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ABSTRACT

The challenges related to droplet size characterization of dispersed liquid phase in
another continuous liquid phase in multiphase pipe flow to proper optimize the pipeline flow
system and flow assurans®nagemertiave been raised for yeal$e existence ahe
dispersed phasshangeghe flow pattern and increastne effective viscosities of the
dispersionsleading tasignificantly higher-pressurdosses in multiphase flow in pigdn
addition, the presence gés phase flow along the liquidjuid mixture flow causgadditional
complicatiors in predicting multiphase flow behavidue to additional turbulence in pipe flows
andchangsin flow pattern Experimental stuigs wereconducted to investigate the effect of the
dispersed phase fraction on the droplaracteristicen oil-water twephase flowand the
effects of the gas phase on the phase inversion ppoioi-waterpipeflows andthedroplet
characterization of theigspersed liquid phase in the liquid mixture. The experimental setup
includes &-inch clearPVC (polyvinyl chloride)horizontal pipe, whicltan be utilizedor
singlephasetwo-phase, anthreephaseflow studies As a result of experimental studies and
opensource literature data, new theoretical models were developed to predict the maximum
droplet size and Sauter mean diameter of the dispersed liquidiphhediquid mixture fooil-
water twephase and gaail-water thregphaseurbulentflows in a horizontapipe

The droplet size of the dispersed phase wwailer twephase pipe flow showed a strong
relation with the dispersed phase fraction for the same liquid mixture veloeiflarger droplet
sizeswereobservedvith an increase of the dispersed phase fraclibe.oilwater phase

inversionpointwas not affected by the liquid mixture velocity. In additidrg dilwater phase



inversion point was not affected by the presendb®fas phase in the gad-water tiree

phrase pipe flow systerfon the other handhe dispersed phase droplet sie@erallydecreased
with increasing the superficial gas velociGomprehensive model evaluation was carried out in
this study for the droplet size characterizatibinis work provides new insights into the droplet
size characterization in gadl-water thregphase flows and fil& critical gapin understanding

and modelindiquid droplet sizen the liquid mixturen gasoil-waterthreephase flovg that will
potentiallyenhane the accuracyof the heat and mass transfer estimatiorgasoil-waterthree

phase flows in pipes.
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CHAPTER 1

INTRODUCTION

Hydrocarbon production is commonly associated wigmixedflow of two and more
immiscible phases starting from porous media to surface facilities. Cocurrent flow of multiple
immiscible fluids can create a dispersed flow system where one fluid is fudrisally
dispersed into another fluid depending ondperatingflow conditiors and fluid properties. The
dispersed flow systesitan be stabilized by surface active agents (surfactants) and bsiztiee
emulsiors. Understanding a dispersed flow formatand its properties is critical to properly
design the flow facilities and operating processes in the petroleum industry. Several researchers
have reported the importance of droplet size characterization of the dispersed phase to better
model the compbeflow behavior in pipe flows and on predicting various flow assurance issues
such as hydrate formation prediction (Sloan et al. 28idher and Koh 2021), erosion and
corrosion estimation and prevention (Azzopardi 1997; Nesic 2004), rheology predfdtien o
emulsion flow (Pal 1987), and efficiency estimation of safmais (Avila 2003; Kokal 2005).

Several experimental studies have been conducted previouslywatertwo-phase
flow in pipes. However, these studies mainly focused on flow patterntioangressure
gradient, andnh-situ oil (or water)volumetricfraction There is a lack in experiments studying
the droplet sizeandtheir distribution, especially at dispersed phase fractions greater than 10%.

The gas phase is an inevitable portionydrecarbon flowsLike the studies ooil-water
two-phase flowsthe majority of the studies on gamsl-water flows were focused on flow pattern

transition, pressure gradieand liquid holdup measuremeit.addition,the studies ogasoil-



water thregphaseurbulent flows inpipes have been limited to low liquid loadirapnditionsto
studytheliquid entrainment into the stratified gakaseo predict the flow behavior in gas
pipelinetransportatios (Gawas 2013)The presence of gas phaséelieved to impact the

droplet size of the dispersed liquid phase in the liquid mixture dispersion due to the additional
shear and turbulencelowever, the prediction of droplet size of the dispersed liquid phase in the
liquid-liquid mixture for the gsoil-water thregphase flows has not been studied.

One of the objectives of thigork is to experimentdy} investigae theeffectof gas phase
on the phase inversion point and the droplet size characterization of the dispersed liquid phase in
theoil-wate mixture The experiments were conductediihorizontal pipe witla5.08-cm
internal diameter foa wide range of dispersed phase volume fraction fevaier twephase
and gasoil-water thregphase flowg to studythe effects ofincreasingdispersed phase fraction
and gas flowates The experimental work included measurements of pressure gradients, phase
distribution, flow pattern visualizatioand droplet size distribution. Theopar Vmineral oil
with aviscosity of14m P a(At20°C and 1 atn) and city tap watewereused at several mixture
flow rates for a wide range of water fractiofie building air was used as a gas phase.

The other objectives of this project are to evaluate the performance of etlistimgtical
models for droplet size prediction using experimental data fhempenrsourcditeratureand
currentstudy anddevelop newnodelsif necessaryit has been observed thabst of the
existing correlations for droplet size prediction were formed basémodispersed phase
fraction and related to only eiater twephase flowsalthough several investigators sthtee
obvious effecbf the dispersed phase fraction the droplet sizes (Pal and Rhodes 1989;
Plasencia et al. 2013)lew simplemodelswere avelopedor droplet size determination based

on the opersource literature and current experimental data. With these mtigeraximum



droplet size and Sauter mean diameters can be predictedaated and gasil-water flow
systems witlthe averagabsolute relative error ofi 35%

In this dissertationChapter2 provides a detailed literature review onwihter and gas
oil-water flow patterns in horizontal pipe flow and droplet size characterization of the dispersed
liquid phaseChapter3 providesdescriptioms of the experimental facility and experimental
resuls Chapter discusesthemodeling approach on the maximum and Sauter mean diameters

of the dispersed liquid phagehaptelb discusgsfurther directionsand need$or future studies.



CHAPTER 2

LITERATURE REVIEW

This chapteprovides the main concepts of multiphase flowpipesand the interaction
between immiscible phasekhe multiphase flow is often defined azammingledfiow of two
or more immiscible phases hydrodynamic flow field, individual phaseanflow separatly,
partially, or fully dispersed int@nothemphase which retains its continuity under hydrodynamic
flow conditions.For example, gas and water can be dispersecdimid continuous phase
dependingntheflow dynamics and nehydrodynamigroperties such abke physicaland
chemicalproperties of each phase

Different flowing conditions, pipe geometries, and fluid properties result in different
geometrical distributiomof the phasesvhich is also calleflow pattern. Dispersion of one
phase into another commonly occurs in various flow patténgasliquid two-phase flovg,
liquid droplets can disperse in the gas dorannular, stratified, and churn flows. The gas
bubbles can be entrained in tigid slug body because of the high mixinglad slug front.
Dispersion of gas in the liquid phase can also occur in bubbly or dispersed bubbldrfline
immiscibleliquid-liquid flows, oil and water dispersion commonly occurgler hydrodynamic
flow conditons and fluidphysical properties

The followingsections povide adetailedliteraturereview offlow patterns fooil-water

and gasoil-water flowsin pipesandmodeling studies on droplet size characterization



2.1  PreviousExperimental Studies onOil-Water Horizontal Pipe Flow
The al-water twephase flow patterns have been widely studied both experimentally and
theoretically. This section describes flow patterns based on published literaturevateoiflow

in horizontal pips.

2.1.1 Oil-Water Two-PhaseFlow Pattern
The flow pattern is a distinguishing phenomenon betvggggle phase and multiphase
pipeflows. Spatal distribution of phases in commingled pipe flow is defined as the flow pattern.
Thehydrodynamic parameterfidw rates), the geometric parameters (pipe inner diameter and
inclination angle) and nehydrodynamic parametessich as thehysicalpropertiesof fluids
(density, viscosity, and intiacial tension) define the spatdistribution of each phase in
commingled mulfphase pipe flowand determine the flow pattern.
Trallero (1995) provided a detailed review and experimentally studied the flow patterns
for oil-waterflows in horizontal pipesHe conducted the experiments i@-anch horizontal pipe
with mineraloil and water, with &iscosity ratio of 29.6, oito-water density ratio of 0.85, and
interfacial tension of 3GN/m at 25.6°C. Basedon the literature review and his experimental
observatios, Trallero (1995) characterized six different flow patteaassiown inFigure2.1
below, including
1. StratifiedFlow
9 Stratified Flow (ST)
1 Stratified Flow with mixing at the interface (SM1).
2. Dispersed Flow

 Water Dominated



o Dispersion of oil in water and water ¢Rv-w)
o Oil in water emulsion (o/w)

M1 Oil Dominated

o Dispersion of watein oil and oil in wateXDw/o-Do/w)
o Water in oil emulsion (w/0)
Oil in water emulsion (o/w)

Stratified Flow (ST)
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Figure2.1 Oil-water horizontal pip#ow pattern ketches (Trallero 1995)

Figure2.2 belowshowsthe correspondindlow pattern magrom Trallero (1995)where
the water superficial velocity is onraxis and oil superficial velocity is oraxis, respectively.
Trallero (1995) also provided a flow pattern map as functions of the mixture velocity and water
fraction as showmiFigure2.3 below, where the mixture velocity is onraxisand water fraction
(Cw) is on xaxis.

In general, the oilvater flow pattern in a horizontal pipe can be classified into two main

categories based on whether the immiscible liquids are in separation or in dispersidghainder



hydrodynamic flow field: Segregated flow and Dispersed flow (Tall€95; Braune001;

Lovick and Angeli 2004).
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Figure2.3 Oil-water lorizontal pipeflow pattern magor watercutrange(Trallero 1995)



At low flow velocities gravityand buoyancyorces dominatdeadingthe immiscible
liquids of different densities to separate and fes\stratified flow (ST)Further increase in
superficial velocity of either or both phasam inducenstability at the interface, creating
interfacial waves due to the different relative movement between the phases. Increased
interfacialshear stress caused by different relatheement between the phasesl the
turbulencdeads to theformation of oil droplets in water and water droplets in oil at the interface
Such flow pattern is called stratified flow with mixing at the interface-fYas shownn
Figure2.1. Hydrodynamic force tends to spread out the droplets throughout the pipe cross
section, whereas the gravity force tends to counteract the dynamic force. Higher interfacial
tensionreduces the instability at the interface leading to separated phases. Fluid viscosity acts in
dual way it causes the instability between phaselalso dissipatethe energy ofturbulent
eddies.

When the flow velocitiegcreasesegregatiorcan be disturbed due tioe high turbulent
motions of each phasend dispersion takes place causing one of the phakese its continuity
and become partially or fully entrained into another liquid phase in the form of dréjuets.
water dominatedysteman increase in water flow rate leads todispersion of oil in water
with a water layer (B/w-w) first, followed by a @lly dispersion of oil in wateflow (o/w). For
an oil dominated systerfylly dispersion of water in oifw/0) is observed at low water cut
values, while dualdispersioni.e., dispersion of water in oil and dispersion of oil in watew(&®
Do/w), occursat higher water cutalues close to the phase inversion point

Dispersiam flow occurs at highly intensive floasonditiors. When one of the phases
becomes fully dispersed in another continuous pheie one polar and the other npolar, the

systemcan stay stable for a long period of time and be called as an emulsion (Trallero 1995). In



the dispersed flow pattern, the dispersed phase droplets are stabilized bytsnsiacand
dispersed phase viscous foroshjle breakup is induced bthe dynant forcefrom the
continuous phase turbulence.

Lovick and Angeli (2004) experimentally studita oil-watertwo-phasedispersediows
in ahorizontalpipe. They vaed the mixture velocity from 0#® 2.5 m/s and input oil volume
fraction from 20 to 80%. Aey noticed that undeéihe mixture velocitiesrom 0.8 to 1.5 m/sand
similar phase fractions the flow pattern was dual continuous where both phases preserve their
continuity with partial entrainment of one phase into the other in the form of dropheth is
similar to Dw/o-Do/w flow pattern typean Trallero (1995)Lovick and Angeli (2004) found that
droplet size and their concentratidecreasewith increasing distance from the typhase
interfacein dual continuous oivater flows Oil droplets incontinuousvaterphaseresulted in
slightly bigger sizethan water droplets in gihasewhich might be due to higher internal
viscous force of oil phase. Higher mixture velmsted to higher entrament of one phase
dispersed into another, but no significant effect was fourthedroplet size of any phase.

Al-Wahaibi and Angeli (2008) experimentally studiedwedlter dual continuous phase
flow and observed that larger drops st@dglose to the oilvater interface. They stated that larger
droplets at the oilvater interfacaveredue to the higérlocal volume fraction of the dispersed
phasehatled to higherlocal droplet concentration and coalescence.

The system pressudeops phase holdup, heat and mass transfer between phades,
droplet size characterization of -e¥ater twephase pipe flows strongly depend on the flow
pattern and distribution of thenmiscible fluids Dispersionof one phase intarother carcause
higherpressure drops due to interactions between the droplets and continuous ,niecipliet

resistance to deformatioand dropletdroplet interactions. The pressure datgodepends on



which phase is continuouthat is less viscous water phase or more visodyphaseand on
droplet size distribution of the dispersed phsiseh as monodisperse or polydisperse

distributions(Pal 1987 Trallero 199% Plasencia et al. 2013).

2.1.2 Phase Inversion

Phase inversion in a dispersed flow of two immiscible liquidefged as the transition
of a phase from being dispersed tedmingcontinuous phase when flowing conditions,
dispersed phase fraction or physical fluid properties chamyexample, the watan-oil
dispersion becomes tlod-in-waterdispersiorat the phasanversion point, whiclthangeghe
flow behavior and pressugeadient(Pal 1996). Pal (1998) concluded thag effective mixture
viscosity wa subject to the droplet sidéstribution rangef the dispersed phase based on his
experimental workPlasencia et al2012 observed thahe effective viscosity of the mixture
flow increasd until thewater fraction reached phase inversion poiat a watercut of 80%and
then dropped rapidlin oil-watertwo-phaseflows. Phase inversiomvolves the interchange of
the continuous and dispersed phases and depends on parameters such as the volumetric input
fraction of the dispersed phase, physftat properties ofnvolved phasesand hydrodynamic
flow field conditions(Pal 1998 Plasenaet al.2012).

The ratio of two immiscible phas®lumetric fractiols alone is not a deterministic factor
for the phase inversion poitfitemulsifying surfacants and solids exit in tHkid mixture For
example, explosivemulsions maygonsist of up t®2% of water phase formirtge waterin-olil
emulsions (Mikula 1992).

Nadlerand Mewes (19979xperimentally studied the flow of two immiscildé and

waterfluids in a horizontal pipe with an inner diameter of 59 mm at different oil viscosities
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without surfactantdditives. They measured maximum pressure drops in the region of the phase
inversionpoint, which was observed when the watatreached between 10 and 208fgeli

and Hewitt (1998)neasured pressure gradieot®il-water flowsin horizontal arylic and steel
pipesfor watercut values ofrom 0i 100%.They observed the phase inversgmint from oil
continuous to water continuous dispersed flolnen the water cut reachatiout 3740%for

both steel and acrylic piglows. Figure2.4 shows a pressure gradient at 3.0 m/s mixture

velocity for a full range of water cuts in the steel pipe for an unstabieaddr dispersion flow
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Figure2.4 Pressurgradientvs. water cut (eproduced fronrngeli and Hewitt 199).

2.1.3 Droplet Size Characterization in Oil-Water Pipe Flows

Reliable estimation of droplet sief the dispersed phasad their disttution is
essential to obtaitheinterfacial areastimation per unit volumieetween the continuous and
dispersed phasgwhich is used to estimate theat and mass transferthre gasliquid andthe

liquid-liquid dispersion flowsAs mentionegreviously the characterization of the dispersed
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phase droplet size is critical to properly designgtueluctionfacilities (such aseparators
pipelinetransportationand operatingystemsn the petroleunindustry.Droplet size depends on
competing breakip and coalescence forces under hydrodynamic flowsfaid physicalfluid
propertiesAs shown inFigure2.5, dispersedlow forms as a result of unstable interface

between two immiscible liquid phases due to high turbulent flow dynamics, and then the formed
droplet can coalesce and build unstable emulsion or become isolated by surfactants and build

stable emulsion flow.

Unstable Water-in-Qil Stable Water-in-Oil
Emulsion Emulsion

Droplet Break

Coalescence of water droplets v~/2 [7X Coalescence “\
L_ Z/\l Droplet Break

Droplet
Formation

Figure2.5 Conceptual modedf oil-wateremulsion formation process.

Droplet spacing and distribution type (monodisperse or polydisperse) play important
roles in phaseversionpointfrom oil to water continuous or vice versa (Joseph and Renardy
19®8). The spacing of the droplets is important in the mechanics of the dispersed phase flow. If
the droplets can be treated as isolated, then the dispersed flow can be assarmduate
disperson and singlephase floncan be assumealith modified phase properties for density and

viscosity.Figure2.6 belowillustrates a droplet spacing ircabic space with sideequal to the

12



distance between droplet centers with a diani2idrhen the dispersed phase volume fragtion

| ,lis defined as in Equatiahl.

2 2.1)
h: |

Crowe et al. (2012) stated that the droplets interacted for a dispersed phase fraction of
more than 1%, which was corresponding U (ratio of the dropletiroplet distance to the
droplet diameter) less thanhen his close dropletiroplet interaction leads to droplet

coalescence.
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Figure2.6 Dropletspacing in cubic space (Crowe et 2012)

In laminar flow the emulsionanbe treated as homogeneous fluid if the settling effect of
the dispers# phase droplets negligible,andtheratio of pipeto-droplet diameteis large.In
turbulent flow, the fluid cabe treated as homogeneous if the turbulent eddéetarger than the
droplet sizes of the dispersed phase, such that the turbulent velocity fluctsiabbaffected by
the droplets (Wallis 1969). Baron et al. (1953)pwsed that if the drag force was larger than the
inertial force acting on the droplets of the dispersed phase, the emulsion could be treated as
pseudehomogeneous fluid, and the hydraulic models for sipglase flow could be used with

averaged physicdluid properties as in Equatidh2.
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The dispersed droplets also interact with the turbulent eddies of the continuous phase
depending on the relative sizes of the droplets and eddies. These-droplet and droplet
eddy interactions can change the structure of the turbulent flow andth&guessure gradient
of the systenfPlasencia et al. 2012)hus, a reliable prediction of droplet size distribution is
necessary for better modeling and designing of dispersed flow systems. Pal (1993) critically
reviewed the pipe flow of stable and watde emulsionandstated that watein-oil emulsions
demonstrated higher drag reduction tharireivater emulsions.

Concurrent olwater flowsin pipes hae been studied by various investigators. However,
most of them have been limited to-oitwater type of emulsions (Baron et al. 1953; Collins and
Knudsen 1970; Pal 1989). A few investigators have conducted experiofigraerin-oil
dispersion on the droplet size characterization and their effect on the mixture rheology
(Karabelas 1978;d& 1998; Plasncia et al. 2013 Crude oil is commonly produced and
transportedis watetin-oil dispersions in pipelinsystemsTherefore, understanding of the flow
characteristics of watén-oil dispersios is important for the design and operation of production
gahering facilities and pipeliness well

Numerous researchers experimentally studied the effeptsysfcalfluid properties and

flowing conditions on the droplet formation process and the droplet sizes.

2.1.3.1 Effect of Physical Fluid Properties on Droplet Sizes
Hinze (1955) noted that ancrease irthe continuous phase density nuimcrease the

coalescence of the dispersed phase dropéziding to smaller droplet sizésinze (1955)lso
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pointed out thaanincrea® inthe dispersed phaskensityincreased the time of deformation of
droplets beforéheybrokeup. Sleicher (1962) stated that the density difference between the
immiscible phases may create a shattering effect on the droplets during their initial accelerati
when the transient reginveas considered. Sleicher (1962) found that droplets became more
stable and biggexrhen the dispersguhase density wasgher thanthe continuoughase
density. Levich (1962yonsideredhe importance of the dispersed phasesierior the droplets
internalpressure force and incorporated the dispersed phase density into the critical Weber
number

The vigosity of the continuous phaptays an important role droplet formation
processy applyingshearingviscous stress atispersed phas#ropletscausing them to breakup.
In addition,an increase in continuous phase viscosity incoethgetime of shell removal
between the droplethus peventingthedroplet coalescenaghen dropletdbecome closely
attacted (Sleicher 1962Davies 1985Karabelas 1978 Angeli and Hewitt (2000) found that
waterdroplets were smaller in the oil continuous flow comparetiemil droplets irthewater
continuous flow for the same conditioms.addition,the experimental worlof Karabelas (1978)
indicated that the largest droplets tended to concentrate at the bottom of a horizontal pipe at low
velocities when the continuous phase was less viscougsstknse Analyses othe
experimenal datafrom Karabelag1978 showedthat an increase in th@itinuous phase
velocity andviscosityled to smalledroples of the dispersed phass illustrated irFigure2.7
below.

The internal viscous force of the dispersed phase requires higher energy dissipation
during droplet deformation and then less energy remains for the doogdétip process\{an

der Zande and/an den Broek 1998). The internal viscous fomes believed to become more
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important when thdispersediquid viscosity becomes close to timerfacialtension(IFT)

forcesin resisting the droplet breakup when it was sufficiently larger th@mcantinuous phase
viscosity (Kubie and Gardner 1977; Davies 1985; Hesketh et al. 1987; Vagikalva007).

Hinze (1955)pbservedarger fraction of small droplets when the dispersed phase viscosity was
less than the continuous phase viscosity. On tiner dnand, larger droplets formed when the
dispersed phase viscosity was higher than the continuous phase vistukiispersion beoze

less uniform.
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Figure2.7 Effect of continuous phaseelocity and viscosity on droplet size

Collins and Knudsen (197@)sostated that amcreas inthe dispersed phase viscosity
delayeddrop deformation and breagbased on their experimental resuhgalyzing he
experimental data of Sleich€r962) indicatd that themaximum droplet sizancreasd with
increasing dispersed phase viscosity as showigure2.8 below.

Interfacial tension is a dominating force for the droplet stabilization in resisting the
external breakup force. The increase in the interfacial tension forceetiautirger droplé

sizes (Sleicher 1962; Vankoeaal.2007; Plasencia et al. 2013he strong dependence of the
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droplet size on the interfacial tensimas well demonstrated by the experimental datalyses

from Sleicher (1962as shown irFigure2.9.
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Figure2.8 Effect of dispersed phase viscosity on droplet.size
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Figure2.9 Effect of interfacial tension (IFT) on droplet size

Surfactants reduce the interfacial tension (IFT) between immiscible phases up to a critical

concentratiorsocalled critical micelle concentration (CMC), promoting the creation and
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stability of dispersed droplets. Above CMC, the interface is saturatedh&igurfactants, and

IFT becomes constariDavies (1985ktatedthat adding surfactants to theuid mixture

prevented the droplets from coalesciAgphaltengresins, organic acids and baaes some

typical natural surfactastin crude oil compositios(Kokal 2005 Abdulredhaet al.2020. In
petroleum fluids, oiphase solids such as wax crystals and precipitated asphaltene play an
important rolen both creating and stabilizing the emulsiaf®il and water phases (Mikula
1992).Fine solid particlesuch as clays and sands can also enhance the emulsification process
and emulsion stabilitpreventing droplet coalescengased on their size and wettability (Kokal
2005).The reduced IFbetween the continuous and dispersed phaségst easier for the

inertial forceof the continuous phase eddtesreak the droplets into smaller sizksaddition,

the dispersed phase droplets can be surrounded by surface activeoleghlarweightpolar
molecules and surfactants which strengthen the surface film around the dropset.

surfactants and surfactalite heavy fractions in crude oil decrease the IFT leading to smaller
dropletsandenhancinghe interfacial film viscosity preventinge droplets from drdet-dropet
coalescinglue to the repulsive interactions between stable drdpkdéng tostable emulsions
(Davies 1985; Pal 199Kokal 2005 asillustrated inFigure2.10. The stability of the emulsions
depends on the nature and concentration of the emulsifiers and the chemistry of both dispersed

and continuous phases (Pal 1993).
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Figure2.10 Surfactant stabilized emulsion fortien mechanism
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2.1.3.2 Effect of Operating System Conditions on Droplet Sizes

The effect of continuous phase velocity has been studied by numerous rese@hehers.
droplet size dependence o ttontinuous phase velocitgs reporedto the velocity power of
from-1to-2.5,i.e, an increase of the continuous phase velocity l&admaller droplets as
shown inFigure2.7 above(Sleicher 1962Karabelas 197.8Angeli and Hewitt 2000Plasencia et
al. 2013 Kee 2014)In dilute liquid-liquid dispersionsthe dispersed phase velocity can be
assumed to be equalttee continuous phase velocitgrauner 200L Additionally, the
experimental data from Karabelas (1978) and Simmons and Azzopardi (200&dshatihere
wasalimit on the continuous phase velocity, above which its effect on dropletvsasetnite
(Figure2.7). Kubie and Gardner (197tsed a horizontal pipe flow to experimentally study
dispersed phase flow and noted that the droplet size distrithgeamenarrower with
increasing continuous phase veloaitigerethe maximum droplet sizgecrease rapidly than the
minimum droplet size.

Simmons and Azzopardi (200¢aried the mixture velocity from 0.8 to 3.1 m/s and
founddroplet size stratification at lavmixturevelocities from 0.8 to 1.5 mia a horizontal
pipe, using kerosene asontinuous phase ardjueougpotassium carbonate solutionas
dispersed phase.

An increase in theuperficialdispersed phaseelocity for the same mixture velocity
results in anncreaseof its volumetric fractiodeading to dense dispersiomhichin turn results
in larger droplet due todropletcoalescencddowever,most ofthe experimental studiesdha
been conducted with lodispersed phase volume fractswmith about0.51 10%, whichshoweda
smalleffect on the droplet siz€Sleicherl962;Collins and Knudsen 197@ngeli and Hewitt

200Q Vielma et al. 208). Generallythedroplet concentratioand sizancrease with increasing
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dispersed phase volume fractigp to the phase inversion point whardispersed phase
becomes aontinuous phas@ ahydrodynamidlow field (loannou 2006)Some other
experimentastudiesalsoshowed increasingiropletsize as dispersed phase volume fraction
increasd for both water and oil continuous turbulent flow conditions (Pal and Rhodes 1989;
Plasencia et al. 2013; Kee 2014; Schimann et al. 2016; Paolinelli et &).2018

In dense digersions, larger droplets lead to more deformation mechamsgmesistance
to flow in turbulent flowyielding in damping effect on theontinuous phasirbulencgOtsubo
and Prudhomme 1998al2007;Vielmaet al.2010; Plasenciat al.2013).Thus,the effect of
the continuous velocity on the droplet breakup may decrease, antbthigesult in more droplet
coalescence

Plasencia et a{2012 reported thathte dispersion flow aced asa Newtonian fluid at
low dispersed phase concentration lesa #@6in most case®r the watetin-oil dispersion
flows. However, as the dispersed drogencentration increasgethe dispersion floebe@mea
nortNewtoniantype of fluid (Pal 1987 Plasencia et ak012)

The effect of pipe material was studied by Angeli and Hewitt (20@@;h shovedthat
arougherstainlesssteel(hydrophilic) pipeled to smaller droplets than irsenootter acrylic-
resin(hydrophobic)pipe forthe same flowing conditiong&\ngeli and Hewtt (2000) used a
friction factor to account for different pipe matenialighness, which increastteturbulence
effect on the droplstieading to smaller dropletSchiimann et al. (2016) also noted that an
increase in friction factor led to smaller drejpsizes.

Paul and Sleicher (1966ptained experimental datia study the effect of pipe diameter
and concluded thahe maximum droplet siagasproportionalto thenegative0.1 power of the

internal pipe diameteHesketh et al(1987) alsmbservedhe dependence of the maximum
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droplet size on continuous phaaeerficialvelocity andinternalpipe diameter frontheir
experimental data

A summary ofrelevantexperimentatiataon droplet size characterization published
the opepsource literaturéor oil-water flows in horizontal pips arechronologically listed in

Table4.1 andTable4.2 in Chapter 4

2.2  PreviousExperimental Studies on GasOil-Water Horizontal Pipe Flow
Hydrocarborreservoirs naturally contasome level of natural gases dadmation
water, and alsa@as andvaterareusuallyinjected to support the reservoir pressure during
petroleum productianTherefore, multiphase flascommonly occur in petroleum producing
wells and transportation pipelinasa mixture of gaspil, and watephases
Previous experimentatudieson gasoil-waterthreephase flows hae been mainly
focused on flow pattern identification, pressure gradigmid holdup measurement, and liquid
entrainmentnto the gas phase at low liquid loading conditifarsstratified gadiquid pipe
flows. This section provides a general reviefithe flow patterns observed gasoil-water
threephasdlows in pipesfollowed bya discussion odroplet sizecharacterizatiomn gasoil-

waterthreephasdlows in pipes.

2.2.1 GasOil-Water Three-PhaseFlow Pattern
Gasoil-waterthreephasehorizontal pipelows demonstrag very complex flow
behaviorsThe flow pattern depends on the pipeline geometry (inclination angle and diameter),

volumetric fraction ofnvolvedphass, physicalfluid properties, andperatingconditions.
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The definition of ga®il-waterflow pattern sii lacks consensus. Sonaithorsusel the
flow pattern map$®ased omyasliquid two-phase flovg for gasoil-waterthreephase flows (Al
Hadhrami et al. 2014Dthersdefined the threephase flow pati@s based on the mixing degree
of the liquid phases (Hatt/2005), while other studies defidéhe flow patterns for gasil-water
flows based on the combination of gaguid two-phase and cilvater twephase flow patterns
(Acikgoz et al. 1992Pan 1996Keskin et al. 2007; Gawas 2013

Hewitt (2005) definedhiree main types of flows based on the degree of mixing of the
liquid phasesincluding:

1 Unmixed flows Theyarestratified flows of separated phases dudhe gravity force.
Usually,thewater flows at the bottom of the horizontal pipe, the oil is in the middle
and the gas at the top of the pihee to their density difference as showifrigure
2.11 bdow. The waves between the interfaces of immiscible fluids may occur due to
the superficial velocity difference of each phase.

1 Partially mixed flowsPartially mixed flowcan develop between the liquid phases at
higher velocities as shown Fgure2.12 below.

1 Fully mixed stratified or slug flowdt occuis due to high velocities, where one liquid
phase is fully dispersed intbe other liquid phase iform of droplets and the gas
flows on bp of the pipe as stratified flow or between liquid slagshown irFigure

2.13 below.
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Figure2.11 Stratified unmixedyasoil-waterflow pattern (Hewitt 2005)
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Figure2.12 Stratified partiallymixedgasoil-waterflow pattern (Hewitt 2005)
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Figure2.13 Fully mixed stratified and slugasoil-waterflow pattern (Hewitt 2005)
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Considering the complexity of the ghguid interactions and the liquililquid mixing
degrees, Acikgoz et al. (1992) and Pa®9@) suggested a mujpart classification of the three
phase flow patterns as illustratedrigure2.14 andFigure2.15: Part 1 describes the nature of
the continuous phase; Part 2 describesxang degree of the liquid phases; and Part 3 describes

the nature of gakquid flow pattern.
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10 102 103 104
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Three-Phase Flow Patterns
No Part 1 Part 2 Part 3 Abbreviation|
1 | Oil based / Dispersed / Plug Flow O-D-P/
2 | Oil based / Dispersed / Slug Flow 0O-D-5/
3 | Oil based / Dispersed / Stratified Wavy Flow O-D-St W
4 | Oil based / Separated / Stratified Wavy Flow O-S-StW
5 | Oil based  / Separated / Stratifying Annular Wavy Flow | O-S-StA.W
6 | Oil based / Separated Dispersed / Stratifying Annular Flow 0-5.D-5tA
7 | Water based / Dispersed / Slug Flow W-D-S/f
8 | Water based / Dispersed / Stratified Wavy Flow wW-D-St. W
9 | Water based / Separated ! Incipient Stratifying Annular Flow| W-S5.D-1.5tA
10 | Water based / Dispersed / Stratifying Annular Flow W-D-5t.A

Figure2.14 Gasoil-watermulti-part flow patterrechemgreproduced by Hewitt (2005) from
Acikgoz et al. 1992)
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Figure2.15 Gasoil-watermulti-part flow patterrschemereproduced by Hewitt (2005) from

Pan 1996)

Keskin et al. (2007) conducted the galswate thre
horizontal pipes at a wide range of gas, oil, and water f
at 15.6°C and 13.5 mP& viscosity at 40C), city tap wate

experimentsKeskinet al. (2007) definetivelveindividual

ephase experiments usin@anch
low rates. Mineral oil (859deyisity
r, and air were used as fluids in their

flow patterns for horizontal gasl-

waterpipe flow, in which the first word stands for the diagiid flow pattern and the second

word indicates the oilvater flow patternsrigure2.16 demonstrates gasl-water horizontal

pipe flow pattern sketches feach flow pattertype

Intermittent— Strati

Stratified — Stratified (ST-ST)

fied (IN-ST)

Stratified — Oil Continuous (ST-OC)

k.
P

Intermittent — Water Continuous (

Annular — Oil Continuous (AN-OC)

Figure2.16 Gasoil-water horizontal pipe flow pattesketchegKeskin et al. 2007)
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Figure2.17 showsthe flow pattern maps generated from the experimental measurements

for different water cutswhere the liquid mixture superficial velocity orayis and gas

superficial velocity on »axis.
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Figure2.17 Gasoil-waterhorizontal pipdlow patternmap(Keskin et al2007)
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Thetwelveflow patterngor gasoil-water thregphase horizontal pipe flodefined by
Keskin et al. (2007are

1. Stratified Stratified (STST). This flow patterroccurs with fully separated oil and water
phases at low oil and water flow rates. Wavy-ginterface can be seen duethe
higher gas flowelocity.

2. StratifiedDual Continuous (SDC). This flow patterroccursat higher velociesbut
low enough to rach intermittent flow. Gasil interface becomes wavy. Oil and water
phases are still separated. However, some water droplets entrain the continuous oil phase
above the oilwvater interface, and some oil droplatedispersd in the continuous water
phasebelow the oHwater interfaceThe oilwater interface location is dependent on
waterfraction

3. StratifiedOil Continuous (STOC). This flow patterroccurs at relatively low water
fraction The water becomes fully dispersed into a continuous oil phase, aod gas
interface becormewavy due tahehigh gas flow rate.

4. StratifiedWater Continuou$ST-WC). This flow patterroccursat relatively highwater
fraction The oil becomes fully dispsed into a continuous water phase, andvggater
interface becomes wavy duethe high gas flow rate.

5. IntermittentStratified (IN-ST). This flow patterroccursat low gas flow ratewith gas
pocketsat top of the pipe between oil slugs. The oil and waltasedlow fully separated
with possibly few droplets at the aelater interface.

6. IntermittentDual Continuous (INDC). This flow pattern occurs at low gas flow rate
with gas pocketfiowing at top of the pipe betwedigquid slugs. A slighincrease in

liquid flow rates leadto theliquid-liquid intermixing anddepending othe water
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fractionmore water droplets enter the continuous oil phase, whereas some oil droplets
entrain into the continuous water phase.

7. IntermittentOil Continuous (INOC). Thisflow pattern occurat low waterfractionwith
relatively high liquid flow rates. The water phase becomes fully dispersed in the
continuous oil phase, and glaguid flow becomes a slug flow.

8. IntermittentWater Continuous (INVC). Thisflow patten occurs at high watdraction
with relatively high liquid flow rates. The oil phase becomes fully dispersed in the
continuous water phase, and gjgsiid flow becomes a slug flow.

9. AnnularOil Continuous (ANOC). This flow pattern occurat very high gas velocities.
The gas phase flows through the center of the pipe, whereas the liquid phase flows as a
film around the pipe wall. High gas velocity causes the ligtddstermix even at low
liquid velocities, whereéhe oil phase becomes a continuous phase with the water fully
dispersed as droplets due to low water fraction.

10. AnnularWater Continuous (ANNC). Thisflow pattern occurs at very high gas
velocities. The gas phase flows through the center of the pipe,ashtbeeliquid phase
flows as a film around the pipe wall. High gas velocity causes the lituidgrmix
even at low liquid velocities, where the water phase becomes a continuous phase with the
oil fully dispersed as droplets due to low oil fraction.

11. Dispersed Bubbl®il Continuous (DBOC). Thisflow pattern occurs at very high oil
flow rates. The gas phase becomes dispersed in a continuous oil phase as discrete
bubbles, andhewater phase becomes dispersed in a continuous oil phase as water

droplets dugo low water fraction.
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12.Dispersed BubblVater Continuous (DBVC). Thisflow pattern occurs at high water
flow rates. The gas phase becomes dispersed in a continuous water phase as discrete
bubbles, and the oil phase becomes dispersed in a continuoupheeteras oil droplets
due to low oil fraction.
The experimentatonditionof the current study is similar to that Keskin et al. (2007)
Thereforethe flow patterns observex this studywerecompared to the flow pattern map of

Keskin et al. (2007).

2.2.2 Droplet Size Characterization in Gas-Oil-Water Pipe Flows

The presence dhegas phase can significantly changenhdtiphaseflow behavior,
increasing turbulence and leading to a more compigigbetween gatiquid and liquid
liquid phasesMost ofthe previous studies focused on the droplet size characterization of
entrainediquid in the gas corenly and ignoredhe liquidin-liquid dispersios.

In stratified flows, oil-water liquid mixtue canflow as a liquidayerat the bottom of the
pipe at low velocitiesKigure2.16). When gas velocity increasesl and water liquids can be
dispersed into the turbulent gas core due to turbulent kinetic energy and drag forces. The
entrained liquid droplstcan wet the pip wallincreasing friction and leading to corrosion
concerns. Accurate estimation of droplet sizes in the gas core is important for modeling liquid
transportation, and flow assurance prediction and management, such as gaddrededtand
pipeline corosionestimation

The liquid droplets in the gas core are mainly affected by the drag force thedig
density and viscosity differensbetween the liquid droplets and gas. Therefore, the liquid

dropletentrainment into the gas caeestrongly depeneht on the gas velocity (Shmueli 2012).
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As Keskin et al. (2007) described, high gas velocity led to theaiir intermixing even at low
liquid velocities, andncreasediquid velocities causkthe oilwater intermixing leadintp one
liquid phase beingontinuous anthe other being dispersetlowever, the effect of gas phase on
the dispersed liquid droplet in the liquid mixture has not been stuthed,experimental studies
are needed to better understand the liquid droplet size and distribution in theidqigd
mixtures under the presemofthegas phase flopespecially in slug flow patterihis will also
facilitate model development, and essentially benefit flow assurance prediction and management.
Some researchers used the droplet size models developed-foughtvo-phase annak flows
to predict the entrained liquid droplet sizegasliquid-liquid threephase flowgSkartlien et al.
2011 Gawas 2018

Shmueli et al. (2012) performed gais-water thregphase flow experiments in a
horizontal pipe, using a dense gas to sineutagjh pressure flows with various oil viscosities
They noted that increasing water fraction in the liquid mixture reduced the liquid entrainment
into the gas core. Thisan bebecause of the higher surface tendietween the gas anhter
that requiredigher sheastresdor the droplets to formPaolinelli (2018) noted that increasing
water cut in the liquid section requires higher superficial liquid and gas velocities to lead the

water fully dispersed in olil.

2.3  PreviousDroplet SizeModeling Studies

Dispersed phase droplets in the turbulent flow field are subject to various forces such as
buoyancy, gravity, external and internal viscous forces, turbulent fluctuations, shear stress,
collision, and surface tension foré@nal doplet sizes oftte dispersed phase depend on

competing forces between droplet bregkand stabilizing force#f the breakup force is large
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enough to deform droplets, then the droplets become unstable and break up into smaller droplets.
The magnitude of these forcegspendson fluid properties and hydrodynamic flow conditions.

The droplebreakupdepends on theosition in thepipe in which it is formed. Sleicher
(1962) experimentally investigated and stated that the dropks&dg close to the pipe wall
which ledto maximum stable droplets. Collins and Knudsen (1970) also observed that high
deformation of droplets appeared in the buffer ldymscous layerklose to the wall than in the
center of the pipe. However, Swartz and Kessler (1970) observed that the ditagiedsnear
the center of the pipe throughout its fragmentation process for their experiment. Levich (1962)
suggested that the large velocity gradient close to the widb line formation of the smallest

droplets, possibly #gaminimum stable droplet €z

2.3.1 Modeling Maximum Stable Droplet Sizein Oil-Water Two-PhaseFlow

Droplet formation process in eitater dispersed floswwvasbothexperimentallyand
theoreticallystudied bymany researchefslinze 1955 Sleicher 1962Collins and Knudsen
197Q Swartz and Kessler 1970ankovaet al.2007). Two dominant disruptive forceme
generally accepted depending upon whether droplet breakup occurs near the wall buffer layer
(shear force) or near the pipe center turbulent comeafdic pressure force). The shear forces
were observed to stretch the droplet and split it into two approximately equal parts, whereas the
dynamic pressure forcesive the droplets to vibrate letting smaller droplets break off (Swartz
and Kessler 1970Y.hestabilizedsmallest and largest droplet sizgs dependent on fluid
properties and operational conditions as described albbeeomplex parametric impacts on
the droplet size make the theoretical modeling challengvhghrequires morecomprehensive

experimental data undarbroad range dfowing conditions and fluid properties
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Scientists have considered the droplet breakup and coalescence mechanisms to model the
stabilizedmaximum droplet size (Hinze 195Sleicher 1962Liu and Li 199; Leng and
Calabrese 20Q3lamu 2010).The balancéetween the disruptive and stabilizing forces
determines droplet formation mechanisms and their size distribttidense dispersion flows
dropets cancoalesce when they collide and remain in cdrftarca sufficient time for the film of
the continuous phase between the titsto drain. However, the turbulent eddiéshe
continuous phase may separate the droplets and prevent coal¢3temsas 1981)

Different droplet breakumechanisms depending on twbase flow interactions have
been suggested by several investigators (Hinze;189biband Grolmes 1973\ zzopardi 1997
Vankovaet al.2007).Basic modeling studies of droplet breakup in turbulent §laxere
independently prested by Kolmogorov (1949) and Hinze (195b)erms ofdimensionless
Weber numberTheyconsideedthe turbulence energy as a primary breakup force and the
interfacial energy as a stabilization fofoe the dropletsThe main assumption in their workas
that the turbulent floowas homogeneous and isotropand he droples breakwhen rapid
turbulent fluctuations in the vicinity of the dlepovercomehe interfacial tension force§he
dynamic pressure forces developed by the changes in vetveitydstances at the most equal to
the droplet diameten turbulent flowplay an important role idetermining the maximum
droplet sizeFigure2.18 belowillustratestwo mechanisms of the droplet breakup namely
turbulent inertial regime and turbulent viscous regime. In the turbulent inertial regime, the
droplets larger than the smallestlulent eddy scales can deform under the hydrodynamic
pressure fluctuations. Whereasaiturbulent viscous regime, the droplets smaller than the

smallest eddies can deform untlezaction of viscous stregnside and between eddies.

32



®) ® &S
® ©

(a) Turbulent inertial regime b} Turbulent viscous regime
Figure2.18 Dropletbreakupmechanisrma (Vankova et al. 2007

Hinze (1955) classified thaeformation of drolets into three types: lenticular, bulgy, and
elongation of the drdet, the latter being most prevaleAssuming a simple isotropic
homogeneous turbulent regime, he considaredial energy fromhe turbulent velocity
fluctuations asnain disruptive force for the droplet breakup and surface tension force as a
stabilizing(cohesiveYorce of the droplets. He pointed out three main forces, namely, viscous
stress, dynamic pressure, and surface tension as dominating forces in dropitbfopnocess.
Hinze (1955)orrelated the forces controlling the droplet deformation and breakup into two
dimensionless groups suchad/eber numbefWe andaviscositygroup(Nvi). The Weber
number expresses the balance between the inertial(tfarbalent pressure fluctuationghich
tends to break the drop)eind surfaceensionforce whichresiss thedroplet deformatiomas

shown inEquation2.3.

T

©Q < (2.3)

Hinze (1955) suggested that if the viscosity effect could be neglected whiispgbesed
phase viscosity was sufficiently small, the maximum drop size could be defined using a critical
Weber number. The critical Weber number gives the maximum droplet size which can resist the

deformationandthe droplet breaks the force balancexeeeds the critical Weber number.
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Hinze (1955)lso stated the critical Weber numbdepeneédon the type of deformation and the

flow pattern around the dropletBhe critical Weber number is given in Eajion2.4.

T

wQ s (2.4)

Hinze (1955) defined the dynamic pressure force of the continuous phase around the
droplet as in EquatioB.5.
T 706 (2.5)
The mearsquare spatial fluctuating velocity, , describes the turbulent pressure forces
of eddies of sizé&iand is defined as the average of the square of the differences in velocity over a
distance equal to the droplet diamet¢i. nze (1955) proposed using th
length scalémicroscale)o define the turbulent velocitjifference over a distee equal tdéhe
maximumdroplet sizedmax Th e Kol mogor ov 6 s,lfepr@sdntsthe dmallesy t h s c a
length of turbulent eddies interacting with dispersexplkts and is defined &s Equation2.6.
aLQ La (2.6)
a  Yr 7
a 1O
anda is the length scale of the energy containing eddi@spipe of diameter DHinze 1959)
In isotropic homogeneous turbulence, the megumare spatial fluctuating velocity, ,
over a distance equal to the maximum droplet size was defined as a function of the energy
dissipation rate per unit mass (Bachelor 1953) as in Equafion
6 ¢-Q 7 2.7)
Then using the critical Weber number by Hinze (1955), the maximum stable draelet si

can be defined by Equati@s.
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Q —_— > -7 (2.8)

where Hinze (1955) suggestedQ p® ¥for emulsification in a turbulent flofield. This
eqguation provides fundamentatoncepto describe the maximum stable droplet size as a
function of the local energy dissipated by the turbulence and soys&ahproperties of the
fluids. The local energy dissipation rate in a pipe can be taken equainedmenergy
dissipationrate per unit masandexpressed as in Equati@r®.
QY
i CT 2.9)
The friction factor can be expressed by the Blasmsation as shown in Equat'@il0 or

the Colebrook equatioas shown in EquatioB.11, which is applicable for turbulent flow in

smooth and rough pipes over the Reynolds number range of 40Q0<&Re

Q8 X (2.10
p . ,.J0 ca@p
— aE 9— ——
D f & vauo (211)

In the case of viscous dispersed phase fldwze (1955)suggested incorporating the
viscosity group term intthe Weber numben a linear relationship as Equatior 2.12.
wQ 6p 0 (2.12)
where thdunctione approaches zero for vanishing effect of the dispersed phase viscosity.

Hinze (1955)defined a viscosity group &s Equation2.13.

0 0 (213

Hinze (1955)assumed that the fluctuating force of turbulent edd&stoo fast to
account for the effect of the viscosity group and thus the viscosity goalghbe neglectedor

low viscous dispersed phase
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The Hinzé s ( dn&rbdelgl was validated by numerouseastigatorgSleicher 1962
Karabelas 197.8Angeli and Hewitt 2000Simmons and Azzopardi 200Jand the model
predictedthe experimental datfrom pipe flowwith satisfactory agreemewnthen the ratio
between the continuous and dispersed phase viscosities was close to unity.

Levich (1962) commented that the Kolmogotdinze theory ould be used to define a
stable droplet diameter in the core of the turbulent pipe flow. He stated that the large velocity
changes in the sublayer region close to the pipe wall generated smaller droplets, the minimum
droplet sizeLevich (1962) considedthe balancéetweerthe internapressuref thedroplet
andthe capillary pressure of the defornmardplet The capillarypressure was defined from the
shape of the deformattopletrather than the sphericditoplet and the dispersed phase density
wasincluded through the internal pressure force. As a result, the critical Weber number from

Levichos (196 2masshownonrEguatiozsl« es a f or

Z. ” T
T0 ra (2.149)

wQ

Sleicher (1962performedan experimentastudyon thedroplet breakup mechanisms and
themaximum stable droplet size of the dispersed oil phathevarious viscositieg a
continuouswvater phas@ a turbulent pipe flowHe obsered the droplet breakugccurredvery
close to the pipe wall ere the turbulence wdeast isotropic anieasthomogeneoushat
cau®dhigh shear rate on the dropletie high droplet deformation and breakup close to the
wall in the viscoudayer than in the turbulent core was also observed by Collins and Knudsen
(1970).Thus,Sleicher(1962)doubtedH i n zZ(I®%6xassumption of using the isotropic
homogeneoutirbulence approadie determine the maximum droplet size and its applicability

to the pipe flowHe alsoindicated that Hinz€1955)developedhe equation based on
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experimentatatafor abroadrangeof fluid physical propertieagainst amall rangen droplet
diameterswhich causé variations in dimensionless numbers basefllod propertiesnainly.
Sleicher (1962acceptedHi nz e 6 s ( 19 5 lngar iscorgpigtosdihhe on o
viscosity grougdunction to the Weber numbas shown in Equatiof.12. However,Sleicher
(1962)s t at ed t (h9%9)vistbsity groepivas based othenatural frequency of vibration
of the dropletdor the phases with similar densiti&eicher (1962%tatecthat the vibration of
the droplets could have a small importance than the resistance of the droplets iogttatto
theshear in durbulentflow field. Consideing a viscosity group that counteracts the droplet
stretching by the flow fieldhe suggested a new viscosity grainatrelated the rate of droplet

stretchingto the difference of the mean fluid velocities across the draplat Equaon 2.15.

LAY
5 - (2.15)

Sleicher (1962proposed awo-constant form of the viscosity group functias in

Equation2.16.

e p 2T (2.16)

He correlated higxperimentatlata witha newmodelconsidering theffect of dispersed
phase viscosityand defined the constants as C = 38 and K = k #00.the maximum stable

droplet size as ikquatior 2.17, which correlated his experimental datahw 35%

" Y Q AY T ATY 8
oyp T — (2.17)

” ” ”

Later Paul and Sleicher (1965) stated that tmestant Gn Equation2.17 aboveis
proportional to theegativepowerof 0.10f the internapipediametersKarabelas (1978)
commented that his experimental data were | ar

velocities for watein-o i | di spersed pipe flows. Angeli and
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(1962) model and Kubie and Gardner (197 B)odelgave close predictions than other
theoretical models, however, the models were insensdigge material effect.

Hughmark (1971) analyzed the experimental data from Sleicher (1962) and Paul and
Sleicher (1965) and developed a new viscosity group Bguation2.18 belowincorporating
the density ratio of immiscible phasétughmark(1971)also stated that the viscous stress group

is about 10% of the total force on droplet
0 =Y — (2.18)

Kubi e and Gardner (1977) observed that Hin
data. They anal yandePdul &d SHeiclieh(E658xperirhehtal 8a2a)and
noted that most of the measured maximum dropletveizelarger than the séaof the energy
containing eddieghat isQ Ow h e r e sHO5B)medl cannot be usdtebr
droplets greater than the scale of the energy containing eddies, Kubie and Gardner (1977)

proposed an equation for the maximum droplet azmEquation2.19 using the friction factor

YQ
’ 0 (2.19

where the friction factor for a straight pipe is defitigdthe Blasius relatioas inEquation2.10.
Davies (1985pnalyzedhe experimentadata ofdispersions with various dispersed phase
viscositiesand noted the importance of considering the viscosity of the dispersed phase in the
modeling of the maximum droplet size. He added the effetteafispersed phase viscosity term
in the modelingo account fotheadditional resistance force of the dispersed phase viscbigty
proposed a&ritical Weber number as tquation2.20 andsuggested a value of 1 for the critical

Weber number
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(2.20)

Heskethet al.(1987)provided a detailed anaig of the critical Weber number proposed
by Kolmogorw (1949) and Hinze (1955) analich (1962) As a result, the criticAVeber
numberproposed by Levich (1962) as shown in Equafiddi gave better results in predicting
the experiment al data. Considering thamdcritic
the viscosity group suggested Gglabrese et al. (198&)ieskeh et al. (1987) proposed a
correlation to define the maximum stable bubble or droplet size in turbulent liquidglaw

Equation2.21, which indudes the majority of thephysical fluid properties

Q - 8p 60 8 (2.21)

where B is a constant that depends orflthe field. Hesketh et al. (1987) suggested B = 1.5 for
flow field in pipelinesandw 'Q pP.

Angeli and Hewitt (20003uggeste@ correlationasin Equation2.22 for the maximum
droplet sizeconsidering thénfluenceof the continuous phase velocity ahe pipe material
(roughness) in terms drfiction factorusingtheir experimentalesultsconducte in the steel and
acrylic pipes

Q Y8 1gzpmzQ?® (2.22)

Angeli and Hewitt (2000) also noted that the different wettability characteristics of the

pipe material should play a radééong with the pipe roughness on droplet size determination and

flow pattern.
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Brauner (20013¥liscussed the importance of the dispersed phase fraction on the droplet
sizeand expressed theean energy dissipatioateas inEquation2.23including the mixture
density and dispersed phase fraction terms

Y <cyQ
_ 2.23
r o p - 0 " p - (2.23)

Thencombi ning the mean energy dissipation ra

(2001) obtained a new expression as in Equ#iaa.

- 8
'Q ” 'Y 'O ” 8
— ™ _ Q (2.24)
O ” p °

Considering negligible drift velocity between the dispersed and continuous phases for
fully dispersed flows atigh flow rates, Braung2001)appied the homogenous rslip model
to calculate thén-situ holdupof thedispersed phad®y usingthe superficial velocities of

dispersed and continuous phaassnEquation2.25.

¢ N Y (2.25)

Y Y Y Y kY
The friction factor for a smooth pian bedefined by the Blasiusquationas in
Equation2.10. Then the original Hinze (1955) model becor&egiation 2.26 for dilute

dispersions iraturbulent flow field.

QT WUYI— " 60 By (2.26)
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For dense dispersionBrauner (2001¥tated that the turbulent energy of the continuous
phase should be high enough to disruptcibeescence of dispersed phase dropBtsuner
(2001) took he rate of surface energyoductionof the dispersed phageoportional tahe rate

of turbulent energyy the continuous phases in Equatio®.27.

”

)
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C
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5 0 (2.27)

where0d is a tunable constant

Brauner (2001)hendevelopeda modelto predict the maximum droplet diameter of the

dense dispersioin turbulent flows as inEquation2.28.

. 8 Y 8

Q
- b 8Q 8Y'RP S 2.28
0 X® P o P (2.28)

s Q
Q¢ pYP Q8 o L)

Brauner (2001) stated that fagiven twefluid system and operational conditions, the
maximum droplet size is the largest value obtained tEguatiors 2.26 anc 2.28.

Q .0 Q
e — i (2.29)

Simmons and Azzopardi (200&yaluated ot h Hi nzeBsa(@ghe®b63 &8G601
modebk againsttheir experimental data liw andhigh dispersed phase concentrasiauith
similar dispersed and continuous phase viscostiéeshn ze 6 s (1655) model cont
underpredicted the maximunnaglet size at high dispersed phase concentratiamsieas

Br auner énedelgverfradlittgd the maximum droplet sizes at superficial mixture
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velocities up to about 1.5 m/s and underpredicted the maximum droplet sizes at superficial
mixture velocitiedor above 1.5 m/sSimmons and Azzopardi (2001) noted a relationship
between the dispersed phase concentration and the turbulence intensity. They stated that below a
critical concentration of the dispersed phase of ab#yttbe turbulence intensity rof®m the
singlephasdlow value toa higher value of about 10 times greater #radroplet size remaged
almost constant. Then the turbulence intensityatmecindependent at higher concentrations of
the dispersed phase for the same mixture velocity,lr@ndrbplet size increasgavith the
dispersed phasmncentration.

Kouba (2003)3eveloped two mechanistic models to predict the miniranchmaximum
droples as inEquation2.30 anc 2.31, respectively.

g 0

o |
n Y (2 30)
9
o T (2.31)
Y

Pereyraand Shohant2015)considered dispersed phase density and viscosityim the
model as irEquation2.32. However some of the dominating parameters such as the continuous
phase viscosity and dispersed phase fraction were not included in the model.

o TroQ r 7o

Q G0 ——— (2.32)

where the turbulerénergy dissipation rate is defined by Shoham (2005) Bguation2.33.

Ay TY QY
Y oY (2.33)

andw Q T80 T8t avas proposed bihe authors
Karatayev and Fan (202&yaluated the existing theoretical models for the maximum

droplet size determination apdoposedh newmodel to predict the maximum stable droplet size
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of the dispersed phaseliquid-liquid dispersed pipe flow in turbulent flow fieldThey

followed a linear relationship suggestediynze (19550 implement theffect of the dispersed
phaseviscosityon the critical Weber number and the viscositgctionformulaed by Slecher
(1962). The model includatkecessaryphysical fluid properties and operating system conditions
including the pipe roughness and dispersed phase moaten as shown in Equatidh34.

3 'Y 38 ” TY ¢ 8 ” 8 ‘ 8

Q @
8 v — o o 8 (2.34)

Q pg& ap X UL

2.3.2 Modeling Maximum Stable Droplet Sizein Gas-Oil-Water Three-Phase Flow
Thepreviousresearchersonducted experiments gasoil-water thregphase flovg in

pipes with low liquid contersind focused ogas transportation in pipelines. Thus, they only

measuedtheliquid droplet size entraineidto the continuougasphase $hmueli et al. 2(3;

Gawas 2013Karami et al. 2017 However the effect of the gas presence as a third phase on the

dispersed liquid droplet sizes within the continuous liquid phase in turbulent pipe flows has not

beenstudied previouslyThis is the main objective of this study.

2.3.3 Modeling Sauter MeanDiameter

The Sauter man diametefSMD) is widely used taestimatethe heat and mass transfer
between thémmisciblephases in dispegdflows. The SMD is the volumsurfece average
diameter, which is used to determine the total interfacial surfacdemsaerthe dispersednd
continuougphass. It is also used as @aracteristic mean diameterdefinethe droplet size
distribution The SMDis defined ashe ratioof total volume tothetotal surface areaf all

dropletsasin Equation2.35.
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For a given volumetric dispersed phase fractiofi ghe SMD allows to directly estimate
the interfacial area per unit volume between the dispersed atidumus phases as in

Equation2.36.

.'O'|$

(2.36)

Hesketh et al. (198 @nd Angeli and Hewitt (2000) were the only ones whaposed
correlationgo predictthe SMD of the dispersed phasetheliquid-liquid two-phasealispersed

turbulentflows in a pipeasshown inEquatiors 2.37 anc 2.38, respectively

o ° 8
Q T@CT =% - °p p& ° (2.37)
‘ _'Q T ” 8
0 T
w'Q PP
Q Y8 czpmzQ 8 (2.39)

Most scientists proposed a linear relationship between the maximum droplet size and the
SMD using a constant ratio as in Equatior?.39.
Q 0Q (2.39
This approach makes the prediction accuracy of the Sauter mean diameter subject to the
prediction accuracy of the maximum droplet diamékable2.1 belowsummarizes some of the

constantatios proposed by various studies.
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Table2.1 Constantratio betweerSMD and maximum droplet diameters

Author Constant
Hesketh et al. (1987) 0.62
Angeli and Hewitt (2000) 0.48
Pereyra (2011) 0.51
Schumann et al. (2016) 0.61
Paolinelli et al. (2018b) 0.49

2.3.4 Modeling Droplet Size Distribution

The droplet size distribution can be either monodispehsplets ofclose touniform
size)or polydispersédroplets of different siz. Monodispersedlistributionwas usually
observediunder high shear ratonditionssuch as in mixing vessels, and gadydisperse
distributionwas more observenh pipe flow system§Omer2009;Abbas et al. 2017

Normal distribution method (Gaussian distributiargs usedoy several researchexs
build the droplet size distribution in the dispersed flow sysi@wartz and Kessler 1970
Simmons et al. 1998/ielma et al. 208). Normal distribution methodias widely used for the
dispersed systems created using the mixing vesselgever, the droplet size distribution of the
dispersed system in pipe flowgsrarely symnetric, which limits usingthe normal distribution
method(Sarica and Zhang 2008urado et al. 2007The normal distributiofunctionis defined

as in Equatior®.40.

QQ —Qw E— (240)

P g P Q
g, C »

wherel is the standard deviation ands the mean. The normal distribution is symmetric about
the mean (welknown asibell-shaped curve) and expands to plus and minus infimisyshown

in Figure2.19 below.
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Log-Normal distributiorfunctionwas derived from th@ormal distributiorfunctionby
replacing the independewariable(droplet diametenith the logarithm of the droplet diameter

as shown in EquatioB.41.

— P ... PO
Q0 —Qon - — (2.41)
ac, q ,

wherels is the standard deviation anglis the mearnf the lognormal distribution Thelog-
normal distribution idilted towards the smaller droplet sizes as showfigare2.19. The limits
of the lognormal distributiorexpandfrom zero to positivénfinity.

The bg-normaldistributionmethodwas widely used by several scientists to represent
droplet size distribution in pipe flovend provided a satisfactory correlation in some cases
shown in Figure2.19 (Heskethet al 1987 Angeli andHewitt 200Q Sarica and Zhang 2006

Vielmaet al.2008; Plasencia et al. 201Kee 2014 Pereyra et al. 2015
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Figure2.19 Droplet size distributiomomparisor(Vielma et al. 208).

RosinandRammle (1933) proposed a distribution function built based on data from the
powdered coallt is expressed in terms of the cumulative volume distribution as shown in

Equation2.42.
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whereVeumis the cumulative volume fraction of the droplets that have diameter less dinaldi
is the parameter of the distributiarnich defines the slope of the distribution lia@dd* is the
characteristic dropletize corresponding to {1Veum) = 0.3679 The dos is defined as a
characteristic droplet diameter which corresponds to\(dm) = 0.3679 and then the equation
becomes as in Equatid3 (Karabelas 1978; Angeli and Hewitt 2000).

Q
P W Qwn c&)oouQ— (2.43)

Angeli and Hewit{2000 successfullyusedthe RosiRRammer functionto fit their

experimental data froitihe oitin-water dispersion flovas shown irFigure2.20.
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Figure2.20 RosinRammler function (Angeli and Hewitt 2000)

However,RosinrRammler functiorwas criticized by other researchers for not having an

upper limit for the droplet sizes, which leads to an infinitely maximum droplet size (Mugele and
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Evans 1951; Sleicher 1962; Simmons and Azzopardi 20@b)e2.2 below slows the

distribution parameter for RosiRammler distribution method obtained by the authors.

Table2.2 Fitting parametefor RosinrRammler distribution method

Author U distributionparameter
Karabelas (1978) 2.311 3.0
Angeli and Hewitt (2000) 2.1071 2.8
Lovick andAngeli (20Q1) 26271 4.22

Upperlimit log-normal(ULLN) distribution methodvas first suggested by Mugele and
Evans (1951 The authors noted the importance of including the maximum limit to the log
normal distribution function to improve the distribution prediction and modified the independent

variableln(d). The cumulative volume fraction is expresssdn Equaon 2.44.

0Q o g o Qi 704 (2.44)
L. 0Q
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The ULLN distribution functiorwas successfully used by sevesaientists tdit their
experimental datas shown ifFigure2.21 below (Karabelasl978;Simmons et al1998;
Simmons and Azzopardi 200Karabelas (1978) stated that the ULLN metpoovidedmore

accurate prediction at both ends (minimum and maximum) of the droplet size distribution than
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RosinRammler methodKarabelag1978)also noted that the shape of the distribution cwas

independenof the flow ratedor both ULLN and RosifrRammler nethods

Superficial mixture

velocity (m/s)
255 271 288 3.0 ULLN
. * . " —

*&
0.8
0.6

04

Cumulative volume fraction (-)

0 L L L L | L L
0 0.5 1 1.5 2 25 3 3.5

Diameter/Sauter mean diameter (-)

Figure2.21 ULLN distributionmethod(Simmons and Azzopardi 2001)

The ULLN distribution methodequiresthree input parameters suchtlhe maximum
droplet sizeandtwo adjustable parametesiandl which are obtained from the experimental
data. Thus, the reliability of the ULLN function depends on the accuracy of the maximum
droplet size prediction antietwo adjusting parametersable2.3 shows these adjustable

parameters obtained by thathors

Table2.3 Fitting parameterfor upperlimit log normaldistribution method

Author Parametea Parameteti
Karabelas (1978) 0.9381 1.535 0.8091 0.965
Simmons and Azzopardi (2001 1.390 0.610
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Paceket al.(1998) proposed a general approaomormalizethedroplet size
distributions by dividingndividual dropletby the SMDas shown in EquatioB.45. Thenall
droplet sizaistributions should fall onto one line, whican be described by a cumulative
normal distribution (Simmon%998 Jurado et al007)

Q

& 5 (2.45)

whereX is the normalized diametat;, is the individual droplet diameter.
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CHAPTER 3

EXPERIMENTAL STUDY

This chapter coverthedetails of theexperimental facility anthe experimental results

obtained as a part tfiecurrent study

Experimental Facility

An in-house thregohase flow loop has been built in Alderson Hall at Colorado School of

3.1
Mines (AH191) toconduct multiphase flow experiments in-i2h horizontal pipe The flow

loop setup is presented kiigure3.1. This section describes the facility, instrumentation, test

fluids, andthe experimental program
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3.1.1 Facility Description

The experiments we carried out in aewly constructedjasoil-waterthreephase
horizontal flow loop inthe High Bay laboratory at Cotado School of Mines. Twphaseand
threephase flow were conducteth a 43-ft long straight horizontatlearPVC (polyvinyl
chloride)pipe section with a-ihchinner diaméer. The mixture flows for 13R/D prior to the
pressure gradient measurement section, which is sufficient to reach a fully devedoped fl
regime. Air, water, aih oil were injected through wye connect@k-type)at the inlet of thélow
loop. A ball valve is also installed at the inlet to generate turbulence for dropletupefik
neededand to study the effect of the restrictions in pipe flows. The pipes jpieed together
with male and female fittings of the same internal diameter to &eepsistent internal pipe
diameterThe acrylic pipe material used in this study can be considered as a smooth pipe.

A 2-ft long visualization section made of transparemylic pipe was installedt 38t
distance from the flow inldbr High-SpeedCamera recording farideo monitoring the flow
pattern droplet size developmerand dispersion flow behavioFhe ECVT(electrical
capacitanceslumetomography andEasyViewetM 100Droplet Analyzersystems were
installed near the end of the test sectibr3-ft distance from the flow inléb measure the phase
distributionin crosssectional area of the pipe and dispersed phase droplet sizes, respectively.
Then heflow returredto the thregphase sepator, from where oil and water weseparated out
and flowedto their respectivetorageanks and aiwas vented out to the atmosphéveoutside
the building

The testing fluids consistlof compressefuilding air as the gas phasmjineral oil
Isopar V as the oil phase, a@alden citytap water as #hnaqueous phaséhe multiphase flow

experiments were conducted under atmospheric conditions at 1 bar ZDdr2@ oil phase wa
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pumped using a progressive cavity puBpepex Pump) with a maximum capacity oigéions

per minuteGPM) from two interconnected oil storage tanks, where each tank2&&gallon
capacity. Progressive cavity pump svased to avoid excessively shearing the oil before injecting
it into theflowline, and the use ofariableFrequency Diverter alloadto better controthe oil

flow rates. The oil and water flow rates were individually controlled by the Johnson Controls
control valve actuators and ball valvefseach phasat the inletTheindividual Coriolis flow

metas (Emerson Micro Motion R100S) wensed to measure the aihd water thw rates. The
water phase wapumped by an electrical submersible pump (Dayton pump) with a maximum
capacity of 35 GPM from two interconnected water storage tanks, where each tank has a 250
galon capacity.The air wa supplied by the buildingpmpressorThe air flow rate wa

regulated by th&imray controlvalve,and the flow rate wameasured by a vortex flow meter

(Rosemount 8800D).

3.1.2 Facility Instrumentation

The transparent PVC pipegeanstrumented with differential pressure transducers
(Rosemount)pressureand temperature sens@ProSensefo measure the pressutp,
pressurgand temperature, respectively. The flow loop operation and data acquigtion
performed using LabVIEW! coupled with CompactDAQ system from National Instrumgéhts
Pressure and temperature sensors are installed on each fluid line after the flaamndetight
before thdest section as shown Figure3.1. Two differential pressure transducers (Rosemount
3051S) with a pair of remote seals on eaele used to measure the pressure drops across the
ball valve and along the test sectiGiigure3.1). The maximum measurement rangéosn -

250250 inkO, with a 0.025% span accuracy.
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TheElectrical Capacitance Volume TomogragBCVT) systemfrom Tech4lmaging is
a multiphase flow diagnostic tool that utilizesctrical capacitanceolumetomography
measurements to analygbase distribution imultiphase flowsn pipesin reattime in a non
invasive manner. The system is comprised of thraa otamponents: an ECVT sensor, an
ECVT Data Acquisition System (DAS), and an ECVT analysis software packagé&CVT
sensor is a passive device with an array of conductive plate electrodes lining its inner surface.
Coaxial cable ports are distributed ajdhe sensor exteriofhe sensor consisted of 24
electrodes with circular placement around e andare flash mountedvith the pipeoutside
wall to measur¢he conductivity of the contacting fluidshis sensor is placedt the test section
to be analzed with the ECVT system, without perturbing the internal flow structure. The system
can be used to study various types of multiphase flows. The purptheeEe€V T for this study
was to investigate the phase distribution in the pipe cross section atiariuof water cut for
oil-water flows at dynamic conditiorss shown irFigure3.2 below. The dectrical conductivity
of the dispersed flow system is useful in determining the nature of the continuousf@hase
example, thavaterin-oil dispersion woud be much less conding than theoil-in-water
dispersios. Therefore, this technique is also useful to monitoptiesanversion point as a
function of oil and watefractions andletermine the continuous phagpein multiphase flow
systens.

ECVT readings were taken tolpainderstand the flow pattern for eaelt. In ECVT
phase distribution analyses plot, the blue (cold) color meansomfuctive oil phase, and the
red (warm) color means conductive water phase in this study. The color also gradually changes
from blue tored as a function of water cut increase. In ECVT plots, the water phase flows at the

bottom region of the horizontal pipe by gravity force, thus water continuous flow shows red
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color close to the bottom of the pipe. Whereas oil continuous dispersioncimsesto the top of
the pipe by buoyancy force, thus oil continuous dispersion shows blue color close to the top of
the pipe. Fully dispersed oil continuous flow shows total blue color in the plot, similarly fully

dispersed water continuous flow showstatark red color in the plats shown irFigure3.2.

TIECH
4IMAGING

FO L ™
N N A/

100% Oil 50% Water + 50% Oil70% Water + 30% O 100% Water

Figure3.2 ECVT phase distribution analysesait-water torizontalpipe flows.

EasyVieweE 100(EV100) from Mettler Toledo Grougvasused in the current study to
measurdhe droplet sizem-situ at dynamianultiphase flonconditions. It is a probbased
imaging tool that captures higksolution images of particlesdliquid droplets as they exist in
the process. lts field of view is 1000 pm x 1000 pm (x 50 um) and with an optical resafition
higherthan1.5 um.EV100 measures droplet sizes in depth of field of aboutdi@@on distance
from its sapphire windowEV100 was inserted into thpipe at the test sectiat 45 degrees from
horizontal opposite to the flow directigRigure3.3 below) through a specially designed

coupling near the end of the test sectoud traversable in heighvhichallows measuremestat
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different vertical locations within ghpipe cross sectioffhree sample points were chosen to
study the droplet stratification along the vertical cresstion of the pipe diamet@bove center

line h/D = 0.75 center lineh/D = 0.5 and below center line/D = 0.25.

- Top

Center

Figure3.3 EV100 installed in the test section

The images obtained frothe droplet analyzewxere logged into a computeand image
analyss was performed by using AmScopsoftware which alloweddroplet size

measurements as shownkigure3.4.

Figure3.4 Dispersed phasdropletimages recorded witfEV100 atdynamicconditions
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ThePhantom VE®40L high-speed camenaas used to record the flow pattern, phase
distribution and droplet sizeariationestimatiors at the test sectioas shown irFigure3.5.
Generakecordingsample ratevasat 3,000 framgper second, 100 microsecond exposure time,
ard at variougesolutions but mainly 1280x720, these parameters were changed based on the

needs of measurements.

(& Oil-water flow (b) Gasoil-water flow

Figure3.5 Example pictures frorhigh-speedcamerdor multiphasehorizontal pipelows.

3.1.3 TestFluid Properties

Mineral oil Isopar Vwasusedas an oil phastr the experimentef multiphase flowdor
safety consideration®dorlesscolorlesslow evaporation rateand highflash poinj. The
dynamicviscosityand densityf the oil weremeasured attandard pressure amdrious
temperatureonditions using AntorPaarSVM™ 3001 visconeter and the result ishown in
Figure3.6 below.

Golden city tap water vgaused as a water phase, and the buildingasrthe gas phase
for the experimentshe physical properties of the fluids used in the experiment are given in
Table3.1. The liquid properties were measured at atmospheric pressure and at temperature of

20°C. Thependant drop method was used to measure the interfacial tbedioeen olwater
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liquid phasesDuring theflow loop experimenrs, the fluid temperature varied between 19.5 and

20°C.
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Figure3.6 Mineral oil IsoparV physical propertiesariationwith temperature.

Table3.1 Fluid physicalpropertiesat atmospheristandard conditions (1 atm and Z0)

. . 3
Density Viscosity Surfacelhterfacial TensionJ0~ N/m)

¢ _
(kg/n) (10°Pa A Ttapwater Isopar V Air

TapWater 1000 1 - - -
Isopar V 807 14 40 i i
Air 1.29 0.015 73 26 -

3.1.4 Experimental Program

The mainobjective of this study was to experimentally investigate the effect of the gas
phase on the droplet size distribution inwdter dispersions in horizontal pipe flawt was
assumed that the dispersed phase droplets might become smaller due to hdddioga
intensityfrom the gas phase presence. The experimental program consisted of twolsthlges.

3.2 below provides a tabulated summary for the test matrix.
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In the first stage, the dispersed phase droplet distribution was investigated atesil
two-phasepipe flow without the gas phaskhe objective was to create a base case for
comparison with the results from the second stagéto investigateéhe effects of mixture
velocity and water cut otihe dispersed phase droplet size and phase inversion poinrinatei
pipe flows.Two grougs of experiments were conducted to anstwerfollowingquestions

1 howdoesliquid mixture velocity affect dispersed phase droplet sizes and phase

inversion point?

1 howdoeswater cut affect dispersed phase droplet size and phase inversion point?

Table3.2 Testmatrix of theexperimentalprogram

_Su_perf_icial S_uperfici_al Superficial_ Water Superficia_ll

# L|qU|d.M|xture Oil Velocity | Water Velocity Cut (%) Gas Velocity
Velocity (m/s) (m/s) (m/s) (m/s)
) 0.8 0.08-0.80 0.04-0.80 0-100 0.00
gt'ge 1.0 0.10-1.00 | 0.05-1.00 | 0-100 0.00
1.2 0.12-0.96 0.24-1.20 20-100 0.00
0.6 0.48 0.12 20 0.43
0.8 0.64 0.16 20 0.43
Second 1.2 0.96 0.24 20 0.43
Stage 1.0 0.10-0.95 0.05-1.00 5-100 0.43
1.0 0.10-0.95 0.05-1.00 5-100 0.66
1.0 0.10-0.95 0.05-1.00 5-100 0.96

In the second stage, the dispersed phase droplet distribution was studiediingder
threephase horizontal pipe flows. Three group&xperimental work were conducted to answer
guestions such as

1 how does gas flow rate affect dispersed phase droplet size and liquid phase inversion

point?
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1 how does liquid flow rate affect dispersed phase droplet size when gas flow rate and

water cut are catant?
1 How does water cut affect droplet size distribution when gas flow rate and liquid

mixture velocity are constant?

3.2  Experimental Results

This section describes the experimental results fawvaiertwo-phaseandgasoil-water
threephasdlowsin horizontal pipesFlow patters, pressure gradies)tphase inversion point,
droplet size ands distributiors were discussed.

The droplet size measurements were conducted at three Viexatabnsacross the
vertical diameter of the horizontal pips dscussed abovdhe number of analyzed droplets
eachmeasuremeribcation weranore thamt00droplet sampleand morehan 1,200 combined
for all locationsfor each experimenthich wasconsideredufficient to build a reliable droplet
size distributio by several researcheisafabelas 1978yielma et al. 208).

Flow patterns have beeeterminedising the higkspeed camerdataand ECVT data
and compared to the flow pattern maps of Trallero (1995) favaiértwo-phaseflows and

Keskinet al. (2007for gasoil-waterthreephaseflows in horizontal pips.

3.2.1 Oil-Water Two-PhaseHorizontal Pipe Flow

Oil-watertwo-phaseflow experimentsvere comlucted athreeliquid mixture velocities
0.8,1 and 1.2 m/svith water cut values fromiQ00% mainly. Measuremestweretaken after
the flow stabilizationassuredrom visual observatigrstabilized flow rateand pressure

measurements.
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3.2.1.1 Pressure Gradient and Flow Pattern in Oil-Water Two-Phase Flow

The apparent

viscosity of the liquid mixture changes as a functiie phase

volumetric fraction and the viscosities of the involved immiscible liquids (Pal and Rhodes 1989).

Some studies showed ththe mixture viscosityvasa function of the dispersed droplet sizes as

well (Pal 1998; Kokal 2005).

Figure3.7 illustrates the pressure gradient measurements takmmiousliquid mixture

velocitiesandwater cut values. It was impossible to achieve water cut values of 5 and 10% for

the liquid mixture velocity at 1.2 m/s due to the safety concern.
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Figure3.7 Pressure gradient measurements femaiterhorizontal pipe flows

An interesting behavior was observed at lower water cuts up to 10%, where pressure

gradient decreased in comparison with the pure oil flow case. This phenomenon was also

observed by seval researcherg@l 1993; Angeli and Hewitt 1999%al (1993) compared with

drag reduction phenomenon in unstable watesil emulsions with the drag reduction behavior
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of dilute polymer solutions. Pal (1993) associated this phenomenon in unstablsedidfmys

with the modification of the continuous phase flow turbulence due to the dynamic droplet break

up and coalescence processes, which causes suppression on the turbulence of the continuous
phaseat low dispersion phase fractidde also noted thahé unstable watan-oil dispersions

showed higher drag reduction than unstableneWater dispersions. This phenomenon was

related to the coalescence rate of oil and water droplets. Oil droplets coalesce easier than water
droplets due to the electriadbublelayer effects, which is also used for-viliter separation

process. Pal (1993) noted that adding surfactant created stabilized emulsions and decreased
continuous droplet breakup and coalescence processes, thus the drag reduction phenomenon was
not doserved in stable emulsion flows in his experimental investigation.

Increasing dispersed water phase fraction leads to larger droplets and more droplet
deformation effect in the core watieroil dispersion flow, which affects the flow behavior and
increaes the effective viscosity, droplet resistance to flow and arpak the liquid mixture.
However, the drag reduction at water cuts of 5 and 10% was smaller than the drag increase
between the water cuts of 10 and 30% until the phase inversion poirttatwaof 30%. A
sudden drop is pressure gradient at water cut of 60% and mixture velocity of 0.8 m/s was related
to the flow pattern phase from ai-water dispersion flow to stratified flow with mixing
interface threelayerflow). Then the pressure agient increasd, when the mixture flow turned
back into oitin-water dispersion flow.

As shown inFigure3.7, the phase inversion point from-aibntinuous flow to water
continuous flow occurred at water cut of 30% for all mixture velocities, which indicates the

phase inversiopoint independence on the mixture velocitygeneral, the pressure gradient
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rapidly and continuously decreased after the phase inversion point when the water became a
continuous phase.

Figure3.8 throughFigure3.17 demonstrate the higépeed camereapturesand ECVT
phase distribtion resultswhich helped identify the flow pattern for -eilater twephasdlow at
the mixture velocity of 1 m/s for a water cut range frara®so.

Visual inspection and ECVT analyses indicate a wiat@il dispersed flow for water

cuts of 5 and 10% &m Figure3.8 andFigure3.9.
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— : . 0
(a) High-speed camera capture (b) ECVT phase distribution
Figure3.8 Oil-water horizontal pip8ow atWC = 5% andUu =1 m/s.
1
Flow Direction
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04
0.2
0
(a) Highrspeed camera capture (b) ECVT phase distribution

Figure3.9 Oil-waterhorizontal pipe flonat WC = 10% andUm = 1 m/s
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The camera capture for water cut of 20% shows larger dispersed droplets close to the
bottom of the pipe and smaller dispersed droplets towards the top of the pipe as dhigwrein
3.10. This is an indication of waten-oil dispersion flow, which is also observed by ECVT
phase distribution result$hus, the odwater flow at the mixture velocity of 1 m/s and water cuts

from 51 20% were considered asaterin-oil dispersion flows.

ms P L

(a) High-speed camera capture (b) ECVT phase distribution

Figure3.10 Oil-waterhorizontal pipe flonat WC = 20% andUw = 1 m/s

Figure3.11 andFigure3.12 belowillustrate small droplets at the bottom of the pipe,
which is an indication of small oil droplets in water continuous phase. However, small to
medium size droplets are noted close to the top of the pipe as well, which is an indication of
small water dropls in oil continuous phase. Whereas larger oil and water droplets are close to
the oilwater interface at theeater region of the pipe. ECVT recorded reumductive oil phase
at the top and conductive water phase at the bottom of the horizontal pipstdoicuts of 30
and 40%Thus, the odwater flow at the mixture velocity of 1 m/s and water cuts %89

were dual dispersion flows.
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(a) High-speed camera capture (b) ECVT phase distribution
Figure3.11 Oil-waterhorizontal pipe flonat WC = 30% andUm = 1 m/s
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(a) High-speed camera capture (b) ECVT phase distribution
Figure3.12 Oil-waterhorizontal pipe flonat WC = 40% andUm = 1 m/s

Figure3.13throughFigure3.15 belowshow statification of oil droplets, larger dropket
being closer to thtop of the pipe due to buoyancy force smaller droplets close to the bottom of
the horizontal pipe, which is a good indication ofintwater dispersed flow. ECVT phase
distribution analyseshowed good conductivity across the pipe cross sedttars, the oHwater
flow at the mixture velocity of 1 m/s and water ciutan 50i 70% were considered as dispsals

oil-in-water and water laydlows.
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(a) High-speed camera capture (b) ECVT phasedistribution

Figure3.13 Oil-waterhorizontal pipe flonat WC = 50% andUm = 1 m/s
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(a) High-speed camera capture (b) ECVT phase distribution

- it -y eSO

Figure3.14 Oil-waterhorizontal pipe flonat WC=60% andUw = 1 m/s

(b) ECVT phase distribution
Figure3.15 Oil-wate horizontal pipe flonat WC=70% andUm = 1 m/s
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Figure3.16 andFigure3.17 show higher oil droplet concentration close to the top of the
pipe aml droplet size became more uniform. EC\&sulted irhigh conductivity across the pipe
cross section indicating the oil-water flow patternThus, the oHwater flow at the mixture
velocity of 1 m/s and water cuts 8@ 90% were considered assperseail-in-waterand water

flows.

(a) High-speed camera capture (b) ECVT phase distribution
Figure3.16 Oil-waterhorizontal pipe flonat WC = 80% andUm = 1 m/s

(a) High-speed camera capture (b) ECVT phasdlistribution
Figure3.17 Oil-waterhorizontal pipe flonat WC = 90% andUm = 1 m/s
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Similar flow pattern determination analyses are considered for oth@atal twephase
and gasoil-waterthreephase flow cases. Tlgh-speed camera captures and EQ)fiBse
distribution analyseat each liquid mixture velocity and water cut value are illustrated in
Appendix A. The pressure gradient data and corresponding flow pdtiemiswater twephase
horizontal pipdlows were summarized imableB.1 throughTableB.3 in AppendixB.

The flow patterns for oilvater twephase flowdrom this study were compared with the
oil-water flow pattern map iahorizontal pipe proposdaly Trallero (1995)as shown irFigure
3.18 andFigure3.19 belowat various water cut values

Five flow patterns were observed in the current study fewaier twephase flovs in a
horizontal pipe, namely,

1 Dispersion of water in o{[Dw/0) at water cuts ofi220% mainly;

91 Dual dispersiorfDw/o andDo/w) at water cug of 30/ 40%, mainly;

1 Stratified flow with mixing at the interfad&T andMI) at water cuts of 5060% at

the mixture velocity of 0.8 m/s;
91 Dispersion of oil in water and water (Doamdw) at water cuts of 500%, mainly;

1 Dispersion of oil in water (Do/wat water cuts of 8®0%, mainly.
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Figure3.18 Current study flow pattern comparison witih-water flow pattern mapbserved by
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Trallero(1995) at various water cuts.
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3.2.1.2 Droplet Size Distribution in Oil-Water Two-Phase Flow

Complex fluid dynamics and interaction between dispeaseldcontinuous liquid phases
madethedroplet sizeneasurements difficult at higher dispersed phase fradiecsuse of the
technical limitations of EV100 droplet analyzeilowever, itwas still possible to see the general
relationship between the volumetric fraction of the dispersed phase and dgstirdghe same
liquid mixture velocityusing the higkspeed camera Phantom V&L, in which droplet sizes
increased with increasing volumetric fraction of the dispersed phase

Figure3.20 belowshows the droplet size of the dispersed water phase in-ivatér
mixture flows, except the flow case for water cut value of 30%, which is consi@eeedual
dispersiorflow. Aboutten visible dropletsvere marked in blue circles to see how droplet size
grows with an increase in the dispersed phase volumetric fraction. Human eyes tend to see the
largest droplets and miss small migiae droplets. Thugigure3.20is just for conceptual
understanding, and only the cases with water cuts of 5 and 10% were used to evaluate and build
theoretical models on droplet siz&$ie flow cases with water cuts of 5 and 10% stabfully
dispersed dispersion flopatternwith small water droplet&ithin the limits of EV100 droplet
analyzerFigure3.20 also shows that the change in droplet sizes is insignificant between the
water cuts of 5 and 10%. However, larger droplets rapidly appear at the water cuts of 20 and
30%. Dispersed droplet sizes seem increased slightly from the water cut of 20.tm 30
addition, larger droplets seem to appear close to the centerline more, which may be due to the
dual continuous dispersed flow pattern at water cut of 30%. The flow with water cut of 20%
shows a conceptual visualization of the droplet stratificatfdheodispersed water droplets

having smaller water droplets at close to the top and larger droplets closer to the middle and
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bottom of the horizontal pipe due to gravity force of heavier water phase in lightent@iuous

flow.

(a) WC = 5% (b) WC = 10%

: Q
¥ 0% @)
T 2o
R o] ” =
o O 2 @) -0
f; b e
0
O
(c) WC = 20% (d) WC = 30%

Figure3.20 Droplet size growth as a function whter cutat mixture velocity of 1 m/s.

Appendix A illustrate®therhigh-speed camera captures vaaiterin-oil andoil-in-water
dispersed flowsvith the effects of increasing mixture velocities and dispersed phase volume
fractiors.

Figure3.21 below illustrates the droplet stratification across the vertical diameter in a

horizontal pipe flow at two mixture velocities of 1 and 1.2 m/s for water cuts of 5, 10, and 90%.
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Figure3.21 Droplet size stratification acrofise verticaldiameteiin oil-waterdispergd

horizontal pipelows.

In waterin-oil dispersion flows\\C of 5 and 10%), the droplet size stratification is
insignificant, even though the data indicates larger droplets are mainly closer to the bottom
portion of a horizontal pipe as shownFigure3.21(a and b). In o#in-water dispersion flows
(WC of 90%), both flow cases show that larger droplets are closer to the top of the horizontal

pipe as shown ifrigure3.21(c and d), which can be explained by the buoyancy force of lighter
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oil phase in heavier wateontinuous flow. In addition, imeasing mixture velocity fromtb 1.2
m/s led to smaller dropketand less stratification than in the case of 1 m/s flow case.
Althoughlarger water droplets measured close to the bottom of the pipe due to the
gravity effects as water being heavier than oil, the water droplets showed less stratification at
water cutof 5 and 10% as shown kigure3.21(a and b) above. However, for the same
dispased phase volumetric fraction of 1G#d operating conditions (liquid mixture velycdf
1 m/s), the oil droplets showed a noticeable effect of stratification as shdwguie3.21(c).
This phenomenon can be related to the effect of the contiminase viscosity, more viscous
continuous phase prevents dispersed phase droplets moving vertically in the horizontal turbulent
pipe flow after droplet breakupln this study, oil viscosityvas14 times larger than the water
viscosity, thus small water dutets were prevented from settling in watefoil dispersion flows.
However, when water cut increased to 20%, water droplets became [xugdo the dispersed
phasehigherdensity the water droplet mass played an important role in stratification of water
droplets in oil continuous flows as showrHigure3.20(c). An increasen the continuous phase
velocity not only decreases the droplet size but also reduces the level of droplet stratification in
the horizontal pipe as shownhkigure3.21(c and d)or oil-in-water dispersion flows
Figure3.22 below shows the droplet size distribution comparison between theiwater
oil dispersed flows (WC of 5 and %) at liquid mixture velocity of 1 m/s and the-aitwater
dispersed flows (WC of 909t liquid mixture velocities of 1 and 1.2 m/s. The data shows
insignificant difference in the droplet size distribution between the water cuts of 5 and 10% at the
mixture velocity of 1 m/s. At the same dispersed phase fraction of 10% and liquid mixture
velocity of 1 m/s, oil droplets in wateontinuous flow (black line) are larger than water droplets

in oil-continuous flow (yellow line). This is expected, because didrigiscosity of oil, which
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puts higher shear stress on water droplets and make them smaller. Increasing the mixture
velocity from 1 to 1.2 m/s obviously led to smaller dispersed oil droplets in-a@ténuous

dispersed flow at water cut of 90% as showRigure3.22.
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Figure3.22 Droplet sizedistributioncomparison between water-oil and ol-in-water dispersed
horizontal pipdlows.

3.2.2 GasOil-Water Three-PhaseHorizontal Pipe Flow

The second stage of experimental campaign was to conduetil gesterthreephase
flows in a horizontal pipeThe gasoil-waterthreephase flow experiments were conducted at
three different superficial gas velocities0.43 0.66 and 0.96 m/s and at liquid mixture velocity
of 1 m/s with water cutangefrom 5to 100%.Measuremeistweretaken after the flow

stabilizationassuredrom visual observatigrstabilized flow rateand pressurdata
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3.2.2.1 Pressure Gradient and Flow Pattern in Gas-Oil-Water Three-Phase Flow

The oilwater phase inversion poimas not affected bghe presence of thgas phase
the gasoil-water thregphasehorizontal pipelow. Figure3.23 showsthe pressure gradient and
oil-water phasenversion point comparison betwete oil-water twephaseand gasoil-water

threephasehorizontal pipelows.
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Figure3.23 Pressure gradiens. water cutfor oil-water andyasoil-waterflows.

The oilwater phase inversion point seems to be dependent only on the pfiyiical
properties of the liquid phases (Plasencia et al. 201®) experimental work of Plasencia et al.
(2012) showed that the phase inversion point was not controlled bgufeerhixture velocity
for oil-water emulsion flows.

Few interesting pointsan benotedfor gasoil-water thregphase flowdrom Figure3.23

as follows:
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pressure gradient increased with increasing gasridd@however, the difference was
insignificantcompared to th&quid flow rate effectson the pressure gradient, as
shownin the oil-water twephasedlows. This is because of the low viscosity of the
gas phase thatfluences lessn the frictional presure drop;

drag reduction phenomena at watesaft5 and 10% followed theametrend like in
oil-water twephase flow casawhich occurred at transition @e from laminar to
turbulent flow in this study

oil-water phase inversigmointin gasoil-water thregphase flow remainethe same
at water cut of 30%ke in oil-water twephase flows

after the phase inversion point at water cut of 30%, the pressuienrfor gail-
water flow was steeper théor oil-water flow for water citof 40and 50%. This
could bebecausef the gas phasevhichaccelerated the transitiar the liquid
mixturefrom oil-continuous dispersion to wateontinuous dispersion fig;
afterwater cut of 50%, the pressure gradient stayed almost the sameaih-gaser
threephase flowwhereaghe pressure gradient continuously dropped until a pure
water flow in oilwater twephase flow case3his could be because oftlpresence
of the gas phase flowhich caused thextra turbulence iflow causng smaller oil
dropletsin water continuoushmse As a result, small oil droplets had less impact on
the water continuous flow, thus the pressure gradient reahaimost constant
starting from water cgtof 60to 100% Whereadarger oil droplets in oilvater twe
phase flow impacted the water cantous phase by resisting to flow and droplet

deformation.
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Flow patternsdr gasoil-waterthreephaseflow experiments were compared with the
flow pattern map proposed by Keskin et al. (207¢ tothe similar fluid and operating system
conditions.Threeflow patterns were observedtime currenstudy for gasoil-water thregohase
flows in a horizontal pipe, namely,

1 intermittentoil continuous (INOC) at water cuts ofi20% mainly;

1 intermittentdual continuous (INDC) at water cut of 3040%, mainly;

1 intermittentwater continuous (INVC) at water cuts o501 90% mainly.

Figure3.24 belowillustrates the flow pattern comparison between current study and the
flow pattern map proposed by Keskin et al. (2007) at various superficial liquid mixture velocities
and superficial gas velocities for different water cut valAgsshown inFigure3.24(a), all
intermittentoil continuous (INOC) flow patterns from current study matched well with the flow
patternmap proposed by Keskin et al. (2007) at water cut 6.20 Figure3.24(b), the flow
patternmap indicated the intermittenil continuous (INOC) flows, however, the intermittent
dualcontinuougIN-DC) flow observed in this study at water cut of 40%. Fluatterrs at water
cuts of 50, 60and 80%rom current study resulted in intermittamaiter continuous flows and
well matchedwith the flow patternmap proposed by Keskin at (2007) as shown iRigure
3.24(c, d, and e).

As a part of gasil-water thregphase flow experiments, the sensitivity on the liquid
mixture velocities was studied at constant superficial gas velocity of 0.43 m/s and water cut of
20%. All flows observed indicated the intermittemitcontinuous flow patterns and well
matched with the flow map proposed by Keskin et al. (2007) as shdvigure3.24(a) for
water cut of 20%. The pressure gradient continuously increased with increasing superficial liquid

mixture velocity as shown iRigure3.25 belowon pager9.
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Figure3.24 Gasoil-waterhorizontal pipdlow pattern comparisowith flow patternmap by
Keskin et al. (2007).

Thehigh-speed camereaptures and ECVphase distribution analysés gasoil-water
threephase horizontal pipe flovage illustrated in Appendix A. The pressure gradient data and
corresponding flow patterrier gasoil-water thregphase flowsvere summarized ifableB.4

throughTableB.7 in AppendixB.
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3.2.2.2 Droplet Size Distribution in Gas-Oil-Water Three-Phase Flow

The main purpose dhis study wato understanthe effect ofgasphasepresencen
liquid droplet size®f the dispersed liquid phasethe liquid mixture Droplet size
measurements were conducted at three vefticationsin the horizontal pipas discussed

above More than 400 droplet samples were analyzed atleaakion anccombined more than

1,200 droplet samples for three locations for each experiment.

Droplet sizestratificationin gasoil-water thregphase flowslemonstratedhorecomplex
behaviorthanin oil-water twephase flow case3hisis due totheslug flowthat complicatethe
fluid flow behavioratthe three vertical sampling locations of the droplet analyzer EV100. At the
top location, the analyzer cagad the droplets fromvell mixed liquid slugoodes onlywith
smaller droplets lifted up, thus almost all droplet size distributions at top location showed smaller
value tharfrom center and bottom location&t the center line, the droplet analyzer was not

always covered by the liquid film, thuscibuld read the droplets both from the liquid film and
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slug bodyin some cases only.tAhe bottom location, the droplet analyzer was always covered

by the slug body anthe liquid film alternatively(shown inFigure 3.26).

B e - ; c
Bottom P Bottom Position

' Flow Direction ‘ Flow Direction ‘

(a) Slugbody (b) Liquid film
Figure3.26 Gasoil-waterhorizontal pipelow (WC =10%,Um =1 m/s,Usc=0.66 m/3.

The droplet analyzer was not always covered by the liquid layer at the center line at water

cut of 90%, where the level of liquid film dropped below the center line (at about 4 cm) as shown

in Figure3.27 below in comparison to liquid film level in intermitteail continuous flows as

shown inFigure3.26(b).

Figure3.27 Liquid film level atUuw = 1 m/s, WC =90%, and Wc= 0.96 m/s
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At water cut of 5%, the center line showed the largest water droplets with increasing gas
flow rate as shown iigure3.28(b, ¢ and d) at a constant liquid mixturdogity of 1 m/s. This
could be due to the larger droplets remained at the top of the liquid film after being lifted up
between liquid slug bodies, thus droplet analyzer recorded largest droplets at the top of the liquid
film before they dropped close toethottom between the slugs if there was enough time for

them to drop.
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Figure3.28 Droplet size stratificatiofor oil-water and gasil-waterflows at WC = 5%.
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Further increase in water cut from 5 to 10% eliminated this phenomenon because of

denser dispersion, droplet sizes in all vertical locationarbecsimilar as shown Figure

3.29(b, c and dpbovefor the same liquid mixture velocity of 1 m/s.

Cumulative Volume Distribution (%)

Cumulative Volume Distribution (%)

100

Cumulative Volume Distribution (%)

—o—Um =1 m/s; WC = 10% - top
——Um =1 m/s; WC = 10% - center

——Um = | m/s; WC = 10% - bottom

L ' s n s " L

200

400 600 800 1000 1200 1400 1600 1800 2000
Droplet Size (micron)

(@)Usg=0 m/s

v

/
)/“

Cumulative Volume Distribution (%)

—*—Um =1 m/s; WC = 10%,; Usg = 0.66 m’s - top
~*=Um = | m/s; WC = 10%; Usg = 0.66 m/s - center
—=—Um = 1 m/s; WC = 10%; Usg = 0.66 m/s - bottom

400 600 800 1000
Droplet Size (micron)

(c) Usg=0.66 m/s

1200 1400 1600 1800

—=—Um =1 m/s; WC = 10%; Usg = 0.43 m/s - top
—*—Um =1 m/s; WC = 10%; Usg = 0.43 m’s - center

=s—=Um = 1 m/s; WC = 10%; Usg = 0.43 m’s - bottom

200 400 600 800 1000 1200 1400 1600 1800

Droplet Size (micron)
—*=Um = | n's; WC = 10%; Usg = 0.96 m's - top
—=—Um = 1 m/s; WC = 10%; Usg = 0.96 m/s - center
——Um = | m/s; WC = 10%; Usg = 0.96 m’s - bottom
" L R " L " .
200 400 600 800 1000 1200 1400 1600 1800

Droplet Size (micron)

(d) Usg=0.96 m/s

Figure3.29 Droplet size stratificatiofor oil-water and gasil-water flows aWC = 10%
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In intermittentwater continuous flowwith water cut of 90%, again the top location was
the smallest droplets lifted up by slug bodssshown irFigure3.30 for all threephase flows
The center locatio showed smaller droplets than the bottom location, which was opposite to the

intermittentoil continuous flow with water cuts ofdédnd 10%.
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Figure3.30 Droplet size stratificatiofor oil-water and gasil-waterflows atWC = 90%
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