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The relevance of the study is related to the need to form clear ideas about the factors of successful drilling operations and make a number
of generalizations to existing methods for predicting the transport and cleaning of wells with a horizontal section, taking into account the
features and patterns of drilling fluid flow in real drilling modes. The features of the spatial flow of a drilling fluid with solid particles
mixture in the coaxial and eccentric areas of the well were studied; regularities of the developing steady flow of the mixture along the well
were established; recommendations for the practice of applied calculations of the intensification of the cleaning wells process by hydraulic
methods were substantiated. A well with a 12-meter horizontal eccentric section was chosen as the object of study, in which the flow was
carried out under conditions that were really close to the actual drilling parameters. The universal key to understanding the features and
identifying the regularities of the processes considered in the work were the methods of mechanics of inhomogeneous continuums for
viscous homogeneous and heterogeneous mixtures, computational fluid dynamics (CFD) combined with the ideas of a complex physical-
mathematical and numerical study of internal flows of rheologically complex viscous media. It was established that particles could
significantly affect the structure of the averaged and pulsating flow of a droplet liquid, their settling led to the formation of an
inhomogeneous anisotropic flow structure, the calculation of which required modern second-order turbulence models for Reynolds
stresses. It was shown that in the bottom region of the annular space there was a zone with equivalent phase velocities, where the effects
of a decrease in the intensity of molar transfer with an increase in the size of the sediment layer were manifested. Real drilling conditions
were characterized by processes that accompany laminarization and stabilization of the mixture flow along the entire length of the well;
near the boundary of the fixed layer of settled particles, a narrow layer of their suspended state was formed. Moreover, the bringing of
cuttings particles from the reservoir surface, as well as their transition to a suspended state, was mainly determined by convective-
diffusion mechanisms, the intensity of the pulsating small-scale movement of vortices with an anisotropic structure and the presence of
local areas with "moderately high" flow velocities in contact with a curvilinear unstable to small disturbances section surface. The
conditions for the formation of a stagnant zone, in which sedimentation and growth in the size of deposits were intense, were noted. A
technology and algorithm for modeling the process of interaction of two-phase flows with the walls of an eccentric pipe was
recommended for practice, based on demonstrations of CFD capabilities, as well as conclusions on improving the criteria relationships for
determining the minimum drilling fluid flow rates, taking into account the correction of parameters characterizing the rheological features
of the mixture, turbulence intensity, annulus geometry. space and connecting nodes.

AXTyaJIbHOCTb UCCIIEZIOBAHNA CBA3aHA C HEOOXOAMMOCTHI0 (POPMUPOBAHMA ACHBIX NPeJICTABJIEHUI O PaKTOpax yCIeNHOro BhINOJIHEHUA
GypOoBBIX Onepanuili M BHeCeHHsA psAfa O0OGOOIIeHMII B CyLIECTBYIOIUE METOAMKM MPOrHO3a TPAHCIOPTA M OYMCTKU CKBRXUH C
TOPH30HTAJIBHBIM YYaCTKOM C yYeTOM OCOGEHHOCTEl U 3aKOHOMepPHOCTell TedeHHs GypoBOro pacTBopa B peasIbHbIX PEXHIMAaX OypeHHs.
HcceioBaHBl OCOGEHHOCTH NMPOCTPAHCTBEHHOTO TEYeHHA cMecH GypOBOTO pPacTBOpa € TBEPABIMU YaCTHLAMM B KOAKCHATIBHON M
SKCIIEHTPHYHOH 06JIACTAX CKBAXHHBI; YCTAHOBJIEHB! 3aKOHOMEPHOCTH Pa3BHUBAIOIIEroCs yCTAHOBUBILETOCs TeYEHUA CMECH 110 CKBKUHE;
060CHOBaHB! PEKOMEH/AMM B MPAKTHKY MPHUKIAAHBIX PAacyeToB MHTEHCH(HKALMM INPOLEecca OYMCTKU CKBaXKUH TMIPABJIMYECKUMU
MeTofjaMHU. B KkauecTBe OOBeKTa HCCIIEJOBaHWA BHIOpAaHA CKBaXHHA C 12-MeTPOBOH IOPU30OHTAJIBHOM SKCIEHTPUYHOM CeKLuel, B
KOTOpO#1 TeUeHHe OCYIIECTBIIAETCA B YCJIOBHAX, PeasbHO OJIM3KUX K (PaKTHYeCKUM MapaMeTpaM OypeHusA. YHUBEPCAIBHBIM KJIIOUOM K
YACHEHMIO 0COOEHHOCTEH U BBIABJIEHMIO 3aKOHOMEPHOCTel paccMaTpHBaeMBIX B paboTe IIPOLIeCCOB BBICTYNAIOT METOABl MeXaHWKU
HEO/IHOPOJHbIX CIUIONIHBIX CpPell JUlA BA3KMX TOMOT€HHBIX M TeTepOreHHBIX CMeceH, BBIYMCIMTeIbHON ruapoauHamuky (CFD)
oObeIMHEeHHbIe HeMH KOMIUIEKCHOTO (PU3HMKO-MaTeMaTH4ecKoro M YHUCJIeHHOrO KCCJIe[IOBAHMA BHYTPEHHUX TEUEHUI PeosIorHdyecKy
CJIOKHBIX BAI3KMX CpeJl. YCTAaHOBJIEHO, YTO YaCTHIIBI CIIOCOOHBI OKa3bIBaTh CYIECTBEHHOE BJIMAHKME HA CTPYKTYPY OCPEIHEHHOro H
IyJIbCALIOHHOTO TeUeHNs KaresIbHOM XKUAKOCTH, HX OCaX/ieHre MPUBOAUT K GOPMIPOBAHIIO0 HEOJHOPO/JHOI aHU30TPOIIHOI CTPYKTYPBI
TeyeHUsd, UL pacyeTa KOTOPOI TpeOyIoTCsi cOBpeMeHHble MOJeJli TypOyJIeHTHOCTH BTOPOTo HOpsjiKa Ul HampsbkeHUI PefiHosbaca.
TToxazaHo, YTO B JIOHHOH 00JIACTH MEXTPYOHOTO NMPOCTPAHCTBA MMEETCsA 30Ha C SKBUBAJIEHTHBIMU CKOPOCTAMU (a3, rzie MpOsABJIAIOTCSA
3¢ deKTh CHIDKeHNA NHTEHCUBHOCTH MOJIAPHOTO IIepeHoca MPH POCTe Pa3MepoB ILIACTa OTJIOKEHUI. 1A yCI0BUil pealbHOTo GypeHus
XapaKTepHHI TIPOLECCH], CONPOBOXIAIIIYE JaMHHAPH3ALMI0 W CTaOWIM3ALMI0 TeYeHNs CMecH IO BCell JUIMHE CKBaXWHBI, BOJIM3U
TPaHHIIBI HEMIOABIDKHOTO CJIOA OCEBIIMX YaCTUL HabogaeTcs popMIPOBaHHe Y3KOro CJIOA MX B3BEIIEHHOT0 COCTOAHKA. [IpideM IpHHOC
YacTHI] II/JaMa C TOBEPXHOCTH IUIACTA, A TAKXKe HMX Iepexofl BO B3BEIIEHHOe COCTOSIHHE B OCHOBHOM OINpeZesiAeTcss KOHBEKTHBHO-
JGPY3MOHHBIMM  MeXaHU3MaMK, MHTEHCHBHOCTBIO IyJIbCAlIOHHOrO MEJIKOMACITAaOHOTO [BIDKEHMS] BUXpeHl € aHM30TPOMHON
CTPYKTYPOI 1 HaJInuveM JIOKAJIbHBIX 06J1acTell ¢ «yMepeHHO BbICOKMMU» CKOPOCTAMU IOTOKA, KOHTaKTHPYIOLIEro ¢ KPUBOJMHEHHOM
HEYCTOMYMBOM K MaJIbIM BO3MYIIEHUAM IOBEPXHOCTBIO pasfesia. OTMedeHbl ycJIoBHA (OPMHPOBAHHA 3aCTOMHON 30HBL, B KOTOPOI
VHTEHCHBHBI CEUMEHTAIA U POCT Pa3MepoB OTJIOXKeHWil. JIiA BHEJPEHHA B MPAKTHKy PEKOMEHIYIOTCA TEXHOJIOTHA U aJTOPUTM
MO/IeJIMPOBaHIA Tpoliecca B3auMOIeHCTBYA ABYX(a3HbIX ITIOTOKOB CO CTEHKAMH SKCLIeHTPUYHON TPyObl, OCHOBaHHbIE HA JeMOHCTpPALK
Bo3MoxkHocTeii CFD, a Taoke Ha 3aK/II0YeHHH TI0 COBEPIIEHCTBOBAHMIO KPUTEPHAJIbHBIX CBSI3€ii Onpe/ie/IeHHsl MUHUMAJIbHBIX CKOPOCTei
TeyeHUsA 6GypOBOro pacTBOpa € y4eTOM KOPPEKIMH apaMeTpPOB, XapaKTepPU3YIOIIX PeosIoruyeckre 0COOEHHOCTH CMeCH, MHTEHCUBHOCTh
TypOyJIEHTHOCTH, TeOMETPUIO MEXTPYOHOr0 IPOCTPAHCTBA U COEANHHUTEIBHBIX Y3JI0B.

© Sergey N. Kharlamov - (Author ID in Scopus: 7003285087) — Doctor of Physical and Mathematical Sciences, Professor (tel.: +007 (913) 104 58 57, e-mail:
kharsn@mail.ru). The contact person for correspondence.
© Mehran Janghorbani — PhD Student, Department of Oil and Gas Engineering, School of Natural Resources Engineering, (tel.:+007 (923) 436 82 55, e-mail:

mehran.janghorbani@gmail.com).

© Xapsiamos Cepreii Hukos1aeBi4 — JOKTOp GQH3MKO-MaTeMaTHYeCcK X Hayk, mpodeccop (test.: +007 (913) 104 58 57, e-mail: kharsn@mail.ru). KoHTakTHOE JIMILIO A7151 [IEPENHCKIL.
© Jlxanrxop6anum MexpaH - acloHUpaHT, OTHesieHHe HedTerasoBoro jesia, WHXeHepHas WIKOJAa NPUPOAHBIX pecypcoB (ten.:+007 (923) 436 82 55, e-mail:

mehran.janghorbani@gmail.com).

Please cite this article in English as:

Kharlamov S.N., Janghorbani M. Aspects of computer modeling the processes of transport and cleaning from cuttings in horizontal well sections. Perm Journal of Petroleum
and Mining Engineering, 2022, vol.22, no.2, pp.73-84. DOL 10.15593/2712-8008,/2022.2.4

Ipock6a cChIAThCA Ha 3Ty CTAThI0 B PYCCKOA3BIYHBIX MCTOYHHKAX CJIEAYIOIUM 06pa3oM:
XapsnamoB C.H., Ixauxop6anu M. AcleKTsl KOMIBIOTEPDHOTO MOZEJIMPOBAHUA INPOLECCOB TPAHCIOPTA Y OYMCTKU OT IJJaMa FOPU3OHTAJIBHBIX YYacCTKOB CKBaXWH //
Henponosne3oBanue. — 2022. — T.22, No2. — C.73-84. DOIL: 10.15593/2712-8008/2022.2.4

Heppononb3oBaHue. 2022. T.22, Ne 2. C.73-84. DOI: 10.15593/2712-8008/2022.2.4

DEVELOPMENT AND OPERATION OF OIL AND GAS FIELDS




74

PERM JOURNAL OF PETROLEUM AND MINING ENGINEERING

Introduction to the Problem of Cuttings Transport
Modeling and Well Cleaning

Currently, horizontal wells are the most common type of
oil and gas wells, drilling of which is complicated by the
technological imperfections of cleaning curved wellbore from
waste products. Cleaning control by monitoring the processes
of cuttings transport, complicated by the interaction of the
viscous mixture with the drill pipe walls, can reduce capital
and operational costs for special equipment maintenance. And
this is one of the major modern drilling challenges, which
relies on computational technologies and mathematical
modeling methods for hydrodynamics and coupled heat and
mass transfer of heterogeneous media in internal systems.
Moreover, in comparison with a relatively clear analysis of the
mechanisms and drill product removal patterns along vertical
well zones, and the establishment of corresponding features in
directed sections requires a detailed study of the exchange
processes of momentum, mass, and heat transfer, especially
under conditions of extended well coverage. All of this raises
the challenges of developing universal models to forecast the
flow aspects of complex structured viscous mixtures in
eccentric pipes within the computational fluid dynamics
(CFD) methods. It includes the analysis of changes in local
and integral flow properties, such as, the pressure drop,
resistance, friction stress, vortex size and intensity of
averaged, pulsating motion under the action of stable,
transitional and laminar effects.

Due to the multiparametric, multidimensional, and
multifactorial nature of the theoretical analysis, special
attention should be paid to the issues of verifying the cleaning
modeling results. In the context of CFD methods and models,
researchers often refer to resource-intensive approaches that
include the concept of discrete phase modeling (Lagrangian
method), as well as more flexible second-order statistical
turbulence models [1, 2] to account for the evolution of "fine"
flow structure and the geometric arrangement of the medium
particles [3, 4].

In such conditions, researchers face the urgent challenge
to reduce computational time and resource consumption, as
numerical modeling of hydrodynamics and mass transfer in
rheologically complex mixtures, within the Euler-Euler and
Euler-Lagrange approaches, increases the accuracy
requirements for calculations in specific flow zones of
heterogeneous mixtures in the eccentric annular space of
wells and at the phase interaction boundaries [4, 5].

Lack of reliable experimental data on local momentum
parameters and mass transfer processes in a mixture under
actual drilling conditions (in situ), an essential tool for
assessing the results reliability can be an integral analysis with
a comprehensive forecast of well cleaning processes, framed
within the Euler-Euler and Euler-Lagrange approaches. This
would provide insight into the fundamental mechanisms that
determine real drilling and the flow of rheologically complex
mixtures in the eccentric annular zone, as well as formulate
conditions for effective well cleaning.

The study aims at searching for the features of spatial
flow of drilling mud mixtures with solid particles in the
coaxial and eccentric areas of the well; to determine the
patterns of the developing steady mixture flow along the
well; and to provide recommendations for the practical
calculation of intensifying the well cleaning process using
hydraulic methods. The object of the study is a well with a
12-meter horizontal eccentric section, where the flow occurs
under conditions close to the actual drilling parameters.

To understand the features and uncover the patterns of
the processes considered in the work, the mechanics of
heterogeneous continua for viscous homogeneous and
heterogeneous mixtures, computational fluid dynamics (CFD)
are used, combined with complex physical-mathematical and
numerical internal flows study of rheologically complex
viscous media. The research relevance is connected with
clear insights into the factors affecting the effective drilling
operations and the methodologies for forecasting well

transport and cleaning, considering the features and trends
of mixture flow in real drilling modes.

Brief overview of references

The interconnected thermodynamic processes occur in
the elements of drilling equipment, the components of which
are: heterogeneous mixture flow, mass transfer; heat
transfer; rheophysical effects, which form at least five
groups of variables (geometric; hydrogasdynamic; thermal;
mass transfer, and physicochemical) It causes the problem of
formulating a mathematical model in the form of differential
equations system for the conservation laws of mass,
momentum, energy of individual constituent phases (or its
components), which use closure relations with
phenomenological parameters about the the process and the
medium. These parameters should be determined
experimentally, which is quite challenging due to the multi-
scale nature of the transfer processes in the well. Under such
conditions, the concept of a complex theoretical and
experimental study [3-5] on cleaning the operational areas
of drilling equipment amidst a wide range of variations in
the hydrogasdynamic and thermal diffusion parameters of
the mixture within the well becomes particularly effective. It
is clear that mathematical modeling methods within the
software have proven to be essential in the studying cuttings
transfer and transport in horizontal wells.

Bilgesu et al. [6] were among the first to apply the
computational fluid dynamics apparatus within the Eulerian-
Eulerian (EE) approach to analyse the influence on drilling
of the transport mode specifics of a liquid mixture with
cuttings, changes in the fluid properties in wells with an
arbitrary borehole. These results encouraged researchers to
analyze the details of nonlinear effects that accompany and
complicate the mixture flow in pipes, for example, through
the drill pipe rotation.

Therefore, Han et al. [7] also turned to the Eulerian
approach to clarify the influence of coaxial pipe rotation on
the cuttings transport in arbitrarily inclined wells. The need to
assess the influence of changes in the solid phase particles
structure on the cleaning intensification led Mme et al. [8] to
undertake forecasts of cleaning within the Euler-Lagrange (EL)
approach. However, within the range of studied parameter
changes, the calculation results did not confirm the expected
impact on cleaning intensification. This conclusion highlights
that the actual drilling conditions are accompanied by
nontrivial effects, the resultant value of which is highly
sensitive to the specification of the force spectrum that define
the hydrodynamics and mass transfer within a mixture with a
complex structural composition, including the nature of both
intra- and interphase interactions of its components.

The calculations by Xiao et al. [9] demostrated that
effective  wellbore cleaning requires a  significant
intensification of the convective-diffusion mechanisms
involved in the momentum and mass transfer in the mixture,
optimizing the operating parameters of flow and mass transfer
processes. The study also emphasizes the impossibility to
achieve complete cleaning of the cross-section without
mechanical means. Furthermore, it is noted that modeling the
mixtures flow in the annular well space, taking into account
connections in real drilling conditions, demonstrates a
significant accumulation of cuttings particles in these areas.

In the studies of Sun et al. [9, 10], Demiralp [11] it is
shown that in modeling straight-swirling complex shear
flows (for example, considering the coaxial drill pipe
rotation [9,10], predicting turbulence [11]), the swirl mode
is effective only at relatively low values of the velocity
vector circumferential component. Its effectiveness is lost as
it increases. Additionally, the evolution of the developing
turbulent flow is successfully predicted by SST kw-
turbulence model [1-5, 11], showing low-Reynolds zones of
near-wall internal flows.

The results of studies by Ofei et al. [12-14] showed the
flexibility of CFD models in forecasting various mixture
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transport modes, scenarios for cleaning the annular space with
a correlation error of integral flow and mass transfer with
corresponding experimental data ranging from 1 % to 12 %.
Considering the current experience of applying CFD in solving
hydrodynamic problems, Kamyab et al. [15] attempted to
assess the capabilities of the EE approach in predicting the
technology of coiled tubing drilling (CTD) under conditions
when pipe rotation is impossible. They aimed to determine
the minimum transport velocity (MTV) of the mixture
necessary for effective well cleaning, assuming that the
drilling fluid has the Newtonian fluid properties.

Detailed theoretical and experimental studies to identify
the changes in the pressure drop effect observed during the
flow of various drilling fluids (assuming arbitrary rheology) at
different flow rates, in the same configuration, performed by
Sayindla et al. in [16], showed that generalizing modeling
methods for changes in the rheological mixture properties
allows for good correspondence between theoretical data and
practice in pressure field forecast.

Additionally, it is important to mention the results of
Heydari et al. [17], who assessed the closure of the governing
motion equations using models with a scalar quantity of molar
viscosity within the EE approach in CFD. They suggested the
necessity of including second-order models for Reynolds
stresses, such as RSS-k-¢, -o, -L [1-5, 18, 19] type, in order to
achieve more accurate predictions of the anisotropic structure
characteristic in real drilling conditions and mixture transport
in wells.

The analysis of data presented by Epelle and Gerodjorgis
[20, 21] on the characteristics of cuttings transport and the
patterns for intensifying the cleaning process shows that
within the EE and EL approaches, the two-parameter standard
k-o model is effective in describing turbulence [19].
Moreover, both approaches have prediction errors for integral
parameters in the range of up to 11 % when compared to
corresponding experimental data.

The analysis of flow structure and the mixture composition
calculation within the EL approach, with improved closure
models to account for shape and structure changes of solid
particles based on the Syamlal — Obrien [22] and Gidaspow
[23] models, demonstrated that the assumption of spherical
particle shape can significantly influence the modeling results,
leading to a pressure drop in the working well section of up
to 11 %.

In the studies by Akshik and Rajabi [24], and Ignatenko
et al. [25], a successful attempt was made to adapt the EL
approach for modeling transport processes in gas-liquid
mixtures with solid particles, commonly used in drilling
applications [24], as well as to consider coaxial rotation of
the inner pipe [25]. The simulations indicated [25] that the
swirling flow mode establishes conditions for vortex flow at
low viscosities and rotation speeds, which contributes to a
pressure drop and significantly affects the solid particles
transport through the annular eccentric space.

Additionally, the analysis of the drilling fluids
rheophysical properties highlight the results obtained by
Pang et al. [26, 27] on non-Newtonian fluids of the
Herschel-Bulkley type. Specifically, in [26], it was shown
that a reduction in liquid viscosity significantly changes the
cuttings particles concentration in the annular area. Similar
results were observed in [27] when water was used as the
working fluid. This analysis suggests that transitional
processes have a substantial effect on cuttings flow,
influenced by factors such as the non-linearity in the
rheological properties of the medium, the structure and
shape of particles, and the combined effects of coaxial and
orbital drilling pipe rotations on the direct flow movement.
All the aspects require accurate real drilling modeling and
predictions related to the pipe twisting effects while
clarifying the influence of orbital rotation effects. The
highlighted challenge presents a prospect for numerical
modeling of drilling processes. Therefore, the review of
existing articles [3, 6-27] allows us to identify the following
key points.

1. EE and EL approaches of the CFD method satisfactorily
predict the well cleaning modes in horizontal sections, with
average error ranges in integral parameters (such as
correlations between theoretical and experimental pressure
field values) of up to 12 %. However, the computational costs
using the EL approach increase significantly due to the
introduction of particle structure details and the SST k-o
turbulence model application for describing momentum
transfer processes in low Reynolds number zones of the
annular space.

2. To account for changes in the structure and shape of
the mixture particles, Syamlal — Obrien [22] and Gidaspow
[23] models are used. The models can most completely and
accurately predict the flow mixture characteristics in the
well quantitatively within the hydrodynamic mode and
geometric configurations considered in the study.

3. It has been established that in the given formulations
of the governing equations, their approximations, as well as
assumptions about the mixture flow under the action of
external and internal forces, the cuttings transport is very
sensitive to the features, modes, details of the liquid phase
flow, its rheology, and changes in the geometry of the well
eccentric annular space.

Physical assumptions for mixture transport modeling
in a well

We will assume that the drilling fluid behaves as a
viscous droplet-like fluid with non-Newtonian rheology,
fully capable of cuttings transport through the well eccentric
space from the borehole to the surface. It is taken into
account that its flow is complicated by factors such as
particle sedimentation at the bottom section and the dense
layer formation as a reservoir. The layer dimensions are
highly dependent on the conditions and operating modes of
drilling equipment, such as the effect of gravity, increased
torque on the drill string with higher resistance, sticking of
pipes, as well as challenges related to logging. It is assumed
that the layer thickness is much less than the width of the
annular area; the mixture flow in the upper part of the cross-
section is influenced by the specifics of momentum and mass
transfer in the bottom zone. Furthermore, we accept that a
change in the well inclination angle is one of the major
factors influencing the cuttings transport efficiency in the
space configuration with the drill pipe eccentricity. The
annular flow space exhibits asymmetry and significant
narrowing under the drill pipe, which substantially
complicates the particles transport through the annular
space.

It is assumed that the rheological properties of the drilling
fluid are described by the Herschel-Bulkley effective viscosity
model, and their changes in response to deformation processes
caused by flow dynamics can significantly effect well cleaning
operations. It is also accepted that while drilling horizontal
wells, the drill pipe may come into contact with the bottom
part of the wall due to the pipe weight. Finally, we assume
that the technology for constructing a numerical solution to
the mathematical model will rely on the mechanics of
heterogeneous continuous media, computational fluid
dynamics methods, and theories of resistance, heat and mass
transfer.

When predicting the mechanisms accompanying the flow
of liquid and solid phases, the interactions occurring within
and between phases in the momentum and mass transfer of
the drilling fluid and solid particles in the eccentric annular
well space, it is taken into consideration that the solid
cuttings particles are chemically inert and spherical with a
diameter d. The volume fraction occupied by the dispersed
solid phase is characterized by a, < 0(10Y) values, and
collisions between particles are neglected. The particle
material density significantly exceeds the density of the
carrier (liquid droplet) medium. We also assume that the
established mixture flow mode is viscous-inertial and occurs
under conditions of isothermal straight-line flow in the well.
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In the given assumptions, aspects of computer modeling
are related to characteristics of flow structure changes,
minimum cuttings transport rate along the well length, and
forecasting the conditions for uninterrupted operation of the
technological equipment.

Mathematical model of fluid flow with cuttings
particles in the well annular eccentric space

The flow of a dropping viscous fluid with complex
rheology containing solid particles under isothermal steady
laminar and turbulent modes in eccentric coaxial pipes,
oriented horizontally and inclined in the action of gravity, is
described by a system of differential equations that represent
the mass (1) and momentum (2)-(4) conservation law,
which have the general form [28-30]:

aa,p,) . N .
#+V-(aqpqvq)=2(mm -m)+S,; @
ot p=1
a(aqpqﬁq) =

+V-(a,p, v,V )=-aVp +V- 1 +apg+

q9 9 49

(2

pa pq mqp qu )+ (Fq + Fhft q + FVm q )

N
DK, @©, -8 )+, b
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. VU +V© 2w 3
T, = au, (Vo +V§) +a (€, _EM) v (3)
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—a,Vp -Vp +V -t +op. g+ K (O -0)+ (4
1=1

+F,

+m, O, —m U )+ (F, +Flift,s VM’S).
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In the equations (1)-(4) it is accepted that the indices g
and s characterize the liquid and solid phases parameters,
respectively; p — density; ¥ - velocity vector; S, — a source
term that is absent in this statement; n,, - the mass transfer
intensity from p to g phase (in our case there is no transfer
fr_om the liquid to the solid phase, therefore s, =, =0);

T, — stress tensor of the g phase; p,,q, — coefficients of shear
and bulk viscosity of the g phase; p — pressure, K -

Pq

interfacial momentum exchange coefficient; F;,F,'iﬁ,s,FW’S -
respectively, the external force, the lift force, the virtual
mass additional force of the solid phase particles (in our
case, they are small and are neglected); p refers to the
pressure used by all phases; p, — the pressure of the solid
phase particles; K, = K; - the momentum exchange
coefficient between the liquid and solid phases. It is evident
that the dynamics are predominantly influenced by: viscous
effects; pressure gradient forces; gravitational forces; and the
resistance of interfacial processes.

According to the rheological equation (3) used to close
equation (2) of the liquid phase with Newtonian rheology, it
is assumed that in the case of a non-Newtonian viscoplastic
system for the formulation of the Herschel-Bulkley model we
have a combination of parameters (5):

Hefr = Heyy (T,S , T, P )3 5)

wheret,S represent the stress and deformation rate tensors

of the liquid phase, respectively. It should be noted that in
heterogeneous media, ., also depends on the concentration,
shape and size of the particles. As specific formulations of
non-Newtonian fluids rheology (the Herschel-Bulkley models
for shear viscosityp, = p,,) we have (6):

- —=n

‘C=TO+KS W = U =(10+Kf")f‘1. (6)

Turbulence model and its features
in the forecast of complex internal mixture flows

The results of preliminary studies (see, for example, [1-5,
18, 19, 31-35]) have shown that the two-parameter RANS
models are quite reliable in forecast of the interconnected
internal and interphase heat, mass, and momentum transfer
processes in low Reynolds number zones of developing flows.
These models serve as an effective base for multi-parameter
Reynolds stress transfer models (RSS), such as SST-kw [19], -
kL [18, 35, 36], — ke [33], and — kt [34]. The general (in
index, brief, and symbolic form for Cartesian variables)
representation of the RSS model (7) with a two-parameter
hydrodynamic base (8), according to, for example, [35], takes
the following form:

C.=D.+P +R.+¢.,; )
ij ij y y y
C, =D, +P, +¢,. )]

Here the indices i, j (i,j =1-3) respond to Reynolds

stresses (ui'uj/. ), f is a formal parameter of a base specific
dissipative equation, that defines the reference to the
differential transport equation, for example, for ®, & or L.

Other symbols characterize stress transfer mechanisms. ui’uj',

(and the f feature) due to convection (C), diffusion (D),
generation (P), redistribution (R), dissipation (g), with
detailed formulations available in references such as [35].

It is noteworthy that when choosing appropriate
turbulence model in the governing equations closure of the
liquid phase dynamics, it should be taken into account that
within the accepted assumptions of the geometric and
hydrodynamic configuration and the heterogeneous mixture
composition with a relatively high volume concentration of
solid phase (up to 10 %), anisotropic effects will appear in
the mixture flow structure. Under these conditions, it is
reasonable to forecast the dynamics using the RSS
turbulence model (within the ANSYS CFD package) with
reference k, -0, -¢, -L-bases modified to account for the
movement mechanisms of the two-phase medium by the
entrainment of solid cuttings particles by the -carrier
dropping liquid through interphase interaction forces as
passive impurity particles.

Note that in the RSS model generalizations of two-phase
flow in the present study it is assumed (similar to [36]) that
the involvement of solid particles in the turbulent motion of
the mixture occurs only through the influence of turbulent
pulsations of the carrier liquid. Therefore, it is considered
that the presence of particles contributes to a decrease in the
kinetic energy of turbulent fluctuations. Correction is needed
for the dissipative terms of the RSS model base, represented
by the initial transfer equations, for example, for k, ®, L. Due
to the inconvenience of the closing formulations of the
model, they are omitted in this paper, with details available
in sources such as [35].

Formulation of boundary conditions

The numerical integration of the governing equations
system (1)-(6) and their closure relations (7), (8) is carried
out using the following conditions. In the group of geometric
conditions, details of the pipe configuration are specified:
the longitudinal length (L), width and offset (b) of the core
center relative to the longitudinal axis of the outer pipe. In
the dynamics the inlet flow velocity (U,), parameters of the
“fine” structure (turbulence intensity (T,), local properties of
vortex — kinetic energy (k) and turbulence dissipation rate
(e), and scale (L) of energy-containing vortices, etc.) are
defined. In the diffusion part the mixture composition (a,) is
specified. The thermophysics is determined by physical
properties of the mixture: carrier medium (droplet,
dispersed) density and particles material (solid, dispersed
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phase); a, volume fraction of the solid phase; = p°,
A, = A dynamic viscosity and thermal conductivity of the
dispersed phase (liquid), respectively; as well as properties
such as c, specific heat capacities of the phases, and other
(mechanical, structural) quantities of the specific mixture.

It should be noted that to calculate the mixture
composition, within the applied physical assumptions and
EE/EL approaches, the spectrum of external forces is defined
by the net effect of the interphace force, which is
determined by the resistance force F,. Moreover, as
previously stated (for example, similar to [36-38]), it is
assumed that at small «, the buoyant force can be
neglected. In this case, the dynamics of the cuttings particles
trajectories in the tube space can be calculated using
equation (9) with the corresponding closure relations (10) in
the form:

did F_(, -p)
P _ T Tk T p f .
dT—FD(uf up)+ pp +FZ’ (9)
_18u, ¢, Re _ p,d, \ip u}\
’ ppdpz 24 Mf ’
c. =a +a—z+ 9 (10)

¢ "1 Re Re*’

Here the indices p, f refer to the particles of cuttings and
liquid respectively; F, is the hydrodynamic resistance force;
F,, is gravity; Fr — other possible external forces, for
example, the Saffman/Magnuss/ buoyant forces, which are
neglected within the stated assumptions.

The boundary conditions in the isothermal flow of a
dispersed mixture are related to the following relationships
of the required parameter at the B, where i = 1 (inlet), 2
(outer boundary of the annular zone), 3 (inner wall of the
pipe), and 4 (outlet). At the inlet (B,), homogeneous phase
profiles (known for the process) along the cross-section and
the phases are in equilibrium, at the outlet (B,) - "soft"
boundary conditions (flow continuity). At the walls of the
coaxial space (B,, B;) for the dispersed (carrier) phase, no-
slip conditions are formulated for all averaged and
oscillatory response of the dropping liquid; for the cuttings
particles slip conditions are applied.

Details of the numerical algorithm

Numerical integration of the equations describing
hydrodynamics and mass transfer in the mixture (1)-(8) with
the corresponding closure relationships (9), (10), is performed
on operations that are: staggered grid construction of the
computational domain for the considered problem; finite
difference approximation of the differential equations,
reducing the equations to the corresponding discrete analogy;
a system of linear algebraic equations (SLAE) with the sought
quantities for the dynamic and diffusion problem at the nodal
points of the computational grid; solving the SLAE using an
iteration method. These issues are detailed in previous
publications (see, for example, [1-5, 35]). To achieve the
required accuracy in integrating the equations, a
corresponding smallness criterion is introduced between the
solutions obtained in the last two iterations (m, m+ 1) for the
corresponding spatial changes in the sought local parameters

(F = {lff,lfp,ui'uj'.,k,s,w,L 1 and their integral values (for
example, F . = 7,.-), which corresponds to the type (11):

m+1 m

M} <A, A, =0(10),% an
F

m+1
i,j.k

max{
i,j,k

Also, the influence analysis of grid refinement on the
accuracy of results allowed us to establish the optimal size

Fig. 1. Optimal view of the difference grid generated within the
ANSYS CFD software for transport conditions and horizontal sections
cleaning of eccentric pipes in real drilling

110
x
g 100 ¢ .
3 .
=l
(] L)
5 9
3 -
[=9
0 80 ®
= 2
=
23
& 70

60

0 20 40 60 80

Eccentricity,%

F

=

g. 2. Variation in dimensionless pressure drop (Ap / Ap,, %) as a
function of increasing core eccentricitye =2b /(D -d)

of the difference grid. Calculations have shown that for the
forecast of the viscous-inertial-gravitaty mixture flow with
developed turbulence, a difference grid with a total nodes
number of 1.5+10° is quite acceptable; the shape of this grid,
for example, for an eccentricity e = 0.8, is presented in
Fig. 1. Our experience indicates that when constructing the
numerical solution for the problem, the density is quite
satisfactory for the behavior trends of the algorithm, model,
and calculation method in terms of the "cost — quality —
accuracy" ratios when forecasting the well cleaning details
from cuttings and its transport through the annular space at
Re = (0.08...5):10°. The pressure field calculation is
performed using the standard SIMPLE procedure [39].
Verification of the numerical results for the distribution
of local and integral flow and mass transfer parameters in
pipes was carried out with reference to relevant theoretical
and experimental data fields of averaged and fluctuating
velocities in homogeneous and heterogeneous internal flows
in coaxial and eccentric pipes. This includes analytical data
on the velocity field changes in laminar flow [40-42], as
well as results of indirect accuracy analysis for the pressure
drop calculation in eccentric pipes, performed using an
engineering approach [43, 44] for turbulent flow conditions
at Re = (1...8)+10% in a pipe configuration with parameters:
L=10m,R, = 0.1 m,R, = 0.06 m, 0 = 0.001003 kg/ms.
Comparison of the calculation results with engineering
forecast data (within the criterion relationships for the
pressure drop using software [43, 44]) indicate that a grid
size of H = (r°©+x) = (50+6050) provides a pressure drop
calculation accuracy with an error of (1-2) %, making
further increase in the number of nodes unnecessary,
especially from the perspective of numerical schemes
efficiency, as well as the efficiency of the computational
algorithm, and implementation costs. Fig. 2 presents the the
dimensionless values distribution of the relative pressure
drop (Ap/Ap,, %) as a function of changes in eccentricity
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(e, %), which confirms (see, for example, [42, 45-47]) the
trend of decreasing pressure drop with increasing core
eccentricity, while maintaining the conditions of physical
similarity of flows with a flow rate Q = idem. It is noteworthy
that the points in Fig. 2 correspond to the actual flow
calculations in pipes at Re = 80,000. The curve represents the
approximating line of the calculation results, Ap, corresponds to
the pressure drop in the axisymmetric channel, D = 2R, is the
diameter of the outer pipe, d = 2R, is the inner pipe diameter,
and b is the offset of the pipe centers.

Considering the results within the approaches performed
in [42-47], we note that detailed comparisons of Ap/Ap,
distribution nature during drilling require considering the
changes in the flow mode, rheology, physical properties of the
liquid, as well as the parameters determining the geometry of
the channel and their combinations (for example, R,/R;, etc.).
The lack of reliable experimental data for the droplet liquid
(water) flow always poses the challenge of verifying the
obtained results based on their qualitative correspondence to
similar processes.

Moreover, our experience in studying turbulent flow
hydrodynamics of heterogeneous media in pipes with a
complex cross-sectional shape [1-5] shows that the used RSS
models of turbulence with k-w/L- the reference base (in the
ANSYS CFD PC) predict these processes with good accuracy.
In addition, general estimates of the grid nesting showed that
the required settling step in time, ensuring the stability of the
numerical solution, is about 1-4 s. These data were obtained
using an Intel i7-8700 CPU (with 12 cores, 3.2 GHz), which
required about 15 days to simulate 10 s of mixture flow time,
which is equivalent to one complete circulation of the flow
through the examined geometry.

Details of processes hydrodynamic similarity
in wells, useful in applications

Given peculiarity of momentum, heat and mass transfer
in the considered problem, significantly complicated by the
multidimensional, multiparametric, and multifactorial
effects of intra- and interphase exchange between the
mixture components during their complex flow in an
eccentric region, it is worth noting that for a systematic
analysis of the features, establishing the patterns of flows, as
well as issuing conclusions for practice, it is important to
formulate the defining criteria of the similarity. These data
will allow localizing areas of space with a non-trivial nature
of changes in the mixture local/integral properties under
well cleaning conditions. In the considered hydrodynamic
and geometric configuration of the developing mixture flow,

°U,(R,-R
along with the criteria of Reynolds |Re= M ,

Frouda {Fr g(RUZ ]P randtl [Pr ], Schmidt
0

Sm = Jc— , Bingham Bn—( )( )" , where 1, is

yield shear stress there are d1spersed ﬂow criteria [28-32],
such as Stokes (Stk =rt,/1,, where 1, is particle dynamic
0d2
relaxation time T Thd
P 18u
hydrodynamic time of the process (v,a= L/U,)), particle
a
weight fraction/loading [M P 5 ® | and the isobaric heat
P

— characteristic

.~ C
capacities ratio of solid particles and fluid |C =2 |.

c

Then, analyzing the real drilling modes and the
corresponding mixture flows in the well, it should be taken
into account that under conditions of Stk < < 1, processes
are possible when the cuttings particles will have velocities
equal to the movement of the dispersed (droplet) liquid.

Such a state is typical for conditions of dynamically
equilibrium mixture flow, in which the phase velocities are
assumed to be the same, and the dispersed flow itself can be
described by a model of a single-phase medium with specific
"effective”" properties. Otherwise (Stk> 1), effects arise in
the flow in which the particles are insensitive to changes in
the properties of the dispersed medium due to the negligible
effect of the liquid phase on the cuttings particles.
Additionally, for mixture flow modeling, it is useful to take
into account that at very high Stk values, calculations should
be carried out using the frozen flow model [48]. The latter
corresponds to the flow pattern of a dispersed medium with
suspended particles in a single-phase flow, and with a
change in the loading criterion (M), the intensity of the Stk
criterion influence can change. Note that under non-
isothermal flow conditions, the heat capacity criterion will
account for the intensity of the differences between the
characteristic times of thermal and dynamic relaxation of
the dispersed phase.

Calculation results and their discussion

As physical assumptions, we present specific study of the
features and regularities of the dispersed flow hydrodynamics
and the transport of drilling products along the annular space.
The results of numerical modeling correspond to the actual
drilling process with a mass flow rate G = (23...24) kg/s of a
rheologically complex mixture (Newtonian/non-Newtonian
liquid), similar in properties to water. The given values of G
correspond to an average liquid velocity of approximately
Uf = m/s (or 373 g/min) and a solid phase particle velocity
(sand) of approxnnately U = 1.596 kg/s. It should be noted
that the values of G, U, U are adequate for a sand volumetric
fraction of about a, = 1 % or drilling in a formation with
20 % porosity at a rate of 100 feet/hour, fully comply with
drilling standards. It is assumed that the turbulent effects in
the flow are sustained by a turbulence intensity of about
T, = 1...10 %. These values have been chosen to meet the
extreme conditions of drilling, where the rate of penetration
(ROP) is relatively high, but the flow velocity is still relatively
low. Along with this, the hydrodynamic and geometric
configurations of drilling are defined by the following parameters.
For the pipe geometry, it is assumed: x, = L = 10...15 m;
R, = 0.1...0.2 m; R, = 0.06...0.12 m; e = 0.1...0.9. The
thermophysical properties of the mixture are described by the
following values: for the droplet liquid - p°% = 998.2 kg/m
7\0 = 0.599 W/(m-C); uf = 0.001003 kg/(m-s); cf =
4. 183 kJ/(kge" C) for the dispersed phase (spherical sand
particles) — p = 1650...2650 kg/m% A° = 1.13...0.50
W/(m-"C); C = 2.09...0.3 kJ/(kg*°C); d, = 5...6 Mmm.

The hydrodynamlc part corresponds to the viscous-
inertial-gravitational laminar and turbulent flow regimes in
the range of changes in the Reynolds criterion: Re =
(0.8...1)°103, (0.1...1)*105. Moreover, the changes detailing
in the hydrodynamic and diffusion structures of the flow in
the well is performed according to the data on the mixture
entering the pipe at: Uf = 0.1 m/s (Re = 800); 1 (80000),
as well as changes in such determining criteria as Cameron

=——, L =Xx, win Schmidt (Sm),

ReL Lo L, =R,-R,),

Prandtl (Pr) Froude (Fr), Bingham (Bn), Stokes (Stk), mass
fraction (M), heat capacities (C), in the following range of
numerical values: X* < 0.5 (laminar regime), 0.003
(turbulent regime); Sm = 0.038; Pr = 6.8; Fr < 6.5
(laminar regime), 0.9 (turbulent regime); Bn = (0...5)107%
¢ = 05...0.07; M = 2.654...1.65; Stk < 0.053 (laminar

0
regime), 0.53 (turbulent regime);pi0 = (0.605...0.376); a"p

p

< 1...10 %.

It should be noted that the calculations of mixture flow
dynamics were performed using ANSYS CFD software
package and applied the Euler-Euler approach. The results
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indicate that when the mixture passes through a well and
the flow is loaded with particles, the following is observed:
1) a pressure drop for the given actual drilling conditions by
a magnitude of 1047 pounds per square inch; 2) a continuous
increase in the thickness of the cuttings particle layer about
2.6 %, which satisfactorily agrees with existing experiments
[49]; 3) 100 % accumulation of cuttings in the eccentric
space, following the analysis of the mass mixture flow rate
at the pipe outlet; 4) an increase in annular and average
mass velocities as a result from the reduction of the flow's
effective cross-section due to cuttings accumulation, as well
as the intensification of the convective-diffusive transfer
mechanisms of mixture momentum and mass; 5) increased
sedimentation of particles in the lower part of the well and
destruction of the upper layer boundary. These features
illustrate individual results of the calculations, presented in
Fig. 3-7. In particular, the evolution of the dynamic average
and pulsating flow structure along the pipe length is
demonstrated by the axial component profiles calculations of
the mixture velocity vector u = (1 - o u, +au, when using
the model with transport equations for Reynolds stresses
(RSS-kw) (Fig. 3) and the coefficient of scalar molar viscosity
forecasted by the two-parameter SST-ko-models (Fig. 4), for
the turbulent flow regime at Re = 80,000, T, = 5 %,
R, =02m R, =012m, e = 03, L= 10m, M = 1.6,
Stk = 0.5. The calculations show that the nature, dynamics,
and intensity of particle sedimentation in the bottom part
along the horizontal pipe section are affected by the
parameters: M (flow load), gravity (Fr), and the Stokes
criterion value. Thus, at small values (Stk < 0.1), the formation
in the flow characteristic conditions of equilibrium motion can
be expected, when solid particles maintain an axial velocity
close to that of a dispersed (droplet) medium. In this
process, particles are intensively carried away by the flow,
and the profiles of the averaged axial component retain the
viscous-inertial-gravity flow structure with a slight
asymmetry in the cross section. However, with increasing
values of the Stokes criterion (Stk > 0.1), the effects of
dynamic non-equilibrium in the phases become more
pronounced. Under their influence, the gravitational force
on particle transport is intensified, which promotes their
deposition on the lower wall. These features can cause not
only symmetry violations in the change of the averaged flow
but also in the pulsating structure of the mixture flow,
leading to turbulence anisotropy. To forecast these
processes, it is advisable to refer to multiparametric RSS
turbulence models [1-5, 35].

Data analysis (see Fig. 3, 4) of the axial component and
turbulent viscosity in radial pipe sections with a step of
Ax = 1 m shows that in the proximal part (x < 5...6 m) the
nonlinear mechanisms of convective-diffusion transfer of
momentum and mass are most pronounced. In this section,
conditions are formed with the restructuring of the velocity
field to the self-similar flow regime (Fig. 5). In particular,
Fig. 5 shows the changes in the velocity vector axial
component of a droplet liquid (water) during turbulent flow
(Re = 80,000) in an extended annular eccentric pipe in
specific sections identified by radius. Here, lines 1-5 correspond
to sections/color: 1 (red) - A = r/(b/e+R,) = 0.95; 2 (blue) -
A = 0.8; 3 (green) - A = 0.6; 4 (purple) - A = 0.4,
5 (pink) - (A = -0.95). The pipe configuration has the
following parameters: R,= 0.1 m, R, = 0.06 m, eccentricity —
e = 80 %, off-center distance between the outer and inner
pipes—b = 0.032 m.

The results presented in Fig. 5 show that the flow
development along the borehole is accompanied by the
preservation of the single-phase flow features. It is evidenced
by the change's nature in lines 1-5 and the presence of
extremes in the axial velocity distribution. It is important to
emphasize that the course of such effects has been
experimentally confirmed (see, for example, [1, 2, 35, 50,
51]). Moreover, it is clear that momentum transfer processes
stabilization is observed at lengths x > 6 m. In particular,
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Fig. 3. Changes in the axial component of the velocity vector field
during turbulent mixture flow in an eccentric pipe with a horizontal
cross-section
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Fig. 4. Changes in molar viscosity (RANS approach, SST-k® turbulence
model) along the length of the eccentric pipe under the mixture flow
conditions with parameters presented in Fig. 3
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Fig. 5. Changes in the velocity vector axial component of a droplet
liquid (water) during turbulent flow in an extended annular eccentric
pipe at specific cross-sections distinguished by radius. Here, lines 1-5

correspond to sections/color: 1 (red) - A = r/(b/e+R;) = 0.95;

2 (blue) - A = 0.8; 3 (green) - A = 0.6; 4 (purple) - A = 0.4; 5 (pink) -
(A = -0.95). The pipe configuration has the following parameters:
R,= 0.1 m, R, = 0.06 m, eccentricity — e = 80 %, off-center distance
between the outer and inner pipes —b = 0.032 m

in the central area of the live cross-section (lines 1-4),
trends associated with the development of flow structure
persist, characterized by a velocity field restructuring in the
core (lines 2-4) and the wall-adjacent area of the boundary
layer (lines 1 and 5).

The area of a large maximum in a pipe flow section
x= 2...4 m (line 3) indicates the completion of the stabilization
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Fig. 7. Radial volume fraction distribution of solid particles (sand) in

the outlet section of the eccentric pipe. The calculations correspond to

the mixture flow under conditions similar to those presented in Fig. 4
for apipeatL = 10 m, e = 0.8

process, after which the flow can be considered as self-
similar. The conclusions about the mixture flow in real
drilling conditions is valuable from a practical point of view,
as it allows for the exclusion of disturbances affecting the
mixture transport at the wellbore entrance and enables
cleaning process management through engineering methods
that take into account the peculiarities of transfer processes
in radial planes. In general, the results in Fig. 3-5 show that
the homogeneous nature of the mixture flow, even with a
weak turbulence intensity (at x < 3 m, see Fig. 3, 4), leads
to the generation of processes that intensify the flow in the
upper part of the annular space cross-section. The increase
in turbulent viscosity in the near-wall regions leads to
intense flow mixing and is accompanied by a fuller profile
of the axial velocity vector component in the liquid phase.
It should be noted that as the flow is increasingly loaded
with particles, as well as under the influence of gravity,
the effect of the radial component of the velocity vector
will become negligible. Flow conditions with a negative
radial component will arise, intensifying the cuttings
accumulation. Moreover, the viscous forces in the bottom
part of the eccentric pipe will dominate over the inertial
forces, leading to cross section blockage. The changes in the
dynamic structure of the liquid and cuttings particles (sand)

at specific cross-sections along the eccentric pipes length,
presented in Fig. 6 (a—e), demonstrate these features. Note
that the calculations were performed for the mixture
turbulent flow regime (sand, water) at Re = 10°, T, = 1 %,
R,=02mR,=012m,e =08 L=15m, M= 1.5,
Stk = 0.389. The reference to a longer section of the
horizontal wellbore is due to the need to clarify the features
of solid particle flow under conditions complicated by
disturbances in the carrying medium (due to low turbulence
in the entry region) and the subsequent spatial restructuring
of the averaged and pulsating flow under actual conditions
in the pipe with specified parameters.

As follows from Fig. 6 (a—f), the stabilization zone of the
axial mixture velocity along the length is significantly
increased and exceeds the corresponding section for the
dispersed (droplet liquid) phase (see Fig. 5 for comparison).
Moreover, it is influenced not only by the features of
changes in the local structure of the pulsating flow in the
initial section (at x < 5 m) such parameters as Reynolds
stresses, turbulent kinetic energy, pseudovorticity, integral
scale of energy-containing vortices, etc., as well as effects
related to particle dynamics. It is evident that in the
proximal part of the pipe (at x < 5) trends towards
increased particle inertia near the surface of the inner pipe
are emerging. This phenomenon will contribute to the
particles sedimentation in the well bottom area at the exit
cross-sections (see fig. 6, f), thereby increasing the layer
thickness. In particular, the data of radial changes in the
volume fraction of the solid phase shown in fig. 7,
corresponding to the flow conditions depicted in fig. 4,
indicate that at the boundary of interaction between
particles and the carrying phase, there exists an area for the
suspended particles flow. The calculation suggests that when
the carrier medium flows over the phase boundary (layer of
stationary particles), hydrodynamic instabilities arise, which
result in the dispersion of solid particles into the liquid
phase.

It should be noted that currently the complex process
features of phase interaction at the "layer — flow" interface
are still poorly understood. These aspects are promising for
clarifying the physical processes nature occurring at the
unstable phase boundary and within the narrow zone
characterized by high gradients of the interacting phases.
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The process analysis in the mixture hydrodynamics within
the examined pipes indicates that the influx of sediment
particles from the layer surface and the particles transition
into a suspended state are mainly determined by convective-
diffusive mechanisms, the intensity of pulsating small-scale
vortex motion with anisotropic structure, as well as
"moderately high" flow velocities interacting with the curved
impermeable phase boundary.

Conclusion

1. The study presents a numerical simulation of the
liquid droplet mixture transport, similar in its rheological
properties to water, along with solid particles (sand) under
stationary developing turbulent flow conditions in coaxial
eccentric pipes. The flow falls within the class of research on
the complex shear flows hydrodynamics in wells with
extended horizontal sections, in order to obtain results
beneficial for developing recommendations for their
effective cleaning under real drilling conditions. The mixture
movement with suspended cuttings particles occurs in a
turbulent regime, which can significantly influence the
averaged and pulsating flow structure of the droplet liquid.
It was found that the particles sedimentation under the
influence of internal and external forces leads to the
formation of a heterogeneous anisotropic flow structure, for
which advanced turbulence models with Reynolds stress
transport equations are required [1-5, 35]. Our practice
shows that such models are more adaptable for processes
involving mixtures with separation/addition effects at the
phase boundary and the mixture interaction with the well
walls.

2. The process of particle sedimentation is significantly
influenced by the dispersed medium. Calculations show that
in the near-wall and bottom regions of the annular space
between the pipes, there is a zone with equivalent phase
velocities, demonstrating effects of reduced molar transfer
intensity with increasing deposit thickness. The turbulent
migration of particles to the bottom is accompanied by a
decrease in the transverse component values of the velocity
vector and the localization around the drill pipe perimeter of
two intensive particle movement zones. Under real drilling
conditions, effects of flow laminarization are observed in the
well bottom section, which intensifies the stabilization
process of the mixture flow over lengths on the order of x =
6 m.

3. In the stationary layer vicinity of settled particles, a
narrow layer of their suspended state is formed. Analysis
indicates that the cuttings transport from the deposit surface
and the particles transition into a suspended state are
primarily determined by convective-diffusive mechanisms,
the intensity of pulsating small-scale vortex motion with an
anisotropic structure, as well as "moderately high" flow
velocities interacting with the curvilinear surface that is
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