger (1996) also reported that for large 

liquid viscosities, flooding is not a function of viscosity. While this development is 

acknowledged, there is no accord concerning the relationship between viscosity 

and the relative velocities required to cause flooding.  While Tien et al. (1977) 

and Suzuki and Ueda (1977) discovered contradicting patterns in their 

investigations, they concluded that the condensation of the gas phase may yield 

a variety of results” They added that gas-phase condensation affects flooding as 

a function of the location of the locus of flooding in respect to the injection point 

of the gas.  Zapke and Kröger (1996) postulated that a realistic explanation for 

the numerous conflicting patterns is the difficulty in segregating individual fluid 

properties.  

The impact of each of these parameters on sets of liquid and gas flow rates is 

that it initiates the bidirectional flow reversal scenario considerably. However, 

according to the reports in the literatures appears that, there are no concise 

agreement of views on the patterns for each of these parameters. According to 

Wang et al. (2011), the system inclination can affect the flow of the structure to 

change between annular and stratified flow and can also influence the impact of 

gravity on the flow. But Bankoff (1983) presented that, this may only occur if the 

locus of the bidirectional flooding point is located along the tube in the 

experimental setup, he added that, for vertical tubes without phase change, 

bidirectional flooding tends to occur close to the gas inlet. Bankoff (1983) further 

noted that for a particular inclination, the locus of flooding appears to depend on 
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the same area for a given system. And reported that, the Inlet and outlet 

conditions influence the local velocity profiles of both the liquid and the gas and 

can influence the momentum of every phase. Zapke and Kröger (1996) and 

Bankoff (1983) investigated the inlet and outlet geometries with principal 

empirical models which have been developed to explain these effects, with cross-

sectional geometries, round tubes, rectangular channels, and level plates. They 

observed that the cross-sectional shape appeared to have a substantial effect on 

bidirectional reversal flooding. Wongwises (1998) presented that, for bends, 

twists, and elbows affects bidirectional flow reversal and flooding, however, 

added that due to complications, there has been little work in this area.  

The understanding of the process that causes flooding through both a 

hypothetical and numerical methodology could simplify the practical conditions of 

flooding on fluid properties. 

 

2.3.3 Vertically Influenced Instability Flows 

The slugging behavior in pipeline-riser systems is a crucial aspect of this research 

work as this is part of the cause of liquid flow reversal and subsequent liquid 

accumulation in the riser. Therefore, in this section, the researcher has chosen 

the 'severe slugging' dilemma that has been reviewed in various existing 

publications, for example, Yu et al. (2010), Jansen, Shoham and Taital (1996), 

Taitel et al., 1990), and Fabre et al. 1990). Figure 2-5 presents a slugging 

occurrence. This phenomenon discloses itself by repeated gas, and liquid 

production combining repeated fluctuations of pressure in phases inside the 

producing pipeline: (1) slug development; (2) flow of slugs into separator; (3) 
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forced out; (4) back fall of liquid. Nonetheless, in order to emphasize between 

entire slugging class variations, a cycle can be specially explained in five steps: 

(1) liquid impassable at the bottom of riser; (2) growth of slugs; (3) production of 

liquid; (4) liquid produced at speed; and (5) flowing down of gas. A complete 

obstruction ensues at the bottom of the vertical riser once an adequate liquid 

accumulates at the base. Consequently, the available gas channel is sealed up. 

The transient slugs developed inside the tube flow line, and the resulting fallback 

of the liquid influenced this initial clogging. This step is referred to as the riser 

bottom clogging. As the liquid phase and gas phase flow inside the pipeline, even 

though the means of access remain blocked, there will be an increase in the liquid 

level in the riser. As will result in pressure increasing at the base of the riser, 

forcing a gas-liquid interface inside the tube further apart from the base of the 

riser, then compacting the already built-up gas inside the pipeline. Malekzadeh 

et al. (2012) termed this as evolution of slugging.  
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Figure 2-5: Sequence of the stages of severe slugging by Malekzadek et al., 

(2012) 

 

Malekzadek et al. (2012) reported in their study that when the height of the liquid 

gets to the top of the riser, the riser base pressure attains its highest point, and, 

at the same time, the compressed gas pressure inside the pipe turns out to be 

above the hydrostatic head of the riser filled with liquid. Then on the riser top is 

an outflow of liquid and a simultaneous flow of the slug tail inside the tube in the 

direction of the riser base. This is at the stage of producing liquid. Once the gas 

phase diffuses inside the riser, its hydrostatic head declines. As a result, there 

will be an expansion of the gas and flushing of the liquid column away from the 

riser. This produces the liquid rapidly, hereafter, there will be a tremendous 

amount of gas production, making the system depressurize suddenly. This is the 
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stage of the gas blowdown. After the expulsion of the gas, a minimum pressure 

is attained, and a repetition of the circle begins again with the liquid build-up at 

the riser base.   

2.4 Experimental Studies on Bidirectional Flow Reversal  

Researchers, including Hewitt (1986), Clift et al. (1966), and Dukler et al. (1984) 

employed the porous injection style of the gas flow in a vertical adiabatic counter-

current to co-current in a two-phase flow system. It is important to note that the 

pressure drop-in two-phase flow plays a vital role in the experimental set up, and 

it comprises of three factors: gravity term, frictional loss term, as well as 

momentum change term. When the flow is properly established with minimal 

changes of liquid film thickness, the third term (momentum change) could be 

disregarded. The gravitational term is like the friction term provided the flow 

sustains a frictionless liquid film. Nevertheless, the last appears to be prevalent 

once incipient flow reversal has taken place. 

Taitel, et al. (1980) established a model to predict the flow pattern as well as 

pressure drop in gas-liquid counter-current vertical flow, including Fowler and 

Lisseter (1992) and Bankoff and Lee (1986) mainly with regards to flooding as 

well as flow reversal. The phenomenon of flow reversal and flooding is connected 

to the limitation of the descending counter-current flow of liquid, under 

gravitational force triggered by means of difference in pressure through the 

upward flow of gas. Experimental data correlations are the main strategies for 

predicting the flow reversal and flooding process according to Fowler and Lisseter 

(1992) and Bankoff and Lee (1986). 
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The Taitel et al.  (1980) and Wallis (1969) empirical models that is associated 

with the liquid and gas superficial velocities are the most appropriate in 

establishing the points at flow reversal and flooding in correlation model studies. 

Co-current annular flow is the flow pattern identified by sequence of, the bubble, 

slug, churn, and annular flows which are the flow patterns that are noticed in co-

current to counter-current vertical flow, unlike the co-current upward flow with 

relatively distinct features of the flow rates, the counter-current flow have several 

remedies for the flow patterns to take place. Moreover, counter-current flow might 

not occur at all for a particular set of gas and liquid flow rates, as previously 

observed in  of Van’t Westende, (2007). 

The liquid remained as a falling film for several flow rates of gas, until a 

bidirectional flow reversal point is reached, where the liquid flowing downward is 

carried upward. Under counter-current flow, the restricting feasible remedy is the 

phenomenon of flooding. The border of transition of annular flow up to no remedy 

is the line of flow reversal and flooding. Taitel et al. (1983) used the Wallis (1969) 

correlation given in Equation 2-2 and presented that, for the prediction of accurate 

bidirectional flow reversal and flooding procedure, no suitable idea has been 

recommended to date. 

 

[
ρG
1/2

uG

[gD(ρL − ρG)]1/2
]

1/2

+  [
ρL
1/2

uL

[gD(ρL − ρG)]1/2
]

1/2

=   𝐶 

 

Where: 
USG = superficial gas velocity    m/s 
USL = superficial velocity           m/s 

(2-2) 
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ρG = gas density                        kg/m3 

ρL = liquid density                      kg/m3 
g = acceleration due to gravity m/s2 
D = the pipe diameter.               cm  
C = an empirical constant of the order of unity. 
 

In their investigations, Taitel et al. (1983) reported that annular flow 

certainly appears to be one of the very common flow patterns 

concerning the co-current to counter-current flow in two-phase flow 

systems. It was obtained with an experimental set up with open outlet 

beneath the device, as observed in Figure 2-6.  

 

 

Figure 2-6: Vertical counter-current gas-liquid flow patterns Taitel et al. (1983)  
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2.5 Correlations’ for Predicting Onset of Bidirectional Flow 

Reversal  

 

A widely investigated subject in gas-liquid multiphase flow is the flow reversal and 

flooding phenomenon, with the aim to develop an empirical model correlation that 

can easily predict flow reversal and flooding point under given conditions. In many 

published literature, large correlations appear to establish the onset of the flow 

reversal flooding for a specific condition. Fowler and Lisseter (1992) and Bankoff 

and Lee (1986) have reviewed the experimental and analytical methods 

respectively to study the flow reversal and flooding phenomenon. From various 

investigators, literature has established that there are two generally 

acknowledged flow reversal mechanisms. The foremost is that of (Wallis 1969), 

which is developed on wave hypothesis related to the liquid and gas 

dimensionless velocities on the flow reversal and flooding point as reported by 

Malekzadek et al. (2012). 

Experimentally, several cases of the flow reversal and flooding procedure have 

been investigated to discover the processes entailed. In literature, a considerable 

number of investigations have been dedicated to the study of the flow reversal 

and flooding phenomenon. Generally, empirical correlations are being used to 

predict incipient flow reversal and flooding. Tekavčič et al. (2016), presented in 

their study that these empirical model correlations have been obtained by virtue 

of experimentally acquired data. Hence, their authenticity is, in general, restricted 

by the scope of the conditions in which the experiments were carried out.  

Jayanti et al. (1996) presented two general mechanisms of flow reversal and 

flooding in tube bundles, channels, vertical tubes with related arrangements of 



43 

 

counter-current flow in two-phase flows systems. These are: 1, the wave 

mechanism which is considered potentially predominant in pipes with small 

internal diameter, and (2) the droplets and entrainment mechanism, which is the 

carry over and liquid entrainment, further than the liquid entry point. Therefore, 

the wave mechanism is predominant for pipes sizes of a small diameter (D < 50 

mm). Jayanti et al. (1996) reported huge consistent ring-type flow reversal 

(flooding) waves that occur due to the small diameter which increases the force 

of the gas on the waves. This instigated a comparatively significant decrease in 

the flow cross-section for the gas at the top of the wave, thus increasing from the 

bottom of the wave, and the whole wave can be swept upwards as presented by 

Elperin and Klochko, (2002). Jayanti et al. (1996) observed in their study that 

consistent development of liquid waves is not likely to develop in the entire pipe 

circumferentially for large diameter of pipes. Nevertheless, such waves break 

down easily even when they are developed as they are very unstable. Therefore, 

the formation of droplets and liquid entrainment is mainly due to large liquid wave 

breakups, which the gas flow will carry further than the liquid inlet; as a result, 

triggering flow reversal and flooding by the second mechanism (droplets and 

entrainment mechanism). These two mechanisms are connected to the two 

correlations that are of paramount importance for flow reversal and flooding 

according to Jayanti et al. (1996). The wave mechanism (1) is related to the Wallis 

and Hewitt (1986) type of correlations that consider the pipe diameter. In contrast, 

the droplet and liquid entrainment mechanism (2) is linked to the Kutateladze 

(date) type correlation as reported by Tien (1977), which does not consider pipe 

diameter.  
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In their study, Hewitt et al. (2012) considered the transitional regime between a 

slug and annular flow to be a churn flow regime and stated that the wave 

mechanism of flow reversal (flooding) is related to the origin of these giant waves. 

Govan et al. (1991) conducted a significant experimental investigation on flooding 

phenomena, which shows that the transition to churn flow is characterized by the 

ability to develop flow reversal (flooding)-type waves. Elperin and Klochko (2002) 

consequently claim that, the flow reversal and flooding phenomenon and the 

existence of churn flow are closely connected. In their experiment Waltrich et al. 

(2011), adopted a process Barbosa et al. (2001) had used. They investigated the 

churn flow regime of air and water, prioritizing flow reversal and flooding type 

wave motion and development. While Wang et al. (2011) in their experimental 

setting discovered the evolution of considerable waves in the section close to the 

water inlet being carried high towards the top section of the pipe, at which point 

they break down into drops. Furthermore, Elperin and Klochko (2002), Wang et 

al. (2011) and Barbosa, Govan, and Hewitt (2001) reported that there are 

fundamentally two regions of the flow; the one under the inlet through descending 

liquid film flow along with counter-current flow of gas, as well as one above the 

liquid inlet using a churn flow regime.  

There have been several investigations on the effects of surface tension and pipe 

lengths in the past, which are still unclear for vertical pipes. Suzuki and Ueda 

(1977) pointed out that flow reversal and flooding are inversely proportional to 

pipe length; as the flow reversal increases, the tube length decreases. This was 

later established by McQuillan (1985). Whalley (1985) also noted in their work 

that the effect of tube length was insignificant in a range of low liquid flow rates 
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but essential in a scale of high liquid flow rates. Furthermore, Suzuki and Ueda 

(1977) likewise recognize that the issue of the length of the tube was minor in the 

scope of low liquid flow rates. On the other hand, it was substantial in a range of 

high flow rates of liquid. Again, Jeong and No (1996) showed that the impact of 

tube length could only be significant once entry and outlet geometry was very 

smooth. Nonetheless, they pointed out that it has not been recognised. Lacy and 

Dukler (1994) reported that the flooding fluid (gas) velocity does not depend on 

the pipe length. 

A review of previous works on flow reversals, flooding data and correlations for 

air-water setup, air, and other fluids systems adapted from Whalley and Mcquillan 

(1983) and cited by McQuillan et al. (1985) is presented in Table 2-2 and Table 

2-3. These tables show a summary of the flow reversal and flooding data sources 

for air-water systems and in addition, provides the specified pipe geometries used 

in every study. The tables also summarize the origin of flow reversal and flooding 

data for the other fluid systems and the relevant fluid physical properties with pipe 

geometries. Tables 2.4 presents experimental flooding data for non-water 

systems.  
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Table 2-3: Experimental flow reversal - flooding data for air - water systems 

Data-set 

identification 

number 

Author (Ref)  Tube diameter 

range (m) 

Range of tube 

length (m) 

Number of 

data points 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

Wallis (1961) 

Nicklin, Wilkes and Davidson 

(1962) 

Hewitt and Wallis (1963) 

Hewitt et al. (1965) 

Grolmes et al. (1974) 

Richter (1977) 

Bharathan et al. (1978) 

Machej and Sokol (1979) 

Marinelli et al. (1979) 

Richter (1981) 

0.012 -0.025 

0.025 

0.032 

0.032 

0.004 – 0.025 

0.051 – 0.254 

0.013 – 0.153 

0.022 – 0.054 

0.03 – 0.05 

0.019 – 0.14 

0.032 

1.2 

2.4 

0.9 

0.23 – 3.7 

0.06 – 1.8 

NK 

1.3 

NK 

20 

NK 

0.5 – 2.0 

150 

18 

20 

105 

85 

56 

210 

433 

24 

89 

90 
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Table 2-4: Experimental flooding data for non-water systems 

Data-set  
identification 
number 

Ref. (Author) Liquids used 
Tube diameter 
range (m) 

Range of tube 
length (m) 

Liquid density 
range (kg/m3) 

Liquid viscosity 
range (Ns/m2) 

Liquid surface 
tension range    
(N/m) 

Number of 
data points 

1 Kamei et al. (1954) 
Water 
Millet jelly  
Soap solution  

0.0189-0.0491 2.50 NK NK NK 19 

2 Feind (1960) 
Water 
Diethylene-glycol 
solution 

0.02- 0.05 1.00-2.50 998-1109 0.001-0.02 0.05-0.00.074 85 

3 Wallis (1962) 
Water 
Ethylene-glycol 
Glycerol solution 

0.019 NK 1000-1250 0.001-3.000 0.058-0.072 103 

4 
Clift, Pritchard and 
Nedderman (1965) 

Water 
Glycerol solution 

0.032 1.80 1000-1210 0.001-0.082 0.065-0.072 44 

5 
Shires and Pickering 
(1965) 

Water 
Glycerol solution 

0.027 0.305-0.915 1000-1160 0.00-0.016 0.035-0.072 118 

6 
Pushkina and Sorokin 
(1969) 

Water 
Glycerine 
Ethyl alcohol 

0.0.013-0.300 NK 1000-1100 0.001-0.002 0.056-0.072 52 

7 
Imura, Kusada and 
Funatsu (1977) 

Water 
Ethyl alcohol 
Ethylene-glycol 
n-Heptane 

0.011-0.021 NK 685-1097 0.001-0.030 0.020-0.072 135 

8 Suzuki and Ueda (1977) 
Water 
Glycerol solution 
Sec-octyle solution 

0.010-0.029 0.050-2.00 1000-1170 0.0009-0.010 0.037-0.072 154 

9 Hewitt (1977) 
Water 
Glycerol solution 
Silicone oil 

0.013-0.032 1.22-2.2.44 820-1173 0.0008-0.018 0.017-0.072 78 

10 Tien et a. (1979) 

Water 
Silicone oil 
Sulfonyl A,B 
Chevron white oil 
No.3,5,9 

0.016-0.070 0.91 820-1000 0.001-0.098 0.017-0.072 499 

11 Kalb and Smith (1981) Silicone oil 0.008 0.61 818 0.0008 0.017 68 

12 Wallis et al. (1980) 
Water/steam,pressure:0.
9bar 

0.052 1.5 961.0 0.0003 0.058 16 
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Hewitt et al. (2012) reported that droplet entrainment in tubes larger than 50 mm 

in diameter could lead to flow reversal and flooding generally displayed in wave-

like format. Therefore, taking account of the wells, the actual tube condition ought 

to be appropriate, and droplet entrainment ought to be recognised as a critical 

competing mechanism. Another mechanism worthy of notice is the perturbation 

in the liquid film that increases with increasing or decreasing gas flow rate. The 

disordered perturbation of these waves tends to develop in amplitude producing 

a bond. This ensues from the liquid that is being carried over by the gas velocity.  

Since the prediction of flooding relies on numerous parameters, the prevalent 

method of determining the flow rates that leads to flow reversal and flooding for 

a particular system is semi-empirical correlations. Wallis (1969) and Kutateladze-

like correlations (1959) are the primary models used to predict flow reversal and 

flooding in vertical adiabatic tubes according to Bankoff and Lee (1983). These 

correlations are given as, 

 

(UG
∗ )1/2 + m(UL

∗)1/2 =  C (2-3) 

The coefficient m is proportional to the Reynolds number and ranges from 0.8 to 

1.0, where m = 1 corresponds to a turbulent flow. The parameter c accounts for 

geometric considerations, including tube end effects and fluid injection methods, 

and ranges from 0.7 to 1.0. The Wallis correlation is based on a dimensional 

number, the Wallis parameter  Usg
∗  , which represents a balance of momentum 

flux and hydrostatic forces. where UG
∗  and UL

∗  are the dimensionless gas and liquid 

superficial velocities are given by, 
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 UG
∗ = gas dimensionless superficial velocity  UGS

∗ , = UGS [
ρG

gD(ρL – ρG)
]
1/2

 (2-4) 

 

UL
∗ = liquid dimensionless superficial velocity  ULS

∗ , = ULS [
ρL

gD(ρL – ρG)
]
1/2

 (2-5) 

 

For each fluid (liquid and gas) the Wallis parameter is given as:  

Where: 
USG = superficial gas velocity       m/s 
USL = superficial velocity              m/s 
ρG = gas density                          kg/m3 

ρL = liquid density                        kg/m3 
g = acceleration due to gravity    m/s2 
D = the pipe diameter.                 cm 
C = an empirical constant of the order of unity. 
 

The second are correlations of the Kutateladze category as presented by Jayanti 

et al. (1996) in which the flow reversal flooding liquid and superficial velocities are 

equated as per (Pushkina and Sorokin 1969) in agreement with the phase 

Kutateladze numbers, 

 

𝐾𝑈𝐺
= 

𝜌𝐺
1/2

𝑗𝐺
[𝑔𝜎(𝜌𝐿 − 𝜌𝐺)]1/4

 
(2-6) 

  

𝐾𝑈𝐿
= 

𝜌𝐺
1/2

𝑗𝐿
[𝑔𝜎(𝜌𝐿 − 𝜌𝐺)]1/4

 
(2-7) 

σ is the surface tension, Ku is Kutateladze number. The Kutateladze, (1952) 

number has been calculated from contemplations of the fluid’s steadiness film 
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and from the gas stream expected to stop the biggest steady drop. The Wallis 

type is seen to predict flow reversal and flooding in channels that ranges up to 

0.058 m while that of the Kutateladze number for funnel sizes in the range of 

0.152 m. However, according to Jayanti et al. (1996), the mechanism for the 

concept of flow reversal and flooding is presently not fully clarified. The present 

study looks at the bidirectional flow reversal and flooding scenario, in relation to 

liquid accumulation in oil and gas production wells. And have used experimental 

data analysis to validate with published correlations of flow reversal studies, to 

develop a model that would enhance oil and gas production.  

 

2.6 Pressure Drop Behaviours Related to Flow Reversal in Two- 

Phase Flow 

 

Several researchers, including Hewitt (1986), Clift et al. (1966) and Dukler, Smith, 

and Chopra (1984) employed the porous injection style of the gas flow in a vertical 

adiabatic counter-current flow to establish and empirical model correlation. 

The pressure drop in gas-liquid two phase flow is an important variable, that 

governs and guides the pumping efficiency needed to transport two-phase fluids. 

Two-phase flow pressure drop in riser systems and flow channels do display 

various values once the density of the current is either increased or decreased. 

And as a pattern, the superficial gas velocity increases with an increase in the 

pressure drop as reported by in Drosos et al. (2006). 

Various pressure drop features of counter-current flow of upper plenum injection 

are presented in Figure 2-7, obtained by Hawley and Wallis (1962), in a vertical 
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counter-current flow with a 0.051 m diameter tube. Identical outcomes were 

acquired by Bharathan, Wallis, and Richter (1979) as well as by Ostrogorsky and 

Gay (1981), cited in Drosos, Paras, and Karabelas (2006). The numbers in the 

diagram describe the phases in thick film development.  

 

Figure 2-7: General illustration of pressure drop changes with gas flow rate in  
                   counter-current flow (Hawley and Wallis, 1982) 
 

2.7 Correlations on Pressure Drop Predictions 

In a producing oil and gas wells, the multiphase flow is typically a combination of 

oil, gas, and water. Evaluation of the pressure drop in vertical wells and 

multiphase flow risers is essential for efficient design styles of well completions 

and the production enhancement on surface facilities. Nonetheless, because of 

the intricacies of multiphase flow, many methods have been employed to 
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comprehend and evaluate the multiphase flow pressure drop predictions 

according to Ahmed, Musaab, and Ayoub, (2014). Poettmann and Carpenter 

(1952) also reported that the oil and gas sector are required to have a standard 

approach for predicting and assessing the pressure drop correlations for 

multiphase flow in vertical pipes. They further stated that, although several 

correlations and models have been presented to determine pressure drop in 

vertical gas wells, there are still doubts about the accuracy of these proposed 

models. 

Several correlations with equations have been recommended for multiphase flow 

in vertical, inclined, and horizontal oil and gas wells from previous studies 

according to Hewitt et al. (2012). Initial approaches handled the multiphase flow 

issue as the flow of a homogeneous mixture of liquid and gas. Such methods 

entirely ignored the effectively acknowledged inspection that the gas phase goes 

beyond the liquid phase emerging in "slippage" in between the phases because 

of its reduced density. In their findings Ahmed, Musaab, and Ayoub, (2014) 

reported that the flowing density of the mixture increases due to slippage in 

contrast to the homogeneous flow of the two phases with the same velocities. As 

a physical model was chosen, as a result, computational correctness was minimal 

for these initial correlations. An additional cause is the complication in multiphase 

flow in the vertical pipes, in which water and oil might have virtually equal velocity 

and gas having a considerably higher one. As a result, the variation in the velocity 

will undoubtedly affect the pressure drop. Several approaches are being 

recommended to evaluate the pressure drop in vertical wells, which generates oil 

and gas mixture. However, the research carried out by Ansari et al. (1994) 
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established that no conventional multiphase flow correlations perform effectively 

across the complete variety of requirements experienced in the oil and gas 

operations. Most of these initial approaches employed in the empirical correlation 

techniques were carried out by Ansari et al. (1994) and Aziz, Govier and Fogarasi 

(1972). Then the trend moved into mechanistic modeling approaches. Ayoub et 

al (2004), Mohammadpoor et al. (2010), and Ahmed et al. (2014), proposed the 

application of artificial neural networks into oil and gas industry.  The focus of 

their research was on pressure drop evaluations in multiphase flow in vertical 

wells. 

Ayoub et al. (2014), studied and evaluated the necessary dimensions, efficiency, 

imperfection, and selection on the applicability to a significant pressure drop 

model correlation, this pressure drop correlation results, are from laboratory 

experiments with some modifications with changes that were made in the 

correlation with actual field data. Duns and Ros (1963) proposed correlation is of 

a dimensionless gas velocity quantity, with diameter number, liquid velocity 

number, and a dimensionless mathematical expression. The acceleration 

gradient is ignored in the approaches. Though this approach is designed to 

determine the pressure drop with dry oil/gas mixtures, it can also be employed 

with wet oil/gas mixtures in some instances. The correlation is one of the 

widespread correlations employed in the oil and gas sector. Hagedorn and Brown 

(1965) developed a pressure drop correlation with experimentally obtained data 

for pressure gradients on two-phase flow in a small diameter vertical pipe (457.2 

m). They used five different working fluids in the experiment, which includes water 

and four other types of oil according to Mohammadpoor et al. (2010) .This 
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correlation entails only dimensionless group of variables, and it can be utilized 

above a considerably wide variety of circumstances in contrast to other 

correlations. For the approach of Beggs and Brill (1973), the correlation was 

proposed to predict the pressure drop for horizontal, inclined, as well as vertical 

flow. Their study also considered the numerous flow regimes that do occur in 

multiphase flow experiments. For this reason, Beggs and Brill's (1973) correlation 

is the most extensively employed and one of the dependable correlations 

recognized by the oil and gas sector. They used a 90 ft. (27.4 m) length of acrylic 

pipe data in their experiment. Air and water were used as the working fluids, and 

584 tests were carried out. The pipe diameter, inclination angle, liquid holdup, 

pressure gradient, and horizontal flow regime were studied. This correlation is 

designed to be used for the predictions of liquid hold up and pressure drop, 

pressure loss, hold up, and a flow map as reported by Bahadori (2014). 

Mukherjee and Brill (1985) proposed a correlation to study the pressure drop 

behavior in a two-phase inclined flow, Nonetheless, this may also be relevant to 

vertical flow operations. As previous understanding of the liquid holdup is required 

to estimate the pressure drop using Mukherjee and Brill's (1985) correlation. 

Bahadori (2014) reported that variety of the gas-liquid two-phase correlations 

obtainable at present have been designed to deal with considerably bigger piping 

systems, in general, transporting oil, and gas, and possibly water, with 

comparatively high flow rates. He furthermore stated that, many of the piping 

systems comprise topologies in the interior, whereby causing fluids flow in all 

directions and across the pipe fittings and valves. Bahadori (2014) therefore 

noted that, considering the above, one cannot be accurate when selecting an 
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appropriate correlation for a particular pipe run. The merits for the individual key 

gas-liquid two-phase pressure drop correlations are presented in Table 2-5. 
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Table 2-5 Merits for major two-phase flow pressure drop correlations modified from Bahadori, (2014) 
 

Correlation Flow regime Liquid Holdup (HL) Friction (dp/dL) Elevation (dp/dL) Acceleration (dp/dL) Basis 
Pipe 
Size(s) 
in_mm 

Fluids 
Corr. 
Recodn. 

Beggs and Brill 
(1973) 

Segregated, 
intermittent, 
distributed 

HL(0) =
1.065λ0.5824

NFR
0.0609  (

𝑑𝑝

𝑑𝐿
)
𝑓

=
ftp

fns

 fns (
𝑑𝑝

𝑑𝐿
)
𝑒
=

𝜌𝐿𝑔𝑠𝑖𝑛𝜃

𝑔𝑐144
 

(
𝑑𝑝

𝑑𝐿
)
𝑎𝑐𝑐

  =  ρG (1 − HL) +

(ρLHL )g 

Laboratory 
data 

1–1.5 Air - water 

Most 
consistent 
and well-
behaved 
correlatn 

Mukherjee & 
Brill (1985) 

Mist flow: 
f < 0 

HL = eH2 

H2 = H1 {
NgV

0.371771

NlV
0.393952} 

H1 = −0.51664 

(
𝑑𝑝

𝑑𝐿
)
𝑓

=
𝑓𝜌𝑚𝑉𝑚

2

2𝑔𝑐𝑑144
 

(
𝑑𝑝

𝑑𝐿
)
𝑒
=

𝜌𝑡𝑝𝑉𝑠𝑙
𝑔𝑠𝑖𝑛𝜃

𝑔𝑐144
 (

𝑑𝑝

𝑑𝐿
)
𝑎𝑐𝑐

=
𝑉𝑚𝑉𝑠𝑔𝜌𝑛

𝑔𝑐𝑃144
 

Laboratory 
data 

1.5 
Kerosene, 
gas 

Recommen
ded for hilly 
terrain 
pipelines 

Lockhart and 
Martinelli 
(1949) 

_ 

HL = f(x) calculated 

from 𝑥 = [
(
𝑑𝑝

𝑑𝐿
)
𝑙

𝑠

(
𝑑𝑝

𝑑𝐿
)
𝑔

𝑠 ]

1/2

 

(
𝑑𝑝

𝑑𝐿
)
𝑓

= ϕGtt
2 DPG

+ ϕLtt
2 DPL 

 

(
𝑑𝑝

𝑑𝐿
)
𝑒
=

𝜌𝐿𝑔𝑠𝑖𝑛𝜃

𝑔𝑐144
 

(
𝑑𝑝

𝑑𝐿
)
𝑎𝑐𝑐

= 0 

𝜌𝑡𝑝=   𝜌𝑙  𝐻𝑙 +    𝜌𝑔𝐻𝑔  

 

Laboratory 
data 

0.0586-
1.1017 

_ 
Do not use 
for large 
pipes. 

Duns and Ross 
(1963) 

Mist Hl = 𝜆𝑙 =
𝑉𝑠𝑙

𝑉𝑠𝑙 + 𝑉𝑠𝑔
 

(
𝑑𝑝

𝑑𝐿
)
𝑓

=
𝑓𝜌𝑔𝑉𝑠𝑔

2

2𝑔𝑐𝑑144
 

(
𝑑𝑝

𝑑𝐿
)
𝑒
=

𝜌𝑡𝑝𝑉𝑠𝑙
𝑔𝑠𝑖𝑛𝜃

𝑔𝑐144
 

(
𝑑𝑝

𝑑𝐿
)
𝑎𝑐𝑐

= 0 

𝜌𝑡𝑝=   𝜌𝑙  𝐻𝑙 +    𝜌𝑔𝐻𝑔  

 
 

_ _ _ _ 

Aziz and 
Govier (1972) 

Mist Hl = 𝜆𝑙 =
𝑉𝑠𝑙

𝑉𝑠𝑙 + 𝑉𝑠𝑔
 

(
𝑑𝑝

𝑑𝐿
)
𝑓

=
𝑓𝜌𝑔𝑉𝑠𝑔

2

2𝑔𝑐𝑑144
 

(
𝑑𝑝

𝑑𝐿
)
𝑒
=

𝜌𝑡𝑝𝑉𝑠𝑙
𝑔𝑠𝑖𝑛𝜃

𝑔𝑐144
 

(
𝑑𝑝

𝑑𝐿
)
𝑎𝑐𝑐

= 0 

𝜌𝑡𝑝=   𝜌𝑙  𝐻𝑙 +    𝜌𝑔𝐻𝑔  

 

_ _ _ _ 

Gray (1978) _ 

 
Hl =  1 − Hg 

Hg =
1 − eA1

R + 1
 

(
𝑑𝑝

𝑑𝐿
)
𝑓

=
𝑓𝑡𝑝𝜌𝑠𝑉𝑚

2

2𝑔𝑐𝑑144
 

(
𝑑𝑝

𝑑𝐿
)
𝑒
=

𝜌𝐿𝑔𝑠𝑖𝑛𝜃

𝑔𝑐144
 (

𝑑𝑝

𝑑𝐿
)
𝑎𝑐𝑐

=
𝑉𝑚𝑉𝑠𝑔𝜌𝑛

𝑔𝑐𝑃144
 _ _ _ _ 
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Bahadori (2014) carried out an assessment and evaluations on the Ansari et al. 

(1994) Ayoub (2004), Aziz and Govier's (1972, Beggs and Brill's (1973), Duns 

and Ros (1963) and Gray's (1978) correlations respectively. The criteria for the 

selection for assessment in the table 2.5 were primarily based on the 

comprehensive literature review undertaken by the scholar. In this table, six 

empirical correlations, out of which two were mechanistic models and one 

artificial neural networks model were identified. His analysis and comparisons for 

the effectiveness of every correlation or model, as well as the values of each 

measured and predicted pressure drop are recorded. All the chosen correlations 

and models are assessed using actual field data in which the predicted pressure 

drop is compared to the measured one. Ahmed et al. (2014) carried out their 

study, using statistical and graphical error evaluations. Statistical error analysis 

has been employed to verify the correctness of their correlations and models. The 

statistical parameters employed in their investigations are the standard deviation 

of the error, root mean square error, average absolute percent relative error, 

maximum absolute percentage error, minimum absolute percentage error, 

coefficient of determination. Ahmed et al. (2014) reviewed existing correlations / 

models used to predict the relevance and accuracy of pressure drop 

measurements in multiphase vertical wells, for their correctness, efficiency as 

well as relevance. Nevertheless, there is no rule of thumb when selecting, best 

standard approach that can fulfill all situations. As a result, and based on the 

earlier outcomes, the following conclusions were reached: 
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o For quite accurate precise prediction, the correlation that offers far better 

end results will fluctuate based on the data investigated and the physical 

scenario  

o For simple as well as rapid prediction, the artificial neural networks model 

has proven superior to the empirical correlations and mechanistic models 

2.8 Summary of the Chapter  

This critical review of the published data on empirical correlation models for the 

bidirectional flow reversal in tubes and the existing models has highlighted the 

complications trailing the accurate prediction of these models as each model are 

developed mostly with air and water. From this review and evaluations of the 

published empirical correlation models, it became clear why till date, a universally 

acceptable model correlation that can be used in oil and gas production systems 

is yet to be achieved. Despite the abundance of the experimental and computer-

based models reviewed, it is observed that the important aspect of using the 

conventional approach of establishing these correlations models with the proper 

working fluids is often ignored. 

 

 

 

 

 

 

 

 



 

65 

 

CHAPTER 3: EXPERIMENTAL APPARATUS AND 

MEASUREMENT TECHNIQUES 

3.1 Introduction 

This chapter provides a comprehensive report of the facilities used in the 

experimental rig for the investigation of the co-current to counter-current flow 

reversal investigations in the vertical riser tube. Specifically, section 3.2 provides 

details of the three-phase facility and presents a comprehensive account of the 

test section.  

3.2 Experimental Facility Description 

The experimental facility used for this project is an industrial scale multi-phase, 

three-phase flow experimental rig. The entire investigation in this research was 

undertaken, using a 0.054 m internal diameter riser pipe in the three-phase 

facility. Figures 3-1(a-c) are the 0.054.8 m riser rig in the flow laboratory used for 

the experiments. The three-phase facility flow line arrangement is presented in  

This experimental facility is operated with an automated sequence that is capable 

of supplying, measuring, and controlling the gas, oil and water, which flows into 

the test loop. As presented in this facility is split into four parts: (i) calibration and 

fluid delivery part, (ii) valve manifold part, (iii) the split up, and (iv) the investigation 

area. 
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Figure 3-1(a): Back view 0.054.8 m horizontal - vertical fluid inlet sections of the 
3-phase facility rig. 

 

Figure 3-1(b): Front view 0.054.8 m horizontal - vertical fluid inlet sections of the 

3-phase facility rig. 

 

Figure 3-1(c): Side view of the horizontal - vertical fluid inlet sections of the 3-

phase facility rig. 
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3.2.1 Fluid Metering and Supply 

The gas is supplied via two compressors linked to one another. When these 

compressors are running in parallel, a gas flow rate of 1,410 m3/hr free air delivery 

(FAD) at 7 bar gauge (barg) pressure limits may be supplied. To minimise the 

pressure fluctuations from the compressor, the supplied gas from the two 

compressors is built up with an 8-m3 capacity receiver. A bank of three filters; 

coarse, medium, and fine are provided to receive the air and afterwards from a 

cooler where debris and condensates (present in the air) are barred from the air 

before it goes into the flow meters. These two compressors are manually started 

and stopped by the operator. Nevertheless, these can still be stopped through a 

control cabin remotely by using the emergency button. 

The dielectric oil as well as water, refer to Table 3-1, for their physical properties 

of the working fluids is used in the experiments. A 12.5 m3 capacity water tank, 

supplies the water, while a bunded oil tank of the similar volume supplies the oil. 

The oil tank is situated outside of the Laboratory with a bunding of 110% (by 

volume) of the tank capacity, while the water tank is located inside of the 

laboratory. The oil and water are supplied into the test section through the 

multistage pumps. The features of the oil and water pumps used are similar and 

operates at 100 m3/hr at 10 bar gauge (barg). Inverters are employed as speed 

controllers. The Delta-V instrumentation, which will be explained in the later 

section, operates these pumps remotely. 
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3.2.2 Test Section  

This experimental three-phase facility is constructed with appropriate flexibility to 

allow for the investigation of various external effects by altering or changing the 

setup. With such a set-up, the fluids supplied are mixed prior to getting into the 

test section of the rig loops at the valve manifold zone, which is meant to blend 

and administer fluids to check the area of the rig in the three-phase facility. These 

essential functions of the valve manifold zone are based on the following:  

• Delivering water and/or oil to the 0.054 m internal diameter flow loop pipe.        

• It serves as an essential component to supply air to 0.054 m internal diameter 

flow loop pipe.  Within these constructed flow lines, air may as well be 

introduced into the vertical tube setup circumferentially at the inlet part either 

along the riser or through the risers’ base injection. The 0.054 mm 2 inches 

pipe in figure 3-2 riser in the multiphase test facility comprises a normal bore 

(NB) schedule 10 stainless steel pipe length, that includes a 40 m long 

horizontal flowline, linked to a 10 m high in the riser.  
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Figure 3-2: Schematic of the 3-phase test facility used by Yeung and Lao (2013) cited by Ahmed et al. (2013). 
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 shows the vertical riser made of stainless pipe, having four transparent stainless-

steels, and four transparent parts with distances of 1.3 m, 2.74 m, 4.42 m, and 

1.65 m in length. These are fixed at positions 0.01 m, 0.5 m, 5.5 m, and 9 m on 

top of the riser base (i.e., the points where gas and liquid are introduced) 

accordingly. the transparent stainless-steel sections allow easy visualisation of 

the flowing fluids. Various parts are mounted on the riser for investigating the 

multiphase flow features within the riser. As observed in Figure 3-3, a little 

modification is made to the 0.054 m vertical tube in the three-phase facility to 

serve the programmed tests investigations in this study.  

 

Figure 3-3: Schematic of the 54.8 mm horizontal to vertical riser test section of      
                  the 3-phase facility. 
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3.2.3 Test Fluids 

The Dielectric oil Rustlick EDM- 250 (a harmless liquid of density 810 kg/m3 and 

viscosity of 7.2 m Pa.s at around 22°C), water (density 1000 kg/m3), and gas 

(density kg/m3) have been used in this study as the working fluids. 

The temperature in the riser setup for all the tests is about 22°C (+/ - 2°C). The 

physical properties of these fluids are presented in . There was no accessible 

information in the literature on how the viscosity and density of the dielectric oil 

changes with temperature. However, a rheometer was used to acquire viscosity 

measurements at the various temperatures. The results are presented in Figure 

3-6 and Figure 3-7. 

Table 3-1 The physical properties of the working fluids 

Fluid Density (kg/m3)  Viscosity (mPa.s) SurfaceTension (mN/m) 

Air 1.22 0.018 - 

Liquid (water) 1000.00 @ 22 0C 1.002 0.063 

Liquid (low viscous oil) 810@ ≈ 220C 7.2@ ≈ 220C 0.027 

 

3.2.4 Surface Tension Measurements for Water and Oil 

Surface tension measurement for water and oil were conducted using the ring 

Tensiometric (Du Noüy ring Tensiometer) method. A platinum ring model of 

70545 type was used and immerse in the fluid. When the ring is drawn out of the 

fluid, the force required to separate it from the liquid surface is recorded from the 

instrument. In theory, the force is related to the liquid surface tension. After each 

reading, the platinum ring was cleansed with methylated spirit and dried with 
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burner flame, so, it became free from blemishes and scratches as these tend to 

influence the accuracy of the result. 

 

Figure 3-4: Changes of water surface tension as function of temperature. 

                 ****(Average measurements for surface tension) **** 

 

Figure 3-5: Changes of oil surface tension as function of temperature. 
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Figures 3-4 and 3-5 present the surface tension measurement results of the two 

fluids (oil and water) used in the experiment to evaluate the effect of varying the 

on-surface tension. As observed from the results in figures 3-4 and 3-5, the 

surface tension decreases with increasing temperature, which agrees with the 

literature, according to Dang et al (2020).   

3.3 Instrumentation 

3.3.1 Pressure Transducers 

As earlier stated, with the purpose of checking the pressure gradient over on the 

0.054 m internal diameter riser, five firmly fixed pressure transducers were fixed 

together with the vertical part of the riser at different heights above the riser base. 

The two Rosemount pressure transducers with a range of 0 – 7 barg with error 

margin of ±0.15% were fixed to the vertical tube set up at a range of 1.6 m (~30D) 

and 9.1 m (~175D) from the vertical tube stand, where D is the bore size of the 

riser. Two Druck PMP 1400 pressure transducers of the range of 0 – 2.5 barg, an 

output voltage of 0 to 5 volts, as well as an assumed certainty of ±0.15% are fixed 

at length of 4.35 m (~84D). And a separate normalized 5.75 m (~110D) pressure 

transducer from the vertical riser is positioned, above-mentioned pressure 

transducers. The output voltage from the pressure transducers showed a direct 

relationship with the pressure, as illustrated in Figure 3-6. The standardised 

outcomes (slope and offset) for the entire pressure transducers were automated 

into the Lab view data acquirement set up. The outputs of the pressure 

transducers were entirely documented in the Lab view set up at a recording rate 

of 100 Hz.  
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3.3.2 Pressure Sensor Calibration 

Pressure gauge instruments, like every measuring device, tend to wear out with 

time and could well end up being much less accurate. The pressure gauges are 

usually made to read the centre values precisely, because the low as well as high 

ends of the range give less exact readings. Simply “zeroing” the pressure scale 

might not guarantee an excellent reading.  It is important to use a correct 

instrument to measure the pressure so that accurate results can be always 

obtained.  Present-day contemporary process plants, manufacturing processes, 

and high-quality systems placed a great effort on the accuracy of process tools 

and on process control. Therefore, it is important to use a correct instrument to 

measure the pressure so that accurate results can be always obtained. The need 

for our calibrations for the pressure sensors is important as there is no perfect 

sensor. To acquire the desired precision, it is advisable to calibrate sensors to be 

utilised. Moreover, in the process of assembling, storing, and shipping, shocks, 

heat, humidity, cold, and other factors can affect the pressure sensor 

performance, which may lead to variations in their response, hence the need for 

occasional recalibration. the pressure sensor performance, which may lead to 

variations in their response, hence the need for occasional recalibration. 

The pressure transducer sensors are tools, which convert the measured pressure 

into an electrical signal. An electrical signal becomes only valuable when it 

precisely corresponds to the pressure applied to the sensor.  

The process of calibration is on how the sensor’s electrical signal is varied to 

establish a relationship with the pressure being applied. The electrical signal used 
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in determining the pressure of the sensor is measured after the calibration 

process. The calibrations are always carried out with the pressure transducer 

sensor and electronics, both linked as one unit.  Regulating the process of 

calibration for these pressure transducer sensors comprises of two parameters: 

zero and span. The output signal is set at 0 by the zero adjustment devices, when 

the applied pressure to the sensor is 0. While setting of the output signal to +DC 

is done by the span adjustment as the complete scale pressure is applied to the 

sensor. The order of operations is as follows:  

(i)  The switch settings for the input and output arrangement to obtain the 

required input and output ranges is verified and positioned.  

(ii)  The control instrument to I/P transducer source incorporating a current 

meter to monitor the calibration operation is then connected.  

(iii) The input current is adjusted to DC value, and the output pressure of I/P 

transducer is confirmed, reading, if not zero adjustment screw is employed 

until output pressure starts reading.  

(iv) The output pressure will be confirmed to be 1.0 bar (15 psig). If not, locate 

the SPAN adjustment screw and adjust the SPAN potentiometer until the 

output pressure is 1.0 bar (15 psig).  

(v) The process was repeated until the output pressure of I/P converter is within 

the referenced accuracy requirements, stated by the manufacturer without 

further adjustment. 

A zero pressure is applied to the transducer, and then zero adjustment is turned 

until the current reads 1.0 DC. A full-scale pressure will be applied to the sensor. 

The span adjustment is turned on until the output at the voltmeter starts to read 
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+DC. The pressure was then bled out and the zero-pressure reading checked 

again – if not at 0. Adjustment was made to ensure the reading is 0 dc as required. 

Tolerances on the voltmeter readings were taken to be +/-0.005 dc. The pressure 

applied to the pressure transducer sensor was to an accuracy of 0.05%. 

 

                  Table 3-2 The calibration readings for this study 

 

 

Table 3-2 shows the result from the calibration. It is observed that the readings 

are closer together at the lower end of the scale than at the higher up. This 

improves the accuracy at the low end. Figure 3-6 shows the readings plotted with 

a regression line fitted and extrapolated back to show the intercept. 

Bar Gauge Volts 

0 0 

1 0.816 

2 1.64 

3 2.47 

4 3.3 

5 4.14 

6 4.97 

4 3.3 

2 1.64 

0 0 
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        Figure 3-6 Pressure calibration plot 

3.4 Data Acquisition System 

The test data in this present study have been acquired by means of the delta-v 

system data acquirement set-up. Where the output signs for all measurement is 

transposed to the set-up on the personal computer. The signals are then 

converted to real use for analysis purpose. This setup is the: 

 

3.4.1 Delta-V System 

The use of the delta-v system allows all the operations within the three-phase 

facility to be checked and regulated. This computerised system comprises, 

command instrumentations that regulate the oil, water, as well as the airflow 

rates, into the required flow rates in the three-phase facility. Figure 3-7 presents 

the metering section in the Delta-V set-up arrangement. The Fieldbus, 
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PROFIBUS and the Delta-V computerised setups in this experimental facility 

have been designed to account for a frequency output rate of 1 Hz in the system. 

The acquired information is saved in the Delta-V writer and is recorded on 

completion of the investigations. Additional features concerning the Delta-V set-

up on the 3-phase facility may be found in Yeung and Lao (2013), cited in Ahmed 

et al.  (2013). 

 

Figure 3-7: Delta-V system showing the metering area Labview System. 

3.5 Experimental set up and procedure 

The Lab view data acquiring section is setup to record outputs of the pressure 

transducers. Measurement of the flow parameters at the flow reversal point under 

different conditions is made by using the flow meters at the inlets of each fluid 

and pressure sensors at different locations along the riser system. The visual 

inspection is used to identify the flow reversal occurrence during a test. The 
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experimental facility and set up have been stated in section 3.2. However, the 

procedure in conducting the experiments is as follows: 

The liquids’ (oil, water) superficial velocities and gas (air) superficial velocities 

ranged from 0.1 – 0.50 kg/s ( USL = 0.052 – 0.26 m/s) with 150 – 115, Sm3/h ( USG 

= 7.90 – 6.15 m/s), respectively, first on air/oil at separator pressure of 0.7 barg. 

Furthermore, the experiments are also carried out with other sets of separating 

pressure conditions, such as: at 0.7, 2.0 and 3.0 barg, respectively. With oil/water 

flow rates ranging from 0.1 – 2.5 kg/s and 0.12 – 3.0 kg/s (USL = 0.052, 0.050 – 

1.31, 1.27 m/s), and the gas flow rate ranging from 200 – 20 Sm3/h, ( USG = 11.42 

– 0.97 m/s), 250 – 80 Sm3/h, ( USG = 9.49 – 2.3 m/s), and 300 - 160 Sm3/h, ( USG 

= 8.74 -3.6 m/s), respectively. 

During the experiments in this study, the liquid and gas are supplied via vertical 

injection points, through liquid and gas inlet pipes located along the mid-section 

of the vertical section on the riser. The liquid superficial velocity was kept constant 

while varying the air (gas) injection. At every constant liquid (oil, water) superficial 

velocity, different values of air conditions were supplied to the measurement area 

in the vertical tube. Gas superficial velocities were estimated at the operating 

conditions.  

Prior to the pumping of fluids, the system was pressurised to 0.7, 2.0 and 3.0 

barg pressures respectively, at the riser top outlet for the two sets of the 

experiments. For each flow condition, the set up was on hold for about 10 minutes 

to achieve flow steady state and minimal variation before readings were taken. 

An Emerson Delta-V system is used to control the flow rates of fluids, and the 

Lab view system used to record pressure, temperature, and injected gas flow 
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data at a scan rate of 100 Hz and recording rate of 120s. Most of the time the 

readings were taken twice, and average values was entered. 

 

3.5.1 Test Matrix 

Table 3-3: Test Matrix for present study 

QL (kg/s) 0.1 – 0.50 kg/s 0.1 – 2.5 kg/s 0.12 – 3.0 kg/s  

     

QG (Sm3/h) 150 – 115, Sm3/h 200 – 20 Sm3/h 250 – 80 Sm3/h, 300 - 160 Sm3/h 

 

A total of 650 runs of experiments were carried out on the 0.054 m horizontal to 

900 vertical riser test section of the 3-phase facility, with given inflow conditions 

shown in Table 3-3. The experiments were carried out only in the vertical section 

starting with high gas velocity to low velocity with fixed liquid flow rate, and 

therefore the 900-angle inclination effect is not taken into consideration. The visual 

observations data, and the ones derived from the analysis allow for the graphical 

picture plots of the bidirectional behaviour of gas-liquid multiphase flow in tubes. 

The values of the gas and liquid superficial velocities have been used to 

determined inlet flow conditions in each point of the matrix. The process for the 

experiments performed in all runs are determined based on each matrix of the 

inlet flow conditions during the tests.  

 

3.5.2 Measurement and Determination of Inlet Parameters 

The measurement of liquid and gas velocities and pressures were acquired 

during the experiment. The data acquired were analysed and compared with the 
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data from other published works in literature. These data were used as the 

database to establish the empirical correlation for predicting of the flow reversal 

conditions in this study. The inlet-parameters, such as the airflow rate, is 

measured by the two Rosemount mass flow meters at the base of the riser. The 

air superficial velocity on top of the vertical riser was determined by 

 

USG =
QG

AP
=

Pstd  .  Tt

Pt   .  Tstd
  .

Qstd

Ap
 

(3-1) 

Where: 
QG is the air volume flow rates (m3/s) 
Qstd is the air volume flow rate at standard conditions 
Tt is the local temperature 
Tstd is the temperature at standard conditions 

Pt  is the local pressure 

Pstd  is the pressure at standard condition 
Ap is the cross sectional area of the vertical tube (m2) 

 

 

Flow rate of water (Qw) is calibrated by a Rosemount Magnetic flow meter (up to 

7.36 kg/s) before going into the 0.054 m vertical pipe setup. Water, superficial 

velocity is established thus: 

Usw =
Qw

 AP
 

  (3-2) 

  

3.6 Computational Fluid Dynamics (CFD) Ansys Analysis 

In this study, the RNG k-ε turbulence model is also used for both gas and liquid 

phase in modelling turbulence. The ANSYS Fluent 18.2 is used in developing the 

grids for the horizontal to vertical riser tube as same in the experimental 

campaign. And the mesh independence simulation test was well evaluated. The 
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work of Kocamustafaogullari and Wang (1991) 0.054 m vertical pipe diameter 

experimental data is used as criteria and yardstick for the verification and 

validation of the simulation results. In other to capture more points near the walls 

of the tube and at higher velocity and temperature profiles, inflation layers are 

introduced to capture and as to obtain a fine meshing. The illustrations of the 

Ansys CFD grid partitioning for the tube geometry are presented in Figures 7-13 

and 7-14, inflation layers are designated near the walls with growth rate of 40%. 

The tube length for the simulation is consistent with that during the experimental 

campaign to allow for properly developed flow in the riser and length independent. 

The fluid density, hydraulic diameter, wall shear stress as well as the molecular 

viscosity varies with the y+ rate. 

3.7 Uncertainty of the Measurement  

A measured value uncertainty is the interval about the value, so that several other 

measurements taken can generate additional outcomes, which will lie around 

such interval. These uncertainty intervals should comply with well-established 

principles of uncertainty analysis. The least count approach has been used for 

the measurement uncertainty in this study because of random errors as reported 

by Ahmed (2014). Tables 3-4 summarise the instrumentation used, the 

approximated error of the manufacturer, and the uncertainty in the measurements 

performed in this study. Appendix C gives further information about the estimation 

of the uncertainty by Ahmed (2014). 

 

 



 

82 

 

Table 3-4: Experimental measurement uncertainties  

Instrument Name 
Manufacturer 

/Model 
Range 

Manufacturer 

Uncertainty ± 

This Data 

Uncertainty 

± 

Air flow meter1 FA1 
Rosemount Mass Probar 

½” 

0-150 Sm3/h @ low 

system pressures 
 0.50% 

0.009 ms-1   

(0.90%) 

Air flow meter1 FA2 
Rosemount Mass Probar 

1” 

150-1000 Sm3/h @ 

higher system 

pressure 

 0.50% 
0.009 ms-1   

(0.90%) 

Liquid flowmeter FW ABB MMSG-Special 0.01-5 l/s  0.50% 
0.005 ms-1    
(0.50%) 

Pressure 
sensors 

Prier – P1 GE Sensing UNIK 500 - 0.15%- 
0.0014 
(0.14%) 

 
*Experimentally determined uncertainties, and, as quoted by manufacturer 
 

3.8 Summary of the Chapter  

The chapter presents information on the three-phase experimental test facility 

used in the current study. A review of the equipment employed is also reported. 

A comprehensive description of the fluids used as well as their physical properties 

in the experimental set up are provided.  All equipment, as well as how the data 

were obtained from the equipment is given. The methods employed to 

accomplish the test matrixes and the measurement data were explained
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CHAPTER 4: FLOW REVERSAL EXPERIMENTS 

VERTICAL TUBE 

4.1 Introduction 

This chapter presents the results of the experiments carried out on the 0.054 m tube. 

The experimental diagram and set up are already described in Chapter 3. During the 

experiments, measurements of the gas and liquid velocities were measured and 

calculated at the critical flow reversal set point for a range of flow rates. In addition, 

the pressure drop was also measured and calculated by means of the differential 

pressure transducers that have been positioned in the experimental set up. This 

chapter is classified into different sections that provide details on the results, 

analysis, and discussions. In addition, the comparisons of this study data with 

published literature models and correlations are also presented. All data analysis on 

the gas-liquid flow parameters are presented from the 900 vertical riser tube 

experiments. The visual observations were carried out for the purposes of the flow 

regime pattern identifications. 

 

4.2 Visual Observation of Gas (Oil, Water) Flow Reversal    

Experiments 
 

A visual bidirectional flow reversal point is described as the flow rate condition of 

superficial gas and liquid velocity, when one or both occur in a phase inversion, 

based on the relative rates of flow of the liquid and gas phases (Vlachos et al., 2001, 

Drosos et al., 2005). The goal of the visual observation via the transparent sections 

of the experimental facility is to recognize and establish the onset of flow reversal 

Drosos et al., (2005). The results obtained from the visual observation is compared 

with past research studies.  
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The co-current to counter-current flow reversal and flooding phenomenon in this 

study are observed and obtained by the visual observation technique through the 

transparent section of the vertical tube in the experimental setup for both the gas oil 

and gas-water experiments. The co-current gas-liquid flows are sustained due to the 

drag force exerted from the gas on the liquid phase before the occurrence of flow 

reversal as the gas and liquid flow upward concurrently from the inlet of the tube. 

The flow in a vertically oriented tube forms an annular flow of the ring-type waves. 

These waves developed evenly on the entire circumference of the liquid film and are 

propagated downward due to the decrease in gas flow rate. This results in the film 

thickness of the upper section become less than the down section. 

The investigation of the co-current to counter-current bidirectional flow reversal 

phenomenon have been used to establish the flow regime patterns maps in this 

study.  Hewitt (2012) stated that in every experiment, the needed liquid flow rate 

conditions are set first, and the gas flow rate is gradually decreased stepwise until 

the inception of a flow reversal is attained. The latter is classified as the state where 

at any rate, a fraction of the liquid flow is reversed bidirectionally and transported 

below the liquid entry region like a structure of wave. For a fixed liquid flow velocity, 

different flow arrangements are discovered while decreasing the gas velocity. Figure 

4-1 and Figure 4-2 shows an instance of two-phase flow configurations noticed for 

various gas velocity conditions, that decreases until the flow reversal point is 

reached. For every gas velocity, the system pressure is determined in the pipe 

through a pressure-tapping sensor mounted on the vertical riser test section. Figure 

4-1 (a–e) and Figure 4-2 (a–e) are obtained for a fixed liquid mass flow rate of 0.1 

and 0.12 kg/s of the gas, oil, and water experiments. Figure 4-1 and Figure 4-2 are 

representative of liquid film growth (near the liquid entry point) at different gas flow 
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rates, together with developing bidirectional flow reversal conditions. Generally, it is 

established that bidirectional flow reversal and flooding is defined by a constant 

liquid flow overhead of the liquid entry point that comes with a sudden increase of 

the pressure drop in the experimental zone as reported by Bankoff and Lee (1986). 

The critical gas velocity at the inception of flow reversal recorded here is connected 

to the first emergence of liquid downward flow point being observed in the 

experiments.  

In Figure 4-1 (a), the system is at steady co-current flow with high gas velocity, and 

eventually, induces flow reversal with gradual reduction of the flow rate. In Figure 4-

1 (b), the onset of flow reversal is observed. The chaotic nature of the counter-

current flow starts to become visible near the top of the picture. The flow reversal 

continues to Figure 4-1 (c), which is evident by the violent mixing of the phases 

showing a dark like cloud. In Figure 4-1 (d), the local layer of the liquid has started 

to move downward. In Figure 4-1 (e), the liquid film continuous to move in the 

downward direction. And finally, in Figure 4-1 (f), the liquid continues to flow near 

the walls in the downwards direction, while at the interface, the liquid is induced 

through the drop of the gas flow area (onset of flow reversal). Wave amplitudes starts 

to grow by reducing the gas velocity because of the interfacial shear stress that 

vastly surpasses the film gravity. Figure 4-1 (c) and Figure 4-2 (c) shows the two-

phase flow pictures agreeing with the bidirectional flow reversal position achieved 

for the gas flow rate of 8.57 m/s. As the gas rate becomes inadequate to carry the 

liquid mass up to the top of the tube, recurring wave growths along the tube length 

lower section is seen, as well as some amount of water being carried along with a 

decreasing gas velocity.  
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Figure 4-1: Gas – water images of the two-phase flow reversal flow structures 

observed for a fixed liquid flow rate of 0.12 kg/s in the 0.054 m i.d. tube: 
(a): Usg 11.36 m/s, (b): Usg 11.36 m/s, (c): Usg 8.57 m/s, (d) – (e): Usg 
5.22 m/s, (f): Usg 1.26 m/s. 

 

 
Figure.4-2: Gas – oil Images of the two-phase flow reversal flow structures observed 

for a fixed liquid flow rate of 0.052 m/s in the 0.054 m i.d. tube: (a): Usg 
9.68 m/s, (b): Usg 9.68 m/s, (c): Usg 8.57 m/s, (d) – (e): Usg 5.22 m/s, (f): 
Usg 1.26 m/s. 

 

Figure 4-1 and Figure 4-2 show waves in a vertical gas oil, water flow: a), co-current 

annular-churn. b) liquid film growth close to the liquid inlet, with the onset of flow 

reversal at the critical point. c), settled wave close to the liquid inlet observed. d), 

liquid film flow reversal is triggered due to the decrease in the gas flow rate. e), flow 

reversal film continuous. f), flow reversal films continue to increase. 
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At each liquid (oil, water) flow rate, a churning ridge or ring of liquid became visible 

in the test section with decrease in gas flow rate that produces a definite up-flow of 

liquid to a definite down-flow of liquid in Figure 4-1. This churning ring of liquid (oil, 

water) appears at flow rates close to the onset of the bidirectional flow reversal but 

would remain stationary, if the gas flow was not lowered further. With slight 

decreases in gas flow, the churning liquid ring began to recede down the tube (in the 

direction of the gravity force), Figure 4-1 and Figure 4-2 (c - d). 

 

4.3 Experiments of Flow Reversal Regime Maps (Gas – Water)  

Berrichon et al. (2015), reported that once a gas and liquid mixture flows along a 

vertical tube, the mixture can arrange itself in various geometric distributions of 

phases that are induced by several factors. Such as the inlet flow rates, properties 

of the fluid, tube geometry and direction of the flow. The geometric structures in the 

tube during the flow are generally described as flow pattern regimes maps. The 

conventional practice of classifying a particular flow regime pattern that will ensue 

for a fixed set of gas and liquid flow rates is by using a flow pattern map.  In addition, 

Berrichon et al. (2015) also observed that the flow pattern maps informs the 

researcher of the activity of happenings within the vertical gas-liquid flow at specific 

superficial velocities (Usg) and (Usl). The cause of these different flow patterns is due 

to the contending forces or mechanisms that take place within the fluid at the same 

period. The equilibrium between these forces defines a particular flow pattern in the 

tube. Figure 4-3 to Figure 4-7 presents the gas-liquid experimental conditions of flow 

regime patterns of this study data, at different system pressures of the bidirectional 

flow reversal conditions, as discussed in the previous sections 4.2 and 4.3 of 
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superficial gas and liquid velocities imposed on the Taitel and Dukler (1980) flow 

regime map. 

 
Figure 4-3: Flow pattern map for the range of flow rates in the present work (gas - 

water @ 0.7 bar). 
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Figure 4-4: Flow pattern map for the range of flow rates in the present work (gas - 
water @ 2.0 bar). 

 

 
     Figure 4-5: Flow map at @ 3.0 bar with flooding conditions. 
 

 
Figure 4-6: Presents the plot of the flow map of flow reversal conditions for oil and 

water @ 2.0 bar system pressures. 
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Figure 4-7: Flow reversal and flooding data for gas - water imposed on Taitel and 

Dukler (1980) flow map at the different system pressures. 
 

4.4 Experiments of Flow Reversal Regime Maps (Gas – Oil) 

The flow regime transitions for gas-water, and gas-oil two-phase bidirectional flow in 

a vertical tube are presented in this section. Investigating the circumstances at which 

flow pattern transitions occur in a tube have been made qualitatively in this study.  

The flow regime patterns seen during a co-current to counter-current gas-liquid flow 

in vertical tube riser systems have already been presented in Figure 3-2 in chapter 

3. The analyses and results for the bidirectional flow reversal and flooding 

experimental conditions of this study are presented in Figure 4-8 to Figure 4-11  

showing the flow pattern maps established for the superficial gas and liquid flow 

reversal and flooding velocities for the various system pressures.  
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Figure 4-8: Flooding flow map with different Usl and varying Usg @ 0.7 bar 

 

 
Figure 4-9: Flooding flow map with different Usl and varying Usg @ 2.0 bar 
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       Figure 4-10: Flooding flow map with different Usl and varying Usg @ 3.0 bar 

 

Figure 4-8 to Figure 4-10 presents the onsets of flow reversal conditions plotted with 

the gas superficial velocity as a function of liquid superficial velocity for the gas - oil 

two-phase flows. As shown in the Figures 4-8 to Figures 4-10, the flow reversal 

occurred at the superficial gas flow rate of 9.6 m/s with the corresponding liquid (oil) 

flow rate of 0.052 m/s for the 0.7barg, and superficial gas flow rates of 4.5, 4.8 m/s 

for the 2.0 and 3.0 barg, respectively, at the same oil flow conditions of 0.052m/s. 

In Figure 4-11, the bidirectional flow reversal  gas and liquid velocity data at constant 

liquid flow rate for the different system pressures were imposed on the Taitel et al. 

(1980) flow regime map. As shown in Figure 4-11, all three conditions fall within the 

slug-churn region of the flow regime map which agrees with existing published 

literature, like that of Wallis (1961). The transition from slug to churn flow is 

connected to a phenomenon acknowledged by multiphase flow assurance 

engineers as the term, the onset of flow reversal and flooding (liquid loading), as 

established in the literature, as reported by Ghosh et al. (2012).   
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Figure 4-11: Flow reversal (flooding) conditions data for air - oil imposed on Taitel 

and Dukler (1980) flow map at the different system pressure. 
 

Taitel et al. (1980) stated that a situation where the liquid film in a co-current to 

counter-current flow reversal of gas and liquid reduces and collapse, indicates the 

development of large interfacial waves, which is termed to be the flow reversal 

phenomenon. The correlation between the churn flow regime and bidirectional flow 

reversal has been experimentally established by Wallis (1961), who discovered that 

the gas velocity needed to trigger bidirectional flow reversal and flooding in a falling 

film of quite modest flow rate is approximately the same as that in the slug/churn and 

Churn/annular flow transition. However, Chaudhry and Emerton (1965) discovered 

that the flow above the water injection point was conventional of churn flow when 

flow reversal took place in the tube. The results and analyses of the present study is 

also in agreement with the Wallis (1961) discovery.  
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4.5 Factors Influencing Flow Reversal Conditions (Film 

Thickness) 

 

A survey of the bidirectional flow reversal and flooding conditions is given in Figure 

4-12 with the experimental working fluids of gas and liquid (oil, water), acquired 

through visual inspections. The experimentally derived data in this study is plotted 

in terms of the superficial gas velocity at the incipient of flow reversal as a function 

of the corresponding ReL, three principal zones can easily be observed: Zone 1,  

there is a reasonably active reliance of critical flow reversal and flooding velocity 

on ReL, where the superficial gas velocity is inversely proportional to  ReL,  this is 

typically the trend reported on earlier published literature by Bankoff and Lee (1986), 

Hewitt, Fornasiero  and Ralston (1995). Zone 2, as the liquid flow rate is increased 

more, in Reynolds number  (ReL) range of 700–1000, the flow reversal and flooding 

velocity is likely to be feebly dependent on  ReL. Which is of the same trend as 

observed in the work of Drosos, et al. (2006), showing the mean wave amplitude, 

  ∆hmean at  ReL 700–1000 is approximately stable as observed in Figure 4-12, which 

is in agreement with the literature. 

In Zone 3, at  ReL >, 1000, the rather clear reliance of critical velocity on  ReL is again 

obvious. A reasonable feature description can be established on the visual 

observations and the hydrodynamic analysis for the free-falling film case as 

presented by Drosos et al. (2006), signifying a further unsteady flow on 

increasing  ReL; that, the incipient flow reversal is attained. 
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Figure 4-12: Superficial gas velocity, USG, vs   ReL (oil-gas) at the onset of flow 

reversal and flooding, and mean wave amplitude  ∆hmean for falling film 

 

The observations are coherent with the main mechanism for the incipience of flow 

reversal and flooding at   ReL > 1000, which is identified by wave development and 

local bridging which is also observed by Drosos et al. (2006). The mean film 

thickness keeps on increasing with  ReL in that scope, even though the wave 

amplitude attains an approximately steady rate. As a result, a   ReL  > 1000 will 

require a lesser gas velocity to instigate flow reversal of the unsteady liquid film. 

 

4.6 Comparison of Data with Wallis (1969) Correlation  

The commencement of bidirectional flow reversal in the small diameter tubes for the 

present study occurs by downward flow of waves from top to bottom of the 

experimental section as observed in Figure 4-1 and Figure 4-2.  Different from that 

of the large diameter tubes where droplet entrainment appears to be the prevailing 

mechanism. These observations agree perfectly with the Jayanti, Tokarz and Hewitt 
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(1996) investigations on vertical co-current to counter-current flow. The critical 

superficial gas velocity (Usg) in Figure 4-13 as shown in the plot for the vertical 

geometry with this study data might characteristically be described through 

observation that, it is of a small diameter tube.  The development of waves produces 

a comparatively substantial decrease of the region accessible for the flow of the gas, 

which in sequence, tend to increase the gas flow rate and the drag force applied on 

the wave. Jayanti, Tokarz and Hewitt (1996) noted that, on increasing the liquid flow 

rate, the liquid film thickness is likely to develop, in this manner, the part accessible 

for gas flow declines. As a result, a gas flow velocity is required to induce an incipient 

flow reversal, that is anticipated to reduce and increase the liquid flow rate. 

After the critical flow reversal point is determined, it is discovered that, co-current 

flow beyond the liquid supply area cohabits with part of the counter-current 

downward flow part. The liquid velocity in the later will be insufficient to maintain the 

flow reversal.  

 
Figure 4-13: Comparison of experimental data with the Wallis (1969) correlation 
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With a decrease in liquid velocity, the critical gas velocities follow the Wallis (1969) 

correlation. This is evidence in Figure 4-13, showing that the gas flow rate required 

for the onset of flow reversal and flooding is inversely relative to the liquid flow 

velocity. Figure 4-13 is the plot of the dimensionless bidirectional flow reversal 

superficial gas and liquid velocities for the present study. The results are obtained 

from the system pressure of 0.7 bar and the compared with the Wallis (1969) result 

to establish a correlation that can be used as a benchmark. 

Through the visual inspections during the tests, it is observed that the waves are 

likely to become more significant when the gas flow rate is reduced. Again, as the 

gas flow rate decreases further, the liquid from the wave height will expand in the 

boundary route, creating consistent ring-type waves instead of obstructing the pipe 

cross-section by liquid slugs, as presented in Figure 4-1 and Figure 4-2 (d - f). The 

annular flow observed at the initial co-current flow in these experiments, as shown 

in Figure 4-1(a) are seemingly sustained through the significant flow that is dominant 

in the gas phase. And because of the difference in the roughness (bigger at the gas 

liquid interface, lesser at the gas-tube wall). In addition, there is imbalance of cross-

section accessible to the gas as observed and reported by Vlachos et al. (2001). 

Visual studies disclose that, nearing the onset of the flow reversal point, the motion 

of ring-type waves is initially retarded as seen in Figure 4-1 and Figure 4-2 (d - f). 

Further increase in flow rate will cause an expanded wave, with a rise of liquid film 

falling by the side of the tube wall till the crest reaches a critical rate. This is followed 

by the waves travelling upwards co-currently along with the gas, as the drag at the 

waves seems to dominate over the gravitational force of attraction as presented by 

Vlachos et al. (2001). Dukler and Smith (1977) discovered the existence of liquid 

drops closely under the gas velocity on which the flow reversal appears. They further 
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proposed that flow reversal and flooding ensue at the gas velocity adequate to 

transport the most significant drops instead of the force of attraction due to gravity. 

The outcome of the procedure on this mathematical correlation model leads to the 

hypothetical equation for the flow reversal and flooding state as: 

UGS
ρG
1/2

[𝜎g(𝜌𝐿 − 𝜌𝐺)]1/4
 (4-1) 

Where: 
UGS= Gas superficial velocity (m/s) 
(ρL − ρG) = Liquid and gas densities (Kg/m3) 
σ = Surface tension (N/m) 

g = Gravitational acceleration (m/s2) 
2.8 = Correlation constant 
 

In their report, Pushkina and Sorokin (1969) proposed identical findings, applying 

flow reversal data with dimensional analyses to  arrive at the correlation constant of 

3.2 as against 2.8 obtained in equation 4-1. They applied a method that offers a 

theoretical foundation for the previously obtained empirical correlations. 

Nevertheless, the model predicts huge drop that ranges under specific situations, 

which is of a substandard conformity with other reported data.  

During the current experimental study, it is observed from the analyses of the results 

that, as the gas flow rate decreases, more water penetrates and flows down from 

the water inlet until a liquid film is formed. Wallis, (1961) suggested that flow reversal 

and flooding conditions could be predicted with the use of equations. Table 4-1 

provides the details of the correlations that have been verified for this study. 
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Table 4-1: List of selected empirical flooding correlations using dimensionless 
superficial velocities used to compare with experimental co-current flow reversal 
 

Correlation 
identification  
number 

Ref. Range of data Equation Notes 

1  
Wallis (1961) 

Vl
∗ ≤ 0.49 Vl

∗1/2 + Vg
∗1/2 =  C 

where: C = 0.88 for 
smooth ends C = 0.725 
for sharp ends 

C = 0.725 is used 
to test this 
correlation against 
experimental data. 
See correlation 6 
for use of C = 0.88 
 

2 Hewitt and 
Wallis (1963) 

Vl
∗ ≤ 0.30  Vl

∗1/2 + Vg
∗1/2 =  C 

Where C= 0.88 if  𝑉𝑙
∗ < 0.3 

C = 1.00 otherwise 

 

3 Clift et al., 
(1966) 

0.01  Vl
∗ ≤ 0.09 0.34 Vl

∗1/2 + Vg
∗1/2  = 0.79  

4 Dukler and 
Smith (1979) 

0.01 ≤ Vl
∗ ≤ 0.09  Vl

∗1/2 + Vg
∗1/2  = 0.88  

5 Wallis (1969)  Vl
∗1/2 + m Vg

∗1/2 =  1  

 

 

4.6.1 Comparison of Published Works with Present Study Data 

Comparisons between the bidirectional flow reversal conditions in this study, as 

predicted by the existing published correlation equations are presented in these 

sections. These are based on gas (oil, water) co-current to counter-current flow 

reversal with the present data in the 0.054 m internal diameter tube bidirectional flow 

reversal experimental analysis and results.  Other factors taken into consideration 

include the fluid properties. Another factor is the pressure whose gradient is 

assumed constant as it normally declines uniformly with distance. 

The assessments are carried out to identify the trend of the flow reversal and flooding 

test studies in a two-phase flow vertical tube. The current study data employed a 

similar inner tube diameter as that of Prayitno et al. (2012) and Vijayanti and Jayanti 
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(2000). However, the assessments show various forms as observed in the plots, 

which are likely due to conditions of the test loops. The present study and Vijayanti 

and Jayanti, (2000) indicated the highest superficial flow reversal and flooding gas 

velocity than the rest of the correlations. This could be due to the tube length and, 

the variations of the flow reversal and flooding conditions used. As observed, the 

Vijayanti and Jayanti (2000) 67 mm diameter (i.d) data indicated the closest 

agreement with the present study data but shows a higher plot. However, this could 

be attributed to the different system pressures the other researchers may have used 

as established in literature as part of factors that could influence two-phase flow 

according to Prayitno et al. (2012). Vijayanti and Jayanti (2000) also noted that 

higher system pressures and different temperature conditions can increase the flow 

reversal and flooding velocities, where it is believed to be fluid property effects. 

Figures 4-14 and Figure 4-15 present the plots of this study data for the gas - oil and 

gas water comparison with Prayitno et al. (2012), Duckler & smith 1977, Vijayan & 

Jayanti (200) 25mm, Vijayan & Jayanti (200) 67mm, and Bharathan (1979). As 

shown in Figure 4-14 and Figure 4-15 for the gas oil and gas water predictions, only 

Vijayan & Jayanti (2000) data of 67mm predicted close to this study data in both 

plots.  While others under predicted the data. 
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1) Figure 4-14: Comparisons of existing flow reversal and flooding data with 

present gas oil data. (Differences in experimental setup for each of the data 
sets and is not a like for like comparison) 

 

 
Figure 4-15: Comparisons of existing flow reversal and flooding data with present 

gas water data. (Differences in experimental setup for each of the 
data sets and is not a like for like comparison) 
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4.6.2 Comparison of Present Gas - Water Data with Existing 

Correlations 

 

The bidirectional flow reversal and flooding correlation curves predicted by other 

published works for air-water flow experiments are plotted as against the present 

study experimental data. Figure 4-16 and Figure 4-17 presents the selected 

published correlations of Clift et al. (1966), Dukler (1979), Hewitt and Wallis (1963), 

Wallis (1961), and Wallis (1969), which have all under-predicted this study 

experimental data recorded at system pressures of 0.7barg at 2.0 barg, except for 

Dukler and Smith (1979), who over predicted both the experiments' air - oil and air - 

water data. Compared with the Dukler and Smith (1977) theoretical equation for the 

flow reversal and flooding conditions.  

 
Figure 4-16: Correlation comparison between Dukler and Smith (1977, 1979), Wallis 

(1961, 1963, 1969), (Clift et al., 1966) and the flooding superficial 
velocity results of this works of gas – oil, gas - water data. 
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Figure 4-17: Correlation comparison between Dukler and Smith (1977, 1979), Wallis 

(1961, 1963, 1969), (Clift et al., 1966) and the flooding superficial 
velocity results of this works of gas – oil, gas - water data. 

 
 
Figure 4-18 and Figure 4-19 show the plots of the predicted range of values for the 

constant C (Ug*).  From the analysis in Figure 4-18, the experimental values of water 

at 0.7, 2.0, and 3.0 pressure (barg) for the Ug* (C) values ranged from 2.4 – 2.7, 

while that of oil in Figure 4-19 ranged from 2.7 – 3.0 respectively, making the 

prediction of Dukler and Smith’s (1977) Ug* of 2.9 – 3.2 to agree better with the data. 

However, the reason for the variations could be, as rightly reported in Dukler and 

Smith (1977) that it’s a theoretical equation, and may not agree totally with the 

experiment except over narrow ranges of data, usually for small tube diameters and 

at low pressures. Besides, Dukler and Smith (1977) used a tube diameter of 0.032 

m length 1.0 m, as against the present study tube diameter 0.054 m and tube length 

of 10 m. 
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Figure 4-18: Plot of Ug*, [-] versus superficial liquid velocity, m/s (air - water). 
 

 
Figure 4-19: Plot of Ug*, [-] versus superficial liquid velocity, m/s (gas - oil). 
 

It is important to note that the Ug* (constant C) has been shown to vary with the 

equipment size, the range of flow velocities and, in some cases, the entry 

configuration and fluid properties.  
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4.6.3 Comparison of Present Gas (Oil, Water) Data with Existing   

Correlations 
 

Figure 4-20 to Figure 4-21 represent the predictions of the selected published flow 

reversal and flooding correlations compared to the gas (oil, water) experimental data 

of this study at the different system pressures. The figures show the flow reversal 

and flooding curves, predicted by the other correlations for gas (oil, water) flow 

experiments as against the present study experiments data. The present data and 

the selected correlation predictions seem to have the same trend, as observed in 

literature for correlations and experimental data plots. As presented in Figure 4-20 

and Figure 4-21. The Wallis (1961, 1963) and Clift et al. (1966) under-predicted this 

study experimental data, while Wallis (1969) and Dukler and Smith (1979), over-

predicted the experimental data at 0.7barg. At 2.0 barg, Wallis (1969) and Dukler 

and Smith (1979) overpredicted while the Clift et al. (1966) and Wallis (1961, 1963) 

correlations under predicted the test data. Also, at 3.0 barg, all the selected 

correlations under-predicted the experimental data, except for Wallis (1969), that 

predicted it reasonably well. 
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Figure 4-20: Comparison between Dukler and Smith (1977, 1979), Wallis (1961, 

1963, 1969), Clift et al. (1966) and the flooding superficial velocity 
results of this work. 

 

The likely discrepancies found in the plots at the various system pressures could be 

attributed to the fluid properties, like the density of liquid and gas that are known to 

have the most significant effect on flow reversal and flooding as reported by Bankoff 

(1983), Zapke and Kröger (1996). It is noted that the variations of pressure could be 

a factor for the flow reversal scenario under predictions, for the gas flow rate that will 

cause flow reversal and flooding to occur for a specified liquid flow rate. Under the 

present analyses, the equations utilised have shown to predict flow reversal and 

flooding. It is therefore, implies that, different phenomena that are not currently 

considered in this study could also affect the flow due to pressure fluctuations. 
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Figure 4-21: Correlation comparison between Dukler and Smith (1977, 1979), Wallis 

(1961, 1963, 1969), (Clift et al., 1966) and the flooding superficial 
velocity results of this works of gas - oil and gas - water data @ 3.0 
bar 

 

4.7 Correlations Development for Gas (Oil, Water) 

Various predictive models for flow reversal and flooding exist in the literature. Every 

model correlation appears to match and agree with the investigators' experimental 

data, however, do not with other models of different flow geometries with entry and 

exit conditions. As such, it will be unrealistic to assembled and modelled correlations 

with data from different operating conditions. However, it ought to be recognised that 

the end conditions utilised in flow reversal and flooding tests are habitually selected 

for the simplicity of the test. Thus, they do not generally have direct industrial 

applicability as reported by McQuillan (1985). Various equipment being utilised in 

the oil and gas industries, chemical industries, steam power plants, and nuclear 

reactors need to prevent the flow reversal-flooding scenario from occurring to 

operate at an optimum level. One of the goals of the bidirectional flow reversal and 



 

108 

 

flooding experiments in this study, is to compare the experimentally obtained flow 

reversal and flooding data against the already existing published empirical model 

correlations for flow reversal and propose a practical empirical correlation model for 

two-phase gas and liquid (oil, water) flow reversal and in the geometry under 

consideration. McQuillan et al. (1985) reported that, for large-diameter tubes, the 

droplet entrainment is very significant at the onset of the liquid film occurrence, which 

is characterised by regions of falling liquid film between huge upward moving waves. 

The bidirectional flow reversal point is related to the minimum pressure drop in two-

phase flow and has been used as a standard to correlate the transition from annular 

flow to churn flow concerning the superficial gas velocity as presented by Wallis 

(1969). 

In two-phase gas-liquid flows, the expression flow reversal and flooding are used to 

characterise the transition from a falling film flow into a bidirectional (upward and 

downward) flow, following an increase or reduction in gas velocity as presented by 

Bankoff and Lee (1986). Different correlations and estimation approaches have been 

established to predict flow reversal and flooding velocities, instances are the Wallis 

(1969), Aziz and Govier (1972), Bankoff and Lee (1986), as well as the Wallis (1961) 

and Hewitt and Wallis (1963). 

 

Vl
∗1/2

+ Vg
∗1/2 =  C (4-2) 

 

where: C = 0.88 for smooth ends and C = 0.725 for sharp ends, 

 Where C= 0.88 if  Vl
∗ < 0.3 C = 1.00  
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4.7.1 Correlation Assumptions 

In this study, the fundamental assumptions for establishing the empirical model 

correlation are given as: 

1. The test fluids are gas, oil, and water   

2. The fluids (two phases) coexist in a two-phase mixture, i.e., any three-

phase alternatives were turned off 

3. The entire system pressure is reduced < 7 barg along with the gas that 

acts as an ideal gas 

4. The heat transfers into and out of the system is considered small and is 

disregarded 

5. The temperature variations related with pressure variations are small 

6. The temperature and pressure are low, thus no mass transfer occurs 

7. The inlet flows and outlet pressure are constant and equal to the average 

measured values for each taken from the test data point 

8. The inlet flow specifications are single-phase gas and liquid 

Two criteria were used to classify the incipient flow reversal and flooding to develop 

the new empirical model correlations. The first criterion depends on the observation 

of a chaotic flow pattern in the tube section. The second criterion is the visual 

inspection of the critical point on the transparent section of the pipe. The flow 

reversal condition was reached by fixing the liquid flow rate and decreasing the 

airflow until one of the criteria above was met. 
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4.8 New Gas – Water Empirical Correlation 

To achieve and establish a flow reversal and flooding model correlation of gas - 

water with the setup under this study, it became imperative to non-dimensional the 

parameters (gas flow rate, liquid flow rate, pressures, and fluid densities) acquired 

from the experimental data in this study. The parameters used are the dimensionless 

volumetric flux proposed by Wallis (1969). The points plotted in Figure 4-22 are from 

the experimental data of this study. They seem to lie in a straight line. A best-fit 

straight line was plotted through the points as shown in Figure 4-22, and the equation 

of the straight line is: 

Ug
0.5 + 0.39UL

0.5 = 0.98 (4-1) 

where: m= 0.39 C=0.98 

The equation compares satisfactorily with the study carried out by Dukler and Smith 

(1979) with coefficient m = 0.34 and intercept C = 0.79. This equation is obtained 

from the tests, having to do with annular geometry. 
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Figure 4-22: Comparison of the present flow reversal and flooding data for gas – 
water with literature on experimental data, for vertical tube channels. 

 

4.9 New Gas (Oil - Water) Empirical Correlation 

A comparison of the present flow reversal and flooding data for gas – oil - water with 

literature on experimental data, for vertical tube channels, and with proposed 

empirical correlations is presented in Figure 4-23. It is observed that a best-fit 

regression straight line is produced across the points with an intercept of 1.25 and a 

gradient of 1.26. The equation used for the critical velocity agrees with the study of 

Taitel et al. (1983), that presented a dimensionless volumetric flux estimates (UG
∗ )0.5 

equal to 1.319. This agrees with the values obtained in the present study, whilst any 

slight discrepancies can be clarified by the difference in the geometry of the gas and 

liquid entry and exit sections, as stated by Wallis (1969). The estimates of the 

coefficients (UG
∗ )0.5 at the critical value rely on the tube end conditions and the means 

through which the gas and liquid is supplied and removed from the setup. The best 

overall model correlation for flow reversal and flooding prediction is obtained from 

Equations 4-8, presented as: 

 

(UG
∗ )1/2 + 1.26(UL

∗)1/2 =  1.25 (4-2) 
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Figure 4-23: Comparison of the present flow reversal and flooding data for gas – oil 

- water with literature on experimental data, for vertical tube channels, 
and with proposed empirical correlations. 

 

4.9.1 Empirical Model Correlation Performance and Results 

The new empirical model correlation to predict the bidirectional flow reversal and 

flooding point in two-phase gas-liquid flow developed in this study has been used in 

comparison with the empirical correlation data of Dukler and Smith (1979), Wallis 

(1961; 1963; 1969) and Clift et al. (1966). A set of co-current to counter-current 

bidirectional flow reversal values determined from the experimental data of this study 

has been plotted previously, in terms of the superficial gas and liquid flow reversal 

and flooding velocities from the results obtained is presented in Figure 4-16  to 

Figure 4-21. However, to evaluate and access the authenticity it’s performance on 

this empirical correlation of flow reversal and flooding, the standard deviation of the 

relative error and statistical parameters is utilised as the figure of merit. The error for 

the new empirical flow reversal and flooding correlation and the compared flooding 
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correlations are defined in terms of the flow reversal and flooding superficial 

velocities. 

 

4.9.2 Reliability Assessment and Correlation Rating 

One of the principal objectives of this study is to assess the existing published works 

in literature for flow reversal and flooding correlations established with experimental 

test results. To acquire dependable results, it is essential to ascertain that, the test 

data are satisfactory, and the co-current to counter-current flow reversal empirical 

model correlation derived is accurate. Due to measurement complications, it is not 

quite easy to acquire experimental data that are entirely coherent. Therefore, the 

degree of accuracy and consistency in the experimental data has been examined. 

Table 4-2 compares the results of the present bidirectional flow reversal and flooding 

correlation obtained, as shown in Equation 4-10 for all accessible data sets. The 

average absolute error (AAE) has been employed to evaluate the order of magnitude 

of the difference, the average absolute relative error (AARE) is used as the 

correctness benchmark, which most clearly reveals the average difference. 

One possibility that can trigger huge errors in reliability and verifications 

measurement mistakes in the test results. Table 4-2 shows that, for most data sets, 

significant disparities have been calculated from gas and liquid flow reversal and 

flooding correlation equations exist. The standard deviation error (SDE) estimates 

the spread of results close to the mean value. The vast mistakes occurring in the 

reliability assessment on the chosen correlations indicate the need for more 

research. 
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4.9.3 Statistical Comparison with Experimental Data 

In this study, various flow reversal and flooding correlations, consisting of all the 

generally used correlations described in the literature have been used in the two-

phase gas-liquid flow reversal and flooding correlation to predict the gas-liquid 

velocities at which flooding will occur. The accuracy of the model has been verified 

with statistical error analysis. The statistical parameters employed in this work are 

the average absolute percentage relative error, average percentage relative error, 

maximum absolute percentage error, minimum absolute percentage error, root 

mean square error, and the standard deviation of error equations for the parameters 

are given. The evaluation for each method is established on the experimentally 

derived superficial gas and liquid velocities and then calculated from the existing 

correlations.  

Table 4-2 shows the present correlation prediction for the flow reversal and flooding 

velocity forecasts for the different statistical parameters used in the evaluation 

accordingly, which are far lower than the similar results from other correlations. 

Figure 4-24 to Figure 4-27 indicates the performance of all investigated models. 

Wallis’ (1963) empirical model achieved the worst average absolute relative error 

(AARE), Root Mean Square Error (RMSE) and the standard deviation among all 

investigated models, while the present studies correlation model achieves the best 

results. As shown in Table 4-2, the current correlation offers the most excellent 

prediction for flooding velocity predictions since the AARE (1.89%) is less than the 

rest of the correlations compared with, and the AAE of (0.19) and the percentage 

mean absolute error (2.5%) are found to be the only lowest values. The Wallis 

(1961), Clift et al. (1966) and Dukler and Smith (1979) correlations rated as second 

and third best in the list. These same correlations still rank excellent in the 
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predictions of the flow reversal and flooding velocities to cause flow reversal and 

flooding to occur. Their AAEs are 0.213, 2.52 and 5.59 m/s, which are far lesser than 

the similar results from the other model correlations.  

 

Table 4-2: Comparison of statistical parameters between new flooding correlation  
       and predicted correlation. 
 

Flow reversal (flooding) Correlations 

Correlations AARE (%) AAE (%)   (%) RMSE  

Wallis (1961) 5.21 0.213 6.5 6.16 

Wallis (1963) 36.94 33.65 39.5 8.59 

Wallis (1969) 19.89 17.03 21.3 6.30 

(Clift et al., 1965)  10.95 2.52 12.9 4.68 

Dukler and Smith (1979) 12.46 5.59 13.6 4.99 

New Correlation 1.89 0.19 2.5 1.95 

 

Note: 

AARE: Average absolute percentage relative error is taken as the correctness  

Benchmark, which clearly reveals the average difference, while the  

standard deviation error =

=

=
n
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AAE: Average absolute relative error has been employed to assess the order  
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σ:  Standard deviation is the assessment used to measure the extent of deviation or 

scattering of established data values. A standard deviation with a low value implies 
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that the data points are likely to be close to the mean (likewise, known as the 

expected value) of the arrangement, whereas a standard deviation of high value 

implies that the data points are scattered over a large span value and is given as: 
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R2:  Coefficient of determination is the number that shows the amount of the variation 

in the weak variable, which can be predicted from the independent variable   =      
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Root mean square error RMSE is an often-employed amount of the differences 

between values (sample and population values) predicted by a model or an 

evaluator, and the values indeed observed.    = [
1

𝑛
 ∑ 𝐸𝑖

2𝑛
𝑖=1 ]

0.5

 

 
Figure 4-24: Average absolute percentage relative error for all models 
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      Figure 4-25: Average absolute relative error for all models 
 

 
Figure 4-26: Standard deviation error for all models 
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Figure 4-27: Root mean square error against standard deviation for all models 

 
 
A plot of the Root Mean Square Error (RMSE) for every model, plotted as a function 

of the standard deviation (STD) errors is presented in Figure 4-27. The region of the 

best model is observed to be at the lower left angle, as is shown by the intersection 

of both lower values of RMSE and STD in Figure 4-27. his current study represents 

the correlation model that performed the best, followed by the studies of Clift et al. 

(1966) and Dukler and Smith (1977) correlations, and then followed by the model of 

Wallis (1961). 

4.10 Summary 

The series of experiments with air (oil, water) conditions carried out, enabled a visual 

evaluation of the flow reversal phenomenon, with analysis and the results calculated 

with the flow specifications at the flow reversal point under various conditions. The 

visual assessment is made to verify with previous studies on flow reversal and 

flooding models.  The measurements of flow specifications, liquid and gas velocities, 

and pressures is made to empirically, and graphically, establish a correlation based 
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on the outcomes of the experiments and compare the results with published existing 

result of flow reversal and flooding correlations. 

As presented and recommended by Taitel et al. (1983) and Yilin Wang (2012) 

empirical study, is the adopted approach for generating suitable, specific setup flow 

reversal and flooding correlations. And this also, is the approach employed for the 

flow reversal and flooding analysis in the present study. However, correlation model 

study researchers look forward for improvement, in establishing a flow reversal and 

flooding correlations that will enhance the applicability to oil and gas well operators, 

considering that these correlations were obtained for various inlet flow geometries 

and tube diameter sizes. 

Comparison of the test results derived in this study against the already established 

flow reversal and flooding correlations and form a practical and useable empirical 

model correlation for flow reversal and flooding in the geometry under consideration 

forms one of the goals for this experimental investigation. 

The analysis presented is of dimensionless groups, used previously with the 

objective of correlating flow reversal and flooding data. Figure 4-16 to Figure 4-21 

compares the present air (oil, water) data with several selected published data for 

co-current to counter-current flow reversal scenario inside a circular tube channel in 

terms of dimensionless velocities, Usl, Usg. The air (oil, water) data were plotted as 

the Wallis criteria, as shown in Figure 4-16 to Figure 4-21 along with the Wallis 

(1961; 1963; 1969), Dukler and Smith (1977, 1979), and Clift et al. (1966) 

correlations. None of the correlations perfectly predicted the trend seen in the 

experimental data, nor do they accurately predict the conditions in which flow 

reversal and flooding occurs. 
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Given that neither of these selected correlations accurately predict this study 

experimental data, a new empirical model correlation is needed to predict the 

conditions in which flow reversal and flooding occurs. Therefore, a flow reversal and 

flooding empirical model correlation is proposed to predict the point at which a co-

current to counter-current (flow reversal) will occurs for; gas (oil, water) two-phase 

annular flow in a circular tube diameter of 0.054 m, as shown in Figure 4-22 and 

Figure 4-23 of this study. Several of the flow reversal and flooding correlations have 

been represented in the past. These model correlations generally achieved 

predicting the investigators’ personal data but are unsuccessful in correlating the 

data of other researchers, restricting the utilisation of the correlations. The 

effectiveness of the proposed correlation approach in this study is deliberated in the 

text about data produced previously by other investigators.  

Various mechanisms are associated with the transition from annular to churn flow, 

resulting in numerous means of classifying such a transition. The most common type 

is the flow reversal criterion by Wallis (1969), which can merely be observed and 

recognised experimentally and possibly correlated by way of an easy relationship. 

The flow reversal criterion uses the flooding correlation and states that the transition 

between churn to annular flow ensues when the dimensionless gas velocity UGS
∗ = 1 

thus, annular flow is anticipated to occur for      UGS
∗  > 1    and churn flow for    UGS

∗  <

1. The dimensionless gas velocity      UGS
∗  is defined as, 

 

 UGS
∗  = UGS [

ρG

gD(ρL −ρG)
]
1/2

     (4-4) 
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The regression correlation approach has been used to achieve this study’s new 

empirical model correlation, and is presented with the following definition in 

(equations 4.6 and 4.7), 

(UG
∗ )1/2 + 1.26(UL

∗)1/2 =  1.25 (4-5) 

The values of the parameters C1 (= 1.26) and C2 (= 1.25) are higher than many 

others presented in the literature (e.g., Dukler and Smith, (1977, 1979), (Clift et al., 

1966) but is coherent with the trend described by Wallis (1969). This equation 

exhibits a close similarity to that of Wallis (1969), which has one as unity, as for 

(Taitel et al. 1983). These similarities give additional confirmation that there is 

authenticity from the acquired result analysis.  

 

 

 

 

 

 

CHAPTER 5: PRESSURE ANALYSIS RELATED TO 

BIDIRECTIONAL FLOW REVERSAL 

 

5.1 Introduction  

Several authors, including Kaji et al. (2010) and Wan et al. (2020) reported that, the 

instabilities of two-phase flow in tubes resulting from the pressure and temperature 

fluctuations which instigates the flow into various flow regime patterns. Therefore, it 

will be realistic to analyse and evaluate the flow behaviour in the tube with different 
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methods to prove the authenticity of data that are experimentally obtained. 

Therefore, this chapter will discuss the aspect of two-phase flow characteristics in 

tube in relation to : The pressure gradient analysis during the experiments, the 

pressure gradient behaviour in relation to flow reversal in two– phase flows, the 

transition between flow regimes in pressure gradient, pressure drop data 

comparison with existing published correlations, pressure fluctuation features in two-

phase flow, flow regime Identification with wavelet analysis, time series pressure 

decomposition analysis of wavelet, and power spectral density time domain analysis. 

According to Bhagwat and Mollamahmutoglu (2012),  one of the basic specifications 

in the design and dimensioning of industrial tools and parts relating to the petroleum, 

chemical, refrigeration, and nuclear industries is the pressure drop in two-phase 

flow. They further stated that, understanding the gas-liquid flow of void fraction and 

pressure drop is vital in artificial gas lift structures as well. The knowledge of gas-

liquid two-phase pressure drop is necessary when designing the complete 

expansion ground source heat pump systems and classification of refrigeration 

components. A two-phase pressure drop is made up of the hydrostatic, acceleration 

and frictional parts of the pressure drop. The two-phase pressure drop of the 

hydrostatic component is used because of its significant density variations, involving 

the gas and liquid phase and the effect of gravitational capacity.  

They also stated that, the hydrostatic component could be estimated with adequate 

accuracy by proper estimation of the void fraction. The acceleration component of 

pressure drop is normally small and could be ignored compared to the hydrostatic 

and frictional components for small tube lengths. Nonetheless, it could be substantial 

in pipelines transporting of oil and natural gas mixture over a long-range of length. 

Several literature have reviewed frictional pressure drop correlations developed for 
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defining frictional pressure drop, classified as the ones found on empirical design 

and those formulated with the notion of the separated flow model are presented by 

Lockhart and Martinell (1949). The correlations of Awad (2005) is centred on the 

idea of a separated flow model. While Lau and Han (1989) centred his model on the 

theory of using the same idea but identified a two-phase multiplier determined as a 

function of void fraction. 

5.2 Pressure Gradient Analysis with Gas (Oil, Water) 

Pressure drop is related to the phenomenon of bidirectional flow reversal and 

flooding. For an ultimate gas superficial velocity (>11 m/s), both gas and liquid flows 

upward as reported by Wan et al. (2020). As earlier shown in Figure 4-1 (a), 100% 

of the liquid is carried upward due to high gas velocity. Under this flow condition, the 

gravity's impact will turn out to be very little compared to the frictional forces that 

originated from the gas flow distribution. These flow configurations are established 

in the whole scope of the gas (oil, water) experimental flow conditions. According to 

Awad (2005), computations of pressure drop in two-phase flow are quite complicated 

and are centred on empirical relationships to consider the phase changes that occur 

because of the pressure and temperature changes during the flow, due to relative 

velocities of the phases and the complicated impacts of elevation changes. 

Figure 5-1 to Figure 5-6 show the trend of the pressure gradient as a function of 

superficial gas velocity Usg of the gas (water, oil) data for the different superficial 

liquid velocities Usl. For constant Usl, the reductions in Usg result in a reduction of the 

pressure drop, as the same trend is observed in the literature as presented by Pan 

et al. (2015), Usually, the pressure drop increases with the increase in gas superficial 

velocity at a constant liquid superficial velocity, as illustrated in Figure 5-1 to Figure 
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5-6, which are compared and agree with others in the literature, instances are Alamu 

(2012). This is because according to  Pan et al. (2015), in the annular flow region, 

gas superficial velocity is high enough to trigger high frictional pressure drop, which 

will prevail in the entire pressure drop, which also is more elevated than gravitational 

pressure drop.  

 
Figure 5-1: Pressure gradient as a function of superficial gas velocity gas – water   

@ 0.7 barg in the present study.  
 

 
Figure 5-2: Pressure gradient as a function of superficial gas velocity gas – water @ 

2.0 barg in the present study.  
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Figure 5-3: Pressure gradient as a function of superficial gas velocity gas – water @ 

3.0 barg in the present study.  
 

 
Figure 5-4: Pressure gradient as a function of superficial gas velocity gas – oil @ 0.7 

barg in the present study.  
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Figure 5-5: Pressure gradient as a function of superficial gas velocity gas – oil @ 2.0 

barg in the present study.  
 

 
Figure 5-6: Pressure gradient as a function of superficial gas velocity gas – oil @ 3.0 

barg in the present study.   
 

5.3 Pressure Gradient Behaviour Related to Flow Reversal in 

Two– Phase Flows 
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Gas-liquid two-phase flow pattern will remain co-current annular dispersed flow at 

high gas and moderate liquids (oil, water) flow rates. With the gas velocity being 

reduced while keeping the liquid volumetric flux constant. Parsi et al. (2016) reported 

that the slip with the gas-liquid interface declines, prompting a lesser interfacial shear 

and thus, the entire pressure gradient, DP (tot,), decreases. The volume of entrained 

liquid also declines as the gas rate decreases. Because of the decline in interfacial 

shear and entrainment, the liquid film-thickness increases, and bigger roll waves are 

developed, making the interface even more uneven (i.e., the interfacial friction factor 

gets more significant). Parsi et al. (2016) further presented that, for pressure 

distribution evaluations and co-current to the counter-current vertical annular flow 

orientation in pipes, the annular flow is perhaps one of the most crucial zones, and 

despite its obvious uncomplicatedness, it provides certain remarkable challenges to 

the researcher, the analyst as well as the engineer. Two instances of  such vertical 

flow are: In circumstances where the liquid phase is introduced at some distance up 

the tube and the gas enters at the bottom, the liquid may flow upwards (co-current 

flow) or downwards (counter-current flow), or both as reported by (Nimwegen et al. 

2013). In this case, the pressure gradient may vary with the gas flow rate (for a given 

liquid flow rate), as shown in Figure 5-7 (the solid line). Initially, the total pressure 

gradient has been decreased as the void fraction increases due to the reduction of 

the gravitational component of the pressure gradient. The flow regimes are bubbly 

and plug flows, and eventually, the churn flow regime is entered into when the 

frictional pressure gradient begins to increase. It’s contribution to the total pressure 

gradient is such that it also begins to rise. Nimwegen et al. (2013) further said that 

the pressure gradient will go via a maximum Ug*, as the flow moves from churn to 

annular, decreasing the increasing gas flow rate in the regime. This is classified as 
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"churn-annular flow" before passing through a minimum and then increasing again 

with gas flow rate. A second maximum and minimum may occur within the annular 

flow regime at very high flow rates. 

As shown in Figure 5-7 in the invent of a completely established churn flow at 

moderate low liquid flow rates, the pressure drop decreases when increasing the 

gas flow rate and eventually increases further on entering the annular flow region. 

Various signs of the close link between churn flow and the bidirectional  flow reversal 

occurrence were also discovered  by Govan et al. (1991) from their experimental 

investigations. In addition, Jayanti, Tokarz and Hewitt (1996) emphasised that two 

distinct and generally established flow reversal and flooding mechanisms are known, 

i.e. the development and upward transport of huge waves and the entrainment with 

a carryover of droplets. 

 
Figure 5-7: Illustration of the pressure gradient versus superficial gas velocity (gas - 

oil) 
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Figure 5-7 presents the scenario of the distinctive experimental distribution of the 

bidirectional flow reversal pressure gradient (Δp) as a function of the dimensionless 

gas velocity UG
∗ . The swift rise in pressure gradient is shown in the diagram when the 

collapse of slug flow along with the development of churn flow is attained with 

increase in gas and liquid rates. Physically, from an observational point of view, it is 

distinctively in agreement with the theory first presented by Nicklin (1962), (i.e. 

transition as a result of flow reversal and flooding of the liquid film in the Taylor 

bubble). A similar manner has been noticed when the flow reversal and flooding 

requirement is attained in co-current to counter-current gas–liquid flows.  

 

5.3.1 Transition between Flow Patterns of Pressure Gradient 

From the data analysis of this study, there is a minimum in the pressure drop at a 

superficial gas velocity Usg of 5.65 m/s, with high gas flow rates, annular flow is 

observed in the tube Figure 5-8, for which the liquid flows as a film by the sides of 

the wall and in droplets in the gas core. As reported by Nimwegen, Portela and 

Henkes (2013), the variations in velocity between the liquid film and the gas core 

increase with increasing gas flow rate. Consequently, this causes the interfacial 

friction to increase. In annular flow, bigger roll waves and little ripple waves do exist 

at the liquid interface.  
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Figure 5-8: Schematic of the flow patterns found in the range of gas and liquid flow 

rates considered in this work 
 

Figure 5-9 to Figure 5-10 shows the total pressure gradient for the value of (Usl) of 

0.052 m/s as a function of Usg*. The vertical dotted line denotes approximately the 

gas-phase velocity at which flow-reversal ensued. 

 
Figure 5-9: Indication of transition between the flow regimes in the flow reversal 

(flooding) scenario, gas – water 
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Figure 5-10: Indication of transition between the flow regimes in the flow reversal 

and flooding scenario, gas – oil 
 

In their study, Fowler and Lisseter (1992) presented that, when the superficial gas 

velocity is decreased below the minimum pressure velocity, the waves on the liquid 

film end up becoming bigger. As the difference in velocity between the gas and the 

liquid becomes smaller, more giant waves are needed for the interfacial friction to 

stabilise the gravitational force applied on the liquid. Nimwegen, Portela and Henkes, 

(2013) reported that, at a superficial gas velocity below 5.65 m/s, the liquid film 

begins to flow down periodically, marking the transition to churn flow. In the churn 

flow regime, the morphology of the flow becomes more complicated, as the waves 

on the liquid film grow, bigger ligaments are entrained. This also is observed for the 

flow reversal transition analysis in the 0.054 mm inner diameter vertical pipe test 

section in this study for a superficial liquid velocity (Usl) of 0.052 m/s for the gas (oil, 

water) data. In a similar study by Watson and Hewitt (1999), they reported that, the 

large, aerated waves, called flow reversal (flooding) waves appear to trigger the 

liquid's downward transport process. 
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The transition between churn and annular flow is closely associated with the 

phenomenon of liquid loading (accumulation) as reported by Turner, Hubbard and 

Dukler (1969) and Van’t Westende, (2007). And this is frequently employed to 

predict gas wells liquid loading point and determine the gas velocity for the onset of 

liquid loading from the reversal of the largest droplets in the flow. However, in this 

study, the flow reversal (critical point) velocity corresponds to the transition between 

annular and churn flow region, as reported in literature by Nimwegen et al. (2013).   

Van’t Westende (2007) also discovered from experiments in his study and found that 

large droplets do not occur in the gas core and that it is the liquid film, which starts 

to reverse at the transition to chum flow. Nevertheless, Schmidt et al. (2008) noted 

in his study that the interaction between these bigger droplets and the liquid film is 

essential for understanding the onset of liquid loading.       

In their study, Prada and Bannwart (2001) presented that, an increase in the liquid 

superficial velocity causes the minimum pressure gradient point to move towards 

lower values of input ratio, at the same time increases the total flow rate. Figures 5-9 

and Figure 5-10 presents the gas (oil, water) flow conditions of this study that 

confirmed these results in an upward two-phase flow set up. This shows that, the 

highest liquid flow rates will require correspondingly a lower quantity of liquid to attain 

the minimum frictional pressure gradient, which is an interesting feature of flow 

patterns in a flow reversal study. 

The measured and calculated pressure gradient results from the pressure 

transducers in this study have been used to establish the plots of pressure gradient 

as a function of Ug*.  Figure 5-11 (a – c) presents the plots of the pressure gradient 

measured at P4_P3, at different fixed liquid superficial velocities of 0.05 m/s at a gas 

superficial velocity of 11.26 to 1.03 m/s. The total pressure gradient reduces with 
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increasing gas superficial velocity due to decreasing hydrostatic head, which is the 

more critical component of the entire pressure gradient, in most instances, frictional 

pressure gradient plays a minor part.  For example, as presented in Figure 5-11a, 

the calculated pressure gradient of a superficial liquid velocity of 0.05 m/s and Ug* 

0.23, has different flow reversal point located at 487.82 Pa/m, however at Usl of 0.52 

at Ug* 0.27, the flow reversal point is at 2146.69 Pa/m. Similarly, for the case where 

Usl is 1.27m/s, at Usg* = 0.33 the flow reversal point is located at 4351.54 Pa/m, 

respectively. This epitomises the scenario of increasing liquid flow rate, which will 

increase void fraction and subsequently causes the pressure gradient to increase.  
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Figure 5-11: (a – c) Present effect of liquid and gas flow conditions on pressure 

gradient 
 

Figure 5-12 presents the pressure gradient as a function of Ug* and shows the 

pressure gradient at the three different locations of the riser as the liquid rate 
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decreases gradually. As observed, the pressure gradient of P3_P2 is higher, followed 

by P4_P3 and P4_P2 locations, respectively, from the section of higher liquid with 

higher void fraction. 

 
Figure 5-12: Present effect of liquid and gas flow conditions on pressure gradient at 

different sections of the riser at one system pressure 
 

Figures 5-13 to Figure 5-16 presents the fluctuations of the pressure gradient slope 

behaviour along the 0.054 m internal diameter tube as a function of liquid superficial 

velocity for the inlet gas superficial velocity slope for different conditions with the 

different system pressures. At P2_P1 local, P4-1 global, and P4-P3 and P4-P2, for the 

gas – oil and gas water data at increasing liquid flow rates. Three regions are 

observed:  

Region 1: In Figure 5-14 and Figure 5-14 Usl ~ <0.02 m/s the pressure gradient 

increases as liquid superficial velocity is increased. The increase in slug size with 

increasing liquid velocity influences the increase on pressure gradient until it attains 

a maximum. This maximum may correspond to the transition boundary of the 
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slug/churn regime. On the other hand, Figures 5-15 and 5-16, shows how the 

pressure gradient decreases to a minimum and increases again with the same 

scenario.  

Region 2: Usl<0.02, and Usl<0.50 m/s the pressure gradient decreases with liquid 

superficial velocity. However, at this time, with increased pressure gradient and 

liquid superficial velocity, this region may correspond to the slug flow/churn 

transition. When the slugs start to elongate, and breaks up, the disconnection of 

these slugs turns out to be in random between slugs as well as the elongated slugs, 

which possess various sizes that decrease the pressure gradient with the increase 

in the liquid velocity, this same scenario is observed in Figures 5-15 and Figure 5-

16. Region 3: Usl>0.55, >1.35 m/s the pressure gradient increased again as liquid 

superficial velocity increases. The slope rate is higher than that in region 1. In this 

region, the amount of disconnected liquid becomes uniform by increasing liquid 

velocity that causes slug flow.  

 
Figure 5-13: Effect of liquid superficial velocity on the pressure gradient slope, with 

the Usg slopes at different sections of the riser, (gas, oil) 
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Figure 5-14: Effect of liquid superficial velocity on the pressure gradient slope, with 

the Usg slopes at different sections of the riser, (gas water) 
 

 
Figure 5-15: Effect of liquid superficial velocity on the pressure gradient slope, with 

the Usg slopes at the flow reversal observation point of the riser, (gas 
oil) 
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Figure 5-16: Effect of liquid superficial velocity on the pressure gradient slope, with 

the Usg slopes at the flow reversal observation point of the riser, (gas 
water) 

 

5.4 Pressure Drop Data Comparison with Existing Correlations 

According to Poettman and Carpenter (1952), a dependable approximation of the 

pressure drops in vertical tubes or flow line pipes is necessary to answer the several 

significant oil and gas production, pipeline engineering and reservoir analysis 

problems. The gas and oil sector and other multiphase flow systems are expected 

to have a general approach of predicting and assessing the multiphase flow in 

vertical and horizontal tubes.  Multiphase flow correlations are employed to ascertain 

the pressure drop in tubes. Several correlations and models have been represented 

to compute pressure drop in vertical and horizontal wells as reported by Nimwegen 

et al. (2013)            . 
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5.4.1 Beggs and Brill (1973) 

Several existing published correlations models for pressure drop on multiphase have 

been design and are appropriate for vertical flow, with few others that are valid for 

horizontal flow. However, only a few number of these pressure drop correlations are 

applicable both the vertical and horizontal flow scenarios, that could be applied for 

oil and gas applications, specifically, the uphill’s, downhill, horizontal, inclined, and 

vertical flow. The Beggs and Brill (1973) correlation is among the few existing 

correlations that can manage all these flow guidelines. It is developed using 0.025 

m of internal diameter tube that is inclined at several angles from the horizontal. The 

Beggs and Brill (1973) multiphase correlation handles the frictional pressure loss as 

well as the hydrostatic pressure variations. Nimwegen et al. (2013) reported that with 

the  Beggs and Brill (1973)  correlation,  the proper regimes of the flow for the specific 

arrangement of gas and liquid rates (Distributed Segregated or Intermittent) can be 

ascertained. Beggs and Brill (1973) reported that the liquid holdup and the in-situ 

density of the gas-liquid mixture are computed based on the appropriate flow regime 

to obtain the hydrostatic pressure variation. And that the two-phase friction factor is 

estimated depending on the input gas-liquid ratio as well as the Fanning friction 

factor. From this, the friction pressure loss is estimated by applying input gas-liquid 

mixture properties as given by Beggs and Brill (1973). 

For the flow pattern determination, if 𝐿1  < 𝑁𝐹𝑅 < 𝐿2,     the flow is intermittent, 

         𝐿1 𝑎𝑛𝑑  𝐿2,       (Correlation boundary) are given by 

 

 𝐿1 =  exp (−4.62 − 3.757X − 0.481X2 − 0.0207X3)  

        𝐿2 = = exp (1.061 − 4.602X − 1.609X2 − 0.179X3 + 0.635 ∗ 10−3X5)       

 

(5-1) 
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Figure 5-17: Gas – Oil cross plot of pressure drop for Beggs and Brill (1973), 

Lockhart and Martinelli (1949) along with data of Ribeiro et al, (2006) 
and Wolverine Tube Inc. (2006) against the present study correlation 
line. 

 

A cross plot comparison of the calculated pressure drop of Beggs and Brill (1973), 

Lockhart and Martinelli (1949), Ribeiro et al (2000) and Wolverine Tube.Inc            

correlations, against the correlation line from the experimental pressure drop data 

obtained in the present study is given in Figure 5-17. As shown, the correlations of 

the Beggs and Brill gas – oil and Wolverine Tube.Inc. over-predicted the expected 

correlation line, while the gas - oil for Lockhart and Martinelli (1949) and (Ribeiro et 

al. 2000) predicted the pressure drop line well.  Any discrepancies observed could 

be because of geometry of the experimental set up and the fluid properties and the 

C value which is subject to the gas and liquid flow regimes. 
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5.4.2 Lockhart and Martinelli (1949) 

The procedure of Lockhart and Martinelli (1949) is the initial approach for the 

prediction of the frictional pressure drop, predicted on a two-phase multiplier for the 

liquid-phase as well as the gas-phase accordingly. The value of C is subject to the 

regimes of the liquid as well as the gas. The applicable estimates to apply are 

categorised in Table 5-1. The correlation of Lockhart and Martinelli (1949) is related 

to the vapour quality range of 0 < x < 1. 

The Martinelli parameter for both phases in the turbulent regime (Xtt) is defined as 

, 

Xtt = (
1 − x

x
)
0.9

(
ρG

ρL
)
0.5

 
(5-2) 

  

The single-phase friction factors of the liquid fL  and the vapour (fG ) are calculated 

by using their corresponding two-phase multipliers ( ϕLtt
2 ) and (ϕGtt

2 ) respectively, 

ϕGtt
2 = 1 + CXtt + Xtt

2 , for ReL  <  4000 (5-3) 

 

                      Table 5-1 Values of C 

Liquid Gas C 

Turbulent Turbulent 20 

Laminar Turbulent 12 

Turbulent Laminar 10 

Laminar Laminar 5 
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Figure 5-18: Gas – water cross plot of pressure drop comparison for Beggs and Brill 

(1973) and Lockhart and Martinelli (1949) along with data of Ribeiro et 
al. (2006) and Wolverine Tube Inc. (2006) against the present study 
correlation line. 

 

Figure 5-18  presents the cross plots of the Lockhart and Martinelli (1949), Beggs 

and Brill (1949), Ribeiro et al. (2000) and Wolverine Tube Inc. correlations for gas – 

water, as observed in the cross plot, the data of Beggs and Brill (1973) Gas water 

and the data for Wolverine Tube Inc. over predicted the expected correlation line 

stablished with this study data, while Lockhart and Martinelli (1949) and the data for 

(Ribeiro et al. 2000) both predicted the expected correlation line fairly well. 

 

5.5 Pressure Fluctuation Features in Two-phase Flow 

Pressure fluctuation have been observed in two-phase flows by several 

investigators, for instance, Matsui (1984). This study has considered the nature of 

characteristics of these pressure fluctuation changes within the vertically flow 

reversal and (flooding) two-phase flow system, to study the behaviour of the fluid 
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flow inside the vertical test section. The turbulent natures of the flow that create the 

bubble's wake and the background turbulence in the continuous phase were the 

sources identified as the pressure fluctuations in this study as was reported by 

Matsui (1984). 

During the experiments in this study, chaotic oscillations were observed at the top 

of the riser where the P2 to P1 pressure transducers are located, which produced 

pressure fluctuation signals. The variations in these signals produce the practicability 

to realise gas–liquid flow pattern identification as reported by Matsui (1984). 

However,  Matsui (1984) further added that, it will be difficult to recognize the flow 

patterns completely from the initial signals. As a result, sophisticated approaches for 

processing and analysing pressure fluctuations are required. But these are not 

employed in this study but calculated for the purposes of analysis. Pressure 

fluctuation is a parameter, which is largely and generally measured in experimental 

investigations in multiphase flow study according to Hubbard (1966), who also 

reported that severe pressure fluctuations are caused by flow misdistribution. 

Nishikawa, Sekoguchi and Fukano (1969) attempted the first objective classification 

of flow patterns in two-phase vertical flows based on static pressure fluctuations. 

However, Hubbard (1966) was the first to study statistical characteristics of wall 

pressure fluctuations in various two-phase mixtures, and his experiments were 

performed in a horizontal tube. Nishikawa, Sekoguchi and Fukano (1969) measured 

pulsating pressure at five different axial locations in an air - water flow using a 5.2 m 

acrylic resin tube of 0.026 m internal diameter. The standard deviation, pressure 

intensity, frequency function, and spectral density of the static pressure pulsations 

were studied in different flow regimes, for instance, bubbly, slug, froth, and annular. 

Later, Matsui (1984) studied differential pressure fluctuations to eliminate the 
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influence of pressure fluctuations occurring outside of the measurement section. The 

probability density function (PDF) and the variance of the fluctuations in a 0.022 m 

diameter air-water bubble column were found to divide the flow into bubble, slug, 

annular, and mist flows. 

 

5.6 Flow Regime Identification with Wavelet Analysis 

The traditional and conventional practice of wavelet identification methods in two-

phase flows are known to be the Fourier analysis, which tends to retain the facts of 

the data in time as a way to get the frequency characteristics as reported by Elperin 

and Klochko (2002). They also reported that the Fourier basis function is only 

localised in the frequency but perhaps not in time as the approximation is carried out 

through the entire time sequence. They added that to prevail over this, the sine or 

cosine function is utilised instead, with wavelets. In addition, Elperin and Klochko 

(2002) reported that, the basic concept of the wavelet’s application will be to evaluate 

in relation to scale. Harang et al. (2012) presented that wavelet are a proper 

mathematical function that meets some mathematical conditions employed in 

representing information or other functions, and that, wavelets are localised in time 

and are an excellent building block function for a range of signals with characteristics 

that vary over time and signals, having more non-additional characteristics. Harang 

et al. (2012) also reported that wavelet analysis decomposes a signal into multi-

resolution parts. Temporal evaluation is carried out with an established, high-

frequency type of ‘mother wavelet’, while frequency analysis is carried out with a 

wider, low frequency type of ‘mother wavelet’. Because of its built-in time-level 

locality features, the discrete wavelet transform (DWT) has acknowledged significant 

consideration in digital signal processing as presented by Harang et al. (2012). 
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Wavelet as a phrase implies to sets of operation Ψ𝑗.𝑘 (𝑡) designed from just one 

function called ‘mother wavelet’, φ (𝑡): the wavelet hypothesis is defined by, 

 

Ψ𝑗.𝑘 (𝑡) =  2𝑗/2 𝛹(2𝑗𝑡 − 𝑘)  (5-4) 

 

and is an orthonormal basis for 𝐿2 (𝑅), the mother wavelet. 𝛹 (𝑡) has a companion, 

the scaling function φ (𝑡): they fulfil the next two scaling relationships, 

φ(𝑡) = √2  ∑ ℎ𝑛

𝑁

𝑛=0

𝜑(2𝑡 − 𝑛) (5-5) 

φ(𝑡) = √2  ∑ 𝑔𝑛

1

𝑛=1−𝑁

𝜑(2𝑡 − 𝑛) (5-6) 

Where, ℎ𝑛 and 𝑔𝑛 are discrete low-pass and high-pass filter, and 𝑁 is an odd integer. 

Based on the theory of multi-resolution analysis, DWT decomposes the signal x(𝑛) 

into an ordered set of orthogonal approximation and comprehensive functions, i.e. 

𝐴𝑗(𝑛) and 𝐷𝑗(𝑛), respectively, as the following, 

𝐴𝑗+1(𝑛) =  ∑ℎ𝑚−2𝑛𝐴𝑗  (𝑚)

𝑚

 (5-7) 

𝐷𝑗+1(𝑛) =  ∑𝑔𝑚−2𝑛𝐷𝑗  (𝑚)

𝑚

 (5-8) 

The estimation functions are the high-level components of signal, and the 

comprehensive functions are the low-level components of signal. 

Various types of wavelets can be found; however, the Daubechies (1988) wavelet 

approach is used in this study. Daubechies wavelet has been utilised often in 

multiphase flow analysis to decompose a particular time-series. The wavelet multi-

resolution analysis is made up of two steps: 
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i -Wavelet coefficients of signal are computed according to the DWT, 

ii -Inverse wavelet transform to get initial signal. 

The original signal can be reconstructed as, 

�̅�(𝑛) = 𝐴𝑗(𝑛) + ∑𝐷𝑗

𝐽𝑇

𝑗=1

(𝑛) (5-9) 

The decomposition error between the first signal and reconstructed signal is defined 

as,  

𝐸 =
1

𝑁𝑇
∑|𝜒(𝑘) − �̅�(𝑘)|

𝑁𝑇

1

 (5-10) 

All equations are taken from the computed wavelet coefficient signal from 

Daubechies Wavelet Transform (DWT) as given by Daubechies (1988).  

According to Tutu (1984), wavelet discrete analysis aims to establish a flow regime 

recognition approach, which is not responsive to a steady and transient flows. 

Consequently, no specific caution was employed throughout the experiments in this 

study, to ensure which specific flow regime in the investigational area on a particular 

flow to obtain. This prompted the chance to implement and investigate flow patterns 

in erratic and underdeveloped flows, although, no clear flow state can work with a 

combination of flow rates phases. This kind of scenario is conventionally in favour of 

multiphase flow arrangements, where flows transpire, barely stable and mature. As 

a result, not one unique gas-liquid mixing process was considered as reported by 

Elperin and Klochko (2002). 

In the two-phase flow, the pressure signal is likely to be shown by low frequency, 

whereas the noise signal is frequently displayed as a high-frequency signal as 

reported by Burrus et al. (2008), cited in Elperin and Klochko, (2002). Therefore, it 
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provides an efficient processing approach to identify the course of a suitable signal 

by the time-frequency investigations of wavelet decomposition.   

A typical pressure signal is acquired and selected at a stable condition through a 

discrete (distinct) wavelet transform (DWT) from the pressure calculations, which is 

used in this research investigation. Because of the vibratory motion of the 

instrument, the signals are severely impaired. Therefore, reliable localisation or 

identification properties in time and frequency scope of the area are required inside 

the wavelet operator as was in the study of Elperin and Klochko (2002). However, 

Harang et al. (2012) presented that, the Meyer wavelet function, due to its limited 

advantages, is ignored. The Harr wavelet is less efficient with limited investigations 

in the frequency domain, notwithstanding it is effective in the time-based area; 

therefore, this does not seem appropriate according to Harang et al. (2012). 

To some degree, the Daubechies wavelet functions are mostly suitable for pressure 

signal analysis, the Db4 has been adopted as the mother wavelet. Harang et al. 

(2012) also reported that pressure signal could be generated through various 

sources, such as the gas flow fluctuations and perturbations triggered through the 

gas voids. According to Tutu (1984) and Matsui (1984) the time series investigations 

of the dynamic pressure fluctuations measured, revealed and showed evidence of 

the data containing information, which is predominantly not within the experimental 

part, for example, fluctuations caused by pumps, flow loop, test floor platform 

vibrations, etc. neglecting those immaterial impact, the differential pressures in the 

test loop is calculated.  

In the present study, evenly calibrated pressure transducers are positioned on the 

vertical part of the riser at various axial ranges to acquire a pressure gradient study 

through observing the differential pressure measurements in the Lab View 
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instrument on the 0.054 m i.d vertical riser. This set up of the pressure transducers 

makes up the pressure estimation zone with axially set-apart lengths of 2.76 m, 1.38 

m and 3.26 m (bottom, middle and top section, respectively). The yields of these 

pressure transducers are each documented in the Lab view data acquisition setup. 

Matsui (1984) is among early researchers who has documented the study of 

differential pressure signal waveform characteristics. Moreover, this is because two-

phase vertical flow differential pressures represent the mean volumetric void fraction 

in the tube region in between transducers and not the cross-sectional average given 

by the direct liquid holdup measurements as presented by Harang et al. (2012). 

Therefore, this study chooses the differential pressure Δ p = ΔP3 - P2. As shown in 

Figure 5-19, Figure 5-20 and Figure 5-21. The plots show typical differential pressure 

time series DP4 – DP3 for principal flow regimes occurring in the two-phase flow in 

vertical tubes. Table 5-2 represents the related averaged gas and liquid superficial 

velocities of the inlet specifications. 

In the annular flow, the gas constitutes the core at the centre of the tube, while the 

liquid flows predominantly as a film at the wall, partly as droplets in the gas core. 

Once the interface between the gas and the liquid is frictionless, an acerated annular 

flow ensues as presented by Harang et al. (2012) as presented in Figure 5-19 (a –

c) shows a wavy-annular flow is distinguished through the existence of considerable 

waves in contact with the gas–liquid interface travelling at a faster rate than the liquid 

film. These waves are evidently revealed in the differential pressure time series 

according to Harang et al. (2012). The churn flow in Figure 5-20, shows a highly 

chaotic dispersal of the phases inside the tube cross-section and likewise along with 

the flow, which is marked by an oscillatory motion of the liquid. The chaotic 

fluctuations plus the strong amplitude of the differential pressure signal illustrates a 
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conventional churn flow, within the flow regimes, as the flow conditions get close to 

the transition boundary, the flow structure is unsteady as stated by Tutu (1984) and 

Matsui (1984), in addition, the patterned features of two flow regimes could be 

noticed at several moments. The signals are represented in Figure 5-20 (d) (annular 

flow) and Figure 5-21 (d) (slug flow) that are the sections of the same report with the 

same mean flow rates of phases (as shown in Table 5-2). 

Table 5-2: Liquid and gas superficial velocities at inlet conditions for the time series 
that are shown in Figures 5-19, 5-20 and 5-21 from the experimental data 
in this study.   

Time 

series 

Annular-Flow 

(Fig.5-19) 
 Churn Flow (Fig. 5-20)  Slug Flow (Fig.5-21)  

 Usl (m/s) Usg (m/s)     Usl (m/s) Usg (m/s) Usl (m/s) Usg (m/s) 

A 0.05 9.49 0.05 7.26 0.15 10.46 

B 0.05 9.11 0.05 6.59 0.37 3.46 

C 0.05 10.75 0.05 10.36 0.05 10.37 

D 0.05 10.81 0.05 10.81 0.36 2.28 

 

Slug flow is usually described by repetition of giant bubbles plus the span larger than 

the tube diameter (Taylor bubbles), and liquid slugs, possibly activated through small 

bubbles still, clear of the gaseous phase. Based on the flow's discontinuous and 

periodic nature, the outcome time series manifests the characteristics of bubbly and 

annular flows together as presented by Elperin and Klochko (2002). Two types of 

the time series feature of a slug flow are observed here, based on the link between 

the span of the Taylor bubbles and span of the experimental section. Once the Taylor 

bubble becomes longer than the experimental section, this sort of time series is 

shown in Figure 5-21 (a–b). This further consist of a series of delay features of 

annular and bubbly or churn flow, disconnected by a sudden alteration in the signal 

initiated by the transition of a Taylor bubble–liquid slug front across the experimental 
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region. On the other hand, assuming the Taylor bubble span is equivalent to the 

length between pressure transducers, the outcome of such signal is shown Figure 

21(c) that further illustrates a normal sequence of interim characteristics of bubbly 

flow burst by waves triggered by travelling motioned bubbles. 

 
        Figure 5-19: Time series pressure differential for annular flow. 
 
 

 
          Figure 5-20: Time series pressure differential for churn flow.  
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         Figure 5-21: Time series pressure differential for slug flow  
 

Figure 5-21 (d) represents the pressure differential signal, which is an indication of 

a semi-annular flow, described by erratic liquid links splitting the gas core as reported 

by Spedding et al. (1998). This flow regime is regarded to be the slug flow category 

because of the related incomplete distribution of the phases, for example, fluctuating 

sections of high and low gas void fractions. 

 

5.7 Time Series Pressure Decomposition Analysis of Wavelet 

The level eight-wavelet decomposition of 120-seconds pressure differential time-

series described in Figure 5-22, Figure 5-23 and Figure 5-24 is performed to analyse 

the possibility of the wavelet transform flow pattern identification. The applicable 

dispersion of the variations accomplished are on the scales alone, and not their 

complete estimates, which are employed to define the high-energy development 

traits of specific flow regimes, as reported by (Wolf, Jayanti and Hewitt 2001). Hence, 

every signal was normalised by its difference prior to processing. Figure 5-22, Figure 

5-23 and Figure 5-24 presents the distribution of the local energy density in (Eqn. 

5.10) for the several flow regimes. On the plots, the ninth coefficient is taken as the 
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variation of the evaluation coefficients at the final level of decomposition (Eqn. 5-4). 

In addition, this makes it certain that the sum of the energy is ∑ E𝑗𝑗 = 1. Given by 

Spedding et al. (1998). According to Spedding et al. (1998) the difference in the 

liquid film thickness is the primary source of the void fraction fluctuation in the 

annular flow regime and the wavelet energy distribution inspection. Figure 5-22 (a – 

c) shows high-energy accumulation on a smaller scale. Nevertheless, the behaviour 

is explained. In annular flow, the liquid film thickness is distributed in a broad span 

as presented by Wolf, Jayanti and Hewitt (2001). They added that a distinct peak 

like the thickness of the film sub-layer between two consecutive perturbation waves 

is developed. That this is an indication that when significant fraction of energy in the 

film thickness instabilities clusters at the small ripples, with a larger wavelength of 

the perturbations, the lesser is their input to the energy of perturbations according to 

Elperin and Klochko (2002). 

As stated earlier, the time series features of slug flow consists of fluctuating periodic 

features of bubbly as well as annular flow, such that, the periodic time series 

generate a bimodal probability density function, usually in slug flow according to Tutu 

(1984), a particular manner like the liquid slugs in addition with the Taylor bubbles. 

Nonetheless, when an unusual long wave with peak amplitude ensues, it initiates 

some significant drop in the gas void fraction as well as resulting a rise in the 

pressure, intensified by the increase of velocity in the flow loop. Consequently, the 

accompanying wavelet spectrum displays high-scale energy dispersion, as 

observed in Figure 5-22. The wavelet spectrum in Figure 5-22 (d) likewise manifests 

double peaks.  

However, for this scenario, the moderate peak corresponds to the high-frequency 

perturbations of bubbly and annular flows. The second peak, expands over a variety 
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of transitional scales, manifesting the variations in the signal, which are motivated 

by the bubble-slug front passage. It is essential to mention that the second peak 

location is governed by the time the bubble-slug head move beyond the 

experimental area. Like envisaged, the dispersion of the energy of perturbations 

absolutely exhibits the split-up of typical time scales of the procedures manifesting 

in the slug flow as presented by Elperin and Klochko (2002). 

 
       Figure 5-22: Difference of Wavelet Dispersion over scales for annular flow 
 

 

 
     Figure 5-23: Difference of Wavelet Dispersion over scales for churn flow 
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      Figure 5-24: Difference of Wavelet Dispersion over scales for slug flow 
 

As observed in Figure 5-22, the turbulent fluctuations within the gas void inside the 

churn flow region indicate the dispersions of key energy pressure differential 

fluctuations accomplished by the established minor scales as noticed by Spedding 

et al. (1998). From the outcome of the results obtained in the analysis for the three 

different flow regimes, it became evident that, wavelet spectrum of pressure 

differential time series features can generate the dynamic means for peculiar flow 

regimes. Therefore, was employed for the flow reversal and flooding classification 

objective as also observed by Elperin and Klochko, (2002). The wavelet spectra 

identifications reveal that, the slug; semi-annular and wavy-annular regimes                 

could exhibit uncertainty for categorising flow regime, as observed in Figure 5-22 

(d), and Figure 5-24 (a–c). Nevertheless, a simple discernment of the regimes may 

be achievable, through discerning the variations within the identical time-series 

changes substantially. Because of the fluctuations within the flow, the flow patterns 

may vary within the flow regimes, close to the transition boundaries as presented by 

Matsui (1986). And that the recognition will seem uncertain once the considered 

signal is found to be so long that it gives characteristics of more than a single pattern. 
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Flow regime recognition based on probabilities was also presented by Matsui (1986), 

their approach proposes and suggests a contrasting result to the question of how, a 

transform wavelet allows only signals of comparatively limited range for analyses, 

as various sections of the signal will be recognised as describing various flow 

regimes e.g., annular flow, Figure 5-20, and slug flow, Figure 5-21. In theory, Elperin 

and Klochko, (2002) proposed that signals of a very short range are not to be 

chosen, as the intrinsic signal transients like alternating slugs and Taylor bubbles 

within a slug flow, but could be defined to be flow regime transitions, that could 

effectively help to investigate the pressure fluctuation behaviour of two-phase 

flooding. 

5.8 Power Spectral Density Time Domain Analysis 

For two-phase gas-liquid flow in a vertical riser system in this study, particular focus 

is on the annular/churn transition flow regime, which had the most substantial 

fluctuations, compared with the bubble and annular flow, as reported by Elperin and 

Klochko (2002). They also reported that normal interpretations of the pressure 

variation analysis involve the recognition of distinct peaks from the Fourier transform 

and the estimation of acoustic intensities marked by pressure oscillation principles. 

And that another significant  feature of the power spectra profile found in the plots is 

the frequency peak in the entire instances, a frequency unit of larger amplitude, the 

pressure fluctuations and changes resulting from air bubbles is same as observed 

Fan and Lee, (1981). The excellent possibilities to investigate pressure variations 

adopting the MATLAB FFT, as an instrument, is presented in evaluating the 

outcomes acquired from this study.  
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Meng et al. (2012) stated that the Power Spectral Density (PSD) is generally applied 

to take out the periodic characteristics of signals. In this study, the PSD of the gas-

flow rate fluctuation at the tube section was calculated by the Fast Fourier transform 

(FFT) technique. Conventional fluctuating pressure signals throughout the 

bidirectional flow reversal and flooding test section, and the equivalent power 

spectral densities (PSDs) for every system pressure recognized in the test runs are 

given in Figure 5-25 (a - h). Meanwhile, the power spectral and the pressure 

fluctuations, acquired at the different settings of the system pressures, are almost 

alike. The variations within the basic signals and the power spectral configuration of 

different flow patterns according Meng et al. (2012) gives the practicability of 

recognising gas–liquid flow patterns, depending on the pressure variations over the 

test section. Nevertheless, it is still difficult to detect flow patterns significantly 

through power spectral features, they added, therefore, the advanced approach of 

measuring and interpreting the pressure variations is required, which is not included 

in the present study. The figures display a single sharp peak with multiple peaks of 

identical scale. The sharp, high rise in the plots conforms to a specific frequency 

known as the first order intrinsic frequency as also reported by Meng et al. (2012). 

The first-order intrinsic frequency is a significant parameter that may exhibit the 

features of fluid mixing. Fluid motion tends to become intense with higher intrinsic 

frequency, which triggers higher interaction between the fluids. Figure 5-25 (a–h) 

shows that the first order intrinsic frequency is below 5 Hz with an increase in 

frequency, which further leads to decrease in the power spectrum, and this is in 

conformity with the features of the fluctuation signal by Meng et al. (2012). 

Power spectral density (PSD) makes it possible to distinguish between periodic and 

chaotic responses; it is known that, for a chaotic motion, the power spectrum is a 
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continuous process. The PSD analysis can give a first indication of the dimensional 

behaviour of a time series. As presented by Gorman and  El-Hamdi (1992), the PSD 

analysis can reveal information complementary to a conventional and dimensional 

analysis or estimates according to Lyapunov (1992), Therefore, he suggested that, 

this approach should be considered before performing an expensive and time-

consuming dimensional analysis, such as the correlation integral or the "nearest 

neighbour" approach. According to Meng et al. (2012), the power spectrum 

characteristics of fluctuating dynamic systems in a small  to reasonable frequency 

regimes are reflected as a broadband structure without dominant peak structures. 

However, at the high-frequency limit of the asymptotic regimes, power spectra decay 

toward a noise level observed. With this, noise level may be determined from the 

instrumentation for the data originating from measurements. According to Ding and 

Tam (1994), the spectrum decays toward the noise level and contains valuable 

information on the underlying dynamics. Some researchers have suggested that the 

asymptotic analysis of power spectra is instrumental in distinguishing between high 

and low to moderate dimensional chaos according to Ding and Tam (1994) . The 

PSD is helpful in recognising the principal frequencies in the flow they added. The 

prevalent frequency takes place around 5.0 Hz at such instance, including many 

small peaks from 1-4 Hz. The analysis of scaling is employed to evaluate distinctive 

distance with time scales affiliated with the prevalent frequencies. In numerous 

instances, these prevalent frequencies inside the flow field may be traceable to 

physical restrictions, for example, the geometry of the experimental setting as 

reported by Meng et al. (2012). 

. 
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Figure 5-25: (a – h) Plots of signal amplitude vs time and power spectral density 

graph of Ppst, P3, P2 ,and P1    at   Usl = 0.052,  Usg = 9.6 (m/s) 

 

The Figure 5-25 (a - h) shows four examples of time pressure signals and power 

spectra emerging from pressure fluctuation measurement in this study. Figure 

5-25a–h has been plotted with inlet condition of gas superficial velocity 9.6 m/s and 
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liquid (oil) superficial velocity was 0.052 m/s. From the plots, it is observed that, the 

slugs rise and burst successively and intermittently giving the first and second sine 

wave signal at a frequency of 4.0 and 4.5 Hz under the experimental conditions. 

Figure 5-25 (a–c) (a-d) represents the differential pressure fluctuating behaviour as 

a function of time. The data is recorded for 120 seconds for the three different system 

pressures at fixed liquid (oil) flow rates with varying gas flow rates used in the 

experiments. As shown in Figure 5-25 (a-d), there are considerable variations in both 

the amplitude and the time behaviour on the signals. The pressure fluctuations 

analysis in the figures is purely in the time domain, which is a subjective approach 

for the change of states, since the amplitude and signals difference characteristics 

are the only parameters observed. Some knowledge from Figure 5-25 is achieved, 

that the first order intrinsic frequency is below 5 Hz and spectral power decreases 

with the increasing frequency, which is accorded with the features of the chaotic 

signal as presented by Meng et al. (2012). 

5.9 Summary 

This chapter has presented the understanding that gas-liquid flow void fraction and 

pressure drop are vital in artificial gas lift structures. As the knowledge of gas-liquid 

two-phase pressure drop is necessary when designing flow systems. The relevance 

of frictional pressure drops correlations developed as those found on empirical 

design and those formed with the understanding of separated flow models are given. 

In addition, the Trend of the pressure gradient as a function of superficial gas velocity 

Usg of air (water, oil) data for the different superficial liquid velocities, as well as 

pressure gradient air (oil water) distribution of the flow reversal pressure gradient 

(Δp) as a function of the dimensionless gas velocity are also presented. 
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In addition, the Trend of the pressure gradient as a function of superficial gas velocity 

Usg of air (water, oil) data for the different superficial liquid velocities, as well as 

pressure gradient air (oil water) distribution of the flow reversal pressure gradient 

(Δp) as a function of the dimensionless gas velocity are also presented. The swift 

rise in pressure gradient is demonstrated in the diagram when the collapse of slug 

flow along with the development of churn flow is attained, with the increase in gas 

and liquid rates for pressure gradient versus superficial gas velocity water – oil). 

In addition, the Trend of the pressure gradient as a function of superficial gas velocity 

Usg of air (water, oil) data for the different superficial liquid velocities, as well as 

pressure gradient air (oil water) distribution of the flow reversal pressure gradient 

(Δp) as a function of the dimensionless gas velocity are also presented. The swift 

rise in pressure gradient is demonstrated in the diagram when the collapse of slug 

flow along with the development of churn flow is attained, with the increase in gas 

and liquid rates for pressure gradient versus superficial gas velocity water – oil). 

The swift rise in pressure gradient is demonstrated in the diagram when the collapse 

of slug flow along with the development of churn flow is attained, with increase in 

gas and liquid rates for the pressure gradient versus superficial gas velocity gas - 

oil, present effect of liquid and gas flow conditions on pressure gradient, present 

effect of liquid and gas flow conditions on pressure gradient at different sections of 

the riser at one system pressure. The effect of liquid superficial velocity on the 

pressure gradient slope, with the Usg slopes at different sections of the riser, (gas 

oil) as well as Pressure Drop Data Comparison with Existing Correlations Pressure 

Fluctuation Features Flow Regime Identification with Wavelet Analysis Flow Regime 

Identification with Wavelet Analysis Power Spectral Density Time Domain Analysis. 
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CHAPTER 6: COMPARISON OF FLOW REGIME PATTERN 

MAPS IDENTIFICATION WITH FLUID FLOW SOFTWARE 

6.1 Introduction 

The importance of multi-phase flow (gas-water or gas- oil) in a pipe riser, production 

systems, and other industrial application facilities cannot be overemphasised. The 

oil and gas industry are characterized with these flows. The flow regime patterns that 

occur in multi-phase flow are of great importance in predicting the superficial gas 

velocity that is linked to the development of bidirectional flow reversal in a piping 

system. The understanding of these flow patterns provides insights of the flow 

occurrences within the pipe, which can also be used as a tool for the prediction of 

critical velocity. The flow regime patterns that occur in multi-phase flow are of great 

importance in predicting the superficial gas velocity that is linked to the development 

of bidirectional flow reversal in a piping system. The understanding of these flow 

patterns provides insights of the flow occurrences within the pipe, which can also be 

used as a tool for the prediction of critical velocity. 

These flow regime patterns as shown in Figure 1 include bubble, slug, churn, and 

annular and possess distinctiveness characteristics that is linked to the physical 

mechanisms which drives them as observed and reported by Wu et al. (2019), Taitel 

et al. (1980), and Hewitt (2012). The prediction of flow regime patterns has been 

studied empirically for decades and it has been discovered that there is a relationship 

between these patterns and their superficial gas and liquid velocities (Wallis, 1969; 

Mishima and Ishii, 1984; Towler et al., 2016). However, Towler et al. (2016) noted 

that all such predictions are restricted to the facilities and the working fluid properties 

on which the experiments were carried out. 
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Elperin et al. (2002) used the wavelet transform-based approach to establish and 

validate their experimental data for flow regime identification, using time series of 

differential pressure fluctuations. Their results show that the wavelet spectrum of the 

measured signals characterized the flow regime patterns. Wu et al. (2017) reported 

that only a few of the experimental investigations in tubes have concentrated on the 

counter-current flow limitations that have been empirically predicted with 

modifications following the correlation proposed by Wallis (1969). And this same 

technique of prediction has been used in this study for comparison with the acquired 

experimental data acquired presented in Figure 4. Towler et al. (2016) stated that all 

predictions of flow regime patterns on co-current to counter-current flow processed 

without experimental data in a riser depend on invalidated models. Ghosh et al. 

(2012) investigated a co-current to counter-current flow pattern maps in a 25.4 mm 

internal diameter riser tube but could not distinctly adopt the phase changes. The 

authors observed that during the transition from churn to annular flow, there is 

oscillatory up and down fluctuating turbulent flow within the system, and further 

observed that, the film thickness of the annular regime turns higher. 

 

6.2 The importance of the programmed application 

Most flow regime pattern identification in literature for multi-phase flow have been 

made by visual observation with conventional plots. The lack of programmed 

application flow regime pattern identification of multi-phase flow in vertical tubes in 

literature has motivated this section. What could be an alternative and appropriate 

technique for identifying flow regime patterns? This study has combined the visual 

and the programmed application methods. 
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To observe the flow regime patterns for two-phase flow of oil and gas in a vertical 

pipe riser system, series of experiments were carried out on a 0.054 m internal 

diameter vertical pipe in the oil and gas multiphase flow facility. This facility is an 

industrial standard multiphase flow experimental rig, in which the working fluids are 

gas, oil and water. The testing rig consists of a Perspex pipe section that allows for 

a visual inspection of two-phase flow reversal phenomenon, as shown in Figure 3-2 

in chapter 3. 

 

6.3 Two-phase Pipe Flow Simulation Modelling - Fluid Flow 

The fluid flow simulation modelling software application allows the researcher to view 

the flow regime pattern maps for a given horizontal and vertical pipeline system.  

According to the fluid flow application manual, if the horizontal section of the pipe is 

selected, the same will apply on the chart to produce the required flow regime pattern 

map. The same is applicable on the vertical section of the pipe with the change in 

elevation of (90o) degrees, a flow regime pattern map of the annular/annular mist is 

produced. As the superficial gas velocity would have increased due to the pipe 

inclination, as shown in Figures 6-2 and 6-3. The confirmation of these plots have 

previously been presented in Figure 4-1 and Figure 4-2, which show the bidirectional 

flow reversal map with constant liquid superficial velocity  (USL) and varying gas 

superficial velocity (USG) on the plots of the flow reversal conditions for oil and water. 

In addition, comparisons of the data plots with the programmed application are found 

to agree with past published studies as seen in Figure 4-3 as confirmed from the 

comparison of experimental data with the Wallis (1969) correlation. 
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              Figure 6-1: Vertical riser section 
 
 

 
 

           Figure 6-2: Vertical riser section of pipe @ a high velocity of 11 m/s 
annular/annular mist regime 
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          Figure 6-3: Vertical riser section @ a moderate velocity of 9 m/s 
 

The model shows two fixed flows, one is the water-oil and, the other air flowing in 

the riser. Then the liquid and vapor outlet in the model, the pipe length is 10 meters 

and 0.054 m internal diameter. It is observed that with increase in friction losses in 

the pipe, the gas volume, as well as fluid properties will change due to temperature 

changes across the system, which may result in differences in flow regime pattern 

map application.   

6.4 Fluid Flow worksheet 

The model is created on the flowsheet from the fluid flow programed application by 

using the elements, which are available from the components palette with the 

programmed application, and the component palette contains default tabs for 

different pipe materials with boundary conditions, so that, the pressure in the system, 

as well as the flow rate is calculated through the default settings. Other settings in 
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the programed application include: the palette and hoods junctions, boosters, flow 

and pressure controllers, resistances size change to orifice plate nozzles, venture 

tube relief valves, bursting disk and heat exchangers. To model a two-phase flow in 

pipe with a given pressure, the pressure binary flow sheet will then relate to the two-

phase pipe configuration. Each element that is to be placed on the flowsheet will 

include default data that can be easily edited. This information can be edited from 

the input tab, where multi-selection of common components is edited.  

If there is need to define the pressure units for the inlet and outlet of the pipe in bar 

gauge, selection is also made from the elements tab. In this study, the inlet pressure 

is 1.3 Bar gauge, and the pipe is 10 meters in length, the diameter can be changed 

from the default value of two-inch 2" (0.054 m), however, it was not changed from 

the default, as the experiments were carried with the same setting.  The operating 

conditions on the results tab of the data palette is also evaluated easily. This enables 

the system to calculate the flow rate in the tube, such as: the friction loss, loss 

correlation, and the in and out value ranges, which simply represents the pipe's inlet 

and outlet conditions. However, the results obtained may change considerably. 

Assuming, the model is one or two-phase system of modeling a gas-liquid system, 

the inlet and outlet results will be quite similar with the pressure, velocity, 

temperature, density, and viscosity, being calculated along with Reynolds number 

and friction factor. Adequate information is provided for the engineer to make 

judgment on whether to change the selected size of pipe and other operating 

elements in the system. The units displayed can be changed, based on individual 

preferences. The chart tab allows review of the system resistance curve for pipes. 

The listing tab enables the investigator to populate the list of elements in the flow 



 

167 

 

sheet such that one pipe with two pressure boundaries can be estimated, as 

presented by the programed application manual. 

6.5 Summary 

This chapter has considered an experimental investigation on flow regimes of two-

phase gas – liquid flow patterns that occur in a vertical riser system.  

The flow regime patterns are captured by means of visual observation. During the 

experiments, various flow patterns are observed such as the slug, churn, annular 

and annular mist. The plot of the experimental data from this study against the Wallis 

(1980) correlation shows the flow reversal point in the churn/annular flow region that 

agree with literature, e.g., Hewitt (2012). The observed flow pattern using the fluid 

flow simulation software is also in good agreement with the results from the 

experimental data and from literature. The study provides evidence that 

programmed application software can be used for flow regime pattern identification 

for multi-phase flow in vertical tubes. 
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CHAPTER 7: SIMULATION ANALYSIS WITH ANSYS 

COMPUTATIONAL FLUID DYNAMICS (CFD) 

7.1 Introduction 

Experimental data model simulation studies have been carried out by various 

researchers among whom are Hussein et al. (2019), Szalinski et al. (2011). Their 

experimental investigations were done in a two-phase vertical riser tube system 

setup, designed with an acrylic transparent section for visual observations with a 

length of 6 meters with an internal diameter of 67 mm, like the present study. They 

used gas and silicone oil as their working fluids in the experiments.  Vieiro et al. 

(2013) carried out an investigation with Ansys 13.0, to study the characteristics of 

annular flow transition in a gas-liquid two-phase flow. They employed homogeneous 

2D axisymmetric computational domain and over-predicted the pressure drop for as 

high as 100%.  

One of the critical factors to a better understanding of the bidirectional flow reversal 

phenomenon is the modeling of the liquid film.  In recent times, most investigators 

have not worked towards advancing (Turner et al.,1969) analytical approach for 

liquid film stability and the droplet transport criteria because of the recent rise in 

computational modeling applications. According to Karami et al. (2014) the primary 

attention will even be shifting away from computational fluid dynamics (CFD), as 

modeling investigations with this programed application approach are becoming few. 

Nonetheless, Karami et al. (2014) could not ascertain a fully developed flow in their 

study, as this was a transient flow, and the model being a 2D axisymmetric type. 

In an experimental study of the bidirectional flow reversal that leads to liquid 

accumulation in wells (liquid loading) with a 3-inch diameter deviated pipe at angles 

of 00, 150, 300, and 450 respectively, Guner (2012) employed the approach of film 
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flow reversal, to define the pressure gradient and liquid holdup. In addition, he 

carried out a simulation study with computational fluid dynamics on a vertical tube 

with the Ansys Fluent application. In his study, he applied a modification of the 

numerical scheme in the Volume of Fluid (V.O.F.) and considered the surface 

tension in the V.O.F. modelling application. 

Jayanti and Hewitt (1997) in their study, considered liquid fixed interface profile and 

employed the computational fluid dynamics (CFD) approach to estimate the flow 

field in a wavy film annular flow region. They carried out the work with the standard 

k-ε turbulence models application. Their results revealed low Reynolds number and 

gave a more accurate prediction of the substrate film Reynolds number than the 

standard k-ε model and concluded that laminar flow occurred in the substrate region. 

However, they noted that turbulent flow dominated the disturbance wave region.  

The effect of the liquid roll waves method based on the volume of fluid (V.O.F.) two-

phase fluid model was also developed by Liu et al. (2011). They modeled the gas 

phase with a homogeneous mixture of pure gas, as well as the no-slip between the 

droplets and gas. They also included applicable source terms in their governing 

equations to account for the mass transfer between the liquid and the homogeneous 

mixture. The shear stress, pressure gradient, and film thickness of their study 

presented good predictions. They also observed that these factors contributed to the 

development of wave crest in the entrainment process, which was also observed by 

Han and Gabriel (2007), who also carried out numerical simulation study on an 

annular flow pattern region to investigate the effect of wave disturbances and liquid 

entrainment phenomenon. They used Fluent 6.18 RNG turbulence k-ε model, and 

one fluid model with the volume of fluid (V.O.F) approach. They observed 

entrainment mechanisms that are similar in a developing liquid wave at the top. This 
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is a significant confirmation of the role liquid disturbance waves play in the process 

of liquid entrainment. The computational fluid dynamics (C.F.D) model simulation of 

gas-liquid two-phase flow was also developed by Kishore and Jayanti (2004). They 

considered the rough-walled duct and established the governing equations for only 

the gas phase with interfacial effect on the liquid film.  They used Govan's (1990) 

empirical correlations to study the deposition and entrainment rates. The pressure 

gradient and film thickness of a steady-state annular flow in their study presented 

good results, however, because of fluctuations, the results of developing annular 

flow were affected due to the gas density.  

 

7.1.1 Methodology 

The experimental data obtained from a horizontal via a tee-junction to a 900 vertical 

line section of tube with 2 m length from the inlet to the vertical, and 10 m vertical 

length section of multiphase gas-liquid two-phase flow have been used in the 

simulations for this study. The schematic of the experimental rig is presented in 

Figure 7-1. Circumferential injection of gas-liquid (air/oil/water) to the vertical section 

via a horizontal line injection at 4 meters upstream of the riser base was employed, 

with two transparent sections placed in between four pressure transducers at P2 – 

P1 1.65 m and P3 – P2 4.42 m in length is placed from the riser base. By means of 

these transparent points, visual observations of the flowing phases are noted and 

recorded for the bidirectional flow reversal point. The liquids' (oil, water) and gas 

superficial velocities is tested within the range of 0.1 – 0.50 kg/s (Usl = 0.052 – 0.26 

m/s) with 150 – 115, Sm3/h (USG = 7.90 – 6.15 m/s) respectively at a separator 

pressure of 0.7 bar.  
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The computational fluid dynamics (CFD) Ansys simulation analysis has been carried 

out to investigate the flow behavior of the contours, temperature, and velocity profiles 

in the tube. A fully developed flow is established, the tube length used for the study 

is 4.0 m, the flow is steady state in nature and modeled as 2D axisymmetric as the 

tube axis is symmetrical.  

This study: 

• Carried out the Ansys modelling of the two-phase churn flow with negligible 

mass transfer between the two phases. 

• Analysed and solved for the contours, velocity, and temperature profiles of the 

flow field. 

• Analysed the conditions of the bidirectional flow reversal using flow patterns. 

 

 
Figure 7-1: Schematic of the 0.054 m internal diameter horizontal to vertical riser 

test section of the facility used for the simulation analysis 
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7.1.2 Simulation Solution Methodology 

The RNG k-ε turbulence model has been used for both the gas and liquid phases in 

modelling the turbulence flow. And the computational fluid dynamics Ansys Fluent 

18.2 is used in developing the grids in the horizontal to vertical riser tube.  The mesh 

independence simulation test is well evaluated. The published work of 

Kocamustafaogullari and Wang (1991), with 0.054 m internal diameter pipe 

experimental data have been used as a yardstick to verify and validate the simulation 

results of this study. To capture more points near the walls of the tube and at higher 

velocity and temperature profiles, inflation layers are introduced to capture and 

obtain a fine meshing the illustrations of the Ansys CFD Grid partitioning for the tube 

geometry is presented in Figure 7-3. Furthermore, 20 inflation layers were 

designated near the walls with a growth rate of 40%. The tube length for the 

simulation is consistent with that during the experimental campaign to allow for an 

adequately developed flow in the riser and length independent. The fluid density, 

hydraulic diameter, wall shear stress, and molecular viscosity vary with the y+ rate. 

 

7.1.3 Assumptions 

Some specific hypotheses are streamlined for a better understanding of the problem. 

• A turbulent oscillatory churn flow regime is considered 

• Due to its time dependence, a transient flow is considered 

• A 2D axisymmetric and incompressible flow is assumed  

• An extremely small diameter liquid droplets in the gas phase is assumed 

• The gas and liquid phases mass transfer is not accounted for 

 



 

173 

 

7.2. The Numerical procedures 

7.2.1 The Computational domain and mesh 

Figure 7-2 presents a schematic view of the 2D horizontal to 90 degrees (900) 

vertical tube with all dimensions given in the simulation. The tubes are 2 m in the 

horizontal length and 10 m in height with 0.054 m internal diameters.  

 
Figure 7-2: A sketch of the 2D horizontal – vertical and vertical pipes 

 

Three meshes were developed to evaluate and access the mesh independence, as 

shown in Table 7-1.  

 

Table 7-1: The generated mesh sizes for grid independence study. 

Reynolds number No. of nodes Resolution level Input file name 

1.25 x 103 192,212 Fine k-g-fine.cas 

1.25 x 103 126,132 Medium k-g-medium.cas 

1.25 x 103 83,325 Coarse k-g-coarse.cas 
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Figure 7-3: the meshes for the geometries 1 

 

Figure 7-4: the meshes for the geometries 2 

 

Figure 7-3 and 7-4 presents the sample structured meshes with a total of 100 x 88 

grid points, evenly distributed in a stream wise x-direction, and extremely stretch 

(with layer factor of 10) in the wall-normal y-directions. The quality of the mesh is 

measured by max skewness value of 2.4x10-4, which is less than the benchmark of 

0.9 proposed by ANSYS mesh tool 18.2. The Reynolds number (Re), considering 

the airflow velocity at the pipe centre core, is about 7700, in a laminar transition to 

an annular churn turbulence region. 
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7.3 Governing Equations for two-phase flow 

These governing equations of two-phase flow in CFD are the Navier-Stokes  

equations under Eulerian-Eulerian framework that is normally used for this type of  

simulation. 

7.3.1 Energy conservation equation 

All equations are taken from the computational fluid dynamics (CFD) Ansys manual. 

𝜕

𝜕𝑡
(𝒶𝑞𝜌𝑞ℎ𝑞) +▽. (𝒶𝑞𝜌𝑞𝒰𝑞

⃗⃗ ⃗⃗  ⃗ℎ𝑞) =  𝒶𝑞 

𝜕𝘱𝑞

𝜕𝑡
+ 𝜏𝑞⃗⃗  ⃗ ∶ ▽ 𝒰𝑞

⃗⃗ ⃗⃗  ⃗ − ▽. 𝑞𝑞⃗⃗⃗⃗ + 𝑆𝑞 + ∑ (𝑄𝑝𝑞 +𝑛
𝑝−1

𝑚𝑝𝑞 ̇ ℎ𝑝𝑞 − 𝑚𝑞𝑝 ̇ ℎ𝑞𝑝) ………………………………………………………………  (7-1) 

 ℎ𝑞 represents the specific enthalpy, of the 𝒒th phase, 𝑞𝑞⃗⃗⃗⃗  is the heat flux, 𝑆𝑞 is the  

source term, contributed by sources of enthalpy, Qpq in equation (7-1) is the intensity 

of heat exchange between 𝗽th and the 𝒒th, and hpq is the interphase enthalpy. Uq 

  is velocity magnitude of '𝒒' phase in x- direction. (qq)   is the heat flux of '𝒒' phase.  

The volume of fraction for all phases must equal to 1, Anderson et al. (1967), so that, 

∑ 𝒶𝑞 = 1𝑛
𝑞=1   

The concentration of vapour /liquid in two-phase flow is presented on the same co- 

allocated mesh using vapour/liquid volume fraction Anderson et al. (1967). 

𝒱𝑞 = ∫ 𝒶𝑞𝒹𝒱
𝒱

  

where  𝒱𝑞 is the volume of phase '𝒒' in a cell/domain,  𝒱 is the volume of the 

 cell/domain 

 

7.3.2 Mass conservation equation: 

𝜕

𝜕𝑡
(𝒶𝑞𝜌𝑞) +▽. (𝒶𝑞𝜌𝑞𝑣𝑞⃗⃗⃗⃗ ) =  ∑ (𝑚𝑝𝑞 ̇ −  𝑚𝑞𝑝 ̇ )𝑛

𝑝−1 + 𝑆𝑞  …………………..               (7-2) 

𝑣𝑞⃗⃗⃗⃗   the velocity of phase 𝒒 and 𝑚𝑝𝑞 ̇  distinguishes the mas transfer from Ρth to 𝒒th 

phase and represents the mass transfer from phase '𝒒' to phase '𝗽'. 'n' shows the 
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number of '𝗽' phases. '𝗽' and '𝒒' are represented by the primary and secondary 

phases of gas and liquid respectively. 

7.3.3 Conservation of Momentum 

The momentum balance for '𝒒' phase that presents liquid secondary phase in this 

simulation: 

𝜕

𝜕𝑡
(𝒶𝑞𝜌𝑞𝒱𝑞

⃗⃗⃗⃗   ) +▽. (𝒶𝑞𝜌𝑞𝒱𝑞
⃗⃗⃗⃗   𝒱𝑞

⃗⃗⃗⃗    ) =  − 𝒶𝑞 ▽𝘱+ ▽.  𝜏𝑞⃗⃗  ⃗ +▽ 𝒰𝑞
⃗⃗ ⃗⃗  ⃗ − ▽.  𝒶𝑞𝜌𝑞 �⃗⃗� +

∑ (�⃗⃗� 𝑝𝑞 + 𝑚𝑝𝑞 ̇ �⃗� 𝑝𝑞 − 𝑚𝑞𝑝 ̇ 𝒱𝑞𝑝)
𝑛
𝑝−1 + (�⃗� 𝑝𝑞 + �⃗� 𝑙𝑖𝑓𝑡.𝑞 + �⃗� 𝑣𝑚.𝑞) ………………           (7.3) 

Where 𝜏𝑞⃗⃗  ⃗ is stress-strain tensor the 𝒒th phase, '𝒒', �⃗� 𝑞 is an external body force, �⃗� 𝑙𝑖𝑓𝑡.𝑞 

is the lift force if there is droplet entrained in continues, ' 𝗽' (gas) and '𝒒' liquid phases,  

�⃗⃗� 𝑝𝑞 is an interaction between gas and liquid phases, and '𝗽' is the pressure shared 

by gas and liquid phases. �⃗� 𝑝𝑞 is inter-phase velocity, and its value is dependent on 

mass flow rate, when �⃗� 𝑝𝑞 ˃ 0,  �⃗� 𝑝𝑞= �⃗� 𝑝 implicating of mass in phase p is transferred 

to phase '𝒒', if  𝑚𝑝𝑞 ̇ ˂ 0,  �⃗� 𝑝𝑞 = 𝒱𝑞 indicating of mass in phase '𝒒' is transferred to 

phase 'p'. 

 

7.3.4 The Boundary Conditions and Simulation Methods 

The air is supplied in an axial horizontal pattern into the vertical riser, via the inlet to 

fill the computational domain with a flowing initial superficial gas velocity UGS.  During 

the experimental campaign, the length was designed long enough to achieve a fully 

developed flow, making the inlet liquid velocity zero by meeting the bidirectional flow 

reversal sittings. The two working fluids gas, and liquid inlet superficial velocities 

were set at 11 m/s (gas) and 0.25 m/s (liquid), respectively, with a system operating 

temperature of 200C, and no-slip adiabatic wall and zero pressure assumed. The 

volume of fraction (VOF) of gas and liquid at the inlet is 0.201. A transient mode was 
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employed in the simulations to analyse the multiphase gas liquid annular mist flow 

being distributed evenly to observe the bidirectional film flow reversal within the walls 

of the tube as presented in Figure 7-11. The k-epsilon model design for air and water 

as a standard model was considered. The flow is iteratively analysed with a small-

time step value of 10-6 with a total of 600,000 time steps to achieve a residual of  

10-6 

7.3.5 Convergence criteria 

Being a multiphase flow analysis, the convergence residual criterion was set at 10-6 

for the default equations and parameters, the turbulent kinetic energies of both 

phases, the turbulent dissipation rate as well as the volume fraction of the secondary 

phase, radial velocities, axial velocities, and continuity.  

7.3.6 Mesh independence 

The Ansys Design Modeller 18.2 was used to generate three different meshes to 

ascertain and achieve the grid independence of this model Table 7-1. However, the 

outcome of meshes 2 and 3 certify grid-independence results. Consequently, mesh 

2 was preferred for the solution. 

7.3.7 Time step independence 

Generally, the Ansys Fluent manual proposed an ideal time step size that will 

generate convergence within 15-20 iterations. As more time steps are required for 

convergence, the time step size only determines how fast a calculation process 

occurs as presented by Adaze (2019). The small time-step sizes were employed to 

enable the system to capture the entire flow fluctuations in the riser system.  
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To maintain the solution accuracy and yet minimise the computational time, three 

simulation runs with different time steps were considered, (0.0005, 0.003, 0.001 and 

0.002 s). However, a time step of 0.003 s is chosen for the study.  

 

7.4 Model Validation 

The results of the Ansys Computational Fluid Dynamics simulation are presented in 

this section and comparison made with the Kocamustafaogullari and Wang (1991) 

0.054 m internal diameter vertical tube experimental data for the purposes of a 

validity and reliability verification.  In addition, the velocity profile data are extracted 

into Microsoft Excel and plotted for comparison with the present study data. 

Model validation and verification are said to be the sure way to evaluate and 

determine the certainty and authenticity of computational simulations according to 

Karami et al. (2014). The verification process checks the computational simulation 

modelling reliability in comparison with the laboratory data results obtained 

experimentally in this study. The data of Kocamustafaogullari and Wang (1991), 

which are of the same geometric setting with this study have been used for the 

validation process. Kocamustafaogullari and Wang (1991) experimental data are 

obtained in a two-phase gas-liquid flow riser system with a tube diameter of 0.054 

m, and the tube length used is 9 m, with gas (air) and liquid (water), the gaseous 

phase with a velocity of 0.25 m/s and liquid phase of 5.1 m/s, the operating 

temperature is 25oc, roughness of pipe 0.1 mm.  

As shown in Figure 7-5, the analyses indicates that, this study experimentally 

simulated velocity magnitude is in good agreement with their experimental data 
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Figure 7-5: Validation of the current model against the experimental data of 

Kocamustafaogullari and Wang (1991) 0.054 m pipe diameter and this 

work experimental data with 0.054 m pipe diameter. 

 

 

7.5 Analysis and discussion 

7.5.1 Temperature Contours 

Predicted instantaneous contours for the temperature (T) and fluid velocity (u) is 

given in Figures 7-6 to Figures 7-11, showing a thermal boundary layer growths as 

shown. These layer growths do continue, and after a while, two boundary layers will 

be attained and will flow towards the upper end of the tube. This eventually becomes 

a fully developed flow as observed during the experimental campaigns. The contour 

in the images presents the structures of air bubbles of the volume fraction as shown 

in Figures 7-6 – 7-8, the red and blue indicates liquid (water) slug bubbles. And the 
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green denotes air (gas), the generation of the air bubbles are seen from the 

upstream to the top of the riser. However, due to the oscillatory churn flow pattern 

taking place, the bubbles will break, and form slugs normally observed in 

bidirectional flow that leads to the accumulation of liquids in a well bore. This is also 

a result of the gravitational force that enhances a bidirectional flow reversal that 

forms the basis for the liquid accumulation at the bottom of the tube as presented by 

Adaze (2019). The figures indicate a uniform profile that gradually builds up to a fully 

developed flow, where the velocity is zero (0) initially, but as it progresses to the 

outlet, the oscillatory turbulent fluctuations in the flow regime, and the vertical 

velocity or the Y component of the velocity is observed. 

 

 
Figure 7-6: Predicted instantaneous contours for the temperature (T) and fluid 

velocity (u)  
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Figure 7-7: Flow pattern in the vertical section of 10 m length and 0.054 m internal 

diameter riser tube. Velocity vectors superimposed on phase distribution 
at the tee joint. 

 
 

 
Figure 7-8: Flow pattern in the horizontal to vertical 10 m length and 0.054 m internal 

diameter riser tube. Velocity vectors superimposed on phase distribution 
at the tee joint 

 

Figures 7-6 – 7-8 presents the velocity vector plots with phase distribution in the 900 

angular tubes. A high-velocity region is predicted at the angle due to the gravitational 

force acting on the water as it flows into the vertical branch. As liquid accelerates 

from the bottom to the top of the tube, a significant amount of air is entrained into 

the bottom branch. Some air will be trapped and re-circulated at the low-velocity 

region at the lower corner. The atmosphere in the top branch moves very slowly due 

to the small pressure gradient in this section, showing the velocity magnitude and 
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static pressure distribution in the tee joint at the same time. Due to gravity and flow 

distribution, the pressure distribution is not the same between the top and bottom 

branches, this causes the slow air velocity at the top of the tube as reported by 

Karami et al. (2014) 

 

7.5.2 Velocity Contours 

A parabolic distribution of the flow profile or velocity is expected under consideration 

as shown in Figure 7-12. The flow velocity changes in some parts of the flow, which 

is important for a developing profile, until a fully developed flow is achieved. Two 

phase flows in tubes doesn't get very uniform at the beginning, but instead takes 

time to get developed as the flow progresses, and this is because, the boundary 

layers are created at the beginning of the pipe in progression until the whole pipe is 

filled with the boundary layer according to Karami et al. (2014). Kishore and Jayanti 

(2004) also reported that the boundary layer takes some time, until some critical 

length is reached, and thereafter the flow becomes fully developed.  

 
Figure 7-9: Flow pattern in the horizontal to vertical 10 m length and 0.054 m internal 

diameters riser tube. Velocity vectors superimposed on phase 
distribution at the tee joint 
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Figure 7-10: Flow pattern in the horizontal to vertical 10 m length and 0.054 m 

internal diameters riser tube. Velocity vectors superimposed on phase 
distribution at the tee joint 

 
 
 

 
Figure 7-11: Flow pattern in the horizontal to vertical 10 m length and 0.054 m 

internal diameters riser tube, velocity vectors superimposed on phase 
distribution at the tee joint. 

 

As observed in Figure 7.11 the liquid film flows along the pipe walls as reported in 

literature on bidirectional flow reversal phenomenon and the droplets and gas in the 

centre of the tube as presented by Vieiro et al. (2013). However, Azzopardi (1986) 

reported that proper investigation of the characterisation of the gas-liquid split at an 

L-angular junction in two-phases flows requires an additional change in the pressure.  
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7.5.3 Velocity and temperature profile near the outlet 

Figure 7-12 presents the computational fluid dynamics (CFD) Ansys simulation 

results of the velocity and temperature profiles, exported to Microsoft Excel, and 

used to plot the velocity and temperature program profiles to make comparison, and 

is found to be in good agreement with the experimental data of this study as shown 

in the plot Figure 7-5 above. These velocity and temperature profile is generated 

with 100 Celsius wall temperatures as a boundary condition and the data copied and 

pasted in the Excel sheet and the plots were made. 

 
 Figure 7-12: presents the simulation plot of the velocity magnitude from Ansys CFD  
 

7.6 The Critical Gas Superficial Velocity Determination  

The gas velocity in a producing oil and gas well tubing increases with an installation 

of a small internal diameter coiled tubing string, which decreases the cross-sectional 

flow field of a well as reported by Piteiu et al. (2008). An extra reservoir energy to 

induce high gas velocity is needed for the gas to carry the liquid produced along with 
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it to the well surface from the wellbore, this will help to avoid liquid accumulation at 

the wellbore, and consequently maintain an expected production. They added that, 

this is the gas velocity required to achieve or even exceed the minimum, known as 

the critical gas velocity, to avoid a bidirectional flow reversal scenario in a producing 

well. According to Piteiu et al. (2008), there are two major accepted approaches for 

the minimum superficial gas velocity to prevent the co-current to a bidirectional 

counter-current flow scenario of liquid in the upstream of the well in the petroleum 

and gas industry, 1. the rule of thumb which is universally accepted in the petroleum 

and gas industry and 2. Turner et al. (1969) theoretical correlation. The first approach 

established the minimal critical superficial gas velocity at 3.05 m/sec. Hence, a 

producing oil and gas well will continue flowing as long as the gas velocity upstream 

of the well is maintained above 3.05 m/sec. 

 

 
                     Figure 7-13: Pressure, Tubing vs Flow rate (Usg) Plots 
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                     Figure 7-14: Pressure, Tubing vs Flow rate (Usg) Plots 
 
 
Figures 7-13 and 7-14 is the Matlab prediction plots of this study for the minimum 

flow plotted at superficial gas and liquid flow rates of 60 Sm3/h (2.64 m/s) and 0.05 

m/s with an operating pressure of 2.0 kPa respectively to establish a new minimum 

critical gas velocity to prevent a bidirectional flow to be 3.53 m/s for a producing oil 

and gas well as against the universally accepted rule of thumb value of 3.05 m/s. 

The plots show the pressure against gas flow rate and tubing (pipe) which represents 

the inflow performance relationship (IPR) and the tubing performance relationship 

(TPR) curves respectively. The intersection of the two lines is termed as the 

operating point (critical gas velocity). The Inflow performance curve (IPR) shows the 

discharge operational conduct of gas flowing in from reservoir to wellbore, while the 

Tubing performance relationship curve (TPR) which shows the performance of flow 

up the tubing. The intersection point of two curves is the operating point (critical 

velocity) of system according to (Piteiu et al. 2008). However, according to Turner’s 

flow regime based hypothetical analysis correlation, the liquid in the tubing is to be 

above the minimum or critical velocity as a mist flow (95% and above) in the annular-

mist flow regime region in the tubing. 
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7.7 Summary 

At the onset of production in a conventional oil and gas well, an annular or annular 

mist flow is observed. However, in the process of time, with the reduction of the 

reservoir energy, the gas velocity drops below the critical velocity that is expected to 

lift both water and gas to the surface thereby causing the phenomenon of 

bidirectional flow reversal. The system begins to experience an oscillatory churn – 

slug flow with a gradual build-up of the film thickness that causes a descending flow. 

This study has carried out experimental data analysis and discussed methodologies 

that focus on the churn/annular-annular mist flow regimes transition as discovered 

by many other researchers, even though an accurate perception of the bidirectional 

flow reversal is not totally feasible in literature for now, and this scenario is still 

unsolved. A possible way by using the Matlab prediction of this unwanted scenario 

is given in this study. 
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CHAPTER 8 CONCLUSIONS/RECOMMENDATIONS 

8.1 Conclusion 

This research has considered a study on co-current to counter-current flow 

reversal and flooding of multiphase flow in tubes by using the applications of 

experimental facilities, measurements techniques, instruments, their working 

principles, methods of data acquisition/analysis, and sets of experimental 

conditions. Data from experiments were derived from the 0.054 m 3-phase Test 

and have been analysed to investigate the flow reversal (flooding) phenomenon. 

The results were compared with published flooding correlations.  

The phenomenon of co-current to counter-current flow reversal and flooding flow 

was investigated experimentally, and a correlation for the onset of flow reversal 

and flooding in 0.054 m diameter vertical tubes for gas-oil and gas-water was 

obtained. As far as a liquid fallback is concerned, the significant phenomena, which 

occur in co-current to counter-current flow reversal, are identified; these are the 

growth of huge waves. In this study, a churn-like unsteady liquid film flow regime 

takes place before the flow reversal. 

This phenomenon gives three likely means in that flow reversal and flooding may 

occur, specifically, by downward transport of waves and by carryover of liquid in a 

churn-like motion. The concurrent estimation of the pressure data, the downflow 

rate, and the flow visualisation further indicate that the rapid rise in pressure 

gradient is identified with the growth of downward transport waves or the churn-

like motion. Thus, the pressure gradient difference in gas flow rate is a good 

indicator of flow reversal and flooding. Therefore, the glow reversal and fooling 

point is a set as that flow rate, where a quantity liquid emerges on top of the inlet. 
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The flow reversal and flooding velocities derived in this work have been predicted 

well by correlations Hewitt and Wallis (1963). 

The test investigations, as well as data interpretations results in these findings, are 

as follows. 

1. The experimentally obtained flooding using superficial gas (air) and liquid (oil, 

water) conditions in this work are compared with the existing flow reversal and 

flooding correlations. In addition, a valid gas (air), (oil, water) empirical model 

correlation for the prediction of flow reversal and flooding for the avoidance of 

liquid accumulation in a flowing vertical riser system in the geometry under 

consideration has also been developed. 

2. The flow reversal (flooding) gas and liquid velocity data at constant liquid flow 

rate was imposed on the Taitel et al. (1980) flow regime map and, it can be 

seen, all the three conditions fall within the churn-annular region of the flow 

regime map that is in consistent with the literature. 

3. The statistical-based performance criteria analysis showed that the new 

empirical model correlation developed in this work performed better than the 

published models it was compared with. 

4. The co-current annular flow was observed up to the counter-current flow 

reversal flooding point. The mechanism of flow reversal was observed to be the 

same as others reported in the literature with small diameter pipes, at a high 

gas velocity, sufficiently enough to lift both gas and liquid simultaneously from 

the tube up to the top. The flow remains co-current, but at moderately less gas 

velocity, the liquid flows down the tube as a wavy film and breaks up. On further 
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reducing the gas flow rate down to the flow reversal point, the liquid film gets 

thicker at the bottom of the tube than it is along the tube.  

5. The data obtained in this study showed similar trends to those reported by other 

investigators concerning the relationship between the fluid velocities. In 

addition, the characteristic pressure drop change across the test section was 

observed during the onset of flow reversal. These trends are described 

throughout the published literature and lend credibility to the collected data. 

6. The transition from co-current to counter-current flow occurs because of the 

flow reversal and flooding phenomenon, which is responsible for liquid 

accumulation at the riser base, which agrees with the existing literature. 

7. The churn-annular region that takes place between the emergence of co-

current – counter-current flow (the flow reversal point) and the minimum in 

pressure gradient was also observed. 

8. As a proper evaluation and knowledge of these flow regimes are very important 

in any systems condition of operations, as the flow patterns are fundamentally 

connected with the heat and mass transfer, pressure profiles and off course the 

hydrodynamics in the working fluids a comparison of the flow regime pattern 

maps, made with fluid flow software, which is also in good agreement with the 

published works. 

9. The validity and reliability simulation analysis results showed a good agreement 

with the published studies in literature, and this studies data. 

The multiphase gas-liquid two-phase flow Ansys fluent CFD model has been 

adapted to study the bidirectional flow reversal phenomenon in the annular flow in 

a riser tube. Even if not many reports are precisely related to the liquid loading 
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phenomenon, the theory presented in this work can still be employed to effectively 

model the liquid loading phenomenon in the petroleum and gas sector. The 

defaults in the Ansys Fluent Software for modelling, such as the surface tension, 

near-wall treatment, drag, turbulence, and more enshrined in the workbench, play 

very significant aspects in the modelling procedure. A complete characterisation of 

the bidirectional flow reversal illustration was demonstrated in the present 

investigation from the experimental campaigns and the analysis section. In the final 

analysis, this work has carried out the modelling of the churn-annular flow in the 

50.4 mm vertical tube and has used the two-fluid Eularian model and the RNG k-ε 

model for all working fluid phases. The ANSYS meshing default meshing tool was 

used to construct the mesh, and similarly, the same ANSYS Design Modeller 18.2 

was used to generate the axisymmetric geometry. 

The validation and reliability comparison of the simulation model results and 

exported to be plot in the Excel Sheet and experimental data demonstrated a good 

agreement. The conclusions of the work also consist of the following: 

10. These represent investigations that can be carried out with the deviated tubes 

with different inclinations so as to investigate the effect of the deviation angle 

on the flow field. 

11. More research is required in CFD for better prediction of pressure gradient in a 

two-phase flow. 

12. The inaccurate prediction of liquid and vapour wavy interface when the velocity 

differences between phases are large. Increasing the number of cells at the 

interface may minimise the inaccuracy. However, the volume of fraction (VOF) 

model may also need to be improved for better prediction. 
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13. Resolving the limitations in CFD rely on our understanding of two-phase flow 

behaviour, incorporating these inputs into correct boundary conditions in CFD 

and a good-quality mesh. Several application areas need predictions of two-

phase flow for design and trouble-shooting purposes. Providing a valid two-

phase CFD model will be crucial during the design stage. 

 

 8.2 Contributions to knowledge 

This thesis is motivated by understanding the critical superficial gas velocity that 

will cause the bidirectional flow reversal in multiphase flow systems particularly in 

oil and gas production systems and facilities 

1. This work has developed a usable Empirical Correlation Model with Air – 

Water – Oil as working fluids that can be used to mimic a producing traditional 

oil and gas well. Unlike most others that have used only air-water.  

2. This study has used a programmed application to effectively predict the critical 

gas superficial velocity for bidirectional low reversal in a vertical tube and riser 

particularly in the oil and gas production systems 

3   This study has carried out reliability and validation of the experimental data 

utilised for the flow regime or pattern maps and the developing of the empirical 

correlation model with fluid flow software, which is found to be in good 

agreement, which other works has not done. 

4.   Computational fluid dynamics (CFD) Ansys validation of the work experimental 

data and compared with other researcher's data   

5.   A new critical gas superficial velocity to determine flow reversal point is 

established. 
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5.    This study have utilised the traditional approach in our comparisons with early 

publishers, and our results fare excellently well, not with software methods.   

8.3 Recommendation/Future Work 

Further study in the following areas would improve the research on air and oil two-

phase flow flooding investigations: 

1. More research of the slug to churn transition for air–oil setups to test the 

authenticity of the premises on which flow reversal and flooding occurs. 

2. Future work should include liquid film thickness measurement 

3. Studying higher gas flow rates will help to elucidate further the annular flow in 

large diameter vertical pipes. 

4. Extend current work by studying more fluids in terms of physical properties to 

those typical for the oil and gas production industry. 

5. The investigation conducted on various tube sizes will guide to essential 

variations in changes of flow regimes. For example, smaller tubes will guide to 

a comparatively more significant impact of the surface wettability at the tube wall 

on the fluid distribution. Hence, differences in the event of phase inversion are 

anticipated. 

6. Procuring and validating with more sets of experimental data and improved 

analysis for flow reversal and flooding in additional system geometries and for 

the prediction of flow reversal and flooding in complex flow geometries. 

7. The influence of fluid properties, such as density and viscosity, on the flow 

reversal and flooding phenomena. 
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8. Further work should include the effect of fluid properties and testing to be done 

to investigate the effect of different fluid properties such as density and viscosity 

on the flow reversal phenomenon and film thickness measurements. 
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APPENDICES 

A Data Analysis and Measurement Calculation Tables.  

1. Flow conditions at 0.7 barg system pressure (gas - water) 

USL, (m/s) 0.05 0.15 0.36 0.52 0.67 0.83 1.02 1.27 

Qg 

(Sm3/h) 
Usg m/s Usg m/s Usg m/s Usg m/s Usg m/s 

Usg m/s 
Usg m/s Usg m/s 

 

180 

170 

160 

150 

145 

140 

135 

130 

120 

110 

100 

90 

80 

70 

60 

40 

20 

11.26 

10.81 

10.32 

10.32 

9.49 

9.20 

8.95 

8.57 

7.93 

7.26 

6.62 

5.89 

5.22 

4.54 

3.84 

2.56 

1.26 

 

11.42 

10.46 

9.87 

9.79 

8.82 

8.60 

8.38 

8.05 

7.42 

6.92 

6.24 

5.59 

5.24 

4.18 

3.70 

2.41 

1.19 

 

10.02 

9.19 

8.73 

8.29 

7.93 

7.72 

7.50 

7.29 

6.77 

6.30 

5.73 

5.13 

4.62 

4.00 

3.46 

2.28 

1.14 

 

8.90 

8.48 

9.28 

7.69 

7.37 

7.18 

6.95 

6.74 

6.27 

5.78 

5.35 

4.70 

4.34 

3.85 

3.27 

2.23 

1.09 

 

8.31 

7.89 

7.56 

7.15 

6.87 

6.77 

6.48 

6.24 

5.97 

5.50 

4.97 

4.61 

4.12 

3.63 

3.11 

2.08 

1.07 

 

7.92 

7.46 

7.23 

6.80 

6.29 

6.04 

5.63 

5.17 

4.77 

4.42 

4.00 

3.48 

2.96 

2.09 

1.00 

 

7.86 

7.52 

7.18 

7.04 

6.68 

6.00 

5.63 

5.33 

4.78 

4.56 

4.22 

3.76 

3.25 

2.94 

1.96 

0.96 

 

6.98 

6.89 

6.58 

6.46 

6.15 

5.85 

5.35 

5.19 

4.80 

4.57 

4.19 

3.77 

3.50 

3.10 

2.64 

1.82 

0.97 
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2 Flow conditions at 2.0 barg system pressure (gas - water) 

USL, (m/s) 0.05 0.15 0.36 0.52 0.67 0.83 1.02 1.27 

Qg (Sm3/h) 
Usg 

m/s 
Usg m/s Usg m/s Usg m/s Usg m/s Usg m/s Usg m/s Usg m/s 

250 

240 

230 

220 

210 

200 

190 

180 

170 

160 

150 

140 

130 

120 

110 

100 

90 

80 

 

---- 

---- 

---- 

8.39 

8.04 

7.64 

7.23 

6.87 

6.59 

6.22 

6.03 

5.45 

5.07 

4.67 

4.27 

3.86 

3.48 

3.08 

 

9.49 

9.11 

8.64 

8.25 

7.86 

7.51 

7.16 

6.80 

6.44 

6.04 

5.69 

5.29 

4.92 

4.50 

4.14 

3.75 

3.36 

2.99 

 

8.70 

8.33 

8.00 

7.69 

7.38 

7.17 

6.71 

6.39 

6.02 

5.71 

5.49 

4.99 

4.63 

4.29 

3.9 

3.59 

 

8.56 

7.89 

7.61 

7.32 

7.01 

6.74 

6.41 

6.11 

5.81 

5.50 

5.10 

4.79 

4.48 

4.14 

3.80 

3.46 

 

7.84 

7.54 

7.27 

7.01 

6.73 

6.46 

6.18 

5.83 

5.58 

5.30 

5.04 

4.61 

4.33 

3.98 

3.66 

3.35 

 

7.65 

7.31 

7.02 

6.77 

6.52 

6.22 

5.97 

5.68 

5.41 

5.14 

4.89 

4.50 

4.16 

3.89 

3.57 

3.26 

 

7.15 

6.88 

6.69 

6.43 

6.16 

5.92 

5.70 

5.44 

5.17 

4.92 

4.55 

4.27 

4.00 

3.71 

3.46 

3.14 

 

6.60 

6.48 

6.29 

6.06 

5.86 

5.62 

5.42 

5.19 

4.90 

4.69 

4.39 

4.04 

3.82 

3.56 

3.29 

3.02 
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3 Flow conditions at 3.0 barg system pressure (gas - water) 

USL, (m/s) 0.05 0.15 0.36 0.52 0.67 0.83 1.02 1.27 

Qg (Sm3/h) Usg m/s Usg m/s 
Usg 

m/s 
Usg m/s Usg m/s 

Usg 

m/s 
Usg m/s Usg m/s 

300 

290 

280 

270 

260 

250 

240 

230 

220 

210 

200 

190 

180 

170 

160 

 

8.69 

8.42 

8.07 

7.83 

7.59 

7.37 

7.10 

6.82 

6.53 

6.24 

5.92 

5.65 

5.35 

5.04 

4.74 

 

8.74 

8.44 

8.17 

7.88 

7.51 

7.16 

6.92 

6.62 

6.32 

6.06 

5.77 

5.48 

5.18 

4.90 

4.61 

 

8.16 

7.86 

7.59 

7.31 

7.05 

6.84 

6.59 

6.34 

6.06 

5.80 

5.55 

5.27 

5.01 

4.73 

4.44 

 

7.82 

7.56 

7.26 

7.06 

6.86 

6.62 

6.33 

6.13 

5.88 

5.63 

5.37 

5.12 

4.86 

4.60 

4.34 

 

7.54 

7.28 

7.01 

6.83 

6.64 

6.40 

6.17 

5.95 

5.70 

5.46 

5.23 

4.99 

4.73 

4.50 

4.22 

 

7.32 

7.06 

6.88 

6.67 

6.45 

6.20 

6.04 

5.78 

5.53 

5.33 

5.09 

4.88 

4.64 

4.40 

4.14 

 

7.02 

6.86 

6.63 

6.46 

6.25 

6.02 

5.84 

5.57 

5.38 

5.14 

4.94 

4.72 

4.50 

4.30 

4.04 

 

6.73 

6.49 

6.33 

6.14 

5.95 

5.75 

5.53 

5.33 

5.18 

4.95 

4.71 

4.51 

4.28 

4.04 

3.68 
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4 Flow conditions at 0.7 barg system pressure (gas - oil) 

 

USL (m/s) 

 

0.052 0.068 0.083 0.10 0.13 0.15 0.18 0.20 0.23 0.26 

Qg 

(Sm3/h) 

 

Usg 

m/s 

Usg m/s Usg m/s Usg m/s Usg m/s Usg m/s Usg m/s Usg m/s Usg m/s Usg 

m/s 

 

150 

 

9.65 9.42 9.49 9.41 9.34 9.26 9.15 9.38 9.58 9.45 

140 9.32 9.08 9.15 9.08 9.00 8.93 8.82 9.05 9.26 9.14 

 

135 

9.03 8.75 8.82 8.74 8.67 8.60 8.50 8.73 8.94 8.83 

 

130 

8.44 8.43 8.50 8.40 8.34 8.27 8.17 8.41 8.62 8.52 

 

125 

8.11 8.01 8.07 8.07 8.00 7.94 
8.60 

8.08 8.30 8.22 

 

120 

7.87 7.77 7.83 7.73 7.67 9.26 
  --  --  --  -- 

 

115 

7.44 7.43 7.49 7.40 
 --  --   --  --  --  -- 

 

110 

7.12 7.09 7.15 7.06 
 --  --   --  --  --  -- 

 

105 

6.77 9.42 
9.03 8.93  --  --   --  --  --  -- 

 

100 

 

9.58 9.08 

8.70 8.61  --  --   --  --  --  -- 
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5 Flow conditions at 2.0 barg system pressure (gas - oil) 

 

USL (m/s) 

 

0.052 0.157 0.367 0.524 0.681 0.838 1.046 1.311 

Qg (Sm3/h) 

 

Usg 

m/s 

Usg m/s Usg 

m/s 

Usg 

m/s 

Usg 

m/s 

Usg 

m/s 

Usg 

m/s 

Usg 

m/s 

 

200 
-- -- -- -- -- -- 4.66 4.37 

 

195 
-- -- -- -- -- 4.72 4.58 4.31 

 

190 
5.45 5.35 5.17 4.98 4.83 4.65 4.47 4.21 

 

185 

 

5.30 5.20 4.98 4.83 4.68 4.48 4.36 4.09 

180 5.16 5.07 4.86 4.69 4.55 4.33 4.24 4.02 

 

175 

 

5.02 4.92 4.72 4.58 4.46 4.25 4.14 3.95 

170 4.88 4.78 4.58 4.45 4.31 -- 4.03 3.84 

 

165 
4.73 4.63 4.47 4.34 4.21 -- -- -- 

 

160 
4.59 4.59 4.32 4.21 4.07 -- -- -- 

155 4.65 
4.36 

 
4.19 4.08 -- -- -- -- 
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6 Flow conditions at 3.0 barg system pressure (gas - oil) 

 

USL (m/s) 

 

0.052 0.157 0.366 0.523 0.680 0.837 1.046 1.308 

Qg (Sm3/h) 

 

Usg 

m/s 

Usg m/s Usg 

m/s 

Usg 

m/s 

Usg 

m/s 

Usg 

m/s 

Usg 

m/s 

Usg 

m/s 

 

225 
-- -- -- -- -- --  

4.24 

 

220 
-- -- -- -- -- -- 

4.32 4.16 

 

215 
-- -- -- -- -- 

4.39 4.41 4.07 

 

210 
-- -- -- 

4.53 4.44 4.28 4.16 3.99 

 

200 
-- -- -- 

4.41 4.29 4.23 4.06 3.90 

 

195 
 

4.43 4.31 4.30 4.20 4.10 
-- -- 

 

190 

4.38 4.33 4.18 4.19 4.10 4.01 
-- -- 

 

185 

4.26 4.21 4.08 4.09 4.00 
-- -- -- 

         

 

180 

4.13 4.09 3.96 
-- -- -- -- -- 

 

175 

4.03 3.98 
-- -- -- -- -- -- 
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7. Table assessment of selected flow reversal correlations used for comparison for likely discrepancies 

Data-set  

identification 

number 

Ref. (Author) Liquids used 
Tube diameter 

range (m) 

Range of tube 

length (m) 

Liquid density 

range (kg/m3) 

Liquid viscosity 

range (Ns/m2) 

Liquid surface 

tension range    

(N/m) 

Number of 

data points 
Focus on study 

1 
Clift et al 

(1965) 

Water 

Glycerol solution 
0.032 1.80 1000-1210 0.001-0.082 0.065-0.072 44 

Associated phenomena, such as flow 

reversal, deflooding, and partial delivery 

2 
Hewitt & Wallis 

(1963) 
Air-Water 0.032 0.9 1000 1.0 0.0730 20 

Measured the pressure drop characteristics,  

The effect of tube length on flooding 

3 Wallis (1961) Air-Water 0.012-0.025 1.2 1000 1.0 0.0730 150 

Pioneered the use of dimensionless 

superficial velocities for the prediction of 

flooding conditions. 

4 Wallis (1963) Air-Water 0.032 1.0 1000 1.0 0.0730 69 

Pioneered the use of dimensionless 

superficial velocities for the prediction of 

flooding conditions. 

5 Wallis (1969) Air-Water 0.032 1.0 1000 1.0 0.0730 49 

Pioneered the use of dimensionless 

superficial velocities for the prediction of 

flooding conditions. 

6 
Dukler & Smith 

(1979) 
Air-Water 0.032 1.0 1000 1.0 0.0730 40 

Studied the flow regimes and describe five 

distinct flow regimes in the transition from 

counter-current flow to flooding, reported that 
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the onset of entrainment is closely associated 

with the onset of flooding. 

7 
Dukler & Smith 

(1977) 
Air-Water 0.032 1.0 1000 1.0 0.0730 40 

Studied the flow regimes and describe five 

distinct flow regimes in the transition from 

counter-current flow to flooding, reported that 

the onset of entrainment is closely associated 

with the onset of flooding. 

8 
Present Work  

 
Air-Oil 0.0548 10 810 7.2 0.028 48 

Studied the flow reversal and flooding at 

different system pressures, usable correlation  

9 
Present Work  

 
Air- Water 0.0548 10 1000 1.0 0.063 48 

Studied the flow reversal and flooding at 

different system pressures, usable correlation 
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8. Dimensionless flux for selected correlations compared 

Wallis (1961) Hewitt & Wallis (1963) Clift et al (1965) Dukler & Smith (1979) 

        

0.6560 0.0069 0.8992 0.0348 0.9761 0.4074 0.8083 0.0139 

0.5742 0.0870 0.8173 0.1114 0.8386 0.4527 0.7353 0.0870 

0.4953 0.1671 0.7384 0.1880 0.7274 0.4980 0.6388 0.1845 

0.4105 0.2542 0.6712 0.2611 0.5956 0.5432 0.5395 0.2820 

0.3199 0.3482 0.5952 0.3343 0.4113 0.6059 0.4313 0.3900 

0.2323 0.4422 0.5134 0.4179 0.2298 0.6651 0.3232 0.5049 

0.1533 0.5189 0.4286 0.5014 0.1537 0.6895 0.2150 0.6094 

0.0247 0.6512 0.2796 0.6547 0.0220 0.7383 0.0631 0.7696 

 

9. Dimensionless flux for selected correlations compared 

Wallis (1969) Present Air-Water Present Air-Oil 

      

0.4955 0.8489 0.2635 0.8494 0.3265 0.8518 

0.4663 0.8573 0.4628 0.8324 0.3578 0.8127 

0.4041 0.8847 0.7055 0.7302 0.3781 0.7873 

0.3343 0.9079 0.8438 0.6847 0.4228 0.7315 

0.2791 0.9227 0.9624 0.6143 0.4393 0.7108 

0.2372 0.9374 1.0679 0.5993 0.4631 0.6811 

0.1979 0.9480 1.1789 0.5633 0.5002 0.6347 

0.1573 0.9648 1.3178 0.4508 0.5347 0.5915 

 

B. Superficial Velocities 

The superficial liquid velocity   USL is the velocity the liquid would have if it occupied 

the entire cross-sectional area of the pipe, 
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                 USL =       
QL

AP
      (A-1) 

Where: 

                  QL     =       liquid volumetric flow rate at pipeline conditions (m3/s) 

                   AP      =     cross sectional area of pipe (m2) 

Similarly, the superficial gas velocity, USG is the velocity the gas would have if it 

occupied the entire cross section of the pipe, 

 

                    USG = 
QG

AP
   (A-2) 

 

Superficial liquid velocity, ReSL =
ρLUSLD

μL
 (A-3) 

Superficial liquid velocity, ReSG =
ρGUSGD

μG
 (A-4) 

where, 

                  QG     =      volumetric gas flow rate at pipeline conditions (m2), 

                 QG =
QGs

(Ptest+1.0135)
×

Ttest

Ts
   (A-5) 

Where the subscript s denotes standard conditions of temperature (taken to be a 

temperature of 15˚C or 288K) and standard atmosphere (1.0135 bar). QG is the 

gas flow rate in m3/h converted from standard conditions, while Ptest is the system 

test pressure in barg.  

The equations were used to calculate the superficial gas and liquid velocities. 
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C. Beggs and Brills (1979) Calculations 

For the flow pattern determination, if  𝐿1  < 𝑁𝐹𝑅 < 𝐿2,     the flow is intermittent, 

         𝐿1 𝑎𝑛𝑑  𝐿2,       (correlation boundary) are given by 

 𝐿1 =  exp (−4.62 − 3.757X − 0.481X2 − 0.0207X3)  

        𝐿2 = = exp (1.061 − 4.602X − 1.609X2 − 0.179X3 + 0.635 ∗ 10−3X5)       

 

(A-6) 

The Froude number is calculated by, 

NFR   =   
Vm

2

gd
 (A-7)                                            

The input liquid content is given by, 

λ=qLqL  +  Qg (A-8)                                             

Liquid holdup as a function of pipe inclination (𝝷) for three groups of flow patterns, 

namely segregated, intermittent and distributed is given as,  

 

HL(0)         = 
1.065λ0.5824

NFR
0.0609                      

(A-9)                                          

 

The specific gravity                  𝑦 =  
λ

[HL(0)]2
  (A-10)                                          

The two-phase friction factor to the no-slip friction factor is given as 

ftp

fns
   =  es 

 

 (A-11) 

The two-phase friction factor ftp  is as 

ftp  =     
ftp

fns
 fns 

 

(A-12) 

The mixture mass flux rate (Gm)   is  

Gm   =   ρLUsl
+ ρGusG 

 

(A-13) 
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The Beggs and Brill differential frictional pressure drop (ΔPfric) is  

ΔPfric (Beggs and Brill)   = 
ftpGm𝑣𝑚

2

2d
 

 

(A-14) 

 

Gravitational differential pressure drop  (ΔPgrav) is 

ΔPgrav   = ρG (1 − HL) + (ρLHL )g 

 

(A-15) 

The total pressure drop (ΔPTotal) is 

ΔPTotal = ΔPfric + ΔPgrav 

 

(A-16) 

 

D. Martinelli Parameter (1949) Calculations 

 

The Martinelli parameter for both phases in the turbulent regime (Xtt) 

is defined as           Xtt = (
1−x

x
)
0.9

(
ρG

ρL
)
0.5

(
μL

μG
)
0.1

 

 

(A-17) 

 

The single-phase friction factors of the liquid fL  and the vapor (fG )  are 

calculated using their corresponding two-phase multipliers( ϕLtt
2 ) and 

(ϕGtt
2 ), respectively 

ϕLtt
2 = 1 +

C

Xtt
+

1

Xtt
2 , for ReL  <  4000 

 

ϕGtt
2 = 1 + CXtt + Xtt

2 , for ReL  <  4000 

 

 

 

(A-18) 

The liquid friction factor   (fL)  is (A-19) 
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fL = 
0.079

𝑅𝑒𝐿
0.025 

The gas friction factor  (fG) is 

                  fG = 
0.079

𝑅𝑒𝐺
0.025 

(A-20) 

The total mass flux    (ṁTotal) is 

ṁTotal = ρlUSL + ρLUSG 

(A-21) 

Differential pressure drop for the gas and liquid phases (ΔPG) 

and (ΔPL), respectively, are 

ΔPG = 4fG(
L

di
)ṁtotal

2 x2(
1

2ρG
 

ΔPL = 4fL(
L

di
)ṁtotal

2 x2(
1

2ρG
) 

 

 

 

(A-22) 

The two-phase frictional pressure drop based on a two-phase multiplier 

for the liquid-phase, or the vapour-phases are given as 

      ΔPfrict = ϕLtt
2 ΔPL 

ΔPfrict = ϕGtt
2 ΔPG 

 

 

(A-23) 

The homogeneous density  (ρmix)  is 

ρmix = (
x

ρG
+

1 − x

ρL
)
−1

 

 

(A-24) 

The gravitational differential pressure drop  (ΔPgrav)  is 

ΔPgrav = ρmixg10 

 

(A-25) 

 

The total pressure drop   ΔPTotal   is 

                    ΔPTotal =  ΔPfrict + ΔPgrav 

 

(A-26) 
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E. Rig Operating Procedure 

Start Up and Shout Down Procedure 

1. Examine the different parts of the apparatus to make sure they are in good 

condition. This includes checking the flow meters, pressure gauges, valves, 

pipes, flexible hoses, pump and the tanks.  

2. Put the <2" RIG in OPERATION> sign on the notice board.  

3. Log into the Delta-V system to check if there is any warning alarm and to make 

sure the system is in a good state to run.  

4. Visually check readiness of the flow loop to operate. If you are at all unsure 

whether you should proceed, stop the operation, and find or wait for a 

technician.  

5. Check no construction is being carried out by a technician.  

6. Check that you will be the sole user of the air, water and oil supplies.  

7. This is not an exhaustive list of things to check for, and not a substitute for 

common sense. Operate so that main user and those in the vicinity are safe.  

8. Switch on the Delta-V service air compressor, if it is off.  

9. Close VC301 and VC302 if either of them is open.  

10. Check the valve position list to alter valve positions if necessary to correct any 

mismatch.  

11. V1, V2 and V3 closed.  

12. V4, V5 and V6 open (Air - Water test, close V6; Air - Oil test close V5; Air only 

tests close both V5 and V6).  

13. V7, V8, V9, V10 and V14 closed.  
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14. Other valves are open or closed depending on experiment, to make sure the 

air supply is correctly connected according to the experiment required.  

15. Turn the cooler on. The temperature of the cooler has to be under +10 Celsius. 

Please do not turn the compressors on. If the temperature is higher than the 

specified degree, report the case to the authorised individuals straightaway.  

16. Manually start the compressor(s). If the compressor is switched off from the 

main power supply, do not try to switch on the power supply without consulting 

a lab technician or the person in charge the system.  

17. Check the position of the slam shut valve VLV303 and make sure it is open.  

18. Check positions of valves at the outlet of both risers.  

19. Back to the Delta-V system and open the operator interface.  

20. Click the startup button to pressurise the system.  

21. After the star up finishes ("Star up" message on the screen disappears), set 

flow conditions.  

G. Shut-Down Procedures 

1. Put the shutdown in progress sign on the noticed board.  

2. Inform people around that there may be some noise while shutting-down.  

3. Click the normal shutdown button and acknowledge the action twice.  

3-Phase Operating Manual  

4. Wait until the on-screen message shows "Manually shutdown the 

compressor and the cooler".  

5. Manually shutdown the compressors from the compressor control panel.  

6. Manually shutdown the cooler.  

7. Return the Valve positions for 4" rig operation (V1, V2 and V3 open, V4, V5 

and V6 closed) if no continuous test is scheduled.  
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8. Wait and check if the shutdown is finished. If it is, then turn off the Delta-V 

service air compressor and remove the 2" test rig signs from the noticed board.  

9. Log off the Delta-V system. 

 

F. Error Analysis 

 

H. Example Estimation 

Measurement uncertainty error analysis supplies an approximate calculation of the 

absolutes of the error for measurement with a level of certainty, usually 95%, 

(Dieck, 2002). Uncertainty is as well a mark of the data quality. 

An illustration for the assessment of the uncertainty for the measurements based 

on the theory are present in this section. For this case, the research considers a 

flow condition from the works experimental measurement where the gas superficial 

velocity, USG, is 4.599 m/s, the liquid superficial velocity, USL, is 0.052 m/s, the air 

inlet pressure, Pinlet, is 2.2 bara.  

These measurements are used to calculate the result, R, for the experiment. As a 

result, it is imperative to analyse how errors in the xis, propagate into the 

calculation of R. In theory, R may be expressed mathematically as R(x1, x2,.., xn). 

The outcome on R of an error in measuring an individual xi may be estimated by 

analogy to the derivative of a function. A variation, 𝛅xi, in xi would cause variation 

𝛅Ri in R, (Fox, McDonald and Pritchard, 2006), 

 

δRi =
∂R

δxi
  δxi   

(C-1) 

The relative variation in R is given as, 
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δRi

R
=

1

R
 
∂R

∂xi
 δxi =

xi

R
 
∂R

∂xi
 
∂xi

xi
 

(C-2) 

Equation (C-2) may be used to estimate the relative uncertainty in the result due 

to uncertainty in xi. Introducing the notation for relative uncertainty, 

 

URi =
xi

R
  
∂R

∂xi
  Uxi   

(C-3) 

In what way or manner can the author evaluate the relative uncertainty in R 

induced by the cumulative operations of the relative uncertainties in all the xi𝑠. The 

random error in each variable has a range of values within the uncertainty interval. 

It is not probable that all errors will have negative values at the same time. It can 

be shown that the perfect illustration for the relative uncertainty of the result is, 

 

uR = ± [(
xi

R
  
∂R

∂xi
  u1)

2

+  (
x2

R
  
∂R

∂x2
  u2)

2

+ ⋯+ (
xn

R
  
∂R

∂xn
  un)

2

 ]

1/2

   
(C-4) 

I. Uncertainty on the Air Superficial Velocity 

A reasonable estimate of the measurement uncertainty due to random error in a 

single sample experiment usually is plus or minus half the smallest scale division 

(or least count) of the instrument. If the measuring instrument is the limiting factor, 

the manufacturer's documentation can be used to determine its accuracy and 

precision. 

The air superficial velocity is obtained by reading the number in the scale of the 

rotameter that has an uncertainty accuracy of ± 0.09%. The uncertainty in reading 
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the air rotameter is thus, 𝑢(USG) = 0.5 the least count. This error gives an 

uncertainty in the air superficial velocity of, 

 

 𝑢(USG) = 0.0414 m/s (C-5) 

 

The fraction uncertainty is thus, 

 

𝑢(USG)

USG
= 

0.04140

4.5998
= 0.009  = 0.90% 

(C-6) 

The air superficial velocity can be written as, USG = (4.6 ± 0.009) m/s. 

J. Uncertainty on the Liquid Superficial Velocity 

The liquid superficial velocity is obtained by reading the number in the scale of the 

liquid rotameter that has an accuracy of ± 0.50 %. The uncertainty in reading the 

liquid rotameter is USL, = 0.5 the least count. This error gives an uncertainty in the 

liquid superficial velocity of, 

𝑢(USL) = 0.000261 m/s (C-7) 

 

The fraction uncertainty is thus, 

𝑢(USL)

USL
= 

0.000261

0.0523
= 0.005 m/s  = 0.50% (C-8) 

 

The liquid superficial velocity can be written thus: USL = (0.0523 ± 0.005) m/s. 

 

 

 

 


