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Abstract

Accurate prediction of the flow behaviour of drduttings carried by a non-Newtonian fluid in an alan
geometry is important for the successful and effitidesign, operation, and optimisation of drillimgerations.
Although it is widely recognised that practicallimg operations hardly involve perfectly sphericaittings, the
relative ease in mathematical description coupleth \8peedy computation are the main reasons for the
prevalence of this simplifying assumption. The fmktSes offered by the modification of the intdrase
exchange coefficient of the Syamlal-O’'Brien modsl wsell as its scarce implementation in literatuseh
motivated the authors to delve into this area séaech as far as the transport phenomena of rwrisal drill
cuttings is concerned. Another aspect of this weals influenced by the need to understand the flpmaohics
around bends (horizontal to inclined and inclineds¢rtical sections) during deviated drilling ogemas using
two high viscosity muds (0.5% CMC and 0.5% CMC + B#ntonite mud). The Eulerian-Eulerian model was
adopted for this study while considering partighericities of 0.5, 0.75 and 1 and diameters 002.t, 0.003

m, 0.004 m, 0.005 m and 0.008 m respectively. It w&scovered that particle deposition intensifiesha
inclined-to-vertical bend compared to other loaagian the flow domain. We also observe increasegedsion
effects and transport velocities of non-spherieatiples compared to particles of a perfectly sjga¢igeometry.
Furthermore, an improvement in the rheological prtps of the drilling mud shows a remarkable iaseein
cuttings transport efficiency especially with theadler particles. However, increased depositionlavfer
particles still poses a challenge to the wellbdesmring process despite this rheological enhanceniére
proposed CFD modelling methodology is thus capableroviding critical insight into the dynamics ofittings
transport, and the resulting computational obs@matare consistent with relevant experimental stigations.

Keywords: Particle sphericity, drag coefficient, annular b&nglume fraction
Highlights

1. Shape of drill cuttings incorporated via the sptigrifactor in the interphase momentum exchange
coefficient of the Syamlal-O’Brien drag model afféwe overall transport properties.

2. Upper bend (inclined-to-vertical) is the most syitde location to cuttings deposition.

Increasing the mud viscosity does not always guaea@asy wellbore cleaning.

4. Sphericity influences the transport velocity ofjar cuttings to a greater extent compared to smalle
sized cuttings.

5. The assumption of perfect sphericity could yieldigh as 11% decrease in pressure drop relatitieesto
actual pressure drop of the irregular particlessiared.

w



1. Introduction

The current status of understanding of the motibbnom-spherical particles during drilling operaohas some
limitations; one of which is related to the obviaimplicity perfectly spherical particles providarpcularly in
modelling. Particles encountered during drilling &ardly spherical; hence, extra parameters aressagy for
increased accuracy as far as their flow descriptod prediction are concerned. Exact mathematical
guantification of the geometry of complex irregusalid particles is difficult; however, the conceptf particle
equivalent diameter and shape factors of diffetgpes (Corey shape factor, roundness and sphériaity
usually employed in several process engineerindicgtions. Despite the existence of these desceptd
particle irregularity such as: Wadell roundness,bkiws and Folk roundness, Power’'s roundness, Wadell
sphericity, Krumberin sphericity, Sneed and folkesicity and Riley sphericity the Wadell sphericity is the
most widely implemented single measure of partsitiape characterisation. This is undoubtedly asualtref its
ease of implementation with existing drag modetssfiherical particles.

Comer and Kleinstreugmreported specifically that the assumption of aesjghl shape could result in the
underestimation of the drag coefficient by 30% $ome spheroids. This discrepancy could widen wihen t
particle’s orientation with respect to the bulkidlunotion plays an important role due to irregules in particle
shape. Just as most research endeavours on thennebtsolid particles in a fluid consider mainlyhspical
particles®***®most investigations accounting for particle sptigriare concerned with Stokes flow at low particle
Reynolds number®'° Adjustments of the drag coefficient for higher Relgls numbers significantly depend on
empirical data and sometimes the particle oriematThe dominating and crucial role of the dragcéoin
determining particle behaviour in a fluid is theigaale behind several modifications of the dragfficent

compared to other forces acting on a particle ngpinra fluid.

It is also important to note that most of the stgdin literature that account for the impact oftigke shape on
fluid-solid multiphase flows have been carried éut single-particle flow or multi-particle flow stgms in
fluidised bed applications; during which the carflaid is mostly a gas or a Newtonian flaid*>**! Very little
attention has been paid to oil and gas drillingteesys. However, the works of Akhshik et*alyilmaz®, Al-
Kayeim et af®, and Mohammadzadeh et*aladdress to different extents the impact of sphgricsing Finite
Volume Analysis of the governing equations. Akhséilkal™ evaluated the fluid-particle flow patterns, paetic
velocity and concentration profiles for non-sphariparticles using a coupled CFD/DEM model and aisced
that particle sphericity plays a major role in dhksolid interaction. YilmaZ used the Discrete Phase Model
(DPM) with the Rosin-Rammler size distribution tady the moving bed velocity of particles with deficity of
0.1. By using particles of three different spheiési and the Eulerian-Eulerian model, Al-Kayeim aét *
observed a slight improvement in cleaning perforcearas the sphericity increased. In the work of
Mohammadzadeh et #|.the Particle Transport Ratio (PTR) was analysed function of the viscosfier content
of a drilling fluid using spherical and non-sphatiparticles. Their implementation the EE modelduted a
significant influence of the sphericity on the PT&eligueta et &’ presented a novel FEM-DEM method for
studying non-spherical cuttings transport in a MNawtonian fluid with successful description of jce
behaviour.

Our previous wor¥ considered turbulence modulation by cuttings tfedént sizes during drilling operations but
however, neglected flow complexities that arise thuthe shape of the particles. It is expected tihatparticle
shape will have substantial effects on the turulandulation and dispersion characteristics as agllthe
particle-fluid interactions. Considering this liltiton, and the scarceness of published literaturietwaddress
this challenge, we aim to incorporate the effectpafticle shape into the modelling equations bylights
modification on the exchange coefficient in the 18la-O'Brien (SO) model. Furthermore, we analysédso
liquid flow in a fairly different geometry compardd what has been previously applied using two sypé
drilling mud. Such geometry (Figure 1) consideredehis often realisable in extended-reach and teliaell
drilling. We aim not only to provide some insighto the dynamics of the transport process butalgpesent a
modification strategy which could be extended faptaring more advanced phenomena such as turbulence



2. M ethodology
2.1 CFD model description

The Eulerian-Eulerian (EE) multiphase flow modelsatébes the behaviour of multiple, separate and yet
interacting phase¥.Unlike the computationally expensive LagrangianeBian (LE) model in which statistically
computed patrticle trajectories are evaluated flarge number of particles, the EE model evaludiesparticle
concentration across the entire flow field whilensidering the particle fluxes with significantly dreced
computational cost. The occurrence of particle win-uniform size and shape distribution (whichdsounted
for in the LE model) is almost inevitable in mostlistrial applications and this could be a limitfagtor of the
EE model, except additional transport equationst{naity and momentum balance equations) are iraratpd
and solved for each size and shape. The interabttmeen phases is handled by pressure and inserphass
and momentum exchange coefficients; these coefficiare key parameters of the EE model and deterthim
peculiarities of the floW. Furthermore, their description and formulatiomgiples depend on the type of phases
present (solid, liquid or gas) i.e. fluid-fluid,lsbsolid or fluid-solid exchange coefficients.

2.2 Drag Modification

It has been proven that the shape of a particbegly influences the drag force experienced bypiudicle and
its terminal velocity during flow; thus, improveld¥ prediction can be attained by better shaperigssm of the
particled®. Accounting for the particle sphericity is usualigne in two ways: first, is the modification o&thrag
coefficient according to experimental findings ifer a specific shape, the drag coefficient carfdasd as a
function of the Reynolds number in a similar waytlhe expressions for perfectly spherical particlHss is
however cumbersome, considering the large rang®sdible shapes particles could take in practipatations.
Second, is the use of size and shape factors wilblesan equivalent spherical partitldn a bid to implement
the second method, we have modified the Syamlale@lbmodel by re-defining the exchange coefficienthe
expression (Eq. 4). Several published wirks'® reveal comparable performance between the Gidaspodel
and the Syamlal-Obrien model; however, the reladiase of implementation of this slight modificati@y. 11)
in the exchange coefficient compared to that ofaSmw influenced our choice of the SO drag model.
Essentially, the need for a switch/blending functio ensure a smooth transition between conditidrisgh and
low particle concentration is not necessary whanguthe SO model. This absence of the switch foncin the
SO model, makes the application of the shape nuadiifin factor relatively straight forward (Secti2:2).

2.3 Mathematical formulation

2.3.1 Continuity
The volume fraction of each phase is calculatedhfiloe continuity equation:

1{0 (1)

n
- (a (asps) +V- (aspsﬁs) = Z(mls - msl))
Prs =

2.3.2 Fluid-Solid momentum equation
a - - - (2)
a(aspsvs) +V- (aspsvsvs)
N
=—asVp—Vps+ V- %q + aspsg + Z(Kls(ﬁl - 1_])s) + mlsﬁls - mslﬁsl) + (K + Flift,s

=1
+ va,s + Ftd,s)

Wherei is the velocity of the solid phasg, is the velocity of the liquid phase, is the volume fraction of the
solid phaseps is the density of the solid phage,is the liquid phase density;; andmyg; characterise the mass
transfer between solid and liquid phases respdgtivig; and v; are the interphase velocitieg, is the



acceleration due to gravity, is the phase reference densilyjs an external body forc@lm’s is the lift force,

F,m,s is the virtual mass force aif¢l, ¢ is the turbulent dispersion force (applicablewdulent flows only). The
equation for the force terms are detailed in theel theory manual. Depending on the prevalent flow regime

and transport phenomena, some terms (such asrthdemt dispersion forceﬁtd_s and mass transfer termg;
andrg;) of the Eq. 2 become redundant. Thus, the equatoomes:

a - - > (3)
a (aspsvs) +V- (aspsvsvs)

N

=—-aVp—-Vps+ V- %q + aspsg + Z(Kls(ﬁl - 1_])s)) + (Fs + Flift,s + va,s)
=1

2.3.3 Fluid-Solid exchange coefficient
In the SO mode'? the fluid-solid exchange coefficient is defined as

_ 3asaip c % 15, — B, (4)
sl 4V7g,sds D S l

TS

Several models exist for determining the fluid-daliterphase exchange coefficient: they includeGiaaspow,
Di-Felice, Gibilaro, Syamlal-O’'Brien, Wen-Yu, ErgurMa-Ahmadi, and others. However, the extent of
application of these models depends majorly orvéiecity of flow and the degree of granular phaaeking®
The drag function (6) in Eq. 4 has a form derived by Dalla VaifeReis the particle Reynolds number,

% ()
4.8
Cp=1063+

\ Re;

vT,S
pldslﬁs B 1_7)l| (6)

Re, =722 _—
H

V;sis the terminal velocity correlation for the safilase ang; the viscosity of the liquid phase.

v = 0.5 (A4 — 0.06Re +/(0.06Re,)? + 0.12Re, (2B — A) + A?) )
Where
A= g1t (8)
and
B = 0.8a,*%8 for a; < 0.85 and B = 0.82,%%° for a; > 0.85 9

a; is the liquid phase volume fraction.

2.3.4 Patrticle sphericity

Although the particle diameter appears also indifnition of the Reynolds Number, in the SO mog&. 6),
the sphericity coefficient is implemented only imetequation describing the interphase momentumagggh
coefficient. A similar modification strategy wasagded for the Gidaspow model in the work of Sohiék is
worth mentioning that the drag coefficient is oftyind in the Wen-Yu formula of the Gidaspow md&4ehis
suggests that its significance is restricted totdibranular flow (i.e. at low particle concentpati so that there is



free movement in the liquid phase). Conversely,BEhgun equation of the Gidaspow model is appligddnse
particle flows. It can thus be inferred that a &ethodification strategy for the SO model, espécidilie to the
prevalence of dense granular flow in our applicgtis to introduce the sphericity directly into thechange
coefficient rather than the drag coefficient. Aduially, several experimental measurements of doafficient
for a wide range of particle shapes exist, butreetional relationship of this coefficient in terrobthe Reynolds
number, particle orientation and geometry is vearee. This further substantiates our approachaufrporating
the shape descriptor into the interphase exchamgfficdents (Eq. 11).

I(sl =nKg (10)
Where
sl — 4177?,51[)615 D vr,s Vs Uy

1 12
N (12)

Y
Ag (13)

v=a,

a

Wheren is the drag modification factay; is the particle sphericity (the ratio betweensheface area of a sphere
with the same volume as the particldg and the surface area of the actual partich); ds is the volume
equivalent diameter (diameter of a sphere haviegstime volume as the non-spherical particle). Wasth
emphasizing that the sphericity coefficients areleh@onstants selected during computations andkperinents
have been performed to determine the values fdc cattings. Experimental determination of cuttingmsport
phenomena which measure the sphericity of the catings are rare; this scarcity in data can béypattributed
to the difficulties of surface area measuremeritrefjular particles. It has been argued that th#iegtion of the
sphericity coefficient is more suitable for pamislwhose sphericity coefficient approach uflignd that the
accuracy of sphericity-based correlations reduckenacomplex shapes with high aspect ratios and havy
sphericities are modell&d However, recent improved applications of the DEMP coupled technique have
shown remarkable predictions of pressure drop uidiied bed$. This recommendation and the continuous
phase assumption of the discrete phase in thei&wEulerian (EE) model constitute the rationalediooosing
particle sphericities shown in Table 1. The appiicaof this model provides some fundamental insigto the
modifications non-spherical particles add to tlmsvfexplained subsequently in the result section.

2.3.5 Closures

Not only the fundamental the mass and momentumnbala&quations are solved; mathematical descriptions
(closure models) of specific flow properties anfdefs, such as the granular temperature and vigessiids and
frictional pressure have to be accounted for.

2.3.5.1 Granular viscosity — Syamlal et4al.

B = e ey |15 0ssas(l + es9)(Bess = 1)
2.3.5.2 Granular bulk viscosity — Lun efl.
1/2 as)

4, 05
As = 3% Psdsgo,ss(1 + ess) [?]



2.3.5.3 Frictional Viscosity — Schaeffér

Asides gravity and drag force, frictional force weé&n particles could significantly affect partitlehaviour at
high particle volume fractions.

_ bssing (16)

Us fr = ﬁ

Wherepjs is the solids pressure, is the angle of internal friction arig}, is the second invariant of the deviatoric
stress tensor.

2.3.5.4 Frictional Pressure — Johnson and Jaékson

(as - as,min)n (17)

Pfriction =Fr
(as,max - as)p

Where coefficienEr = 0.05,n=2 andp =5
2.3.5.5 Solids Pressure — Lun et al.23

Ps = aspsOs + 2ps(1 + ess)aé go s50s (18)

Whereeg; is the coefficient of restitution for particle tsions; g, ss is the radial distribution function ar@} is
the granular temperature

2.3.5.6 Radial Distribution — Lun et 4.

1
o 3
Joss = |1—
s max

2.3.5.7 Granular temperature transport equatiaetabic formulation)

7 (19

_ 0= (—P51=+ ‘?s): Vi — Yos + bis (20)
(—p57+ ?S): Vi is the generation of energy by the solid stressdgy,, is the collisional dissipation of energy
andg,, is the energy exchange between the fluid and pblades.

2.3.5.8 Collisional dissipation of energy — Lurak®

v = 12(1 - eszs)go,ss
ps dsv

(21)
Ps as 053/2

2.4 Modelling assumptions and boundary conditions

e Particles and the conveying medium (non-Newtoniaid¥ are regarded continuous.

*  No-slip condition between continuous phases anavliks (drillpipe and wellbore).

« Particles are represented by mono-sized non-splheaitd spherical geometries; the shape factor is no
included in the lift coefficient and non-spherigalrticle orientation is not considered.

« There is no change in shape or mass due to paptictecle interactions.

» Restitution coefficients determine the friction weéen particles and pipeline walls (a value of G9 i
adopted).

e Annular walls are assumed to be smooth (no roughfiaesor is incorporated).

* Afluid velocity inlet (shown in Table 1) and atnpdeeric pressure outlet.



«  Particle inlet velocity of 0.5 mi'sis adopted.

2.5 Simulation strategy

In order to determine how strongly the simulationd®l changes with a change in the interphase mament
exchange coefficient (a function of particle sptigy), RANS equations were numerically solved uding finite
volume formulation. The Semi-Implicit Method ford3sure Linked Equations (SIMPLE) was adopted as the
pressure-velocity coupling scheme. Spatial distatitn of all equations was carried out using theadpatic
Upstream Interpolation for Convective KinematicsJ{QK) method. In order to avoid divergence of nuiter
solution and non-physical flow patterns, convergeatthe unsteady particle-fluid calculations isfimned by
negligible values (1t) at each time step of the global mass and momeirralances in the computational
domain. A time step of 50* was used for the transient simulations (secondrdrdplicit) which were run for a
total period of 5 seconds in each test case. Cgenee was attained in less than 10 iterations i &eme step.
The difference between the averaged flow propemieshis time and successive time steps was nbigigi
(statistically steady-state condition). Computagionere carried out on the University's high perfanoe
computing facility (Eddie mark 3 — Scientific LinakOperating System) with 32 cores (2.4GHz Intel@¥n®
CPU processor) and 64GB of RAM.

2.6 Fluid rheology, flow geometry and meshing

The properties of the drilling fluids (1 and 2) dda this study were adapted from the work of Ablayl and
Ghannarff; their performances (transport efficiencies) weoenparatively analysed using the power law (0.5%
Carboxymethyl cellulose — CMC) and Herschel-Bulklmodels (0.5% CMC + 4% Bentonite) for their
rheological description. More simulation parametees given in Table 1. A description of the flonogeetry and
the meshing style and associated properties is rsliowFigure 1. A mesh independence study revediad t
665,600 elements were sufficient to obtain accuedalts.

Table 1. Simulation input paramete

DrillingMud 1 DrillingMud 2
Geometry
Drill pipe diamete, dpipe (M) 0.11: 0.11:
Wellbore diamete, dyp, (M) 0.18( 0.18(
Computational leng, L (m) 2.34( 2.34(
Particle properties
Cuttings diamet, ds (m) 0.002,0.003, 0.0040.005 ant  0.002, 0.003, 0.004, 0.005 ¢

0.008 0.008

Cuttings densi, p (kg.nm™) 280( 280(
Sphericity, 0.50, 0.75, 1.C 0.50, 0.75, 1.C
Fluid properties
Compositiol 0.5% CMC Solutio 0.5% CMC + 4% Bentoni
Density, p; (kg.nm®) 100¢ 103(
Yield stres, 7o (Pa 0 46.5
Consistency indexK (Pa.!") 0.523¢ 0.648:
Flow behaviour indexn 0.6C 0.7
Drilling variables
Fluid circulation velocit, v, (m.<%) 0.€ 0.€
Cuttings inlet velocit, v (m.s™) 0.t 0.t
Drill pipe rotatior, Q (rpm) 10C 10C
Hole eccentricit, € 0.€ 0.€




Table 2 shows the properties of the significaniffecent mesh resolutions tested. In the deschiptid mesh
divisions ‘E by R’, ‘E’ represents the number ofjeddivision around the circular outer and innetisas of the
annulus, and ‘R’ represents the radial face diwisiof the circular section. Our choice of mesh usdtis study
was strongly influenced by the quality (Table 2@ ahe nature of results obtained as shown in Figuré/e
observe that upon successive refinements, thetsgaaduced by the finest resolution mesh (‘70by30'sed as
base case for pressure drop comparisons) diffegnifisantly from the results of the ‘80by20’ meskhich we
deem the most appropriate. It can also be obsénvEdble 2 that the average wall clock time formimg a single
simulation varies considerably with the mesh resmhs. By changing the resolution from ‘70by20"8®by20’,
the run time is almost doubled; however, the higlleawness factor and lower orthogonality make thésh
(“70by20") less preferred.

Table 2. Mesh resolutions and properties

Mesh Total No. of No. of Min.  Max. Max. Min. Max. AWT (hr)
Divisions Faces | Nodes Elements 6 S AR Face Size Face Size
(ExR)
50by10 500 143,550 130,000 036 079 9.01 0.0003 0.03 1.41

60by20 1200 393,120 373,200 0.71 050 15.31 0.0003 0.03 60 3.
70by20 1400 536,550 509,600 047 0.70 13.03 0.0003 0.03 52 4.
80by20 1600 700,560 665,600 072 049 1142 0.00030.03 8.17

70by30 2100 792,050 764,400 042 0.70 19.61 0.0003 0.03 .6610

AWT — Average wall clock time for 2 simulation®02 m and 0.008 m in the grid independence stédyDrthogonalityc —
SkewnessAR — Aspect ratio.

Mesh Type: Hexahedral
Drill pipe Edge divisions: 80
Radial face divisions: 20
Number of elements: 665,600
Number of nodes: 700,560
Maximum skewness: 0.485
Minimum Orthogonality: 0.725
Maximum Aspect Ratio: 11.415

V1 N Wellbore

0.5m

Bend 1° “ s

dyy,=0.180m
d;.=0.113m

pipe

H3=05m —
0.000 0.450 0.900 (m)

0.225 0.675

Figure 1. Annular flow geometry



Figure 2 (our grid independence study) indicates tinor quantitative differences exist among tis¢irtct mesh
sizes applied: nevertheless, it is emphasizedathatesh resolutions (very coarse to very fine)duseall CFD
simulations therein are in clear agreement, wittilar particle deposition patterns at the bottonthef annulus.

Although no experimental data on flow through te®metry considered here with particle shape coratioas
exist, we apply similar principles of the CFD modelelopment adopted here for validation purposessing
experimental data. We observe fairly good perforreaaf our model with the data shown in Figure 3islt
observed that the cuttings concentration at thhasgcirculation rate was fairly difficult to pretlithis could be
attributed to the onset of turbulence thus creatiogiplex particle-fluid interactions, experimentaicertainty
which was not reported and missing data on theesbéparticles. However, there is also a quantigatiriterion
for the minimum mesh control volume on which théuwmee averaged Eulerian-Eulerian continuum equatéwas
valid for the solid phas&:*>** Satisfying this condition for the range of volurnactions obtained in all mesh
elements is cumbersome when realistic particlessimg high eccentricities (similar to actual drilicampaigns)
are considered: this is an inherent limitationha tontinuum assumption employed for large padjcdthough
convergence is always achieved. The applicatiorLagrangian—Eulerian models (specifically, Macroscop
Particle Models/MPM) tailored towards a more actaeidgescription of large particles (bigger thanragld mesh
element in the lower annular section) can furtlediuce the prediction error, but at a higher comjmutal cost.

~ ~ 8 T
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------- 50by10 -----60by20 - --70Dby20 weeees 50 by 10 -=---60 by 20 - = =70 by 20
--= 80by20 ——70by30 --- 80by20 ——70 by 30
27000 -
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Figure 3. Validation of CFD model against experimental data

3. Results and Discussion

The computed time and volume averages of the par@locities, volume fraction and overall pressdrep in
the entire flow domain for a 5-second run time presented and discussed. Results obtained usingvthe
drilling fluids reveal considerable differencesrireological performance for the transport of cugisirof all sizes
considered.
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Figure 4. Skewed particle deposition in the annulus witletating drillpipe at 100 rpm for two different ditig
fluid and comparison with Akshik et®3l A reduction in skewness is observed by usingstte®nd drilling fluid
with superior rheological properties (b and d).
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Before presenting the main results, it is importandemonstrate the concept of skewness in depogiatterns
which is a vital finding of this work. As seen inghHre 4, cuttings deposition on either sides of itb&ting
drillpipe differ significantly. This depends on thillpipe rotation and other factors which are sedpuently
explained. This phenomena was also observed byilakthal®® using the Discrete Element Method (DEM)
coupled with CFD.

3.1 Cuttings velocity, volume fraction and pressinap profiles using drill mud — 1

Figure 5 illustrates the behaviours of particleslifferent sphericities when transported with thg @t.% CMC
drilling fluid. It is observed that non-sphericarficles (of all diameters considered) remain lorigethe bulk
flow and travel faster than perfectly sphericaltichgs before settling at the base of the annukigufes 5a and
5d). This finding agrees with experimental obséorat of Byrori® and numerical investigations of YilmazThe
secondary motion (oscillatory and tumbling) exhetitoy non-spherical particles when transported biyid
tends to reduce the settling velocity comparedgtwescal particles® This increased settling velocity of perfectly
spherical particles in the partially inclined gedmeonsidered here is the most probable reasothéoincreased
deposition as shown in Figure 5d. The studies siebd® and Njobuenwu and Fairweatffefurther pointed out
that non-spherical particles experience a highgpatsion effect compared to spherical particlestdube action
of lift forces; this dispersion effect usually aitt& transport process. Irregular particles gehehave a higher
drag coefficient than regular particles; Yow ef'aleported that this increased drag coefficient eleses the
response time in the fluid, thus enabling bettspoase to velocity fluctuations as shown in Figl@. Thus,
spherical particles whose primary motion is to tolvards or against the principal axial flow difentin a
cuttings bed could in combination with their setflibehaviour, pose greater resistance to flow coeapto the
frictional resistance of irregular particles (dodrtcreased interparticle and particle-wall contaei).
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Figure 5. Profiles of volume-averaged and time-averaged raydtivelocity magnitude, tangential velocity,
pressure drop and volume fraction for sphericitie8.5, 0.75 and 1.0 respectively using drillingdnul.
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It is also observed in Figure 5a that drill cutingith 0.002 m diameter travel faster in the ansthan the larger
cuttings (> 0.002 m) with higher inertia. Howevarstronger tangential motion is noticed with thrgda particles
(Figure 5c). Also depicted in Figure 5c is the hébar of different particle shapes with respectiteir tangential
velocities. It is observed that spherical particiéls more readily respond to the tangential motafrthe rotating
drillpipe compared to non-spherical particles whigkhibit a more chaotic flow behaviour. Particleghw
sphericity of 0.5 yield the lowest tangential vétgclt is important to differentiate the inheresgcillatory motion
of non-spherical particles from their tangentialtimo due to drillpipe rotation. While this oscikkay motion is
usually about the particles’ axis, it may be indejent of the principal axis of the rotating dripi We infer that
the combined effects of oscillatory and tangentmtion yield the increased dispersion of the ndmesigal
particles in the flow domain earlier pointed out.

Anisotropic stress distribution produced by nonesjdal particles, increased velocity due to secondaotion,
higher particle-fluid interactions coupled with thecreased drag and frictional forces are the nposbable
reasons for the increased pressure drop observbedttvé non-spherical particles compared to thospeofect
sphericity (Figure 5b). As observed, these effauteease in magnitude with an increase in partichneter and
reduced sphericity. The impact of particle shapeeaps to be more significant on the transport vlaxf the
largest particles (0.008 m) relative to the smalknticles (Figure 5a). We further observe thatpfarticles ofy =
0.5, the assumption of absolute sphericity< 1) could yield a decrease of 11%, 10%, 6%, 7% 4%t in
pressure drop for the 0.002 m, 0.003 m, 0.004 ®OP.M and 0.008 m particles respectively (Figurg 5b
Similarly, approximately 5% decrease in cuttingsumee fraction ensues between perfectly sphericeighes
and particles of 0.5 sphericity for all particleandlieters (Figure 5d). These numerical differencesige some
insight into the disparities that could arise witbe results of CFD simulations with a perfectly eptal
assumption for the cuttings are applied to the giesif practical drilling operations, which usuallyolve
cuttings of varying sphericities and a non-unif@ize distribution.

3.2 Contour plots of volume fraction using drillingud — 1

Increased particle deposition is generally obseraedhe inclined-to-vertical (upper bend) of thenans
compared to other regions. This deposition is alsgerved in the inclined section of the annulué e 0.002
m particles displaying a more even deposition pat{€igures 6a-c). The skewed deposition pattefthe
larger particles (> 0.002 m) further explain th@sger impact of drillpipe rotation on the largericles as seen
in Figures 6d-o. This skewness is particularly cediin the inclined and horizontal sections ofdahaulus and its
effect increases with the particle diameter). Tétany drillpipe motion has been shown to sway phkadiin the
direction of rotatiof; thus yielding the skewed deposition observed tithlarger particles (Figures 6d-0).

This phenomena is further reflected in the reldyiveniform particle concentrations (Figures 6j-a) the
horizontal and inclined sections compared to thging particle distribution (yellow patches) obsedwvith the
smaller particles (< 0.005 m) (Figures 6a-I). Hommwthe impact of gravity as noticed in the vettisaction
(Figures 6j-0) is stronger because of the relafivedavier particles involved. Conversely, the eattisection
(Figures 6a-l) is observed to be more uniform intipi@ distribution (and more densely concentratesifice
lighter particles experience an apparent redudtigravitational resistance in the carrier fluid.
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Figure 6. Contour plots (at 5 seconds) showing the impagaaticle diameter and sphericity on the volume
fraction in the annulus using drilling mud — 1.

3.3 Cuttings velocity, volume fraction and pressinap profiles using drill mud — 2

Very similar flow property trends were observedhatite first case (drill mud — 1). However, it cam deen that
cuttings travel at a slightly higher velocity witte rheological improvement of the drill mud (Figsirba and 7a).
This viscosity improvement coupled with the incehsransport velocity yield a corresponding highegssure
drop for all particle diameters (Figures 5b and. Aditionally, Figure 7c shows slightly reducedttings
tangential velocities compared to Figure 5¢ (usirglower quality drilling mud). This implies théte improved
drilling mud basically reduces the cuttings tan@gdninotion by enhancing the transport of cuttingsthe
principal bulk flow direction. A major differenceetween the performances of both fluids is reflkdte the
cuttings volume fraction (particle concentratiompfpes as shown in Figure 7d. Unlike the firstlidrg mud
which showed a higher volume-averaged particle eomation for the 0.008 m particles compared thtrgs of
smaller diameters, drilling mud — 2 reveals a nattiferent phenomena. Is it important to mentibittthe
volume averaged cuttings concentration (Figurectaisiders both the suspended and deposited cuttinhe
averaging procedure throughout the flow domains thunore descriptive indication of transport phesoanmay
be obtained from the contour plots (Figure 8). Aiddally, the actual mean volume fraction and harge with
sphericity observed here is much lower than thateoked with the first drilling mud. Compared to th#
reduction earlier noticed with all particle diamstéFigure 5d), the change in volume fraction herkess than
0.7% for all particle diameters (Figure 7d).
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Figure 7. Profiles of volume-averaged and time-averaged dfings velocity magnitude, tangential velocity,
pressure drop and volume fraction for sphericitie8.5, 0.75 and 1.0 respectively using drillingdnu?2.

The reverse volume fraction profile observed witle 0.008 m particles (Figure 7d) indicates thattitrhal
resistance of non-spherical particles plays a datimg role in the transport process compared to(tiseally
higher) settling velocities of spherical particlekwever, the bulk velocity profile (Figure 7a)ritained for the
0.008 m particles. This phenomena is attributethéareduced cross sectional area (due to incresegaabition of
the non-spherical particles) which yields an inseshaveraged velocity.The slip velocity profile observed for
the 0.008 m particles also further reflects the-oconformity observed in Figure 7d; this, we atttidio the
alternating dominance of frictional and drag forahging transport. Considering the significant imipaf
cuttings diameter on the flow phenomena, it is iwettile to investigate (in future work), the naturfeparticle
deposition that ensues when a non-uniform sizeildigton of cuttings is applied.

3.4 Contour plots of volume fraction using drillingud — 2

Figure 8(a-c) show a uniform distribution of thdtmgs (0.002 m) around the annulus with only dlidlposition
at the base of the flow domain; improved transfatticularly withy = 0.5 andy = 0.75 — Figures 8j-k) is also
noticed for the 0.005 m cuttings. This is due te thcreased carrying capacity of the superioridglimud.
However, with 0.008 m particles, increased parti#position occurs (Figures 8d-f). This depositpears to
be more significant compared to results obtaindtl tie first drilling mud (Figures 6d-f); thus irditing that an
increase in the mud viscosity does not always gueesimproved transport of drill cuttings. Cuttirdggposition
close to the drill bit is particularly increasediglites 8m-0) compared to the first case (FiguresobhnmAn
explanation of the observed phenomena could beatkfrom the increased resistance the highly visdud
poses to the rotary drillpipe motion; which inducasreduction in penetration rate (ROP) in induktria
applications; CFD studies are hence paramountetadficate rheological design of drilling muds iy ractical
operation.
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Figure 8. Contour plots (at 5 seconds) showing the impagaaticle diameter and sphericity on the volume
fraction in the annulus using drilling mud — 2.

We also observe that for particleswf 0.5, the assumption of absolute spheriajty=(1) yields a decrease of
1%, 3.5%, 3.5%, 4.4% and 5% in pressure drop ®0tB02 m, 0.003 m, 0.004 m, 0.005 m and 0.008ntic|es
respectively (Figure 7b).These are generally lothan the reductions observed with the first dglimud; thus
implying that the complexities of particle shapea d&e mitigated by a high quality drilling mud. Th&nor
differences in volume fraction (Figure 7d) earkeaplained also substantiate this deduction. Coetptr Figure
6, we observe that the skewness in cuttings deposi significantly decreased by using a supettiiling mud.
These deposition patterns generally observed areomy determined by drillpipe rotation and gratidaal
forces, but also the eccentric geometry of the lsnd his narrower lower area of the annulus cassesre flow
restrictions for the cuttings and hence accumutatio

It is also generally observed in Figures 6 and&, tthree separate regions exist in the annulusidered: the
region of intense cuttings deposition (red), regiohmild cuttings concentration (yellow), and @ with very
low concentration of the cuttings (light green/hlu&/e liken these regions to the stationary bedvingpbed and
heterogeneous suspension experimentally obserie iwork of Doron and Barnéa.
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3.5 Particle slip velocities and streamlines

The time and volume averaged slip velocities ofgitmall and large particles of different spherisitege shown in
Figure 9. It is illustrated that larger particles/b a higher slip velocities compared to the smpbeticles.
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Figure 10. Streamlines of particle velocity (at 5 seconds)dib diameters and a sphericity of 0.5 using ithgll—

mud 1 and 2.

Epelle and Gerogiorgiattributed this effect to the higher spreading tewies of smaller particles and the
ability of smaller-sized particles to readily foldrespond to the motion of the fluid. The relativeinooth and
spherical particles would have less contact timéhwhe fluid than non-spherical particles duringwfl
interactions; thus yielding higher slip velociti€Sonversely, the secondary motion exhibited by saimerical
particles enables increased patrticle-fluid inteoagthence the lower slip velocities encounteredyfes 9a and
b). With the second drilling mud (of higher visdgsi the slip velocities of the larger particlesebved are much
lower (by an order of magnitude) compared to theeloviscosity mud; thus demonstrating its supecemrying

capacity.
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The particle streamlines shown in Figure 10 (aliéate that the impact of drill pipe rotation aariicle motion
in the vertical section of the annulus is much loe@mpared to the inclined and horizontal secti@spectively.
This effect was noticed for all particle spherig#ticonsidered. Furthermore, this reduced impadaridpipe
rotation due to the transition in the annular gewyneoupled with the eccentric configuration ofviloare the
major reasons for increased particle depositioicaedtaround the bend (inclined-to-vertical) compatie other
areas in the annulus. It is also observed (Fig0jettat the rotary motion of cuttings induced bg thrillpipe is
stronger in the in the CMC fluid (Figures 10a-cnpared to the streamlines of cuttings velocity, mviiee
superior drilling mud is used (Figures 10f-j). Thiigther demonstrates the increased axial bulkstrarn of
cuttings the superior drilling mud provides.

4. Conclusions

It is evident from this study that flow charactéds present in practical applications are différeat however
share some similarities with a single-particle flowa fluid. The presence of other interacting iphet and
bounding walls (stationary and rotating) in thewfldomain are the main sources of increased conipleRiy
implementing the Eulerian-Eulerian model, we hagerbable to determine the flow peculiarities nonesizal
cuttings add to the transport phenomena in an anrfldw geometry. This was specifically achieved by
incorporating the particle sphericity into the npigase exchange coefficient of the Syamlal-O’'Bdesg model.
The following conclusions can be drawn from theasbations made in this study:

e Compared to other regions in the flow domain, thelined-to-vertical (upper) bend is the most
susceptible location to particle deposition. Thembimed effects of annular eccentricity and graidtal
resistance are the main reasons for this obsernvatio

* Non-spherical particles generally experience irgedadispersion and travel faster than perfectly
spherical particles in the annulus. We attributes thbservation to the secondary motion usually
experienced by non-spherical particles.

» As far as the cuttings transport velocity is coneél; the impact of particle sphericity is more #gigant
with the larger (0.008 m) particles compared tosimaller-sized particles (0.002 m - 0.005 m).

Drillpipe rotation has a more pronounced impactlamngyer particles, especially in the horizontal and
inclined regions of the annulus. An increased slessnin the deposition pattern occurs with larger
particles compared to those of a smaller size.

Drill cuttings assume a near-rectilinear motionthe vertical annular sections compared to the rathe
chaotic motion observed in other sections of theurs.

With the application of drilling mud — 1, the assution of a perfectly spherical particle geometpy=

1.0 in place ofy = 0.5) could lead to a decrease of 11%, 10%, &%aid 4% in the actual pressure drop
for 0.002 m, 0.003 m, 0.004 m, 0.005 m and 0.008articles respectively. These differences are much
lower when using the second drilling fluid of superrheology. Reliable predictions of cuttings
deposition, re-suspension, dispersion and cadtér pumping requirements thus depend on the partic
shape especially when the project’s economics ainghe choice of drilling mud.

Sectional analysis of cuttings deposition alonges@vplanes in the annulus provided better vaitshit
cuttings concentration as a function of particleesjrity compared to the volume average analysis.
Viscosity improvement (by the addition of 4 wt.%rBenite) to the basic drilling mud (0.5 wt.% CMC)
increases the cuttings transport efficiency paldity with smaller-sized particles. This increasenpt
always guaranteed when larger particles are tratexpdue to increased particle deposition (beydiad t
noticed with a less viscous mud). Thus, the apptinaof optimisation techniques for CFD/fluid
rheological design particularly considering the ptew particle deposition tendencies is an area that
deserves more attention.

Experimental investigations of drill cuttings traost phenomena that consider the effect of parstiape are
extremely scarce; this influenced our relativelyaigthtforward implementation of the sphericity dasént.

Incorporating the effects of the particle aspetibréncidence angle and orientation in the drag ifihforces is a
more sophisticated modification of the Euleriandfisln multiphase flow model and constitutes an arkare
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future efforts should be targeted; such efforts ldkdne motivated by the availability of experimendala. It will
be also worthwhile to evaluate the improvement ipegimental data prediction by including these axtr
parameters (asides the sphericity and volume elguitvdiameter used in this work). Due to the mdittations
discussed, we aim to explore adaptive mesh proesduhich refine cell sizes based on the local imateous
solid volume fraction in the entire computationalhin. With this technique, a limit can be enforaedthe
spatial grid sizes, towards ensuring the validitghe Eulerian continuum assumptions on the sdfidse. The
application of the sphericity coefficient in thel&ian multiphase model in this paper has succhgsfhown
that flow dynamics of perfectly spherical partictiifer considerably from those of non-sphericattioes with
an equivalent volume diameter and density; the tification of this disparity is of definite indust importance.

Nomenclature and Acronyms

Latin letters

AB,c,d Coefficients of the Syamlal-O'Brien drag |zp Second variant of the deviatoric stress (-)

mod_el ) _ I Unit tensor (-)
G Cuttings concentraﬂorg);hreshold Ksi Interphase momentum exchange coefficient (-
Ac Particle surface area
(A:s gurface af;ea of \(/f;lume equivalent spher§ (m ¥, Modified interphase exchange coefficient (-)
D rag coetficient (- K Consistency index (Pd)s
CMC  Carboxymethyl cellulose solution g Mass transfer from phasdo phasé (kg.s?)
ds Volume eqw(v;ilent particle diameter (m) s Mass transfer from phaséo phases (kg.s")
e Eccentricity (- n Flow behaviour index (-)
Ess Coefficient of restitution (-) p Pressure (Pa)
Er,n,p Cpnstants in the frictional pressure equation Ds Solids pressure (Pa)
Firs  Lift force (N) ROP Rate of Penetration (ft.fy
=8 External body force (N) Re Particle Reynolds number (-)
Fuws Wall lubrication force (N) S \S(ioelljécgtig ((N) )
= . . To .
Ed's T.urbulent dispersion force (N) Unn Mean flow velocity (m.2)
Fures Lift force (N) T Interphase velocity (M3
Fums Virtual mass force (N) Vs Solid phase velocity (m:$
Fus Turbulent dispersion force (N) Vi Liquid phase vglomty_é(m.ls
g Gravitational acceleration (nf)s Viis (T:erm|nal \?elomfy (.m. ) Y
Qss  Compressibility transition function (-) Vaip  Cuttings slip velocity (m.

Greek letters

Os Solid phase volume fraction (-)

asmax  S0lid volume fraction at maximum packing (-)
asmin  Solid volume fraction after which friction occur3
o Liquid phase volume fraction (-)

Us kin Kinetic viscosity (Pa.s)

Us Frictional viscosity (Pa.s)

As Bulk viscosity (Pa.s)

Aq Primary phase bulk viscosity (Pa.s)
My Fluid viscosity (Pa.s)

Hg Primary phase viscosity (Pa.s)

Os Granular temperature (K)

s Solid phase density (kg
Drs Phase reference density (kg)m
Pq Primary phase density (kgin
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Os

Fluid density (kg.r)

Effective phase density (kg:h

Hole inclination angle (degrees)
Particle sphericity (-)

Dimensionless annular space (-)
Cuttings bed porosity (%)

Offset distance (m)

Angle of internal friction (degrees)
Energy exchange between fluid and solid phasesi{i&}))
Drag modification factor

Fluid phase volume fraction (-)

Solid phase volume fraction (-)

Shear stress (N

Solid phase stress tensor (-)

Shear rate (§

Collisional dissipation of energy (kg:is®)
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