Journal of the Nigerian Association of Mathematical Physics
Volume34(March, 2016, pp 433 — 440
© J. of NAMP
Advances in Solid Transport in Multiphase Fluid Flow
Kelani Bello

Department of Petroleum Engineering, University of Benin, Nigeria.

Abstract

The transport of solids is encountered in many irgtry particularly in the
transport of oil and gas multiphase reservoir flisdhrough a pipeline. Sand transport
in multiphase environment is a challenge becauset@nsient flow pattern changes
and associated huge pressure drops. Solids are dpamted in various forms
depending on the mean velocity of flow, such asmrssion where velocity is high
enough, and rolling or saltation where the flow \ality is relatively low.

This paper is a literature review covering variousspects of solid transport in
multiphase flow in pipes. A description of commordiserved flow patterns of settling
slurries in pipes are presented and discussed. Soknsport models developed in the
literatures focused mainly on determining the minimm critical velocity to prevent the
formation of a stationary bed in the pipeline.

The paper summarized the published works with regpéo solid transport in
multiphase fluid flow in pipeline both of experiméal and numerical
investigation.The paper made attempts to identii tturrent state of knowledge and
highlighted areas where new development work isuiegd. It provides some insight
into critical issues of solids transport processesd some recommendations for future
research related to this subject.

1.0 Introduction

Presence of solid in production fluid system isviteble. At some point in the life of an oil resemy reservoir pressure
decreases thus increasing the effective stresh@rgrains. When this induced stress exceeds faymatiress, sand is
produced [1]. In multiphase flow, water productimay dissolve natural cementing materials, weakettieginter-granular

bonds and mobilizes fine sand which causes sahd forced into the wellbore and transported thraihghtubing to the well

head. The velocity required for effective transpdrparticles as it enters the transport line nfagsin the turbulent region for
horizontal pipes, and for vertical pipes must beatgr than the settling velocity of the particlegptevent deposition [2].

Therefore, the ability of fluid in horizontal motido be able to suspend solid particles dependhenounterbalance of two
actions: gravity, which causes the particles tbdakettle in the fluid, and an upward diffusiohtloe particles, caused by a
concentration gradient of particles, which in tisncreated by gravity [3,4]. The particle movem#nis depends on the
properties of the solids; solids density, part&ilee and particle shape. However, for large andhyhparticles, it may take a
strong turbulence in order to suspend the particles horizontal pipe. Therefore understanding thechanism of particle

suspension helps comprehend what happens to pye @if suspended solids. The three compelling ®ooea be described
as

(i) Gravity force, F5 acting downward
(ii) Lift force, F_ acting upward
(i) Drag force,F acting perpendicular, which appears whenever treeerelative motion between the particle and the

fluid.

The derivation of the model forces are well docuteénn the literatures. Generally, the horizontgdepvelocity is the
critical criterion of the required velocity in sgsts with both horizontal and vertical pipes. Fdroaizontal pipe it can be
postulated that the lifting effect of the turbuldmid should be able to overcome the gravity ffat the particle. The lifting
effect depends on the kinetic energy of the fltlidd density and on the projected area of theiglerf2].

Typically, multiphase operations are carried owdermturbulent conditions of varying intensity. hese processes sometimes
a uniform dispersion of particles is achieved duthe interaction between turbulent eddies andlibgersed phase. A better
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understanding of such interaction is fundamentah#effective design, modelling and operation oftiphase systems [5].
From a hydrodynamic viewpoint, the most importamd fundamental aspects of solid-liquid multiphdse/fare inter-phase
interaction (i.e., interaction between the fluidaph and the particulate phase) and intra-phasedtitan (i.e., interaction
among solid particles making up the particulatesphalnter-phase interaction between the fluid preasd the particulate
phase is manifested mainly in the drag force edertethe particles by the fluid stream and thesf@mnof momentum from
one phase to another [6].

2.0 Solid Transport Patterns

The conveying of solids by a fluid in a pipe caudive a wide range of flow conditions and phasérithistions, depending
on the density, viscosity, and velocity of the dl@nd the density, size, shape, and concentratitreasolid particles [7 - 9].
In oil & gas multiphase fluid flow, sand is oftero-produced with oil especially oil produced fromcaonsolidated
formations. The produced oil with entrained solids be transported through pipeline to a procedsicitity nearby or to
onshore location. In a typical hydrocarbon trantg@m, pipeline follows the undulating topograpbj the offshore
seafloors and onshore surfaces. This complex gegprtiais has effect on how the solids are transgoairiethe pipeline
flowing with hydrocarbons. The classifications ofid transport patterns are fairly consistent witany authors [4,7,10 - 12]
and are grouped as pseudo-homogeneous susperfsteimgeneous suspensions, heterogeneous suspgewdiorsliding
beds, and stationary beds (see Figures 1 and 2)d&marcation between the “homogeneous” and éhmjeneous” flow
regimes depends in a complex manner on the sizel@msity of the solids, the fluid density and visity the velocity of the
mixture, and the volume fraction of solids [9].

The sand will settle to form beds along the bottafthe pipe if the fluid velocity is below the mmum transport velocity
required for rolling or saltation [4,7,13]. Theseds can build up and plug the pipe if the velog@tyoo low, or it can be
swept along the pipe bottom if the velocity is nta minimum transport velocity. See Table 1 fosalgptions of various
liquid-gas-solid flow patterns.
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Figure 1: Flow Regimes of flow of Settling Slurries in Hori#tal Pipe
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Figure 2: A flow pattern map for solid-liquid flow in pipe.dapted from Barnea
Table 1: Solid-fluid Flow Pattern

Urg (m/s)

Blockage

Sand transport modes

1S

continuous moving bed. The sand grains are eithwdrthe pipe.
rolling or saltating along the bottom of the pipe.

Stationary bed (SB) Sand is deposited at the botwbmipes and becomeThis occurs at very low liquid or g3
stationary. velocities.
Moving bed (MB) Loosely packed sand deposited athtbttom of the pipe], This will occur at increased velocity whig

first in the form of separated dunes and then| lseps the solids moving along the bott

the carrier fluid. This represents ideal dilute gha flow assumes a turbulence condition.

Suspension flow (SF) The sand particles are homemgesty suspended withinThis occurs above the critical velocity. T
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3.0  Solid Transport Models

A number of models for predicting solid transporiiultiphase fluids exist in the literatures. Teéstion reviewed some of
these works especially as they relates to modedlimd) experimental explorations. The discussionkligigted methods that
are adopted, results obtained and challenges etsednin the various studies. This provided opputyuto highlight the
knowledge gap and areas for improvement.

A number of published works in multiphase transploave used particle transport in single phase ais ar the
development of their models. The reason for thitiésfact that many previous works are relatedandportation in coal or
bauxite industry [8].

4.0  Oroskar and Turian Model

Oroskar and Turian [14] adopted analytical apprdactihe critical velocity equation and definedasce or energy balance
on the particle influenced primarily by the eddteimsity of the turbulent flow and the drag fordesr a case of high particle
loading, particles will be subjected to the turlmileore of the fluid and hence will be transportadtlow particle loading,
similar to what is obtainable in the subsea tieb#uk particle will drop to the bottom of the piglere there is no turbulent
eddies and form a stationary bed. Transportatigpagticle in this case depend on the size of thitgm and whether or not
is affected by turbulent core. The developed cati@h based on turbulent core principle was useddé&velopment of
critical velocity model as expressed below.

0378 009
V,, = Jg—d(ﬂ|:185(:c01536(1_cc)03564(5j (IOLD gd(S-1 ] Xo.a] (1)

My

Where,
V,r = critical velocity, m/s

g = acceleration due to gravity, m/s2

D = pipe diameter, m

d = particle diameter, m

S = ratio of coarse solid density to carrier fldighsity

C_ = coarse particle volume fraction (particles exaegd4 microns)
P, = carrier fluid density, kg/m?

M, = carrier fluid dynamic viscosity, Pa-s
X = hindered settling factor

However, there was no mention of solid particlediog, the density and bed thickness. The modekremlly extending
existing hydraulic conveying models to the multiphacase. This has been found to be inadequateolidr teansport in
multiphase flow.

5.0 Oudeman Model

Oudeman [10] approach was to facilitate the desigsand tolerant systems. This led tocharacteoisaif the flow patterns
for sand motion as:

(i) Flow with a stationary bed

(ii) Flow with a moving bed and saltation (withwithout suspension)

(iii) Heterogeneous mixture with all solids in seggion

Air-water-sand flow experiment was conducted unegnying operating conditions. The conclusions dreave that, the
increased sand transport in multiphase flow caattrébuted primarily to the increased turbulentoassted with the flow.
Sand transport increases strongly with gas fract@as increases sand transport much more tharasiogeliquid velocity.
Oudeman therefore described sediment transpaetiinst of two dimensionless quantities as below

S
= )
Jd*g(F -2)
S
v gd(F -2) ©
Where

¢ = dimensionless sand transport rate
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Y = dimensionless fluid flow rate

S = Transport rate in grain volume per second nwteand bed width
d = grain diameter

g = acceleration due to gravity

F = Solid — Liquid density ratio

V,, = drag velocity in sand bed

For each gas fraction, a relation between dimetesgriransport rate and dimensionless flow rateexasessed in the form
of power law as

p=my" (4

Where m and n depend on the input gas fraction.

The effects of different flow patterns, particlendidy and concentration profiles on particle trarspvere not considered and
these have direct influence on sand transport.

6.0  Turian et al Model

Turian et al [15]developed one of the widely uselidstransport model that correlated a total of &«4perimental critical
velocity data, representing a broad variety ofcsatiaterials and pertaining to wide ranges of théaées. This was used as
the basis for developing a set of critical veloaityrrelations, established by fitting the data #miaus forms of standard
equations. The expression is as presented below:;

00662, 00017
Ve 1.7951C 01087(1_ C) OZSO(d) @ (5)
JoD(s-1) D 1

Other researchers [13] adopted an analytical aghrohe analytical result indicates thatdepends on pipe diameter and

on particle size which was in agreement with thectwsion drawn by Oroskar and Turian [14] whichgédve best empirical
fits to the data.

7.0  Gillies et al Model

Gillies et al [16] conducted experiments to invgate the ability of gas-liquid mixtures to trandpgand in a horizontal pipe
or well at low velocities. Both laminar and turbotdiquid flow regimes were investigated. He thetteeded the Meyer-
Peter correlation for hydraulic conveying of slagito multiphase flow and found that the sand frarigates for sand beds
could be roughly predicted. Gillies et al [16] exded Meyer-Peter model by relating dimensionlesdigha flux to
dimensionless shear stress as shown below:

o= %s/S5) ©
[od(ss - )

diS. -1
Io
V2o,
= 8
T, > (©)
Where,

S = Solid — Liquid density ratio
d = Particle diameter
g = Acceleration due to gravity

0s= Volumetric flow rate of the mixture per unit badth multiplied by the delivered volume fractiohsmlids
{y = Dimensionless shear stress

P, = Liquid density
f = friction factor for flow over a bed with a réiee roughnessaj/ Deq )
V = mean velocity of the flow above the sand depdéi= Q/ A, )

Deq = hydraulic equivalent diameter
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Q = flow rate
A, = contact flow area

Pu = mean density of the delivered mixture
Meyer-Peter equation linkg/ and ¢ by:

p= [[%) - 0188} | 9)

This can also be rearranged to provide a prediatiothe flow rate. Gillies et al concluded that gagction has limited
influence on the ability of a laminar flow to trgimst sand at low superficial velocities. They obseérthat gas injection can
increase the solid transport rate if the flow igbtient. This was similar to conclusion reachedCudeman [10] on gas
increase with sand transport.

8.0  King et al Model

King et al [17] extended the model of Thomas [1&] iydraulic conveying. The model calculates th@imum pressure
gradient for solid transport to occur. It takeiatcount the viscous sub-layer and particle sgtthielocity, but the results
can only be compared within the viscous sub-lajteeewith a larger or smaller particle diameter.

For a case where the particle diameter is smdilem the viscous sub-layer thickness, the frictieloeity Ug at deposition

for infinite dilution is given by:
0269

v 271
Ug = 100NS(EJ (10)

For a case where the particle diameter is biggen the viscous sub-layer thickness, the frictioloeity UODat deposition
for infinite dilution is given by:

~06 _ -0237 0714
0204\%(%)[%) (%J (11)
L

For a system with a greater particle concentratioa,infinite dilution value can be modified to acat for the presence of
other particles. This correction is only appliedhié particle diameter is in excess of the boundaygr thickness and is
given by:

033
Ug=Ug|1+ 2.8(8’;] Jo (12)

(e}

Uo

Where,

W, = Particle settling velocity (ft/s) under quiesceanditions

v = Kinematic viscosity (ft/s)

d = Particle diameter (ft)

D = Pipe diameter (ft)

Ps, P, = Solid and liquid densities (Ib/ft3)

® = Volume fraction of solids in the slurry

The height of the laminar sub-layérfor a smooth pipe and for Reynolds numbers bel®kis given by:

DU -7/8
5= 62D(—SLPL] (13)
H

Where,U 4 is the liquid superficial velocity (ft/s)

The particle velocity under quiescent conditiondeépendent on the particle Reynolds number andeativided into three
regimes. The particle Reynolds number is defined as
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R, =148822 (14)

He
For Rep< 2, Stoke’s law region

w, 1488%}1'%) (15)

For 2<Rep <500, intermediate region
_ 35 49 0714114 ( s P, )0.71

s 029,,043

P H
For Rep>500, Newton’s law region

w, =174 [99\8s =0 (os-p1) 17)
o,

Based on above relations the pressure gradiemifimum transport to occur can be estimated as:

2
s _4pucf
AX D
If the pressure gradient for minimum transporbisér than the pressure drop predicted by a mulsipllaw correlation then
the particles would be transported.
The model proffered method for estimating pressgnadient prediction, but they did not treat bottmimum velocity
required to transport sand particle in pipes.

(16)

(18)

9.0 Stevenson et al Model

Stevenson et al [8] conducted an experiment toyssadd transport at low loading in multiphase fl@wis is a typical level
of concentration in the transport of sand by oill @as in subsea pipelines / tiebacks. It stredsednfluence of turbulent
slug nose and its effect on sand mobility. It highted fundamental flaws in extending work from taulic conveying
where there is no resemblance to transportatiosotifl in multiphase oil and gas flow. The approachs to obtain
dimensionless transport velocity correlations basedxperimental observations. The correlationsargiven below

For low viscosities, < 4.1cP

o181
V, = 0951/&(1+://;36j (136 + OBSZJ_][REL*/_[ jf’} (19)
For high viscosities, >Z—.10P
V aye]

{V—;J{RM/F_L (Bj } = 0.0167+0.005935 v -0.00914/F, (20)
Where,

% (21)
R, =AYl ()

L

10.0 Danielson Model
Danielson [12] used SINTEF database to obtaindhewing relation for the critical velocity:

U, = Ky g e (gp(s—1)) ™ (23)

Whered is the sand particle diamet&,is the pipe diameteg is the acceleration due to gravity, sis the rafisamd particle
to carrier fluid density, anl andn are equal to 0.23 and 0.2 respectively.
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The correlation was based on turbulence theorydmsidering the energy dissipated from turbulentiesidt equates the
strength of turbulence eddies to entrained pastitci®o the fluid against gravity forces, which attssettle the sand particles
out. When the condition of the critical velocityatained, the energy required for the particlesetoain in the suspension
must be equal to the fraction of turbulent enerfgctive in suspending them.

The concept of low loading was adopted similar tev&nson approach. An essential feature of the hisdeat the critical
slip between the liquid and solid phases is untdfbby the presence of gas.

Key Characteristics of some of the existing solidansport models

Table 2: Comparison of the features of proposed MTV modétk selected models

S/N Model Features / Characteristics

1 Stevenson [8] e Semi-empirical model

» Considered two-phase, gas-water

» Particle-particle interaction not considered
» Considered only intermittent slug flow

» Considered only suspension velocity

*  Small pipe sizes used, max 0.07m

e Suitable for horizontal pipe

e Sand patrticle concentration less than 0.1%

2 Salama [11] e Semi-empirical model

e Considered two-phase flow

« Does not account for flow patterns

» Particle size distribution not considered
» Suitable for horizontal pipe

3 Danielson [12] e Drift flux model
* Two-phase, water-gas flow
» Suitable for horizontal pipe

4 Thomas [18] * Mechanistic model using sliding bed concept
» Hydraulic conveying

» Single-phase, water-sand flow

e High solid loading

» Suitable for horizontal pipe

5 Ramadan [20] e Mechanistic model, three layer concept

e Consider two-phase, water & PAC solution
e Suitable for horizontal and inclined pipes

e Assumed stratified flow pattern

» Consider only suspension velocity

» Considered particle size distributions

11.0 Conclusion

Sand influx from relatively low strength formati@inevitable. The deep and ultra deep offshorérenments are prone to
sand influx because of the characteristic highlgamsolidated reservoir at shallow depth occasidnetigh pressures and
high temperatures. The production of formation sarid the wellbore and topside facilities is a coomrproblem with
attendant adverse effect on well productivity aqdipment.

From the literatures reviewed, it can be estabtishat many of the current works have been largmiysed on single and
two phase flow. The review also highlighted thedamental flaws in extending hydraulic conveyingotiyeto particle
transport in multiphase flow. Many of the modeld F116, 18, 19] also reflects high sand loadinggainst typical low sand
loading of less than 1 in 1000 by volume, a levMet@ncentration encountered in the transport ofiday oil and gas in
subsea pipelines [8,21]. The influence of flow gais and flow pattern transitions in multiphasédBuare rarely considered
[22]. This may have been responsible for lack aaacy of these models and which results into inggiate solid transport
models for three-phase and four-phase. For accutetelopment of multiphase solid transport modehnket al [1]
recommended that the model must be applicableriousflow patterns.

In order to bridge these gaps in knowledge, the elsodhust adopt an integrated multiphase flow mamage system
supported with comprehensive experimental invesitigaof solid behaviours in multiphase fluid flowhe multi-fluid
modelling and simulation methods coupled with ekpental investigation could provide the key to whimg the
complexities of solid transport in multiphase flgiith pipeline/tiebacks.
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