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ABSTRACT

Title: Software Simulation of Reverse Circulation Air Drilling 

Author: Chloe Thiel 

Date: 4/11/2021 

Supervisors: Dr Dimple Quyn and Dr Masood Mostofi 

The research project objective was to simulate single phase, compressible air and water, 

and two-phase air-water, compressible, steady state flow in the vertical, inner and outer 

annulus pipes of a reverse circulation air drilling rig through software, with investigation 

into pressure drops profiles, velocity profiles, liquid holdup, and flow pattern. The software 

simulations were validated using analytical model data.  

The simulations were developed using Schlumberger’s PIPESIM and ANSYS Fluent 

software, following the standard simulation procedure and specifying appropriate models. 

The inner and outer annulus drill string 

pipe was simulated for single-phase air 

and water flow using PIPESIM and 

ANSYS Fluent, and two-phase air-

water flow using PIPESIM. Several 

sensitivity studies at different drilling 

depths with vary total mass flowrate 

and varying liquid-gas ratios (LGRs) 

were also conducted through PIPESIM. 

The single-phase air and water flow 

results were validated between the 

software simulations and against the 

Drilling Mechanics Group (DMG) 

analytical and Simulink models, while 

the initial two-phase flow simulation in 

PIPESIM was validated against the 

DMG analytical and Simulink models. 
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The major findings of the research project were the development of a series of operating 

regime charts for identifying the optimal volumetric flowrate of water to be added to 

compressed air at a standard 1500 SCFM for the inner pipe, outer annulus pipe and overall 

operation, to obtain the most desirable flow pattern, for example annular or mist with reduced 

liquid holdup. It was concluded for overall operation of a 90 m wellbore, a maximum of 11.38 

L/min of water can be added to maintain annular and annular-mist flow patterns in the inner 

and outer annular pipes, respectively. The operating regime charts have the potential to 

decrease fuel consumption during operation with decreased liquid holdup and hence, 

increasing mineral cuttings transportation and RC drilling production. 
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NOTATION 

VARIABLE DESCRIPTION UNITS 
A (IP) Cross sectional area of inner drilling pipe m2 
A (OP) Cross sectional area of outer annulus drilling pipe m2 
Di (DB) Inside diameter of drill bit mm 
Di (IP) Inside diameter of inner drilling pipe mm 
Di (OP) Inside diameter of outer annulus drilling pipe mm 
Di (W) Inside diameter of wellbore mm 
Do (IP) Outside diameter of inner drilling pipe mm 
Do (OP) Outside diameter of outer annulus drilling pipe mm 

h Depth from drilling surface m 
L (DB) Vertical length of drill bit m 
L (IP) Vertical length of inner drilling pipe m 
L (OP) Vertical length of outer annulus drilling pipe m 

m(air, bot) Mass flowrate of air into the bottom of the inner drilling pipe kg/s 
m(air, in) Mass flowrate of air into the drill string kg/s 

m(air, out) Mass flowrate of air out of the drill string kg/s 

m(water, bot) 
Mass flowrate of water into the bottom of the inner drilling 
pipe 

kg/s 

m(water, in) Mass flowrate of water into the drill string kg/s 
m(water, out) Mass flowrate of water out of the drill string kg/s 

P(in) Pressure of fluid at drill string inlet Pa 
P(out) Pressure at drill string outlet Pa 

P0 Standard atmospheric pressure Pa 

Q(air, bot) 
Volumetric flowrate of air into the bottom of the inner drilling 
pipe 

m3/s 

Q(air, in) Volumetric flowrate of air into the drill string m3/s 
Q(air, out) Volumetric flowrate of air out of the drill string m3/s 

Q(water, bot) 
Volumetric flowrate of water into the bottom of the inner 
drilling pipe 

m3/s 

Q(water, in) Volumetric flowrate of water into the drill string m3/s 
Q(water, out) Volumetric flowrate of water out of the drill string m3/s 

T(in) Temperature of fluid at drill string inlet K 
T(out) Temperature of fluid at drill string outlet K 

T0 Standard ambient temperature K 
v(air, bot) Velocity of air into the bottom of the inner drilling pipe m/s 
v(air, in) Velocity of air into the drill string m/s 

v(water, bot) Velocity of water into the bottom of the inner drilling pipe m/s 
v(water, in) Velocity of water into the drill string m/s 

dP Pressure drop kPa or bar 
ε (IP) Absolute inner drilling pipe roughness mm 
ε (OP) Absolute outer annulus drilling pipe roughness mm 

ρ(water, in) Density of water into the drill string kg/m3 
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ACRONYMS 

ACRONYM ANTONYM 
2D Two Dimensional 
3D Three Dimensional 

CAD Computer-Aided Design 
CFD Computation Fluid Dynamics 
DMG Drilling Mechanics Group 
IPR Inflow Performance Relationship 
LGR Liquid to Gas Ratio 
RC Reverse Circulation 

SCFM Standard Cubic Feet per Minute 
VC Vertical Correlation 
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1. INTRODUCTION

 Background 

In modern mineral drilling, the use of air (or other available gas) is commonly used as the 

drilling fluid. This technique requires compressed air to transport rock cuttings accumulated at 

the bottom of a wellbore to the drilling surface. This approach to mineral drilling was 

established in the 1950s and continues to be used today, especially for the drilling of extremely 

hard mineral surfaces to increase boring rates and for its ability to maintain continuous 

circulation. Air drilling applications can be categorised into two main techniques; direct air 

drilling and reverse circulation (RC) air drilling (Zhu et al. 2015). RC air drilling is a relatively 

new technology when compared to traditional direct drilling methods, with increasing industry 

popularity in recent years. 

Generally, RC air drilling is utilised for the creation of both vertical and horizontal, straight 

wellbores. In vertical RC configurations, compressed air enters at the top of the outer annulus 

drilling pipe, flowing down towards the bottom of the wellbore. The air flowing across the 

surface of the rock cuttings, lifts and carries the cuttings up through the inner drilling pipe to 

the surface for discharge, as seen in Figure 1.1.1 (Zhu et al. 2015). The continuous nature of 

RC air drilling is highly time efficient, while optimal pressure conditions allow for a long drill bit 

life and stable wellbore. Due to the efficiency and stability of this technique, it requires low 

intensity labour and is reliable in the most complex of drilling situations, including geothermal 

wellbore drilling (Xiumin, Yue, and Luheng 2014). 

The technique of RC air drilling for minerals is based on key engineering fundamentals, 

including multiphase, compressible flow in pipes, which is the foundation of all drilling 

applications (Cao et al. 2019). Multiphase, compressible flow, in particular gas-liquid two-

phase flow, is a concept present in an extensive range of applications in industry, including oil 

and gas, nuclear and chemical processes. Hence, it has been studied thoroughly, for both 

horizontal and vertical pipe configurations to determine the flow pattern, liquid holdup, velocity 

profile and pressure drop (López et al. 2016). Recently, (Ganat et al. 2019) theoretically studied 

upward, two-phase, compressible flow in a vertical pipe configuration, while (López et al. 2016) 

conducted experimental and numerical modelling studies in horizontal pipes for two-phase 

flow. However, it can be observed in the vertical flow study by (Ganat et al. 2019), as opposed 

to the horizontal flow study by (López et al. 2016), multiphase vertical flow is largely influenced 

by buoyancy and gravitational forces, resulting in highly symmetric radial properties, and  
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Figure 1.1.1: RC air drilling rig diagram. 

Source: Figure reproduced from Dando Drilling International (2016). 

making hydrostatic pressure drop during drilling the major cause of pressure loss. Therefore, 

the liquid holdup and pressure drop modelling is vital to vertical RC drilling (Eissa and James 

2017) and different to that of horzontal multiphase flow. It also diffs to that of direct drilling, as 

the pressure drop increases as a function of distance travelled, and can therefore impact the 

vertical flow regimes significantly, impacting cuttings transportation. 

While modelling single-phase properties and flowrates is relatively easy, multiphase fluid flow 

modelling uses the individual phases properties and flowrates to determine complex 
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multiphase variables, such as liquid holdup and void fraction, that affect multiphase mixture 

properties, including flow pattern, and therefore, the pressure drop of the system (Ben Mahmud 

2012). Hence, for complex multiphase flow modelling, several correlations must be collated for 

each individual phase before the multiphase mixture variables and properties can be 

determined. This may give rise to various numerical difficulties and disconnected variable 

predictions, if the initial individual phase variables are calculated incorrectly (Ellul, Saether, 

and Shippen 2004).  

The other key engineering fundamental in RC air drilling is pneumatic cuttings transport, which 

is dependent on the systems pressure drop. Cuttings transportation is the basis of improved 

drilling rates and optimisation, evidently, pneumatic cuttings transport has been studied 

thoroughly across the engineering literature. Most recently, (Zhang et al. 2021) conducted a 

series of experiments on gas-solid multiphase flow in horizontal drilling pipes. This study 

investigated the pressure drop of the system and calculated the minimum pneumatic 

conveying pressure. Hence, validating the vital relationship between pressure drop and 

cuttings transport. While many available studies explore cuttings transport in horizontal flow 

configurations, some studies for vertical configuration have been conducted. 

Considering the board range of multiphase, compressible flow and cuttings transport literature, 

modelling RC air drilling has been attempted for some oil and gas applications. In the past 

year, (Krishna et al. 2020) theoretically modelled fluid velocity in a concentric annulus to 

determine surge and swage pressure gradients for oil and gas industry RC drilling. (Wang et 

al. 2020) studied the drilling gas in coal seam extraction using a dynamic inversion model. This 

study is important to the research of RC drilling and relevant to many of its applications, as 

drilling performance is based on the carrying capacity of drilling fluid and hence, the drilling 

fluid properties (i.e.: flowrate). (Han, Li, and Li 2020) also simulated pneumatic, reverse 

circulating cuttings removal for coal seam drilling to determine flow characteristic of the 

cuttings, flow characteristics of the air, forces between cuttings and air, the effects of cuttings 

removal and two-phase flow pressure drop. Similarly, (Han, Song, and Li 2020) determined 

the influence of air flowrate, cuttings flowrate and cuttings particle sizes on the system pressure 

drop during reverse circulating pneumatic cuttings removal of coal seam through experiments. 

However, these studies conducted by (Krishna et al. 2020), (Wang et al. 2020), (Han, Li, and 

Li 2020) and (Han, Song, and Li 2020) do not aim to model RC air drilling for mineral drilling 

applications, but rather for general oil and gas well drilling without cuttings transport, or for 

multiphase, seam coal gas drilling with cuttings transport – both of which are significantly 

different to that in mineral drilling. Hence, solid mineral cuttings flow within a two-phase, air-

water system has not been modelled, to the author’s knowledge. 
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Based on the studies previously discussed, multiphase, compressible flow, pneumatic cuttings 

transport and oil and gas industry drilling applications of RC air drilling require fitting together 

several correlations which are often empirical into a heterogeneous multiphase model 

(Moshfeghian 2008). The compilation of these theories and techniques to simulate multiphase, 

compressible, steady state flow in vertical RC air drilling of minerals requires determining 

individual phase properties from which multiphase flow properties and variables can be 

calculated, for both a simple vertical pipe and a vertical annulus pipe, including piping 

components (i.e.: expansions), as well as solid cuttings transport properties. However, in the 

last decade drilling research has extended to include simulation software to comprehensively 

determine fluid flow through a system for critical analysis and performance review. The 

advancements in readily available software systems, increased computer speed and memory 

capabilities, have made software simulation more economical, time efficient and safer than 

traditional experiments and pilot plant studies (Ben Mahmud 2012).  

To obtain a comprehensive understanding of mineral RC air drilling in industry, a software 

simulation is to be developed for vertical, multiphase, compressible, steady state flow through 

a drill string. Based on the key fundamentals previously discussed, the simulation will allow the 

study of the influence of hydrostatic pressure and major head loss due to pipe surface friction 

on pressure drop, the influence of different drilling depths and other parameters (i.e.: total mass 

flowrate, liquid gas ratio (LGR)) on flow pattern, pressure drop and velocity profile, and to 

investigate other key RC air drilling variables, such as liquid holdup, computed by the software. 

 Problem Statement and Objectives 

 Research Problem Statement 

There have been no previous software simulations used to model multiphase, compressible, 

steady state flow in vertical RC air drilling of minerals. The related studies conducted are based 

on multiphase, compressible flow in vertical pipes, pneumatic cuttings transportation or oil and 

gas industry drilling applications alone. Hence, the underlying fundamental engineering theory, 

assumptions, and software capabilities used in these studies have not been studied 

collaboratively to represent the flow phenomena occurring in mineral RC drilling applications. 

Furthermore, studies into the pressure loss in RC air drilling including hydrostatic and major 

head loss caused by pipe surface friction have not been conducted. A software simulation that 

can comprehensively represent hydrostatic and major head loss in the modelling of pressure 

drop, velocity profile and flow pattern with varied drilling depth and other variables, such as 



Chemical Engineering Research Project 

Curtin University  Software Simulation of Reverse Circulation Air Drilling 

Chloe Thiel 5 

total mass flowrate and LGR, and compute other key drilling performance related variables, 

including liquid holdup in mineral RC air drilling will create a strong foundation for optimisation 

and automation in industry. 

 Research Objectives 

The overall aim of this research project is to simulate multiphase, compressible, steady state 

flow in vertical RC air drilling of minerals through software. The research conducted will not 

determine a new numerical model, but instead use a combination of suitable existing 

engineering theory and valid assumptions to create a comprehensive simulation. This software 

simulation will be validated using analytical modelling data sourced external to this study. The 

objectives of this research project are: 

1. To establish a software simulation to model two-phase, compressible, steady state

flow in vertical RC air drilling of mineral and study the influence of hydrostatic

pressure and major head losses on the overall drill string pressure drop.

2. To investigate the influence of other system variables, including drilling depth, total

mass flowrate and LGR, on the system flow pattern, pressure drop and velocity

profile through sensitivity studies and explore key RC drilling performance related

variables, such as liquid holdup, computed by the software.

3. To validate the software simulation data by comparing analytical modelling data from

multiple sources.

1.2.2.1. Research Activities and Elements 

The objectives of this study will be achieved through the standard stages and elements of a 

research study. A Gantt chart of the various project activities outlined below can be seen as 

per Appendix A, which has been developed for clarity of the research process and tasks to be 

completed.  

For objective 1, preliminary work is to be conducted to have a deeper understanding of the 

associated context, through background reading on RC air drilling, drilling simulation software 

applications and fluid flow, in particular multiphase, compressible flow and pipe pressure drop 

correlations. Preliminary tasks also include research and familiarisation of multiphase flow 

simulation software packages to be utilised, including Schlumberger’s PIPESIM and ANSYS 

Fluent, by self-study of the software controls, assistance from supervisors and online tutorials. 

The first research stage is the planning of the research project, including the research topic, 

objectives, and scope, by performing a comprehensive literature review to critically interpret 
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associated theory and modelling from multiphase pipe flow, cuttings transportation and oil and 

gas industry studies, and determination of the research gap. The next stage of research is to 

establish a methodology, by writing a clear research project procedure based on the project 

objectives and software functionality, with revisions and further explanations provided 

throughout the progression of the project. The next research stage is modelling and data 

collection, which is the foundation of the research project and includes selecting fundamental 

models and making valid assumptions in the software to obtain a simulation that represents 

two-phase air-water, compressible, steady state flow in a specified vertical RC air drill string. 

The validity of the two-phase flow simulation will be investigated by determining the suitability 

of the underlying theoretical model assumptions and variable values used for a simple vertical 

pipe and a vertical annulus pipe through literature studies. Objective 1 is also part of the 

analysis and interpretation of data stage, which is the majority of the research project and 

includes the investigation of hydrostatic pressure and major head loss influences on the drilling 

pressure drop through simulations. The flow simulations internally compute pressure readings 

at a given node or series of nodes across the drill string pipes that can be easily exported to 

Microsoft Excel for further investigation.  

For objective 2, the modelling and data collection research stage also includes conducting 

several sensitivity studies of the multiphase flow at different drilling depth, to obtain a clear and 

comprehensive understanding of the RC air drilling flow patterns, pressure drop and velocity 

profiles, which are internally generated within the software. These sensitivity studies may also 

be repeated with alternative varied parameters, including total mass flowrate and LGR. Other 

key RC drilling variables, such as liquid holdup of the drilling fluid, that are computed by the 

software are to be explored, to allow for a more comprehensive study of the simulation and 

drill string. If the simulation of mineral RC air drilling and the associated data cannot be 

obtained using the specified software, other software packages have also been made readily 

available with sufficient prior knowledge to complete the research. 

For objective 3, the analysis and interpretation of data stage also includes the validation of the 

software simulation developed, through comparative analysis of the results collected against 

analytical models, including the Drilling Mechanics Group (DMG) analytical model and DMG 

Simulink model. From which, a clear conclusion of the model validity and recommendations 

for further research studies into other drilling variables or varied applications may be deduced. 

Preparation of an article or report for publication or submission is the final research stage, 

which requires evidence of all previous research stages and elements, compiled in a 

professional format. 
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 Significance of the Research 

The significance of this research project is the development of a software simulation that can 

model multiphase, compressible, steady state flow in vertical RC air drilling of minerals 

accurately, as there are no published models to date. Further understanding of hydrostatic 

pressure and major head losses on pressure drop, flow pattern, pressure drop and velocity 

profiles with drilling depth and other variables, and investigation of key performance-based 

variables in mineral RC air drilling may be applied and utilised by operators in the drilling 

industry, specifically onshore mineral exploration projects.  

The economic benefits of this study in improved drilling production, optimisation, and 

automation are significant contributions to the mining industry, in particular onshore mineral 

RC drilling exploration companies. This is achieved through operation within the ideal, two-

phase operating regime, reducing the pumping and diesel requirements accountings for 

majority of drilling exploration operation costs. For a 25-day drilling campaign for RC drilling, 

at a typical cost of $1.75 million, reducing downtime, diesel requirements and blockage due to 

reduced cuttings transportation can save thousands of dollars (DET CRC 2014). Hence, this 

study can is mainly classed within the mining industry as the field of endeavour under drilling 

and completions, with utilisations for onshore mineral explorations. 

 Scope and Limitations 

 Scope of the Research 

This research project aims to construct simulations of two-phase air-water, compressible, 

steady state flow in vertical RC air drilling of minerals, using commercially available software. 

This will allow the determination of the wellbore flow pattern, pressure drop, velocity profile and 

liquid holdup of the drilling system. The simulation will be used to study the influence of 

hydrostatic pressure and major head loss caused by friction on the pressure drop of a specified 

drilling pipe. The influence of other variables, including drilling depth, total mass flowrate and 

LGR on the flow pattern, pressure drop, and velocity profile is also to be thoroughly 

investigated through a series of extensive sensitivity studies. Exploration into other key 

performance related variables in RC drilling, including liquid holdup of drilling fluid, is to be 

conducted for a complete analysis of the drilling simulation. The software simulation will be 

validated using analytical model data from unpublished DMG studies. This simulation of RC 
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air drilling will satisfy the modelling requirements for use in industry operations and 

optimisation. 

 Limitations of the Research 

This study aims to develop and validate an accurate software simulation for further research 

studies and industry utilisation; however, this project has some limitations. While literature is 

available on multiphase, compressible flow in vertical pipes, pneumatic cuttings transport and 

oil and gas drilling applications, there is no prior, published studies compiling this literature for 

mineral RC air drilling and consequently, there is no available published theoretical modelling, 

software simulations or experimental field data for validation purposes. Research studies on 

RC air drilling of minerals are currently being conducted analytically and by simulations using 

engineering fundamentals within the DMG, however, the reliability of this data is unknown. The 

availability of simulation software for use may also be a research limitation, however, it should 

be noted that several simulation software packages, including readily available software used 

predominantly in the oil & gas industry, have been considered for this study. 
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2. LITERATURE REVIEW

 Content of the Literature Review 

 Mineral Drilling Background 

In the mining industry, drilling and blasting operations are the initial and foundation stages of 

the mining production or value cycle and have proven to be the most productive method of 

mineral mining, compared to traditional primary breaking techniques (Marjoribanks 2010). 

Drilling operations are largely executed using percussive or rotary drills, which are selected 

based on the specific application. Percussive drilling uses a hydraulic (or sometimes, 

pneumatic) pressurised top hammer and drill bit to cut into hard rock formations, while rotary 

drilling use purely rotating drills with specialised drill bits (Bustillo Revuelta 2018). Rotary 

drilling is most commonly utilised in mineral drilling applications. 

As a rotary drill string progresses into mineral rock, cuttings or particles are created. Drilling 

fluid, most commonly compressed air or other gas, transports the cuttings or particles from the 

wellbore bottom to the drilling surface (Zhu et al. 2015). If the drilling fluid does not have a 

sufficient carrying capacity, the mineral cuttings will not be removed from the bottom of the 

wellbore and will build up causing abrasion and erosion of the drill bit. The flow of the drilling 

fluid also dissipates the heat generated from the friction between the drill bit cones and mineral 

rock layer (Bustillo Revuelta 2018). The use of air-lift technology in rotary drilling was 

established in the 1950s and continues to be used today, due to its continuous circulation even 

in fractured or depleted ore reservoirs. In rotary drilling, the air-lifted or pneumatic cuttings 

transportation can operate in a direct or reverse circulating configurations (Zhu et al. 2015). 

 RC Air Drilling 

The principle behind RC air drilling is that the flow of drilling fluid and mineral cuttings is in the 

opposite direction to conventional direct circulation configurations. During the drilling cycle, as 

seen in Figure 2.1.2.1, the drilling air enters the top of the drilling rig through the annulus area 

between the inner vertical pipe and wellbore wall pipe, and continuously flows through this 

dual-walled pipe section by compressive power. The compressed air then enters the drill bit 

opening at the bottom of the wellbore, where the flow of air across the surface of mineral 

cuttings entrains the solid material, allowing the cuttings to be transported through the inner 
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drill string pipe to the drilling surface pneumatically (Xiumin, Yue, and Luheng 2014; Lyons et 

al. 2009).  

Figure 2.1.2.1: RC air drilling process diagram.  

Source: Figure reproduced from Xiumin, Yue, and Luheng (2014). 

In gas-lift drilling operations, such as RC air drilling, two-phase flow occurs through the annulus 

dual-wall pipe which consists of a compressible gas (i.e.: air) phase and incompressible liquid 

(i.e.: fresh water) phase. While three-phase flow occurs during pneumatic transport of mineral 

cuttings through the drill bit opening and upwards through the inner drill string pipe to the 

surface of the wellbore, which consists of a compressible gas phase, incompressible liquid 

phase and solid rock (i.e.: mineral) cuttings or particles phase (Lyons et al. 2009). 

The continuous flow of fluid and return of mineral cuttings makes this technique highly efficient 

with a high time efficiency and low labour intensity (Xiumin, Yue, and Luheng 2014). The 

advanced techniques involved in RC drilling also allows for the creation of reliable straight 

vertical and horizontal wellbore configurations, even in complex drilling applications (Zhu et al. 

2015). While, the flow of the drilling fluid and the regulation of optimal drilling rig pressures 

allow for a long drill bit life and overall wellbore stability (Xiumin, Yue, and Luheng 2014). 

As the volumetric flowrate of the compressed drilling air is directly proportional to the velocity 

of the air, the productivity of a drilling application is dependent on the rate in which the mineral 

cuttings are transported from the bottom of the wellbore through the inner drilling pipe to the 
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surface. Thus, as the air velocity allows for the continuous removal of solid cuttings from the 

bottom of the wellbore, drilling fluid flow and cuttings transport is vital to effective and 

productive drilling applications (Zhu et al. 2015). 

Modelling of RC drilling techniques in industry scenarios continue to be studied, however, the 

completeness of the models is problematic. Recently, (Dong et al. 2020) conducted a 

performance analysis on RC drilling techniques in horizontal configurations through 

experimentation, with the addition of a jet-pump design in the laboratory drilling rig prototype. 

This allowed for the study of the impact of drilling fluid flowrate, drilling fluid pressure and drill 

bit rotation on overall drilling performance and the impact of particle size and drilling fluid type 

on cuttings removal capabilities. However, this study by (Dong et al. 2020) has limited 

applications as it only investigates cuttings transport characteristics in a specified inner drilling 

pipe, excluding any study into three-phase characteristics. It also only considers horizontal 

flow configurations, hence, the pressure drop in the central drilling pipe is not the same as that 

for a vertical pipe, as it does not account for hydrostatic pressure drop. (Ganat et al. 2019) 

developed an analytical model for the frictional pressure drop in upward, two-phase, 

homogeneous, vertical flow in a wellbore. As friction on the central drill pipe surface decreases 

the flow velocity and creates a pressure drop with pipe length, the pressure drop was modelled 

for multiphase flow using fluid mechanic principles and empirical correlations, including the 

Darcy and Colebrook friction factor correlations. Sensitivity studies were also conducted for 

different drilling fluid flowrates, fluid properties and pipe diameters, which were validated using 

OLGA simulation software. While, this study by (Ganat et al. 2019) was able to investigate 

upward, vertical, two-phase flow numerically and by software simulation, the multiphase flow 

modelled was for two-phase water-oil flow. This presents different flow pattern modelling to 

that of air-water two-phase flow, because the compressibility of air impacts the density and 

pressure drop calculations significantly. This study also assumes homogeneous multiphase 

flow characteristics, which limits the frictional pressure drop data accuracy due to highly non-

homogeneous nature of the gas-water multiphase flow. In real-world mineral drilling scenarios, 

non-homogeneous, three-phase flow would occur in the inner pipe and should be consider in 

frictional pressure loss modelling. 

Some researchers also applied RC drilling to ice drilling and ice core extraction. (Cao et al. 

2018) conducted theoretical calculations for the air drilling fluid flow in RC drilling of ice cores, 

as ice chips and core transport to the drilling surface depends on the air flow properties. A 

series of studies on the central drill string pipe with different diameters were also conducted to 

determine the minimum air input pressure, using several fluid mechanics equations, such as 

the Bernoulli equation to determine the total pressure drop of the central drilling pipe, the drill 
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bit area and annulus drilling pipe, and therefore the influence of the pressure drop on ice 

cuttings and core transport. The study by (Cao et al. 2018) investigated pressure drop of the 

entire drill string, however, it only considers single-phase gas flow as opposed to multiphase 

flow, making this study limited to ice drilling and other unique applications. The studies by 

(Dong et al. 2020), (Ganat et al. 2019) and (Cao et al. 2018) discussed above, show that a 

complete model of multiphase and compressible RC drilling has not been developed, in part 

due to the complexity of modelling. 

 Fundamentals of Multiphase Flow 

Multiphase flow is based on fluid mechanics theory of the flow of two or more phases 

simultaneously. With continuous technological advancements, the importance of studying and 

developing cheap multiphase transport of resources from reservoir is increasing, in particular 

multiphase flow in a drill string. However, the variation in flow properties present in wellbore 

drilling is difficult to predict and model. The multiphase flow phenomena in vertical wellbores, 

as previously mentioned, may be modelled assuming that the compressible gas phase follows 

the ideal gas law, that the two-phase gas-liquid drilling fluid mixture is uniform and 

homogenous, and that the solid mineral cuttings are uniform in density and size with a uniform 

distribution (Lyons et al. 2009). However, this is not a realistic representation of real-world 

drilling flow for many scenarios. The use of homogeneous and uniform flow assumptions limit 

the accuracy of flow models, including pressure drop that varies drastically between 

homogeneous and non-homogenous flow, and the applications in which the model may be 

applied (Eissa and James 2017). 

The analysis of multiphase flow in a pipe can also be divided into two complexity levels: steady 

state flow and transient or dynamic flow. Steady state flow refers to a pipe system which 

experiences no major flow changes with time, which can be calculated through theoretical 

principles or empirical correlations developed from experiments and is applicable for many 

applications, including drilling operations due to the continuous drill string flow (Ellul, Saether, 

and Shippen 2004).  

2.1.3.1. Non-Homogeneous, Two-Phase Flow Modelling in Vertical Pipes 

The modelling of multiphase flow is greatly dependent on flow pattern. Flow pattern in a vertical 

pipe is defined as the vertical and radial distribution of gas and liquid. Gas-liquid flow patterns 

in non-homogeneous flow may be classified as dispersed flow, bubble flow, dispersed bubble 

flow, churn flow, annular flow, mist flow or slug flow. The most widely used empirical method 

to determine vertical flow patterns is the (Ros 1961) empirical flow pattern map, which requires 
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the calculation of the flow liquid velocity flux and gas velocity flux. While, the most common 

theoretical modelling approach for determining flow pattern in vertical pipe flow is the (Taitel, 

Bornea, and Dukler 1980) flow pattern map, which requires the calculation of  the superficial 

gas and liquid velocities.  

Another key characteristic in non-homogeneous, multiphase flow is liquid holdup, which can 

also be calculated using empirical correlations and theoretical models. The (Beggs and Brill 

1973) empirical correlation is commonly used to calculate liquid holdup in vertical and deviated 

wellbores. While theoretical approaches are dependent on flow pattern. Hence, a 

hydrodynamic liquid holdup model is required for each of the flow patterns previously 

discussed. Similar to the liquid holdup models, non-homogeneous, multiphase pressure drop 

may be determined using the empirical (Beggs and Brill 1973) correlation or using the 

theoretical approaches dependent on flow pattern. The equations discussed above in the 

determination of flow pattern, liquid holdup and pressure drop may also be applied to annulus 

pipe configurations by the use of effective variables, such as effective diameter, and correction 

factors (Lyons et al. 2009). 

Numerous researchers have investigated non-homogeneous, multiphase flow in vertical pipe 

configurations over the last few decades. Most recently, (Adaze, Badr, and Al-Sarkhi 2019) 

developed a computational fluid dynamic (CFD) model for annular pattern, two-phase flow in 

a vertical pipe towards the onset of liquid film reversal. The model incorporated the use of the 

mass and momentum conservation equations, turbulence modelling, surface tension modelling 

and single-phase properties, to investigate the superficial gas and liquid velocities, and the 

impact of superficial velocities on the two-phase velocity profile, liquid volume fraction and slip 

velocity. This study by (Adaze, Badr, and Al-Sarkhi 2019) modelled non-homogeneous, 

multiphase flow in a vertical pipe configuration, however, flow was only modelled for the 

annular flow pattern with a mean fluid velocity up to 38 m/s within the CFD model. Multiphase 

flow through the inner drilling rod experiences changes in flow pattern with drilling depth due 

to the change in air density, typically from a well-mixed pattern, such as annular or mist flow, 

to a flow pattern with high liquid holdup, such as slug flow. This results in a significant decrease 

in mean fluid velocity and increase in liquid holdup, which is not considered by the single flow 

pattern CFD simulation. 

Research on the effects of shockwaves on compressible, multiphase flow has become an area 

of great endeavour in the last year, which is highly applicable to mineral RC drilling due to 

blasting operations in close proximity. (Nguyen et al. 2021) and (Nguyen, Phan, and Park 

2021) studied the shock and interface capturing method to simulate compressible multiphase 
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flow with shockwaves, using multi-dimension curvilinear coordinated framework for finite-

volume differencing scheme of high order and a Godunov-type numerical scheme, 

respectively. However, these models only consider transient, highly turbulent mixing as a result 

of underwater explosions and shockwaves which limits the results applicability. (Aslani and 

Regele 2018) analytically modelled compressible, multiphase flow using mass, momentum 

and energy continuity equations and (Le Métayer, Massoni, and Saurel 2005)’s stiffened gas 

equation of state, which is used for modelling compressible flow with interfaces and has been 

validated by various experimental research studies. This model developed by (Aslani and 

Regele 2018) is also limited to transient, highly turbulent flow with extensive modelling of eddy 

propagation. (Houim and Oran 2016) modelled compressible, multiphase gas-solid flow to 

predict flow behaviour with shockwaves, using Euler equations for gas and solid phases. 

However, this study has limited applicability due to its single-phase drilling fluid and turbulent, 

transient flow modelling. These studies discussed above, investigated the impact of 

shockwaves on a single phase and multiphase flow, which could be a great direction for further 

research from standard RC air drilling simulation.  

2.1.3.2. Multiphase Flow with Variations in Pipe Diameter 

When a multiphase flow mixture is expanded through a pipe component, it diverges due the 

increase flow cross sectional area, decreasing the fluid velocity and hence, increasing the 

static pressure in the pipe due to conservation of energy. Flow expanders and restrictors can 

include flowmeters, safety flow valves, tubing centralisers, wellhead chokes and pipe 

components, such as valves, elbows and drill bit openings (Eissa and James 2017). 

The multiphase flow pressure drop through various pipe components and fittings is based 

primarily on resistance in the specified type of component, for example a globe valve. The 

(Sookprasong, Brill, and Schmidt 1986) two-phase flow pressure drop over piping components 

and fittings equation, and the (Crane 2009) single-phase resistance coefficients, K can be used 

for a large range of scenarios, including components and fitting on wellbore drilling rigs. 

However, no recent studies have been conducted to calculate pipe component pressure drop 

in multiphase flow or drilling industry applications. 

 Fundamentals of Pneumatic Cuttings Transport 

For effective mineral drilling, solid cuttings created at the bottom of a wellbore must be carried 

to the drilling surface by entrainment into the drilling fluid (Caenn, Darley, and Gray 2017). 

Therefore, the flow of a drilling fluid and solid cuttings must both be modelled in the inner drill 

string pipe by three-phase flow (Lyons et al. 2009). The flow properties of the compressible 
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gas and incompressible liquid phases in the drilling fluid and size, shape and type of solid 

cuttings must be considered in three-phase modelling, as well as the operating conditions, 

such as temperature and pressure (Pedrosa, Saasen, and Ytrehus 2021). 

2.1.4.1. Cuttings Transport Modelling in Vertical Pipes 

The underlying principles of pneumatic cuttings transport are the internal forces imposed on 

and by the solid cuttings. Hence, for upward, three-phase, flow in a vertical drilling pipe, a 

number of variables must be calculated through continuity equations and fluid mechanic 

principles, including individual phase mass and volumetric flowrates, total mass flowrate, 

specific weight of the three-phase mixture, velocity of the three-phase mixture and friction 

factor for the laminar, transitional or turbulent flow based on the Reynolds number, to model 

the cuttings transport phenomena (Lyons et al. 2009). 

Pneumatic cuttings transport in simple, vertical pipe configurations has been thoroughly 

researched throughout industry. Research has also been conducted in modelling pneumatic 

cuttings transport for RC air drilling applications. (Zhu et al. 2015) mathematically modelling 

the motion of solid cuttings and particles in RC air drilling in both the axial and radial directions. 

The axial motion considered aerodynamic drag, friction, and weight forces of the solid cuttings, 

while the radial motion was modelled by considering aerodynamic drag and friction forces. The 

research by (Zhu et al. 2015) modelled pneumatic cuttings transport in mineral RC air drilling, 

however, this model is limited to the single-phase drilling fluids, which is not common in real 

world drilling applications. Hence, the accuracy of this model and results for use in multiphase 

drilling fluid cuttings transport is limited. 

Some researchers have extended general pneumatic cuttings transport modelling to specific 

RC air drilling applications in the exploration of resources and other scientific endeavours. In 

the last year, (Han, Song, and Li 2020) numerically modelled pneumatic cuttings removal in 

the inner drilling pipe during RC drilling of coal seam. This enabled further experimental 

analysis of the velocity profile and the effect of drilling fluid air velocity, solid cuttings mass 

flowrate and solid cuttings particle size on overall pressure to be investigated through a series 

of sensitivity studies. However, this study by (Han, Song, and Li 2020) modelled the flow 

characteristics of cuttings in a single gas phase. The numerical model was also based on a 

series of uniform particle flow and size assumptions, which limits the result accuracy. (Han, Li, 

and Li 2020) developed a CFD simulation using the QUICK and SIMPLE algorithms for 

pneumatic cuttings transport in RC drilling of a coal seam. The simulation encompassed two-

phase air-cuttings flow in the inner drill string pipe, from which the impact of air velocity and 
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solid cuttings mass flowrate on flow behaviour and cuttings removal rate was studied. Similarly, 

(Xiao-ming et al. 2017) analytically modelled mineral cuttings transport phenomena in RC 

drilling for a coal seam. A pressure drop model was developed from a combination of continuity 

equations (i.e.: mass, momentum, energy) and two-phase gas-solid flow theory. The model 

was used to conduct sensitivity studies for varying inlet pressures, solid cuttings mass flowrate 

and solid cuttings size. These studies by (Han, Li, and Li 2020) and (Xiao-ming et al. 2017) 

modelled multiphase flow in the inner drilling pipe, however, the models and results obtained 

have limited applications due to the single phase drilling fluid flow. 

Alternatively, (Cao et al. 2019) theoretically studied pneumatic transport of ice chips and cores 

in RC air drilling. Thorough analytical investigation and modelling of the air and ice properties, 

and flow characteristics were conducted for vertical, non-homogenous, two-phase gas-solid in 

the inner drilling pipe. This also allowed the determination of the minimum required volumetric 

flowrate of gas to meet the desired quantity of ice chips and cores. While the research by (Cao 

et al. 2019) was able to study pneumatic cuttings transport in RC drilling, the model did not 

attempt to model multiphase flow scenarios. The models and results obtained in the studies 

mentioned above are highly specific to oil and gas, and ice drilling applications which varies 

significantly from mineral applications, due to the complexity involved in compressible, 

multiphase flow modelling. 

 Research Gap 

For the research and mining industries to obtain a comprehensive understanding of mineral 

RC air drilling, and to assist in automation and in-situ monitoring of RC drilling, a software 

simulation is to be developed and validated against analytical data. Currently, there is no 

software or complete simulation that has been published in open literature for vertical, non-

homogeneous, multiphase, compressible, steady state flow with or without cuttings 

transportation in a dual wall drill string (i.e.: central pipe and outer annulus) to investigate flow 

pattern, pressure drop, velocity profile and liquid holdup. Many chemical engineering 

multiphase compressible flow applications are for steady state horizontal pipes. However, the 

hydrostatic pressure in a vertical pipe account for a significant part of the pressure drop 

calculations, which has not been addressed in the literature. Based on the research gap 

identified, the significance, scope and limitations of this research project were revised as 

previously detailed in sections 1.3. Significance of the Research and 1.4. Scope and Limitation. 
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3. METHODOLOGY

The following section introduces the simulation software utilised for the simulation of 

multiphase, compressible, steady state flow in vertical RC air drilling. The software chosen will 

allow for the study of the influence of hydrostatic pressure and major head losses on the overall 

drill string pressure drop, influence of specific variables, such as drilling depth, total mass 

flowrate and LGR on the flow pattern, pressure drop and velocity profiles, and other 

performance-related variables, such as liquid holdup. The simulation software selected were 

ANSYS Fluent 2020 R2 and Schlumberger’s PIPESIM, in which their advantageous features, 

applications, and methodology have been discussed below.  

The stages involved in each of the simulation methodologies are also specified for the creation 

of the drilling system geometry, convergence of a modelling solution and validation of the 

model. The general simulation methodology for ANSYS Fluent has been applied to single-

phase air and water flow through the inner and outer annulus drill pipe. The methodology for 

the PIPESIM simulations has been to be applied to single-phase air and water flow, and two-

phase air-water flow for the inner and outer annulus drill pipe. The single-phase flow 

simulations have been validated by comparative analysis of ANSYS Fluent, PIPESIM, the 

DMG analytical model and DMG Simulink results for the inner drilling pipe, and ANSYS Fluent 

and PIPESIM results for the outer annulus drilling pipe. The two-phase flow simulations were 

validated by comparison between PIPESIM, the DMG analytical and DMG Simulink model 

results for the inner drill string pipe, while the outer annulus pipe PIPESIM results were 

considered valid based on the various validation made previously, however, further validation 

may be conducted. All simulations results and analyses have been saved and organised as 

per a Data Management Plan (DMP), which can be seen as per Appendix B. 

Simulation Software 

 ANSYS Fluent 2020 R2 Software 

ANSYS Fluent is a fluid simulating software, highly regarded in industry for its extensive 

physics modelling applications and renown accuracy (ANSYS 2021). ANSYS Fluent was 

primarily selected as simulation software for the modelling of vertical RC air drilling due to its 

array of multiphase flow modelling capabilities, including for homogeneous and non-

homogeneous, compressible gas-liquid and particle flows, in the most challenging flow 
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geometries, such as drill string. This software was also readily available for students through 

university facilities. ANSYS Fluent has been utilised for a series of multiphase flow studies, 

including the study previously discussed by (Adaze, Badr, and Al-Sarkhi 2019) on two-phase, 

vertical flow modelling towards the onset of liquid film reversal, which utilised commercial 

ANSYS Fluent version 16.1 to construct and run two-dimensional (2D) axisymmetric 

simulations. Research conducted by (Ben Mahmud 2012) on three-dimensional (3D), two-

phase flow in a horizontal pipe modelling used the Eulerian (i.e.: non-homogeneous) model in 

ANSYS Fluent version 12.1 to conduct CFD calculations. Studies as early as beginning of the 

21st century have used ANSYS Fluent, including studies by (Ghorai and Nigam 2006) on two-

phase CFD modelling in vertical pipes which utilised the Eulerian model in ANSYS Fluent 

version 6 to determine flow patterns and interfacial phenomena. The extensive array of 

research studies on flow phenomena present in a drill string validates the applicability of this 

software for RC air drilling simulation.  

 Schlumberger’s PIPESIM Software 

PIPESIM by Schlumberger is a multiphase, steady state flow simulator for the analysis and 

optimisation of wellbore drilling and drilling surface networks. PIPESIM was selected based on 

its wide array of single and multiphase flow correlations capable of determining flow pattern, 

pressure drop and liquid holdup for vertical and horizontal wellbore configurations 

(Schlumberger 2020). This software was also selected based on readily available university 

licensing provided by Schlumberger. PIPESIM has not been utilised in any research studies 

for pipeline or wellbore drilling applications at present, therefore, the uniqueness of utilising 

this software was another means for the selection of the software. This software was selected 

as the primary software for simulation and validation at this stage of research, as the large 

simulation solving time and common divergence of solutions in ANSYS Fluent was considered 

as potentially limiting to the research progress. Hence, ANSYS Fluent was only utilised for the 

simulation of single phase air and water flow. 

 ANSYS Fluent Simulation Procedure 

The ANSYS Fluent simulation software follows a standard procedure for the creation and 

analysis of any fluid flow, which can be followed below as per Figure 3.2.1. Each stage of the 

procedure has been specifically detailed in subsequent sections for the simulation of 

compressible, multiphase, steady state flow in RC air drilling. 
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Figure 3.2.1: Flow diagram of ANSYS Fluent simulation procedure. 

Source: Figure reproduced from Ben Mahmud (2012). 

Preliminary Conceptual Design and Planning 

Before any ANSYS Fluent software simulation could be initiated, a thorough understanding of 

the drill string geometry, including dimensions, boundary conditions, such as single-phase 

velocity and gauge pressure, and flow characteristics, such as homogeneous or non-

homogeneous flow were required. Based on field data and the requirements for simulation, a 

preliminary design was developed, as seen by Figure 3.2.1.1. 
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Figure 3.2.1.1: Preliminary design for software simulation 

Source: Figure reproduced from Quyn (2020). 

Construction of Drill String Geometry 

Each simulation was set up initially through ANSYS Workbench, which is an interface that 

allows the communication between major ANSYS software, including the connection of the 

simulation base geometry, mesh geometry and Fluent flow analysis, to obtain an effective and 

complete simulation. The creation of all geometry was performed using ANSYS 

DesignModeler, which is the original ANSYS computer-aided design (CAD) program, which 

allows the creation of simple 2D geometry to highly complex 3D geometry. This program was 

used to develop the inner cylindrical and outer annulus drilling pipe geometries as per the 

preliminary conceptual design (Figure 3.2.1.1). 

Generation of Drill String Mesh 

Once the complete geometry was created and updated in ANSYS Workbench, a mesh 

geometry with a 1 m element size was generated for the inner cylindrical and outer annulus 
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drilling pipe flow geometries. During this stage, the geometry boundaries were also specified 

as flow inlet, flow outlet, fluid wall and internal fluid. 

Simulation of Drill String Fluid Flow 

Using the previously constructed drill string meshes, ANSYS Fluent was used to analyse the 

flow of single-phase air and water through the inner cylindrical and outer annulus drill pipe 

individually. The ANSYS Fluent solver was set up systematically by specifying general setup, 

such as steady state flow, fluid materials and boundary conditions, and solution settings, 

including the flow phenomena present and analytical models selected, as prompted by the 

program.  

The ANSYS Fluent analysis was initialised using the boundary condition data and solved for a 

minimum of 100 iterations. If the solution diverged and the calculations were not completed, 

the flow diagram in Figure 3.2.1 was followed for problem identification and simulation 

repetition. However, if the solution converged, the simulation results were analysed and 

validated. 

 PIPESIM Simulation Procedure 

The PIPESIM simulation software uses a slightly different procedure from other simulation 

software, as it is only applicable for wellbore drilling systems. This procedure can be followed 

below as per Figure 3.3.1, where each stage of the procedure has been described in 

subsequent sections. 
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Figure 3.3.1: Flow diagram of PIPESIM simulation procedure. 

Source: Figure reproduced from Ben Mahmud (2012). 

Preliminary Conceptual Planning 

Before creating a PIPESIM simulation, the drill string geometry, such as dimensions, and 

boundary conditions, such as single-phase volumetric flowrates, mixture mass flowrate and 

absolute pressure were specified. These specification for PIPESIM simulations, have also 

been detailed in the preliminary design as per Figure 3.2.1.1. 

Construction of Drill String Geometry 

All PIPESIM simulations were set up as a ‘New Centric Wellbore’, which has a simple user 

interface that allows the creation of a 2D schematic wellbore and drill string geometry through 

drag and drop of components, such as inner pipe tubing, completions, and surface equipment. 

This function was used to develop wellbore and complete drill string geometries, as per the 

preliminary conceptual design (Figure 3.2.1.1). 

Simulation of Drill String Fluid Flow 

The PIPESIM software was then used to analyse the flow of single-phase air and water, and 

two-phase, air-water through the inner cylindrical and outer annulus drill pipe. The PIPESIM 
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flow analyser function was easily utilised, as it only required the use of the ‘Model Calibration 

– Data Comparison’ function and specification of the outlet pressure and single-phase

volumetric flowrate or multiphase mass flowrate, to determine the inlet or wellbore bottom

pressure and various other system variables. This function also allowed for the selection of the

calculation correlation used, in which multiple models can be selected and results compared.

The complete list of 24 available correlations and acronyms used can be seen as per Table

3.3.1. The correlations utilised were chosen based on the whether the correlation was

homogeneous or non-homogenous, other key assumptions such as for vertical or horizontal

flow, the age of the most revised version and the extent of use in similar multiphase flow

research studies. If the solution diverged and the results could not be obtained, the flow

diagram for PIPESIM simulations in Figure 3.2.1 was used to identify the root cause and the

simulation was repeated. If the solution converged, the simulation results were analysed and

validated, as in the ANSYS Fluent simulations.

Table 3.3.1: Summary of the available PIPESIM multiphase flow correlations. 

Correlation Acronym Source 
Aziz Govier Fogarasi Agf1 Neotec 
Govier, Aziz & Fogarasi GA Baker Jardine 
Govier, Aziz [Tulsa (Legacy 1989)] TGA Tulsa (Legacy 1989) 
Ansari ANSARI Tulsa (Legacy 1989) 
Beggs & Brill Original BBO Baker Jardine 
Beggs & Brill Revised BBR Baker Jardine 
Beggs & Brill Revised [Tulsa (Legacy 1989)] TBB Tulsa (Legacy 1989) 
Duns & Ros [Baker Jardine] DR Baker Jardine 
Duns & Ros [Tulsa (Legacy 1989)] TDR Tulsa (Legacy 1989) 
Gomez Gomez1 Neotec 
Gomez Enhanced Gomez2 Neotec 
Hagedorn & Brown (Original) [Tulsa (Legacy 1989)] THB Tulsa (Legacy 1989) 
Hagedorn & Brown (Revised) HBR Baker Jardine 
Hagedorn & Brown (Revised), Duns & Ros map HBRDR Baker Jardine 
Hagedorn & Brown (Revised) [Tulsa (Legacy 1989)] TBHR Tulsa (Legacy 1989) 
Mukherjee & Brill [Baker Jardine] MB Baker Jardine 
Mukherjee & Brill [Tulsa (Legacy 1989)] TMB Tulsa (Legacy 1989) 
No Slip Assumption NO SLIP Baker Jardine 
Orkiszewski [Baker Jardine] ORK Baker Jardine 
Orkiszewski [Tulsa (Legacy 1989)] TORK Tulsa (Legacy 1989) 

 Analysis and Validation of Simulation Results 

The results generated from the single-phase and two-phase flow simulations in the inner and 

outer annulus drilling pipes using ANSYS Fluent and PIPESIM, were analysed and validated 

based mainly on the pressure drop (and velocity profiles) with depth inside the drilling pipe, as 
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it is the primary variable of study. For single-phase flow within the inner and outer drill pipes, 

the ANSYS Fluent and PIPESIM simulations pressure drop and velocity profiles with depth 

inside the drill pipe were compared for analysis and validation based on deviations and 

correlation assumptions. For two-phase air-water flow within the inner and outer drill pipes, the 

PIPESIM simulation pressure drop with depth inside the drill pipe were compared to the DMG 

analytical and DMG Simulink model for analysis and were validation based on variations 

between pressure values, as well as model applicability and assumptions. 

 Evaluation of Methodology

The selection of the ANSYS Fluent and PIPESIM software for the simulation of RC air drilling 

show conclusive results for both single- and two-phase, steady state flow in the inner and outer 

drill string pipes. The procedures used in both software are generic and based on systematic 

simulation requirements, however, due to only recent software access and inexperience in the 

ANSYS Fluent and PIPESIM software, the repetition of procedures in Figure 3.2.1 and Figure 

3.3.1 during divergent solution problems proved to be significantly time consuming and it was 

sometimes difficult identify root causes. The capabilities of ANSYS Fluent and PIPESIM to 

predict temperature change in the wellbore is also to be further investigated, as the 

homogeneous DMG analytical model assumes that the temperature profile is isothermal for a 

wellbore depth of 90 m. The temperature profile is significant in the simulation of compressible, 

multiphase flow as it impacts the air density and pressure drop of the overall drill string.  

Upon use of the PIPESIM software, it was found that there were several limitations to the 

analysis capabilities. PIPESIM uses nodal analysis which is only capable of determining 

variables at a single node, in this case the wellbore bottom. Therefore, variable profiles such 

as pressure and velocity profiles could not be obtained by a single geometry. Rather several 

simulations had to be run with various depths to obtain appropriate pressure drop and velocity 

profiles. This program also allowed for the development of a wellbore and complete drill string 

geometry however, it is only designed to analyse flow from the wellbore bottom to drilling 

surface. Hence, the outer annulus drill string pipe geometry construction was only made 

possible through an unconventional, equivalent-based approach. Due to these limitations, the 

ANSYS Fluent, DMG analytical model and DMG Simulink results for single-phase and DMG 

analytical model and DMG Simulink results for two-phase flow utilised for validation of the 

result obtained by the PIPESIM simulations are vital to the research feasibility. 
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4. RESULTS AND DISCUSSION

The following section critically analyses the results obtained from the simulations of the inner 

and outer drill string pipes using PIPESIM. Based on the pressure drop and velocity profiles, 

the simulation results have been compared to the ANSYS Fluent, DMG analytical model and 

DMG Simulink results for validation and explanation for variations between results have been 

addressed. It should be noted that the validation of each of the single-phase and two-phase 

simulations stages are important to ensure the validity and accuracy of the final complete drill 

string simulation. The impact of the simulation methodology and software models on the 

research results, and the gaps in the research results have been discussed. The learnings 

from the simulation results and objectives achieved include successful simulation of single-

phase air and water flow, and simulation of two-phase air-water flow through the inner and 

outer pipe of a RC drill string as specified in the research project objectives. The creation of 

the complete drill string pipe simulations and various sensitivity studies allowed for the 

development of a series of operational charts applicable for utilisation by mineral drilling 

operators for process optimisation and future automation of RC drilling applications. The 

operational boundaries identified will allow for reduced pressure drop due to decreased liquid 

holdup leading to a reduction in fuel consumption, increased cuttings transportation and 

removal and hence, greater RC drilling profitability in industry. 

 Single Phase Air Flow in RC Drilling 

 Single Phase Air Flow in Inner Drill String Pipe 

The inner drilling rod was simulated in PIPESIM for pure, single-phase air flow based on a 

mass flowrate of 0.426 kg/s, which is the mass flowrate of the air within the two-phase air-

water flow from field data and outlet pressure of 1.5 bar(a), as summarised in Figure 3.2.1.1. 

The composition of air was specified as 79 volume% nitrogen and 21 volume% oxygen gases 

with a LGR, which is the ratio of the liquid water mass flowrate over the gas air mass flowrate, 

of zero. The air properties were then specified by the inbuild PIPESIM functions. The friction 

factor correlation was specified by the inflow performance relationship (IPR) model selected. 

The Well PI model was used for all PIPESIM simulations, which required user specification of 

the IPR basis of either gas or liquid phase, in which gas phase was selected and the associated 

productivity index of 1.14E-11 m3/(s.Pa2) was used. The PIPESIM overall pressure drop and 

change in velocity of the single-phase, air flow in the inner pipe from a wellbore depth of 90 m 
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to the drilling surface are presented in Figures 4.1.1.1 and 4.1.1.2. As PIPESIM can only 

perform nodal analysis for a single point, the figures below are not a representation of the 

pressure drop or velocity profiles, but rather an indication of the overall change with drilling 

depth. The inner drilling rod was also simulated in ANSYS Fluent for pure, single-phase air 

flow based on an outlet single-phase velocity of 135.8 m/s and outlet pressure of 1.5 bar(a), 

as per Figure 3.2.1.1. The composition and properties of air was specified by the ANSYS 

Fluent Database Materials based on the outlet conditions. The friction factor correlation was 

specified by the viscous model selected in ANSYS Fluent. The realised k-epsilon viscous 

model with enhanced wall treatment was used for this simulation as per Appendix C – Figure 

C.1, in which the wall roughness was specified as 0.0002 m and the remaining equation

variables were left as the default values, as seen in Appendix C – Figure C.2. The pressure

drop and velocity profiles of the single-phase air flow from a wellbore depth of 90 m to the

drilling surface are also presented in Figures 4.1.1.1 to 4.1.1.2.

Figure 4.1.1.1: Comparison of single-phase air, inner pipe flow pressure drop 

profiles from PIPESIM, ANSYS Fluent, DMG analytical model and DMG Simulink 

model. 
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Figure 4.1.1.2: Comparison of single-phase air, inner pipe flow velocity profiles from 

PIPESIM, ANSYS Fluent, DMG analytical model and DMG Simulink model. 

The results obtained from PIPESIM and ANSYS Fluent for the single-phase compressible air 

flow in the inner drill pipe can be compared against each other and the DMG analytical and 

Simulink models for a complete validation of the results. The comparison of the pressure drop 

results (Figure 4.1.1.1) and velocity change results (Figure 4.1.1.2) from PIPESIM and ANSYS 

Fluent show some variation from the DMG analytical and Simulink model with an overall 

pressure drop of 3.70 bar(a) and 3.69 bar(a), respectively. Figure 4.1.1.1 shows a difference 

of 0.23 bar(a) and 0.71 bar(a) between the DMG analytical model pressure drop and pressure 

drops calculated by the PIPESIM and ANSYS Fluent simulations, respectively. The graph also 

shows a difference of 0.24 bar(a) and 0.70 bar(a) between the DMG Simulink model pressure 

drop and pressure drops calculated by the PIPESIM and ANSYS Fluent simulations, 

respectively. These variations may be attributed to differences in the frictional pressure loss 

models, that may account for a lower pressure loss in the case of the ANSYS Fluent results, 

and the non-isothermal temperature models, that influence the density of the compressible air 

and hence, hydrostatic pressure loss. Figure 4.1.1.2 presents a variation of 2.97% and 6.10% 

for the air flow at the bottom of the wellbore and a variation of 0.86% and 46.64% for air flow 

at the drill string surface, for the PIPESIM and ANSYS Fluent simulations against the DMG 

analytical model, respectively. The graph also shows a difference of 3.22% and 6.35% for the 

air flow at the bottom of the wellbore and a variation of 1.49% and 46.31% for air flow at the 

drill string surface, for the PIPESIM and ANSYS Fluent simulations against the DMG Simulink 
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model, respectively. These are also attributed to the frictional pressure loss models which may 

account for increased wall friction and a greater decrease in gas velocity, in the case of the 

ANSYS Fluent simulation results, as well as variations in non-isothermal temperature profile. 

Hence, this range of variation in the pressure drop and velocity values for the PIPESIM results 

can be considered acceptable for further research and simulation, while ANSYS Fluent 

requires additional validation studies. 

 Single Phase Air Flow in Outer Annulus Drill String Pipe 

The outer annulus drilling pipe was simulated in PIPESIM for pure, single-phase air flow based 

on a mass flowrate of 0.853 kg/s, which is the mass flowrate of the air within the two-phase 

air-water flow from field data and inlet pressure of 50 bar(a), as summarised in Figure 3.2.1.1. 

The composition of air was specified as 79 volume% nitrogen and 21 volume% oxygen gases 

with a LGR, which is the ratio of the liquid water mass flowrate over the gas air mass flowrate, 

of zero. The air properties were then specified by the inbuild PIPESIM functions. The friction 

factor correlation was specified by the inflow performance relationship (IPR) model selected. 

The Well PI model was used for all PIPESIM simulations, which required user specification of 

the IPR basis of either gas or liquid phase, in which gas phase was selected and the associated 

productivity index of 1.14E-11 m3/(s.Pa2) was used. The PIPESIM overall pressure drop and 

change in velocity of the single-phase air flow in the outer annulus pipe from the drilling surface 

to a wellbore depth of 90 m are presented in Figures 4.1.2.1 and 4.1.2.2. As PIPESIM can only 

perform nodal analysis for a single point, the figures below are not a representation of the 

pressure drop or velocity profiles, but rather an indication of the overall change with drilling 

depth as previously stated. The outer annulus drill pipe was also simulated in ANSYS Fluent 

for pure, single-phase air flow based on an inlet single-phase velocity of 18.3 m/s and outlet 

pressure of 1.5 bar(a), as per Figure 3.2.1.1. The composition and properties of air was 

specified by the ANSYS Fluent Database Materials based on the inlet conditions. The friction 

factor correlation was specified by the viscous model selected in ANSYS Fluent. The realised 

k-epsilon viscous model with enhanced wall treatment was used for this simulation as per

Appendix C – Figure C.1, in which the wall roughness was specified as 0.0002 m and the

remaining equation variables were left as the default values, as seen in Appendix C – Figure

C.2. The pressure drop and velocity profiles of the single-phase, annulus pipe air flow from the

drilling surface to a wellbore depth of 90 m are also presented in Figures 4.1.2.1 to 4.1.2.2.



Chemical Engineering Research Project 

Curtin University  Software Simulation of Reverse Circulation Air Drilling 

Chloe Thiel 29 

Figure 4.1.2.1: Comparison of single-phase air, outer annulus pipe flow pressure 

drop profiles from PIPESIM and ANSYS Fluent. 

Figure 4.1.2.2: Comparison of single-phase air, outer annulus pipe flow velocity 

profiles from PIPESIM and ANSYS Fluent. 

The results obtained from PIPESIM and ANSYS Fluent for the single-phase compressible air 

flow can be compared against each other for validation of the results. The comparison of the 

pressure drop results (Figure 4.1.2.1) and velocity change results (Figure 4.1.2.2) from 

PIPESIM and ANSYS Fluent show some variation. Figure 4.1.2.1 shows a difference of 0.1 

bar(a) in overall pressure drops. This may be attributed to variations in the frictional pressure 
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loss models, that may account for a lower pressure loss in the case of the ANSYS Fluent 

results, and the on-isothermal temperature models, that influence the density of the 

compressible air and hence, hydrostatic pressure loss. Figure 4.1.2.2 presents a variation of 

0.65% and 2.60% in wellbore surface velocities and 90 m wellbore bottom velocities, 

respectively. This is also attributed to the frictional pressure loss models which may account 

for decreased wall friction and a greater increase in gas velocity, in the case of the PIPESIM 

simulation results, as well as variations in non-isothermal temperature profile. Hence, this 

range of variation in the pressure drop and velocity values can be considered as acceptable 

for PIPESIM and ANSYS Fluent, due to previous preliminary validation of single phase, 

compressible air flow modelling using PIPESIM and ANSYS Fluent for the inner drill string rod 

geometry. 

 Single Phase Air Flow Modelling Evaluation 

The approach to selecting the simulation basis, including density or pressure and simulation 

models, such as the Well PI IPR model in PIPESIM and realised k-epsilon viscous model in 

ANSYS Fluent, were mainly iterative and extremely time consuming due to the unfamiliarity of 

the array of models that may be used in compressible gas modelling and the inexperience with 

the PIPESIM and ANSYS Fluent software. Due to these aspects of the simulation 

methodologies, the simulation results obtained were impacted particularly for the ANSYS 

Fluent simulations, as more appropriate and accurate models may have been selected. 

Therefore, the quality, quantity and range of results may have been increased with greater 

knowledge and experience.  

The key learnings developed from this aspect of the research project were the fundamental 

basis for accuracy and validity of the simulation of multiphase vertical flow in a RC drilling rig. 

These learnings include use of the PIPESIM and ANSYS Fluent software for compressible gas 

flow, familiarity with vertical flow correlations, and general knowledge on what pressure drop 

and velocity profiles may be expected. The results and overall findings obtained from the flow 

of compressible air in the inner and outer drill pipes were the basis data for the simulation of 

two-phase air-water flow. 
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 Single Phase Water Flow in RC Drilling 

 Single Phase Water Flow in Inner Drill String Pipe 

The inner drilling rod was simulated in PIPESIM for pure, single-phase water flow based on a 

mass flowrate of 0.725 kg/s, which is the mass flowrate of the water within the two-phase air-

water flow from field data and outlet pressure of 1.5 bar(a), as summarised in Figure 3.2.1.1. 

The properties of water were specified by built in PIPESIM functions, with an infinite LGR, 

which is the ratio of the liquid water mass flowrate over the gas air mass flowrate. The friction 

factor correlation was specified by the IPR model as previously discussed, in which the Well 

PI model was also used for this PIPESIM simulation on a liquid phase basis and using a 

productivity index of 4.83E-9 m3/(s.Pa). The overall pressure drop and change in velocity of 

the upward vertical water flow from a depth of 90 m to the drilling surface are presented in 

Figures 4.2.1.1 and 4.2.1.2. The inner drilling rod was also simulated in ANSYS Fluent for 

pure, single-phase water flow based an outlet single-phase liquid velocity of 0.38 m/s and 

outlet pressure of 1.5 bar(a), as per Figure 3.2.1.1. The properties of water were specified by 

the ANSYS Fluent Database Materials based on the outlet conditions. The friction factor 

correlation was specified by the viscous model selected in ANSYS Fluent, similar to the single-

phase air flow simulation. The realised k-epsilon viscous model with enhanced wall treatment 

was used for this simulation as per Appendix C – Tables C.1, in which the wall roughness was 

specified as 0.0002 m and the remaining equation variables were left as default, which can be 

seen in Appendix C – Table C.2. The pressure drop and velocity profiles of the single-phase 

water flow from a depth of 90 m to the drilling surface are also presented in Figures 4.2.1.1 to 

4.2.1.2.  



Chemical Engineering Research Project 

Curtin University  Software Simulation of Reverse Circulation Air Drilling 

Chloe Thiel 32 

Figure 4.2.1.1: Comparison of single-phase water, inner pipe flow pressure drop 

profiles from PIPESIM, ANSYS Fluent, DMG analytical model and DMG Simulink 

model. 

Figure 4.2.1.2: Comparison of single-phase water, inner pipe flow velocity profiles 

from PIPESIM, ANSYS Fluent, DMG analytical model and DMG Simulink model. 

The results obtained from PIPESIM and ANSYS Fluent for the single-phase liquid water flow 

can be comparatively analysed against the DMG analytical and DMG Simulink models for a 

complete validation of the simulation results obtained. The comparison of the pressure drop 
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results in Figure 4.2.1.1 and velocity change results in Figure 4.2.1.2 from PIPESIM and 

ANSYS Fluent show some variation. The overall pressure drops from the PIPESIM and 

ANSYS Fluent simulations show a difference of 1.40 bar(a) and 0.27 bar(a) from the DMG 

analytical model, respectively. While the overall pressure drops from the PIPESIM and ANSYS 

Fluent simulations show a difference of 2.33 bar(a) and 1.20 bar(a) from the DMG Simulink 

model, respectively. This is attributed to the frictional pressure loss models used, that may 

account for a greater pressure loss in the case of PIPESIM and hence, increase the hydrostatic 

pressure loss. The overall velocity changes presented in Figure 4.2.1.2 show a variation of 

1.30% and 0.14% for the water flow at the wellbore bottom and a variation of 1.30% and 2.06% 

for the water flow at the drill string surface between the PIPESIM and ANSYS Fluent simulation 

results and both the DMG analytical and Simulink models. This may also be attributed to the 

frictional pressure loss models which may account for increased wall friction and a greater 

decrease in liquid velocity, in the case of the ANSYS Fluent simulations. 

 Single Phase Water Flow in Outer Annulus Drill String Pipe 

The outer annulus drill pipe was simulated in PIPESIM for pure, single-phase water flow based 

on a mass flowrate of 1.45 kg/s, which is the mass flowrate of the water within the two-phase 

air-water flow from field data and inlet pressure of 50 bar(a) as summarised in Figure 3.2.1.1. 

The properties of water were specified by built in PIPESIM functions, with an infinite LGR, 

which is the ratio of the liquid water mass flowrate over the gas air mass flowrate. The friction 

factor correlation was specified by the IPR model as previously discussed, in which the Well 

PI model was also used for this PIPESIM simulation on a liquid phase basis and using a 

productivity index of 4.83E-9 m3/(s.Pa). The overall pressure drop and change in velocity of 

the downward water flow in an annulus pipe from the drilling surface to a drilling depth of 90 m 

are presented in Figures 4.2.2.1 and 4.2.2.2.  

The inner drilling rod was also simulated in ANSYS Fluent for pure, single-phase water flow 

based an inlet single-phase liquid velocity of 0.44 m/s and inlet pressure of 50 bar(a), as per 

Figure 3.2.1.1. The properties of water were specified by the ANSYS Fluent Database 

Materials based on the inlet conditions. The friction factor correlation was specified by the 

viscous model selected in ANSYS Fluent, similar to the single-phase air flow simulation. The 

realised k-epsilon viscous model with enhanced wall treatment was used for this simulation as 

per Appendix C – Figures C.1 and C.2, in which the wall roughness was specified as 0.0002 

m and the remaining equation variables were left as default, which can be seen in Appendix C 

– Table C.2. The pressure drop and velocity profiles of the single-phase water flow in an
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annulus pipe from a depth of 90 m to the drilling surface are also presented in Figures 4.2.2.1 

to 4.2.2.2.  

Figure 4.2.2.1: Comparison of single-phase water, outer annulus pipe flow pressure 

drop profiles from PIPESIM and ANSYS Fluent. 

Figure 4.2.2.2: Comparison of single-phase water, outer annulus pipe flow velocity 

profiles from PIPESIM and ANSYS Fluent. 

The results obtained from PIPESIM and ANSYS Fluent for the single-phase liquid water flow 

can be comparatively analysed against each other for a complete validation of the simulation 
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results obtained. The comparison of the pressure drop results in Figure 4.2.2.1 and velocity 

change results in Figure 4.2.2.2 from PIPESIM and ANSYS Fluent show minimal variation. 

The overall pressure drops from the PIPESIM and ANSYS Fluent simulations show a 

difference of 0.05 bar(a). This is attributed to the frictional pressure loss models used, that may 

account for a greater pressure loss in the case of PIPESIM and hence, increase the hydrostatic 

pressure loss. The overall velocity changes presented in Figure 4.2.2.2 show a variation of 0% 

for the water flow at the drilling surface and a variation of 1.6% for the water flow at the wellbore 

bottom between the PIPESIM and ANSYS Fluent simulation results. This may also be 

attributed to the frictional pressure loss models which may account for increased wall friction 

and a decrease in liquid velocity, in the case of the ANSYS Fluent simulations. 

 Single Phase Water Flow Modelling Evaluation 

The approach to selecting the simulation models, such as the Well PI IPR model in PIPESIM 

and realised k-epsilon viscous model in ANSYS Fluent, was iterative and very time consuming 

as previously discussed for the simulation single-phase air flow. Therefore, a greater array of 

results, may have been possible with greater knowledge and experience using the software. 

Based on improvements identified above, predicting potential problems and scheduling longer 

time periods to complete tasks, in particular simulation modelling and data collection, were 

implemented. 

The key learnings obtained from this section of the research project are the basis for ensuring 

the validity of the simulation of multiphase vertical flow and in a complete RC drilling rig. These 

learnings include use of the PIPESIM and ANSYS Fluent software for liquid flow, familiarity 

with vertical flow correlations, and general understanding of expected results in the inner and 

outer annulus drill pipe flows, similar to the single-phase air simulation. The simulation findings 

from liquid water flow in the inner and outer annulus drill pipe were also utilised as the 

foundation data for the simulation of two-phase air-water flow, similar to the single phase 

compressible air simulation data. 

 Two-Phase Air-Water Flow in RC Drilling 

 Two-Phase Air-Water Flow in Inner Drill String Pipe 

The inner drilling rod was simulated for two-phase air-water flow with a mass flowrate of 1.151 

kg/s and outlet pressure of 1.5 bar(a), based on the field data presented in Figure 3.2.1.1. The 

two-phase air-water flow composition was specified by a gas mass flowrate of 0.426 kg/s and 
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liquid mass flowrate of 0.725 kg/s, and properties of air-water flow were specified by built in 

PIPESIM functions, based on a constant LGR of 1.702 kg water/kg air obtained from the basis 

field data (Figure 3.2.1.1). As PIPESIM can only perform nodal analysis for a single point, 

several geometries were created for drill depths of 15 m, 30 m, 45 m, 60 m, 75 m and 90 m 

and simulated to obtain complete pressure drop profiles from 90 m to the drilling surface (i.e.: 

0 m). The multiphase pressure drop and velocity profiles for the vertical air-water flow using 

the Ansari correlation and No Slip correlation were graphed against the DMG analytical model 

and DMG Simulink model in Figures 4.3.1.1 and 4.3.2.2. The full list of available multiphase 

correlations can be seen as per Table 3.3.1. 

Figure 4.3.1.1: Comparison of two-phase air-water, inner pipe flow pressure drop 

profiles using the Ansari and No Slip PIPESIM correlations, DMG analytical model 

and DMG Simulink model. 

The Ansari correlation was selected out of the 24 available PIPESIM correlations for analysis 

as is a most commonly utilised non-homogeneous, multiphase flow correlations with various 

research studies on standard vertical pipe and vertical wellbore flow scenarios, including by 

Ping, Wang, and Wei (2006), Ben Mahmud (2012) and Ganat et al. (2019). The No Slip 

correlation was also selected as it was the only homogenous (i.e.: non-heterogeneous, no slip) 

vertical flow model available in PIPESIM and would allow for the analysis and comparison 

against the DMG analytical model and DMG Simulink model, which also assumes 

homogenous flow behaviour. The various other multiphase flow correlations were excluded for 
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correlation sources, correlation types, typical applications, flow patterns modelled and some 

limited correlation boundary conditions for gas flowrate, liquid flowrate and LGR. For example, 

the Gomez [Neotec], Gomez Enhanced [Neotec], Mukherjee & Brill [Baker Jardine] and 

Mukherjee & Brill [Tulsa (Legacy 1989)] correlations were excluded due to their applicability in 

inclined or horizontal, two-phase flow scenarios. While the Aziz Govier Fogarasi [Neotec], 

Govier, Aziz & Fogarasi [Baker Jardine], Govier, Aziz [Tulsa (Legacy 1989)], Duns & Ros 

[Baker Jardine], Buns & Ros [Tulsa (Legacy 1989)], Hagedorn & Brown (Original) [Tulsa 

(Legacy 1989)], Hagedorn & Brown (Revised) [Baker Jardine], Hagedorn & Brown (Revised) 

with Duns & Ros map [Baker Jardine], Hagedorn & Brown (Revised) [Tulsa (Legacy 1989)] 

and TUFFP (v. 2011 2-Phase) [TUFFP Unified] correlations were excluded due to their inability 

to model two-phase flow with a notable quantity of water present. The Beggs & Brill Original 

[Baker Jardine], Beggs & Brill Revised [Baker Jardine] and Beggs & Brill Revised [Tulsa 

(Legacy 1989)] correlations are generally the most reliable and widely utilised correlations; 

however, they are only applicable over short pipes with reduced overall pressure drop. The 

Orkiszewski [Baker Jardine] and Orkiszewski [Tulsa (Legacy 1989)] were simply excluded due 

to the high applicability of the Ansari [Tulsa (Legacy 1989)] correlation for the upward, vertical 

flow in the inner drill string rod. 

The pressure drop profiles presented in Figure 4.3.1.1 for two-phase air-water, vertical flow in 

the inner pipe of a 90 m wellbore show pressure drop of 8.75 bar(a) for the Ansari correlation 

and 6.42 bar(a) for the No Slip correlation, compared to a 7.50 bar(a) pressure drop and 7.25 

bar(a) pressure drop for the DMG analytical model and DMG Simulink model, respectively, at 

a constant mass flowrate of 1.151kg/s and an output pressure of 1.5 bar(a). The mass 

flowrates of each phase were specified under the fluid manager composition and remained 

constant at 0.426 kg/s of compressible air and 0.725 kg/s of liquid water. The pressure drop 

profiles all follow the expected curved shape approaching an equilibrium value, which is typical 

of multiphase, compressible vertical flow and reflects the pressure drop due to decrease in 

two-phase flow density. This pressure drop values account for the hydrostatic and frictional 

pressure losses experienced by the compressible two-phase air-water flow from the bottom of 

a 90 m wellbore to the drilling surface, assuming an inner drilling rod wall roughness of 0.0002 

m. The friction factor correlation was specified by the IPR model, in which the Well PI model

was selected for all multiphase PIPESIM simulations, similar to the single-phase water

simulations, which required user specification of the IPR basis in which liquid phase was

selected and the associated productivity index was specified as 4.83E-9 m3/(s.Pa). This two-

phase air-water flow was also assumed to be non-isothermal, with an observed temperature

drop from 329.71 K to 322.41 K for the Ansari correlation and 329.53 K to 321.18 K for the No

Slip correlation.
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The variation in the pressure drop profiles, and the change in non-isothermal temperature can 

attributed to the key assumptions and applicability of the correlations discussed. The No Slip 

correlation in PIPESIM is a basic homogenous or no slip model for vertical multiphase flow, 

which considers acceleration, frictional and hydrostatic pressure loss on the assumption that 

the vapour and liquid phases in multiphase flow are well mixed or are a continuous phase and 

travel at the same velocity (Awad and Muzychka 2008). However, this is not true or valid for at 

least some sections of the inner drilling rod. Therefore, heterogeneous, multiphase flow 

simulation is extremely important in this research. The Ansari correlation is a non-homogenous 

mechanistic model specialised for upward, vertical flow application and considers acceleration, 

frictional and hydrostatic pressure difference, based on the appropriately determined gas-liquid 

flow regime. This correlation was one of many models developed by the Tulsa University Fluid 

Flow Projects (TUFFP) research projects which utilises a number of independent model to 

predict pressure drop, hydrostatic and frictional pressure losses, and liquid holdup (Fetoui 

2017). The inner drill string pipe two-phase pressure drop is highly dependent on the 

determined flow regime of the air-water flow for the Ansari correlation. For the 90 m wellbore 

at the conditions specified by field data (Figure 3.2.1.1), the flow regime determined by the 

Ansari correlation was annular flow for the complete 90 m vertical flow.  

As the No Slip correlation, DMG analytical model and DMG Simulink model are homogeneous 

models, they are expected to calculate a similar pressure drop which has been observed. The 

pressure drop is also expected to be a lower value when compared to heterogenous models, 

as the increased wall friction imposed by two phases is not considered, which is consistent 

with the Ansari correlation results. For the two-phase air-water flow in a vertical, inner drill rod, 

the simulation data using the Ansari correlation reflects the expected results to a high degree, 

based on the overall pressure drop magnitude and pressure drop profile shape, and was 

utilised in further sensitivity studies with varying total mass flowrates and the creation of 

“operating regime” graphs for RC drilling operation. 

 Two-Phase Air-Water Flow in Outer Annulus Drill String Pipe 

The outer annulus drill pipe was simulated for two-phase air-water flow with a mass flowrate 

of 2.303 kg/s and an inlet pressure of 50 bar(a), based on the field data presented in Figure 

3.2.1.1. The two-phase air-water flow composition was specified by a gas mass flowrate of 

0.853 kg/s and liquid mass flowrate of 1.45 kg/s, and properties of air-water flow were specified 

by built in PIPESIM functions, based on a constant LGR of 1.702 kg water/kg air obtained from 

the basis field data (Figure 3.2.1.1). As PIPESIM can only perform nodal analysis for a single 

point, several geometries were created for drill depths of 15 m, 30 m, 45 m, 60 m, 75 m and 
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90 m and simulated to obtain complete pressure drop profiles, as previously explained. The 

multiphase pressure drop profile for the air-water flow in the outer annulus pipe using the 

Orkiszewski correlation and No Slip Assumption correlation were graphed against each other 

in Figure 4.3.2.1. The full list of available vertical, multiphase correlations can be seen as per 

Table 3.3.1. 

Figure 4.3.2.1: Comparison of two-phase air-water, outer annulus pipe flow pressure 

drop profiles using the Orkiszewski and No Slip PIPESIM correlations. 
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Govier, Aziz & Fogarasi [Baker Jardine], Govier, Aziz [Tulsa (Legacy 1989)], Duns & Ros 

[Baker Jardine], Buns & Ros [Tulsa (Legacy 1989)], Hagedorn & Brown (Original) [Tulsa 

(Legacy 1989)], Hagedorn & Brown (Revised) [Baker Jardine], Hagedorn & Brown (Revised) 

with Duns & Ros map [Baker Jardine], Hagedorn & Brown (Revised) [Tulsa (Legacy 1989)] 

and TUFFP (v. 2011 2-Phase) [TUFFP Unified] correlations were excluded due to their inability 

to model two-phase flow with a notable quantity of water present, as specified for the inner drill 

string pipe flow. The Beggs & Brill Original [Baker Jardine], Beggs & Brill Revised [Baker 

Jardine] and Beggs & Brill Revised [Tulsa (Legacy 1989)] correlations are generally the most 

reliable and widely utilised correlations; however, they are only applicable over short pipes with 

reduced overall pressure drop. The Ansari [Tulsa (Legacy 1989)] correlation was then 

excluded as it is only applicable for the upward, vertical flow. Hence, the Orkiszewski [Baker 

Jardine] and Orkiszewski [Tulsa (Legacy 1989)] were remaining and the Orkiszewski [Baker 

Jardine] variation was simply selected. 

The pressure drop profiles presented in Figure 4.3.2.1 for two-phase air-water, vertical flow in 

the inner pipe of a 90 m wellbore show pressure drop of 11.87 bar(a) for the Orkiszewski 

correlation and 7.18 bar(a) for the No Slip correlation, at a constant mass flowrate of 2.303 

kg/s and an input pressure of 50 bar(a). The mass flowrates of each phase were specified 

under the fluid manager composition and remained constant at 0.853 kg/s of compressible air 

and 1.45 kg/s of liquid water. The pressure drop profiles all follow the expected curved shape 

approaching an equilibrium value, which is typical of multiphase, compressible vertical flow 

and reflects the pressure drop due to decrease in two-phase flow density. This pressure drop 

account for the hydrostatic and frictional pressure losses experienced by the compressible 

two-phase air-water flow from the drilling surface to the bottom of a 90 m wellbore, assuming 

an inner and outer annulus drill pipe wall roughness of 0.0002 m. The friction factor correlation 

was specified by the IPR model, in which the Well PI model was selected for all multiphase 

PIPESIM simulations, similar to the single-phase water simulations, which required user 

specification of the IPR basis in which liquid phase was selected and the associated 

productivity index was specified as 4.83E-9 m3/(s.Pa). This two-phase air-water flow was also 

assumed to be non-isothermal, with an observed temperature drop from 329.83 K to 328.00 K 

for the Orkiszewski correlation and 329.86 K to 328.97 K for the No Slip correlation. 

The variation in the pressure drop profiles, and the change in non-isothermal temperature can 

attributed to the key assumptions and applicability of the correlations discussed. The No Slip 

correlation in PIPESIM is a basic homogenous or no slip model for vertical multiphase flow, 

which considers acceleration, frictional and hydrostatic pressure loss on the assumption that 

the vapour and liquid phases in multiphase flow are well mixed or are a continuous phase and 
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travel at the same velocity (Awad and Muzychka 2008). However, this is not true or valid for at 

least some sections of the outer annulus drill pipe. Therefore, heterogeneous, multiphase flow 

simulation is extremely important in this research. The Orkiszewski correlation is a 

heterogenous, empirical model applicable for gas lift production wells, in which a wide range 

of operating conditions can be appropriately modelled. This correlation is typically accurate 

with minimal variation from measured, experimental data. It also utilises a number of 

established and new models to predict density, pressure drop including hydrostatic and 

frictional pressure losses, superficial mixture velocity and liquid holdup (Fetoui 2017). The 

outer annulus drill pipe two-phase pressure drop is highly dependent on the determined flow 

regime of the air-water flow for the Orkiszewski correlation. For the 90 m wellbore at the 

conditions specified by field data (Figure 3.2.1.1), the flow regime determined by the 

Orkiszewski correlation was slug flow for the first 15 m, then changed to transition flow for the 

remaining outer pipe from 15 m to the bottom of the wellbore.  

As the No Slip correlation is a homogeneous model, the pressure drop is expected to be a 

lower value when compared to heterogenous models, as the increased wall friction imposed 

by two phases is not considered, which is consistent with the Orkiszewski correlation results. 

For the two-phase air-water flow in a vertical, outer annulus drill pipe, the simulation data using 

the Orkiszewski correlation reflects the expected results to a high degree, based on the overall 

pressure drop magnitude and pressure drop profile shape, and hence, was utilised in further 

sensitivity studies with varying total mass flowrates and the creation of “operating regime” 

graphs for RC drilling operation. 

 Two-Phase Air-Water Flow Modelling Evaluation 

The method for selecting the PIPESIM vertical, multiphase flow correlations for analysis was 

mainly qualitative. Therefore, correlation selection to obtain results of maximum accuracy 

would require extended knowledge on vertical, multiphase flow correlations and their 

quantitative boundary conditions and experience using the PIPESIM software. Based on these 

potential improvements identified, the project considered periods to further learn the 

capabilities and specific models of PIPESIM and ANSYS Fluent, and complete simulation 

modelling tasks. The key learnings obtained from this aspect of research project are to ensure 

the validity of the simulation of multiphase vertical flow in a complete RC drilling rig. These 

learnings include use of basic PIPESIM software functions for two-phase flow, familiarity with 

some vertical, multiphase flow correlations, and general understanding of expected pressure 

drop and velocity profiles for multiphase flow in the inner and outer annulus drill pipe flow. The 

simulation results obtained from two-phase air-water flow in the inner and outer drill pipes will 
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be utilised for sensitivity study simulation. The PIPESIM simulation results obtained can be 

considered as valid for continued utilisation, as the previous single phase compressible air, 

single phase water and two-phase air-water flow simulation data have been extensively 

validated and all two-phase air-water flow simulation data follows the expected heuristics. 

 Two-Phase Air-Water Flow in RC Drilling Sensitivity Studies 

 Two-Phase Air-Water Flow in Inner Drilling Pipe Sensitivity Studies 

The inner drilling rod was simulated for two-phase air-water flow for a constant LGR of 1.702 

kg water/kg air and outlet pressure of 1.5 bar(a), based on a series of sensitivity studies with 

varying total mass flowrate. The two-phase air-water flow composition were specified on a 

molar basis and the physical properties of air-water flow were specified by built in PIPESIM 

functions, for total mass flowrates of 0.576 kg/s, 1.151 kg/s and 2.303 kg/s. The specified total 

mass flowrates were based on basis air volumetric flowrates of 375 SCFM, 750 SCFM and 

1500 SCFM. The overall pressure drop and associated flow patterns of the vertical air-water 

flow in an inner drill pipe for a depth of 300 m are presented in Figures 4.4.1.1 to 4.4.1.2, using 

the Ansari correlation and No Slip correlations. As PIPESIM can only perform nodal analysis 

for a single point, Figure 4.4.1.1 was created through a series of individual simulations, as 

previously explained for the basis two-phase air-water flow simulations. 

Figure 4.4.1.1: Two-phase air-water, inner pipe flow overall pressure drop using the 

Ansari and No Slip PIPESIM correlations with varying mass flowrate. 
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Figure 4.4.1.2: Two-phase air-water, inner pipe flow patterns using the Ansari 

PIPESIM correlation with varying total mass flowrate. 

The Ansari and No Slip correlations were selected for sensitivity studies with variation in the 

total mass flowrate to compare the results between homogeneous and non-homogeneous flow 

assumptions. The overall pressure drops in Figure 4.4.1.1 for two-phase air-water flow in a 

300 m wellbore show an array of values from 8.64 bar(a) for a total mass flowrate of 0.576 

kg/s (i.e.: 375 SCFM), 18.31 bar(a) for 1.151 kg/s (i.e.: 750 SCFM) and 34.70 bar(a) for 2.303 

kg/s (i.e.: 1500 SCFM) using the Ansari correlation and 5.98 bar(a) for a total mass flowrate of 

0.576 kg/s, 13.18 bar(a) for 1.151 kg/s and 27.93 bar(a) for 2.303 kg/so using the No Slip 

correlation, at a constant LGR of 1.702 kg water/kg air and outlet pressure of 1.5 bar(a) though 

the inner drill string pipe. It can be observed that the pressure drop values for the varying total 

mass flowrate are greater for the Ansari correlation compared to the No Slip correlation, which 

can be attributed to increased frictional pressure losses calculated in the heterogeneous Ansari 

correlation, as previously discussed in detail. The LGR was specified under the fluid manager 

composition for the varying mass flowrates studied. The friction factor correlation was specified 

by the IPR model as specified previously for two-phase air-water flow simulation. This two-

phase air-water flow was also assumed to be non-isothermal in all sensitivity studies, with a 

temperature variation from 329.9 K to 322.4 K for the Ansari correlation and 329.9 K to 322.8 

K for the No Slip correlation, as the temperature changes through the outer annulus pipe from 

330 K was considered negligible. 

0 250 500 750 1000 1250 1500

0

50

100

150

200

250

300

0 0.5 1 1.5 2

Air Volumetric Flowrate (SCFM)

D
ep

th
 in

 In
ne

r D
ril

l S
tr

in
g 

Pi
pe

 (m
)

Total Mass Flowrate (kg/s)

ANSARI Flow Patterns with Varying Total Mass Flowrate
Annular Slug Annular



Chemical Engineering Research Project 

Curtin University  Software Simulation of Reverse Circulation Air Drilling 

Chloe Thiel 44 

The associated flow patterns for the varying total mass flowrate can be seen in Figure 4.4.1.2, 

which for two-phase air-water flow in a 300 m wellbore, at a total mass flowrate of 0.576 kg/s 

from 0 m to 270 m the flow was annular and from 270 m to 300 m the flow was slug. While at 

a total mass flowrate of 1.151 kg/s from 0 m to 240 m, the flow was annular and from 240 m 

to 300 m, the flow was slug. At the greater total mass flowrate of 2.303 kg/s from 0 m to 150 

m, the flow was annular and then from 150 m to 300 m was slug flow. It is clear from Figure 

4.4.1.2, that for increasing total mass flowrate using the Ansari correlation, the earlier the 

formation and hence, the greater the presence of slug flow throughout the 300 m wellbore. For 

the 300 m vertical wellbore with a total mass flowrate of 0.576 kg/s through the inner drill pipe, 

the Ansari correlation predicts a change in liquid holdup from 2.6% to 13.8%, while the No Slip 

correlation predicts 0.4% to 1.8%. For a total mass flowrate of 1.151 kg/s, the Ansari correlation 

predicts a change in liquid holdup from 1.4% to 15.7%, while the No Slip correlation predicts 

0.4% to 3.5%. For the greatest total mass flowrate of 2.303 kg/s, the Ansari correlation shows 

a liquid holdup variation from 0.7% to 18.4% and the No Slip correlation shows 0.4% to 

6.9%.Therefore, the relationship between total mass flowrate, liquid holdup and unstable flow 

pattern has been determined, that for increasing total mass flowrate, the liquid holdup 

increased and the unstable, Slug flow pattern is developed. This is due to the increased mean 

fluid velocity with increasing total mass flowrate, resulting in increased two-phase air-water 

pressure drop, including hydrostatic and frictional pressure drops (Figure 4.4.1.1), and the 

frequency of eddies and turbulent flow with distance from the wellbore bottom.  

 Two-Phase Air-Water Flow in Outer Annulus Drilling Pipe Sensitivity 
Studies 

The outer annulus drilling pipe was simulated for two-phase air-water flow for a constant LGR 

of 1.702 kg water/kg air and inlet pressure of 50 bar(a), based on a series of sensitivity studies 

with varying total mass flowrate. The two-phase air-water flow composition were specified on 

a molar basis and the physical properties of air-water flow were specified by built in PIPESIM 

functions as previously utilised, for total mass flowrates of 1.151 kg/s, 2.303 kg/s and 4.606 

kg/s. The specified total mass flowrates were based on basis air volumetric flowrates of 750 

SCFM, 1500 SCFM and 3000 SCFM. The overall pressure drop and associated flow patterns 

of the vertical air-water flow in an outer annulus drill pipe for a depth of 300 m are presented 

in Figures 4.4.2.1 to 4.4.2.2, using the Orkiszewski correlation and No Slip correlations. As 

previously explained, Figure 4.4.2.1 was created through a series of individual simulations due 

to PIPESIM simulation limitations. 
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Figure 4.4.2.1: Two-phase air-water, outer annulus pipe flow overall pressure drop 

using the Orkiszewski and No Slip PIPESIM correlations with varying total mass 

flowrate. 

Figure 4.4.2.2: Two-phase air-water, outer annulus pipe flow pattern using the 

Orkiszewski and No Slip PIPESIM correlations with varying total mass flowrate. 
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The Orkiszewski correlation and No Slip correlations were selected for sensitivity studies with 

variation in the total mass flowrate to compare the results between homogeneous and non-

homogeneous flow assumptions, once again, for the outer annulus drill pipe. The overall 

pressure drops in Figure 4.4.2.1 for two-phase air-water flow in a 300 m wellbore show an 

array of values from 10.89 bar(a) for a total mass flowrate of 1.151 kg/s (i.e.: 750 SCFM), 18.22 

bar(a) for 2.303 kg/s (i.e.: 1500 SCFM) and 42.37 bar(a) for 4.606 kg/s (i.e.: 3000 SCFM) using 

the Orkiszewski correlation and 4.38 bar(a) for a total mass flowrate of 1.151 kg/s, 8.99 bar(a) 

for 2.303 kg/s and 18.95 bar(a) for 4.606 kg/so using the No Slip correlation, at a constant LGR 

of 1.702 kg water/kg air and inlet pressure of 50 bar(a) though the outer annulus drill string 

pipe. It can be observed that the pressure drop values for the varying total mass flowrate are 

greater for the Orkiszewski correlation compared to the No Slip correlation, as seen for the 

inner drill pipe Ansari correlation and No Slip correlation, which can be attributed to increased 

frictional pressure losses calculated in the heterogeneous Orkiszewski correlation, as 

previously discussed. The LGR was specified under the fluid manager composition for the 

varying mass flowrates studied. The friction factor correlation was specified by the IPR model 

as specified previously for two-phase air-water flow simulation. This two-phase air-water flow 

was also assumed to be non-isothermal in all sensitivity studies, however, the temperature 

variation of 329.8 K to 327.6 K for the Orkiszewski correlation and 329.9 K to 328.1 for the No 

Slip correlation, were considered negligible. 

The flow patterns for the varying total mass flowrate in the outer annulus pipe can be seen in 

Figure 4.4.2.2, which for two-phase air-water flow in a 300 m wellbore, at a total mass flowrate 

of 1.151 kg/s at 0 m the flow was slug, from 0 m to 15 m the flow was annular, from 15 m to 

150 m the flow was transition and from 150 m to 300 m the flow was slug. While at a total mass 

flowrate of 2.303 kg/s at 0 m the flow was slug, from 0 m to 90 m the flow was transition and 

from 90 m to 300 m the flow was slug. At the greater total mass flowrate of 4.606 kg/s at 0 m 

the flow was slug and from 0 m to 300 m the flow was transition. It is clear from Figure 4.4.2.2, 

that for increasing total mass flowrate using the Orkiszewski correlation, the earlier the 

formation and hence, the greater the presence of unstable flow patterns in the 300 m wellbore. 

For the 300 m vertical wellbore with a total mass flowrate of 1.151 kg/s through the outer 

annulus drill pipe, the Orkiszewski correlation predicts a change in liquid holdup from 0.6% to 

8.9%, while the No Slip correlation predicts 0.6% to 2.8%. For a total mass flowrate of 2.303 

kg/s, the Orkiszewski correlation predicts a change in liquid holdup from 1.0% to 8.7%, while 

the No Slip correlation predicts 1.3% to 5.5%. For the greatest total mass flowrate of 4.606 

kg/s, the Orkiszewski correlation shows a liquid holdup variation from 1.4% to 1.5% and the 

No Slip correlation shows 2.7% to 10.6%. 
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Therefore, the relationship between total mass flowrate, liquid holdup and unstable flow pattern 

for the outer annulus pipe was determined, that for increasing total mass flowrate, the liquid 

holdup increased and the unstable, Slug flow pattern was developed. However, at very high 

mass flowrate Transitional flow is established in which no constant flow pattern is reached. 

This is due to the increased mean fluid velocity, resulting in increased two-phase air-water 

pressure drop (Figure 4.4.2.1), and the frequency of eddies and turbulent flow as previously 

explained.  

 Two-Phase Air-Water Flow Model Sensitivity Studies Evaluation 

The method for selecting the PIPESIM vertical, multiphase flow correlations for the analysis of 

the outer annulus pipe was mainly qualitative, similar to that for the inner pipe. Therefore, 

correlation selection to obtain results of maximum accuracy would require extended knowledge 

on vertical, multiphase flow correlations and their quantitative boundary conditions. However, 

the literature available for the multiphase, vertical flow correlations had limited quantitative 

boundary condition data and its applicability for non-circular geometries, such as the outer 

annulus pipe. Based on these potential improvements identified, the project considered 

periods to further learn the capabilities and specific models of PIPESIM including which 

simulations correlation converge and obtain feasible data values and allow the completion 

simulation modelling tasks. The key learnings obtained from this aspect of research project 

are to ensure to simulate multiphase vertical flow in a complete RC drilling rig. These learnings 

include use of basic PIPESIM software functions for two-phase flow, familiarity with some 

vertical, multiphase flow correlations, and general understanding of expected pressure drop, 

liquid holdup and flow patterns for multiphase flow in the inner and outer annulus drill pipe flow. 

The simulation results obtained from two-phase air-water flow in the inner and outer drill pipes 

will be utilised for the operational regime chart simulations for validation. The PIPESIM 

simulation results obtained can be considered valid for continued utilisation, as the previous 

single phase compressible air, single phase water and two-phase air-water flow simulation 

data have been extensively validated and all two-phase air-water flow simulation data follows 

the expected heuristics. 
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 Operating Regime Charts for RC Air Drilling 

 Two-Phase Air-Water Flow in RC Drill String Pipes Operating Regime 
Charts 

The inner and outer drill pipes were simulated for two-phase air-water flow for a constant air 

mass flowrate of 0.426 kg/s and 0.853 kg/s, respectively, outer pipe inlet pressure of 50 bar(a) 

and inner pipe outlet pressure of 1.5 bar(a), based on a series of sensitivity studies with varying 

LGR. The drill string geometry, including the inner pipe diameter of 49 mm, outer annulus inner 

diameter of 60.3 mm and outer diameter of 89 mm, and depth of 90 m was kept constant as 

previously specified in Figure 3.2.11. The two-phase air-water flow composition were specified 

on a molar basis and the physical properties of air-water flow were specified by built in 

PIPESIM functions, for LGR of 0.11 kg/kg, 0.25 kg/kg, 0.43 kg/kg, 0.67 kg/kg, 1 kg/kg, 1.5 

kg/kg, 2.33 kg/kg and 4 kg/kg. The selected LGR correspond to liquid water volumetric 

flowrates of 2.8 L/min, 6.4 L/min, 11.0 L/min, 17.0 L/min, 25.6 L/min, 38.3 L/min, 59.6 L/min 

and 102.2 L/min, respectively for the inner pipe and 5.7 L/min, 12.8 L/min, 21.9 L/min, 34.1 

L/min, 51.2 L/min, 76.8 L/min, 119.4 L/min and 204.7 L/min, respectively for the outer annulus 

pipe. The overall pressure drop ratio of two-phase air-water flow to single-phase air flow and 

associated flow patterns of the vertical air-water flow for the inner drill pipe are presented in 

Figures 4.5.1.1 to 4.5.1.2, using the Ansari correlation and No Slip correlations, and for the 

outer annulus drill pipe presented in Figures 4.5.2.1 to 4.5.2.2, using the Orkiszewski 

correlation and No Slip correlations. As PIPESIM can only perform nodal analysis for a single 

point, Figure 4.5.1.2 was created through a series of individual simulations, as previously 

explained. 
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Figure 4.5.1.1: Two-phase air-water, inner pipe operating regime chart. 

Figure 4.5.1.2: Two-phase air-water, inner pipe operating regime chart associated 

flow patterns. 

The Ansari and No Slip correlations were once again utilised for the operating regime 

sensitivity studies with variation in the LGR to compare the results between homogeneous and 

non-homogeneous flow assumptions. The overall pressure drop ratios for two-phase air-water 
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flow in Figure 4.5.1.1, show for the Ansari correlation at a LGR of 0.11, a pressure drop ratio 

of 2.84 is observed, while at a LGR of 4, there is a pressure drop ratio of 3.24. For the No Slip 

correlation at a LGR of 0.11, a pressure drop ratio of 1.08 is observed and at a LGR of 4, there 

was pressure drop ratio of 2.68. It can be observed that the pressure drop ratios for the varying 

LGR are greater in the Ansari correlation compared to the No Slip correlation, which can be 

attributed to increased frictional pressure losses calculated in the heterogeneous Ansari 

correlation, as previously discussed. As the pressure drop ratio results for varying LGRs are 

greater than 1, indicating that the two-phase air-water pressure drop is greater than the single-

phase air pressure drop of 3.93 bar(a), the Ansari correlation for the simulation of a RC drilling 

inner pipe can be considered valid, as results are as expected by literature heuristics. The 

mass flowrates of gas and liquid phases were specified under the fluid manager composition 

for the given LGR study. The friction factor correlation was specified by the IPR model as 

specified previously for two-phase air-water flow. This two-phase air-water flow was also 

assumed to be non-isothermal in all sensitivity studies, with temperature changes from 300 K 

for a LGR of 0.11 to 325.9 K and for a LGR of 4 to 329.8 using the Ansari and No Slip 

correlations, which appears to vary linearly with LGR. 

The associated flow patterns for the varying LGR can be seen in Figure 4.5.1.2, which for two-

phase air-water flow in a 90 m wellbore, at LGRs from 0.11 to 4 from 0 m to 90 m the flow 

patterns were annular. For the 90 m vertical wellbore through the inner drill pipe, the Ansari 

correlation predicts a liquid holdup of 0.18% at a LGR of 0.11 kg/kg, 0.28% at 0.25 kg/kg, 

0.36% at 0.43 kg/kg, 0.44% at 0.67 kg/kg, 0.68% at 1 kg/kg, 0.89% at 1.5 kg/kg, 1.15% at 2.33 

kg/kg and 1.76% at 4 kg/kg, while the No Slip correlation predicts 0.01%, 0.04%, 0.06%, 

0.10%, 0.15%, 0.23%, 0.36% and 0.64%, respectively. The relationship between LGR, liquid 

holdup and flow pattern has been identified, as for increasing LGR, the liquid holdup increased 

and the flow pattern becomes less stable, approaching transition and slug flow. This is due to 

the increasing liquid water mass flowrate with LGR, resulting in increased two-phase air-water 

pressure drop, including hydrostatic and frictional pressure drops (Figure 4.4.1.1), and the 

frequency of eddies and turbulent flow with distance through the inner drill pipe. Therefore, it 

can be observed from Figures 4.5.1.1 and 4.5.1.2, that for all LGR values the flow pattern is 

annular and acceptable for RC drilling operations. However, for only the LGRs below 1 with a 

liquid water volumetric flowrate less than 25.6 L/min, the pressure drop in the inner drill pipe is 

considered viable at less than twice the pressure drop of single-phase air flow. Above a LGR 

value of 1 with a liquid water volumetric flowrate of 25.6 L/min, the cost of fuel for operating 

pumping equipment will be significantly increased and not economical for operation. 
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Figure 4.5.1.3: Two-phase air-water, outer annulus pipe operating regime chart. 

Figure 4.5.1.4: Two-phase air-water, outer annulus pipe operating regime chart 

associated flow patterns. 

The Orkiszewski and No Slip correlations were once again utilised for the operating regime 

sensitivity studies with variation in the LGR to compare homogeneous and heterogenous flow 

assumption results. The overall pressure drop ratios for two-phase air-water flow in Figure 
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4.5.1.4, show for the Orkiszewski correlation at a LGR of 0.11 kg/kg, a pressure drop ratio of 

1.44 is observed, while at a LGR of 4 kg/kg, there is a pressure drop ratio of 8.14. For the No 

Slip correlation at a LGR of 0.11 kg/kg, a pressure drop ratio of 1.13 is observed and at a LGR 

of 4 kg/kg, there was pressure drop ratio of 4.86. It can be observed that the pressure drop 

ratios for the varying LGR are greater in the Orkiszewski correlation compared to the No Slip 

correlation, as expected and previously discussed. As the pressure drop ratio results for 

varying LGRs are greater than 1, indicating that the two-phase air-water pressure drop in the 

outer annulus pope is greater than the single-phase air pressure drop of 2.60 bar(a) in the 

outer annulus pipe, the Orkiszewski correlation for the simulation of a RC drilling outer pipe 

can be considered valid, as results are as expected by literature heuristics. The mass flowrates 

of gas and liquid phases were specified under the fluid manager composition for the given LGR 

study, similar to the inner pipe LGR studies. The friction factor correlation was specified by the 

IPR model as specified previously for two-phase air-water flow. This two-phase air-water flow 

was assumed to be non-isothermal in all sensitivity studies, with temperature changes from 

300 K for a LGR of 0.11 kg/kg to 325.4 K and for a LGR of 4 kg/kg to 329.8 using the 

Orkiszewski correlation, and from 300 K for a LGR of 0.11 kg/kg to 325.9 K and for a LGR of 

4 kg/kg to 329.8 using the No Slip correlation, which both appear to vary linearly with LGR. 

The associated flow patterns for the varying LGR can be seen in Figure 4.5.1.4, which for two-

phase air-water flow in a 90 m wellbore, at LGRs from 0.11 kg/kg to 0.25 kg/kg from 0 m to 90 

m, the flow patterns were annular mist. For LGRs from 0.43 kg/kg to 1.5 kg/kg the presence of 

annular mist flow decreases with the increasing slug and transition flow, to which at LGRs of 

2.33 kg/kg and 4 kg/kg, the flow changes between slug to transition flow only. For the 90 m 

vertical wellbore through the outer annulus drill pipe, the Orkiszewski correlation predicts a 

liquid holdup of 0.12% at a LGR of 0.11 kg/kg, 0.30% at 0.25 kg/kg, 1.44% at 0.43 kg/kg, 2.50% 

at 0.67 kg/kg, 3.20% at 1 kg/kg, 3.03% at 1.5 kg/kg, 1.80% at 2.33 kg/kg and 1.36% at 4 kg/kg, 

while the No Slip correlation predicts 0.12%, 0.30%, 0.56%, 0.95%, 1.55%, 2.59%, 4.59% and 

9.34%, respectively. The relationship between LGR, liquid holdup and flow pattern has been 

identified, as for increasing LGR, the liquid holdup generally increased and the flow pattern 

becomes less stable, approaching transition and slug flow. This is due to the increasing liquid 

water mass flowrate with LGR, resulting in increased two-phase air-water pressure drop and 

the frequency of eddies and turbulent flow with distance through the inner drill pipe, as 

previously explained. However, for transition flow patterns the liquid holdup values appear 

relatively random due to the high level of turbulence and no constant flow pattern maintained. 

Therefore, as shown Figures 4.5.1.3 and 4.5.1.4, for LGR values including and below 0.25 

kg/kg with a liquid water flowrate of 12.8 L/min, the flow pattern is annular mist with a pressure 
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drop in the outer drill pipe less than twice the pressure drop of single-phase air flow and hence, 

can be considered as acceptable for RC drilling operations. However, for the LGRs above 0.25 

kg/kg with a liquid water volumetric flowrate greater than 12.8 L/min, the increasingly unstable 

flow patterns would result in increased pressure drop and fluid loss through the wellbore, 

increasing fuel costs for operating pumping equipment significantly and decreasing the 

economic viability of operations. 

 RC Air Drilling Operating Regime Charts Evaluation 

The method for selecting the PIPESIM vertical, multiphase flow correlations for the sensitivity 

studies of the inner and outer annulus drill pipes were qualitative, as previously discussed for 

the two-phase air-water inner and outer drill pipe flow and varying total mass flowrate sensitivity 

studies. Therefore, correlation selection to obtain results of maximum accuracy would require 

extended knowledge on vertical, multiphase flow correlations and their quantitative boundary 

conditions. Based on these potential improvements identified, further study into determining 

quantitative boundaries of the inner and outer annulus drill pipes PIPESIM correlations, 

including the Ansari correlation and the Orkiszewski correlation, to validate the selection and 

utilisation for the two-phase air-water flow studies and ensure feasible data values. The key 

learnings obtained from this aspect of research project are to ensure to simulate multiphase 

vertical flow in a complete RC drilling rig. These learnings include use of basic PIPESIM 

software functions for two-phase flow, familiarity with the Ansari and Orkiszewski correlations 

for vertical, multiphase flow, and general understanding of expected pressure drop, liquid 

holdup and flow patterns for multiphase flow in the inner and outer annulus drill pipe flow with 

varying LGR. The PIPESIM simulation results obtained can be considered valid for continued 

utilisation, as the previous single phase compressible air, single phase water and two-phase 

air-water flow simulation data have been extensively validated and all two-phase air-water flow 

sensitivity study simulation data follows the expected heuristics. 
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5. CONCLUSIONS

Based on the overall project objectives: (1) to develop a software simulation for two-phase, 

compressible, steady state flow in vertical RC drilling to study the influence of hydrostatic 

pressure and major head losses on the overall drill string pressure drop, (2) to investigate the 

influence of RC drilling variables, including drilling depth, total mass flowrate and LGR, on 

pressure drop, liquid holdup and flow pattern through sensitivity studies, and (3) validate 

simulation results by comparison of analytical model data, all research objectives have been 

achieved. For objective 1, single-phase air and water vertical flow simulations using PIPESIM 

and ANSYS Fluent, and two-phase air-water vertical flow using PIPESIM in the inner and outer 

annulus drill pipes were developed and validated. For objective 2, several sensitivity studies 

for two-phase air-water flow with varying total flowrate and LGR values to obtain industry 

applicable operating regime charts for the inner and outer annulus drill pipe of a 90 m wellbore 

were conducted and feasible result obtained. For objective 3, the single-phase air and water 

flow in the inner and outer drill pipes and two-phase air-water flow simulations in the inner drill 

rod were validated against the DMG analytical model and DMG Simulink model, in which the 

two-phase air-water flow in the outer annulus pipe and two-phase air-water sensitivity studies 

were validated informally with literature heuristic values. 

From this research project, the key learnings include: 

• The validation of pressure drop and velocity profiles for single-phase air and water

flow, in the inner and outer RC drill pipes, with the no-slip models, for up to 90 m drill

depth.

• Cross-validation of ANSYS and PIEPSIM two-phase heterogenous flow models for

air-water, for up to 90 m drill depth.

• For the specific models available and variable conditions, the Ansari and Orkiszewski

correlations were considered to be highly applicable for the simulation of the inner

and outer annulus drill pipes in RC drilling scenarios, with between 36.3% and 65.3%

increase in pressure drop, compared to the No Slip models.

• The Gomez [Neotec], Gomez Enhanced [Neotec], Mukherjee & Brill [Baker Jardine],

Mukherjee & Brill [Tulsa (Legacy 1989)], Aziz Govier Fogarasi [Neotec], Govier, Aziz

& Fogarasi [Baker Jardine], Govier, Aziz [Tulsa (Legacy 1989)], Duns & Ros [Baker

Jardine], Buns & Ros [Tulsa (Legacy 1989)], Hagedorn & Brown (Original) [Tulsa

(Legacy 1989)], Hagedorn & Brown (Revised) [Baker Jardine], Hagedorn & Brown

(Revised) with Duns & Ros map [Baker Jardine], Hagedorn & Brown (Revised) [Tulsa
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(Legacy 1989)], TUFFP (v. 2011 2-Phase) [TUFFP Unified], Beggs & Brill Original 

[Baker Jardine], Beggs & Brill Revised [Baker Jardine] and Beggs & Brill Revised 

[Tulsa (Legacy 1989)] correlations were excluded from the simulation of the vertical 

drill pipes for multiphase compressible flow due to reduced applicability. 

• The flow pattern for two-phase air-water flow in the inner drill pipe, at LGRs from 0.11

to 4 from 0 m to 90 m was annular. While the flow pattern for two-phase air-water flow

in the outer annulus drill pipe, at LGRs from 0.11 kg/kg to 0.25 kg/kg from 0 m to 90

m was annular mist, at LGRs from 0.43 kg/kg to 1.5 kg/kg the presence of annular

mist flow decreases with the increasing Slug and Transition flow, to which at LGRs of

2.33 kg/kg and 4 kg/kg, the flow changes between Slug and Transition flow only.

• Development of operating regime charts to establish the operational boundaries for

minimising pressure drop and optimising flow pattern (i.e.: decreasing liquid holdup)

with varying liquid water flowrate, expected to supersede the use of general heuristics

which are currently used by RC drilling operators.
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6. RECOMMENDATIONS

The future research studies conducted in line with this research project may be more accurate 

by spending time investigating all the capabilities of the PIPESIM and ANSYS Fluent software 

through self-study, guidance from experienced PIPESIM and/or ANSYS Fluent simulation 

researchers and structured online workshop tutorials. The key simulation understanding will 

allow for a more efficient research methodology, and future research studies and associated 

tasks, including which of the software will be utilised for a given task. Based on thorough 

investigation of the PIPESIM software, the possibility of modelling a complete drill string 

including loss of two-phase air-water to the wellbore and drill bit opening should be considered, 

due to PIPESIM’s user friendly interface and increased time efficiency compared to ANSYS 

Fluent. The applications that have arisen based on the results analysis and validation, 

including using the simulations developed for single-phase air and water flow, and two-phase 

air-water flow in the inner and outer annulus drill pipes as the foundation for validation of related 

research studies for the expected pressure drops, temperatures, liquid holdup, and flow 

patterns. These results are also to be used for the foundation for simulating a complete drilling 

string geometry, with three-phase air-water-cuttings flow in the inner rod. 
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Teaching Week
Starting Date

Semester 1, 2020
Orientation Week
Tutition Week
Tutition‐Free Week
Study Week
Exam Week
Holidays
ENGR4000: Industry Research Project 1
• Conduct background reading on reverse circulation air 
drilling systems.
• Conduct background reading on commercial software used 
to simulate drilling, in particular reverse circulation air 
• Conduct background reading on fluid mechanics principles.
• Become familiar with how to use ANSYS Fluent and 
1. Project Proposal Report Due
2. Literature Review Report: Perform a comprehensive 
literature review to critically interpret current reverse 
circulation air drilling software used.

Due

• Establish a clear research methodology.
• Establish and validate preliminary single‐phase (i.e.: air, 
water) flow simulations for inner drill pipe and outer annular 
• Establish and validate two‐phase, air‐water flow 
simulations for inner drill pipe in RC air drilling using
PIPESIM.
• Conduct sensitivity studies to investigate the influence of 
drilling depth and LGR in two‐phase flow on the pressure 
drop and velocity profile of the inner drilling pipe using 
PIPESIM.
3. Project Progress Report Notes Notes
ENGR4001: Industry Research Project 2
1. Reflections Logbook
• Establish and validate two‐phase, air‐water flow 
simulation for inner drill pipe in RC air drilling using ANSYS
Fluent.

• Investigate the capabilities of PIPESIM and ANSYS Fluent
for three‐phase, air‐water‐cutting flow simulation for the 
inner drill pipe in RC air drilling.

• Investigate the capabilities of PIPESIM and ANSYS Fluent
for two‐phase, air‐water flow simulation for the outer 
annular drill pipe in RC air drilling.

• Establish and validate three‐phase, air‐water‐cutting flow 
simulations for inner drill pipe in RC air drilling using PIPESIM
and ANSYS Fluent.

• Establish and validate two‐phase, air‐water flow 
simulations for outer drill pipe in RC air drilling using
PIPESIM and ANSYS Fluent.

• Establish and validate two‐phase and three‐phase flow
simulations for a complete drill string in RC air drilling.

• Study the influence of major and minor pressure losses on 
the overall drill string pressure drop.

• Conduct sensitivity studies (SS) on the overall drill string
pressure drop, and explore performance‐based RC drilling
variables (e.g.: carrying capacity).

2. Final Project Report

3. Oral Presentation

Other Semester 1 Units:
CHEN4001: Process Safety and Risk Management
1. Mid Semester Test
2. Case Study Project and Presentation
3. Final Examination
CHEN4012: Advanced Separation Processes
1. Module 1 Test
2. Module 2 Test
3. Case Study Project
CHEN4017: Bioprocess Engineering
1. Mid Semester Test
2. Group Project
3. Final Examination
Other Semester 2 Units:
CHEN4015: Chemical Engineering Design Project
1. Memos
2. Group Presentation
3. Final Design Project Report
CHEN4010: Advanced Thermodynamics and Reaction Engineering
1. Test 1
2. Group Project
3. Test 2
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Tutition‐Free Week
Study Week
Exam Week
Holidays
ENGR4000: Industry Research Project 1
• Conduct background reading on reverse circulation air 
drilling systems.
• Conduct background reading on commercial software used 
to simulate drilling, in particular reverse circulation air 
• Conduct background reading on fluid mechanics principles.
• Become familiar with how to use ANSYS Fluent and 
1. Project Proposal Report
2. Literature Review Report: Perform a comprehensive 
literature review to critically interpret current reverse 
circulation air drilling software used.

• Establish a clear research methodology.
• Establish and validate preliminary single‐phase (i.e.: air, 
water) flow simulations for inner drill pipe and outer annular 
• Establish and validate two‐phase, air‐water flow
simulations for inner drill pipe in RC air drilling using 
PIPESIM.
• Conduct sensitivity studies to investigate the influence of 
drilling depth and LGR in two‐phase flow on the pressure 
drop and velocity profile of the inner drilling pipe using 
PIPESIM.
3. Project Progress Report
ENGR4001: Industry Research Project 2
1. Reflections Logbook
• Establish and validate two‐phase, air‐water flow 
simulation for inner drill pipe in RC air drilling using ANSYS
Fluent.

• Investigate the capabilities of PIPESIM and ANSYS Fluent
for three‐phase, air‐water‐cutting flow simulation for the 
inner drill pipe in RC air drilling.

• Investigate the capabilities of PIPESIM and ANSYS Fluent
for two‐phase, air‐water flow simulation for the outer 
annular drill pipe in RC air drilling.

• Establish and validate three‐phase, air‐water‐cutting flow 
simulations for inner drill pipe in RC air drilling using PIPESIM
and ANSYS Fluent.

• Establish and validate two‐phase, air‐water flow 
simulations for outer drill pipe in RC air drilling using
PIPESIM and ANSYS Fluent.

• Establish and validate two‐phase and three‐phase flow
simulations for a complete drill string in RC air drilling.

• Study the influence of major and minor pressure losses on 
the overall drill string pressure drop.

• Conduct sensitivity studies (SS) on the overall drill string
pressure drop, and explore performance‐based RC drilling
variables (e.g.: carrying capacity).

2. Final Project Report

3. Oral Presentation

Other Semester 1 Units:
CHEN4001: Process Safety and Risk Management
1. Mid Semester Test
2. Case Study Project and Presentation
3. Final Examination
CHEN4012: Advanced Separation Processes
1. Module 1 Test
2. Module 2 Test
3. Case Study Project
CHEN4017: Bioprocess Engineering
1. Mid Semester Test
2. Group Project
3. Final Examination
Other Semester 2 Units:
CHEN4015: Chemical Engineering Design Project
1. Memos
2. Group Presentation
3. Final Design Project Report
CHEN4010: Advanced Thermodynamics and Reaction Engine
1. Test 1
2. Group Project
3. Test 2
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Orientation Week
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Tutition‐Free Week
Study Week
Exam Week
Holidays
ENGR4000: Industry Research Project 1
• Conduct background reading on reverse circulation air 
drilling systems.
• Conduct background reading on commercial software used 
to simulate drilling, in particular reverse circulation air 
• Conduct background reading on fluid mechanics principles.
• Become familiar with how to use ANSYS Fluent and 
1. Project Proposal Report
2. Literature Review Report: Perform a comprehensive 
literature review to critically interpret current reverse 
circulation air drilling software used.

• Establish a clear research methodology.
• Establish and validate preliminary single‐phase (i.e.: air, 
water) flow simulations for inner drill pipe and outer annular 
• Establish and validate two‐phase, air‐water flow 
simulations for inner drill pipe in RC air drilling using
PIPESIM.
• Conduct sensitivity studies to investigate the influence of 
drilling depth and LGR in two‐phase flow on the pressure 
drop and velocity profile of the inner drilling pipe using 
PIPESIM.
3. Project Progress Report
ENGR4001: Industry Research Project 2
1. Reflections Logbook
• Establish and validate two‐phase, air‐water flow 
simulation for inner drill pipe in RC air drilling using ANSYS
Fluent.

• Investigate the capabilities of PIPESIM and ANSYS Fluent
for three‐phase, air‐water‐cutting flow simulation for the 
inner drill pipe in RC air drilling.

• Investigate the capabilities of PIPESIM and ANSYS Fluent
for two‐phase, air‐water flow simulation for the outer 
annular drill pipe in RC air drilling.

• Establish and validate three‐phase, air‐water‐cutting flow 
simulations for inner drill pipe in RC air drilling using PIPESIM
and ANSYS Fluent.

• Establish and validate two‐phase, air‐water flow 
simulations for outer drill pipe in RC air drilling using
PIPESIM and ANSYS Fluent.

• Establish and validate two‐phase and three‐phase flow
simulations for a complete drill string in RC air drilling.

• Study the influence of major and minor pressure losses on 
the overall drill string pressure drop.

• Conduct sensitivity studies (SS) on the overall drill string
pressure drop, and explore performance‐based RC drilling
variables (e.g.: carrying capacity).

2. Final Project Report

3. Oral Presentation

Other Semester 1 Units:
CHEN4001: Process Safety and Risk Management
1. Mid Semester Test
2. Case Study Project and Presentation
3. Final Examination
CHEN4012: Advanced Separation Processes
1. Module 1 Test
2. Module 2 Test
3. Case Study Project
CHEN4017: Bioprocess Engineering
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2. Group Project
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CHEN4015: Chemical Engineering Design Project
1. Memos
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3. Final Design Project Report
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2. Group Project
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Tutition Week
Tutition‐Free Week
Study Week
Exam Week
Holidays
ENGR4000: Industry Research Project 1
• Conduct background reading on reverse circulation air 
drilling systems.
• Conduct background reading on commercial software used 
to simulate drilling, in particular reverse circulation air 
• Conduct background reading on fluid mechanics principles.
• Become familiar with how to use ANSYS Fluent and 
1. Project Proposal Report
2. Literature Review Report: Perform a comprehensive 
literature review to critically interpret current reverse 
circulation air drilling software used.

• Establish a clear research methodology.
• Establish and validate preliminary single‐phase (i.e.: air, 
water) flow simulations for inner drill pipe and outer annular 
• Establish and validate two‐phase, air‐water flow 
simulations for inner drill pipe in RC air drilling using
PIPESIM.
• Conduct sensitivity studies to investigate the influence of 
drilling depth and LGR in two‐phase flow on the pressure 
drop and velocity profile of the inner drilling pipe using 
PIPESIM.
3. Project Progress Report
ENGR4001: Industry Research Project 2
1. Reflections Logbook
• Establish and validate two‐phase, air‐water flow 
simulation for inner drill pipe in RC air drilling using ANSYS
Fluent.

• Investigate the capabilities of PIPESIM and ANSYS Fluent
for three‐phase, air‐water‐cutting flow simulation for the 
inner drill pipe in RC air drilling.

• Investigate the capabilities of PIPESIM and ANSYS Fluent
for two‐phase, air‐water flow simulation for the outer 
annular drill pipe in RC air drilling.

• Establish and validate three‐phase, air‐water‐cutting flow 
simulations for inner drill pipe in RC air drilling using PIPESIM
and ANSYS Fluent.

• Establish and validate two‐phase, air‐water flow 
simulations for outer drill pipe in RC air drilling using
PIPESIM and ANSYS Fluent.

• Establish and validate two‐phase and three‐phase flow
simulations for a complete drill string in RC air drilling.

• Study the influence of major and minor pressure losses on 
the overall drill string pressure drop.

• Conduct sensitivity studies (SS) on the overall drill string
pressure drop, and explore performance‐based RC drilling
variables (e.g.: carrying capacity).

2. Final Project Report

3. Oral Presentation

Other Semester 1 Units:
CHEN4001: Process Safety and Risk Management
1. Mid Semester Test
2. Case Study Project and Presentation
3. Final Examination
CHEN4012: Advanced Separation Processes
1. Module 1 Test
2. Module 2 Test
3. Case Study Project
CHEN4017: Bioprocess Engineering
1. Mid Semester Test
2. Group Project
3. Final Examination
Other Semester 2 Units:
CHEN4015: Chemical Engineering Design Project
1. Memos
2. Group Presentation
3. Final Design Project Report
CHEN4010: Advanced Thermodynamics and Reaction Engine
1. Test 1
2. Group Project
3. Test 2
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Software Simulation of Reverse Circulation Air Drilling 

1  Research Project Details 

1.1  Research project title 

Software Simulation of Reverse Circulation Air Drilling 

1.2  Research project summary 

This research project aims to simulate two-phase gas-liquid (i.e.: air-water), compressible, steady state flow in vertical 
reverse circulation air drilling of minerals through software. This will allow the determination of wellbore flow pattern, 
liquid holdup, velocity profile and pressure drop. The ability to model three-phase gas-liquid-solid (i.e.: air-water-mineral 
cuttings) flow is to be explored based on the software capabilities, for improved simulation accuracy, and if applicable, the 
simulation is to be extended to include the third solid particle phase. The simulation will be used to study the influence of 
major pressure loss due to friction and minor pressure loss due to changes in pipe geometry and pipe restrictions on the 
pressure drop of a specified drilling pipe. The influence of other variables, including drilling depth on the velocity profile, 
liquid holdup and pressure drop is also to be thoroughly investigated through a series of extensive sensitivity studies. 
Exploration into other key performance related variables in reverse circulation drilling, including carrying capacity of drilling 
fluid, is to be conducted for a complete analysis of the drilling simulation. The software simulation will be validated using 
theoretical and/or experimental data from unpublished university research studies. This simulation of reverse circulation 
air drilling will satisfy the modelling requirements for use in industry optimisation. 

1.3  Keywords 
Reverse circulation drilling, mineral drilling, air drilling, software, multiphase flow 

2  Research Project Data Details 

2.1  Research project data summary 

This project involves the following data generated using PipeSIm/ANSYS Fluent Software: 1. # two-phase flow software 
simulation files 2. # three-phase flow software simulation files. 3. # major and minor pressure loss software simulation 
analysis files. 4. # major and minor pressure loss analysis files exported to Microsoft Excel. 5. # pressure drop sensitivity 
studies/analysis software files. 6. # pressure drop sensitivity studies/analysis files exported to Microsoft Excel. 7. # 
performance related analysis software files and exported Microsoft Excel files. 8. # performance related analysis files 
exported Microsoft Excel. 

2.2  Will the data be identifiable 

l Not applicable — no human data used

2.3  Will biospecimens or human participant information be sent overseas? 

No 

Research Data Management Plan

Supervisor Dimple Quyn

Data Management Plan Edited by Chloe Thiel

Modified Date 31/03/2021

Data Management Plan ID QUYN0D-SE09167

Faculty Science and Engineering

Curtin University is a trademark of Curtin University of Technology 1 CRICOS Provider Code 00301J

APPENDIX B – DATA MANAGEMENT PLAN (DMP) 



2.4  Will novel information about controlled goods or technologies on the Defence and Strategic Goods List (DSGL) be sent 
overseas?  

No 

2.5  Data organisation and structure 

Digital simulation files will be organised within a "Industry Research Project" folder, under "Simulations and Data 
Collection" containing the folders "Simulations" and "Data Collection." 

The simulation software and Microsoft Excel files will be named according to version type (i.e.: draft, final), name, version 
number and date, for example: 

DraftTwo-PhaseSimulationv131/03/2021 

The "Simulation and Data Collection" file will be connected to a Microsoft OneDrive which can be shared with other 
researches, to gain access to software simulation and Microsoft Excel files at anytime. 

3  Research Project Data Storage, Retention and Dissemination Details 

3.1  Storage arrangements 

For the duration of the project, digital data will be stored on the primary research's laptop, which is automatically backed 
up to a OneDrive account and will be backed up to an external USB hard drive on a daily basis. 

Upon returning to Curtin University, all digital data will also be transferred to Curtin's R Drive. 

3.2  Estimated data storage volume 

Physical Data: None. 

Digital Data: During the project, up to 500 GB of data storage may be required, subject to the number of draft simulations 
and data analysis' required. After the project is completed, the draft data may be deleted. 

3.3  Safeguarding measures 

For the duration of the project, all copies of software simulations and data analysis will be kept on a password-protected 
laptop, password-protected OneDrive, and a USB hard drive. Backups will be performed on a daily basis after the data is 
no longer to be changed. 

When a simulation or analysis is complete, the files will be transferred to the Curtin R drive, which is set up according to 
standard Curtin Information Technology Services security and safeguarding protocols. 

Snapshots of the data analysis files will also be made weekly and stored on Curtin's R drive. 

3.4  Retention requirements 

7 years (All other research with outcomes that are classed as Minor) 

3.5  Collaboration 

This project is conducted as part of the research by Curtin University's Drilling Mechanics Group at Technology Park 
(Building 619).  

Curtin University is a trademark of Curtin University of Technology 2 CRICOS Provider Code 00301J



Curtin Staff: Dimple Quyn (Primary Supervisor) Masood Mostofi (Supervisor) Chloe Thiel (Research Student) 

3.6  Data dissemination 

The data collection will be deposited to the Curtin Research Data Collection. 

3.7  Embargo period 

Not applicable. 

Curtin University is a trademark of Curtin University of Technology 3 CRICOS Provider Code 00301J



APPENDIX C – ANSYS FLUENT SIMULATION MODELLING 

APPENDIX C – ANSYS FLUENT SIMULATION MODELLING 

Figure C.1: ANSYS Fluent simulation Realized k-epsilon viscous model and constraints. 



APPENDIX C – ANSYS FLUENT SIMULATION MODELLING 

Figure C.2: ANSYS Fluent simulation Realized k-epsilon viscous model with Enhanced Wall Treatment. 



A Comprehensive Mechanistic Model for 
Upward Two-Phase Flow in Wellbores 
A.M. Ansari, Pakistan Petroleum Ltd.; N .D. Sylvester, U. of Akron; and C. Sarica, O. Shoham, and

J.P. Brill, u. of Tulsa

Summary. A comprehensive model is fonnulated to predict the flow behavior for upward two-phase flow. This model is composed of 
a model for flow-pattern prediction and a set of independent mechanistic models for predicting such flow characteristics as holdup and 
pressure drop in bubble, slug, and annular flow. The comprehensive model is evaluated by using a well data bank made up of 1,712 well 
cases covering a wide variety of field data. Model performance is also compared with six commonly used empirical correlations and the 
Hasan-Kabir mechanistic model. Overall model performance is in good agreement with the data. In comparison with other methods, the 
comprehensive model performed the best. 

Introduction 

Two-phase flow is commonly encountered in the petroleum, chemi­
cal, and nuclear industries. This frequent occurrence presents the 
challenge of. understanding, analyzing, and designing two-phase 
systems. 

Because of the complex nature of two-phase flow, the problem 
was first approached through empirical methods. The trend has 
shifted recently to the modeling approach. The fundamental postu­
late of the modeling approach is the existence of flow patterns or 
flow configurations. Various theories have been developed to pre­
dict flow patterns. Separate models were developed for each flow 
pattern to predict flow characteristics like holdup and pressure drop. 
By considering basic fluid mechanics, the resulting models can be 
applied with more confidence to flow conditions other than those 
used for their development. 

Only Ozon et al. 1 and Hasan and Kabir2 published studies on 
comprehensive mechanistic modeling of two-phase flow in vertical 
pipes. More work is needed to develop models that describe the 
physical phenomena more rigorously. 

The purpose of this study is to formulate a detailed comprehen­
sive mechanistic model for upward two-phase flow. The compre­
hensive model first predicts the existing flow pattern and then calcu­
lates the flow variables by taking into account the actual 
mechanisms of the predicted flow pattern. The model is evaluated 
against a wide range of experimental and field data available in the 
updated Tulsa U. Fluid Flow Projects (TUFFP) well data bank. The 
performance of the model is also compared with six empirical cor­
relations and one mechanistic model used in the field. 

Flow-Pattern Prediction 

Taite) et al. 3 presented the basic work on mechanistic modeling of 
flow-pattern transitions for upward two-phase flow. They identified 
four distinct flow patterns (bubble, slug, churn, and annular flow) 
and formulated and evaluated the transition boundaries among them 
(Fig. 1). Barnea et al.4 later modified the transitions to extend the 
applicability of the model to inclined flows. Barnea5 then combined 
flow-pattern prediction models applicable to different inclination 
angle ranges into one unified model. Based on these different works, 
flow pattern can be predicted by defining transition boundaries 
among bubble, slug, and annular flows. 

Bubble/Slug Transition.Tai tel et al. 3 gave the minimum diameter 
at which bubble flow occurs as 

For pipes larger than this, the basic transition mechanism for bubble 
to slug flow is coalescence of small gas bubbles into large Taylor 
bubbles. This was found experimentally to occur at a void fraction 

Copyrighl 1994 Society of Petroleum Engineers 

SPE Production & Facilities, May 1994 

of about 0.25. Using this value of void fraction, we can express the 
transition in terms of superficial and slip velocities: 

v58 = 0.25v, + 0.333vs1,, .......................... (2) 

where v, is the slip or bubble-rise velocity given by6 

¼ 
v, = 1.53[ gai(:rPG)] (3) 

This is shown as Transition A in Fig. 2. 

Dispersed Bubble Transition. At high liquid rates, turbulent forces 
break large gas bubbles down into small ones, even at void fractions 
exceeding 0.25. This yields the transition to dispersed bubble flow5: 

( )

0.5 
Vsg = 0.725 + 4.15 + Vsg VsL 

..................... (4) 

This is shown as Transition B in Fig. 2. 
At high gas velocities, this transition is governed by the maxi­

mum packing of bubbles to give coalescence. Scott and Kouba7 

concluded that this occurs at a void fraction of0.76, giving the tran­
sition for no-slip dispersed bubble flow as 

v58 
= 3.11vsL· ................................... (5) 

This is shown as Transition C in Fig. 2. 

Transition to Annular Flow. The transition criterion for annular 
flow is based on the gas-phase velocity required to prevent the en­
trained liquid droplets from falling back into the gas stream. This 
gives the transition as 

(6) 

shown as Transition D in Fig. 2. 
Barnea5 modified the same transition by considering the effects 

of film thickness on the transition. One effect is that a thick liquid 
film bridged the gas core at high liquid rates. The other effect is in­
stability of the liquid film, which causes downward flow of the film 
at low liquid rates. The bridging mechanism is governed by the 
minimum liquid holdup required to fonn a liquid slug: 

Hu > 0.12, ..................................... (7) 

where HLF is the fraction of pipe cross section occupied by the liq­
uid film, assuming no entrainment in the core. The mechanism of 
film instability can be expressed in terms of the modified Lockhart 
and Martinelli parameters, XM and YM, 
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Predicting Two-Phase Pressure Drops in Vertical Pipe 

J. ORKISZEWSKI * 

ABSTRACT 

A method is presented which can accurately predict, 
with a precision of about 10 percent, two-phase pressure 
drops in flowing and gas-lift production wells over a wide 
range of well conditions. The method is an extension of 
the work done by Griffith and Wal/is" and was found to 
be superior to five other published methods. The precision 
of the method was verified when its predicted values were 
compared against 148 measured pressure drops. The unique 
features of this method over most others are that liquid 
holdup is derived from observed physical phendmena, the 
pressure gradient is related to the geometrical distribution 
of the liquid and gas phase (flow regimes), and the method 
provides a good analogy of what happens inside the pipe. 
It takes less than a second to obtain a prediction on the 
IBM 7044 computer. 

INTRODUCTION 

The proble)Il of accurately predicting pressure drops in 
·flowing or gas-lift wells has given rise to many specialized
solutions for limited conditions, but not to any generally
accepted one for broad conditions. The reason for these
many solutions is that the two-phase flow is complex and
-difficult to analyze even for the limited conditions studied.
Under some conditions, the gas moves at a much higher
velocity than the liquid. As a result, the down-hole flowing
density of the gas-liquid mixture is greater than the cor­
responding density, corrected for down-hole temperature
and pressure, that would be calculated from the produced
gas-liquid ratio. Also, the liquid's velocity along the pipe
wall can vary appreciably over a short distance and result
in a variable friction loss. Under other conditions, the li­
quid is almost completely entrained in the gas and has
very little effect on the wall friction loss. The difference in
velocity and the geometry of the two phases strongly in­
fluence pressure drop. These factors provide the basis for
categorizing two-phase flow. The generally accepted cate­
gories (flow regimes) of two-phase flow are bubble, slug,
(slug-annular) transition and annular-mist.** They are
ideally depicted in Fig. 1 and briefly described as follows.

BUBBLE FLOW (FIG. IA)

The pipe is almost completely filled with the liquid and 

Original manuscript received in Society of Petroletim Erigineers office 
August 8, 1966. Revised manuscript of SPE 1546 received March 1, 1967. 
Paper was presented at 41st Annual Fall Meeting held in Dallas, Tex., 
Oct. 2-6, 1966. ©Copyright 1967 American Institute of Mining, Metal­
lurgical, and Petroleum Engineers, Inc. 

•Presently with International Petroleum Co. Ltd., Talara, Peru. 

HReferences given at end of paver. 

(<,;.,All four regimes could conceivably exist in the same well. An e.�am­
ple would be a deep well producing light oil from a reservoir which is 
near its bubble point. At the bottom of the hole, with little free gas 
present, flow would be in the bubble regime. As the fluid moves up the 
well, the other regimes would be encountered because gas Continually 
comes out of solution, and the pressure -continually decreases. Normally, 
however, flow is in the slug regime and rarely in mist, excevt for con­
dens.Rte reservoirs or steam-stimulated , ... ·ells. 

JUNE, 1967 

ESSO PRODUCT/ON RESEARCH CO. 
HOUSTON, TEX. 

the free-gas phase is small. The gas is present as small 
bubbles, randomly distributed, whose diameters also vary 
randomly. The bubbles move at different velocities depend­
ing upon their respecHve diameters. The liquid moves up 
the pipe at a fajrly uniform velocity and, except for its 
density, the gas phase has little effect on the pressure gra­
dient. 

SLUG FLOW (FIG. lB) 

In this regime, the gas phase is more pronounced. Al­
though the liquid phase is still continuous, the gas hubbies 
coalesce and form stable bubbles of approximately the 
same size and shape which are nearly the diameter of the 
pipe. They are separated by slugs of liquid. The bubble 
velocity is greater than that of the liquid and can be pre­
dicted in relation to the velocity of the liquid slug." There 
is a film of liquid around the gas bubble. The liquid ve­
locity is not constant-whereas the liquid slug always 
moves upward (in the direction of bulk flow); the liquid 
in the film may move upward but possibly at a lower ve­
locity, or it may move downward. These varying liquid 
velocities will result not only in varying wall friction losses, 
but also in a "liquid holdup" which will influence flowing 
density. At higher flow velocities, liquid can even be en­
trained in the gas bubbles. Both the gas and liquid phases 
have significant effects on the pressure gradient. 

TRANSITION FLOW (FIG. IC) 

The change from a continuous liquid phase to a con­
tinuous gas phase occurs in this region. The liquid slug 
between the bubbles virtually disappears, and a significant 
amount of liquid becomes entrained in the gas phase. Al­
though the effects of the liquid are significant, the gas 
phase is more predominant. 
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