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Abstract

Oil-well cleaning operation is the ability of a drilling fluid to transport drilled cuttings from the
bottom hole to the surface through the annular space between the drill string and the drilled
hole (annulus). Better well cleaning leads to more efficient drilling operation which lowers the
cost of development. In order to predict and prevent the cuttings accumulation at the bottom
hole, it is essential to study the critical parameters affecting the cuttings transport.
Computational model is one of the helpful methods to predict the hole-cleaning process as
experiments are somewhat difficult and expensive to be carried out due to the harsh drilling
conditions. Furthermore, having a good understanding about the physical properties of the
particles (cuttings) and in-depth analysis of transport phenomenon can help the researchers
to identify strategies to improve the cleaning efficiency. In spite of the extensive
investigations carried out in this field, few numerical studies have been conducted
considering the effect of particles dynamics and interactions in the fluid domain. Most of the
modelling studies are limited to the methods which do not fully consider the discrete nature
of cuttings in fluids. Nevertheless, very few investigations implemented fully coupled particle-
fluid interactions, while there is a lack of focus and careful investigations of effect of cutting
size with appropriate mesh configuration and refinement for particle-fluid interaction near
the wall regions of annulus. This is significantly important for the transportation,
sedimentation and suspension of cuttings. Moreover, a systematic study of the effect of mud
rheology on cuttings transport in a fully coupled CFD-DEM is still lacking in the literature. This
study is focused on modelling of the hole-cleaning process using fully coupled computational
fluid dynamics and discrete element method (CFD-DEM) approach with carful mesh
configuration, for particle-fluid interaction near the annulus wall regions. The aim is to
identify the effective strategy for the removal of generated cuttings in oil-well drilling
operation from bottomhole to the surface in order to avoid cuttings concentration in the
wellbore. This study employed a coupled computational fluid dynamics/discrete element
method (CFD-DEM) to predict and optimise the hole-cleaning efficiency of drilling fluid (mud)
in different drilling conditions. Simulations have been carried out to investigate the dynamic
behaviour of cuttings where the rheology of fluid phase is expressed by the Herschel-Bulkley
non-Newtonian model, in an Eulerian framework (CFD) and the cuttings are modelled using

the Lagrangian approach (Discrete Element Method, DEM). The CFD-DEM coupled approach,
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considers the particle-particle, particle-wall, particle-fluid and fluid-particle interactions. In
this work, the effects of cuttings size, drill rotation, inclination angles, mud rheology and
annular velocity on the cleaning efficiency are investigated. The simulations input parameters
have been chosen based on the data reported in the literature. It has been found that the
role of mud viscosity and annular velocity in improving the cleaning efficiency are dominant
while they can be increased to their maximum/limiting values. Increasing the well deviation
from vertical position leads to higher cuttings concentration particularly at the inclination
angles close to horizontal. Interestingly at low annular velocity the cuttings concentration at
the inclined 45° well is found to be higher than the horizontal annulus due to the sliding
motion of cuttings on the lower section of the annulus. Overall, the drill pipe rotation has
little effect on decreasing cuttings concentration but the effect is more pronounced at low
annular velocity, nevertheless it does not change the behaviour of cuttings at 45° as

compared to the horizontal well.

The overall results from fully coupled CFD-DEM in this study can be used to improve the

cleaning efficiency in vertical and deviated annuli in oil and gas drilling.



Table of Contents

Lo INEFOAUCTION .. ettt e s e e st e e s eabeeeesaneeenans 15
1.1 ConteXt Of RESEAICI ..ccuueiiiiie e 15
1.2 AIMS @Nd ODJECTIVES ..vveiiiiiiiiieie ettt e e s s sbtee e e e e s abae e e e s s sabaeeeee s 20

2. LIterature REVIEW ...ccciiiiiiiiiietttt ettt e e e e e e e e 23
P20 RN [ 01 1 o Yo [F o1 [ o IR O S PO PP PP PPPPPPPPPOTN 23
2.2 Introduction to Particle-FIuid FIOW ...........coooiiiiiiiiiiiiiieceeceee e 23

2.2.0 RESPONSE TIMES .ottt e e e e e e e e e e e e e et ettt e bbb e s e e e eeeaeeeeeeneneennes 24
2.2.2 STOKES NUMDET ..ttt et e e st e e e e e e 25
2.2.4 Dilute vS. DENSE FIOWS .....coiiiiiiiiiieieie ettt 28
2.2.5 Phase COUPIING .eoeeiiiiiiiieieeeeeee ettt e e e s s saaae e e s s sabbaeeeesnans 30
2.3 Numerical Models for Particle-Fluid FIOW.........ccocuiiiriiiiiiiieeeeeeceeee e 33
2.3.1 Numerical Approaches to Particle Phase........ccccovviiiiiiiiiiiiiieeee e 33
2.3.2 Numerical Approaches to Fluid Phase..........cccceviviiiiiiiiiiiiiiecc e 34
2.4 Review of Experimental and Numerical Studies .........coovvuiiieiiiiiiiieee e, 35
2.4.1 EXPerimental StUAIES ....cciiiiiiiiiei ettt e e s e e e s s iaae e e e e e 35
2.4.2 NUMEICAl STUAIS....eeiiiiiiiiiiie et 40
2.5 Summary of knowledge Gap Within the Literature.......ccccccceeivvviieeeeiiniiiieeee e, 45

TR 1Y/ =1 i g T o o] [} -4V AP PUPPPPP 48
3.1 INTFOAUCTION .ttt e et e e st e e s sabe e e e eaneeeaaas 48
3.2 Fluid Phase MOAEeIIING ....cccuuiiiiiiiiiiiie ettt e s s e e e s s 48
3.3 Reynolds Stress Equation Model (RES) .......ccccviiiiiieeiiiieeciiiee e eeeee e e sinee e 49

3.3.1  Reynolds Stress EQUAtiONS ......cccuvvieiiiiriiiiiee ettt e e iaee e e e 51
3.3.2 BoUNdary CoONitioN ......ceeiiiiiiiiiieiiiiiiee et s e e e s s e e e s s s sbaaeeesenans 55
3.3.3 SOlULION PrOCEAUIE ..ottt 57
3.4 Particle Phase MOdElliNG .......ccoiiviiiiiiiiiiiiiee e 59
3.41  Governing EQUAtiONS ......coiiiiiiiiiiiere ettt e e e e e 59
34.1.1 Fluid-Particle Interaction Force Decomposition ........cccceeevviiieeeeiiniiineeeeenans 60
3.4.2  Surface FOrce DeCOMPOSITION ... ..uiiiiiiiiiiiieee ettt e e iree e e e e e 60
3.4.3 Fluid vOlUME fraction.......ccoouiiiiiiiieiieeee e 63



3.4.4 Particle-particle INTeraction......ccouiiiiii i 64

3.4.5 Sequence of Calculation CFD-DEM MoOdEl........ccoovuriiiiiiiiiiiiiieeiiiieee e 65
4. Mud Rheology and Hole Cleaning Efficiency ......ccueeviiiiiiiiieiiiieee e 69
1V oo [ B B 1T ol T A o o PP PPPRRPPPPPPPN 69
4.2 MeSh iNfOrMAtioN ....coouiiiiiiiiee e e 71
4.3 MU PrOP OIS cuutiviiee e ittt e e eeiitrt et e e sttt e e e e s siteaeeesssabeaeeeesssabeaeeessssseseeessssssseeessnnnns 73
7 T AV W e IRV oo 1Y oY PO PPRPRP 73
4.4 Steady-State CoONAITiON ......uiiiiiiiiiiiee e e e s e e e s s saeae e e e esaes 75
4.5 Relative Cuttings CoNCENtratioN .......ccouvuiiiieeiiiiiiieee et esriee e e e e s s saaee e e e s eaes 75
4.6 CFD-DEM Model Performance against Experimental Correlation..........cccccoveuvveeeennnnns 76
4.7 Cuttings Volume Fraction Distribution and Mud VelocCity........ccccccevvvciiiieeiiniiiieeeeenns 78
4.8 Effects of Yield Value and Annular VElOCity......cc.ueeeeiiiiiiieiiiiiiiiieec e 82
4.9 Effects of Yield Value and Inclination ANgIe .........coeviiiiiiiiiiiiniiicee e 85
4.10 Conclusions of Mud rheology STUIES .......ccovviiiiiiiiiiiiiiee e 90
5. Effects of Cutting Size, Drilling Pipe Rotation and Inclination-Angle on Hole Cleaning
o3 Lol =T oLV P UPPRRRPTUPPRPN 92
5.1 Effect of Inclination Angle and Mud VeloCity ........ccccoovuiiiiiiiiiiiiiieeeeiiee i 92
5.1.1 Effect of Inclination Angles and Annular Mud Velocity on Relative Cutting
CONCENTIATION .. e e e 103
5.2 Effect of Cuttings Size and VEIOCitY .......uuveiiiiiiiiiieiiciieec e 109
5.3 Effect of Drill Pipe Rotation and VelOCity ......cccuveeeiiviiiiiiiiiiiiece e 110
5.4  Conclusions of Cuttings Size, Inclination Angle and Drill Pipe Rotation impact on
[ [o] =l O =T oY o T~ S PP PPPPP 115
6. Conclusions and FULUIE WOTK .....c.c.eiiiiiiiiiiiiieitee et 123
6.1 CONCIUSIONS ...ttt ettt e et e e s e e e s sarbeesennaee s 123
6.2 Recommendations for Future Work ...........cooueeiiiiiiiiiiiiiiec e 126



List of Figures

Fig. 1. Schematic figure of drilling 0peration [1]........ceeerieeir i 16
T T I 3 A 1 U UUT 16
Fig. 3. Classification chart for water-based mud. ........cccccoo oo 17
Fig. 4. Classification chart of Non-water-based mud. ..., 18
Fig. 5. Thesis StruCtUral Plan. ....eeeeiiiiiieeec e e e e e e e e e e e e e e e e e e e s e annrraaeeeeeaeas 21
Fig. 6. Graphical illustration of the particle response time. Schwarzkopf, Sommerfeld [8]. ............... 25
Fig. 7. Annular Velocity > Cutting SHip VEIOCILY. .....uvuriiiiiiiei et 27
Fig. 8. Particle-Particle COllISIONS. ........uuiiiiiiii e e e e e e e e e e e e b e aaeeeeeeas 28
Fig. 9. Flow regimes for Dilute & Dense flOWS. ........uuieeiiiiiii i 29
Fig. 10.Classification of phase-coupling according to Elghobashi [11]. .......ccccoiiiiiiiieeiiieccicireeeee, 31
Fig. 11. Different particle-phase approaches. ... 33
Fig. 12.Different fluid-phase approaches.............uuiiiiiiiiiiii e e e e e e ee e 34
Fig. 13. Effect of yield value on cuttings concentration at inclination angle of 45[10]. ...................... 36
Fig. 14. Variation of cuttings concentration with inclination angles [14]. .....ccccovvieeeeeieii e, 36
Fig. 15. Comparison between model perdition with experimental data[20]. .....ccccccceeeiiieiciiiiiennnnen. 38
Fig. 16. Observed versus predicted cuttings for water[20].......ccooveeeereeei i, 38
Fig. 17. Annulus flow field mesh used by shao et al. [39]. ..o, 44
Fig. 18. Different Rheological MOAEIS. ......cccoo ittt e e e e e e e et ae e e e e e as 49
Fig. 19. Overview of different turbulent models [64]. ... 50
Fig. 20. Wall motion with rotational speed of 6.2 rad/s around the drill pipe in Z direction. ............. 56
Fig. 21. Overview of the iterative time-advancement solution approach. .........cccccceeeiienieccciiiiiennnnn. 58

Fig. 22. Estimation of fluid volume fraction. (a) Exact method, (b) Particle centre method (PCM) and

() IMProved PCM MELNOM.........c.uiiiieeeeee ettt et e e et e e e e ab e e e e e e abaeeeeennreeaaeas 63
Fig. 23. Diagram of coupling in CFD-DEM MOEL. .....ceeiiiiiiiiiiiiiiieeeeee e e e e e e e 66
Fig. 24. Configuration of problem. ... e 69
Fig. 25. Geometry domain and boundary conditions. ..........ccccciiiiiiiiiee e 70
Fig. 26 Mesh independency study; mud annular velocity 1.5 M/S. c....ccocveeeeeeiiiieeeieee e 72
Fig. 27. Computational grid on the cross section of the concentric annuls.........cccccceeeiiiiiiiiiennnn.n. 72
Fig. 28. Variation of shearing stress with rate of shearing strain. ........c.ccooveeiiiiiiiiee e, 74

Fig 29. Number of particles remained in annulus in horizontal wellbore,1.5 m/s, 60 rpm, dp=1.4 mm,
HV M. et ettt e e ettt e e e e et e e e e e eettaeeeeeasbaeeeeeaabsaeeeeeassaaeaeeastaaeeeeansbaeaeeastaeeaeaantaaeeeaante 75

Fig. 30. Comparison between Correlation data and CFD-DEM model for HVM. .........ccoooviiniinieenn.n. 77

8



Fig. 31. Comparison between Correlation data and CFD-DEM model for LVM. .......ccccooovviiiiiniennnnnn. 77

Fig. 32. Annulus divided into longitudinal bins with equal width across the radius of horizontal
(V1211 o Yo T PSPPSR 78

Fig. 33. Volume fraction of cuttings in radial direction of vertical annulus for V=0.5 m/s, dp=1mm,
HVM and vertical annulus for V= 1.5 m/s, dp= 1.4 mm, HVM. .....ccccceritrririmnieieniee e 79

Fig. 34. Cuttings distribution in vertical annulus at V= 1.5 m/s; Background pink colour is for
(1 TV = 1A oY T o 1 2 UUUURRNt 79

Fig. 35. Volume fraction of cuttings in radial direction of horizontal annulus for annular velocity of 1

Fig. 36. Cuttings deposition at lower wall of horizontal annulus; (A) V=0.5m/s, (B) V=1 m/s and (C) V=
LD M1/ S ettt ettt ettt et ettt e e e ———teeeee e e e e e e e —————————tteteaetraaaa———————tteeeeeetaaaaaa——————teteetereaaaaa——————areeees 81

Fig. 37. Effect of yield on cleaning efficiency at different annular velocities for horizontal annulus .. 82

Fig. 38. Effect of yield on cleaning efficiency at different annular velocities for inclined 45° annulus

Fig. 39. Effect of yield on cleaning efficiency at different annular velocities for vertical annulus . 84

Fig. 40. Effect of yield point on cleaning efficiency at different angles of inclination (velocity 1.5 m/s).

Fig. 41. Effect of yield point on cleaning efficiency at different angles of inclination (velocity 1m/s). 86

Fig. 42 Effect of yield point on cleaning efficiency at different angles of inclination (velocity 0.5 m/s).

Fig. 43. Cuttings distribution in horizontal annulus at V=1m/s; (A) LVM, (B) IVM and (C) HVM. ........ 88
Fig. 44. Cuttings distribution in horizontal annulus at velocity 1 m/s; (a) LVM, (B) IVM and (C) HVM 89

Fig. 45. Particle velocity contour Vz for different inclination angles; Vertical (A= 0.5 m/s, B= 1m/s, C=
1.5 m/s), 45 Degree (D= 0.5m/s, E= 1m/s, F= 1.5 m/s) and Horizontal (G= 0.5 m/s, H=1 m/s, I= 1.5

(0074 TSSOSO 94
Fig. 46. Velocity contour Vz for horizontal annulus at velocity 1.5 M/S.....ccccceeveeeieeeecieeeecee e 95
Fig. 47. Velocity contour Vz for horizontal annulus at velocity 1 m/s.......ccocveeeveeecieeecieeeccee e 96
Fig. 48. Velocity contour Vz for horizontal annulus at velocity 0.5 M/S.....ccccceoveeeieeeecieeeeceee e 97

Fig. 49. Particle velocity contour for different inclination angles VVy; Vertical (A= 0.5 m/s, B= 1m/s, C=
1.5 m/s), inclined 45° (D= 0.5m/s, E= 1m/s, F= 1.5 m/s) and Horizontal (G= 0.5 m/s, H=1 m/s, I= 1.5

(0074 TSSOSO 98
Fig. 50. Velocity contour Vy for horizontal annulus Vy at velocity 1 m/s......cceccevvevincenieninneeenen. 99
Fig. 51. Velocity contour Vy for inclined 45° annulus Vy at velocity 1 m/s. ......ccoccvevvnienenieneenenne. 100
Fig 52. Velocity contour Vy for vertical annulus Vy at velocity 1 m/s. ...cccoceevirenieinnieeeieeeene 101



Fig. 53 Particle velocity contour for different inclination angles VX; Vertical (A= 0.5 m/s, B= 1m/s, C=
1.5 m/s), inclined 45° (D= 0.5m/s, E= 1m/s, F= 1.5 m/s) and Horizontal (G= 0.5 m/s, H=1 m/s, I= 1.5

(0012 TSROSO 102
Fig. 54. Effect of angles of inclination at different mud velocities (HVM). ........cccooveiieciiieeieciiieeeen, 104
Fig. 55. Effect of angle on inclination at different annular velocities (IVM). .......ccccceeeeciiieeiiciieeeenn, 104
Fig. 56. Effect of angle on inclination at different annular velocities (LVM).......ccccceeeeciveeieciieeeeenn, 105
Fig. 57. Cuttings distribution in 45° annulus at V=0.5m/s; (A) LVM, (B) IVM and (C) HVM................ 107
Fig. 58. Cuttings distribution in horizontal annulus at V=0.5 m/s; (A) LVM and (B) HVM. ................ 108
Fig. 59. Effects of inclination on cuttings transport mechanism at annular velocity 0.5m/s ............ 109
Fig. 60. Effect of cuttings size on cleaning efficiency at different mud velocities.............cc.uuuunneee. 110
Fig. 61. Effect of inner pipe rotation on relative cuttings concentration in horizontal annulus........ 111
Fig. 62. Cuttings concentration vs. angle of inclination for different rpom (V= 0.5 m/s). ...c...ccuv....... 111
Fig. 63. Cuttings concentration vs. angle of inclination for different rom (V=1 m/s). .c...cccvveeunennnee. 112
Fig. 64. Cuttings concentration vs. angle of inclination for different rom (V= 1.5 m/s). ...c....ccuv....... 112

Fig. 65. Effect of inner pipe rotation on cuttings transport for selected particles streamline at

horizontal  wellbore; (A) V=1.5 m/s, (B) V=1m/s and (C) V=0.5 M/S. c....cevrererrrreeereeeereeeereeeereens 113
Fig. 66. Effect of drill pipe rotation in cuttings trajectory in horizontal annulus; (A) V= 0.5 m/s, (B) V=

1M/S AN (C) V= 1.5 M/S. oottt ettt e e et e et e e are e e et e e eateeeeateeeesseeensseeensreesnseeeensreeennns 114
Fig. 67. Velocity components for vertical annulus at annular velocity 1.5 m/s. ...cccoeeevveeeeveeeeneenee. 117
Fig. 68. Velocity components for horizontal annulus at annular velocity 1.5 m/s......cccccceevveeeeveennee. 117
Fig. 69. Velocity components for inclined 45° at annular velocity 1.5 m/s. ...cccoeevveeeeieeeceeecereeene, 118
Fig. 70. Velocity components for vertical annulus at annular velocity 1 m/s. ......coovvveevveeeeveeeeveeenne. 118
Fig.71. Velocity components for inclined 45° at annular velocity 1 m/s....c.cccovvveeeveeeeieeecieeeeveeene, 119
Fig. 72. Velocity components for horizontal annulus at annular velocity 1m/s......c.cccocvvveeveeeeveenee. 119
Fig. 73. Velocity components for vertical annulus at annular velocity 0.5 m/s. ....ccccceevveeeeveeeeneenee. 120
Fig. 74. Velocity component for inclined 45° at annular velocity 0.5 M/S......cccceeevreeeeireeecieeeeereeene. 120
Fig. 75. Velocity components for horizontal annulus at annular velocity 0.5 m/s......cccccceevveeeeveennee. 121

10



List of Tables

Table 1. Experimental Studies in Hole Cleaning ProCess .......cccveveveecireeeeiinsiiiieeee e esiineee e 39
Table2. Recent Numerical Models Studies on Hole Cleaning Process Using CFD Tools......... 42
Table 3. Data used for CFD-DEM numerical solution[34]......cccceeeiiiiiiiieiiccrrreeeeee e, 44
Table 4. Recent Numerical Models on Hole Cleaning Process Using CFD-DEM Tools............ 45
Table 5. simulation iINPUL PAramELers ... raere e e s e e 71
Table 6. Rheological Properties of Mud Studied ............coooiriiiieiiiiiiiieeeceee e 73

11



Nomenclatures

Roman Letters

Re,
Rep
Do
Dhyd
Co
us
Up
St
Dt
Vs
Fo
Cc
Fr
Ta

T,
Va

St

Fr

Fe

Fe

Cer

fd
fSaffman
fMagnus

Tr
PV

Relative Reynolds number
particle Reynolds number
particle diameter
Hydraulic diameter

Drag force

fluid velocity

particle velocity

Stokes number

throat diameter

Slip velocity

Drag force

Cuttings concentration
Froude number

Taylor number

Temperature ratio
Annular velocity

cell volume interaction force
particle-fluid interaction
force

Contact force

Gravitational force
Coefficient of rolling friction
steady drag force

Saffman force

Magnus force

Rayleigh time step
plastic viscosity

12



Greek Alphabets

X Volume fraction of particle phase
Xq Volume fraction of continuous phase
¢ viscosity of fluid

Map Apparent Viscosity

yield Yielding viscosity

v kinematic viscosity

[of Density of fluid

Pp density of particle

o) particle response time

T fluid response time

€ turbulence dissipation rate

Tk Kolmogorov time scale

Mmom Momentum flux

w Drill pipe rotation

List of Acronyms

DEM Discrete Element Method
DPM Dense particle method
TFM Two fluid model

LPT Lagrangian particle tracking

RANS Reynolds average Navier-Stokes

DNS Direct numerical simulation
LES Large eddy simulation

CFD Computational fluid dynamics
RES Reynolds Stress method

RCC Relative cuttings concentration
ROP Rate of penetration

LVM Low-viscosity mud

IVM Intermediate-viscosity mud

HVM High-viscosity mud



Chapter 1

Introduction

1.1 Context of Research

1.2 Aims and Objectives
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1. Introduction

1.1 Context of Research

Rotary drilling has been introduced for oil and gas exploration and production Since 1880s
as an effective method for well drilling. In rotary drilling, the drilling operation is carried out
by rotating a drill bit which is suspended on sets of drill pipes, forming a drill string. The drill
string is usually rotated by the rotation of drill string using a rotary table or top drive on the
surface. In some cases, particularly directional drilling, the bit is rotated by hydraulic means,
using the flow of a drilling fluid, commonly known as mud, through a turbine (mud motor)

installed in the bottom section of the drill string, just behind the drill bit.

Further illustration can be seen in Fig. 1.The rocks are drilled by the bit rotation while an
axial load is exerted on the bit using a fraction weight of drill string (weight on the bit
(WOB)). As the drilling progresses, broken rocks, known as cuttings, have to be removed
from the hole, in order to drill further. This is done by the circulation flow of drilling fluid
(mud) which is pumped from mud pits, through the drill string down the hole and flushed
out of the drill bit into the bottom hole section, flowing upward through the annular space
between the drill string and the drilled well walls, a process which is known as bottom hole

cleaning.

Since the introduction of rotary drilling, the circulation of mud has become a critical
component of the drilling operation. The flowing mud transports the generated cuttings
from bottom hole of the well and takes it back up to the surface through the annular space
between the drill pipe and the hole wall. The cuttings are filtered out, the mud will be

treated in mud pit and returns back to the cycle.

Hole cleaning in drilling operation can be assessed by the function of mud. The ability of the
mud to lift the generated cuttings from the bottomhole and carrying it out to surface
through the annulus is generally referred as the carrying capacity of mud. Consequently, an
optimum cleaning efficiency can be affected by the most relevant parameters involving in
carrying capacity of mud in cutting transport. The most significant factors are hole-
inclination, mud velocity, mud rheological properties, cuttings parameters (size, shape, and

density), cutting volume concentration (as an index of deposition) etc.
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Fig. 1. Schematic figure of drilling operation [1].

Fig. 2. Drill bit [1].
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After drilling and interval, the open-hole section of the well is protected by a steel pipe
namely casing, which is inserted in the borehole and cemented onto the wall of the well.
This safety isolation provides structural integrity to the wellbore. For the next interval of
drilling, a smaller drill bit is used to drill from the bottom of casing, while the mud is still in
circulation, but this time flows into the different annular spaces, i.e. the open hole section
and the cased hole. The mud system is the single component of the well-drilling operation
that remains in contact with the wellbore throughout the entire drilling process and is an
important element of drilling. Drilling muds are divided into types:1) water-based drilling

mud and 2) oil-based drilling mud.

With the challenges and in the era of low oil prices, selection of the mud type and its
properties is essential to optimizing the drilling time and cost. Water-based muds (WBMs)
including fresh water, seawater, brine, are used depend on well condition or on the specific
interval of well drilling. In general, the water-based muds are more satisfactory for the
vertical well at medium depth. Water-based muds are less expensive and more preferred in
drilling operations as they are environmentally friendly. However, under more complicated
drilling condition with the presence of Shale in drilling process, the mud need to maintain a
high pressure and be able to forbearing a high temperature; hence, oil-based muds are

often desired due to their greater drilling performance [2].

e | 2 EE e

LNative Clay ’ ( il ’

Clay

s N ‘ / : N ' N
Calcium Slat-Water Potassium Saline Drill- HT with
Based Based Based In Polymer

- J J

Fig. 3. Classification chart for water-based mud.
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Oil-based muds (OBMs) are suitable for greater depth in directional drilling with greater
stress on the drilling devices due to their tolerant against high temperature. While OBM is
often preferred for its better performance in drilling a complicated well, as it can simply
combat with the drilling problems. For instance, Barite is used to rise the system density and

bentonite is the Viscosifier in oil-based system.

Fig. 4. Classification chart of Non-water-based mud.

A large-scale study of cutting transport has been carried out to facilitate the optimum
design of drilling fluid system. These efforts have been conducted by experimental
techniques, modelling or simulation to investigate the key factors affecting cuttings
transport. Measurement and visualization of mud parameters at bottomhole is not feasible
during the drilling operation. On the other hand, it is difficult to obtain accurate and realistic
data while studying the impact of these parameters simultaneously. Therefore, the concept
of cuttings transport can be observed better via simulation techniques. In addition, the
running costs and health and safety issues make it difficult to experimentally investigate

these operations empirically.

Many numerical researchers have used Computational Fluid Dynamics (CFD) to simulate the
cuttings transport in wellbore annulus through the two-phase flow theory, nevertheless the
dynamic behaviour of particles has not been fully reflected. Akhshik et al. [3] presented
coupled Computational Fluid Dynamics (CFD) and Discrete Element Method (DEM) approach
to study the drill pipe rotation in cleaning efficiency where they considered the bulk
properties of cuttings such as the flow velocity, cuttings size, fluid rheology and their results

showed good agreement with experimental data of Osgouei et al. [4]. Furthermore, Akhshik
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et al. [5] studied the impact of the microscopic properties of cuttings collision on the
characteristics of the cuttings transport mechanism in order to reach the optimum cleaning
efficiency. Despite extensive research in the field, there are still challenges to be addressed.
Most of the recent studies are suffering from lack of mesh refinement for particle-fluid
interaction near the wall region which is significantly important for the sedimentation and
suspension of cuttings. Moreover, a systematic study of the effect of mud rheology on

cuttings transport in a fully coupled CFD-DEM is still lacking in the literature.

In this work, the mathematical modelling technique used is based on Reynolds Stress Model
(RES) embodied in the commercial CFD code FLUENT, with flow solutions provided by this
method coupled to a second commercial code, EDEM, based on Discrete Element Method
(DEM) used in the prediction of particles (cuttings) transport in annulus and improve the
cleaning efficiency. In this study, careful consideration has been given to the mesh
arrangements and refinements near the wall. Furthermore, effects of cutting size, drill string
rotation, inclination angle and rheological properties of water-based mud, i.e. low-viscosity
bentonite, intermediate viscosity mud and high-viscosity bentonite, are carried out in

simulations.
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1.2 Aims and Objectives

There is insufficient uniformity and comprehensiveness in available literature for cuttings
transport at annulus and bottom of wellbore in oil-well drilling operation. This is
consequence of several reasons (related to harsh condition of drilling process and
complexity of particles/cuttings collision at bottomhole) and is increased by the uncertainty
in methodologies, mainly owing to large number of physical and computational parameters

involved and ignoring the particle collision impact.

The work presented in this study is step toward better understanding the mud rheology and
dynamic behaviour of particles in the fluid domain due to drill sting rotation. The main

objectives of this report are set on the list given below:

1. Using CFD coupled with DEM to simulate cuttings transport process in the
bottomhole
2. Employing three types of mud viscosity (low, intermediate and high viscosity) to

investigate their impact on cutting transport in annulus

3. Study the effect of cutting size, mud rheology, annular velocity, inclination angle, and

drill pipe rotation on the cuttings transport and hole-cleaning efficiency

This work is structured according to the following format. Chapter 2 presents a review of
previous experimental and computational approaches used in cuttings transport in consort
with associated literature. In chapter 3, the methodology in particular the computational
fluid dynamics (CFD) based on Reynolds stress model (RES) coupled with discrete element
method (DEM) to study the behaviour of particles are outlined with a focus on the
numerical methods, coupling procedure and fluid-particle contact models. Chapter 4
provides the studies on mud rheology and the effects of yield point on the cutting
concentration and cleaning efficiency. Chapter 5 explores the impacts of inclination angle,
cutting size, drill pipe rotation on cleaning efficiency. Chapter 6 provides a summary of the

findings of this work, concluding comments and potential areas of future work.
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2. Literature Review

2.1 Introduction

Hole cleaning is defined as the ability of mud to transport and suspend the drilling cuttings.
The essential function of mud is the circulating capacity to lift and carry the cuttings to
surface. Carrying capacity and solid transport are controlled by solid-liquid velocities and
cuttings concentration [6]. The significance of mud flow in annulus leads us to understand

solid-liquid phase behaviour in hole cleaning process.

This chapter begins by introducing some of the influential parameters when classifying
particle-fluid phase flow, flowed by an overview of modelling and simulation techniques
frequently used in this field. Furthermore, an overview of published work on previous

numerical studies is given.

2.2 Introduction to Particle-Fluid Flow

Particle-fluid flow is simply consisting of two distinct phases flowing simultaneously in
mixture where a phase can be defined as an identifiable class of material that has a similar

response to and interaction with the field which it is immersed.

The transport of solid particles in liquid-Solid flow is studied where one of the phases is
continuous (primary) and the other (secondary) is dispersed within the continuous phase.

The volume fraction of the dispersed phase can be defined as:

Volume of the phase in a cell or domain

, = Volume fraction of a phase
Volume of the cell or domain

_
p= 52 (2.1)
Where the volume fraction of continuous phase is:
oV,
—_4d
= Sy (2.2)
Where the sum of the volume fractions must be:
X+, = 1 (2.3)

23



2.2.1 Response Times

The interaction between particles and fluid flow is complex, due to all of the parameters
involved; Particle response (relaxation) time is the required time for a particle to be released
to achieve flow stream velocity. In other word, it is used to characterize the capability of

particles to follow velocity changes in the flow.

Defining the dispersed phase Reynolds number as Relative Reynolds number:

_ Plus—up|Dy

Re
r I

(2.4)

Where u,, is the particle velocity, u is the fluid velocity, D,, is the particle diameter, p is

the density and u is the viscosity of the continuous phase.

The equation of motion for a spherical particle inside a viscous fluid by considering only drag
force is given below after dividing by particle mass and in terms of the particle Reynolds

number:

du, 18ur Cp Re
p_ f =D *%p _
dt p,DZ 24 (4 —up) (2:5)

Where the drag force coefficient Cp is usually obtained from Rowe [7]:
24
E lf Rep <1
2 .
Cp = é (1+0.15Re2%87) if 1< Re, <1000 (2.6)
0.44 if Re, > 1000

. CpR 18
In formula (2.5), for the limits of low Reynolds numbers, the DZ—:” — 1 where the P Zg
p~p
factor has dimensions of reciprocal time that defines the velocity response time:
Pp Dp
Ty = 2P (2.7)
18/.tf
So, the equation of motion can be rewritten as:
du 1
p
— =—(Uur—u 2.8
a7, T ) (2.8)

The solution to the (2.8) equation for constant fluid velocity and initial particle velocity of

Zero is:
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t
U, = uf(l —e ) (2.9)

Thus, the velocity response time is the time requires for a particle released from rest to

achieve 63% (%1) of the free stream velocity

Up

wp Time

Fig. 6. Graphical illustration of the particle response time. Schwarzkopf, Sommerfeld [8].

2.2.2 Stokes Number

The Stokes number (St) is a very important (dimensionless) parameter in fluid-particle flows
that related to the particle velocity. It is a characteristic time scale of the flow and can be

defined as the ratio of the particle response time.

St=-2 (2.10)
Tf

Where Ty is the characteristic time of flow field and it can be defined as:
Tf = — (2.11)

Where (1) is the length scale for instance it can be the throat diameter (D )for the flow

through a Venturi tube. So, it can be rewritten as:

St = _TTI’)’;f (2.12)
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If St<1, the particle response time is much less than the characteristic time associated with
the flow field. As a result, the particle has sufficient time to respond to changes in flow

velocity. Consequently, the particle and fluid velocities will reach velocity equilibrium.

Conversely, if St>1, the particle has no time to respond to changes in flow velocity the

particle velocity will be unaltered.

The particle-fluid velocity ratio can be defined as a function of Stokes number and can be

found from the “Constant Lag” solution. The velocity ratio is specified as @ = Z—p and is
f

assumed to vary slowly with time. Substituting this variable into equation (2.8), gives:

ur (1-0) (2.13)

Tp

du
—f =
Q) dt

The carrier phase acceleration can be approximately expressed by:

du u
f _Zf (2.14)
dt ‘L'f

Substituted into equation (2.13), gives:

@ St~(1—-0) (2.15)
As a final point solving for @ gives:

_ % 1
0= us  1+St (2.16)

IfSt — 0, the particle velocity approaches the carrier phase velocity. IfSt = oo, the particle

velocity approaches zero and the particle velocity is not affected by fluid phase.
2.2.3 Cuttings Slip Velocity

Cuttings slip velocity is the velocity of particles relative to the adjacent fluid. For instance,
while particles experience an upward force by drilling fluid velocity, inversely the gravity

force them downward (settling tendency of cuttings). Therefore, in cleaning process mud
flow velocity should be greater than cuttings slip velocity, otherwise, the cleaning process

fails (Fig. 7).
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Various equations have been derived to evaluate the slip velocities of spherical particles in
different flow regimes. The degree of applicability of theses equations depends on the
particle Reynolds number and equation (2.4) can be rewritten as:

prd,V.
Re, = =L 2=

p="" (2.17)

Where particle Reynolds number (Re,) is a function of slip velocity (V;), diameter of

particles (d,), viscosity (1) and density (pf) of fluid.

According to equations (2.5) and (2.6) in turbulent flow, the drag coefficient becomes

constant. Slip velocity can be calculated by Zeidler’s equation[9]:

V, =9 M Re, > 1000 2.18)
f

In the intermediate range of Reynolds number, which particles in this study experience in

the annulus, Stokes law relates the drag coefficient to the particle Reynold number. Thus,

_ [48Dp (pp—pf)
Vs = f—gprD 1 <Re, <1000 (2.19)

Zeidler equation has been derived for uniform and smooth spherical particles. In the case of
irregular shaped particles, it is difficult to estimate an equivalent diameter based on

sphericity and volume of particles.
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2.2.4 Dilute vs. Dense Flows

A dilute particle-fluid flow is one in which the particle motion is affected by the fluid phase
forces (mainly drag and lift). On the other hand, a dense flow is one in which the particle

motion is affected by collisions or continuous phase contact.

The flow can be considered dilute if the ratio of particle response time to the time between
collisions is smaller than one where the particles have enough time to respond the local

fluid forces before the next collision.

Tc
Where (t.) is the average time between particle-particle collisions. Alternatively, the flow

can be called dense if particles have no time to respond to the fluid forces before the next

collision.

rsq (2.21)

Tc

The time between particles collision can be estimated but there is no definitive scaling

parameter that describes the boundary between dilute and dense flows.

Fig. 8. Particle-Particle collisions.

A group of particles illustrates in Fig. 8 with uniform diameter D where one particle is
moving with a relative velocity v, with respect to the other particles. The one particle will
intercept all the particles in tube with radius 2D, length v,.6t and in a time t. Thus, the

number of particles in tube can be obtained from:

SN = nmDjv, 6t (2.22)
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Where (n) is the number density of particles and the collision frequency is defined by this
equation:

fo = nuDiv,

(2.23)
Also, the time between collisions is:
I, = —=— (2.24)
CT £ nm Djvy '

Abrahamson [10] Suggested formula (2.22) for the particle collision frequency with a mean
velocity of v’

fe = 4mnDjv’

(2.25)
The ratio of response time can be obtained with respect to collision frequency:
T antp,DEv!
Ip _ XWTPpPpV (2.26)
Tc 18uc
The above formula after solving for the particle diameter:
3 T
4ppv' oy T

Thus, the particle diameter can be used as a function of particle volume fraction (x,) for

different range of z—” to classify dilute and dense flows.

Dilute flow I

Dense flow
° Collision- Contact-
L dominated dominated
a* e
R DR A b YW
oy ()
. o ot o] .0, .:{‘
o |te0e |asetSe,
e ° ° ‘ ® ® [ ) ..
® e ‘ .
L] E T L
tp < 0.001 Q§0.001<a,<0.1 ay > 0.1

Fig. 9. Flow regimes for Dilute & Dense flows.
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There are many mechanisms that are responsible for particle-particle collision thus it is
difficult to distinguish the limits of dilute and dense flows. Nevertheless, the scale of particle

volume fraction () provides a general scale as it is illustrated in Fig. 9.

2.2.5 Phase Coupling

A major concept in the analysis of particle-fluid flows is phase-coupling which significantly
influences the behaviour of the continuous and dispersed phase and it can be determined
by particle volume fraction (c<,). Elghobashi [11] Proposed the phase- coupling classification
map, where a one-way coupling can be used for highly diluted flows withoc, < 107%.The
particle trajectories is affected by flow of the carrier fluid phase but the particles cannot
influence on the fluid phase flow. For volume fraction of 107 S, < 1073 particles can
affect the fluid phase flow so a two-way coupling can be used for additional forces exerted
on the fluid flow by the particles. The degree of influence depends on the ratio of the

2
igi”) according to the formula (2.7) and the Kolmogorov time
f

particle response time (7, =

scale:

e = (Y/e)? (2.28)

Where (v) is the kinematic viscosity and (&) is the turbulence dissipation rate.

l
T =1 (2.29)
Where (t,) is the turnover time of large eddies in turbulent flow, () is the turbulent length

scale and (u) is the velocity magnitude.

Large particle response time can enhance the turbulence production. Additional particle-
particle collisions occur, as the volume fraction exceeds10~3which is referred to four-way
coupling. The classification of coupling schemes illustrated in Fig. 10 where phase (1) is for
one-way coupling (negligible effect on turbulence). Phase (2) is for two-way coupling where
particles enhance turbulence production also phase (3) is for two-way coupling where
particles enhance turbulence dissipation. Phase (4) is for four-way coupling where the

particle-particle interaction should be considered.
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Fig. 10.Classification of phase-coupling according to Elghobashi [11].

Coupling can take place through the mass, momentum and energy transfer between particle
and fluid phases, where momentum coupling is the result of drag forces on the dispersed
and continuous phase and it can be assessed by comparing the drag force due to the

dispersed with the momentum flux of the continuous phase.

Fp
Mom,

Hmom =

(2.30)

Above formula expressed the momentum coupling parameter where (Fp) is the drag force
due to the particles in the volume and (Mom,) is the momentum flux of fluid phase through
the volume. After substituting the drag force associated with particles in volume with side
(L) and momentum flux of continuous phase based on Stokes drag, the momentum coupling

parameter can be rewritten:

nmL Up

[Tnom = 1--— (2.31)

PcUfTp ur
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Where (m) is the mass of an individual element of dispersed phase and the (nm) product
represents the bulk density of the dispersed phase. So, the momentum coupling parameter

can be approximated by:

L 1- e (2.32)

Urtp us

Hmom~c

While the velocity factor is excluded, the momentum parameter depends on dynamics of
the flow field and the ratio of u;7, /L is the ratio of the time associated with momentum
transfer to a time characteristic of the flow where the Stokes number for momentum

transfer can be expressed as:

TpoUu
Stmom = L (2.33)

The momentum coupling parameter can be rewritten as:

C Uy

1--—= (2.34)

Stmom uf

Hmom =

IfSt,.om — 0, the velocity of dispersed phase approaches the carrier phase velocity. Using

formula (2.16) for the velocity ratio, gives:

C

[Tmom = 1+Styom (2.35)

Thus, the effect of momentum coupling enhances for the high concentrations and small
Stokes number. On the other hand, it becomes negligible for small concentrations and large

Stokes number.
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2.3 Numerical Models for Particle-Fluid Flow

2.3.1 Numerical Approaches to Particle Phase

There are different methods for the modelling of particulate phase in particle-fluid flow,
where the ideal approach would resolve the dynamics properties of each particle in the
system. In Discrete Element Method (DEM), the motion of each particle is investigated
including the contact forces, the fluid dynamic forces and the moments regarding to the
neighbouring particles. In Discrete Parcel Method (DPM), a group of particles with same
properties (size, velocity, shape, etc.) called parcel, represented by one computational
particle, so the equations of motion are solved for the parcels as they moved through the
flow field. In Two-Fluid models, the properties of the particles are assumed to be continuous

and treated as a separate fluid.

These three approaches (DEM, DPM and TFM) can be can categorized into Eulerian
modelling (TFM) or Lagrangian particle tracking (DEM & DPM) methods. In the Eulerian
approach, conservation equations are solved simultaneously for each node in the field,
where in the Lagrangian approach, the motion of particles individually are tracked through

the field as they pass the point in the field.

A) DEM B) DPM C) TFM
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Fig. 11. Different particle-phase approaches.
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2.3.2 Numerical Approaches to Fluid Phase

The continuous phase in a particle-fluid flow is always modelled using the Eulerian approach

where the motion and properties of particles are calculated based on the continuous phase

velocity and in a “complete” numerical simulation, it obtained by solving Navier-Stokes

equations with suitable boundary conditions consistent to the particle surface and walls.

This method can be called Reynolds Average Navier-Stokes (RANS) approach which is limited

the application to a few particles at low Reynolds number due to high computational cost of

the simulations.

Direct Numerical Simulation (DNS) is an approach with focus on the modelling of the fluid

phase turbulence and the Navier-Stokes equations are solved numerically for the higher

frequencies and the smallest scales of turbulence. Therefore, at every point in the flow,

through proper interpolation, the flow velocity is available. The “point” particles are not

occupied any volume of the flow field. This method is also limited to low Reynolds numbers.

Large Eddy Simulation (LES) is an approach to model a turbulent flow field where the Navier-

Stokes equations are “filtered” hence the numerical calculations produce the large-scale

turbulent eddy motion and the small scale is modelled with a residual stress tensor. This

method enables simulations at higher Reynolds numbers.

A) RANS B) DNS
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Fig. 12.Different fluid-phase approaches.
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2.4 Review of Experimental and Numerical Studies

2.4.1 Experimental Studies

The cleaning process of oil-well drilling operation is the ability of the drilling fluid to
eventuate cuttings transport optimisation and prevent the accumulation of those cuttings at
bottom hole during the drilling operation. This is carried out to reduce the drilling cost and
improve the penetration rate. So, the cleaning efficiency is a function of different
parameters in drilling operation. Due to harsh drilling conditions and high cost of these
operations, numerical studies are becoming more popular in compare with experimental
investigations as result of recent progress in the simulation algorithm and computational
power. Although, effect of different parameters was studies experimentally. One of the first
studies on the drilling cuttings was by Zeidler [9]. His laboratory tests were carried out to
study the removal of drilled cuttings in a well borehole simulated annulus. He found the
influential impact of pipe rotation and turbulent flow in mud drilling circulation resulting a
better hole cleaning performance. Later, Okrajni and Azar [12] studied the impact of
rheological properties based on the field-measured data on cuttings transport in different
flow regimes. They considered the impact of different inclination angles on cuttings
transport (Fig. 13). They found the most critical inclination angles in the rage of 45° to 55°.
In addition, they showed under laminar flow regime, higher mud yield values provide higher
cleaning efficiency in the range of 0° to 45° inclination angles but not effective in range of
559 t0 90°. They recommended the cuttings transport was not generally affected by the
mud rheological properties under turbulent flow regime. Brown, Bern [13] at BP research
centre carried out similar investigations and suggested the most critical inclination angles in

the range of 50° to 60°.
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Fig. 13. Effect of yield value on cuttings concentration at inclination angle of 45°[10].

Tomren and Azar [14] studied the drilling cutting transport process in directional wells by

experimental approach. They found higher annular velocities are required in directional well

to perform effective hole cleaning operation. They observed better performance of high-

viscosity mud in cuttings transport in comparison with the low-viscosity muds. They found

an increase in hole angle reduces the transport performance where the hole angles of 40 to

500 are critical due to cuttings build-up and downward sliding of the bed of cuttings

(Fig. 14).
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Fig. 14. Variation of cuttings concentration with inclination angles [14].
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Peden, Ford [15] carried out studies on the impact of drill pipe rotation, inclination angles
and cuttings size using experimental facilities at Herriot-Watt University have proven the
significant influence of pipe rotation in transportation of the drilling cuttings. Furthermore,
they found the angles in range of 40 to 60° are the most the difficult angles to transport the

cuttings. They reported that the transport of larger particles was easier than small ones.

Sifferman and Becker [16] analysed the impact of the particle size on the cutting transport
and prove that in the range of angles close to the horizontal line with smaller diameter

particles, drill pipe rotation had significant effect on cuttings transport.

Bassal [17] studied the impact of particle size (2-7mm) on cuttings transport and found the
difficulty of smaller particles size transportation in compared with larger ones in hole
cleaning process. Later, Sanchez, Azar [18] conducted over 600 tests to study drilling
cuttings transport using the Bassal’s experiment particle size (2-6mm) and found the
difficulty of smaller particles transportation as compared with the larger ones in hole-
cleaning process. Alfredo Sanchez, Azar [19] carried out their experimental investigations on
impact of drill pipe rotation and they suggested the dramatic effect of the rotation pipe,
specifically in angles close to the horizontal line. In the case of fine particles, the
implementation of high-speed rotation with high viscous drilling mud was recommended to

improve the cleaning process.

Yu et al. conducted a full scale experimental study of hole cleaning under simulated

conditions to develop the correlations formulas that can be used for field operations [20].

The effects of drilling mud rheology, mud density, borehole inclination, pipe rotation,
eccentricity and rate of penetration (ROP) were investigated in their experimental study.
They selected a variety of muds with different rheological parameters and densities to
conduct their experiments and provide their correlation formula in which the cutting

concentration is related to the dimensionless parameters:

C. = 0.062F131Re%157 T9165Drp0045 tanh (1 + 0.0043T,) (2.1)

F,o=_—va_
' Jed-d)
T, = pf*ﬂ*(:?hydz)

(2.2)
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Where C, is the cutting concentration, T, is the Taylor number, F,. is the Froude number, u
is the mud viscosity, I/, is the annular velocity, (1 is the drill pipe rotation speed, Re is the
generalized Reynolds number, Drp is the dimensionless rate of penetration (ROP), D is the
outer diameter and d is inner diameter of annulus respectively, Dy,,,4 is the hydraulic

diameter of annulus and T is the temperature ratio.

A comparison of cuttings concentration calculated by equation (2.1) with filed data is
illustrated for different mud (Fig. 15) and water (Fig. 16) which indicates that the regressed
correlation is sufficiently accurate to predict the cuttings concentration for full scale

experimental study where the cuttings size distribution is not considered.
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Fig. 15. Comparison between model perdition with experimental data[20].
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Fig. 16. Observed versus predicted cuttings for water[20].

In the above-mentioned studies, they tested different drilling strategies on cleaning

optimisation by utilising the laboratory-scale drilling rigs. The most prevalent challenge for
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the experimental studies is attaining the mud rheology based on the temperature and
pressure during the actual drilling operation. Moreover, during the rig performance, the risk
of operation due to the high temperature and pressure condition for the laboratory
environment is quite high. Considering operational limits and boundaries besides
unexpected situations which typically occur during the drilling processes, it is difficult and
relatively expensive to create a well-designed and controlled full-scale laboratory rig in
order to obtain highly accurate and reliable experimental results. A reliable numerical
simulation can help to understand the hole cleaning process while investigating the effects

of various key parameters in cuttings transport simultaneously.

Table 1. Experimental Studies in Hole Cleaning Process

Author Description

Zeidler [9] Found the impact of pipe rotation on drilling cutting transport.

Okrajni and Azar [12] Studied the impact of inclination angles, Found the critical angles.

Brown, Bern [13] Suggested the critical angles 50- 60° for cuttings transport

Peden, Ford [15] Studied on impact of drill pipe rotation, inclination angles and
cutting size.

Sifferman and Becker [16] Analysed the impact of particle size and drill pipe rotation on
cutting transport. Found the drill pipe rotation effective
for smaller particles in range of angles close to horizontal line.
Bassal [17] Investigated the effect of particle size (2-7mm). Found the
difficulty of smaller particles transport
Alfredo Sanchez, Azar [19] Investigated the impact drill pipe rotation and particle size.
Suggested dramatic effect of the drill pipe rotation in angles
close to horizontal lines.
Yu et al. [20] conducted a full scale experimental study of hole cleaning to
develop the correlations formulas. Investigated the effects of

mud rheology, inclination angle, pipe rotation, eccentricity.
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2.4.2 Numerical Studies

2.4.2.1 CFD Studies

Many investigators have contributed to model the cuttings transport performance in the
directional well drilling using numerical techniques. With the increase in computational
power in the past decades several studies were carried out using Computational Fluid
Dynamics (CFD) simulation approaches. Bilgesu, Ali [21] carried out CFD studies on
influential parameters in cuttings transport using a TFM approach and found the significant
role of the annular velocity in cleaning efficiency where an increase in flow rate can leads to
higher cutting transport efficiency for the muds and wellbore used in their study. Later,
Bilgesu, Mishra [22] simulated cuttings transportation in the annular section of a well bore
using an Eulerian approach in CFD to determine the effects of different parameters such as
cutting size, fluid velocity, rate of penetration, drill pipe rotation and inclination angles in
deviated wells. They found more efficient hole cleaning for larger particle compared to
smaller ones. Furthermore, they reported more problematic drilling cuttings transport to

the surface while the inclination angle increases.

Wang, Li [23] carried out simulation using TFM approach to investigate the effect of drill
pipe rotation and its influence on mud hydraulic in annulus space. They found that the
rotation of the drill pipe reduces the volume fraction of solid phase in annular space and
increases the solid phase migration rate, consequently promoting the borehole cleaning
efficiency. Han, Hwang [24] studied hydraulic transport of drilling cuttings in vertical and
inclined annuli with a rotating inner cylinder using TFM (Eulerian) approach in CFD program.
They found that rotation of the inner cylinder generally improves the transport performance
of particles and it is more noticeable at lower velocity rates. In addition, the impact of drill
pipe rotation enhances the cuttings transport efficiency using non-Newtonian mud fluid (5
% Bentonite solutions) in compare with water. Osgouei, Ozbayoglu [25] studied the
interactions between cuttings and drilling fluid in horizontal eccentric annulus using an
Eulerian approach. They investigated the impact of the rate of penetration (ROP) and mud
flow rate using a Newtonian fluid, i.e. water in an eccentric annulus. They noticed as the
annular flow rate increases, the cuttings concentration reduces in annulus where increasing

the ROP leads to more cuttings generation and consequently more cuttings accumulation at
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bottomhole. Rooki, Ardejani [26] used TFM Eulerian approach via CFD software package
(FLUENT) in their numerical simulation and expressed the impact of fluid properties and
inclination angles on cuttings transport in annulus. They used a non-Newtonian pseudo-
plastic fluid, i.e. foam to define the rheological properties of mud and found that the
cuttings transport ratio increases with the increasing of the foam velocity in axial direction
of annulus. Sun, Wang [27] used CFD models to investigate the effect of drill pipe rotation
on cuttings transport in annulus. They carried out simulations for different inclination
angles, flow rate and pipe rotation speeds and reported lower cuttings concentration near
the drill pipe due to high tangential velocity under drill pipe rotation which improve the hole
cleaning process. Later, Wang and Long [28] studied on unsteady model of cuttings
transport for extended-reach well (ERW) and developed a three-layer unsteady cuttings
transport model for all sections of ERW based on their CFD study to investigate the
mechanisms of suspension, rolling and sliding of cuttings where the relative velocity
between solid and liquid in suspension layer including the effect of drill pipe rotation are all
considered. Their model can describe the impact of drill pipe rotation to some extend by
modifying the fluid velocity of suspension layer and it can be used for the simulation of all
sections and process in actual drilling condition. Mohammadzadeh, Hashemabadi [29]
studied the effect of viscosity on cuttings transport by oil-based drilling fluid in wellbore.
They carried out the CFD simulations using viscosity modifier to predict the cuttings
transport in wellbore by considering various particle parameters. Simulations were
conducted for inclined well to study the impact of density, shape, diameter and initial
particle concentration where the rheology of the drilling fluid was expressed by Herschel-
Bulkley non-Newtonian model. They found that higher fluid viscosity improves the cuttings
transport capacity but its effect reduces in higher concentration. Similarly, higher particle
density or larger particle size and higher initial particle concentration have an adverse
impact on cuttings transport in wellbore. Amanna et al. [30] investigated cuttings transport
behaviour in directional drilling using TFM approach in CFD. They studied the impact of mud
flow rate, hole inclination, drill pipe rotation and cutting size in the annulus and found that
the angles in range of 45 — 60° can cause difficulty in drilling cuttings removal. They noticed
that an increase in mud flow rate and drill pipe rotation mainly for larger particles can
decrease the cutting concentration in the annular space. Yilmaz [31] implemented Eulerian-

Lagrangian model in CFD framework to study the impact of fluid properties, wellbore
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inclination angle, particles factors and drill string rotation on the cuttings transportation.
Simulations carried out using non-Newtonian mud and compared with water, he realized
that the yield point is the leading influential factor in mud. His model had few limitations; it
was two-way coupled in which the effects of particle motion on flow field is neglected. The
particle-particle interactions are neglected due to the assumption where the solids are not

highly concentrated.

Table 2. Recent Numerical Models Studies on Hole Cleaning Process Using CFD Tools

Author Description

Bilgesu, Ali [21] Using TFM approach, found the significant role of the annular
velocity in cleaning efficiency.

Bilgesu, Mishra [22] Using an Eulerian approach, reported more problematic
drilling cuttings transport while the inclination angle increases.

Wang, Li [23] Using TFM approach, found rotation of the drill pipe reduces the
volume fraction of solid phase in annular space.

Osgouei, Ozbayoglu [25] Using an Eulerian approach, found as the annular flow rate
increases, the cuttings concentration reduces.

Rooki, Ardejani [26] Used TFM Eulerian approach, found influential impact of velocity
in axial direction of annulus.

Sun, Wang [27] Using CFD model to investigate the mechanisms of suspension,
rolling and sliding of cuttings.

Amanna et al. [30] Using TFM approach, found that an increase in mud
flow rate and drill pipe rotation mainly for larger particles can
decrease the cutting concentration.

Yilmaz [31] Using Eulerian-Lagrangian model in CFD framework, found the yield

point is the leading influential factor in mud.
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2.4.2.2 CFD-DEM Studies

Tsuji, Tanaka [32] primarily proposed the CFD-DEM technique for the modelling purpose of
particle-fluid flow system. Recently, the CFD-DEM approach is developed to simulate the
cuttings transport in inclined wellbore where the motion of discrete particles is calculated
by the Newton’s second low of Motion in DEM and the fluid phase treated as an Eulerian
continuum described by CFD method. The most recent approach to model the hole-cleaning
process in oil wells is the four-way coupling CFD-DEM method. A few studies have been
conducted using this approach addressing the common issues with the transport of rock
fragments during the drilling operation [3, 33, 34]. For example, the effect of mud flow rate,
inclination angle, well pressure, and raised temperature on the cuttings transport efficiency
in a concentric annulus for an aerated mud drilling process are studied by Akhshik et al.[35]
In another study they investigated the effect of drill pipe rotation on cuttings transport
behaviour using CFD-DEM approach [3]. Their model has been established based on Osgouei
et al. experimental data and their traditional CFD model [36, 37]. Simulations are carried
out for different flow velocities, well inclination, and rate of penetration (ROP).They also
developed a coupled CFD-DEM model to investigate the impact of the microscopic
properties of particles, such as the sliding and rolling friction coefficients of particles-
particles, particles-drill string and particles-wall contacts on the characteristics of cuttings
transport mechanism near a horizontal deviated well [34]. They reported that sliding friction
coefficient has a dominant role in comparison with the rolling friction factor. They set the
grid size three times bigger than particle size (6.35 mm) where their model hydraulic
diameter was only 78 mm. So, the number of grids was very limited across the annulus.
Moreover, considering the turbulence of the carrier phase (fluid) the velocity gradient near
the wall be significantly high and where the simulation results tend to be more influenced

by grid size [38]. So, reliability of their numerical results is under question.
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Parameter Variable Value Units

Drill String Length L 12 m
Angle of Inclination 0 00,20,40,60,80 deg
Pipe Diameter Do 48.26 mm
Hole Diameter Dn 127 mm
Particle Diameter do 6.35 mm
Particle Density Dry density Pp 2619 Kg/m?
Fluid Density Pf 1012 Kg/m?
Power Law Exponent n 0.65 -
Consistency Factor k 0.28 Pa.sn
Fluid Inlet Velocity uf, inlet 0.58(1.9), m/s (ft/s)
0.72(2.39), 1.165(3.82)

Drill Pipe Rotation Speed drillpipe 50 Rpm
Eccentricity Ratio s 0.5 -

Table 3. Data used for CFD-DEM numerical solution[34].

Sun et al., investigated the critical deposition velocity of cuttings in an inclined slim-hole
well using CFD-DEM method [39]. They conducted the simulations to study the cutting
deposition phenomena at the bottom of the annular section which reduce drilling efficiency
and increase the cost. For fully coupled CFD-DEM simulations the mesh size should not be
less than the particles diameter, and according to their model the annulus structured grid
size contradicts this basic rule [40], although their simulation results agrees with experiments.
Their approach has been to use unresolved CFD — DEM framework where the numerical simulation
has been performed in concentric annulus section with outer diameter of 44 mm, an inner diameter
of 30 mm and length of 1.8 m. In this study, the hydraulic diameter of 14 mm has been divided into
60 x 6 meshes in cross section and the total number of grids is 29,000, with an average mesh

dimension of 1.17 mm where the cuttings diameter is set as 2mm.

Drill pipe boundary
.m. Velocity Inlet Wl boundary Particles Pressure Outlet

TR —_— - ~ — - =
k'a:‘ : r—r — e — v E—— —
—

Flow direction

Fig. 17. Annulus flow field mesh used by shao et al. [39].

In recent years, effect of particle shape [33], non-spherical and large-sized cuttings [41], and
four-looped shape drill pipe [42] on transportation mechanism in hole cleaning process have

also been incorporated in some studies using CFD-DEM method.
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Table 4. Recent Numerical Models on Hole Cleaning Process Using CFD-DEM Tools

Author Description

Akhshik et al. [3] Studied the impact of drill pipe rotation on cuttings concentration

Akhshik, Behzad [43] Studied the effect of particle-particle contact on cleaning

efficiency.

Akhshik et al. [35] Investigated the impact of an aerated mud on cuttings transport
efficiency.

Sun et al. [39] Investigated the critical deposition velocity of cuttings in an

inclined slim-hole well.
Akhshik et al. [33] Studied the impact of particle shape on cuttings concertation.
Shao et al. [41] Investigated the effect of non-spherical and large-sized cuttings on
cleaning efficiency.

Yan et al. [42] Studied four-looped shape drill pipe on cuttings concentration.

2.5 Summary of knowledge Gap Within the Literature

There has been numerous works reported in the literature on the well cleaning and its
paramount importance on the drilling efficiency. Experimental investigations, particularly
the work reported by Yu et al. [20] provides a comprehensive study on the cuttings
concentration in simulated well conditions in laboratory, however in real well conditions,
cuttings have different size distribution, depending on the geology and rock types and it has
not been reported in their work. Furthermore, it is very challenging to create the real
conditions of the well in the lab and changing experimental conditions are very costly and
difficult. Hence the simulation work would have great potential in this respect.
Computational Fluid Dynamics (CFD) has been used in majority of these studies, mainly in
Eulerian framework, to assess the impact of different parameters on the cleaning efficiency
of oil-well drilling operation. The shortcoming of the CFD models was the negligence of solid
phase (cuttings) in the simulations. For example, Rooki et al. [23] developed a two-phase

fluid model (TFM) to study the impact of mud properties on cuttings transport mechanism.
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Since the cuttings are treated as continuous phase in Eulerian-Eulerian framework, their
discrete characteristic information is not considered. Yilmaz [28] studied the impact of mud
properties, well inclination angle, and pipe rotation speed on cuttings transport using
Discrete Dense Particle Method (DDPM) two-way coupling approach. DDPM (Lagrangian-
Eulerian) overcomes the TFM limitations and allows to track solid particles individually or in
grouped (Parcels) according to Newton’s second laws of motion. However, in DPM the
particle-particle interaction is ignored and it’s only valid for dilute system where the
suspension layer of cuttings has enough time to settle. The more appropriate approach for
this purpose is the use of fully coupled CFD with Discrete Element Method (DEM). However,
use of this method requires careful consideration of particle-fluid interactions, particularly
considering appropriate mesh configurations, which would be computationally very
expensive for fully resolved systems. Hence approximations based on unresolved systems,
where mesh size should be larger than particles, need careful attention, particularly for
investigating the effect of particle-fluid interactions as well as the near wall conditions.
However, most of the recent studies are suffering from lack of careful investigation of effect
of cutting size and appropriate mesh configuration and refinement for particle-fluid
interaction near the wall region which is significantly important for the transportation,
sedimentation and suspension of cuttings. Moreover, a systematic study of the effect of
mud rheology on cuttings transport in a fully coupled CFD-DEM is still lacking in the
literature. This work focuses on optimisation of the hole-cleaning process using four-way
coupled CFD-DEM approach. The impact of mud rheology on dynamics of cuttings is
evaluated by varying the mud fluid rheological attributes. Also, the effects of cutting size,
drill rotation, inclination angle, and mud flow rate on the hole cleaning efficiency are
investigated. To improve the reliability of the simulations, special attention has been paid to

the mesh refinement in the concern of CFD — DEM coupling.
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3. Methodology

3.1 Introduction

The aim of this chapter is to present the governing equations and the numerical methods
(CFD-DEM) used in predicting the cleaning efficiency in oil-well drilling process including the
behaviour of two-phase flow (mud) of interest to this chapter. In this work, the fluid phase is
calculated using Reynolds stress equation model (RSM) embodied in the commercial code
FLUENT 19.2 which has the ability to predict complex dynamic flow phenomena. The flow
solutions are coupled to a Lagrangian particle tracking — District element method (LPT-DEM)

in EDEM 18 to predict the particle phase behaviour [44-62].

3.2 Fluid Phase Modelling

The basis for modelling a fluid flow comes from the mathematical statements of the
fundamental laws of conservation including conservation of mass, momentum and energy.
The derivations of these equations over a finite control volume for a Newtonian fluid is
expressed as Navier-Stokes equations. The NS equations on a computational cell scale for

the mass conservation can be written as:

d(apr)
at

+ V. (apfuf) =0 (3.1)

Where uy is the fluid velocity, pfis the fluid density and a is the volume fraction of the fluid

phase. The momentum conservation equation is expressed:

(apruys)

Pk 4 (aprusus) = —aVp +aV.t — Sy + aprg (3.2)

Where p is the fluid pressure, T is the viscous stress tensor and S is the in the cell volume-
averaged interaction force. For a particular computational cell, the source term S force is

obtained:
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M .
S; = Eiz1Fri) (3.3)

Veell

Where M is the number of particle and V,,;; is the volume of fluid in the computational cell.

In oil-well drilling operation, the mud displays non-Newtonian fluid properties. Oil industries
usually apply Bingham and Ostwald (power law) models to express the non-Newtonian
behaviour of the mud fluid. But in reality, the Herschel-Bulkley model shows better

rheological performance of drilling fluids [63]. The dynamic viscosity in Herschel-Bulkley

model is expressed:

p=pu

. . . T0
ield i <
Y I (“yield)

(3.4)

To+k (= (—2—)™)
U= .M:VIEld lf}/Z( To )

Y Hyield

Where k is the consistency factor, n is the power law exponent, u,;.;q4 represents the yielding
viscosity, T, defines the yield stress threshold and y expresses the strain rate magnitude.
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Fig. 18. Different Rheological Models.

3.3 Reynolds Stress Equation Model (RES)

Reynolds Stress equation Model (RES) is the most complete classical turbulent model in
ANSYS FLUENT where the eddy-viscosity hypothesis is avoided and the individual

components of the Reynolds stress tensor are directly computed by solving transport
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equations for Reynolds stresses with an equation for the dissipation rate. In 3D flow model

seven additional transport equations are solved in FLUENT.

Level of Direct Numerical Simulation (DNS) No Turbulence Model
Computational
Cost 1

Large Eddy Simulation (LES) Only Sub-grid Turbulence Modeling

Reynolds stress Model (RSM)

Second-moment
Closure

(T3]

£

P 3
[ Two-equations Model o
B =
o —
= k—e @ S
° k—w 2 2
n 3 =
5 3 s
2 = €
] One-equation Model £ 'S
o o

£ g

13 o

Zero-equation (Algebraic) Model ic
Level of

approximation

Fig. 19. Overview of different turbulent models [64].

Statistical (time-smoothed) models focus on the effects of turbulence on average properties
of the flow. So, only mean time scales and turbulence length can be estimated where the
structure or dynamics of eddies cannot be predicted [65]. For instance, all flow variables are
individually decomposed into their smoothed and fluctuating components in these

approaches:

—

+ 1 (3.5)

cll

U=
Where (. ) is the fluctuating part and ( 7 ) is the time-smoothed value in Reynolds

decomposition. For the fluid with constant density and viscosity the equation of motion can

be derived from Navier-Stokes equations by changing the p, u and T terms:
V.(pst) =0 (3.6)
piV.(4d)=-Vp—V.T +psg (3.7)

The shear tensor is consisted of turbulent momentum and viscous flux tensors:
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Where

(3.8)

(3.9)

(3.10)

The components of turbulent momentum flux are referred to as Reynolds stresses and the

Reynolds stress tensor can be expressed as:

t

T =-upVu

(3.11)

The Reynolds stresses can be estimated from correlations of turbulent viscosity or solving

equations of change for the Reynolds stresses where ,u]’i is the eddy (turbulent) viscosity.

The statistical (time-smoothed) turbulence models are classified into turbulent viscosity

(first-moment closure) models and Reynolds-stress models (second-moment closure)

[66](Fig. 19).

3.3.1 Reynolds Stress Equations

3.3.1.1 Transport Equations

The transport equations for Reynolds stresses can be written as:

0 —— + 2
3¢ (PUiY; dxk

(pup tiityy)  =- 50

[ pugtijuy + p(Opju; + O 1j)]

el

Local Time Derivative Cij= Convection

51

DT,l,j = Turbulent Diffusion



d — Juy — OUt; - w——
[# (uz u)) —p(ugdy 5o + el (,T; =pP(giu;6 + g;ju;0)
l ' J \ ' J \ ‘ J
D, i; = Molecular Diffusion P;; = Stress Production Gij = Buoyancy Production
LRI I
p(axl axj ) ‘ ) l axk a.r,,. '
@;; = Pressure Strain €¢; = Dissipation
—ZPQk(ulju;nEtkm + 1 u;nEjkm) + Suser
\ I J ! J (3.12)
[",']‘ = Production by system Rotation User-Defined Source Term
The terms C;;

ij » Dij Pij and F;; do not required any modelling and terms Dr;;, G;;, @;; and

€;j need to be modelled to solve the equations. These terms are described in next sections.
3.3.1.2 Turbulent Diffusive Transport

Turbulent diffusive transport equation can be modelled by the generalized gradient-

diffusion model of Daly and Harlow formulation [67].

_ ad kupu; au,-lu']
Dy = €y 5 (p 025G

oxp e dx ) (3.13)

In ANSYS FLUENT the above equation has been simplified to a scalar turbulent diffusivity:

a Ilt U, u]

Dr;j = —) (3.14)

6xk Uk 6xk

Where u; is the turbulent viscosity and the value of gy, is equal to 0.82 by applying the

generalized model. This value is different in k — ¢ turbulent model (o, = 1).
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3.3.1.3 Pressure-Strain Term in Turbulent Modelling

The following decomposition is applied for @;; modelling in ANSYS FLUENT:
Dij = Dij1 + Dijz + 0y (3.15)

Where @;; ,, is the wall- reflection term, @;; ,is the slow pressure-strain term and @;; , is the

rapid pressure-strain term.

The wall-reflection (@;; ,,) is responsible for the normal stresses near the wall and it tends to
enhance the stresses parallel to the wall while damping the normal stress perpendicular to

the wall. It is modelled as:

3
(ukumnknmé'ij - Euluk nen; —

3 )Clk3/2
U NNy cd

Dijw = 61 Euj

& m

Clk3/2

- (3.16)

4 3 3
+ (5 (¢km,2nknm5ij -3 Dri 2 — EQ"J"Z nkni)

Where C; is equal to 0.5 and C, is equal to 0.3. Also, n; is the x,component of the unit

normal to the wall and d is representing the normal distance to the wall.
And C; = 63/4/k in which k is the Von Karman constant (0.4187) and C,, is equal to 0.09.

The slow pressure-strain ( @;; ;) is modelled as:
T 2
i1 = —Cipy [y = 6i5k] (3.17)

Where C; = 1.8.

The rapid pressure-strain (@;; ;) is modelled as:
5 2 5
Dij2 = —C[(Py + Fiyj + -Gy — ) — 3 6;;(P + 2 G = ()] (3.18)

Where C, is equal to 0.6, P = %Pkk, C = %Ckk and G = %Gk,{.
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3.3.1.4 Impact of Buoyancy on Turbulent Modelling

Due to buoyancy the production terms in ANSYS FLUENT are modelled as:

Gy = (LU, + T,U;) = —B(9:U,0 + 9;U.0) (3.19)
_ Mt (OT
U0 =4 (E) (3.20)

Where the value of the turbulent Prandtl number (Pr;) for energy is equal to 0.85 and (5 is

the coefficient of thermal expansion.
3.3.1.5 Kinetic Energy in Turbulent Modelling

The turbulence kinetic energy in ANSYS FLUENT is modelled using the Reynolds stress

tensor:

k=104 (3.21)

There is an option to solve a transport equation for the turbulence kinetic energy to
determine the boundary condition for Reynolds stresses. So, the following equation is used

for this purpose:
5 (0I) + 5 (okup) = S [+ BT+ P+ Go) —pe(L+2MD) +5. (3:22)
Where S, is the user define term and oy, is equal to 0.82.
3.3.1.6 Dissipation rate in Turbulent Modelling
The dissipation tensor (€;;) in ANSYS FLUENT is modelled as:
€= 208, (pe + Yiy) (3.23)

Where the dilation dissipation (Y, = 2 peM?) term is an additional term to model the

dissipation rate and the Mach number is defined as:

M, = [= (3.24)
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Where a(= /yRT) is the speed of sound and the scalar dissipation rate (¢) is computed
with similar transport equation in k — & model:

2

€ €
o= Cappt+Se  (325)

2 d 2 un 0] 1
3¢ () + 5~ (pew) = o~ (.U +—)— Cer 5 [Py + Cea Gl T

1
axi ax] O¢ ax] € 2
Where C,, is equal to 1.44, C,, is equal to 1.92, C.; is a function of local flow direction

relative to gravitational force (vector) and a.is equal to 1.
3.3.1.7 Turbulent Viscosity Modelling

In ANSYS FLUENT, the turbulent viscosity of RSM and k — & model is computed in the same
way.

2

k
Uy = pCu? (326)
Where C, is equal to 0.09.

3.3.2 Boundary Condition

3.3.2.1 Inlet Conditions

There are a number of methods available in ANSYS FLUENT for specifying the inlet boundary
conditions. In most cases, based on artificial inflow information from experimental data or
Reynolds average Navier-Stokes solutions. It is important to represent fully-developed
turbulent at inlet. In Reynolds stress model, the turbulence specification method can be
used to enter uniform constant values of velocity at inlet. For instance, the turbulence
intensity value (/) at the core of a fully-developed flow can be estimated from the following

formula derived from an experimental correlation for the pipe flows:

U

1
I=-2L =0.16 (ReDy) s (3.27)

avg

Where U is the velocity fluctuation, Uavg is the mean flow velocity and Dyis the hydraulic
diameter. According to the equation (3.27) for high viscosity mud at a Reynolds number of
26000 at this study, the turbulence intensity will be 6% which implies a fully-developed flow
at inlet. In this study, the velocity inlet and outlet boundary condition implemented where

define the flow entering or exiting of the domain at certain velocity value. So, an uniform
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fully-developed flow is considered at inlet to generate realistic turbulent eddies in the

geometry.

3.3.2.2 wall boundary Conditions

The main reason wall boundary conditions are used is to bound the solid and fluid regions.

In cases where the mesh is fine enough near the wall to capture the viscous sub layer, no-
slip conditions can be implemented. The wall shear stress (t,,) is derived from the stress-

strain relationship:

zt = % (3.28)

Where z is the distance to the nearest wall, z*is the dimensionless wall distance and u;, is

the shear velocity (u, = (17‘”)1/2) at the node closest to the wall.

In this study the inner pipe wall (drill pipe) is moving with angular velocity or stationary

(fixed wall) at some cases. The cell zone adjacent to the wall is moving, so the relative to

adjacent cell zone option specify the relative velocity. The rotational speed about a specified

axis is defined by enabling the rotational speed option (6.2 rad/s). For the 3D geometry of
this work, rotation axis origin is parallel to the vector from (x=0, y=0, z=0) to the (x=0, y=0,

z=1) point specified under rotation-axis direction (Fig. 20).

Wall
Zone Name Phase
innerwall mixture
Adjacent Cell Zone
fluid
Momentum DPM
Wall Motion Motion
Stationary Wall o) Relative to Adjacent Cell Zone Speed (rad/s) 6.28 Iconstant ;l
® Moving Wall Absolute Rotation-Axis Origin Rotation-Axis Direction
Translational X (mm) 0 [l xo [l
e Rotational Y (mm) 0 [Fl vo [7]
Components Z (mm) |0 E] zZ1 [E]

Wall Roughness

B o=

Fig. 20. Wall motion with rotational speed of 6.2 rad/s around the drill pipe in Z direction.
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3.3.3 Solution Procedure

In ANSYS FLUENT (version 19.2), the governing integral equations are solved for the
conservation of momentum, mass, energy and other scalars like turbulence based on

control-volume technique. A finite volume method (FVM) is consisted of following rules:

1) A computational grid to divide the domain into discrete control volume.

2) Constructing algebraic equations for the discrete dependant variables (velocities,
pressure) using integration of the governing equations on the individual control
volumes.

3) Linearization of the discretised equations and solve the linear equations to obtain

the updated values of the dependent variables.

Discretisation of the momentum and continuity and their solution using pressure-based
solver are addressed in this section. The discrete values of the scalar are stored in the centre
of the cell centre in FLUENT. 3-D discretisation is performed using an upwind scheme while
the convection terms are interpolated from the cell centre values. For the numerical
procedure, the second order central-differencing scheme is implemented which can cause
stability problems. These problems are prevented using a deferred correction for the
central-differencing scheme. The momentum equations are discretised using same scheme
for a scalar transport equation. The PRESTO (PREssure Staggering Option) scheme is used to
compute the face values of pressure from the cell values. The staggered (face) pressure is
computed by using the discrete continuity balance for a staggered control volume. The face
values of velocity are related to the stored values of velocity at the cell centres to discretise
the continuity equation. Momentum-weighted averaging is performed to obtain the face
value of velocity. The continuity equation is reformatted using Pressure-Implicit with
Splitting of Operators (PISO) algorithm in order to achieve the velocity-pressure coupling.
RSM is a time-averaging simulation, and therefore the governing equations need to be
discretised in space and time. A bounded second order implicit time integration scheme is
performed where the variables including the turbulence kinetic energy and dissipation rate
are used. The secondary diffusion terms and velocities derivatives are computed and the

values of a scalar at the cell faces constructed by using the gradient of the variables. The
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gradients are used to discretise the diffusion and convection terms in conservation

equations.

Discretisation of the transport equation is performed by pressure-based solver using an
implicit approach. The overall time-discretisation error is specified by the method in which
the solutions are advanced to next time step. The iterative approach is selected for the
time-advancement scheme to minimize the errors. In this method, for a given time-step, all
the equations are solved iteratively until the convergence is reached. A time-advancement
solution requires a number of outer iterations (Fig. 21). In this scheme, the splitting errors
are eliminated by considering the inter- equation couplings and non-linearity of the
individual equations. Further information on the numerical solution approach and the

mathematical model employed, may be found in ANSYS FLUENT 19.2 theory guide.

|

Solve Momentum Equations

|

Solve Continuity Equations

}

Update mass, pressure &
velocity

!

Solve Turbulence & other
Scalar Equations

!

/ ~—— No
—__ converged =

//
YES

4[ Next Time Step ]

Fig. 21. Overview of the iterative time-advancement solution approach.

Iterations
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3.4 Particle Phase Modelling

The CFD code is coupled to the discrete element method (DEM) solutions (EDEM) software
via coupling interface to predict the particle-fluid flows in this study. This section is a

description of the fundamental basics of this coupled approach used in the present work

3.4.1 Governing Equations

The particles motion can be divided into two categories: 1) translational and 2)
rotational where the particles are tracked explicitly by solving their trajectories in the
computational domain for the translational and rotational accelerations. Particles
velocities and positions are updated by integrating the accelerations over a time-step.
The equation of translational motion for individual spherical particle (i) with the mass

(m) can be written as:

mE=F+ F + Ry +F/P (3.29)

—

Where (V) is the translational velocity of particle, F; is the resultant gravitational force acting

on the particle, F/~P is the interaction force between fluid and particle, KC) and FC) is the

non-contact and contact forces between the particle and walls, respectively.

The equation of the rotational motion can be written as:

doy, =
Pl M (3.30)
Where I is moment of inertia, w, is the angular velocity, M= - Cfr|FC)|a)p is the resultant

contact torque acting on the particle and Cy, is defined as the coefficient of rolling friction.

The fluid forces on the surface of particle are representing the fluid-particle interaction
force where can be treated with two approaches: 1) Resolved-surface force 2) unresolved-
surface force. In resolved CFD-DEM, where the fluid cell is smaller than particle size, the
velocity and pressure field around the particle can be directly evaluated by integrating fluid
tensor (pressure & shear) over the surface of particle. On the other hand, in unresolved
CFD-DEM where the fluid cell is larger than particle size, an averaged force is employed to
calculate the fluid-particle interaction force. In unresolved-surface approach, a linear
decomposition of specific independent forces (e.g., drag force, lift (Magnus and Saffman)

force, etc.)[40, 65, 68-78].
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3.4.1.1 Fluid-Particle Interaction Force Decomposition

The fluid-particle interaction force is found by[66]:
frp = fot fut f7P 4+ f7 4 ! (331)
Where fd is the steady drag force, f“is the unsteady force (consists of unsteady drag force

f“d and added mass force f“), pr is the pressure gradient force, f’v‘? =-V(V.7)

is the viscous force (resultant of volume of particle V and V.?} deviatoric fluid shear stress

tensor) and fl = fsaffma" + fMaQ"”S is the lift force (consists of Saffman and Magnus

forces).

The fluid-particle interaction force acting on particle is assessed at particle scale while the
similar term in the fluid phase momentum equation, which is volumetric fluid-particle
interaction force acting on the fluid, need to be calculated in each fluid cell. Feng and Yu
reviewed different schemes, for unresolved CFD-DEM, the interaction force acting on
individual particles is initially estimated in a fluid cell, further this force is counted on all

particles to estimate the fluid-particle interaction force in the fluid cell [79].

3.4.2 Surface Force Decomposition

3.4.2.1 Steady Drag Force

Drag and pressure gradient forces play important role in fluid-particle flow. At very low
Reynolds number Re < 0.1, the resultant force exerted on the surface of a single sphere

particle can be written as:
frp=fo4 fO = (VVp + musdw) + 2mppdw (3.32)

Where f™ is the normal force exerted by the surrounding fluid on a particle, £ is the
tangential force exerted by the surrounding fluid on a particle, (VVp) is the pressure
gradient force for a fluid at rest, (musdw) is for drag force in which W = 1 — ¥ is the
relative velocity. The term (Znude) represents the friction drag. The equation 3.32 can be
rearranged into two parts of the force exerted by fluid at stationary condition and the force

associated with the kinetic force. It can be written as:
ff_p = — VVp + 37‘[#de_)[/ = pr+fd (333)
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Where the fd is referred to Stokes-Einstein drag force based on characteristic area (fd =
C4APK), AP is the projected area of the particle, K is the characteristic kinetic energy per

unit and C is the drag coefficient.

The drag force is obtained from a relative function of Reynolds number:

__ 24
Re

Cq (3.34)

For the CFD-DEM problems, correlation formula has been developed to determine the drag
force exerted on particle in the presence of other particles. The drag force in its
dimensionless form can be written as:

f(ef.Re)
3nprerdw

f4(&s, Re) = (3.35)

where W = 1 — ¥, & is the fluid volume fraction and the particle Re number is:

Re = P£er4™l (3.36)
My

Based on experimental data or numerical studies, a number of correlations have been
developed to evaluate the drag force. Gidaspow combined the Wen and Yu works[80] which
suits the dilute system with the correlation of Ergun [81] which is valid for dense system and
provided a general drag force for fluid-particle system [82]. In this method, the Wen and Yu
is used for the volume fraction bigger than 0.8 and Ergun equation for volume fraction equal

or less than 0.8.

150(1 — &) L 175
18¢;2 18¢,2

Re & < 0.8

f4(e Re) = (3.37)
Z—Z Reg;~36° g > 0.8
24 0.687
C, = {Re + (1 + 0.15Re®687) Re < 1000 (338)
0.44 Re > 1000

3.4.2.2 Unsteady Drag Force

Unsteady drag force is occurred by the viscous layer near particles and the time required for

penetration of generated momentum into the body of fluid boundary layer. Due to the
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instability of the boundary layer, unsteady force exerted on particles. Unsteady drag force

for an isolated spherical particle at low Reynolds numbers in a fluid at rest is given by:

fut =2 a2 [mppuz [P ‘“’/‘“ (3.39)

‘L'

Where t,, is the particle momentum response time and the above equation can be written
for high Reynolds number by adding a correction factor (Cg) and replacing the velocity

derivative to the relative velocity (w).

frt =3 a2 fmppiCa |y oy d (3.40)
3.4.2.3 Added Mass Force

An accelerated particle can affect on its surrounding fluid and causes the fluid displacement.
The corresponding force is called added mass force and it is equivalent to adding a virtual

mass to the sphere. The added mass force can be analytically derived as:

2 14 aw

fa = E d3pf E (341)
3.4.2.4 Lift Force

Lift force is related to the motion of fluid and particle and it causes by fluid shear stress and
particle rotation. The Saffman lift force is shear-dependent and is due to fluid velocity
gradient where the Magnus lift force is rotational-dependent and it causes by particle
contact and rebound from a surface. The pressure difference on a non-rotating particle
under non-uniform shear velocity field causes the Saffman force where can be calculated for

an isolated particle at low Reynolds number by:

fsarfman — 16142 [p-1i; |@|05 (W X @) (3.42)

Where (w = V X &) is the curl of velocity vector. The pressure distribution around the
particle due to the velocity difference between bottom and top of the particle causes the

Magnus lift force and it given by:

2 1 — (Wxa)
fHagmus = = CpWind?pp[prity o (3.43)

|w]|w]

C;p is the Magnus lift coefficient and given by:
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Cmy=d

- Re <1
& | { 1 es= (3.44)

Wl (0.178 4+ 0.822Re™ %522 Re > 1

3.4.2.5 Rotational Drag

The drag on a rotating particle from the surrounding fluid and the rotational resistance due

to the inertia o fluid is combined by rotational drag and is defined as:
M = nd3u &, (3.45)
Where the rotational Reynolds number is given by:

Re® = 2flarld (3.46)
4pr

3.4.3 Fluid volume fraction

The fraction of fluid volume in fluid cell with volume of (V,.;) is called local volume fraction,
porosity or void fraction. It is appeared in momentum and mass equations and used in fluid-
particle force formulas. Therefore, this parameter affects the results of a CFD-DEM

simulation and it can be estimated by the following equation [83]:

g =1-;— % oV (332)

Veell =1

Where ¢;€ [0,1] is the volume fraction of the fluid cell of the particle i and it depends on the
accuracy of the geometrical estimation of ¢; and number of the particle (K/) in located in
fluid cell. Exact geometrical 3D method is used to calculate the actual volume of each

spherical particle in cell.

da)FluidCell /I. (b) FluidCell | | (c) Fluid Cell
"D T @® D O

€

art

v

Fig. 22. Estimation of fluid volume fraction. (a) Exact method, (b) Particle centre method

(PCM) and (c) improved PCM method. Eanr = (81 + & +£3)/1
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The non-analytical approaches of simple particle centre method (PCM) and improved PCM
are shown in Fig. 22. In the PCM method, all the volume of the particle is assumed to be in
the computational cell if the centre of that particle is located inside the fluid cell (the
volume of the fluid cell much bigger that total volume of particles). In improved PCM, the
computational cell is adjusted in all direction to obtain the volume fraction by averaging all

fluid cells volume fraction considering the number of displacements [44].
3.4.4 Particle-particle Interaction

The most computationally drastic part of DEM is locating pairs that are in close adjacency to
each other. At every time step, collision detection is carried out since particles change their
position in the following time step. A smaller time step requires more contact detection
where the contact between particles needed to be checked with an efficient algorithm of
specific set of criteria. In computational domain, Interaction between particles is only
checked in the cell and neighbouring cells. Particle-particle interaction are modelled using
DEM incorporating the contact model of Hertz-Mindlin to allow simulation of the Van der
Waals forces with influence particle behaviour where the approach only considered the

attractive forces within the contact area.[84].

The Hertz-Mindlin contact model is used to prevent particles from interpenetrating each
other and to ensure that contact forces are transmitted between the different geometrical
elements of in the simulation domain. The contact force is expressed with two components

of normal and tangential shear with respect to the contact plane.
F=FE +F (3.33)

Where F_ is the contact force, F; and F,, is the tangential and normal components of contact

force, respectively. The above equation can be expanded as:

ﬁn = —knbn — )/n{;n (334)
. —kiS — VeV, if kbl < |kt5t|cf55t
Ft = |kt5t|Cfs5t (3.35)
8¢

Where k; and k,, are tangential and normal stiffness respectively, v; and v,, are the
tangential and normal velocity respectively, y,, and y; are the damping coefficients to the

normal 8, and tangential 6, overlap respectively and (g is the static friction.

64



The normal overlap can be defined as:
6p = R +R; — ”7_')1 - 7_”)2” (3.36)

And tangential overlap is defined as:

5 = [T, dt (3.37)

t

The normal stiffness k,, and tangent stiffness k; are functions of the Young’s modulus and

Poisson’s ratio of the particle material respectively (EDEMSimulation.com).

3.4.5 Sequence of Calculation CFD-DEM Model

Diagram of the unresolved CFD-DEM model is illustrated in Fig. 23. The calculation process
is beginning with the initialization of all components of simulation, CFD, DEM and coupling
phases. Based on the position of the particles and mesh information, the fluid volume
fraction in each computational cell is computed and transferred to the coupling phase.

Henceforward, the fluid cell information (velocity, pressure and stress tensor) at current

fluid time step is used to compute the fluid-particle interaction force (ff‘p) acting on each
particle. In addition, the volumetric fluid-particle interaction force in each fluid cell is
calculated. The next step, is consisted of the iteration loop of the DEM where the data from
coupling phase is used in the equation of the motion of each particle. The particle time step
(At,) for integrating the equation of motion of particles is repeated m times in the loop of
DEM (here, the DEM time step is typically 10~2 times smaller than CFD time step).
Following, after the DEM loop completion, the new information of all particles is computed
at the next fluid time step. In CFD, all fluid phase equations are used to obtain volumetric
fluid-particle interaction forces in each computational fluid cell. The CFD solver iterates over
next time step until the solution converges in sequence of calculations. The fluid phase time
step for the integrating the equation of motion is appointed stabilized by accurate Courant
number. In order to stabilize the condition, the Courant number need to be less than 0.5
where the fluid time step falls in range of 107> to 10~2 second. But, different conditions are
applied when solving equations of the motion of the coupled fluid-particle flow under
impact of the interphase momentum exchange term. The new condition imposed upon fluid
time step is specified by the fluid response time. The required time for the acceleration of

fluid to react the particle velocity is defined by fluid response time and affected by the
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particle drag force in the fluid computational cell. The fluid time step is chosen larger than

the particle time step to avoid lagged integration of equations of motion of phases.

Initialization

Calculate fluid & particle
properties in each fluid cell

I

Calculate fluid-particle
interaction for all particles
Ji
Calculate volumetric fluid-
particle interaction force for
all fluid cells

Coupling

1
I DEM iteration || Repeat m times |

] ]
Solve fluid equations to

calculate volumetric
properties

DEM

CFD

Yes T No

’ﬁ Final 1*

\_ Simulation /

Fig. 23. Diagram of coupling in CFD-DEM model.

The maximum allowable time step in DEM is specified by based on Rayleigh analysis for the
particle and falls in the range of 10~7 to 10~° for numerical integration. In DEM, any
disturbance cannot run from each particle further than its immediate neighbouring particles
[85]. Based on the physical properties of the discrete phase, the speed of disturbance waves
was estimated by Rayleigh time-step and given by:

1

B —

__ mRQ?
0.16361v+0.8766

(3.38)

Tr

Where R is the particle radius, G is the shear modulus, p is the density and v is Poisson’s

ratio for the particle. In this work, a time-step of 0.4 T, was selected.

The selected time step for DEM is much smaller than the time step for the CFD in coupled
CFD-DEM. In this work, the time step (At,,) for DEM is 5e-6 and the time step (Atf) for CFD is

5e-4. So, the time step in CFD is 100 times bigger than that in DEM. That means in each
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coupling step, the system must perform 100 iterations (100 particle time steps) in the DEM

section and 1 iteration (fluid time step) of the CFD.
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4. Mud Rheology and Hole Cleaning Efficiency

Hole cleaning operation and drilling cuttings removal from the annulus is only occurs with
the essential presence of mud. Therefore, the mud properties, especially mud viscosity,

have a significant impact on hole cleaning process.

The aim of this chapter is to describe the behaviour of different types of mud and their
impact on drilling cutting transport. This chapter starts with the problem description and
model set up for numerical simulation in FLUENT-EDEM platform using different mud

properties followed by the results presentation, analysis of the discussion.

4.1 Model Description

The model is considered as a confined-length concentric annulus consisting of two
cylindrical bodies. The interior cylinder represents the drill pipe which can rotate with a
constant angular velocity around its axis. In drilling process, the length of the annulus can be
thousands of meters in which the drill string is placed. The mud is injected through drill
string all the way to the drill bit, exerted from the nozzles of the bit, flushing the cuttings
from the bottomhole and transferring drill cuttings to the surface through the annulus. In
order to reduce the computational cost, a section of the annulus with fully developed length
is modelled [86].The length of the annulus (1) is selected in a way to ensure fully developed
fluid flow within the annulus at different Reynolds number (I > 20D). A concentric annulus
with outer diameter of 120 mm and inner diameter of 50 mm with 1500 mm length is

modelled, as presented in Fig. 24.

1500 mm

Dhmer
E I —' D””rfr
2

Dryarawic = Douter- Dinner

120 mm

Fig. 24. Configuration of problem.
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A two-phase flow (particle-fluid) with uniform bulk velocity and uniform cutting velocities
enters the annulus from one end and exits from the other end. Boundary conditions for the
fluid were considered as the inlet flow velocity and the ambient pressure outlet (Fig. 25).
The process is isothermal and the wall boundary (contact between particles and walls) were
treated as no-slip condition. Particles were generated at the inlet with the same velocity as

the inlet fluid.

Wall Boundary
]

Velocity Inlet
x Y Pressure Qutlet

Angle of Inclination
* .

s "'u._m Drill Pipge Boundary
Drill Pipe Rotation  Cuttings Bed

Fig. 25. Geometry domain and boundary conditions.

In this study, 10,000 particles per second are injected into the system where the particle
density is 2600 kg/m?3. The particle mass flow rate is calculated knowing the volume,
density, and number of particles in simulations. The volume fraction of drilling cuttings at
the annulus inlet can be obtained by dividing the volumetric flow rate of cuttings over the
total annulus volume. The cuttings mass flow rate of 0.037 kg/s is calculated based on the
representative Rate of Penetration (ROP) of 4.57 m/h or 15 ft/h, which results in cutting
generation, equivalent to injection of 10,000 particles per second into the annulus. The
rheological properties, geometrical characteristic, and simulation input parameters in this

study are shown in Table. 5.
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Table. 5. simulation input parameters

Parameter Tomren et al 1986 | Simulation Data Units
Drill string length 12 1.5 m
Angle of inclination 0,20,40,60,80 0,45,90 deg
Wellbore (hole) diameter 127 120 (4.75”) mm
Drill pipe diameter 48.26 50 mm
Drill pipe rotation (rpm) 0,50 60,120 rpm
Eccentricity ratio 0.5 0 -
Fluid behaviour index (n) 0.65 0.65 -
Consistency index (k) 0.28 0.28 Pa.s"
Fluid inlet velocity 0.58,0.72,0.87,1.1 0.5,1,1.5 m/s
Fluid density 1018 1018 Kg/m3
Particle density 2619 2600 Kg/m3
Cutting diameter (average) 6.35 0.8-1.1(1),1.3-1.5(1.4) | mm

4.2 Mesh information

The discretisation of the computational domain is preformed based on the fluid phase
calculations. It should be also noted that for the unresolved CFD-DEM modelling, the grid
size must be larger than the largest particle in the domain. To obtain the optimum mesh
arrangement with minimum number of computational cells, a mesh sensitivity study is
usually carried prior to running the main simulations. In this work, the results obtained using
different number of mesh elements are presented in Fig. 26. In this figure, the steady state
cuttings concentration is plotted against the mesh number. It can be seen that cuttings
concentration decreases slightly as the mesh number is increased. This could be due to the
reason that smaller mesh size (due to higher number of mesh number) could result in more
accurate consideration of fluid-particle interactions leading to more particles being

transported by fluid in annulus. It can be also observed that the change in cuttings
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concentration from 450,000 to 569,710 mesh cells, the reduction in cuttings concentration
is very small. It was not possible to increase the mesh number beyond 569,710 as this would
result in mesh sizes being equal or smaller than particle size which is not compatible with

the unresolved CFD-DEM principles.

12.580

12.560 —&— 1.5 m/s, 60 rpm
12.540

12.520

12.500

Relative Cuttings Concentration
(%)

12.480
300000 350000 400000 450000 500000 550000 600000

Mesh elements

Fig. 26. Mesh independency study; mud annular velocity 1.5 m/s.

Based on the results in Fig. 26 with respect to particle size and grid size limitation, the most
suitable mesh was chosen. The computational cells on the cross section of the annulus are
presented in Fig. 27 where a computational domain with 629,132 nodes and 569,710 cells

were selected with refined mesh near the walls.

Fig. 27. Computational grid on the cross section of the concentric annuls.
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4.3 Mud properties

Simulations were carried out for fully developed fluid-solid phase flow in a vertical (0°) and

deviated annuli (45°& 90°) where muds with different rheological properties, i.e. low,

intermediate, and high viscosities, were used. The mud properties shown in Table. 6 were

selected based on the experimental studies of Tomren at al. [14] and Okranji and azar [87].

The mud was considered as Hershel-Bulkley non-Newtonian fluid as classified in the

methodology section.

Table. 6. Rheological Properties of Mud Studied

Drilling Fluid Low-Viscosity mud (LVM) | Intermediate-Viscosity mud (IVM) High-Viscosity mud (HVM)
Apparent Viscosity (Pa.s) | 0.004 0.013 0.028

Plastic Viscosity (Pa.s) 0.003 0.009 0.019

Yield Point (Pa) 0.5 4 8

Mud Re 9000-26000 3000-8000 4000-12000

Particle Re 1< 89-143 <1000 1<13-18 <1000 1<3-6<1000

Slip Velocity (m/s) 0.25-0.4 0.12-0.16 0.05-0.12

Particle Stokes’s number | 1-0.5 0.15-0.45 0.07-0.2

4.3.1 Mud Viscosity

The rheological behaviour of mud plays an important role in efficient drilling cuttings

transport [88]. Mud viscosity is independent of shear rate in Newtonian mud, while it is a

function of the shear rate in non-Newtonian muds where the shear stress is not linearly

related to the shear rate. The slope of the shear stress versus shear graph is called the

apparent viscosity. For shear thinning mud the apparent viscosity decreases with increasing

shear rate, i.e. the harder the mud is sheared the less viscous it gets [89]. The power law

non-Newtonian model is the model which is valid for fluids with zero shear stress when the

strain rate is zero. Whereas, Bingham plastic model suggests a non-zero shear stress (7,)

when the shear rate is zero. As mentioned in Chapter 3, Herschel-Bulkley model combines

the effects of Bingham and Power-law behaviour in a non-Newtonian mud. Therefore,

apparent viscosity and other rheological properties of non-Newtonian mud, including the
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plastic- viscosity and yield point, are determined in the oil industry using the Herschel-
Bulkley rheological model. All the rheological properties are obtained from the rheometer
or viscometer reading i.e. R3po and Rgoo [90]. Bingham plastic model is expressed using the

following equations:

T=PV (ﬁ) + 79 (4.1)
PV = Rgoo — R300 (4.2)
Ha =52 (43)

2

Where 7 is the shear stress, y is the shear rate, PV is the plastic viscosity, T is the yield
point, and p, is the apparent viscosity. Rgo¢ and Rz are the viscometer reading at 600

rpm, 300 rpm respectively.
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Fig. 28. Variation of shearing stress with rate of shearing strain.

Herschel-Buckley model is expressed as:

{T=T0+k}/n T>T1,
y=20 T<T

(4.4)

Where k is the consistency factor and n is the power low index. If n equals to 1, the mud
follows the Bingham model. If n is larger than one, the mud behaves as a shear-ticking fluid
and if n is smaller than one, the mud is a shear-thinning fluid. In this work, the simulations
are carried out using Herschel-Buckley model with shear-thinning behaviour for three levels
of mud viscosity i.e. high viscosity mud (HVM), intermediate viscosity mud (IVM) and low

viscosity mud (LVM).
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4.4 Steady-State Condition

A typical behaviour of number of particles in annulus as a function of simulation time is
plotted and shown in Fig. 29. In this figure, the results are showed for a horizontal wellbore
with high viscosity mud (HVM), annular velocity of 1.5 m/s with an average particle size of
1.4 mm, while the pipe is rotated at 60 rpm. It can be seen that there is a linear correlation
between number of particles and time in the beginning which is similar to the rate of
particle injection (10,000 particle/second). After point about 0.8 second, the number of
particles in annulus starts to level off and reaches the steady state for this particular case at

around 4.3 second where a constant value is achieved for number of particles in annulus.

14000
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10000
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2000 —e— Horizontal, 1.5 m/s, 60 rpm, HVM

0
0 2 4 6 8 10

Simulation Time (s)

Number of Particle in Annulus

Fig. 29. Number of particles remained in annulus in horizontal wellbore,1.5 m/s, 60 rpm, dp=1.4 mm, HVM.

To reach the steady-state condition, all simulations were carried out until the cutting
concentration was statistically reached nearly to a constant value. The impact of mud flow
rate, yield stress, inclination angle, and drill rotation speed on hole-cleaning efficiency is

investigated in this study.

4.5 Relative Cuttings Concentration

Sifferman et al., defined the cuttings transport efficiency as the ratio of the average cuttings

transport velocity to the average fluid velocity [91]. In addition, previously works reported,
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full scale drill strings have been considered while in the simulations in this work a small
fraction of the drill string has been simulated so that the computations could be performed
in a reasonable time scale. In this study, a different concept is defined to investigate the
cuttings transport capacity of mud. The ratio of the number of remaining particles in
annulus (until reaching steady state) and the total number of particles injected into annulus

is defined as relative cuttings concentration or in other words:

Number of particles remained in annulus

RCC =

(4.5)

Total number of injected particles

A Lower RCC means there is lower cuttings concentration in the annulus and better
transport performance. In this study, RCC needs to be distinguished from the absolute
cuttings concentration and it is the ratio of the volume of remaining particles to the total

volume of the annulus at steady state.

4.6 CFD-DEM Model Performance against Experimental Correlation

In this section, the results obtained by the CFD-DEM model is compared with cuttings
concentration predicted by Yu et al. correlation formulae (Chapter 2), where the absolute

cutting concentration is explicitly related to two dimensionless parameters, F,. and T, [20].

C. = 0.062F; 131Re*157 TO165prp®0%5 tanh(1 + 0.0043T,) (4.6)
Vi,

F,=—2
NEOED)

pf * () * (Dhydz)
T, = m

4.7)

The cuttings concentration is depicted in Fig. 30 and Fig. 31 for selected mud velocities (0.5
m/s, 1 m/s and 1.5 m/s) and 60 rpm drill rotational speed (6.2 rad/s). The experimental
correlation is obtained based on real drilling tests, where cuttings could be produced with a
wide size distribution (in reality there are large cuttings in cm range) which this was not
considered in the correlation, whereas in the CFD-DEM simulations, the particles are
injected with a narrow size distribution and somewhat small (mm range) due to the

limitation of mesh size for conventional DEM-CFD (unresolved). As it will also be shown in

76



Chapter 5, cutting concentration will reduce with decreasing the size, and sedimentation

and poor transport could be expected for larger cuttings (cm range), hence, one could

except that the cuttings concentration predicted by the correlation formulae would be

much higher than that of the CFD-DEM simulations. Furthermore, in real tests near full scale

drill strings has been considered while in the simulation in this work a small fraction of the

drill string has been simulated so that the computations could be performed in a reasonable

time scale. What is more important here is that for both approaches the cuttings

concentration varies with a similar trend against the mud velocity and mud rheology.
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Fig. 30. Comparison between Correlation data and CFD-DEM model for HVM.
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Fig. 31. Comparison between Correlation data and CFD-DEM model for LVM.
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4.7 Cuttings Volume Fraction Distribution and Mud Velocity

The cuttings distribution across the annulus is an important factor in the well cleaning
process. To obtain the particles volume fraction the annulus was divided into longitudinal
bins with equal width across the radius Fig. 32 and the volume of particles within each layer

was calculated and divided by the total volume of that layer.

Fig. 32. Annulus divided into longitudinal bins with equal width across the radius of horizontal wellbore.

The volume fraction of cuttings across the radial direction of the vertical annulus is depicted
in Fig. 33. It is observed that the volume fraction of cuttings near the walls are higher than
the middle of the annulus, illustrating an arc-shape distribution of cuttings along the radial
direction of annulus. Due to the no-slip condition near the walls, the highest level of shear
rate occurs at the boundaries of the annulus. The high variation of velocity near the wall and
shear thinning behaviour of mud fluid both leads to a more viscous mud in the middle of the
annulus with a higher capacity of carrying cuttings compared to other. Therefore, the
cuttings concentration decreases more easily in the middle of the annulus. In Fig. 34,
cuttings distribution colour coded with respect to their stream wise velocity is plotted. It can
be seen that most particles in the annulus have gain nearly fluid velocity, except those near

the wall due to the aforementioned reason.

Fig. 35 shows the cuttings volume fraction in radial direction of the horizontal wellbore.
Here, the direction of the gravity force has changed in comparison with the vertical annulus.

High concentration of cuttings near the lower wall of the annulus is clearly observed in the

78



figure as a result of gravitational force. Hence, higher annular mud velocity is required in
order to enhance the cleaning efficiency in directional drilling process [3, 14, 92, 93].
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Fig. 33. Volume fraction of cuttings in radial direction of vertical annulus for V=0.5 m/s, dp=1mm, HVM and
vertical annulus for V=1.5 m/s, d,= 1.4 mm, HVM.
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Fig. 34. Cuttings distribution in vertical annulus at V= 1.5 m/s; Background pink colour is for illustration only.
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Fig. 35. Volume fraction of cuttings in radial direction of horizontal annulus for annular velocity of 1 m/s, HYM

The cuttings distribution of horizontal wellbore is depicted in Fig. 35. This figure clarifies the
tendency of particles for accumulation near the lower wall of the horizontal annulus,
particularly at lower velocities. Thus, fewer cuttings are influenced by the motion of the
fluid. Consequently, the drag forces decrease and slip velocity increases along the annulus.
With slip velocity increase, cuttings transport efficiency reduces in the horizontal annulus.
Generally, in the case of the vertical wellbore, the axial component of the slip velocity is
dominated. On the other hand, in the horizontal wellbore, the radial component of slip
velocity reaches the maximum value and the axial component is minimum. It can be
concluded that all the parameters with diminishing impact on the particle slip velocity
improve the cuttings transport efficiency. In the case of an inclined annulus, similarly, the
high radial component of particle’s slip velocity causes cuttings bed formation by pushing

the particle toward the lower wall of the annulus.
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Fig. 36. Cuttings deposition at lower wall of horizontal annulus; (A) V=0.5m/s, (B) V=1 m/s and (C) V= 1.5 m/s.
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4.8 Effects of Yield Value and Annular Velocity

As mentioned before, the mud is a non-Newtonian fluid that its rheological behaviour obeys
the Herschel-Buckley viscosity model. In this model, presented in Equation (3.4), the yield
point is the threshold below which the mud behaves like a solid. Yield stress, therefore, is an
important parameter affecting the rheological behaviour of the mud within the annulus. To
study the effect of yield point on cleaning performance in the drilling process, three types of
mud, i.e. high viscosity mud (HVM), intermediate viscosity mud (IVM) and low viscosity mud
(LVM) are modelled representing the high, medium, and low yield stress values,

respectively.
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Fig. 37. Effect of yield on cleaning efficiency at different annular velocities for horizontal annulus

The effect of yield value on RCC at different annular velocities for horizontal annulus is
presented in Fig. 37. As shown, increasing the yield value has resulted a reduction in RCC in
annulus at all range of velocities. By increasing velocity from 0.5 to 1.5 m/s, RCC decreased
50.6 % for higher yield point (YP= 8 Pa), 50% for intermediate yield point (YP= 4 Pa) and 55%
for lower yield point (YP=0.5). Also, by increasing yield value from 0.5 to 8 Pa, at constant
velocity of 0.5 m/s, RCC decreases by 15% and at constant velocity of 1.5 m/s, RCC
decreases 5.5%. It can be derived that the impact of rheology on cuttings transport is less at

higher flow rates.
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The effect of yield value on RCC at different annular velocities for inclined 45° annulus is
presented in Fig. 38. As shown, increasing the yield value has resulted a reduction in RCC in
annulus at all range of velocities. By increasing velocity from 0.5 to 1.5 m/s, RCC decreased
60% for higher yield point (YP= 8 Pa), 57% for intermediate yield point (YP=4 Pa) and 62%
for lower yield point (YP= 0.5 Pa). In addition, by increasing yield value from 0.5 to 8 Pa, at
low velocity of 0.5 m/s, RCC reduces 17.4 % and high velocity of 1.5 m/s, decreases 6%. It

can be derived that the impact of rheology on RCC is less at higher annular velocity.
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Fig. 38. Effect of yield on cleaning efficiency at different annular velocities for inclined 45° annulus

The effect of yield value on RCC at different annular velocities for vertical annulus is
presented in Fig. 39. As shown, increasing the yield value has resulted a reduction in RCC in
annulus at all range of velocities. By increasing velocity from 0.5 to 1.5 m/s, RCC decreased
39 % for higher yield point (YP= 8 Pa), 40 % for intermediate yield point (YP=4 Pa) and 47 %
for lower yield point (YP= 0.5 Pa). In addition, by increasing yield value from 0.5 to 8 Pa, at
low velocity of 0.5 m/s, RCC reduces 5 % and high velocity of 1.5 m/s, decreases 1.5 %. It can

be derived that the impact of rheology on RCC is less at higher annular velocity.
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Fig. 39. Effect of yield on cleaning efficiency at different annular velocities for vertical annulus

The effect of mud yield value and annular velocity for horizontal, inclined 45°and vertical
annuliis illustrated in Fig. 37, Fig. 38 and Fig. 39. As it shown, the impact of mud yield point
on RCC is more pronounced at low annular velocity for horizontal annulus. On the other
hand, the effect of mud yield point and annular velocity on RCC is minimized in vertical
annulus. Therefore, a high viscosity mud (HVM) causes higher reduction in RCC at low
velocity in horizontal annulus.

According to Table. 6 the ratio of YP/PV from LVM to IVM is increased significantly where it
remained constant for HVM. The effect of mud viscosity on RCC for horizontal annulus
shown in Fig.37, at low velocity of 0.5 m/s, causes higher reduction from LVM to HVM

where it is small at high velocity of 1.5 m/s.
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4.9 Effects of Yield Value and Inclination Angle

The effect of yield value on RCC at velocity of 1.5 m/s for different angles of inclination is
studied and the results are presented in Fig. 40. The results show that the RCC within the
annulus rises with an increase in the angle of inclination for all types of mud. It is worth
mentioning that changing the drilling direction from vertical to horizontal has contributed to
approximately 5% more RCC at low yield point (YP=0.5 Pa) within the annulus. On the other
hand, RCC reduces only 1.5% at high yield point (YP= 8 Pa). This is mainly due to the effect of
transverse slip velocity component of cuttings induced by gravitational force which pushes
particles to the lower side of the annulus in the inclined annuli (Fig. 36). The results in Fig.40
also show a significant decrease in RCC for inclined 45° and horizontal annuli as the yield
value is increased where the impact of annular velocity is dominant at vertical annulus.
Based on equations (2.1, 19, 21) increasing the mud viscosity causes a reduction in the
particles slip velocity. Lower slip velocity means that particles and fluid velocities are closer
to each other causing lower RCC and consequently better cleaning performance within the

annulus.
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Fig. 40. Effect of yield point on cleaning efficiency at different angles of inclination (velocity 1.5 m/s).
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The effect of yield value on RCC at velocity of 1 m/s for different angles of inclination is
studied and the results are presented in Fig. 41. The results show that the RCC within the
annulus rises with an increase in the angle of inclination for all types of mud. Changing the
mud from LVM to HVM has caused nearly 17%, 34% and 32% reduction in RCC within the
vertical, inclined 45° and horizontal annuli, respectively. The RCC reduction in inclined 45°
and horizontal annuli is significant due to effect of transverse slip velocity component of
cuttings induced by gravitational force which pushes particles to the lower side of the

annulus.
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Fig. 41. Effect of yield point on cleaning efficiency at different angles of inclination (velocity 1m/s).

The effect of mud yield value on RCC at velocity of 0.5 m/s for different angles of inclination
is studied and the results are presented in Fig. 42. The results show that the RCC within the
annulus rises with an increase in the angle of inclination for all types of mud. Changing the
mud from LVM to HVM has caused nearly 22%, 38% and 33% reduction in RCC within the
vertical, inclined 45° and horizontal annuli, respectively. Increasing the mud viscosity causes
a reduction in the particles slip velocity. Lower slip velocity means that particles and fluid
velocities are closer to each other causing lower RCC within the annulus. Here, the inclined
45° at low annular velocity (0.5 m/s) shows higher value of RCC in comparison with

horizontal annulus. The effect of inclination angle is further investigated in Chapter 5.
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Fig. 42 Effect of yield point on cleaning efficiency at different angles of inclination (velocity 0.5 m/s).

87



v Elacity (mfs)
2.00e+000

1.20e+000

4.00e-001

-4.00e-001

-1.20e+000

-2.00e+000

Time: Friiocity (mfs)
2.00e+000

1.20e+000
4 00e-001
-4.00e-001

-1.20e+000

-2.00e+000
Y

b

TIme: S 8locity (mfs)

2.00e+000
1.20e+000
4.00e-001

-4.00e-001

Gravity

-1.20e+000

-2.00e+000
Y

b

Fig. 43. Cuttings distribution in horizontal annulus at V=1m/s; (A) LVM, (B) IVM and (C) HVM.
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Cuttings distribution in horizontal annulus at velocity of 1 m/s is shown in Fig. 43 and Fig. 44
for three different types of mud. It can be observed that the tendency of cuttings deposition
at lower wall of horizontal annulus is more pronounced at LVM mud and by increasing

viscosity the cuttings bed layer and relatively the cuttings concentration reduces particularly

in horizontal annulus at HYM mud.

4.10 Conclusions of Mud rheology Studies

This section demonstrated the simulation results of hole cleaning efficiency with particular
attention to mud yield value and evaluated on the basis of two other parametersi.e. mud
velocity and inclination angle. Moreover, a new concept for analysis of particle transport
based on relative cutting concentration (RCC) has been developed in this work which can
describe the influence of mud hydrodynamics on cleaning efficiency in small fraction of drill
string. According to generated results, the impact of yield value at higher velocities is less
and it is more pronounced for lower annular velocities. The impact of yield point on RCC
reduction at lower velocity of 0.5 m/s was around 15% where it is resulted in a reduction by
10% at higher velocity of 1.5 m/s. In terms of the effect of yield point on cleaning for
inclined well, an increase in yield value reduces the RCC and the transport for lower angles
as well as higher angles of inclination. As it is observed, this effect is slightly more significant
for higher inclination angles in which the effect of axial component of particle slip velocity is
minimal compared with lower inclination angles. Nevertheless, the application of high-
viscosity muds to clean an annulus is reasonable for all range of angles of inclination and
specifically for higher inclination it is a relief from cuttings bed formation as better drilling

cuttings transport happens where the RCC is reduced.
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Chapter 5

Effects of Cutting Size, Drilling Pipe Rotation and Inclination-Angle

on Hole Cleaning Efficiency

5.1 Effect of Inclination Angles and Mud Velocity
5.2Effect of Cuttings Size and velocity
5.3 Effect of Drill Pipe Rotation and velocity

5.4 Conclusions of cuttings size, inclination angle and drill pipe rotation
impact on hole cleaning.
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5. Effects of Cutting Size, Drilling Pipe Rotation and Inclination-

Angle on Hole Cleaning Efficiency

As discussed in previous chapter (section 4.6) in drilling operation rocks can produce a wide
size distribution of cuttings, which will depend on the type of rock to be drilled. Typical
formation rocks are sandstone, carbonate and shale have different grain sizes which in
practice could influence the cutting size distribution. For example, shale rocks which are
made of fine clay and minerals could produce finer cuttings than sandstone and carbonate.
Nevertheless, in unresolved DEM-CFD simulation, it is not possible to consider a wide size
distribution, particularly large cuttings with sizes equal or large than fluid mesh cannot be
simulated. This will need the use of fully resolved particle fluid system, e.g. fluid-structure
interaction with dynamic mesh [94], which is computational very expensive. Hence in this
work, effect of cutting size is considered with two separate narrow size ranges compatible
with the fluid mesh size. Another parameter to consider is the influence of drill pipe rotation
on cutting transport in drilling operation, as in drilling conditions, different rotary speeds are
implemented and in some cases the drill bit is rotated using mud motors, where the drill
string remains stationary. Hence, the effect drill pipe rotation and inclination angle on the
hole cleaning has also been presented and discussed. It should be noted that the simulation
results are presented and discussed for fully developed fluid-particle systems with average
cuttings sizes of dp=1 mm and dp=1.4 mm, drill pipe rotation of O rpm, 60 rpm and 120

rpm, and inclination angles of (0°, 45°, 90°).

5.1 Effect of Inclination Angle and Mud Velocity

In this section effect of inclination angle at different mud velocities are presented. In this
series of simulation, three different inclination angles (0°, 45°, 90°) with three different mud
velocities (0.5 m/s, 1 m/s and 1.5 m/s), 9 simulations, have been considered. All simulations
have been done with high viscosity mud (HVM) with constant cutting size (1.4 mm) with 60
rpm rotation of inner pipe. The stream-wise velocity (V) contour snapshots of cuttings in

the middle section of annulus for different inclination angles and mud velocities is
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illustrated in Fig. 45. The impact of mud velocity and inclination on cuttings steam-wise
velocity can be observed, where the velocity contours are different for the same cross-
section (middle of annulus) of the annulus. It can be seen that the cuttings steam-wise
velocity non-uniformity increases by increasing of inclination and decreasing the annular
velocity. Furthermore, the velocity contours for I, (perpendicular to steam-wise) show that
at higher inclination and lower annular velocity particle tend to migrate to the bottom of the
annular section (Fig. 49). The velocity contours are further investigated for the horizontal
annulus (90°) and different annular velocities of 1.5 m/s, 1 m/s and 0.5 m/s as shown in Fig.
46, Fig. 47 and Fig. 48, respectively. It is clear that the uniformity of cuttings stream-wise
velocity decreases by decreasing the annular velocity where the cuttings deposition at
annular velocity of 0.5 m/s is evident in Fig. 48. The velocity contours for (V;,) shows that at
low annular velocity (0.5 m/s) the particles are influenced by the rotation of inner pipe for
vertical and horizontal annulus (90°). For inclined 45° annulus particles are moving

somewhat with an opposite direction of rotation at 0.5 m/s annular velocity.
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5.1.1 Effect of Inclination Angles and Annular Mud Velocity on
Relative Cutting Concentration

The impact of wellbore deviation on RCC is studied for different annular velocities. The
simulations were carried out for high viscosity mud (HVM), intermediate viscosity mud
(IVM) and low viscosity mud (LVM) with velocities of 0.5 m/s, 1 m/s and 1.5 m/s and 60 rpm
rotation of inner pipe. Three types of cuttings flow have been reported in experimental
studies on the significance of well-bore inclination [95]. At vertical angles, the suspension
mechanism is dominated, near horizontal angles, rolling mechanism is dominating and at
intermediate inclination level a combination of suspension and rolling (transition from
suspension to rolling) mechanisms is observed. The simulation results shown in Fig. 54 are
for the effect of inclination angle on RCC with HVM. It can be seen that except at 0.5 m/s
relative cutting concentration gradually increases as the well is deviated from vertical to
horizontal. As it is mentioned before, due to the gravity force, the cuttings tend to
accumulate near the lower wall of the wellbore with high inclination angles (Fig. 36).
Consequently, RCC increases for deviated annuls in comparison with vertical wellbore in all
three velocities except for the angle of 45° and velocity of 0.5 m/s t. At this annular velocity,
for horizontal well, RCC slightly decreases as compared to 45 degree. Tomren et al. reported
that the cuttings concentration faced an increase at inclination angles near 45° with lower
annular velocities [14]. That is caused by the cuttings sliding down along the lower wall the

annulus and nullifies the impact of other parameters.
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Fig. 55. Effect of angle on inclination at different annular velocities (IVM).

Furthermore, the simulations are carried out for intermediate mud viscosity (IVM) as well
(Fig. 55). Increasing velocity from 0.5 to 1.5 m/s caused nearly a 40 % reduction in RCC in
vertical annulus, where by increasing the annular velocity relative cutting concertation
decreased 50% in horizontal annulus. It can be observed that deviation of the well from

vertical position increases RCC at all annular velocities, except at 0.5m/s, similar to the case
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of HVM. The impact of inclination angle is more notable at lower annular velocity of 0.5 m/s
where RCC increased over 88% in from vertical to inclined 45° but further decreased by 8%

in horizontal annulus as compared to 45 degree.

The comparison of RCC predicted by CFD-DEM model presented in Fig. 54 and Fig. 55 shows
similar behaviour of both type of muds (HVM & IVM) where the RCC increased with the
inclination angles (0°, 45°, 90°) at different annular velocities except for the inclination of

45° at velocity of 0.5 m/s.
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Fig. 56. Effect of angle on inclination at different annular velocities (LVM).

Moreover, the simulations are conducted for low mud viscosity (LVM) shown in Fig. 56.
Increasing velocity from 0.5 to 1.5 m/s caused around 46 % reduction in vertical annulus
where by increasing the annular velocity RCC decreased 55% in horizontal annulus. It can be
observed that deviation of the well from vertical position increases the RCC at all annular
velocities, again except for 0.5 m/s. The impact of inclination angle is more notable at lower
annular velocity of 0.5 m/s where by increasing the deviation from vertical position, the RCC
becomes double in inclined 45° and but later decreased by 11% from 45 degree to

horizontal annulus, similar to the cases of HVM and IVM. It can be observed that by
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reducing the mud viscosity from HVM to LVM, RCC increases where the effect of viscosity is

more pronounced at low velocity of 0.5 m/s for horizontal annulus.

The cuttings distribution for different types of mud (LVM, IVM and HVM) in inclined 45°
annulus with velocity of 0.5 m/s and 60 rpm is illustrated in Fig. 57. The cuttings
accumulation at lower wall of the annulus can be observed where the uniformity of cuttings

distribution is more notable at HVM.

Moreover, the cuttings distribution for LVM and HVM in horizontal annulus with velocity of
0.5 m/s and 60 rpm is shown in Fig. 58. It can be observed that the cuttings are accumulated
at lower wall of horizontal annulus where the impact of HVYM on the uniformity of cuttings

distribution is significant in comparison with LVM.

The impact of inclination on cuttings transport is shown in Fig. 59. As it was mentioned in
section 5.1, Clark et al.[95] reported three significant types of cuttings movement
mechanism in their experimental study on the effects of well-bore inclination: suspension,
transition and rolling. Suspension is occurred at the inclination angle near vertical, rolling in
horizontal annulus and a combination of suspension and rolling (sliding) in inclined 45°-50°.
Suspension mechanism caused a uniform distribution in vertical annulus where the bed
formation phenomena at lower wall annulus (due to gravity) in middle and higher
inclination angles, ended in rolling mechanism of cuttings while sliding mechanism of
transport occurred above the bed layer in inclined 45° annulus. At low velocity of 0.5 m/s
the bed formation phenomenon is more notable where the drag force exerted on particles
is lower in comparison with higher annular velocities. The sliding motion of cuttings in
inclined 45° annulus at velocity of 0.5 m/s is dominating and leads to higher RCC for

horizontal annulus at velocity of 0.5 m/s.
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Fig. 57. Cuttings distribution in 45° annulus at V=0.5m/s; (A) LVM, (B) IVM and (C) HVM.
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5.2 Effect of Cuttings Size and Velocity

The effect of particle size on RCC is studied for the average particle diameters of 1mm and
1.4 mm. In these series of simulations, annular velocities were varied from 0.5 to 1.5 m/s
but the mud viscosity was kept constant (HVM). The inner pipe was rotate at 60 rpm.
Simulation results of RCC versus mud velocity through the length of horizontal annulus is
illustrated in Fig. 60. By reducing cutting size in simulations from 1.4mm to 1 mm, at
constant velocity of 0.5, 1 and 1.5 m/s, the RCC reduces 27%, 34% and 35% respectively. It
means that at certain mud velocity, transport efficiency of larger particles is lower than
smaller particle in the annular space. According to equation (2.21), slip velocity and Stokes
number are higher for larger particles. Consequently, small particles are the easiest one to

remove from the annulus and have better cleaning performance compared with larger sizes.
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By increasing the annular velocity from 0.5 to 1.5 m/s, the RCC reduces 50% for larger
particle where RCC reduces 60% for the smaller cutting size. It is observed that the impact of
particle size on RCC is more pronounced at higher mud velocities due to the positive

influence of increasing mud flow rate on removal of cuttings from the annulus.
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Fig. 60. Effect of cuttings size on cleaning efficiency at different mud velocities.

5.3 Effect of Drill Pipe Rotation and Velocity

The effect of drill pipe rotation on RCC for various mud velocities is investigated in this
section. Simulations were carried out with average particle size of 1.4 mm and constant
mud viscosity (HVM) with varying annular velocities and well inclinations. Fig. 61
demonstrates the effect of rotation on RCC for different annular velocities of horizontal
well. An increase in drill pipe rotation tends to slightly reduce RCC in the annulus where by
increasing drill pipe rotation from zero to 120 RPM at certain velocity of 0.5, 1 and 1.5 m/s,
RCC reduces by 15%, 6% and 5%, respectively. Increasing the drill pipe rotation motivates
the cuttings to travel in the middle of the annulus rather than near the walls due to the
lifting effect. Moreover, it can be observed that at higher mud velocity the impact of drill
pipe rotation on RCC in annulus is lower and the drill pipe rotation has negligible

improvement in cuttings transport rate in the annulus. In comparison with other parameters
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investigated in this study, drill pipe rotation shows less impact on RCC under turbulent flow

regime and it is more pronounced at lower annul velocities.
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Fig. 61. Effect of inner pipe rotation on relative cuttings concentration in horizontal annulus
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Fig. 62. Cuttings concentration vs. angle of inclination for different rpm (V= 0.5 m/s).
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The percentage of RCC for the inclination angles of 0°, 45° and 90° with HVM and different
velocity (0.5 m/s, 1 /s and 1.5 m/s), for zero and rotating speed of 60 rpm are illustrated in
Fig. 62, Fig. 63 and Fig. 64. It can be seen that in horizontal annulus, the effect of rotation is
only noticeable for 0.5 m/s annular velocities. For vertical annulus, by increasing drill pipe
rotation from zero to 60 RPM for all annular velocities, the RCC remains nearly constant. A
noticeable effect of rotation can only be seen for the inclined 45° and horizontal annuli at
annular velocity of 0.5 m/s, where increasing the drill pipe rotation from zero to 60 RPM,
resulted in the RCC reduction by 8% and 7%, respectively. However, the impact of drill pipe
rotation on decreasing the RCC is almost negligible at higher annular velocities of 1 and 1.5

m/s.
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The selected particles streamlines are illustrated around the drill pipe at horizontal annulus
for HYM with different annular velocities in Fig. 65. The streamlines of few particles are
presented during the simulation time. The illustrations are at 0.9s of simulation for the
annular velocities of 0.5, 1 and 1.5 m/s. It can be observed that cuttings streamline in
annulus are more affected by drill rotation where the lower annular velocity of 0.5 m/s
showed more sensitivity to drill pipe rotation while rotation has less impact at the higher
annular velocities. Also, the entire cuttings trajectory is framed in Fig. 66 where the effect of

drill pipe rotation can be seen for 0.5 and 1 m/s.
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Fig. 65. Effect of inner pipe rotation on cuttings transport for selected particles streamline at horizontal
wellbore; (A) V=1.5 m/s, (B) V= 1m/s and (C) V=0.5 m/s.
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Fig. 66. Effect of drill pipe rotation in cuttings trajectory in horizontal annulus; (A) V= 0.5 m/s, (B) V= 1m/s and
(C)v=1.5m/s.
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5.4 Conclusions of Cuttings Size, Inclination Angle and Drill Pipe

Rotation impact on Hole Cleaning

This section demonstrated the simulation results of hole cleaning efficiency with particular
attention to inclination angle and mud velocity, cuttings size and drill pipe rotation on hole
and results are evaluated on the basis of impact of these parameters on RCC. According to
generated results, by increasing velocity the drag force exerted on particle can increase and
cuttings can overcome the gravitational force. Also, by increasing the deviation from vertical
position by increasing the radial component of slip velocity and impact of the bed formation
phenomena at the lower wall of the deviated annuli, due to gravitational force, the
percentage of RCC increases. Therefore, at the lower annular velocity and the inclination
close to the horizontal, the particle deposition concentration increases and reduces the
cuttings transport efficiency. The only exception observed is the behavior of the inclined 45°
at lower annular velocity of 0.5 m/s where it has been shown that higher relative cuttings
concentration exists at all types of mud viscosity. The impact of inclination angles on all
three types of mud viscosity showed that by increasing the mud viscosity from LVM to HVM
lower percentage of RCC is obtained at annulus, where the RCC increases from vertical to
the inclination close to horizontal, except for the inclined 45° at the velocity of 0.5 m/s,

since sliding of the cuttings down to the lower wall is the dominant motion.

The impact of cuttings size is investigated for average particles sizes of 1 and 1.4 mm in
horizontal annulus. The results showed the better cuttings transport for smaller particle size
at higher annular velocities where the lager particles size tend to settle due to the

gravitational force.

The simulations were carried out for the effect of drill pipe rotation on RCC in horizontal
annulus with different annular velocities where the drill pipe rotation varied from zero to
120 RPM. The generated results showed the impact of drill pipe rotation is more
pronounced at lower annular velocity and mud viscosity (HVM) where the percentage of
RCC is reduced by 15% when the drill pipe rotation is increased from zero to 120 RPM. For
high mud viscosity, the effect of drill pipe rotation is minimal. Furthermore, the impact of

drill pipe rotation at different annular velocities on RCC is investigated for vertical and
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deviated annuli where the drill pipe rotation varies from zero to 60 RPM. The results
showed that by increasing the drill pipe rotation the percentage of RCC reduced effectively
at lower annular velocity of 0.5 m/s and the inclination close to horizontal. However, the
contribution of drill pipe rotation on decreasing the percentage of RCC is almost negligible

at vertical annulus.

Particle averaged velocity components in X, Y and Z direction for vertical, inclined 45° and
horizontal annulus for high viscosity mud (HVM) at annular velocities of 0.5, 1 and 1.5 m/s

with 60 rpm are illustrated in 9 graphs from Fig. 67 to Fig.75.

Velocity components shown in Fig. 67, Fig. 68 and Fig. 69 are highly influenced by annular
velocity of 1.5 m/s and inclination angle. The cuttings average velocities are close to the
annular velocity of 1.5 m/s for vertical annulus at z-direction while it reduced to 1.4 m/s and

1.2 m/s for inclined 45° and horizontal annulus, respectively.

For the annular velocity of 1 m/s the particle velocity components shown in Fig. 70, Fig. 71
and Fig. 72 at z-direction reached to an average value of 1 m/s for vertical annulus where
the particle averaged velocities (Z-direction) are close to 0.9 m/s and 0.8 m/s for inclined

45° and horizontal annulus, respectively.

For the annular velocity of 0.5 m/s the particle velocity components shown in Fig. 73, Fig. 74
and Fig. 75 at z-direction are close to an average value of 0.5 m/s for vertical annulus, where
it is close to 0.4 m/s for inclined 45°. Here, the inclined 45° shows slightly lower average
annular velocity in compare with horizontal annulus due to cuttings sliding down along the

lower wall of the annulus.
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Fig. 68. Velocity components for horizontal annulus at annular velocity 1.5 m/s.
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118



1.6

1.4

© o =
(o)) (o] = N

Velocity m/s

©
~

1.4

1.2

o o
o [

Velocity m/s
o
D

Velocity Z
Velocity Y
Velocity X
/\~A« \"A,V VA'M“ R R e e
1 2 3 4 5 6 7 8

Times

Fig.71. Velocity components for inclined 45° at annular velocity 1 m/s.

Velocity Z

Velocity Y

Velocity X
\‘/\,’ \f\"‘v\/\—\p\/\/\""\ N N,
1 2 3 4 5 6

Times

Fig. 72. Velocity components for horizontal annulus at annular velocity 1m/s.

119



Velocity m/s

Velocity m/s

Velocity Z
0.8 .
Velocity X
0.6 Velocity Y
0.4
0.2

Time s

Fig. 73. Velocity components for vertical annulus at annular velocity 0.5 m/s.

0.8

0.7

0.6

0.5

0.4

03 Velocity Z

0.2 Velocity X

0.1 Velocity Y
0 «/\/\WNM\/\/WW

01 1 2 3 4 5 6

-0.2

Times

Fig. 74. Velocity component for inclined 45° at annular velocity 0.5 m/s.

120



1.2

) Velocity Y
Velocity X
0.8
Velocity Z
= 0.6
E .
>
b=
8 0.4
g
0.2
N Y i e e 4
1 2 3 3
-0.2
-0.4
Times

Fig. 75. Velocity components for horizontal annulus at annular velocity 0.5 m/s.

121




Chapter 6

Conclusions and Future Work

6.1 Conclusions

6.2 Recommendations for Future Work

122



6. Conclusions and Future Work

In this final chapter, the conclusions for the findings of the two results chapters are given

sequentially in section 6.1 followed by the recommendations for future work in section 6.2.

6.1 Conclusions

The work described in this study is undertaken to gain insight into fundamental aspects of
hole cleaning process in oil-well drilling operation and effective parameters in drilling
cuttings transport in annulus. In particular, the influence of particle (cuttings) interaction
and fluid phase (mud) behaviour in cuttings transport in vertical and deviated annuli are
investigated. Pervious experimental works and challenges associated with cuttings transport
in annulus were reviewed and found that it is expensive and difficult to investigate the
effects of various key parameters simultaneously. Many investigations were carried out to
model cuttings transport in annulus using CFD, mainly in Eulerian framework, where only
the continuous phase is considered and the solid phase character is lost in simulations.
Finally, the recent studies on transportation mechanism in hole cleaning process using four-
way coupling CFD-DEM method were reviewed. It found that a systematic study of the
impact of mud rheology on drilling cuttings transport in annulus with appropriate mesh
refinement for particle-fluid interaction near the wall region is still lacking in the literature.
Through comprehensive investigation of previous studies, this work focused on optimisation
of the hole cleaning in annulus using the numerical method based on Reynolds stress model
(RES) embodied in commercial CFD code FLUENT, with flow solution provided by this
method coupled to a second commercial code, EDEM, built on the discrete element method

(DEM) which is employed for the prediction of the cuttings transport in the annulus.

123



In this study, relative cuttings concentration (RCC) is defined to represent the cuttings
transport performance in annulus. In the terms of the effects of mud rheology on the
cuttings transport, where the mud behavior obeys the Herschel-Buckley viscosity model,
three types of mud viscosity with different yield value have examined in CFD-DEM model.
The results generated for three yields values (YP=0.5 Pa, YP= 4 Pa and YP= 8 Pa) versus
different annular velocities of V= 0.5 m/s, V=1 m/s and V= 1.5 m/s in horizontal annulus
showed a significant reduction in relative cuttings concentration by increasing the annular
velocity from 0.5 m/s to 1.5 m/s. Reductions of 50.6 % for higher yield point (YP= 8 Pa), 50%
for intermediate yield point (YP=4 Pa) and 55% for lower yield point (YP=0.5) are recorded.
At constant velocity of 0.5 m/s, RCC reduces 15 % from YP= 8 Pa to YP=0.5 and for velocity
of 1.5 m/s, RCC reduces 5.5 % from YP= 8 Pa to YP=0.5. It is founded that the influence of
yield value is more pronounced at lower annular velocities. Also, the sensitivity of yield
point against inclination of angles is tested where changing mud from YP= 8 Pa to YP=0.5 at
constant velocity of 1 m/s caused 17%, 34% and 32% reduction in RCC within vertical,

inclined 45° and horizontal annuli, respectively.

The effects of particle size on hole cleaning efficiency is investigated for two average particle
diameters of d, = 1mm and d,, = 1.4mm in horizontal annulus. Simulation results of
relative cuttings concentration versus different annular mud velocities showed 7% increase
in RCC for larger particle size at constant velocity of 0.5 m/s, 6% increase at velocity of 1 m/s
and 4% increase for the velocity of 1.5 m/s. Larger particle size of d,, = 1.4mm faced a
reduction of 50% in RCC for changing the mud annular velocity from V= 0.5 m/s to V= 1.5
m/s where RCC decreases around 60% for the smaller particle size of d,, = 1mm. Drilling
cuttings transport in annulus is more improved with higher annular velocity for smaller

particle size.

The impact of wellbore deviation on RCC for HVM is studied at different annular velocities of
V=0.5m/s, V=1 m/s and V= 1.5 with 60 rpm inner pipe rotation where dissimilar cuttings
flow mechanism were observed at vertical and deviated annuli. Increasing annular velocity
from 0.5 m/s to 1.5 m/s caused a 37% reduction of RCC in vertical annulus where by
increasing the annular velocity RCC decreased 49% in horizontal annulus. Cuttings sliding
flow mechanism at middle inclination, caused an irregular behaviour at low velocity of 0.5

m/s where the cuttings sliding on the lower wall of the annulus nullified the impact of
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annular velocity. This phenomenon is not observed at higher velocity of 1 m/s and 1.5 m/s

where the influence of annular velocity is dominant.

The effect of drill pipe rotation on hole cleaning in horizontal annulus at various annular
mud velocities is investigated where the increasing drill pipe rotation from zero to 120 RPM
caused 15%, 6% and 5% reductions in RCC at velocities of 0.5, 1 and 1.5 m/s, respectively.
Also, the effects of drill pipe rotation on RCC at various annular velocities are tested in
vertical and deviated 45° annuli. Increasing drill pipe rotation up to 60 RPM had negligible
effect on vertical annulus, while at annular velocity of 0.5 m/s showed a reduction of 8% and
7% in inclined (45°) and horizontal annuli, respectively. The RCC reduction at higher

velocities of 1 m/s and 1.5 m/s is almost negligible.

The research makes an original contribution to the literature in applying predictive
techniques for hole cleaning study in oil and gas drilling with focus on mud rheology. It
profits fundamental understanding of how cuttings transport is affected by different mud
rheology, cuttings size, inclination of angle and drill pipe rotation and how those parameters

affect the cuttings concentration in annulus and hole cleaning efficiency.

All'in all, the main findings of this study can be abbreviated as follows:

1. Mud annular velocity role has dominant effect and it shows better performance and
higher cleaning efficiency with increasing to its limiting value for all range of well
inclinations, practically for higher angles of inclination.

2. The annular relative cuttings concentration RCC is lower for higher YP and it is
observed that high viscosity mud with higher value of YP is effective for all
inclination.

3. The effect of YP value is more pronounced at lower annular mud velocities and by
increasing the velocity the impact of YP is reduced.

4. The cuttings size with smaller diameter transported easier than larger particles with
same density and both cuttings size shows high sensitivity to higher value of
velocities.

5. Impact of drill pipe rotation is more pronounced for lower value of annular mud
velocities. Increasing drill pipe rotation from zero to 120 rpm improves the cleaning
efficiency in deviated annuli at lower velocities where it is almost negligible at

vertical annulus.
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6.2 Recommendations for Future Work

A list of suggestions for future work based on the findings of this study is given:

1. Inthis work, the cuttings transport efficiency is studied in the annular space by
investigating the impact of different parameters on relative cuttings concentration
where the bottom hole of the well (near drill bit) with the effects of highly
concentrated particle-fluid mixture can be considered in future work. Specifically, a
focus can be made on the study of the effects of nozzle configuration, geometry, size
and number of orifices (drill bit hydraulics) on cuttings transport efficiency.

2. Analysis of the influence of parameters controlling the non-Newtonian mud
behaviour i.e. consist index (k), fluid behaviour index (n) and can be expanded in the
mud rheology studies.

3. In this work, the impact of mud rheology on cleaning efficiency is investigated base
on water-based mud properties. Improving the performance of oil-base mud in high
temperature and complex wells can be the subject for the future work.

4. The study can be extended to faster generation rate (as a result of higher drilling
rate) to understand the cleaning efficiency for higher drilling ranges.

5. Different cuttings size distribution can be investigated where the particles could be
larger than the computational mesh size. This can be achieved using resolved CFD-
DEM techniques which is computationally expensive, but it can be interesting in
order to obtain high accuracy results in simulations. Unresolved CFD-DEM uses
empirical drag force models to characterise particle-fluid interaction where the
resolved CFD-DEM uses a very fine mesh and particles interaction is characterised
with higher accuracy in comparison with unresolved CFD-DEM. Therefore,
investigating the simulation gap between the resolved CFD-DEM and unresolved
CFD-DEM through a size effect study in order to improve the accuracy of simulations

in cutting transport efficiency can be considered in future work.
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