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ABSTRACT

In the oil and gas industry, pipeline networks are used to transport the production fluids from wells

to production plants. During normal operation, the pipelines need regular cleaning and inspection.

Typically, the pipeline maintenance is performed by pigging, which refers to using devices known

as “pigs ”(Pipeline Inspection Gauges) to perform various maintenance operations of the pipeline.

In order to describe the motion of the pig in the pipeline, detailed understanding of the flow

around the pig is required. In this research, a CFD (computational fluid dynamics) approach was

applied to model fully turbulent flow (Re ≈ 107) around various types of bypass pigs. We especially

focused on the relation between the overall pressure drop, which was represented by a dimension-

less pressure loss coefficient, and various dimensionless parameters describing the flow and the

configuration. The pressure loss coefficient is caused by the fluid that passes through the bypass

area. If the pressure loss coefficient is known, together with the friction between the moving pig

and the pipe wall, the motion of the pig can be described. Moreover, often the flow in the pipeline

is in multiphase (stratified flow) condition. Therefore, in this research the effect of multiphase flow

around a bypass pig was also investigated.

For the single phase study, two types of bypass pigs were investigated: the disk pig and the com-

plex bypass pig. The disk pig has a fixed and relatively simple geometry, and it is based on the

conventional bypass pig, with a deflector plate in front of the pig body. The complex bypass pig

geometry is based on the disk pig, though now the bypass area is created by holes which can be

adjusted. In reality, for these complex bypass pigs, the bypass pig velocity is controlled by adjusting

the bypass area.

For the conventional bypass pig, previous studies have shown that the Idelchik’s correlation for

thick orifices can predict the pressure loss coefficient accurately. Thus a similar approach was ap-

plied in the disk pig study in order to obtain a theoretical correlation to predict the pressure loss

coefficient for the disk pig. Indeed such a correlation was found which gives an accurate predic-

tion for a certain parameter regime. In the complex bypass pig study, we mainly focused on the

influence of the bypass area fraction on the pressure loss coefficient. Two correlations based on two

approaches were suggested. It was found that these correlations can predict the overall pressure

drop across the complex bypass pig accurately, especially when the opening fraction of the bypass

adjusting holes was relatively large.

Furthermore, for the multiphase study, the simpler pig models were investigated. First of all, the

flow in front of a pig without bypass region was investigated. One of the practical purposes of this

study is that we want to investigate under which condition the full pipeline perimeter gets wetted

with liquid. This is important for the distribution of corrosion inhibitors. Moreover, the multiphase

flow around a (conventional) bypass pig was investigated, to obtain a better understanding of the

multiphase flow behaviour for bypass pigs.

iii





ACKNOWLEDGEMENTS

It is a great pleasure to acknowledge my deepest thanks and gratitude to Professor Ruud Henkes, for

providing me this research opportunity, and for his kind supervision. It was a great honour to work

under his supervision.

I also would like to express my deepest thanks and sincere appreciation to Dr. Wim-Paul Breugem,

for his encouragement, as well as for comprehensive and creative advice during this research.

Furthermore I would like to express my extreme sincere gratitude and appreciation to Ir. Mau-

rice Hendrix, for his kind endless help, and for his generous advice and support during this research.

I appreciate the time all three of my supervisors spent on reading and correcting the drafts of

my thesis. Additionally, I would like to thank Dr. Sasa Kenjeres, for agreeing to join my graduation

committee and for taking time to read my thesis.

I also would like to thank Dr. Mathieu Pourquie for his kindly help during this research.

It is regrettable that I only had nine months to work in the Laboratory of Aero & Hydrodynamics,

but I will never forget this experience.

Finally, I would like to thank my parents, my family members and my friends. For me, it was not

possible to finish my study program in TU Delft without their love and supports. This thesis is my

best gift to them.

Xiaoyun Liang

Delft, November 2015

v





CONTENTS

List of Figures xi

List of Tables xv

1 Introduction 1

1.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.3 Previous studies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.4 Objectives. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

1.5 Thesis structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

2 Theoretical background 9

2.1 Governing equations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.1.1 Navier-Stokes equations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.1.2 Reynolds number. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2.1.3 The RANS equations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2.1.4 The k −ε turbulence model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.1.5 Multiphase flow modelling. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

2.2 Dimensionless groups . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.3 Fully developed pipe flow and entrance length . . . . . . . . . . . . . . . . . . . . . . 17

2.4 Pressure losses in various geometries. . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

2.4.1 Pressure and total pressure coefficient . . . . . . . . . . . . . . . . . . . . . . . 19

2.4.2 Pressure loss in sudden contraction. . . . . . . . . . . . . . . . . . . . . . . . . 20

2.4.3 Pressure loss in sudden expansion . . . . . . . . . . . . . . . . . . . . . . . . . 20

2.4.4 Disk valve . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

2.4.5 Pressure losses in sharp-edged orifice . . . . . . . . . . . . . . . . . . . . . . . 21

2.4.6 Pressure loss in thick orifice . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

2.4.7 Pressure loss in bypass pigs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

2.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

3 Numerical setup 25

3.1 Flow domain and boundary conditions . . . . . . . . . . . . . . . . . . . . . . . . . . 25

3.1.1 Flow domain for single phase study . . . . . . . . . . . . . . . . . . . . . . . . . 25

3.1.2 Boundary conditions for single phase study . . . . . . . . . . . . . . . . . . . . 26

3.1.3 Flow domain and boundary conditions for multiphase flow study . . . . . . . . 27

vii



viii CONTENTS

3.2 Realizable k −ε turbulence model and standard wall function . . . . . . . . . . . . . . 29

3.2.1 Realizable k −ε model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

3.2.2 Standard wall function . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

3.3 UDF boundary conditions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

3.4 Meshing strategies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

3.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

4 Validation 39

4.1 Mesh independence study. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

4.1.1 Conventional bypass pig . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

4.1.2 Complex bypass pig . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

4.2 Mesh and time step size independence study for multiphase study . . . . . . . . . . . 42

4.3 UDF boundary conditions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

4.3.1 Fully developed pipe flow’s velocity profile . . . . . . . . . . . . . . . . . . . . . 46

4.3.2 UDF boundary conditions validation . . . . . . . . . . . . . . . . . . . . . . . . 50

4.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

5 Results of disk pig study 53

5.1 Flow features of disk pig . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

5.2 Investigation of the two numerical solutions. . . . . . . . . . . . . . . . . . . . . . . . 55

5.3 Parameters study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

5.3.1 Horizontal bypass area . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

5.3.2 Disk diameter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

5.3.3 Disk bypass area . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

5.3.4 Downstream pipe diameter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

5.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

6 Results of complex bypass pigs study 65

6.1 Flow features of complex bypass pig . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

6.2 Parameter study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

6.2.1 Horizontal bypass area . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

6.2.2 Opening fraction of the holes . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

6.3 Testing of the suggested correlations . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

6.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

7 Results of multiphase study 79

7.1 Pig without bypass region . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

7.1.1 Theoretical modelling of the liquid slug . . . . . . . . . . . . . . . . . . . . . . 83

7.2 Pig with bypass region . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

8 Conclusions 87

8.1 Summary and relevant conclusions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

8.1.1 Single phase study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

8.1.2 Multiphase study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89



CONTENTS ix

8.2 Recommendations for further work . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

A Further validation 93

A.1 Mesh independence study for disk pig . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

A.2 Sharp-edged orifice validation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

Bibliography 97





LIST OF FIGURES

1.1 Conventional bypass pig . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.2 Different types of bypass pigs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.3 Schematic of the pig velocity close loop control system . . . . . . . . . . . . . . . . . . . 3

1.4 Bypass control devices and an example of a bypass pig with the bypass adjusting device 3

1.5 Disk pig . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.6 Complex bypass pig model built by CAD software . . . . . . . . . . . . . . . . . . . . . . 6

2.1 2D sketch of the conventional bypass pig . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.2 2D sketch of the disk pig . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.3 2D sketch of the complex bypass pig . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

2.4 Developing turbulent pipe flow . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

2.5 2D sketch of the sudden contraction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

2.6 2D sketch of the sudden expansion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

2.7 2D sketch of the disk valve . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

2.8 2D sketch of the sharp-edged orifice . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

2.9 2D sketch of the thick orifice . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

2.10 2D sketch of the flow around the disk pig . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

3.1 Flow domain of bypass pig single phase study . . . . . . . . . . . . . . . . . . . . . . . . 26

3.2 Flow domain of bypass pig single phase study in the pig’s reference frame . . . . . . . 26

3.3 General flow domain of the bypass pig multiphase study in the pig’s reference frame . 28

3.4 Flow domain of the multiphase phase flow around the bypass pig considered in this

research . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

3.5 Wall functions approach in CFD . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

3.6 Fully developed pipe flow profiles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

3.7 Comparision between unstrucured mesh and structured mesh . . . . . . . . . . . . . . 34

3.8 Structured mesh generated by multi-blocking method on a circle surface . . . . . . . . 34

3.9 Multi-blocking meshing approach: Blocks for the disk pig . . . . . . . . . . . . . . . . . 35

3.10 Multi-blocking meshing approach: Mesh generated for the disk pig . . . . . . . . . . . 36

3.11 Details of the mesh for the disk pig . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

3.12 Mesh quality . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

4.1 Total pressure coefficient along the centreline for the conventional bypass pig . . . . . 41

4.2 Velocity profiles for the conventional bypass pig mesh independent study . . . . . . . 42

4.3 y+ value on the cells closest on the walls for the conventional bypass pig model . . . . 43

xi



xii LIST OF FIGURES

4.4 Total pressure coefficient distribution on the centreline for the complex bypass pig

mesh independence study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

4.5 Velocity profiles for the complex bypass pig mesh independent study . . . . . . . . . . 45

4.6 y+ value on the cells closest on the walls for the complex bypass pig CFD model . . . . 46

4.7 Volume fraction of liquid contours on the cross section and the downstream pipe sec-

tion plane, after t = 1s, for the mesh & time step independence study of the multiphase

study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

4.8 Volume fraction of liquid’s distribution on the centreline for the mesh & time step in-

dependence study of the multiphase study . . . . . . . . . . . . . . . . . . . . . . . . . . 48

4.9 x-velocity’s distribution on the centreline for the mesh & time step independence

study of the multiphase study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

4.10 Results of the 100 m pipe pipe CFD study . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

4.11 Fully developed pipe flow’s velocity profiles . . . . . . . . . . . . . . . . . . . . . . . . . 50

4.12 Total pressure coefficient distribution on the centreline for the UDF boundary condi-

tions validation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

4.13 x-velocity profiles for the UDF boundary conditions validation . . . . . . . . . . . . . . 51

5.1 Streamlines of the flow around the disk pig . . . . . . . . . . . . . . . . . . . . . . . . . . 54

5.2 Velocity contours of the flow around the disk pig . . . . . . . . . . . . . . . . . . . . . . 55

5.3 Total pressure coefficient’s distribution on the centreline of the disk pig study . . . . . 55

5.4 Total pressure contours of the flow around the disk pig . . . . . . . . . . . . . . . . . . . 56

5.5 Turbulence intensity contour for two disk pig flow behaviours . . . . . . . . . . . . . . 56

5.6 Pressure loss coefficient as a function of horizontal bypass area for the disk pig param-

eters study, results from steady state and transient simulations . . . . . . . . . . . . . . 57

5.7 Theory compared with CFD results, for the disk pig horizontal bypass area parameter

study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

5.8 Pressure loss coefficient as a function of disk diameter for the disk pig parameters

study, with different flow behaviours . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

5.9 Theory compared with CFD results, for the disk pig disk bypass area parameter study 61

5.10 Theory compared with CFD results, for the disk pig downstream pipe diameter pa-

rameter study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

5.11 Streamlines of the flow around the disk pig with various downstream pipe diameter . 63

6.1 Streamlines of the disk pigs with the same parameters of the complex bypass pigs . . 67

6.2 Streamlines for the complex bypass pig . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

6.3 Total pressure contours on the cross section plane of the complex bypass pig . . . . . 69

6.4 Total pressure coefficient distribution on the centreline of the complex bypass pig . . 69

6.5 Results from parameter study: horizontal bypass area, for the complex bypass pig . . 70

6.6 Results from parameter study: angle of the bypass adjusting holes, for the complex

bypass pig . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

6.7 Results from complex bypass pig study compared with the theoretical results for the

equivalent disk pig . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74



LIST OF FIGURES xiii

6.8 Pressure loss (coefficient) in the bypass adjusting holes of the complex bypass pig study 75

6.9 Results from complex bypass pig study compared with the theoretical results for sharp-

edged orifice . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

6.10 Overall pressure drop as a function of the bypass area of the bypass adjusting area,

testing of the correlations suggested . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

7.1 Liquid volume fraction contour . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

7.2 Liquid volume fraction contour with different pig velocity . . . . . . . . . . . . . . . . . 81

7.3 Results of the pig velocity study for the no-bypass pig . . . . . . . . . . . . . . . . . . . 82

7.4 Liquid volume fraction contour for the bypass pig multiphase study . . . . . . . . . . . 84

A.1 Total pressure coefficient distribution on the centreline for the disk pig mesh indepen-

dent study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

A.2 Velocity profiles for the disk pig mesh independent study . . . . . . . . . . . . . . . . . 94

A.3 y+ value on the cells closest on the walls for the disk pig model . . . . . . . . . . . . . . 95

A.4 Results of the sharp-edged orifice study . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96





LIST OF TABLES

2.1 Parameters which govern the bypass pigs CFD models . . . . . . . . . . . . . . . . . . . 14

2.2 Dimensionless groups for the bypass pigs models . . . . . . . . . . . . . . . . . . . . . . 15

3.1 Velocities of the fluids, pig and pipewall in real and reference flow domain . . . . . . . 26

3.2 Key Parameters of the pipe flow . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

4.1 Key Parameters govern the conventional bypass pig geometry used in the mesh inde-

pendence study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

4.2 Key parameters govern the complex bypass pig geometry used in the mesh indepen-

dent study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

4.3 Key Parameters govern the bypass pig geometry used in the multiphase mesh & time

step size independent study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

4.4 Key Parameters govern the disk pig geometry used in the UDF boundary conditions

validation study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

6.1 Key parameters of complex bypass pig geometry, with 10% horizontal bypass area,

used in the complex bypass pig study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

7.1 Key Parameters govern the pig without bypass multiphase study . . . . . . . . . . . . . 80

xv





LIST OF NOMENCLATURE

English notations:

Symbol Units Description

Ct p − Total pressure coefficient

Cµ − Constant used in the k −ε turbulence model

D m Diameter of the pipe

d m Diameter of the narrow pipe

El − Dimensionless entrance length

F m2 Area

H m Height of the disk

Hi m Diameter of the inner wall of the holes

h m Distance between the pig and the disk

I − Turbulence intensity

K − Pressure loss coefficient

k m2/s2 Turbulent kinetic energy

L m Characteristic length

l m Length

m kg Mass

n − Number of opening holes

P Pa Pressure

Pt Pa Total pressure

Re − Reynolds number

r m Radius

t m Thickness of the disk

U m/s Mean velocity

U+ − Velocity in non-dimensional wall units

u m/s Velocity

uτ m/s Friction velocity

u′ m/s RMS of the fluctuating velocities

V m/s Average velocity

y m Distance from the pipe wall

y+ − Distance from a wall in non-dimensional

wall units

z m Distance in the x direction

xvii



xviii PREFACE

Greek notations:

Symbol Units Description

α − volume fraction

δi j − Kronecker delta

ε m2/s3 Turbulent kinetic energy dissipation rate

κ − Von Karman constant

ω ◦ Angle of opening holes

µ kg /ms Dynamic viscosity

ν m2/s Kinematic viscosity

Π − Dimensionless parameters in the Bucking-

ham Pi theorem

ρ kg /m3 Density

τw kg /ms2 Wall shear stress



1
INTRODUCTION

1.1. BACKGROUND

In the oil and gas industry, the production fluids are transported from wells to production plants

by pipeline networks. As the wells are located in different positions, the pipelines could span an ex-

tremely long distance, for instance hundreds of kilometres. The pipelines need regular cleaning and

inspection during normal operation, and ideally, these processes should interrupt the production

flow as little as possible.

Typically, pipeline maintenance is performed by pigging, which refers to using devices known

as “pigs” (Pipeline Inspection Gauge) to perform various maintenance operations of the pipeline.

The pigging is accomplished by putting the pig into a pig launcher, which is an oversized section

in the pipeline, reducing to the normal diameter. Then the launcher is closed and the production

flow is used to push the pig along the downstream pipe, until it reaches the receiving station. One

of the advantages of this approach is that the production is not interrupted when the maintenance

operation is in process.

As the pig is driven by the fluids in the pipeline, and if the fluids cannot pass through the pig,

it will move with the same velocity as the fluid for single phase flow and with the mixture velocity

of the fluids for multiphase flow. However, ideally the pig should not move too fast. The pipeline

cleaning and dewartering is most effective if the cleaning pig is moving at a velocity below 5 m/s

[2]. Also, if the pig moves with a very high velocity, it could cause damage to the pipeline, or to the

pig itself. In order to mitigate these risks, we could decrease the fluids’ velocity; however, it means

the production rate also has to be turned down. This situation can be improved by using bypass

pigs. Figure 1.1 shows an example of a bypass pig. This bypass pig has an opening in the middle,

through which the fluids can bypass the pig. Thus, the pig velocity can be decreased by adding a

bypass region, without turning down the production rate.

Figure 1.1 shows a relatively simple bypass pig, which has a cylindrical hole in the middle, and

the hole is oriented along the axis of the pig. Also, there are several different types of bypass pigs,

and some of them have a very complex shape. Figure 1.2 shows two different types of bypass pigs.

1
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Figure 1.1: An example of a bypass pig: conventional bypass pig, reproduced from [3]

(a) Intelligent pig, reproduced from [4] (b) Cleaning pig, reproduced from [2]

Figure 1.2: Different types of bypass pigs

In general, there are two main purposes for pigs: inspection and pipeline cleaning.

• The intelligent pig is used for inspection of the pipelines[5]. Figure 1.2a shows an example of

an intelligent pig. The inspection is performed by inserting the intelligent pig in the pipeline,

and there are electronics and sensors inside of the intelligent pig. Thus, different types of data

can be collected when the intelligent pig is moving inside the pipeline[4]. The intelligent pig

has relatively complex geometry, as it contains the built-in equipment for collecting data.

• Pipeline cleaning is performed by another type of pig: the cleaning pig, which belongs to the

utility pigs. Figure 1.2b shows an example of a cleaning pig. The purpose of the pipeline clean-

ing operation depends on the fluids’ condition in the pipeline system. For oil dominated pipe

flow, the wax formed on the pipe wall is the primary issue for the pipeline cleaning opera-

tion. The wax formed on the pipe wall can obstruct flow through the pipeline, thus reduce

the transport efficiency. The wax deposits could be removed through pigging. However, the

formation of wax plug in front of the pig could decrease the velocity of the pig, or even stall it

completely[6]. This problem can be solved by introducing the bypass pig, as the wax can be

removed by the fluids which pass through the bypass region[7]. On the other hand, for the gas

phase dominated multiphase flow condition, the development of slugs of liquid in the lower

region of pipe is the most common problem people faced. This situation can be improved

through pigging, as the pig drives the liquid slug to the end of the pipeline, where it is received

by a slug catcher[8]. In order to prevent the pipeline corrosion problem, the pipeline’s inter-

nal wall can be protected by a protective layer, which is formed by corrosion inhibitors. In

order to distribute the corrosion inhibitors on the internal wall of the pipeline, cleaning pigs
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Figure 1.3: Schematic of the pig velocity close loop control system, reproduced from [2]

(a) Bypass control devices, reproduced from [2] (b) A bypass pig with the bypass adjusting device,

made by the Rosen group, reproduced from [12]

Figure 1.4: Bypass control devices and an example of a bypass pig with the bypass adjusting device

should be used to remove the sediment and sweep out water from the wall of the pipeline.

Then, a film of inhibitor can be applied on the pipe wall by using the sealing pig, which is

another type of the utility pigs[9]. When the stratified flow (multiphase condition) exists in

the pipeline, sometimes the corrosion inhibitor cannot contact the top of the pipe wall, and

leaving a part of the pipeline unprotected. For instance, for a pipeline in which the fluids are

in liquid-gas flow condition, and the corrosion inhibitor is contained by the liquid phase flow.

Due to the gravity, sometimes the liquid phase flow cannot contact the top of the pipe wall,

thus the corrosion inhibitor cannot be applied to the top region of the pipeline.

The bypass pig was introduced to mitigate the risks caused by a too high pig velocity. However, if

the bypass area is fixed, the pig velocity still cannot be adjusted during the pigging operation. In re-

cent years the development of pigs with speed control technology has gained popularity[10]. Figure

1.3 shows the schematic of the pig velocity control system. The velocity of pig can be controlled by

adjusting the bypass area, in order to achieve desired velocity[11]. Figure 1.4a shows two types of the

typical bypass adjusting devices, and the bypass area can be adjusted by using the battery-powered

electric motor. Figure 1.4b shows an example of a bypass pig with speed control technology made

by the Rosen group[12]. In this “Rosen pig”, there is a bypass adjusting device after the horizontal

bypass region, and the velocity of pig can be controlled by adjusting the additional bypass regions

(closing and opening the bypass adjusting holes).
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1.2. MOTIVATION

The first pigging operation took place in around the year of 1870, a few years after Colonel Drake

discovered oil in Titusville, Pennsylvania, with the development of the oil and gas industry, the pig-

ging operation became a standard industrial practice[13]. From the 1980s, the scientific community

started to study flow around pigs, by both experiments and simulations approaches[14][15]. In re-

cent years, the research in speed control technology for pigs has been interested in particularly[10].

The schematic of the pig velocity control system and the typical bypass adjusting devices are shown

in Figure 1.3 and 1.4a.

The general equation to describe the pig motion can be expressed as:

m
dupi g

d t
=∆P ·Fcr oss +

∑
i

fi (1.1)

Where m represents the mass of the pig, upi g is the pig velocity and Fcr oss is the cross section area of

the pipe. In Equation 1.1,
dupi g

d t
represents the acceleration of the pig and fi represents the forces

acting on the pig, i.e. the friction due to the pipe wall, and gravity, if the pipeline is under inclination;

∆P represents the overall pressure drop, which is the driving force of pig’s movement. The pressure

drop in the bypass pig can be linked with the velocity of flow by the following expression:

∆P = 1

2
ρu2

by pass ·K (1.2)

Where ρ represents the density of fluid, uby pass represents the average velocity of flow in the bypass

region and K represents the pressure loss coefficient, which will be introduced in Section 2.4.1.

Thus, if the coefficient K is known, the overall pressure drop of the bypass pig can be calculated

by Equation 1.2, as the flow velocity in the bypass region uby pass is dependent on the bypass pig

geometry and the flow condition in the pipeline. Furthermore, the motion of the bypass pig can be

described through Equation 1.1. Thus, for the pig velocity control technology, detailed understand-

ing of the flow’s behaviour around the bypass pigs, especially the relationship between the pressure

loss coefficient K and the bypass pigs geometry, is critical.

In this research field, the most common numerical approach is using one dimensional models

to study the interaction of the multiphase flow with the pig geometry in the pipeline. The pig dy-

namics are modelled by the differential equations system which are coupled by the overall pressure

drop, which is the driving force of the pig’s movement, to the flow equations[16]. In the oil and gas

industry, the pipeline could span hundreds of kilometres, which makes the one dimensional models

much more appropriate than the two or three dimensional models[17].

Another approach is to study the detailed flow behaviour around the bypass pigs[18][19] by a

numerical model. This can be used to find a relation between the driving force of the bypass pigs

and the governing parameters of the pigs. Furthermore, by using the numerical models (in two

dimensions or even three dimensions) the flow behaviour around the bypass pigs can be studied in

detail.

For the motion of the pig in a pipeline, the pressure drop across the pigs cannot be predicted

accurately by the one dimensional model accurately. Thus, the CFD (computational fluid dynamics)

approach can be applied for the numerical modelling of the flow around the pigs. In recent years
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Figure 1.5: Disk pig, reproduced from [8]

the commercial CFD packages have become more and more popular in both research field and

industry[20]. The CFD approach has several advantages[21]:

• The CFD approach is based on the numerical methods and schemes. By taking advantage

of the development of the understanding of the fluid dynamics theories, especially the de-

velopment of the understanding of turbulence and other complex flow behaviours, the CFD

approach can be applied in various fields, and reliable solutions can be achieved. On the

other hand, with the development of the computer’s computing ability in recent years, first of

all the costs of CFD have become lower and lower; moreover, much bigger numerical simula-

tions can be concluded.

• The costs of numerical simulations are much less than of experiments. Also, CFD can be used

in some extreme conditions, which is not available for the experimental approach due to the

safety risks.

• By using CFD, the detailed flow behaviour in a certain condition can be investigated, which is

not easily obtainable in an experimental approach.

In fact the flow around the bypass pigs has already been studied by using the commercial CFD pack-

age ANSYS Fluent[18][19], and these studies provide a suitable starting point for further works. The

details of the investigation of bypass pigs by using CFD will be introduced in Section 1.3.

1.3. PREVIOUS STUDIES

The flow around the bypass pigs has already been studied before by the CFD approach.

Singh and Henkes[18] studied a simple bypass pig model for both single phase and two phases

flow, by using the commercial CFD software ANSYS Fluent. It was found that with high Reynolds

number the pressure loss coefficient was in agreement with the Idelchik’s[22] correlation for a thick

orifice. Furthermore, in this research the multiphase flow around the bypass pigs was studied by a

two dimensional planar CFD model.

Additionally, Korban[19] studied the flow around more complex bypass pigs in single phase con-

dition by using ANSYS Fluent (version 14.5). Two dimensional axisymmetric CFD models were used
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Figure 1.6: Complex bypass pig model built by CAD software

to study the flow around two types of bypass pigs, which are used in the oil and gas industry, the

conventional bypass pig and the disk pig. The geometry of the conventional bypass pig is shown

in Figure 1.1, and the geometry of the disk pig is shown in Figure 1.5. The detailed flow behaviour

around bypass pigs was investigated. Moreover, different parameter studies were carried out, in

order to study the relationship between the overall pressure loss coefficient K and the governing

parameters of the bypass pigs. The numerical setup of the CFD models for the flow around bypass

pigs has been defined and validated in that research, which is used as input to the present research.

1.4. OBJECTIVES

This thesis aims to achieve better fundamental understanding of the flow around various types of

bypass pigs by the CFD approach.

First of all, the flow around the disk pig has been studied by Korban [19], however, some physics

behind the flow around the disk pig are still unclear. More importantly, the correlation to calculate

the pressure loss coefficient K for the disk pig is not given in that research. Thus, the flow around

the disk pig is further investigated in the present research.

Moreover, flow around the bypass pigs with more complex geometry is studied in the present

research. One of the biggest challenges to study the bypass pigs with more complex geometry is,

when the bypass pig geometry is not axisymmetric; this means that the two dimensional axisym-

metric CFD approach is not available any more, but instead three dimensional CFD simulations are

required. In this research, the complex bypass pig that contains the adjustable bypass area device

is studied. Figure 1.6 shows the complex bypass pig model built by the CAD software, it actually

represents the “Rosen pig”as shown in Figure 1.4b.

For the single phase study of the bypass pigs, we are interested in the detailed flow behaviour

around the bypass pigs. Also, one of the most important variables in the single phase study is the

overall pressure drop, which is the driving force of the motion of the pig in the pipeline. Thus, in this

research, we especially focus on investigating of the relation between the pressure loss coefficient K

(and the overall pressure drop) and the governing parameters of the bypass pigs.

On the other hand, in the oil and gas industry, the flow condition in the pipelines is not always in

single phase, but it can also be in two phases (liquid and gas). Thus, in this research flow around the

bypass pigs in multiphase condition is investigated. In order to capture the two phases interaction,

a full three dimensional CFD model is required.
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In the multiphase study, the variables that we are interested in are slightly different to the vari-

ables in the single phase study. For instance, the volume fraction of the liquid (or gas) phase flow is

one of the most important variables in the multiphase study. For a practical purpose, for example,

we would like to study the condition when the liquid phase contacts the top of the pipe wall, as this

guarantees that the corrosion inhibitor is distributed across to full perimeter of the pipe wall.

Compared with two dimensional CFD simulations used by Singh and Henkes[18] and Korban[19],

the three dimensional CFD simulations require much larger computational resources and longer

computing times.

1.5. THESIS STRUCTURE

This thesis is organized as follows:

In Chapter 2, the relevant theoretical background of this thesis is introduced. The numerical

setup of the CFD model is described in Chapter 3. The validations of the numerical models and the

modelling approaches used in the numerical setup are dealt with in Chapter 4.

The results from numerical simulations that have been performed are presented in Chapter 5,

6 and 7. In Chapter 5, the results of the disk pig study are presented; In Chapter 6, the results of

complex bypass pigs with bypass adjusting device are presented; Furthermore, the results of the

multiphase study are discussed in Chapter 7.

Finally, the conclusions and recommendations for future research are given in Chapter 8.





2
THEORETICAL BACKGROUND

In this chapter, some theories relevant to this research are presented. First of all, the governing

equations of the numerical model are introduced. Furthermore, dimensional analysis is performed

to derive the dimensionless groups of the bypass pigs numerical model. After this, theory related

to the fully developed pipe flow is presented. Finally, correlations in order to calculate the pressure

loss coefficient K in various geometries related to the bypass pigs geometry are discussed, and these

theoretical correlations will be used to compare with the results from bypass pigs CFD models in this

research.

2.1. GOVERNING EQUATIONS

The bypass pig CFD model involved in this research is a numerical system, which is governed by

different flow equations. The governing equations of the CFD numerical model are introduced in

this section.

2.1.1. NAVIER-STOKES EQUATIONS

We first introduce one of the most famous equations in fluid mechanics, the Navier-Stokes equa-

tions. The Navier-Stokes equations are the governing equations of the viscous fluid substances’

motion, and they come from applying Newton’s second law to fluid motion, thus describing the

changes of the flow momentum in space and time[23]. For incompressible Newtonian fluids, the

general Navier-Stokes equations can be expressed as:

ρ

(
∂u

∂t
+u ·∇u

)
=−∇P +µ∇2u + f (2.1)

where ρ denotes the density of the fluid; u is the velocity vector, in three dimensional fluids, it

represents three velocities in the x, y and z direction (u, v and w); P is the pressure of the fluid; µ is

the viscosity of the fluid and f represents the body forces acting on the fluid, for instance gravity.

In Equation 2.1, the left hand side represents the inertial effects. The first term represents the

time dependent effects, the second term represents the convective acceleration. On the right hand

9
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side, the first two terms represent the internal influence of the fluid, ∇P is the pressure gradient and

the second term represents the diffusion of momentum. The third term represents external forces.

Furthermore, for incompressible fluids, the so called continuity equation, which comes from

mass conservation in the system, can be expressed as:

∇·u = 0 (2.2)

Equation 2.2 states that for a control volume in the fluid, the inflow has to be equal to the outflow.

Thus, the motion of fluid is described by the four differential equations. However, due to the

complexity of the Navier-Stokes equations (Equation 2.1), analytical solutions are only available for

the relatively simpler systems. In the practical conditions, the equations are always solved by taking

a numerical approach, and only approximate solutions can be obtained.

2.1.2. REYNOLDS NUMBER

In fluid mechanics, the Reynolds number Re is a dimensionless number which is used to predict

similar flow patterns in different flow situations. The Reynolds number is calculated by the ratio of

the inertial force and the viscous force, and can be expressed as:

Re = ρU L/µ=U L/υ (2.3)

Where U represents the mean velocity of the object relative to the fluid, L is a characteristic linear

dimension and υ=µ/ρ is the kinematic viscosity.

For the fully developed pipe flow, turbulent flow occurs when the Reynolds number is larger

than 4000, laminar flow occurs when the Reynolds number is smaller than 2100. In the range be-

tween 2300 and 4000, the flow is called transition flow, in which both turbulent and laminar flow are

possible.

In this research, the typical pipe flow velocity is around 3 m/s, pipe diameter is around 1 m and

kinetic viscosity is 3 E-7 m2/s. Thus, based on Equation 2.3, we can calculate the typical Reynolds

number is around 1 E+7, which indicates that the flow is strongly turbulent.

2.1.3. THE RANS EQUATIONS

For simulating turbulence, most of the computational approaches use three different methods:

• DNS: Direct Numerical Simulations

• LES: Large Eddy Simulations

• the RANS (Reynolds-averaged Navier-Stokes) models.

Each of these methods has its advantages and disadvantages. For the DNS approach, the Navier-

Stokes equations are explicitly solved without any turbulence model, and all of the spatial and tem-

poral scales of the turbulence are resolved. Thus, the DNS is the most accurate approach, but the

computational costs is very high, and it can only be applied for relatively low Reynolds number and

simple geometries. For the LES approach, the large turbulent motions are solved and the small scale

motions are modelled. The idea behind LES is to reduce the computational cost by reducing the



2.1. GOVERNING EQUATIONS 11

range of length and time scales which are being solved, by a low pass filtering of the Navier-Stokes

equations.

On the other hand, the RANS approach is popular in industry, as it can overcome the limitations

of the DNS and LES approaches, by relying on modelling of the whole turbulence behaviour. In this

research, the RANS approach is being used.

In order to derive the Navier-Stokes equations to RANS equations, the concept of Reynolds de-

composition is introduced here. The Reynolds decomposition is a mathematical method to decom-

pose the solution variables into a time-averaged part and a fluctuating part. For instance, for the

velocity component ui the decomposition can be expressed as

ui =Ui +u′
i (2.4)

Where Ui and u′
i represent the mean and fluctuating parts of ui .

The Navier-Stokes equations (Equation 2.1) are time-averaged to obtain the RANS equations,

by applying the Reynolds decomposition. After substituting the Reynolds decomposition (Equation

2.4) for the velocity component ui in the Navier-Stokes equations (Equation 2.1), the RANS equa-

tions for the incompressible Newtonian fluid can be expressed as:

ρ(
∂

∂t
(Ui )+ ∂

∂x j
(UiU j )) =− ∂p

∂xi
+µ ∂2Ui

∂x j∂x j
+ fi − ∂

∂x j
(ρu′

i u′
j ) (2.5)

In this equation, the left hand side and the first three terms on the right hand side are with similar

form as Equation 2.1. However, after Reynolds-averaging, one additional term appears, which is the

last term of Equation 2.5. The term
∂

∂x j
(ρu′

i u′
j ) is related to the Reynolds stress τR , which is given

as:

τRi j =−ρu′
i u′

j (2.6)

With this term, the RANS equations are not closed any more, and additional equations are required

to close the numerical system. Typically, this is made by using turbulence models.

2.1.4. THE k −ε TURBULENCE MODEL

The k − ε turbulence model belongs to the two equation turbulence models, which are one of the

most common type of turbulence models. The basis of all two equation turbulence models is the

Boussinesq eddy viscosity assumption, which postulate that the Reynolds stress tensor is propor-

tional to the mean strain rate tensor, mathematically, it can be expressed as:

−ρu′
i u′

j =µt (
∂Ui

∂x j
+ ∂U j

∂xi
)− 2

3
ρkδi j (2.7)

Where k = 1

2
u′

i u′
i is the turbulent kinetic energy, µt is the turbulent viscosity, and δi j represents the

Kronecker delta.

For the standard k−ε turbulence model, the turbulence kinetic energy k and its dissipation rate

ε are obtained from the following transport equations:

∂

∂t
(ρk)+ ∂

∂xi
(ρkui ) = ∂

∂x j
[(µ+ µt

σk
)
∂k

∂x j
]+Gk +Gb −ρε−YM +Sk (2.8)



12 2. THEORETICAL BACKGROUND

and
∂

∂t
(ρε)+ ∂

∂xi
(ρεui ) = ∂

∂x j
[(µ+ µt

σε
)
∂ε

∂x j
]+C1ε

ε

k
(Gk +C3εGb)−C2ερ

ε2

k
+Sε (2.9)

In these equations, Gk represents the production of turbulence kinetic energy due to the main ve-

locity gradients; Gb is the generation of turbulence kinetic energy due to buoyancy, in this research

Gb is ignored as the heat transfer is not considered; YM represents the contribution of the fluctuat-

ing dilatation in compressible turbulence to the overall dissipation rate, for incompressible fluid this

production is ignored. C1ε, C2ε and C3ε are constants, σk and σε are the turbulent Prandtl numbers

for k and ε, respectively. Sk and Sε are user-defined source terms.

In the k −ε turbulence model, the turbulent production Gk is calculated as:

Gk =−ρu′
i u′

j

∂u j

∂xi
(2.10)

In the k −ε turbulence model, the turbulence viscosity is calculated by k and ε as follows:

µt = ρCµ
k2

ε
(2.11)

Where Cµ is a constant.

In Fluent the model constants have the following values[24]:

C1ε=1.44, C2ε=1.92, Cµ=0.09, σk =1.0 and σε=1.3

2.1.5. MULTIPHASE FLOW MODELLING

In this research, the multiphase flow around a pig is studied. The relevant theories of multiphase

flow modelling are introduced in this part.

In fluid mechanics, the multiphase flow is the simultaneours flow of:

• Materials with different states or phases, i.e. solid, liquid or gas.

• Materials with different chemical properties in the same state or phase.

In this research, we consider the multiphase flow consisting of a liquid phase and a gas phase, and

no reaction is considered. Thus, in this research we want to simulate the gas-liquid flow by using

CFD.

Typically, there are two approaches for the numerical modelling of the multiphase flow:

• The Euler-Lagrange approach: The fluid phase is treated as a continuum by solving the time-

averaged Navier-Stokes equations, and the dispersed phase is solved by tracking a large num-

ber of bubbles, particles or droplets through the calculated flow field. The dispersed phase

can exchange momentum, mass and energy with the fluid phase. This approach is suitable

for modelling of several conditions, for instance coal and liquid fuel combustion, spray dryers

and some particle-laden flows[24]. However, this approach is not available for modelling of

applications in which the volume fraction of the second phase is not negligible, so this ap-

proach cannot be used in this research.
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• The Euler-Euler approach:The different phases are treated as interpenetrating continua nu-

merically. In this approach, the volume of a phase cannot be occupied by the other phases,

and conservation equations for each phase are derived to obtain a set of equations, and for

all phases the equations have a similar structure. The equations can be closed by providing

constitutive relations[24].

In ANSYS Fluent, three different Euler-Euler multiphase models can be chosen: the volume of

fluid (VOF) model, the mixture model and the Eulerian model. Each multiphase model has its suit-

able applications. For slug flows and stratified/free-surface flow, the VOF model is suggested[24].

Thus, in this research, the VOF (volume of fluid) model is chose for the multiphase modelling.

The VOF model relies on the fact that two phases are not interpenetrating. For each phase which

added in the system, a variable is introduced, the volume fraction of the phase in the computational

cell. In each control volume, the volume fractions of all phases sum to 1. The nth phase’s volume

fraction in a cell is denoted as αn , and there are three possible conditions:

• αn=0 indicates the cell is empty of the nth phase.

• αn=1 indicates the cell is full of the nth phase.

• 0<αn<1 indicates the cell contains the interface between the two phases.

Based on the local value ofαn , the appropriate properties and variables are assigned to each control

volume.

For the nth phase, the volume fraction equation can be expressed as:

∂αn

∂t
+−→v ·∇αn =

Sαq

ρn
(2.12)

Where −→v represents the phase velocity, ρn represents the density of nth phase and S is the source

term, which is zero by default. The volume fraction equation is not solved for the primary phase,

and the primary phase volume fraction can be computed based on:

n∑
n=1

αq = 1 (2.13)

Thus for the two phase flow, we have:

α1 = 1−α2 (2.14)

In the two phase flow, for the material properties in each cell, the density can be expressed as:

ρ =α2ρ2 + (1−α2)ρ1 (2.15)

Where ρ1 and ρ2 represent the density of the two phases.

2.2. DIMENSIONLESS GROUPS

The dimensional analysis and dimensionless groups of the bypass pig CFD model are introduced in

this section. Based on the dimensionless groups, the control parameters of the bypass pigs numer-

ical models can be much more clear. We first start with the conventional bypass pig, as this type of

bypass pig is the simplest bypass pig studied in this research.
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Figure 2.1: 2D sketch of the conventional bypass pig

Figure 2.1 shows the 2D sketch of the conventional bypass pig. The key parameters that govern

the conventional bypass pig are summarized in Table 2.1. In this research, the dimensions of the

variables are length (L), mass (M), time (T ) and degree (D).

The Buckingham Π theorem is applied for the dimensionless analysis, as for the conventional

bypass pig we have eight variables and three dimensions, five dimensionless groups are required.

The dimensionless groups which are independent of each other are summarized in Table 2.2.

The motivation of choosing these dimensionless groups is as follows:

• The dimensionless group bypass area (d/D)2 represents the ratio of the cross sectional area

of the bypass region and the pipe. This dimensionless parameter represents the degree of

contraction of the flow to pass the bypass pig.

• The dimensionless group bypass aspect ratio l/d represents the ratio of the length and diam-

Bypass pigs Parameter Symbol Dimensions

Conventional bypass pig

Pipe diameter D [L]

Bypass diameter d [L]

Bypass pig length l [L]

Bulk velocity in pipe UD [L][T]−1

Pig velocity UP [L][T]−1

Pressure drop ∆p [M][L]−1[T]−2

Fluid density ρ [M][L]−3

Fluid viscosity µ [M][L]−1[T]−1

Disk pig

Diameter of disk H [L]

Distance between pig body and the disk h [L]

Diameter of downstream pipe D∗ [L]

Thickness of the disk t [L]

Complex bypass pig

Diameter of holes’ inner wall Hi [L]

Number of opening holes n = 4 [-]

Angle of opening holes ω [D]

Table 2.1: Parameters which govern the bypass pigs CFD models
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eter of the bypass region. A large bypass aspect ratio represents that the pig can be treated as

a thick orifice[19].

• The bulk Reynolds number ρDUD /µ has already been introduced in Section 2.1.2, and this

dimensionless group represents the flow condition around the bypass pig.

• The velocity ratio UP /UD is the ratio of the bulk velocity and the pig velocity. It determines the

amount of fluids which can pass through the bypass pig. For instance, if the UP /UD is equal

to 1, the pig is moving as the same velocity of the pipe flow, thus no fluid can pass through the

pig.

• The pressure loss coefficient ∆p/(
1

2
ρU 2

d ) compares the overall pressure drop across the by-

pass pig to flow’s kinetic energy per unit volume in the horizontal bypass region.

After the dimensional analysis, the dimensionless groups of the conventional bypass pig can be

combined into:
∆p

1

2
ρU 2

d

= f ((
d

D
)2,

l

d
,
ρDUD

µ
,

UP

UD
) (2.16)

Where Ud represents the velocity in the bypass region, which is dependent on the parameter UD ,

UP and the dimensionless group (
d

D
)2.

The disk pig is another bypass pig which is studied in this research, its geometry is based on the

conventional bypass pig, and there is a deflector, shaped as a disk after the horizontal bypass region.

Figure 2.2 shows the 2D sketch of the disk pig. Besides the parameters for the conventional bypass

pigs, for additional parameters are required to govern the shape of the disk, which are summarized

in Table 2.1. Thus, four additional dimensionless groups are required by the disk pig model, which

are summarized in Table 2.2.

The disk aspect ratio t/H represents the ratio of the thickness and the diameter of the disk. In

reality, the thickness of the disk should be relatively small[19], which means the disk aspect ratio

Bypass pigs Dimensionless groups Expression

Conventional bypass pig

Bypass area (d/D)2

Bypass aspect ratio l/d

Bulk Reynolds number ρDUD /µ

Velocity ratio UP /UD

Pressure loss coefficient ∆p/(
1

2
ρU 2

d )

Disk pig

Disk aspect ratio t/H

Disk height H/D

Downstream pipe diameter D∗/D

Disk bypass area 4d ·h/D2

Complex bypass pig
Thickness of bypass adjusting holes Hi /H

Opening fraction of the holes ω/45◦

Table 2.2: Dimensionless groups for the bypass pigs models
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Figure 2.2: 2D sketch of the disk pig

t/H should be << 1.

The disk height H/D represents the relative size of the disk and pipe, and it is determined as the

ratio of the disk diameter H and the pipe diameter. For the disk pig geometry, the dimensionless

parameter is in the range: d/D < H/D < 1, as the diameter of the disk has to be larger than the

horizontal bypass region diameter, and smaller than the pipe diameter.

Another dimensionless parameter downstream pipe diameter D∗/D represents the diameter of

the downstream pipe. In reality, this dimensionless parameter is equal to 1, as the diameter of the

pipeline is a constant. However, in this research the diameter of the downstream pipe’s influence on

the flow behaviour around the bypass pigs is investigated. When this dimensionless parameter is

equal to 1, the downstream pipe’s diameter is equal to the upstream pipe’s diameter; if this param-

eter is relatively large, the downstream pipe has much larger diameter than the upstream pipe.

In the disk pig, there is another bypass region around the disk, and the disk bypass area is defined

as the smallest cylindrical surface area that the flow has to pass through, and it is equal toπd ·h. The

dimensionless parameter disk bypass area 4d ·h/D2 is determined as the ratio of the disk bypass area

and the pipe cross sectional area. The parameter 4d ·h/D2 can be compared with the parameter

(d/D)2, to compare the areas of the two bypass regions in the disk pig.

As discussed in Section 1.4, in this research, the complex bypass pig with bypass adjusting device

is studied. Figure 2.3a shows the 2D sketch of the complex bypass pig, which is based on the disk pig

model, and in order to represent the bypass adjusting device, opening holes are generated between

the horizontal bypass region and the disk, which is shown in Figure 2.3b. Thus, the complex bypass

pig requires additional parameters to govern the bypass adjusting holes, which are summarized in

Table 2.1.

The parameter angle of opening holes ω represents the angle of each opening holes, and in this

research, we change this parameter, in order to represent bypass adjusting operation.

In this research, we keep the parameter number of opening holes n = 4, thus two additional

dimensionless groups are required by the complex bypass pig model, which are summarized in

Table 2.2.

The dimensionless parameter thickness of bypass adjusting holes Hi /H represents the ratio of

diameter of the inner wall and outer wall of the bypass adjusting holes. The thickness of the bypass

adjusting device should be relatively small, thus the dimensionless group thickness of bypass ad-
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(a) 2D sketch of the complex bypass pig (b) Bypass adjusting device in the complex bypass pig

Figure 2.3: 2D sketch of the complex bypass pig

justing holes Hi /H should be close to 1. In this case, the flow around the bypass adjusting holes

will be treated as the flow around the sharp-edged orifice in this research. This assumption will be

introduced later.

In the complex bypass pig model, there are four opening holes, so the maximum angle of each

holes is 45◦. Thus, changing of the dimensionless parameter opening fraction of the holes ω/45◦

represents the bypass adjusting process. In the case when the bypass adjusting holes is fully opened,

the parameterω/45◦ = 1; and when the bypass adjusting holes is fully closed, ω/45◦ = 0, in this case,

the flow cannot pass through the pig, and the pig will move with the same velocity of the flow. Thus,

changing of the dimensionless parameter opening fraction of the holes between the range 0 <ω/45◦

<1 represents the speed control process of the bypass pig.

In the complex bypass pig, there is an additional bypass region in the bypass adjusting holes,

and the area of this bypass region can be expressed as:

Fhol es =πHi h
n ·ω
360

(2.17)

Where n = 4.

Also, in order to represent the additional bypass region in complex bypass pig, one additional

dimensionless number: opening holes bypass area is suggested at here, and it can be expressed as:

Opening holes bypass area =
Hi hω

22.5D2

2.3. FULLY DEVELOPED PIPE FLOW AND ENTRANCE LENGTH

In a pipeline with a relatively long length, the flow in it should be in the fully developed condition.

Thus, the theories relevant to the fully developed pipe flow are introduced in this section. Further-

more, in this research we would like to achieve fully developed pipe flow and set its profiles as the

boundary conditions of the bypass pig CFD model. Thus, the theoretical equations to calculate the

required entrance length of the upstream pipe are introduced in this section.

A fluid needs some length to develop the velocity profile after entering the pipe. When a fluid

is entering a pipe with a uniform velocity, the fluid in the layer, which contacts the pipe wall, has

the same velocity of the wall due to the no-slip condition. Due to the viscosity of the fluid, the layer

which is in contact with the pipe wall resists the motion of adjacent layers and decreases the fluid
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Figure 2.4: Developing turbulent pipe flow[1]

velocity gradually. From the mass conservation, the velocity of middle layers of the fluid in the pipe

increases. This develops a velocity gradient across the cross section of the pipe. The developing

velocity profile of a fluid entering a pipe is shown in Figure 2.4.

The layers in which the shearing viscous forces are significant, is called boundary layer. The

boundary layer divides the pipe flow into two regions:

• Boundary layer region: The region in which viscous effects and the velocity changes are sig-

nificant.

• The irrotational flow region: The region in which the viscous effects and the wall normal ve-

locity changes are negligible.

When the fluid just enters the pipe, the thickness of the boundary layer gradually increases from

zero as we move in the direction of fluid flow, and eventually it reaches the pipe center and fills the

entire pipe. This region from the entrance of pipe to the point where the boundary layer covers

the entire pipe is termed as the hydrodynamic entrance region. In this region the velocity profile is

developing and the flow is called the developing flow. After this region, the velocity profile is fully

developed and continues unchanged. This region is called the fully developed region.

In order to calculate the required entrance length for the pipe flow, a dimensionless number

entrance length El is introduced at here, and it can be expressed as:

El = le /D (2.18)

where le represents the length required to fully developed velocity profile and D represents pipe

diameter.

White[1] suggested that based on dimensional analysis, the entrance length le is only dependant

on the Reynolds number Re, and the entrance length number El can be calculated by:

For laminar flow:

Ell ami nar = 0.06Re (2.19)

For turbulent flow:

Eltur bul ent = 4.4Re1/6 (2.20)

In our case, the flow in the pipeline is strongly turbulent, thus, Equation 2.18 and 2.20 can be

used to calculate the required entrance length for the bypass pig CFD model, if the flow enters the

pipe with a uniform velocity, in order to let the flow in the upstream pipe to be fully developed.
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2.4. PRESSURE LOSSES IN VARIOUS GEOMETRIES

In this section, the correlations to calculate the pressure drop in various geometries, which are re-

lated to the bypass pigs, are introduced. Before introducing the correlations for various geometries,

a dimensionless variable: total pressure loss coefficient K is firstly introduced.

It has already been shown that the correlations suggested by Idelchik[22] can calculate the pres-

sure loss (coefficient) for various geometries, for instance sudden contraction and sudden expansion[19].

The 2D sketches of the conventional bypass pig, disk pig and complex bypass pig which are studied

in this research are shown in Figures 2.1 2.2 and 2.3a. For the conventional bypass pig, its geometry

is a combination of a sudden contraction and a sudden expansion. Similarly, for the disk pig, it is a

combination of a sudden contraction and a disk valve. In this research, the bypass adjusting holes

in the complex bypass pig (as shown in Figure 2.3b) is considered as a sharp-edged orifice, this ap-

proximation will be introduced later. Thus, in this section the correlations to calculate the pressure

loss coefficient for the sudden contraction, the sudden expansion, the disk valve, the sharp-edged

orifice and the thick orifice are introduced. The correlations introduced in this section will be used

to compare with the CFD results.

2.4.1. PRESSURE AND TOTAL PRESSURE COEFFICIENT

In fluid dynamics, the total pressure Pt refers the sum of the static pressure P and the dynamic

pressure q . The total pressure coefficient is a variable which is used for studying the incompressible

fluids’ flow. The total pressure coefficient Ct p is expressed as:

Ct p = Pt −Pt∞
1

2
ρ∞V∞2

(2.21)

Where, Pt is the total pressure at the point at which the total pressure coefficient is being evaluated,

Pt∞ is the maximum total pressure in the flow, ρ∞ is the free stream fluid density and V∞ is the

maximum velocity (average velocity in different parts) in the flow. In this research, the fluid density

is a constant, thus ρ∞ is equal to ρ.

Furthermore, with definitions of parameters pressure coefficient Ct p , which is Equation 2.21,

the overall pressure loss coefficient K is expressed as:

K =Ct pi n −Ct pout =
∆Pt

1

2
ρV∞2

(2.22)

Where ∆Pt is the overall total pressure drop.

In this research, we assume the fluids are incompressible. Thus, if the pressure loss coefficient

K for a disk pig is known, the overall pressure drop can be calculated by Equation 2.22, as the maxi-

mum velocity is dependent on the governing parameters of the bypass pig. Then, the motion of the

pig can be described, by Equation 1.1.
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Figure 2.5: 2D sketch of the sudden contraction

V1, F1V0, F0

Figure 2.6: 2D sketch of the sudden expansion

2.4.2. PRESSURE LOSS IN SUDDEN CONTRACTION

Figure 2.5 shows the 2D sketch of the sudden contraction. In this research, the correlation for the

sudden contraction, which is suggested by Idelchik[22] is used:

Kc =
∆Ptc

1

2
ρV0

2
= 0.5(1− F0

F1
)3/4 (2.23)

Where Kc is the pressure loss coefficient of the sudden contraction,∆Ptc is the overall pressure drop

across the sudden contraction, V0 is the velocity in the contraction region, F0 is the cross section area

in the contraction region (narrow pipe) and F1 is the cross section area of the pipe. From Equation

2.23, we find that the overall pressure loss coefficient K is dependent on the two cross section areas.

2.4.3. PRESSURE LOSS IN SUDDEN EXPANSION

Figure 2.6 shows the 2D sketch of the sudden expansion. Similar as Equation 2.23 for the sudden

contraction, the pressure loss coefficient of the sudden expansion Ke is also a function of the two

cross section areas F1 and F0[22]. The pressure loss coefficient for sudden expansion coefficient can

be expressed as:

Ke =
∆Pte

1

2
ρV0

2
= (1− F0

F1
)2 (2.24)

2.4.4. DISK VALVE

Figure 2.7 shows the 2D sketch of the disk valve. The disk valve is actually based on the pipe flow

sudden expansion, and there is a deflector plate just after the narrower pipe. The pressure loss

coefficient for disk valve K ′
d v can be expressed as[22]:

K ′
d v = ∆Ptd v

1

2
ρV0

2
=α0 +β0 (2.25)
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Figure 2.7: 2D sketch of the disk valve

Where:

α0 = 0.55+4(
(H −D0)/2

D0
−0.1) (2.26)

and

β0 = 0.155

(h/D0)2 (2.27)

Where V0 is the velocity in the narrower pipe, H is the diameter of the disk, D0 is the diameter of the

narrower pipe and h is equal to the distance between the narrower pipe and the disk.

Then, Equation 2.25 can be rewritten as:

K ′
d v = ∆Ptd v

1

2
ρV0

2
= 2

H

D0
+ 0.155D0

2

h2 −1.85 (2.28)

In this correlation, we use the pressure loss coefficient K ′ instead of the K . This is because in

Equation 2.22, the velocity is taken as the maximum velocity V∞. However, in the disk valve, the

maximum averaged velocity, which is dependent on the parameters D0, h and H , can also be in the

disk bypass region. Thus, in Equation 2.28 we use the velocity in the narrower pipe V0, instead of

the maximum velocity in the system, to calculate the pressure loss coefficient.

Equation 2.28 is valid within[22]:

0.1<
h

D0
<0.25

and

1.2<
H

D0
<1.5

2.4.5. PRESSURE LOSSES IN SHARP-EDGED ORIFICE

Figure 2.8 shows the 2D sketch of the sharp-edged orifice. The thickness of the orifice is relatively

small, thus, its influence on the overall flow behaviour is negligible[22]. The pressure loss coefficient

for sharp-edged orifice Kseo can be expressed as[22]:

Kseo = ∆Ptseo

1

2
ρV0

2
= (1+0.707

√
1−F0/F1 −F0/F1)2 (2.29)

Where F0 and F1 represent the cross section area of orifice (smallest area) and pipe, V0 and V1 rep-

resent the velocity in the orifice (largest velocity) and velocity in pipe respectively.
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Figure 2.8: 2D sketch of the sharp-edged orifice
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Figure 2.9: 2D sketch of the thick orifice

2.4.6. PRESSURE LOSS IN THICK ORIFICE

Figure 2.9 shows the 2D sketch of the thick orifice. In this case the thickness of the orifice is much

larger than the sharp-edged orifice (as shown in Figure 2.8), thus the flow behaviour is totally dif-

ferent if compared with sharp-edged orifice. The pressure loss coefficient for thick orifice can be

expressed as[22]:

Kto = 0.5(1− F0

F1
)0.75 +τ(1− F0

F1
)1.375 + (1− F0

F1
)2 + 4 f l

d
(2.30)

Where the F0 and F1 represent the cross section area of bypass and pipe respectively, and τ is a pa-

rameter dependent on the aspect ratio of the bypass region, while f represents the Fanning friction

factor, which is equivalent to the skin friction coefficient.

Obviously, the thick orifice is a combination of a sudden expansion and a sudden contraction.

In fact, in Equation 2.30, the first term is the pressure loss due to the sudden contraction (Equation

2.23), and the third term is due to the sudden expansion (Equation 2.24). The second term is a

correlation for narrow orifice, while the fourth term represents the wall shear stress on the wall

inside of the orifice.

2.4.7. PRESSURE LOSS IN BYPASS PIGS

It has already been tested by the CFD approach that the pressure loss coefficient K for conventional

bypass pig can be accurately predicted by the Idekchik’s correlation for the thick orifice (Equation

2.30)[18][19], as the conventional bypass pig is shaped like a thick orifice (as shown in Figure 2.9).

Furthermore, in Equation 2.30, the second term and the fourth term are relatively small, if compared

with the first term due to the sudden contraction and the third term due to the sudden expansion,

which can be expressed as:

Kconv = Kto ≈ 0.5(1− F0

F1
)0.75 + (1− F0

F1
)2 (2.31)

Figure 2.10 shows the 2D sketch of the flow around the disk pig. The difference between con-

ventional bypass pig and disk pig is: for the disk pig, there is a deflector plate after the thick orifice,
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Figure 2.10: 2D sketch of the flow around the disk pig

which is called horizontal bypass area for bypass pigs. Unfortunately, no correlation for disk pig was

suggested, as the out flow of the horizontal bypass area will flow around the disk, make the flow

behaviour much more complex than the conventional bypass pig (or thick orifice). However, the

disk pig is actually a combination of a sudden contraction and a disk valve (as shown in Figure 2.7).

Thus, the disk pig model will be studied in this research, and the results from CFD simulations will

be compared with the combination of the pressure loss coefficient for sudden contraction Kc and

disk valve Kd v . This can be expressed as:

Kd p = Kc +Kd v (2.32)

2.5. SUMMARY

In this chapter, the relevant theories related to this research are presented. First of all, the governing

equations of the numerical models in order to study the flow around bypass pigs are introduced. In

this research, RANS (Reynolds-averaged Navier-Stokes) approach is used for the turbulence mod-

elling, and the k-ε model is chosen as the turbulence model. Moreover, the VOF (volume of fluid)

model is chose for the multiphase modelling, and the transport equation and the numerical ap-

proaches of the VOF model are introduced.

Secondly, for the different bypass pigs which are studied in this research, the dimensionless

parameters which govern the flow around the bypass pigs are presented, based on a study of the

dimensionless groups. In chapters 6 and 7, the relationship between the flow around bypass pigs

and these parameters will be studied.

Furthermore, the relevant theories of the fully developed pipe flow is introduced. In reality,

the bypass pig is moving in the pipeline, and if the pipeline has a relatively long length, the flow

condition in it should be fully developed. In this research, we use the fully developed pipe flow

profiles as the boundary conditions of the bypass pigs models, thus Equation 2.20 can be used to

predict the required entrance length to let the pipe flow fully develop.

Finally, theories of pressure losses in various geometries, which are related to the bypass pigs’

geometries, are introduced. In chapters 6 and 7, these correlations will be used to compare with the

results from the bypass pigs CFD studies.





3
NUMERICAL SETUP

This chapter deals with the numerical setup of the bypass pig CFD model. In this research, all the

CFD simulations are performed by the commercial CFD package ANSYS Fluent (version 14.5). First

of all, the flow domain of a bypass pig, and the boundary conditions of the numerical model, are

introduced. As discussed in Section 2.1, the mathematical system of the RANS turbulence modelling

approach has to be closed by using a turbulence model, and the turbulence model used in this

research is introduced. Furthermore, the meshing strategy is presented in details.

3.1. FLOW DOMAIN AND BOUNDARY CONDITIONS

The flow domains of the bypass pig studied in this research are introduced in this section. Further-

more, the flow domain is formed by different types of boundary conditions. As the flow domain and

boundary conditions of the multiphase study are slightly different when compared with the single

phase study, the flow domain and boundary conditions for the multiphase flow study are introduced

individually.

3.1.1. FLOW DOMAIN FOR SINGLE PHASE STUDY

As discussed in Section 1.4, most of the CFD simulations are based on three-dimensional model in

this research. This is because:

• When the bypass pig geometry is not axisymmetric any more, the 2D aixsymmetric CFD model

is not available to study flow around this type of bypass pig, and full three dimensional CFD

model is required.

• The full 3D CFD model is required by the multiphase flow study, in order to capture the inter-

action of the gas and liquid phase.

Figure 3.1 shows the real flow domain to represent the process that a bypass pig is moving inside

of the pipeline. The flow is moving to right direction, thus, the green line and red line represent the

inlet and outlet, respectively. The bypass pig is driven by the fluids in the pipeline, thus the pig is

25
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Figure 3.1: Flow domain of bypass pig single phase study
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Figure 3.2: Flow domain of bypass pig single phase study in the pig’s reference frame

also moving to right direction. As the fluids can pass through the bypass regions, the bypass pig

should moves with a smaller velocity than the fluids. The pig is moving inside of the pipeline with

certain velocity, thus another boundary condition is the stagnant pipe wall.

However, in order to focus on the flow behaviour around the bypass pig, we used the pig’s refer-

ence frame, which means the pig is stagnant in this system. Thus, we use the flow domain which is

shown in Figure 3.2 instead of the real flow domain which is shown in Figure 3.1. In this system, the

pig wall is stagnant, and the pipe wall is moving with the real pig velocity but in another direction.

Similarly, the fluid’s velocity changes to the velocity relative to the moving pig. The real and relative

velocities of the fluids, pig and pipe wall are summarized in Table 3.1.

3.1.2. BOUNDARY CONDITIONS FOR SINGLE PHASE STUDY

For the flow domain shown in Figure 3.1, we set the inlet and outlet as velocity inlet and pressure

outlet, respectively. The velocity inlet boundary condition is used to define the velocity and scalar

properties of the flow at inlet boundary. For a three dimensional model, three velocity components,

i.e. x, y and z direction velocities are required to form the inlet boundary condition. The pressure

outlet boundary condition is used to define the static pressure at flow outlet, and the static pressure

on the pressure outlet is gauged pressure, which uses the atmospheric pressure (as the operation

Boundary conditions Real flow domain Reference flow domain

Inlet Fluid velocity U U −Vpi g

Pig Real pig velocity Vpi g 0

Pipe 0 −Vpi g

Table 3.1: Velocities of the fluids, pig and pipewall in real and reference flow domain
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pressure) as a reference point. Since we assume that the fluids are incompressible, the gauge pres-

sure set on the pressure outlet does not have influence on the simulations’ results.

However, since we use the k −ε model for the turbulence modelling, two more governing equa-

tions (Equations 2.9 and 3.5) are added in the numerical system. Thus, additional boundary con-

ditions are required by the equations for turbulent kinetic energy k and turbulence dissipation rate

ε. In this research, this is made by specifying the turbulence intensity I and the turbulence length

scale l .

The turbulence intensity I is defined as the ratio of the root-mean-square of the velocity fluctu-

ations:

I =

√√√√√ 1

3
(u′2 + v ′2 +w ′2)

U 2 (3.1)

which could also be related to the turbulence kinetic energy k:

I =
√

2k

3U 2 (3.2)

On the other hand, the turbulence length scale l is a physical quantity related to the size of the large

eddies that contain the energy in turbulent flow.

The turbulence intensity I at the core of a fully developed duct flow can be estimated as:

I = 0.16(Re)−1/8 (3.3)

Similarly, the turbulence length scale l is restricted by the size of duct, in fully developed duct flows,

which can be estimated as[24]

l = 0.07D (3.4)

Thus, Equations 3.3 and 3.4 are used to calculate the additional boundary conditions for the velocity

inlet and pressure outlet.

The flow domain is bounded by the pipe wall and the pig wall. The difference is: the pig wall is

stagnation wall, while the pipe wall is moving with the negative real pig velocity. In order to let the

fluid to be fully-developed in the pipeline region, the length of upstream and downstream pipe have

to be relatively long.

However, in this research, we actually use the fully developed pipe flow’s profiles as the UDF

(user defined function) boundary conditions, instead of the uniform boundary conditions which

are suggested in this section, for the single phase studies. The UDF boundary conditions approach

will be introduced and validated later.

3.1.3. FLOW DOMAIN AND BOUNDARY CONDITIONS FOR MULTIPHASE FLOW STUDY

In general, the CFD model for multiphase flow study is still similar as the single phase model. For

instance, we still use the pig’s reference frame. Figure 3.3 shows the general flow domain of the

multiphase study. Similar as the single phase bypass pig study, the pig is still stagnant, and the pipe

wall is moving with the negative real pig velocity. In the oil and gas pipeline, the gas phase and

liquid phase are moving as segregated flow. Driven by gravity, the liquid phase flow is in the bottom
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Figure 3.3: General flow domain of the bypass pig multiphase study in the pig’s reference frame
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Figure 3.4: Flow domain of the multiphase phase flow around the bypass pig considered in this research

and the gas phase flow is in the upper region of the pipeline. This is shown in Figure 3.3, and the

red colour region (bottom of the pipe) represents the liquid phase flow and the white colour region

represents the gas phase flow. The moving direction of the liquid and gas phase, and the multiphase

flow’s behaviour around the bypass pig are determined by the velocities of pig, gas phase flow and

liquid phase flow. In the oil and gas pipeline, we assume that the gas velocity is always higher than

the liquid phase, and there are three different conditions:

• If the pig moves with a lower velocity than the liquid phase, the two phase flow will drive the

pig moves inside of the pipeline. This behaviour is similar as the single phase study.

• If the pig moves with the same velocity as the liquid phase, the liquid has no movement in the

reference frame system.

• If the pig moves with higher velocity than the liquid phase, the gas will pass through the bypass

region, as the pig’s velocity has to be smaller than gas phase. However, in the reference frame

system, the liquid phase moves to the opposite direction.

In this research, only the third case is considered. Figure 3.4 shows the flow domain we consider

in the multiphase study. The pig is moving inside of the pipeline, with a velocity higher than liquid

phase but lower than the gas phase. Thus, in the reference frame, the gas is moving to right direction

and the liquid is moving to the opposite direction. As the gas has a higher velocity than pig, the gas

can pass through the bypass region of the pig. The liquid cannot pass to the upstream region, thus

the liquid slug will appear in the downstream region.

As shown in Figure 3.4, the flow domain is separated into two regions: the gas region (white

region, upper) and liquid region (red region, bottom). Thus, the inlet and outlet surfaces are also

separated to liquid/gas inlet and outlet. Similar as the single phase study, we set the inlets as velocity

inlet, and the gas phase outlet is set as pressure outlet. However, as the liquid is actually moving from
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outlet to inlet direction, the liquid outlet is set as velocity inlet. The setting of the (three) velocity

inlets and (one) pressure outlet are same as single phase model’s boundary conditions. And for the

walls boundary, the pipe wall is still setting as moving wall, with the real pig velocity but in another

direction, and the pig wall is set as stagnation wall.

3.2. REALIZABLE k −ε TURBULENCE MODEL AND STANDARD WALL FUNCTION

The application of wall functions method in CFD is popular in industry when the k −ε model is be-

ing used as the turbulence model, as the wall functions approach can overcome the disadvantages

of the k − ε turbulence model. It was suggested that the realizable k − ε model is the most suitable

turbulence model for modelling of flow around bypass pigs, as it leads the most realistic results if

compared with the experiments’ data[18]. Furthermore, the combination of realizable k − ε turbu-

lence model and the standard wall function method in CFD simulations for bypass pig has already

been tested by Korban[19]. Thus, in this research we use the realizable k−εmodel as the turbulence

model, while the standard wall function approach is used for the near wall treatment.

3.2.1. REALIZABLE k −ε MODEL

The standard k−εmodel has already been introduced in Section 2.1.4, and it has become as a indus-

try standard. However, the standard k − ε turbulence model has some disadvantages. Fortunately,

the research of the standard k −ε model have been developed over time. The realizable k −ε model

was introduced by Shih in 1995[25] and it belongs to the k −ε turbulence models family.

The realizable k − ε model became a popular turbulence model in recent years, and it was sug-

gested that this turbulence model performs especially well in the strong separation flow condition[26].

The realizable k −ε model differs from the standard k −ε model in two important ways:

• The realizable k −ε model contains an alternative formulation for the turbulence viscosity.

• A modified transport equation for the dissipation rate ε has been derived from an exact equa-

tion for the transport of the mean-square vorticity fluctuation.

The transport equation for turbulence kinetic energy k in the realizable k − ε model is same as

Equation 2.9 for the standard k −ε model, and a new transport equation for the dissipation rate ε is

used:

∂

∂t
(ρε)+ ∂

∂x j
(ρεu j ) = ∂

∂x j
[(µ+ µt

σε
)
∂ε

∂x j
]+ρC1Sε−ρC2

ε2

k +p
νε

+C1ε
ε

k
C3εGb +Sε (3.5)

Where:

C1=max[0.43,
η

η+5
], η=S

k

ε
and S=

√
1

2
(
∂U j

∂xi
+ ∂Ui

∂x j
)2

As discussed in Section 2.1.4, in this research the Gb and YM are neglected, and the turbulence

production Gk is calculated by Equation 2.10.

The k−εmodels calculate the eddy viscosity by Equation 2.11, and in the realizable k−εmodel,

the coefficient Cµ is no longer a constant, but being calculated by:

Cµ = 1

A0 + As
kU∗

ε

(3.6)
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Figure 3.5: Wall functions approach in CFD, reproduced from [24]

Where A0=4.04 is a constant, As is calculated by the mean shear rate and U∗ is given by:

U∗ =
√

1

4
(
∂U j

∂xi
+ ∂Ui

∂x j
)2 + 1

4
(
∂U j

∂xi
− ∂Ui

∂x j
)2 (3.7)

In Fluent, the model constants for realizable k −ε model have the following values[24]:

C1ε=1.44, C2ε=1.92, σk =1.0 and σε=1.2

3.2.2. STANDARD WALL FUNCTION

The k − ε turbulence model is only valid in fully turbulent flow, thus it cannot modelling the flow

in the near wall region accurately. Typically, this situation can be improved by applying wall func-

tions. The basic idea behind wall functions is applying boundary conditions at some distance away

from the wall boundary, which is shown in Figure 3.5. The wall conditions have another important

advantage: the mesh resolution close to the walls can be significantly lower than without applying

wall functions but solving the fluids in the near wall region completely.

In this research, the standard wall function is being used in order to bridge the viscosity-affected

region. In theory, velocity profile in the logarithmic sub layer can be expressed as:

u+ = 1

κ
ln y++B (3.8)

Where κ is the von Karman constant approximately equals to 0.41, B is a constant equal to 5.2[24],

y+ and u+ are the dimensionless distance and dimensionless velocity, respectively.

The dimensionless distance y+ and dimensionless velocity u+ can be both computed from the

friction velocity uτ, which can be expressed as:

uτ =
√
τw

ρ
(3.9)

Where τw is the wall shear stress. And the dimensionless distance y+ can be expressed as:

y+ = uτy

ν
(3.10)
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Where y is the distance to the wall and ν is the kinematic viscosity. On the other hand, the dimen-

sionless velocity u+ can be expressed as:

u+ = u

uτ
(3.11)

For the standard wall function used in Fluent, Equation 3.8 can be rewritten as:

U∗ = 1

κ
ln(E y∗) (3.12)

Where the dimensionless velocity U∗ and dimensionless distance y∗ can be expressed as:

U∗ =
ρUPC 1/4

µ K 1/2
P

τw
(3.13)

and

y∗ =
ρC 1/4

µ K 1
P /2yP

µ
(3.14)

Where E=9.793 is the empirical constant, UP and kP represent the mean velocity of fluid and the

turbulence kinetic energy at the near wall node P, respectively; yP represents the distance from point

P to the wall; In Fluent, the von Karman constant κ= 0.4187.[24].

Furthermore, for the turbulence modelling in standard wall function, the boundary condition

for turbulence kinetic energy k is given as:

∂k

∂n
= 0 (3.15)

Where n is the local coordinate normal to the wall.

Under the local equilibrium hypothesis, the production of kinetic energy Gk and its dissipation

rate ε at the wall adjacent cells can be expressed as:

Gk = τw
∂U

∂y
= τ2

w

kρC 1/4
µ k1/2

P yP
(3.16)

and:

εP =
C 3/4
µ k3/2

P

k yP
(3.17)

Moreover, under this hypothesis, the Gk and ε are assumed to be equal in the wall adjacent control

volume[24].

To apply the wall functions, the dimensionless distance y+ should within 30 and 20,000, as in

this range the flow is in the logarithmic sublayer, in which the log low (Equation 3.8) can be used to

predict the velocity profile[23].

3.3. UDF BOUNDARY CONDITIONS

For the single phase studies, we use UDF (user defined function) boundary conditions for the ve-

locity inlet and pressure outlet, instead of the uniform boundary conditions.

In reality, the flow in a relatively long pipeline should be fully developed. As the bypass pig is

moving inside of the pipeline, the flow in the pipe region of the CFD model should also be fully-

developed. The key parameters of the typical pipe flow involved in this research are summarized
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in Table 3.2. Based on these parameters and Equation 2.20, we can calculate the required entrance

length of the bypass pig CFD model, in order to achieve fully developed pipe flow in the upstream

pipe is:

le=74.9 m

Obviously, this entrance length is too long if we use it as the upstream pipe length in the bypass

pig CFD models. Thus, we perform a pipe flow study based on a 100 metres pipe CFD model. We

can achieve the fully developed pipe flow’s profile from this simple pipe study, which are shown in

Figure 3.6. Then, we set these profiles as the inlet and outlet boundary conditions of the bypass pig

CFD models, through the UDF method. In this way, the inlet and outlet boundary conditions are

both set as fully developed pipe flow condition.

For the inlet boundary conditions, the x direction velocity u’s profile is shown in Figure 3.6a, the

y and z direction velocities v and w should be zero for a fully developed pipe flow.

Furthermore, for the velocity inlet and pressure outlet, two additional boundary conditions are

required by the numerical system. In this case, this is made by set the fully developed pipe flow’s

turbulence kinetic energy k’s profile (as shown in Figure 3.6b) and turbulence dissipation rate ε’s

profile (as shown in Figure 3.6c) as the UDF boundary conditions.

Compared with the uniform boundary conditions, the UDF boundary conditions method has

two main advantages:

• The boundary conditions are set as the fully developed pipe flow, thus make the inlet and

outlet of the bypass pig flow domain more realistic.

• By using this method, we need a relatively shorter upstream pipe length in the bypass pig

CFD model (in this case Lup = 2D), thus a lot of computational resources can be saved during

running the simulations.

The fully developed pipe flow’s profiles and the UDF boundary conditions approach will be vali-

dated later.

3.4. MESHING STRATEGIES

In a CFD study, the meshing is always the most time-consuming part. In order to obtain accurate

and reliable numerical solutions, constructing a high quality mesh is necessary. On the other hand,

Parameter Value

Pipe Diameter D 1.16 m

Density ρ 68 kg /m3

Viscosity µ 2.264 E-5 kg /ms

Velocity U 2.87 m/s

Reynolds number Re 1 E+7

Table 3.2: Key Parameters of the pipe flow
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Figure 3.6: Fully developed pipe flow profiles

the computing time is strongly dependent on the mesh. In this research, the three dimensional

mesh for the bypass pig CFD model is generated by the meshing software ANSYS ICEM-CFD.

In general, there are two types of meshing methods available: structured mesh and unstructured

mesh. Figure 3.7 compares the unstructured mesh and structured mesh for the same geometry.

The most noticeable difference between the unstructured mesh (as shown in Figure 3.7a) and the

structured mesh (as shown in Figure 3.7b) is, the structured mesh follows a uniform pattern, while

the unstructured mesh does not. For the structured mesh, the hexahedral elements are orthogonal

in i , j and k space (in three dimensional case), every cell has a unique set of (i , j ,k) values, and this

is not available for unstructured mesh.

In CFD, structured hexahedral mesh is always preferred, as this method gives more accurate

solutions than the other meshes. Furthermore, by using structured hexa mesh the computation

time and memory required can be saved a lot[27].

On the other hand, generating structured mesh is much more complex than unstructured mesh.

In ICEM-CFD, the structured hexa mesh is generated through the multi-blocking method. For this

method, the geometry is separated into different parts, and each part is represented by a block.
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(a) Unstructured mesh (b) Strecutred mesh

Figure 3.7: Comparision between unstrucured mesh and structured mesh

(a) Splited blocks (b) Structured hexahedral mesh generated by multi-

blocking method

Figure 3.8: Structured mesh generated by multi-blocking method on a circle surface

Then, the structured mesh elements are mapped on the edges of the blocks, in i , j and k directions.

For instance, Figure 3.8 shows the structured mesh generated on a cylinder, by the multi-blocking

approach. Figure 3.8a shows the blocks which separate the cylinder in different parts. The blocks

are separated by the automatic O-grid method, and there is a square block in the center, with four

blocks around it. The structured hexa mesh generated is shown in Figure 3.8b, and the straight lines

represent the edges of the blocks. The settings in order to control the mesh are applied on the edges,

and two neighbour blocks are connected by the edge which is shared by two blocks, so the mesh in

different regions is also connected. In ICEM-CFD, in order to generate mesh on the boundary sur-

faces and make the mesh fully fills different regions, the edges have to be associate on the curves of

geometry, and this can be done by the software automatically.

Fortunately, in our case the flow domain of the bypass pig is circular. Thus, a similar mesh
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(a) Blocks represent different regions in x direction

(b) Blocks of pipe region (c) Blocks of bypass region (d) Blocks of disk region

Figure 3.9: Multi-blocking meshing approach: Blocks for the disk pig

method can be perfectly applied for the bypass pig CFD model. Figure 3.9 shows the blocks which

represent different parts of the disk pig geometry. In x direction, the initial block is split into five

regions, as shown in Figure 3.9a. From let to right, the blue blocks represent the upstream pipe, the

red blocks represent the horizontal bypass region, the yellow blocks represent the region between

horizontal bypass region and disk, and the green blocks represent the downstream pipe. Another

special region, which connects the yellow blocks and the green blocks, represents the flow region

around the solid disk. In this figure this region is not shown clearly, as the thickness of disk is rela-

tively small. Similar as the blocks and the mesh for the cylinder, as shown in Figure 3.8, in the y and

z direction, for the three dimensional bypass pig model, there is a cubic block in the center and the

other blocks are around it in four directions, as shown in Figures 3.9b, 3.9c and 3.9d. In the y and z

direction, the initial block is split into three different regions by the O-grid method, as shown in Fig-

ure 3.9b, which represents the blocks in the pipe region. Figure 3.9c shows the blocks in horizontal

bypass region, and this region has the smallest diameter. Also, Figure 3.9d shows the blocks in the

region around the solid disk. In order to full fill different regions with mesh, the edges have to be

associate on the curves of the disk pig geometry.

Figure 3.10 shows the mesh generated by the multi-blocking approach for the disk pig. Figure
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(a) Mesh generated on the cross plane

(b) Mesh of pipe region (c) Mesh of bypass region (d) Mesh of disk region

Figure 3.10: Multi-blocking meshing approach: Mesh generated for the disk pig

3.10a shows the mesh on the cross plane, and the blank region in the downstream pipe represents

the solid disk. Figure 3.10b, 3.10c and 3.10d show the mesh in the pipe region, horizontal bypass

region and the region around the disk, respectively. By using the multi-blocking method, different

regions represented by blocks connect with each other, thus the mesh in the horizontal bypass area

(Figure 3.10c) with smallest diameter is actually same as mesh in the center of the pipe region (Fig-

ure 3.10b), and the mesh in the region around the disk (Figure 3.10d) is same as the outer mesh in

the pipe region.

As we split the disk pig into different regions, and different mesh settings are applied on different

blocks, then the mesh in different regions has to be connected, in order to increase the quality of

mesh. Figure 3.11a shows the mesh details on the cross section plane, and different colours repre-

sent different regions. How the meshes in different regions connect with each other is presented on

this figure. In ICEM-CFD, this is made by linking two connecting edges from two neighbour blocks,

and setting the spacing of the first node and the growth rate on edges.

Furthermore, as discussed in Section 3.2.2, for the bypass pig CFD model we use the standard

wall function for the near wall treatment, which requires that the cell closest to the wall should lo-

cated between 30<y+<20,000. Thus, the thickness of the cells closest to the wall has to be relatively
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(a) Mesh details on the cross section plane

(b) Mesh details in the pipe region (c) Mesh details in the bypass region

Figure 3.11: Details of the mesh for the disk pig

small, which can be found on Figure 3.5. For the disk pig, we generate the mesh on the walls (up-

stream and downstream pipe walls and bypass pig wall) with relatively small thickness, which is

shown in Figure 3.11b and 3.11c. In ICEM-CFD, this is done by setting a relatively small spacing for

the first node on the edge which contacts the wall, and setting a growth rate on the edge. In order to

achieve high quality, the growth ratio set at here is 1.2.

In ICEM-CFD, the major quality criteria for the hexa mesh are angle and determinant, which are

shown in Figure 3.12. The minimum angle of the hexa mesh generated in our case is 45 degree, as

shown in Figure 3.12a, which is much larger than the acceptable angle for the CFD solver ANSYS

Fluent. Furthermore, the criteria “Determinant 3×3”represents the general mesh quality. From

Figure 3.12b, we find that for the cells with lowest quality, this criteria is still larger than 0.8. Thus,

we know that the mesh generated for the disk pig CFD model has very high quality.
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(a) Criteria: angles (b) Criteria: determinant 3×3

Figure 3.12: Mesh quality

The very high quality mesh for disk pig is introduced in this section, and for the CFD models

for the other bypass pigs, similar meshing approach can be used, as the bypass pigs have circular

geometry. For instance, for the complex bypass pig geometry which has bypass adjusting holes, the

only difference is the blocks are split further in the y and z direction into different parts.

3.5. SUMMARY

In this chapter, the numerical setup of the bypass pig CFD model are introduced in details. First of

all, the flow domain to represent the process that the bypass pig is moving inside of the pipeline is

introduced, and the flow domain is bounded by four boundary conditions: velocity inlet, pressure

outlet, the moving pipe wall and the stagnant pig wall. The Equations to calculate the uniform

boundary conditions are introduced.

Secondly, in this research, the realizable k-ε model is chose as the turbulence model, while the

standard wall function is applied for the near wall region treatment. These approaches are intro-

duced in details.

In order to achieve more realistic boundary conditions and decrease the computational re-

sources required, the UDF boundary conditions approach is introduced in this chapter. We first

achieve the fully developed pipe flow through a pipe CFD study, and we set the flow’s profiles as the

boundary conditions for the single phase studies. The fully developed pipe flow’s profiles and this

modelling approach will be validated in Chapter 4.

Finally, the mesh strategy of the bypass pig CFD models is introduced in details. In this research,

the structured hexa mesh is generated by ANSYS ICEM-CFD, through the multi-blocking approach.

The bypass pig geometry are split into different regions, and each region is represented by one block.

Then, the structured mesh is mapped on the blocks. For the disk pig model, very high quality mesh

is generated, and similar meshing approach can be used for the other bypass pigs studies.
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VALIDATION

This chapter deals with various studies in order to validate the numerical modelling approaches of

the bypass pig CFD model, which have been introduced in Chapter 3.

First of all, as the accuracy of the numerical solution and the computing time of the numerical

simulation are strongly dependent on the mesh, a mesh independence study is carried out. The

mesh independence study is performed by comparing the results from different models with var-

ious mesh cell number. Also, as the two dimensional axisymmetric CFD model has already been

validated by Korban[19], the results from the new three dimensional CFD model are compared with

the validated two dimensional model.

The bypass pigs CFD model for the multiphase flow study is different from the single phase

study, and the multiphase study is performed by transient simulations, instead of steady state. Thus

the mesh and time step size independence study for multiphase study is carried out individually.

Finally, as discussed in Section 3.3, in the single phase study, we use the fully developed pipe

flow profiles as the UDF boundary conditions instead of the uniform boundary conditions. This

modelling approach is validated in this chapter.

4.1. MESH INDEPENDENCE STUDY

The mesh independence study aims to make sure that the solutions are independent of the mesh

settings. The way we performed the mesh independence study is as follows:

• The first mesh is constructed, and we run a full simulation with this model. The continuity

has to decrease to an acceptable range, and the solution has to be converged.

• Then we build the second model, typically with 1.5 times the refinement of the previous mesh.

We also run a full simulation on this configuration.

• We compare the results from the two different meshes. If the differences are unacceptable, a

third mesh with further refinement is required.

39
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The fluid behaviour around a bypass pig is very complex, especially for the bypass pig with more

complex geometry. Thus, meshing error of <1% is acceptable in our case.

In this part, the mesh independence study of the conventional bypass pig and the complex by-

pass pig is carried out, and the mesh independence study of the disk pig will be introduced in the

Appendix.

4.1.1. CONVENTIONAL BYPASS PIG

We first perform the mesh independence study of the conventional bypass pig, as this type of bypass

pig has a relatively simple geometry. Moreover, the more complex bypass pigs are based on the con-

ventional bypass pig, which means that the valid mesh settings can be used for the more complex

bypass pigs.

The key parameters govern the conventional bypass pig model in this study are summarized

in Table 4.1. Three different meshes of varying refinement are tested, with the number of cells:

1,901,856; 4,044,663 and 9,511,515 respectively.

Figure 4.1 shows the distribution of the total pressure coefficient Ct p on the centreline. It is

found that the total pressure’s distribution on the centreline of the mesh with around 4 million cells

has very small difference if compared with the mesh with around 10 million cells. The overall pres-

sure drop predicted by these models is similar.

Furthermore, we compare the velocity profiles in the different regions of the model with 4 mil-

lion cells mesh, with the two dimensional axisymmetric CFD model, which has already been vali-

dated by Korban[19]. Figure 4.2 shows the x velocity u profile in different regions. From Table 4.1,

we know that the location of the back of the pig is at x = 0, and the pig length is 2m. Thus, Figure

4.2a shows the velocity profile in the upstream pipe, Figure 4.2b and 4.2c show the velocity profiles

in the bypass region, and Figure 4.2d shows the velocity profile in the downstream pipe. It is found

that the flow behaviour obtained by the three dimensional model is similar as the validated two

dimensional model.

Parameter Value

Bulk velocity U 2.87 m/s

Horizontal bypass area (%) 10%

Pipe Diameter D 1.16 m

Bypass pig diameter d 0.3668 m

Upstream pipe length 5D

Downstream pipe length 20D

Pig length 2 m

Location of the back of the pig z=0

Density ρ 68 kg /m3

Viscosity µ 2.264 E-5 kg /ms

Reynolds number Re 1 E+7

Table 4.1: Key Parameters govern the conventional bypass pig geometry used in the mesh independence study
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Figure 4.1: Total pressure coefficient along the centreline for the conventional bypass pig

Finally, the important wall quantity y+, which is calculated by Equation 3.8, is plot in Figure 4.3.

It is found that both of the mesh and the flow of the conventional bypass pig are axisymmetric. As

discussed in Section 3.2.2, the standard wall function has no modelling error if the wall quantity lies

within 30 < y+ < 20000. In this case it is found that the y+ values are all in acceptable range.

4.1.2. COMPLEX BYPASS PIG

The complex bypass pig, which contains the bypass adjusting device, has a more complex geom-

etry than the previous model. However, the mesh settings for the complex bypass pig model can

still inspired by the mesh validated in Section 4.1.1. The key parameters which govern the complex

bypass pig model used in this study are summarised in Table 4.2. As discussed in the Section 3.3,

the complex bypass pig model uses the fully developed pipe flow profiles as the boundary condi-

tions. By using this approach, the upstream pipe length is decreased from 5D to 2D . This modelling

approach will be validated in Section 4.3. Two meshes are generated for the complex bypass pig

model, with 5,157,598 and 8,348,462 cells respectively. The first mesh, which has around five mil-

lion cells, is inspired by the validated mesh for the conventional bypass pig, and another mesh with

further refinement is generated, in order to investigate if the first mesh is fine enough to achieve

mesh independent solution.

Figure 4.4 shows the total pressure coefficient Ct p ’s distribution on the centreline. It is found

that the pressure drop predicted by the two meshes is similar.

Furthermore, we compare the velocity profiles in different regions. Figure 4.5 shows the velocity

profile at different positions in the x direction. Based on the parameters summarized in Table 4.2,

we know that Figure 4.5a shows the velocity profile in the upstream pipe; Figure 4.5b shows the

velocity profile in the horizontal bypass region; as h is the distance between the pig body and the

disk, Figure 4.5c shows the velocity profile in the bypass adjusting region; And Figure 4.5d shows the

velocity profile in the downstream pipe. From Figure 4.5, we find the flow behaviour obtained by

the mesh 1 is similar as the mesh 2.

Also, as discussed before, in order to apply the wall functions, it is required that the y+ value lies

within 30 < y+ <20000, and Figure 4.6 shows the y+ values are all in acceptable range. In this case,
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Figure 4.2: Velocity profiles for the conventional bypass pig mesh independent study

the mesh is still axisymmetric, but the flow around the bypass pig is not axisymmetric any more after

the horizontal bypass region, due to the bypass adjusting holes. This is also shown in this figure.

Thus, the first mesh is acceptable and we do not need a third mesh with further refinement. And

the complex bypass pig studies are based on the first mesh which is studied in this part.

4.2. MESH AND TIME STEP SIZE INDEPENDENCE STUDY FOR MULTIPHASE STUDY

The bypass pig CFD model for the multiphase flow study is different to the single phase studies, thus,

the mesh independence study for multiphase study is presented individually. Furthermore, we use

the transient simulation in the multiphase flow study, instead of the steady state simulation. Thus

the time step size independence is studied in this section, in order to make sure that the solution is

independent on the time step size setting.

The flow domain and boundary conditions are introduced in Section 3.1.3, and the mesh & time

independent study are based on a bypass pig model with 4% bypass area. The key parameters which

govern the bypass pig model used in this mesh & time step size independent study are summarized

in Table 4.3. The condition we consider here is: in the real pipeline, the gas is moving with 8 m/s,
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Figure 4.3: y+ value on the cells closest on the walls for the conventional bypass pig model

the liquid is moving with 2 m/s and the pig is driven by the mixture of gas and liquid, with a velocity

of 5 m/s. Thus, in the reference frame of the pig, the gas phase flow moves with 3 m/s, the liquid

phase flow moves with -3 m/s and the pipe wall moves with -5m/s. The negative velocity means the

liquid phase flow and the pipe move from the outlet to inlet direction, as shown in Figure 3.4. The

surface tension of the liquid phase and gas phase is simulated as a constant, 0.0119 N /m.

The bypass pig model used in multiphase study is a conventional bypass pig model, thus, the

Parameter Value

Bulk velocity U UDF

Horizontal bypass area (%) 30%

Pipe Diameter D 1.16 m

Bypass pig diameter d 0.6354 m

Upstream pipe length 2D

Downstream pipe length 20D

Horizontal bypass length 2 m

Location of the back of the pig z=0

Holes bypass area (%) 30%

Distance between the pig body and the disk h 0.2236D

Disk diameter H 0.7071D

Holes inner diameter dh 0.6708D

Disk thickness t 0.07071D

Number of holes n 4

Angle of hole ω 45o

Density ρ 68 kg /m3

Viscosity µ 2.264 E-5 kg /ms

Reynolds number Re 1 E+7

Table 4.2: Key parameters govern the complex bypass pig geometry used in the mesh independent study
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Figure 4.4: Total pressure coefficient distribution on the centreline for the complex bypass pig mesh independence study

valid mesh settings from Section 4.1.1 can still be used in this study. For the mesh independent

study, two meshes with 1,766,172 elements and 2,692,000 elements, respectively, are generated. The

two models with different mesh settings run with the time step size 0.001 s, which is suggested

by Singh and Henkes[18]. For the time step size independence study, a smaller time step size is

further tested. The time step size independent study is based on the time step size 0.0002 s. For the

multiphase study, the volume fraction of liquid is the variable we are most interested in.

Figure 4.7 shows the volume fraction of liquid contour for three models involved in this inde-

pendent study, after running the model 1 second. The left figures (Figures 4.7a, 4.7c and 4.7e) show

Parameter Value

Gas velocity Ug as 3 m/s

Liquid velocity Ul i qui d -3 m/s

Pipe wall velocity Uw all -5 m/s

Bypass area (%) 4%

Pipe Diameter D 1.16 m

Bypass pig diameter d 0.232 m

Upstream pipe length 15D

Downstream pipe length 25D

Pig length 2 m

Location of the back of the pig z=0

Density of gas ρg as 41.5 kg /m3

Density of liquid ρl i qui d 750 kg /m3

Viscosity of gas µg as 1.20 E-5 kg /ms

Viscosity of liquid µl i qui d 0.0005 kg /ms

Surface tension 0.0119 N /m

Liquid hold up 0.3

Table 4.3: Key Parameters govern the bypass pig geometry used in the multiphase mesh & time step size independent

study
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Figure 4.5: Velocity profiles for the complex bypass pig mesh independent study

the volume fraction of liquid contour on the cross section plane. The right figures (Figures 4.7b, 4.7d

and 4.7f) show the volume fraction of liquid contour on the section plane in the downstream pipe,

which is at the position x = 2.6m. Figure 4.7 shows the volume fraction of liquid contours, the red

colour represents the liquid phase and the blue colour represents the gas phase.

The flow behaviour is extremely complex in the bypass pig model, especially in the region at

the beginning of the downstream pipe. We can observe the liquid hold up in the beginning of the

downstream pipe, and the bypassed gas passes through the liquid hold up, from these figures. In

general, there are three levels of fluids after the bypass region (as shown in Figure 4.7b, 4.7d and

4.7f) after 1 second. In the bottom there is the liquid flow, the liquid slug flow is in the top region

and the bypassed gas which passes through the liquid slug is in the middle region. In the three

cases tested at here (two simulations for mesh independence study and one additional simulation

for time step size independence study), the flow behaviours are very similar.

Figure 4.8 and 4.9 show the volume fraction of liquid and velocity’s distributions on the centre-

line. Unlike the single phase studies, the results from multiphase simulations are extremely com-

plex, thus the variables’ distribution on a certain line are very sensitive, which can be found on
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Figure 4.6: y+ value on the cells closest on the walls for the complex bypass pig CFD model

these figures. In these figures, we find that for both the mesh independence study and the time step

size independence study, the peaks of volume fraction of liquid (as shown in Figure 4.8)velocity (as

shown in Figure 4.9) are in similar positions.

Thus, based on the multiphase mesh and time step size independent studies, the mesh with

1,766,172 elements and the time step size 0.001 s are chose for the further multiphase studies.

4.3. UDF BOUNDARY CONDITIONS

As discussed in Section 3.3, we use the fully developed pipe flow’s profiles as the boundary condi-

tions of the bypass pig CFD models through UDF (user defined functions) approach, since it pro-

vides more realistic boundary conditions, and saves a lot of computational resources. This section

deals with the validation of the UDF boundary conditions modelling approach. We first compare

the fully developed pipe flow’s velocity profiles with theory, moreover we compare results from UDF

boundary conditions simulations with simulations with uniform boundary conditions. This valida-

tion is based on the disk pig, as flow’s behaviour around the disk pig is relatively more complex.

Also, the complex bypass pig geometry is based on the disk pig. The parameters which govern the

disk pig geometry used in this study are summarized in Table 4.4

4.3.1. FULLY DEVELOPED PIPE FLOW ’S VELOCITY PROFILE

We achieve fully developed pipe flow’s profiles through one CFD simulation for a 100 meters pipe.

Figure 4.10a shows the x-velocity distribution on the centreline for the 100 meters pipe. From this

figure, we find that the velocity profile is not changing after 75 meters, which means the pipe flow is

fully developed after 75 meters entrance length, and this result matches Equation 2.20.

Figure 4.10b shows the velocity profile on different positions in x direction: 15m, 30m, 95m.

The blue line (15m) and green line (30m) show the velocity profiles in the hydrodynamic entrance

region, and the red line shows the velocity profile in the fully developed region.

We recall the log low which was introduced in Section 3.2.2, in theory the velocity profile for the



4.3. UDF BOUNDARY CONDITIONS 47

(a) 1st mesh with 0.001 s time step size: cross section (b) 1st mesh with 0.001 s time step size: downstream

pipe section

(c) 2nd mesh with 0.001 s time step size: cross section (d) 2nd mesh with 0.001 s time step size: downstream

pipe section

(e) 1st mesh with 0.0002 s time step size: cross section (f) 1st mesh with 0.0002 s time step size: downstream

pipe section

Figure 4.7: Volume fraction of liquid contours on the cross section and the downstream pipe section plane, after t = 1s,

for the mesh & time step independence study of the multiphase study
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Figure 4.8: Volume fraction of liquid’s distribution on the centreline for the mesh & time step independence study of the

multiphase study
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fully developed profile can be expressed as:

u+ = 1

κ
ln y++B (4.1)

Where y+ and u+ are the dimensionless distance and dimensionless velocity, which can be calcu-

lated by Equation 3.10 and 3.11. Figure 4.11a shows the mean velocity profiles in fully developed

turbulent pipe flow. And Figure 4.11b shows the velocity profiles at 15 m, 30 m and 95 m, from the

CFD simulation of the 100 m pipe.

Pope[28] suggested two groups of constants:

κ = 0.41, B = 5.2

And

κ = 0.436, B = 6.13
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Figure 4.10: Results of the 100 m pipe pipe CFD study

for the log law (Equation 4.1), to predict the fully developed pipe flow’s velocity profile. The log law

with two groups constants is plot on Figure 4.11 as the solid line and the dashed line. In Figure 4.11a,

the symbols represent experimental data at six Reynolds numbers (Re = 3.2E +4, 9.9E +4, 4.09E +5,

1.79E +6, 7.71E +6 and 2.99E +7), and it can be found that the log law with two groups of constants

can predict the velocity profile of fully developed pipe flow in various Reynolds numbers Re.

The fully developed pipe flow’s profile we achieve from the pipe CFD simulation is shown in

Figure 4.11b, and the velocity profile is represented as the red points. From this figure, we find that

most of the CFD results are located on the straight lines, which represent the theoretical log law. It

Parameter Value

Bulk velocity U 2.87 m/s

Horizontal bypass area (%) 10%

Disk bypass area (%) 8%

Pipe Diameter D 1.16 m

Bypass pig diameter d 0.3668 m

Upstream pipe length 5D

Downstream pipe length 20D

Pig length 2 m

Location of the back of the pig z=0

Distance between the pig body and the disk h=0.06303D

Disk diameter H = 0.396D

Disk thickness t = 0.00862D

Density ρ 68 kg /m3

Viscosity µ 2.264 E-5 kg /ms

Reynolds number Re 1 E+7

Table 4.4: Key Parameters govern the disk pig geometry used in the UDF boundary conditions validation study



50 4. VALIDATION

(a) Mean velocity profiles in fully developed turbulent

pipe flow, reproduced from [28]
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CFD simulation

Figure 4.11: Fully developed pipe flow’s velocity profiles
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Figure 4.12: Total pressure coefficient distribution on the centreline for the UDF boundary conditions validation

indicates that the pipe flow we used to set as the boundary conditions of the bypass pigs models is

in fully developed condition.

4.3.2. UDF BOUNDARY CONDITIONS VALIDATION

In this part, the UDF boundary conditions approach is validated, by comparing the results achieved

from this approach with the CFD simulation with uniform boundary conditions.

Figure 4.12 shows the total pressure coefficient distribution on the centreline, for the two cases:

• The model with UDF boundary conditions, which are set as the fully developed pipe flow’s

profiles.

• The model with uniform boundary conditions, which were discussed in Section 3.1.

From Figure 4.12, we find the overall pressure drop are unchanged if we use the UDF boundary

conditions instead of the uniform boundary conditions. This is because the overall pressure drop is
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Figure 4.13: x-velocity profiles for the UDF boundary conditions validation

mostly dependent on the mass flow rate of flow, which passes through the bypass regions. Thus, we

further compare the detailed flow behaviour around the disk pig, achieved from simulations with

two boundary conditions approaches.

Figure 4.13 shows the velocity profiles on different positions in x direction. Figure 4.13a shows

the velocity profile in the inlet pipe, Figure 4.13b shows the velocity profile in the bypass pig, Figure

4.13c shows the velocity profile in the region between the bypass pig and the disk, and Figure 4.13d

shows the velocity profile in the outlet pipe. From these velocity profiles, we find that the flow

behaviour is only different in the inlet pipe. On Figure 4.13a, the green line shows the velocity profile

in the inlet pipe for the uniform boundary conditions case, and we can see the front of the velocity

profile is still flat, which means the pipe flow is still developing in the inlet pipe. On the other hand,

the velocity profile for the UDF boundary conditions case (red line) is in fully developed condition.

Figure 4.12 and 4.13 prove that: even similar results can be achieved by using two different ap-

proaches, the simulations with UDF boundary conditions can simulate more realistic conditions for

the bypass pigs. More importantly, for instance for the disk pig case, the UDF boundary conditions

approach decreases the upstream pipe length from 5D to 2D , and decrease the cells number from
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7,308,038 to 5,386,934, thus almost 25% of the computational resource can be saved by using this

modelling approach.

4.4. SUMMARY

In this chapter, the modelling approaches and the numerical models for the bypass pig studies are

validated, through various studies.

First of all, the mesh independent study is performed, to make sure that the numerical solutions

are independent on the mesh. As the multiphase study is based on transient simulations, the time

step size independent study is performed, to make sure that the solutions are independent on the

time step size setting also.

As discussed in Chapter 3, for the single phase studies we use the fully developed pipe flow’s pro-

files as the UDF boundary conditions, and this modelling approach is then validated in this chapter.

First of all, the mean velocity profile achieved through the pipe CFD study is compared with the the-

ory. It is found that the pipe flow is in fully developed condition. Also, this modelling approach is

validated by comparing the results from the simulations with the fully developed boundary condi-

tions and the simulations with uniform boundary conditions. It is found that this modelling ap-

proach gives more realistic boundary conditions, and saves a lot of computational resources.



5
RESULTS OF DISK PIG STUDY

This chapter deals with results from the disk pig study. The flow around the disk pig has already been

studied by Korban[19]. In that research, the relation between the pressure loss coefficient K and the

parameters which govern the disk pig model, is investigated. However, the general correlation to

predict the pressure loss coefficient K for the disk pig is not given. Thus, in the present research, the

flow around the disk pig is further investigated. Table 4.4 summarizes the key parameters to govern

the disk pig model. In different studies, the parameters are slightly changed, which will be discussed

in each study.

In this chapter, first of all the flow features of the disk pig are presented. During the disk pig

study, two different flow behaviours around the disk pig are observed, and the investigation of the

two flow behaviours is carried out secondly. Finally, different parameter studies are carried out, in

order to study the relation between the pressure loss coefficient K and the governing parameters of

the disk pig model.

5.1. FLOW FEATURES OF DISK PIG

This section deals with the detailed flow features around the disk pig.

Figure 5.1 shows the streamlines that represent the mean flow around the disk pig. In the sudden

contraction region, the flow behaviour is similar to the conventional bypass pig. After the horizontal

bypass region, the flow moves around the disk. In the disk bypass region, the flow is shaping as a jet

structure. After the disk, the main recirculation zone in the center of the downstream pipe.

In general, two different flow behaviours around the disk pig are observed during the disk pig

study. Figure 5.1a shows one of the flow behaviours observed. In the disk bypass region, a jet is

formed. After the jet moves out of the disk bypass region, it contacts the pig wall first. Then, the jet

moves along the pig wall and the pipe wall to the downstream pipe. There is a recirculation zone

between the jet and the pig wall. In the downstream pipe, the main recirculation zone is under the

jet, which contacts the pipe wall.

Figure 5.1b shows another flow behaviour around the disk pig observed. After the disk bypass

region, the jet does not contact the pig wall, but contacts the downstream pipe wall directly. Thus,

53
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(a) Behaviour A (b) Behaviour B

Figure 5.1: Streamlines of the flow around the disk pig

the recirculation zone between the pig body and the jet is at the corner of the pig wall and the

downstream pipe wall. The main recirculation zone is still in the center of the downstream pipe.

In this research, we name the flow behaviour shown in Figure 5.1a as “flow behaviour A”, and

name the flow behaviour shown in Figure 5.1b as “flow behaviour B”. Figure 5.1 shows the two flow

behaviours around a disk pig with the same governing parameters, and the investigation of the two

flow behaviour around the disk pig will be presented in Section 5.2. The biggest difference between

these two flow behaviours is the shape of the jet, and it is influenced by the recirculation zone be-

tween the pig body and the jet it self. This recirculation zone’s influence on the shape of the jet will

be investigated in Section 5.3.4.

Figure 5.2 shows the velocity contour of the disk pig with two different flow behaviours. The two

different flow behaviours, especially the shape of jet, can also be shown clearly on these figures. In

both cases, the maximum velocity is in the position that the jet contacts the top of the disk. In the

upstream and downstream pipe, the flow moves with the bulk velocity U , but in the main recircula-

tion zone in the downstream pipe, the velocity is higher than around.

In this research, the pressure loss coefficient K is one of the most important quantities we are in-

terested in . It is found that the overall pressure drop will increase when the flow behaviour changes

from behaviour A to B (in this case the pressure increases with 30%), as shown in Figure 5.3. Thus,

the driving force of the disk pig (which is the overall pressure drop of the disk pig) is strongly depen-

dent on the flow behaviour around it.

Figure 5.4 shows the total pressure contour for two disk pig flow behaviours. Combine these

figures with the total pressure coefficient Ct p ’s distribution on the centreline (Figure 5.3), we find

that most of the total pressure loss comes from the disk bypass region. The total pressure contour

for the flow behaviour A is shown in Figure 5.4a, and the lowest total pressure is in the recirculation

zone between the jet and the pig body. For the flow behaviour B, the total pressure contour is shown

in Figure 5.4b, and the lowest total pressure is in the recirculation zone in the corner of pig body and

pipe wall. In the recirculation zones, the static pressure is lower than around. Also, the velocity in the

recirculation zones is relatively small, and leading low dynamic pressure. Thus, in the recirculation
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(a) Behaviour A (b) Behaviour B

Figure 5.2: Velocity contours of the flow around the disk pig
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Figure 5.3: Total pressure coefficient’s distribution on the centreline of the disk pig study

zones the total pressure is lower than the region around it. The core region of the main recirculation

also has a relatively low total pressure, which is shown in Figure 5.4b clearly.

Figure 5.5 shows the turbulence intensity contour for two disk pig flow behaviours. From these

figures, we find that the maximum turbulence intensity is in the edge of the jet, around 10 m/s in

both cases. Along the jet the turbulence intensity drops down quickly, and becomes low again in the

downstream pipe.

5.2. INVESTIGATION OF THE TWO NUMERICAL SOLUTIONS

During the disk pig study, two completely different flow behaviours around the disk pig are ob-

served. Most importantly, the pressure drop across the disk pig, which is the driving force of the

bypass pig’s motion in the pipeline, is strongly dependent on the flow behaviour around it. Thus,

in this section the two flow behaviours, which come from two different numerical solutions, are

further investigated.

During the disk pig study, it is found that the flow behaviour around the disk pig is dependent
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(a) Behaviour A (b) Behaviour B

Figure 5.4: Total pressure contours of the flow around the disk pig

(a) Behaviour A (b) Behaviour B

Figure 5.5: Turbulence intensity contour for two disk pig flow behaviours

on the numerical solution approaches. For instance, the flow behaviours shown in Figure 5.1 come

from the same disk pig model. In this disk pig model, the other parameters are same as summarized

in Table 4.4, and we increase the horizontal bypass area from 10% to 11.3 %, which means increase

the parameter bypass pig diameter d from 0.3668 m to 0.3899 m. The flow behaviour A, as shown

in Figure 5.1a, comes from the steady state simulation, and in this case the default initialization

scheme of Fluent is used to initialize the numerical model.

In order to validate the assumption that the flow around the disk pig is in steady state, the same

CFD model is ran as transient simulation, and we find that the solution is stable after some time. If

we run the solution from the transient simulation into steady state again, we find that the solution

is stable (not changing) during the simulation, which means the solution from the transient simula-

tion is still in steady state. However, in this numerical solution, the flow around the disk pig behaves

as the behaviour B, as shown in Figure 5.1b.

Thus, for a disk pig model with certain governing parameters, two completely different numer-
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Figure 5.6: Pressure loss coefficient as a function of horizontal bypass area for the disk pig parameters study, results from

steady state and transient simulations

ical solutions can be achieved, and both of the solutions are in steady state. Which behaviour the

flow around the disk pig behaves is determined by the initial conditions of the steady state numeri-

cal simulation:

• The flow behaviour A comes from the steady state simulation, in this case the numerical

model is initialized by the default initialization scheme of Fluent.

• The flow behaviour B comes from the steady state simulation in which the initial conditions

are the solution we achieved through running the CFD model in transient after some time.

Furthermore, we change the parameters which govern the disk pig model, to investigate how

the numerical solutions are related to the disk pig geometry. This study will be introduced as the

horizontal bypass area parameter study for the disk pig in Section 5.3.1. In this study, we change the

dimensionless parameter (d/D)2 from 5% to 12.5%, and run the CFD models with different initial

conditions of the steady state simulation.

Figure 5.6 summarizes all the results from two simulations with two numerical approaches. The

red points represent the results from steady state simulations, in which the numerical model is ini-

tialized by Fluent’s default initialization scheme. On the other hand, the green points represent the

solutions come from the simulations with the initial conditions as the solutions firstly achieved from

transient simulations.

From this study, we actually find in the region:

7.8% < (
d

D
)2 < 11.3%

Two different solutions with completely different flow behaviours around the disk pig can be achieved,

and the final numerical solution is determined by the initial conditions of the CFD simulation.

Moreover, in the region where horizontal bypass area is smaller than 7.8%, the flow always be-

haves as the behaviour A; and in the region that the horizontal bypass area is larger than 11.3%, the

flow always behaves as the behaviour B. In this Figure, it is found that for the same disk pig geometry,

the flow behaviour B causes a higher overall pressure drop than the behaviour A.
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5.3. PARAMETERS STUDY

In this section, different parameter studies are carried out, in order to study the relationship be-

tween the pressure loss coefficient K and the disk pig geometry. Moreover, the flow behaviour

around the disk pig is also dependent on the parameters which govern the disk pig geometry. As

shown in Table 4.4, the disk pig geometry is governed by several parameters. However, Korban[19]

suggested that the flow behaviour and the pressure loss coefficient for disk pig are mainly dependent

on three parameters: bypass pig diameter d , diameter of disk D and distance between the pig body

and disk h. Similar conclusion is also suggested by Idelchik’s correlation for disk valve (Equation

2.28). Furthermore, the influence of the downstream pipe diameter on the flow behaviour around

the disk pig is investigated in this section.

Thus, four parameter studies for the dimensionless groups:

• Horizontal bypass area: (
d

D
)2

• Disk height:
H

D

• Disk bypass area:
4d ·h

D2

• Downstream pipe diameter: D∗/D

as introduced in Section 2.2, are performed in this section.

As discussed in Section 2.4.7, the pressure loss coefficient for conventional bypass pig Kconv can

be calculated by the combination of one sudden contraction and one sudden expansion. Similarly,

we assume for the disk pig, the pressure loss coefficient Kd p can be calculated by the combination

of the correlation for the sudden contraction (Equation 2.23) and for the disk valve (Equation 2.28).

This assumption can be expressed as:

K ′
d p = K ′

c +K ′
d v = 0.5(1− d 2

D2 )3/4 +2
H

d
+ 0.155d 2

h2 −1.85 (5.1)

Where K ′
c and K ′

d v represent pressure loss coefficient in sudden contraction and disk valve. In dif-

ferent parameter studies, the results calculated by Equation 5.1 are compared with the CFD results.

5.3.1. HORIZONTAL BYPASS AREA

As discussed before, for the disk pig model with the horizontal bypass area (
d

D
)2 is equal to 11.3%,

if the numerical model is ran in steady state, the flow behaviour is observed as the flow behaviour

A, as shown in Figure 5.1a; on the other hand, if the model is ran as transient simulation, the flow

behaviour B, as shown in Figure 5.1b, is observed1.

The parameter study for the dimensionless parameter horizontal bypass area (d/D)2 is carried

out. In the initial model, (d/D)2 = 10%, and in this study we change the (d/D)2 from 5% to 12.5%,

in both numerical approaches as discussed in Section 5.2. In general, it is found that in the disk pig

1As discussed before, we actually run the solution from transient simulation into steady state again, thus, this solution is

also in steady state, and the different steady state solutions come from the initial conditions for steady state simulations
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Figure 5.7: Theory compared with CFD results, for the disk pig horizontal bypass area parameter study

CFD model the flow behaviour A appears if the dimensionless group (
d

D
)2 is relatively small, and

the flow behaviour B appears when (
d

D
)2 is relatively large.

Figure 5.7 compares the results calculated by Equation 5.1 and the results from CFD simulations.

For the CFD results, the red points show the results from solution while the flow around the disk pig

behaves as the behaviour A and the green points represents the solutions with flow behaviour B.

In general, we find that Equation 5.1 can calculate the pressure loss coefficient K ′
d p when the flow

around the disk pig behaves as the behaviour B accurately. Figure 5.7b only shows the deviation

of Equation 5.1 from the CFD results with the flow behaviour B. When the horizontal bypass area

d 2/D2 is lower than 9%, the error is relatively large, around 7%, but still in acceptable range. And

when the parameter d 2/D2 is larger than 10%, the errors are within 1%.

It is noticed that Equation 2.28 for disk valve is valid in a certain range in theory, as shown in

Figure 5.7a as the blue dashed lines. However, based on the CFD results, we find that this equation

still can calculate the pressure loss coefficient for disk pig even out of this range.

5.3.2. DISK DIAMETER

Another parameter which has influence of the flow around the disk pig is the disk diameter H , thus,

in this part the parameter study for the dimensionless parameter disk height H/D is performed. In

the initial model, H/D = 0.396, and in this parameter study, we keep the other parameters fixed and

change the H/D from 0.325 to 0.55. The results calculated by Equation 5.1 are also being compared

with the CFD results.

Figure 5.8 shows the pressure loss coefficient Kd p as a function of the disk height H/D . The red

points represent the results from solutions behave as the flow behaviour A, and the green points

represent the flow behaviour B. It is found that when the disk has relatively small disk height (when

H/D < 0.35), the flow around the disk pig behaves as the behaviour B, and when the dimensionless

group H/D > 0.375, the flow around the disk pig changes to behaviour A.
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Figure 5.8: Pressure loss coefficient as a function of disk diameter for the disk pig parameters study, with different flow

behaviours

In Figure 5.8, the results calculated by Equation 5.1 is represented by the black solid line. Similar

as being introduced in Section 5.3.1, it is found that Equation 5.1 can calculate Kd p accurately if the

flow around the disk pig behaves the behaviour B. Unfortunately, in this parameter study, we only

have two points which can be compared with Equation 5.1, as the disk diameter D has to be larger

than the diameter of the horizontal bypass region d = 0.316D ; on the other hand, the flow around

disk pig changes to behaviour B when H/D is larger than 0.375. Also, the two results are actually not

in the valid range for Equation 2.28, which is represented by the blue dashed lines. However, it is

found that Equation 5.1’s results match the CFD results, as the errors for both two points at H/D =

0.325 and 0.35 are within 1%.

When H/D is larger than 0.375, while the flow around the disk pig behaves as the behaviour A,

the pressure loss coefficient Kd p is a constant 3.83, which means the overall pressure loss in disk pig

is not changing when we increase the disk diameter D .

5.3.3. DISK BYPASS AREA

Furthermore, the parameter study of the dimensionless group disk bypass area 4d ·h/D2 is carried

out at here. In this parameter study, we keep the other parameters fixed, and change the parameter

distance between the pig body and the disk h, in order to change the dimensionless parameter disk

bypass area 4d ·h/D2 from 6% to 20%.

Figure 5.9a shows the pressure loss coefficient for disk pig Kd p as a function of the disk pig by-

pass area 4d ·h/D2. The red points represent the results from solutions behave as the flow behaviour

A, and the green points represent the flow behaviour B. It is found that when the parameter h is rel-

ative small (when 4d ·h/D2 < 10%), the flow around the disk pig behaves as the flow behaviour A,

and when 4d ·h/D2 > 10%, it changes to the flow behaviour B.

In Figure 5.9a, the results calculated by Equation 5.1 is represented by the black solid line. Simi-

lar as two previous parameter studies, in this case Equation 5.1 can still calculate Kd p when the flow

around the disk pig behaves as the flow behaviour B accurately. Figure 5.9b shows the deviation of

theory from the CFD results only for the results with flow behaviour B, and most of the errors are
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Figure 5.9: Theory compared with CFD results, for the disk pig disk bypass area parameter study

within 5%, even all the points are actually out of the valid range for Equation 5.1, as shown as the

blue dashed lines.

5.3.4. DOWNSTREAM PIPE DIAMETER

In this section, the parameter study of the dimensionless parameter downstream pipe diameter

D∗/D is carried out. In reality, the parameter D∗/D has to be equal to 1, however, in this research,

we keep other parameters fixed, and change the downstream pipe diameter D∗/D from 1 to 2, in

order to study the diameter of the downstream pipe’s influence on the flow behaviour around the

bypass pig. In this study, the parameters which govern the disk pig geometry are slightly different

from the parameters summarized in Table 4.4, and we change the parameter h from 0.06303D to

0.1107D , in order to change the dimensionless parameter disk bypass area to 14%. As discussed in

Section 5.3.3, in this case, when the parameter D∗/D = 1, the flow around the disk pig behaves as

the behaviour B, and Equation 5.1 can calculate the pressure loss coefficient K accurately.

The theoretical results calculated by Equation 5.1 are compared with the results from the CFD

simulations on Figure 5.10. Figure 5.10a shows the pressure loss coefficient as a function of the

downstream pipe diameter D∗/D , while the theoretical results are plot as the black solid line. It

is found that that with relative small downstream pipe diameter, the flow around the disk pig be-

haves as the behaviour B, and it changes to the behaviour A when D∗/D > 1.45. Similar as the other

parameter studies introduced before, Equation 5.1 can still calculate the pressure loss coefficient

for the disk pig accurately, if the flow around the disk pig behaves as the behaviour B. As shown in

Figure 5.10b, the maximum error is around 3%.

Idelchik [22] suggested that for the disk valve, the influence of the pipe diameter on the pressure

loss coefficient is limited. In this study, it is found that the pressure loss coefficient changes 2% when

we increase the dimensionless parameter D∗/D from 1 to 1.42. Thus, based on this study it is found

that the diameter of the downstream pipe’s influence on the pressure loss coefficient is negligible,

and Equation 5.1 can calculate the pressure loss coefficient for disk pig accurately, if the flow around
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Figure 5.10: Theory compared with CFD results, for the disk pig downstream pipe diameter parameter study

it behaves as the flow behaviour B.

Furthermore, this parameter study can help us a lot to achieve better understanding of the two

flow behaviours observed around the disk pig, as introduced in Section 5.1. Figure 5.11 shows the

streamlines to represents the mean flow around the disk pig, with various dimensionless parameter

D∗/D . When the parameter D∗/D is smaller than 1.42, the flow around the disk pig behaves as the

behaviour B, which is shown in Figure 5.11a and 5.11b; when the parameter D∗/D is larger than

1.45, the flow changes to the behaviour A, as shown in Figure 5.11c and 5.11d.

In the flow behaviour A, the jet structured flow contacts the pig wall again when it moves out of

the disk bypass region, then it moves along the pig wall and the pipe wall. There is a recirculation

zone between the main jet and the pig wall, the shape and height of this recirculation zone for the

cases where D∗/D = 1.45 and D∗/D = 2 are same.

Thus, it is much more clear that, when the diameter of the downstream pipe is not large enough

for the recirculation zone between the jet and pig body in the flow behaviour A, the recirculation

zone can drive the jet structured flow to behaviour B, in which the jet contacts the pipe wall directly

when it moves out of the disk bypass region, and location of the recirculation zone changes to the

corner of the pig and pipe wall.

5.4. SUMMARY

In this chapter, the results from disk pig study are presented. First of all, the flow features of the disk

pig are introduced in details. It is found that two different flow behaviours can be observed for flow

around the disk pig, through CFD simulations (flow behaviour A as shown in Figure 5.1a and flow

behaviour B as shown in Figure 5.1b). Which flow behaviour would happen around the disk pig is

dependent on:

• Initial conditions of the steady state CFD simulations: For a disk pig with certain governing

parameters, two steady state solutions can be achieved by CFD simulations, by different initial

conditions.
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(a) D∗/D = 1.1 (b) D∗/D = 1.42

(c) D∗/D = 1.45 (d) D∗/D = 2

Figure 5.11: Streamlines of the flow around the disk pig with various downstream pipe diameter

• Parameters which govern the disk pig geometry: In general, if we increase the dimensionless

groups: horizontal bypass area (d/D)2 (by increasing the bypass diameter d), decrease the

disk height H/D (by increasing diameter of the disk H) or increase the disk bypass area 4d ·
h/D2 (by increasing the distance between pig body and disk h), the flow around the disk pig

changes from behaviour A to B.

Furthermore, four parameter studies are carried out, in order to study the relationship between

the pressure loss coefficient for disk pig Kd p and the disk pig geometry. The correlation for Kd p ,

which is inspired by the correlation to calculate the pressure loss coefficient for conventional bypass

pig Kconv (Equation 2.30), is suggested: Equation 5.1. Based on the parameters study, it is found that

Equation 5.1 can calculate the pressure loss coefficient for disk pig Kd p accurately, if the flow around

the disk pig behaves as the flow behaviour B (which is shown in Figure 5.1b).





6
RESULTS OF COMPLEX BYPASS PIGS STUDY

This chapter deals with results from the complex bypass pig study. The complex bypass pig is an-

other type bypass pig which is investigated in this research, and its geometry and governing dimen-

sionless parameters have been introduced in Section 2.2. For the complex bypass pig, we generate

four bypass adjusting holes to represent the bypass adjusting device (thus the dimensionless param-

eter n = 4), and we change the angle of bypass adjusting holes ω, to represent the bypass adjusting

process. Unlike the conventional bypass pig and disk pig have axisymmetric geometry and two di-

mensional CFD simulations can be used, the complex bypass pig study requires three dimensional

CFD models, which means the simulations involved in this chapter are much more computational

expensive than the disk pig study in chapter 5. In this study, two complex bypass pig models are

studied. The parameters govern the first complex bypass pig geometry are summarized in Table 4.2,

in the initial model when the parameter ω = 45◦, both the horizontal bypass area and the opening

holes bypass area are 30%. Furthermore, another complex bypass pig model is investigated in this

study, the parameters govern this complex bypass pig geometry are summarized in Table 6.1. With

these parameters, the initial model has both 10% horizontal bypass area and opening holes bypass

area.

In this chapter, first of all the flow features of the complex bypass pig are presented. Further-

more, different parameter studies are carried out, in order to study how the pressure loss coefficient

K (and overall pressure drop) is influenced by the governing parameters of the complex bypass pig

model. In this study, two correlations are suggested to predict the pressure loss coefficient for the

complex bypass pig, and these correlations are tested at the end of this chapter.

6.1. FLOW FEATURES OF COMPLEX BYPASS PIG

The flow features around the complex bypass pig are introduced in this section. First of all, as the

complex bypass pig geometry is based on the disk pig, the flow features around the disk pig with

same parameters of the complex bypass pig models, but without the bypass-adjusting device, are

introduced.

65
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Figure 6.1 shows the streamlines of the disk pig models. Figure 6.1a and 6.1b show the results of

the disk pig models with 30% and 10% horizontal bypass area, respectively. In both cases, the flow

behaves as the behaviour B, as discussed in Section 5.1. The jet formed in the disk bypass region

contacts the pipe wall directly, the main recirculation zone is under the jet, and there is a smaller

recirculation zone at the corner of the bypass pig and pipe wall.

Figure 6.2 shows the streamlines of the complex bypass pig. The left figures show the streamlines

on a cross section plane. Figure 6.2a and 6.2c show the streamlines of the complex bypass pig with

30% and 10% bypass areas, respectively1. From these figures, we find that the jets formed in the

bypass adjusting holes contact the pipe wall directly, and there are recirculation zones at the corner

of pig body and pipe wall. The main recirculation zone is in the downstream pipe, and the main

recirculation zone is much more complex than in disk pig case. This is because there are four three-

dimensional main jets formed in the four bypass adjusting holes, and when the jets flow around the

disk, the jet structured flows mix again in the downstream pipe.

As the flow in the bypass adjusting holes region is very complex, we generate streamlines on

another pipe-section plane halfway between the pig body and the disk, as shown in Figure 6.2b and

6.2d, for 30% bypass areas case and 10% bypass area case, respectively. From these figures we can

1As discussed before, two complex bypass pig models are studied in this study, the first model has 30% horizontal by-

pass area, while the second model has 10% horizontal bypass area. For both two initial models with 45 degrees bypass

adjusting holes, the opening holes bypass area are equal to the horizontal bypass area

Parameter Value

Bulk velocity U UDF

Horizontal bypass area (%) 10%

Pipe Diameter D 1.16 m

Bypass pig diameter d 0.3668 m

Upstream pipe length 2D

Downstream pipe length 20D

Horizontal bypass length 2 m

Location of the back of the pig z=0

Holes bypass area (%) 10%

Distance between the pig body and the disk h 0.1118D

Disk diameter H 0.4835D

Holes inner diameter Hi 0.4472D

Disk thickness t 0.07071D

Number of holes n 4

Angle of hole ω 45o

Density ρ 68 kg /m3

Viscosity µ 2.264 E-5 kg /ms

Reynolds number Re 1 E+7

Table 6.1: Key parameters of complex bypass pig geometry, with 10% horizontal bypass area, used in the complex bypass

pig study
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(a) Streamlines of the disk pig with 30 persents hori-

zontal bypass area

(b) Streamlines of the disk pig with 10 persents hori-

zontal bypass area

Figure 6.1: Streamlines of the disk pigs with the same parameters of the complex bypass pigs

observe how the flow passes through the bypass adjusting holes. In these figures, the white blank

regions represent the solid part of the bypass adjusting device, and the grey region represents the

flow region. Four main jets are formed in the bypass adjusting holes, and contact the pipe wall

after they flow out of the holes. In the region between the bypass adjusting device and pipe wall,

recirculation zones are observed between two neighbour main jets. For the complex bypass pig with

10% bypass areas, the distance between the bypass adjusting holes and the pipe wall is relatively

long, thus, each of the main jets separates into two smaller jets, and additional recirculation zones

are observed between the two jets.

In reality, for a bypass pig that contains bypass adjusting device, the thickness of the bypass

adjusting device is relatively small. In the complex bypass geometries studied in this research, we

make this thickness relatively small, which means the dimensionless parameter Hi /H is close to 1,

and this is shown in Figure 6.2b and 6.2d. Unfortunately, the research to study the flow around this

type geometry is limited. However, the situation when the flow pass through the opening holes is

similar as the flow around the sharp-edged orifice, as discussed in Section 2.4.5. Thus, the Idelchik’s

correlation for sharp-edged orifice (Equation 2.29) is used to compare with the results from complex

bypass pig study. For the sharp-edged orifice, the thickness of the orifice’s influence on the flow

behaviour and the overall pressure loss coefficient Kseo is negligible. In our case, as the thickness of

the bypass adjusting device is also relatively small, then we assume it has little influence on the flow

behaviour in complex bypass pig geometry.

Figure 6.3 shows the total pressure contour on the cross section plane for the complex bypass

pig models. Figure 6.3a and 6.3b show the results for the complex bypass pig models with 30% and

10% bypass areas, respectively. The total pressure is not changing a lot when the flow passes through

the horizontal bypass area, and large pressure drop happens when the flow pass around the disk.

The lowest total pressure is in the recirculation zone in the corner of the pig body and pipe wall, and

relatively low total pressure in the main recirculation zone in the center of the downstream pipe.

As the model with 10% bypass areas has much smaller horizontal bypass area and opening holes
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(a) Streamlines of complex bypass pig with 30 persents

horizontal bypass area on the cross section plane

(b) Streamlines of complex bypass pig with 30 persents

horizontal bypass area on the pipe section plane,

which is at x = 2m +0.5h

(c) Streamlines of complex bypass pig with 10 persents

horizontal bypass area on the cross section plane

(d) Streamlines of complex bypass pig with 10 persents

horizontal bypass area on the pipe section plane,

which is at x = 2m +0.5h

Figure 6.2: Streamlines for the complex bypass pig

bypass area, it has much larger overall pressure drop than the 30% bypass areas model. Further-

more, Figure 6.4 shows the total pressure coefficient’s distribution on the centreline. Based on these

figures, it is found that most of the total pressure drop comes from the disk bypass region and the

opening holes bypass region.

6.2. PARAMETER STUDY

In this section, different parameter studies of the complex bypass pig are carried out, in order to

study the relationship between the pressure loss coefficient K for complex bypass pig and its govern-

ing parameters. As discussed in Section 2.2, the complex bypass pig geometry is based on the disk

pig, and additional parameters are required to govern the bypass adjusting device. In this research,

we generate four opening holes to represent the bypass adjusting device, so the dimensionless pa-

rameter n = 4. The thickness of the bypass adjusting device is relatively small in the complex bypass
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(a) Total pressure contour of complex bypass pig with

30 persents horizontal bypass area on the cross section

plane

(b) Total pressure contour of complex bypass pig with

30 persents horizontal bypass area on the cross section

plane

Figure 6.3: Total pressure contours on the cross section plane of the complex bypass pig
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Figure 6.4: Total pressure coefficient distribution on the centreline of the complex bypass pig

pig, and the dimensionless parameter thickness of bypass adjusting holes Hi /H should be close to

1. Thus, in this study we mainly consider the influence of the dimensionless parameter opening

fraction of the holes ω/45◦ on the flow behaviour around the complex bypass pig, especially the

pressure loss coefficient (and overall pressure drop).

Four parameter studies for the disk pig have been presented in Section 5.3, and a correlation to

calculate the pressure loss coefficient for the disk pig Kd p (Equation 5.1) was suggested and tested in

this study. It is found that this correlation can predict Kd p accurately, if the flow around the disk pig

behaves as the flow behaviour B. As discussed in Section 6.1, the flow around the complex bypass

pig still behaves as the flow behaviour B.

Thus, in this section, two parameter studies for the complex bypass pig are carried out, for the

dimensionless parameters:

• Horizontal bypass area: (
d

D
)2
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Figure 6.5: Results from parameter study: horizontal bypass area, for the complex bypass pig

• Opening fraction of the holes:
ω

45◦

And the correlations to predict the pressure loss coefficient K (and overall pressure drop) for com-

plex bypass pig will be introduced.

6.2.1. HORIZONTAL BYPASS AREA

The complex bypass pig geometry with 30% bypass areas (both horizontal bypass area and bypass

adjusting holes’ bypass area) are used in this parameter study for horizontal bypass area. We keep

the other parameters fixed and decrease the parameter: bypass pig diameter d , in order to decrease

the horizontal bypass area from 30% to 10%.

Figure 6.5 shows the results from the horizontal bypass area parameter study. The theoretical

results calculated by Equation 5.1 for the equivalent disk pigs are also included in these figures, as

the black solid line. The concept of equivalent disk pig will be introduced in Section 6.2.2.
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Figure 6.5a shows the overall pressure drop as function of the horizontal bypass area, we find

that the overall pressure drop increases if we decrease the horizontal bypass area as a regular curve.

This is because we keep other parameters fixed, and when we decrease the diameter of the bypass

area d , the pressure drop in the sudden contraction region and disk bypass region will increase.

With same horizontal bypass area, the theoretical overall pressure drop of the equivalent disk pig is

always higher than the complex bypass pig’s overall pressure drop, but the lines have similar trend.

Figure 6.5b shows the pressure loss coefficient K as a function of the horizontal bypass area. The

K is calculated by the velocity in the horizontal bypass area, as the bypass adjusting holes’ bypass

area is always equal to 30%, the maximum averaged velocity is always in the horizontal bypass re-

gion. Similar as Figure 6.5a for the overall pressure drop, with same horizontal bypass area, the com-

plex bypass pig has smaller overall pressure loss coefficient K than the equivalent disk pig. However,

the theoretical results for the equivalent disk pig (shown as the black solid line) has the similar trend

as the CFD results for the complex bypass pig, especially when the horizontal bypass area is larger

than 15%. Figure 6.5c shows the difference between the CFD results for complex bypass pig and the

theoretical results for equivalent disk pig, when the horizontal bypass area is larger than 15%, the

Kd p −Kcomp is always around a constant 0.95.

The results from complex bypass pig CFD simulations are locating on a straight line, thus a new

correlation can be suggested, to representing the relationship between overall pressure loss coeffi-

cient in complex bypass pig and the horizontal bypass area:

K = 6(d 2/D2)+2.08 (6.1)

Figure 6.5d shows that Equation 6.1 can calculate the overall pressure loss coefficient for com-

plex bypass pig as a function of the horizontal bypass area accurately, as the maximum error is 5%

and errors for most of the results are within 2%.

6.2.2. OPENING FRACTION OF THE HOLES

In this part, the complex bypass pig models with different angle of bypass adjusting holes ω are in-

vestigated. In reality, the bypass area is controlled by closing and opening of the bypass adjusting

holes. However, in CFD simulations, we cannot decrease the opening holes’ angle continuously.

Thus, complex bypass pig models with typical angles of bypass adjusting holes: 11.25◦, 22.5◦, 37.75◦

and 45◦, are studied to represent the bypass adjusting process. By changing the angle of the open-

ing holes from 45◦ to 11.25◦, the dimensionless parameter opening fraction of the holes ω/45◦ is

changed from 1 to 0.25. The complex bypass pig models with the governing parameters which are

summarized in Table 4.2 and 6.1 are both studied in this parameter study.

Figure 6.6 shows the general results from this parameter study. Two complex bypass pig models

are both studied in this part, and it is found that the overall pressure drop of the complex bypass

pig is strongly dependent on the parameter opening holes bypass area Hhω/22.5D2, as shown in

Figure 6.6a. The overall pressure drop increases if we decrease the bypass adjusting holes’ bypass

area. Also, for the two complex bypass pig models with different parameters, when they have the

same opening holes’ bypass area2, the overall pressure drop in the 10% bypass areas model is much

2On Figure 6.6a, the two complex bypass pig models have same opening holes’ bypass area 7.5%, when the 30% bypass
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Figure 6.6: Results from parameter study: angle of the bypass adjusting holes, for the complex bypass pig

higher than the model with 30% initial bypass areas. This is because the 10% bypass areas complex

bypass pig has much smaller horizontal bypass area, thus has larger pressure drop in the sudden

contraction and disk region, as discussed in Section 6.2.1.

On the other hands, the pressure loss coefficient for complex bypass pig is strongly dependent

on the angle of the bypass adjusting holes, as shown in Figure 6.6c and 6.6b. In this study, we calcu-

late two pressure loss coefficient K ′ (as shown in Figure 6.6b) and K (as shown in Figure 6.6c) for the

complex bypass pig. As discussed in Section 2.4.1, for the original equation to calculate the overall

pressure loss coefficient K (Equation 2.22), the K is calculated by the maximum average velocity

in different bypass regions, which is the average velocity in the opening holes in this case. On the

other hand, similar as the correlation to calculate the overall pressure loss coefficient is disk valve

(Equation 2.28) and the suggested equation for disk pig model (Equation 5.1) in Section 5.3, the co-

efficient K ′ is calculated by the average velocity in the horizontal bypass area. Thus the relationship

areas model’s parameter ω= 11.25◦, and the 10% bypass areas model’s parameter ω= 33.75◦
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between the coefficient K and K ′ can be expressed as:

K = K ′(
Vhor i zont al

2

Vhol es
2 ) (6.2)

Where Vhor i zont al and Vhol es are the average velocities in the horizontal bypass region and open-

ing holes, respectively. And the velocities in different bypass area are determined by the governing

parameters of the complex bypass pig geometry.

It is found that the pressure loss coefficient for disk K ′
d p is dependent on the disk bypass area3.

Thus, in order to analyse the results from complex bypass pig study, the equivalent disk pig for

complex bypass pig is introduced at here. The general idea behind this approach is: use a disk pig

with similar parameters as the complex bypass pig, but change the parameter distance between the

pig body and disk h, in order to make the disk bypass region equal to the bypass adjusting holes’

bypass area of the complex bypass pig. Thus, for a complex bypass pig with certain angle of the

opening holes, the adapted parameter: distance between the pig body and disk hd p−equ for the

equivalent disk pig can be expressed as:

hd p−equ = hcomp (
ω

90
)

H

d
(6.3)

The theoretical results calculated by Equation 5.1 for the equivalent disk pig are compared with

the CFD results. The left figures (Figure 6.9a and 6.7c) show the results as the coefficient K ′, which

is calculated by the velocity in the horizontal bypass region; and the right figures (Figure 6.9b and

6.7d) show the results as the coefficient K , which is calculated by the maximum average velocity in

the complex bypass pig model (in this case in the opening holes region).

In general, the shape of the lines calculated by the suggested equation for equivalent disk pig for

complex pig match the results from the CFD simulations for complex bypass pig, especially when

the parameter ω is larger than 20 degrees. Furthermore, the theoretical results from equivalent

disk pig match the CFD results from the 10% bypass areas complex bypass pig model much better

than 30% bypass areas model. In fact, as discussed in the flow features of complex bypass pig part

(Section 6.1), for the 30% bypass areas complex bypass pig model, the distance between the bypass

adjusting holes and the pipe wall is much smaller than the model with 10% bypass areas. Thus, for

the 30% bypass areas model, the pipe wall can have influence on the jets formed in the opening

holes.

Based on the equivalent disk pig approach, the correlation for the complex bypass pig can be

suggested:

K ′
comp = K ′

c +K ′
d v−equ = 0.5(1− d 2

D2 )3/4 +2
H

d
+ 0.155d 2

h2
d p−equ

−1.85 (6.4)

and

Kcomp = K ′
comp (

Hi ·h ·ω
22.5d 2 )2 (6.5)

Where the parameter hd p−cor is calculated by Equation 6.3.

3As discussed in Section 5.3, the pressure loss coefficient K ′
d p is decreasing if we keep other parameters fixed and increase

the parameter: distance between the pig body and disk, then the disk bypass area is also increased. Furthermore, the

suggested Equation in order to calculate K ′
d p (Equation 5.1) has already been tested in the disk bypass area parameter

study for disk pig, see Figure 5.9
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Figure 6.7: Results from complex bypass pig study compared with the theoretical results for the equivalent disk pig

Furthermore, it has already been tested that correlation combines the sudden contraction and

disk valve can calculate the overall pressure loss coefficient for disk pig accurately, as the disk pig is

formed by a sudden contraction and a disk valve. As discussed before, the complex bypass pig ge-

ometry is based on the disk pig, and the difference is the complex bypass pig has a bypass adjusting

device between the pig body and the disk, and the condition when the flow pass through the bypass

adjusting holes is similar as the flow pass through the sharp-edged orifice. Thus, another approach

in order to investigate the pressure loss coefficient for complex bypass pig can be expressed as:

Kcomp = Kc +Kd v +Khol es (6.6)

Where the Kc , Kd v and Khol es represent the pressure loss coefficient for sudden contraction, disk

valve and bypass adjusting holes, respectively.

The general idea of this approach is dividing the overall pressure drop in complex bypass pig

into pressure drop in three parts: the sudden contraction, the disk valve and the bypass adjusting

holes. For this investigation approach, we assume the additional pressure loss for complex bypass

pig relative to the disk pig with same parameters is coming from the bypass adjusting holes, this
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Figure 6.8: Pressure loss (coefficient) in the bypass adjusting holes of the complex bypass pig study

assumption can be expressed as:

∆phol es =∆pcomp −∆pd p (6.7)

and

K ′
hol es = K ′

comp −K ′
d p (6.8)

Where∆pd p and K ′
d p represents the overall pressure drop and pressure loss coefficient for a disk pig

with the same parameters as the complex bypass pig4.

Figure 6.8 shows the overall pressure drop and the pressure loss coefficient in the bypass adjust-

ing holes calculated by Equation 6.7 and 6.8. We find that the overall pressure drop in the bypass

adjusting holes is strongly dependent on the bypass area of opening holes, and the pressure loss

coefficient is dependent on the parameter ω.

Furthermore, we use the Idelchik’s correlation for the sharp-edged orifice (Equation 2.29) to cal-

culate the pressure drop when the flow pass through the opening holes. From theory, the pressure

drop in sharp-edged orifice is dependent on the cross section area of the orifice and pipe, F0 and F1

in Equation 2.29. And in our case, these two areas are calculated as:

F0 =πHi ·h(
ω

90
) (6.9)

and

F1 =πHi ·h (6.10)

Then, Equation 2.29 in this case becomes as:

Khol es = (1+0.707

√
1− ω

90
− ω

90
)2 (6.11)

4Unlike the parameter h is adjusted for the equivalent disk pig approach, for this approach the disk pig’s parameters are

all same as the complex bypass pig, and without the parameters to governing the bypass adjusting device. These two

disk pig models, one with 10% horizontal bypass area and another with 30% are introduced in Section 6.1, as shown in

Figure 6.1a and 6.1b
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Figure 6.9: Results from complex bypass pig study compared with the theoretical results for sharp-edged orifice

And the pressure loss coefficient is only as a function of the parameter ω.

Figure 6.9 compares the results from CFD simulations and the results calculated by the correla-

tion for sharp-edged orifice. It is found that Equation 6.11 can calculate the pressure loss coefficient

of the bypass adjusting holes accurately, when the angle of the opening holes is bigger than 20 de-

grees.

Based on this approach, another correlation for the complex bypass pig can be suggested:

K ′
comp = K ′

c+K ′
d v+K ′

hol es = 0.5(1− d 2

D2 )3/4+2
H

d
+0.155d 2

h2 −1.85+(1+0.707

√
1− ω

90
− ω

90
)2·( 22.5d 2

Hi ·h ·ω )2

(6.12)

and

Kcomp = K ′
comp (

Hi ·h ·ω
22.5d 2 )2 (6.13)

In Equation 6.12, the first term represents the pressure drop due to sudden contraction, the

second to fourth terms represent the pressure drop in disk valve and the last term represents the

pressure drop in the bypass adjusting device.

6.3. TESTING OF THE SUGGESTED CORRELATIONS

In this section, the suggested correlations based on two approaches introduced in Section 6.2.2,

which are used to investigate the overall pressure drop across the complex bypass pig:

• Equation 6.4, which is based on the first approach: using a equivalent disk pig for the complex

bypass pig, to predict the pressure loss coefficient for it;

• Equation 6.12, which is based on second approach, in which we assume the pressure drop

across the bypass adjusting holes can be calculated by the correlation for the sharp-edged

orifice.
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Figure 6.10: Overall pressure drop as a function of the bypass area of the bypass adjusting area, testing of the correlations

suggested

Are tested, by comparing the results calculated by Equations 6.4 and 6.12, with the CFD results.

Figure 6.10 shows the overall pressure drop as a function of the bypass area of the opening holes

Hhω/22.5D2, combines the results calculated by the correlations and the CFD results. As shown

in Figure 6.10, both two methods can calculate the overall pressure drop in complex bypass pig

accurately, when the angle of bypass adjusting holes is larger than 20 degrees.

Figure 6.10 shows the overall pressure drop as a function of the opening holes bypass area. In

this figure, the results from the CFD simulations are compared with the results calculated by the

two correlations suggested in Section 6.2.2. Figure 6.10a shows the correlation comes from the first

approach: use the equivalent disk pig for the complex bypass pig to predict the overall pressure drop.

Figure 6.10b shows the second approach: use the correlation for the sharp-edged orifice to predict

the pressure drop across the bypass adjusting holes. It is found that both of the two correlations can

predict the overall pressure drop across the complex bypass pig accurately, when the angle of the

opening holes is larger than 20 degrees.

Figure 6.10c and 6.10d show the results for the complex bypass pig models with 30% bypass ar-

eas and 10% bypass areas, respectively. In general, the results calculated by the two correlations are
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similar, in both cases. When the parameter ω = 11.25◦, the two correlations’ results are larger than

the CFD results, and the correlation comes from the equivalent disk pig approach is more accurate

than the correlation based on the second approach. In this research, the flow around a sharp-edged

orifice is investigated. This study is presented in Appendix A. In this study, it is found that when the

sharp-edged orifice’s bypass area is relatively small, the overall pressure drop predicted by the cor-

relation for the sharp-edged orifice is much larger than the CFD results. This conclusion is similar

as what we observe in this complex bypass study.

6.4. SUMMARY

In this chapter, the results from the complex bypass pig study are presented.

First of all, the flow features of the complex bypass pig are introduced. In general, the flow

around the complex bypass pig is still similar as the disk pig. As the parameter distance between the

pig body and the disk h is relatively large in the complex bypass pig study, the flow around the disk

pig models behaves as the flow behaviour B. Due to the bypass adjusting holes, the flow behaviour

after the horizontal bypass region is much more complex than the disk pig case.

Furthermore, different parameter studies are carried out. In order to get better understanding

of the speed control process of the complex bypass pig, the bypass pig with different

Furthermore, different parameters studies are carried out, in order to achieve better under-

standing of the relationship between the pressure loss coefficient K for the complex bypass pig and

its governing parameters. Most importantly, the complex bypass pig models with different parame-

ter: angle of the bypass adjusting holesω are studied, in order to represent the speed control (bypass

adjusting) process of the complex bypass pig. Based on the disk pig study, two correlations based on

two different approaches, which are introduced in Section 6.2.2, are introduced: Equation 6.4 and

6.12.

Finally, the correlations suggested in this study to predict the pressure loss coefficient for com-

plex bypass pig, are tested, by comparing the results calculated by Equation 6.4 and 6.12 with the

CFD results. It is found that these correlations can predict the overall pressure drop for the bypass

pig models with various parameter angle of the opening holes ω, especially when ω> 20◦.
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RESULTS OF MULTIPHASE STUDY

This chapter deals with the results from the multiphase study. First of all, the multiphase flow

around a pig, which does not have bypass region, is investigated. In this case, as the pig is mov-

ing inside of the pipeline, the liquid slug will accumulate in the downstream pipe. One of the main

purposes of this study is to investigate the relationship between the height of the liquid slug and the

pig velocity. In practice, if the liquid slug can contacts the top of the pipe wall, the entire pipeline

can be covered by the corrosion inhibitor, which is normally contained by the liquid phase flow.

Furthermore, the multiphase flow around a (conventional) bypass pig is carried out, in order to

investigate the multiphase flow behaviour in this condition.

7.1. PIG WITHOUT BYPASS REGION

The similar case studied by Kohda in 1988 [29] is investigated in this section. The case we consider

here is: the no-bypass pig is moving inside of the pipeline, in which the fluids are in stratified flow

condition. The pig is driven by the gas phase flow, with a velocity of 0.3 m/s. The liquid and gas

phase are water and air, respectively, and the surface tension of the two phases is simulated as a

constant: 0.07275 N /m. In the pig’s reference frame, the velocities of the gas flow and the pig wall

are 0, and the velocity of the pipe wall and the liquid flow are both -0.3 m/s. The liquid hold up

in the pipeline is 10%. As the pig has no bypass region, the upstream pipe is not considered in the

numerical model. The key parameters of this study are summarized in Table 7.1.

Figure 7.1 shows liquid volume fraction contours obtained by the numerical model. Figure 7.1a,

7.1b and 7.1c shows the volume fraction of liquid contour on the cross section plane at 1s, 4s and 6s,

respectively. Figure 7.1d shows the volume fraction of liquid contour on a pipe section plane, and

the shape of the liquid slug can be observed through this figure. It is found that with the pig velocity

0.3 m/s, the liquid slug in the downstream pipe does not contact the top of the pipe wall, and moves

along the downstream pipe stably.

In this study, the influence of the pig velocity on the flow behaviour around the pig is investi-

gated, by changing the pig velocity from 0.3 m/s to 1.8 m/s. In the pig’s reference frame, the pig is

stagnant, and the pipe wall and the liquid hold up is moving as the negative pig velocity.

79
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(a) 1s (b) 4s

(c) 6s (d) pipe-section

Figure 7.1: Liquid volume fraction contour

Figure 7.2 shows the liquid volume fraction contour for the models with different pig velocity. It

is found that the liquid slug’s height is increasing when we increase the pig velocity. When the pig

velocity is relatively small, the liquid slug in the downstream pipe cannot contact the top of pipe

wall, and the liquid slug is moving stably along the downstream pipe. Figure 7.2g and 7.2h shows

the results when the pig velocity is 1.8 m/s, in this case, the liquid slug contacts the top of pipe wall

directly, and make the flow behaviour in the downstream pipe more complex.

Parameter Value

Gas velocity Ug as 0 m/s

Liquid velocity Ul i qui d -0.3 m/s

Pipe wall velocity Uw all -0.3 m/s

Pipe Diameter D 0.1053 m

Downstream pipe length 3 m

Location of the back of the pig z=0

Density of gas ρg as 1.225 kg /m3

Density of liquid ρl i qui d 998.2 kg /m3

Viscosity of gas µg as 0.000018 kg /ms

Viscosity of liquid µl i qui d 0.001516 kg /ms

Surface tension 0.07275 N /m

Liquid hold up 10%

Table 7.1: Key Parameters govern the pig without bypass multiphase study
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(a) 0.5 m/s (b) 0.5 m/s

(c) 0.75 m/s (d) 0.75 m/s

(e) 1 m/s (f) 1 m/s

(g) 1.8 m/s (h) 1.8 m/s

Figure 7.2: Liquid volume fraction contour with different pig velocity
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Figure 7.3: Results of the pig velocity study for the no-bypass pig

Figure 7.3 shows the results of the pig models with various pig velocities study. Figure 7.3a and

7.3b shows the volume fraction of liquid and the x-velocity u’s distribution in the y direction, for the
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case Vpi g = 0.3m/s. In these figures, the height of the liquid slug is shown as the dashed line.

Similar approach is applied to the models with various pig velocities. Figure 7.3c summarizes

the height of the liquid slug as a function of the pig velocity. It is found that the slug height is in-

creasing regularly if we increase the pig velocity, and when the pig velocity is larger than 1.6m/s, the

liquid slug contacts the top of the pipe wall, which are shown as the green points in this figure.

The volume fraction of the liquid slug is a function of the height of the liquid slug, which can be

expressed as:

αsl ug =
r 2 arccos(−H

r
)+H

p
r 2 −H 2

F
(7.1)

Where F =πr 2 is the cross section area of the pipe, and r represents the radius of the pipe.

For the models with various pig velocities, Figure 7.3d shows the volume fraction of the liquid

slug, which is calculated by Equation 7.1, as a function of the pig velocity.

Then, the average velocity of the liquid slug can be calculated due to the mass conservation:

V f r ont =Vpi g · 0.1

αsl ug −0.1
+Vpi g (7.2)

Figure 7.3e shows the real average velocity of the liquid slug, which is calculated by Equation 7.2, as

a function of the pig velocity. Figure 7.3f shows the relative velocity of the liquid slug in the refer-

ence frame of the pig. The position of the liquid slug relative to the pig, as shown in Figure 7.2, is

dependent on the relative velocity of the liquid slug.

7.1.1. THEORETICAL MODELLING OF THE LIQUID SLUG

In addition to the numerical results we now propose a theoretical model to describe V f r ont and

αsl ug which characterize the liquid slug. We apply a mass balance and a momentum balance across

the slug front, which can be expressed as:

αsl ug F (Vpi g −V f r ont ) =αF (−V f r ont ) (7.3)

And:

αsl ug F (Vpi g −V f r ont )2 +HGsl ug =αF (−V f r ont )2 +HG (7.4)

Where, the HG is the hydrostatic pressure, which can be calculated as[30]

HGsl ug = g (
1

12
P 3

l g −αsl ug F (r −Hsl ug )) (7.5)

And:

HG = g (
1

12
P 3

l g −αF (r −H)) (7.6)

Where Pl g = Pl g (α) is the liquid interface which is a geometrical quantity which is a function of α.

The results calculated by solving Equation 7.3 and 7.4 are shown in Figure 7.3d and 7.3e as the

black solid line. It is found that the CFD results match the results calculated by the theoretical equa-

tions.
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(a) 1 s (b) 1.5 s

(c) 2 s (d) 2.5 s

(e) 3 s (f) 3.5 s

(g) 4 s (h) 4.5 s

(i) 5 s (j) 5.5 s

(k) 6 s (l) 6.5 s

(m) 7 s (n) 7.5 s

Figure 7.4: Liquid volume fraction contour for the bypass pig multiphase study

7.2. PIG WITH BYPASS REGION

In this section, the multiphase flow around a pig with a (horizontal) bypass region is studied. The

condition we considered in Section 4.2 is re-investigated in this study. The key parameters govern

the bypass pig model are summarized in Table 4.3. In this study, the case we consider is: a con-

ventional bypass pig with 4% horizontal bypass area is moving inside of the pipeline, the gas phase
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flow is moving with 8 m/s, the liquid phase flow is moving with 2 m/s and the pig is driven by the

mixture of gas and liquid, with a velocity 5 m/s. The initial liquid hold up is 30%, and in the initial

CFD model, there is no liquid phase flow in the upstream pipe. This is because the pig is moving

faster than the liquid phase flow, and slower than the gas phase flow, the gas can pass through the

pig, thus the liquid in the downstream pipe cannot pass through the pig. The densities of the liquid

phase flow and the gas phase flow are 750 kg /m3 and 41.5 kg /m3, and the viscosities of the liquid

phase flow and the gas phase flow are 0.0005 kg /ms and 1.20E+5 kg /ms, respectively. The surface

tension of the two phases is a constant: 0.0119 N /m[18].

Figure 7.4 shows the volume fraction of liquid contour on the cross section plane at various

time. It is found that the flow behaviour in the downstream pipe is much more complex than the

no-bypass pig study, which is presented in Section 7.1. In this study, the velocity of the gas phase

flow is relatively large 1. Thus, in the downstream pipe, it is found that the liquid slug is pushed by

the bypassed gas flow, and moves along the downstream pipe.

1In the CFD model, the (relatively) velocity of the gas phase flow is 3 m/s, as the dimensionless parameter horizontal

bypass region (d/D)2 = 0.04, the velocity of the gas phase flow in the horizontal bypass region is around 75 m/s
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CONCLUSIONS

8.1. SUMMARY AND RELEVANT CONCLUSIONS

In this research, the commercial CFD package ANSYS Fluent (version 14.5) has been applied to

model the flow around bypass pigs which are moving inside a pipeline. If we consider the flow

condition in the pipeline, this research can be divided into two parts: the single phase study and the

multiphase study.

8.1.1. SINGLE PHASE STUDY

For the single phase study, the CFD approach is applied to model fully developed turbulent flow

(Re ≈ 107) around two types of bypass pigs: the disk pig and the complex bypass pig. We especially

concentrate on the pressure loss coefficient K for various bypass pig geometries.

The disk pig has a fixed and relatively simple geometry (as shown in Figure 2.2), and it is based on

the conventional bypass pig, by adding a deflector plate in front the pig body. For the conventional

bypass pig, it has already been shown that the Idelchik’s correlation for a thick orifice (Equation 2.30)

can accurately predict the pressure loss coefficient K . In order to obtain the correlation, the conven-

tional bypass pig geometry is treated as a linear combination of a sudden contraction and a sudden

expansion. Similarly, for the disk pig, its geometry can also be treated as a linear combination of a

sudden contraction and a disk valve. Thus, a correlation to predict the pressure loss coefficient K

for the disk pig, based on the Idekchik’s correlations for the sudden contraction (Equation 2.23) and

the disk valve (Equation 2.28), is suggested: which is Equation 5.1.

The conclusions of the disk pig study are as follows:

• Two completely different flow behaviours (A and B, as shown in Figure 5.1), are observed

around the disk pig. Most importantly, the pressure drop across the disk pig, which is the

driving force of its motion, is strongly influenced by the flow behaviour around it. As shown

in Figure 5.3, for the same disk pig geometry, flow behaviour B was found to cause a 30% over-

all pressure drop increase compared to flow behaviour A. During the disk pig study, it is found

that:
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– The two flow behaviours come from two different numerical solutions, while both solu-

tions are in steady state, and the flow behaviour around the disk pig is dependent on the

initial conditions of the CFD simulation. For the disk pig with certain parameters, the

flow behaviour A will be observed, if the CFD model is initialized by the default initial-

ization scheme of Fluent; on the other hand, flow behaviour B will be observed, if we run

the CFD model as transient simulation for some time, and thereafter we run the solution

from the transient simulation in steady state again.

– The flow behaviour around the disk pig is also dependent on the disk pig geometry. In

general, the flow behaviour around the disk pig will change from behaviour A to B if we

increase the diameter of the (horizontal) bypass region d . The same effect is observed if

we decrease the diameter of the disk H or increase the parameter distance between the

pig and the disk h.

Based on the parameter study for the dimensionless parameter D∗/D , the physics behind the

flow behaviours around the disk pig become more clear. If the parameter D∗/D is relatively

large, the flow around the disk pig behaves as the behaviour A. The shape of the jet and the

recirculation zone between the jet and the pig body remains similar in various D∗/D cases.

When the parameter D∗/D is relatively small, the distance between the disk and the down-

stream pipe is also relatively small. In this case, it is found that this distance is too short for

the recirculation zone between the pig body and jet observed in flow behaviour A. Then, the

recirculation zone can drive the jet towards the pipe wall directly, and the flow around the disk

pig changes from behaviour A to B. In this case, the position of this recirculation zone changes

to the corner of the pig body and the pipe wall.

For the disk pig model with certain governing parameters, two numerical steady state solu-

tions can be achieved. This means that there exists a stable two solution region. In this re-

search, the Navier-Stokes equations are modelled with a RANS approach, and the turbulence

is modelled by a (realizable k − ε) turbulence model. As the two solution region is a narrow

region, the modelling choices could potentially have a large effect on the existence of the two

solution region.

• Based on various parameters studies, it is found that the suggested correlation (Equation 5.1)

can predict the pressure loss coefficient for the disk pig accurately, if the flow around the disk

pig behaves as type B.

The complex bypass pig is a more advanced bypass pig model studied in this research. The

complex bypass pig geometry is based on the disk pig, and opening holes are present between the

horizontal bypass region and the disk, to generate the bypass area (as shown in Figure 2.3). In reality,

the speed of the bypass pig is controlled by adjusting the bypass area. In this study we change the

opening fraction of the bypass adjusting holes, to represent the bypass adjusting (speed control)

operation of the complex bypass pig.

The conclusions of the complex bypass pig study are as follows:

• As the geometry of the complex bypass pig is based on the disk pig, the flow behaviour in cer-

tain regions is similar as the disk pig. As the parameter distance between the pig body and the
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disk h is relatively large in this case, the flow around the complex bypass pig always behaves

as type B, as introduced in the disk pig study. However, due to the bypass adjusting holes gen-

erated between the horizontal bypass region and the disk, the flow behaviour is much more

complex in the complex bypass pig case, and the flow is not axisymmetric any more.

• To analyse the pressure drop coefficient (and overall pressure drop) of the complex bypass

pig, two approaches are applied in the complex bypass study:

– Equivalent disk pig approach: It is found that the overall pressure drop across the com-

plex bypass pig is strongly dependent on the bypass area, thus, the concept of the equiv-

alent disk pig is introduced first. The general idea behind this approach is: to use a disk

pig, which has similar parameters as the complex bypass pig, and we change the param-

eter h in order to adjust the disk bypass area of the equivalent disk pig equal to the bypass

area of the complex bypass pig. Then, a correlation based on this approach is suggested,

which is Equation 6.4. This correlation has been tested in the disk pig study, and it can

accurately predict the pressure loss coefficient for the disk pig, if the flow around the disk

pig behaves as type B.

– Sharp-edged orifice approach: in this approach, we assume that the flow around the

bypass holes can be treated as a sharp-edged orifice. In this case, the complex bypass

pig geometry is treated as a linear combination of a sudden contraction, a disk valve

and sharp-edged orifices, to obtain a correlation to predict the pressure loss coefficient

for the complex bypass pig, which is Equation 6.12. This correlation is based on the

Idelchik’s correlation for the sudden contraction, the disk valve and the sharp-edged ori-

fice (Equation 2.29).

During the complex bypass pig study, it is found that the suggested correlations accurately can

predict the pressure loss coefficient for the complex bypass pig with bypass adjusting holes,

especially when the dimensionless parameter opening fraction of the holes is relatively large.

Thus, in the single phase study of this research, the flow around the bypass pigs has been in-

vestigated in details. Moreover, correlations are suggested to predict the pressure loss coefficient

for various bypass pigs. Finally, it is found that the bypass pig geometry can be treated as a linear

combination of the components, that make up the geometry, to obtain the correlation to predict the

pressure loss coefficient. Thus, this approach can be applied for the other bypass pigs.

If the correlations to predict the pressure loss coefficient K for the bypass pigs are known, the

overall pressure across the bypass pigs can be calculated by Equation 1.2, as the velocities in the

bypass regions are dependent on the governing parameters. Then, the motion of the pig in the

pipeline can be described by Equation 1.1.

8.1.2. MULTIPHASE STUDY

The multiphase flow study was restricted to a stratified flow regime.

• First of all, the multiphase flow in front of a pig without bypass region is investigated. The

fluids in the pipeline cannot pass through the pig, thus only the downstream pipe is take
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into account in the numerical model. The influence of the pig velocity on the flow behaviour

around the pig is investigated. It is found that when we increase the pig velocity, the height

(and volume fraction) of the liquid slug in front of the pig is increasing. When the pig velocity

is relatively small, the liquid slug cannot contact the top of the pipe wall, and it moves very

stably along the downstream pipe. On the other hand, if the pig velocity is relatively large,

the liquid slug contacts the top of the pipe wall, and in this condition the flow behaviour in

the downstream pipe becomes much more complex. One of the practical purposes of this

study is that we want to investigate under which condition the full pipeline gets wetted. This

is important for the distribution of corrosion inhibitors.

In this study we describe the volume fraction and velocity of the liquid slug by applying a

mass balance and a momentum balance across the slug front. It is found that the CFD results

match the theoretical results.

• Secondly, the multiphase flow around a (conventional) bypass pig is investigated. The case

that we consider in this study is such that the gas phase flow has a higher velocity than the

liquid phase flow. Again, the equations are solved in a reference frame that moves with the

pig. Thus, in the CFD model the liquid cannot pass through the bypass region and reach

the upstream pipe. On the other hand, the gas can pass through the bypass region, and the

bypassed gas makes the flow behaviour in the downstream pipe extremely complex. In this

study, as the velocity of the gas phase flow is relatively large, it is found that the bypassed gas

can push the liquid slug moving along the downstream pipe and sweep the liquid in front of

the pig to the top of the pipeline.

8.2. RECOMMENDATIONS FOR FURTHER WORK

In this research, we obtained a better understanding of the flow behaviour around various types

of bypass pigs. Most importantly, for both the disk pig and the complex bypass pig, correlations

to predict the pressure loss coefficient are suggested based on CFD results. With the help of these

correlations the motion of a pig in a pipeline can be described in a more accurate way. The following

recommendations are suggested for further research:

• In the disk pig study, it is found that for a disk pig with certain parameters, two completely dif-

ferent numerical solutions can be achieved from the CFD simulations. Thus, the two-solution

region of the disk pig could be investigated further, to achieve a better understanding of this

special phenomena observed during this research.

• In this research, the suggested correlations to predict the pressure loss coefficient for various

types of bypass pigs are based on the Idelchik’s correlations for various components within the

bypass pigs. However, it is found that these correlations have some limitations. For instance,

for the suggested correlation for the disk pig, it is found that this correlation can only accu-

rately predict the pressure loss coefficient, if the flow behaviour around the disk pig behaves as

type B. Furthermore, it is found that the Idelchik’s correlation for the sharp-edged orifice can-

not predict the pressure loss coefficient accurately, when the bypass area is relatively small. In



8.2. RECOMMENDATIONS FOR FURTHER WORK 91

future works, these correlations to predict the pressure loss coefficient for various geometries

can be investigated, in order to obtain better understanding of the physics behind them.

• In the complex bypass pig study, two correlations are suggested based on different approaches,

but both correlations are based on certain assumptions. Thus, it is recommended to find new

theoretical correlations, which can be used to predict the pressure loss coefficient for the by-

pass adjusting device directly, in order to obtain a more universal correlation for the complex

bypass pig. Furthermore, it is found that in order to obtain the correlations to predict the pres-

sure loss coefficient for the conventional bypass pig, disk pig, and complex bypass pig, their

geometries can be treated as a linear combination of the internal components. Thus, this sug-

gests that a similar approach can be applied to obtain the correlations for other bypass pigs

than the ones considered in this study.

• Based on the CFD results of the flow around a bypass pig, correlations to predict the pressure

loss coefficient are suggested. It would be of interest to compare the CFD results with the

results obtained from experiments, in order to investigate the accuracy of CFD modelling ap-

proach to predict the relevant flow quantities. Furthermore, for the flow around the disk pig, it

would be of interest to investigate if a sudden change in pressure drop (due to the various flow

behaviours around the disk pig in CFD modelling) can be also observed in the experiments,

when we change the governing parameters of the disk pig continuously.

• As a three dimensional CFD model is required in the complex bypass pig study, only a few nu-

merical simulations have been performed for the complex bypass pig. Thus, further param-

eter studies could be carried out, in order to achieve a better understanding of the relation

between the pressure loss coefficient for the complex bypass pig and its governing parame-

ters.

• For the multiphase study, we first investigated a relatively simple case: the multiphase flow

in front of a pig without bypass region. We studied the influence of the pig velocity on the

flow behaviour in the downstream pipe. Thus, further parameter studies, for instance for the

initial liquid hold up, could be carried out. Furthermore, for the case in which the pig has a

(horizontal) bypass region, due to the computational resources required by each simulation,

only one simulation is carried out in this study. In future work, different parameter studies,

for instance for the pig velocity, the horizontal bypass area or the initial liquid hold up, could

be carried out, in order to investigate the influence of the other parameters on the multiphase

flow behaviour around bypass pigs.





A
FURTHER VALIDATION

In this appendix, the further validation studies which are not included in Chapter 4 but relevant

to this research are carried out. First of all, the mesh independent study for disk pig, which is not

included in Section is introduced. Furthermore, the CFD study in order to valid the Idelchik’s corre-

lation for sharp-edged orifice is presented.

In this appendix, the further validation studies which are not included in Chapter 4 but relevant

to this research, are carried out. First of all, the mesh independent study of the disk pig, which is not

included in Section 4.1 is performed. Furthermore, in Chapter 6 we use the Idelchik’s correlation for

sharp-edged orifice (Equation 2.29) to calculate the pressure drop across the bypass adjusting holes,

thus the correlation is validated in this chapter, by a sharp-edged orifice CFD study. In Chapter 5,

we use the two dimensional axismmetric CFD models to study the flow around the disk pig, in this

chapter, this assumption is validated.

A.1. MESH INDEPENDENCE STUDY FOR DISK PIG

The disk pig geometry is based on the conventional bypass pig, thus the mesh of disk pig model can

be inspired by the validated conventional bypass pig mesh, as introduced in Section 4.1.1. The key

parameters which govern the disk pig geometry used in this study are summarized in Table 4.4

Two meshes are generated for the disk pig model, with 7,126,808 and 11,199,543 cells, respec-

tively. The first mesh which has around seven million cells is inspired by the validated mesh for the

convention bypass pig, and another mesh with further refinement is generated, in order to investi-

gate if the first mesh is fine enough to achieve solution which is mesh independent.

The distribution of the total pressure coefficient Ct p on the centreline is shown in Figure A.1.

It is found the overall pressure drop predicted by two models with different mesh setting is similar.

We further compare the flow behaviour in different regions obtained by the three dimensional CFD

model, which has seven millions cells, with the validated two dimensional model. Figure A.2 shows

the x-velocity profile in the different regions. Based on the parameters summarized in Table 4.4, we

know that Figures A.2a, A.2b, A.2c and A.2d show the velocity profile in the upstream pipe, the hori-

zontal bypass region, the disk bypass region and the downstream pipe, respectively. It is found that
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Figure A.1: Total pressure coefficient distribution on the centreline for the disk pig mesh independent study
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Figure A.2: Velocity profiles for the disk pig mesh independent study

the flow behaviour in the three dimensional CFD model is similar to the validated two dimensional

model.

Finally, Figure A.3 shows the y+ value on the cells closest on the walls for the disk pig model. It
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Figure A.3: y+ value on the cells closest on the walls for the disk pig model

is found that all the y+ values are in the acceptable region: 30 < y+ < 20000. Similar as the conven-

tional bypass pig, the disk pig also has a axisymmetric geometry, and Figure A.3 shows that both of

the mesh and the solution of the disk pig CFD model are axisymmetric.

In the disk pig study, which is presented in Chapter 5, two dimensional axisymmetric CFD model

is used to study the flow around the disk pig, as the solution of the full three dimensional CFD is

also axisymmetric. Furthermore, if we compare the flow behaviour obtained by the full three di-

mensional CFD model and the two dimensional axisymmetric CFD model, the results have no dif-

ference. Thus, it is concluded that the two dimensional axisymmetric CFD model can be applied to

study the flow around the disk pig, and it can save a lot of computational resources and computing

time than the three dimensional approach.

A.2. SHARP-EDGED ORIFICE VALIDATION

In this section, the correlation to calculate the pressure loss coefficient for sharp-edged orifice, as in-

troduced in Section 2.4.5, is validated by using the wCFD model to simulate flow around the sharp-

edged orifice, and comparing the CFD results with the results calculated by Equation 2.29. In this

study, the CFD model of the sharp-edged orifice is based on the conventional bypass pig CFD model,

which is validated in Section 4.1.1, and we decrease

In this section, the Idelchik’s correlation to calculate the pressure loss coefficient for sharp-

edged orifice (Equation 2.29) is validated, by comparing the CFD results with the results calculated

by this correlation. Based on the CFD model of the conventional bypass pig study, which is validated

in Section 4.1.1, the CFD model for the sharp-edged orifice study can be generated, by decreasing

the parameter length of the bypass pig l .

Figure A.4a shows the streamlines of the flow around the sharp-edged orifice. It is found that,

due to the length of the bypass region, the flow behaviour is completely different to the flow around

the conventional bypass pig (thick orifice). After the fluid passes through the orifice, there is a main

jet flow in the center of the downstream pipe, and recirculation zone is observed in the region be-

tween the main jet and the pipe wall.

Figure A.4b and A.4c show the total pressure drop and the pressure loss coefficient for the sharp-
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(a) Streamlines of the flow around the sharp-edged ori-
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Figure A.4: Results of the sharp-edged orifice study

edged orifice as a function of the orifice bypass area. In these figures, the theoretical results calcu-

lated by Equation 2.29 are showed as the black solid line. It is found that Equation 2.29 can predict

the overall pressure drop accurately, especially when the orifice bypass area is larger than 15%. From

Figure A.4d, it is found that the maximum error is around 8%, for the smallest orifice bypass area

d 2/D2 = 2.5%, but still in the acceptable range; moreover, when the bypass area d 2/D2 > 15%, the

errors are within 2%.

During this study, it is found that when the sharp edged orifice’s bypass area is relatively small,

the overall pressure drop calculated by the Idelchik’s correlation is much larger than the CFD results,

this is similar as what we find during the complex bypass pig study, which is introduced in Chapter

6.
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