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Abstract

41 PEA
7AI1l OOOAAI O Ei DEDPAIETAO AOA 1 £OAT OOAT ODPI O
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Al OOAAOD TAMOE PEDPAT A BATARAA OADMBA @Ok IEBEEEDOOEA 1
AATT1T 1 EA DA AEEIOAGREI EWAUA POT AOAOET T OAOAS

To extend the knowledge of the well fluids behaour, there are several expemmnental

techniques available. One is theonventional flow loops, atSINTEF Petroleum

laboratories at Tiller, Trondheim. Theyare accurate testing devics. However, the

problem with these flow loops are that they can only testhe fluid behaviour inside a

pipeline of a certain length. For this reason,ISTEF Petroleum also use thevheel flow
OEI O1 AOI Oh xEEAE EO A O1 OAOET ¢ xEAAI h xEAOA
through which they flow as a multiphase mixture.

Computer programs simulating the fluid flow, is also an available experimental method

to consider. LedaFlow Q3D is a computer program developed by SINTEF, for the

purpose to simulate the multiphase fluid mixture in more detail. A special version of

LedaFlow QD is also available, specially designed to simulate the wheel flow.

2AOGAAOCAE NOAOOEITO

The research questions are based on hotlie input parameters in LedaFlow Q3D affect

the simulation results. Will it be possible to tune specific simulations to match the
results (output of torque) produced from experiments with the wheel flow simulator?
Will it be possible to create a blueprint of which input parameters to use for various
systems in future simuhtion work, to match the simulation results with theresults

produced from experimentswith the wheel flow simulator?



' T AT UOEO

The simulation work in LedaFlow Q3D will be based on the fluid system from one
particular wheel flow experiment, conducted by NTEF at Tiller, in Trondheim.

The fluid system contains 60 % nitrogen, 30 % water (tap water), and 10 % oil (Exxsol
D80) by volumes. The initial temperature and pressure was 28C and 1 bar. The tested
profile of the wheel experiment was a stepwise veloty scan from 0.1 m/s to2 m/s.
However,when simulating in LedaFlowin this thesis,the focus will be on a wheel

velocity of 2 m/s, which gave an output of torque equal to approximately 4.5 Nm.

ExxsolD80, Water, Nitrogen, WC = 75%, T=25C
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Multiple simulations have been conductedbysystematically adjusting several input
parameters. The effect of the input parameters on the simulation results hagén
investigated, and the acquirecknowledge have been used in attempts to tune the
simulation cases to match the results produced from exgiments with the wheel flow
simulator. Some of the simulations was successfully tuned to match with thiesults
from the wheel flow experiment (torque =4.5 Nm), for a wheel velocity of 2 m/s.
However, by using the same input parameters to tune simulatiawith a wheel velocity
of 1 m/s, the simulations failed to match with the results from the wheel flow
experiment. These results indicate that it is difficult to create a blueprint for the inpt
parameters. Athough some input parameters successfully managto tune specific
simulations to match with the wheel flow experiment they may not work for various

velocities or systems.
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1 Introduction

4EA OEI O OACAIOBIO A AixxA@BAI ET A0 EO A Aiiiiil
PDAOOI 1T AOI ET AOOGOOURh AT A AAT AAOOA OECT EEEAAI
PDOT AO0AB )1 ACAACABRADAEAODT ODADET T ARARA DBPOT AOAOE
OOAT OPT OGAQCETT 1T £ xARI AGEEOGEKIAD EIT QEAROEGAADA D
AOIOIEA xAl1 AT1T OAET O xAOAOh xEAEGHED GG GE T GERAMAAA .
AOOET ¢ AT EAT AAA TEI OAAT OAOU T PAOAOGEIOEA | %/ 2
DOT AOAET C 1t E®Acl £ A xAT I

/I El AT A xAOAO AEAAAO AAAE |1 OEAO Am ORAKET ¢ Al
DOl pAlCBRA @&l OEA | EGOOOAR AT A AOOOEAO EAO Al E
DOAOOOOA 11 00h xAOAO#EADAADH ¢ AKBA b AN gRAOONEA OB
Al Ol OETHEOAD QEQR 1o EOA DI @ OETI T AAT OO0 OEA 1 01 OEE
xEOE OBAI ZEAO®EAO BOOO | AT OET T AA

4EA AT OOAAO AAOCECT 1T &£ A DEDBACHI A AMAIEE QB 1TCE |
AATTT 1 EA BOIAEROA DEOEHE GUW ABA 7EEQRTA GOREQRE TATA OOFAQO A AT A

I £ AEATAB0A 000 MNOMD MERDEFAO EO Al i bl AOGAAR EO
AT i bl EAAOGAAR AOO Al O AOAEEAGHONMOAT EAEADEEO OH
AAAT OAEET ¢ Dbi AAA Al 0O AAAAAAOh AT A EO EO OOE
AT A I AEA OEEAT O AQEAABROSGHEMAIEOT CAT ADAI EUA Of
Il ENOEA T O Oxi DEAOA &1 x OUOOAI OEOI OCE | AAE
DOAAEAOETI ¢ OEA Al 1T x DPAOOAOI OO BIEA O A®DA EA OI48DH
3).4%& 0AOOT 1 AOI ERA& 8DAMOANDAA A B4 BGAAIoAHIA 1 DAk |
ET AE AD OGO gRARIOMET OFf AgBRABAOAR T ADE AOBR OMA T x

| EGOOBAOIBAGO3 p v 4AEBBMODMAT x 1 OEEAT GAGAT T DI AT O 1

, ARA&T T xh xEEAE AAT AATGODAOCOAIIOT AAI Al ODIPOBRBE
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4EAOA AOA Oxi1 1 AOET AO AOAEI AAT A ObEDPRAAEODBEA
ATTOOAT O 1 AOGO A&l Dk A DDHREIOTAOADACOEARA OOI
AAT AT AAh AT A OEAT PDARDROBOMEIOHA 1 8 OB ATERO Of
AUl AT EA OEIi OIl ACETTh AO EI OEEO OEAOEOS

4EAOA AOA T AT U AOAEI AAT A AT i pOOAOGEITAI & OEA

AAAOOADBRAGBI T 1T &£ OEA x BBl AG @FAA BAOA Gl AOGOERO
AT Ol Al AQAKBA OO O1T dEEIOCA AIOAT @ DEDAIORT AEEBEGE EOEA
EDOAAOCEAAI AT A EIT AEASADARDT O 8 O E A8 RBAICAERUT A0 A

i pSQARTET OOAAANR |1 EEA AGEA 1,0AMA OEfA TAITAMI 8DOAA E
Oi i AOEERBOKAAT A #&$ AT AA AT A OEA , AAA ps$ Ai
AT OEOA DPEDPAIET A xEOE ,AAA 1os$h )M EOODEIABAI A
AT 1T 001 ET ¢ O bOiT AOAA AGHEO ORI AGODE TAE A0 A RGN AD A&
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2 Emulsions

2.1 Petroleum emulsions

By mixing two immiscible fluids in a container, then shaking the container, examination

will reveal that one of the two phases has become a collection of droplets dispersed in

the other phase. A colloidal system or colloidal dispersion has been createdyioh is a
heterogeneous system that is made up of a dispersed phase and a continuous phase. The
dispersed phase is often ref@ed to as the internalphase, and the continuos phase as

the external phase. l.en case of dust, the solid particles arthe dispersedphase,and the

air is the continuous phase[3][4] .

Emulsions are a special kind of colloidal dispersion. One in which a liquid is dispersed in
a continuous liquid phase, and the dispersion is stabilised due to surfactansslid
particles or other mechanisms, often refaed to as emulsifying agentsPetroleum
emulsions of any significant stability contain oil, water, and at least one emulsifying
agent. The amount of water that emulsifies witttrude oil varies widely from field to

field. It can beless than 1 % and sometimes largethan 80 %[4][5].

Emulsions occur in almost all phases of oil production and processing, i.e. inside
reservoirs, wellbores, wellheads, wet crude handling facilities, gas/oil separation plants,

and during transportation through pipelines, cuude storage, and processin{p].

As shown in table 2.1, some petroleum emulsions may be desirable and otheraymot.
The water that is ceproduced together with the crude oil creates several problems, and
usually increases the unitcost of the oil production. The produced water must be
separated from the oil, treated, and disposed ofroperly. All these steps increase costs.
Emulsions can be difficult to treat and may cause sevedraperational problems incrude

handling facilities and gas/oil separating plants[5].
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Occurence Usual type of emulsion

UNDESIRABLE EMULSIONS

Wellhead emulsions W/O

Fuel oil emulsions (marine) W/O

Oil sand flotation process, froth W/O or O/W
Oil sand flotation process, diluted froth O/W/O

Oil spill mousse emulsions wW/O
Tanker bilge emulsions Oo/W

DESIRABLE EMULSIONS

Heavy oil pipeline emulsion Oo/wW
Oil sand flotation process, slurry Oo/wW
Emulsion drilling fluidenillsion mud Oo/W
Emulsion drillifigid, oibase mud wW/O
Asphalt emulsion o/w
Enhanced oil recovery in situ emulsions o/w

4AAT A 98ud %dAD PETAOCOE AE AADBIOIEAOI

Although, petroleum emulsions might be desirable in some situations. Oil based drilling
fluid is an example of a desirable petroleum emulsion. Here a stable emulsion (usually
oil dispersed in water) lubricate the drill bit and carry cuttings up to the suréce.

Other emulsions are made to reduce viscosity to increase the ability to flow. Emulsions
of asphalt are both less viscous than the original asphalt and stable so that they can be
transported and handled. Another example of emulsions that are made flmwer

viscosity with good stability are those made from heavy oils. They are intended for
economic pipeline transportation over bngdistances.In theseemulsions,the heavyoil

is dispersed as droplets in the continuous water phase, which means that mgstater

is in contact with the pipe wall,resulting in less friction andpressure drop[4].

15
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2.2 Types of emulsions

Produced oilfield emulsions can be classified into three broad groups:
1 Oil-in-water (O/W).

1 Water-in-oil (W/O).
1 Multiple or complex emulsions (O/W/O or W/O/W) [10] .

Qil - in - water Water - in - oil Qil - in - water - in - o0il | Water - in - oil - in - water
0 0 W/0
- (o/w) - (w/0) (o/w/o) - (w/o/w) p
@ @ e ©
- @ o o
®e % 9 %o
N —— N ——

Figure 2.1 Differentkindsof emulsions.

W/O emulsions consist of water droplets dispersed in a continuous oil phase, a@wW

emulsions consist of oil droplets dispersedn a continuous water phase.In the oil

industry, W/O emulsions are more common, therefore, th&®/W emulsions are

Ol i ACEI AO OAZEAOOAA OMultiflem@ginAsiik d@dodmpltadd OET T O
consist of tiny droplets suspended in bigger droplets that are suspended in a continuous
phase.Figure 2.1and figure 2.2 illustratesthe different kinds of emulsions. From left to

right, in both figures, there is examples of O/W emulsion, W/O emulsion, and then

examples of multiple or complex emulsions The multiple emulsion, illustrated in figure

2.2, is anW/O/W emulsion. The droplet sizes in figure 2.1 have been greatly

exaggeratel for illustration purposes [5].

Oil-in-water emulsion Water-in-oil emulsion Multiple emulsion
d S0y Q.. atuigite *@
oy . D.. » . ®
- 'c 2 y .
- 5 .0 o ‘ 2
&0 © 0
(DY, T i
: v e,
L )
ol = .

|

Figure 2.2: Types of emulsiofs].
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Given the oil and water phases, the type of emulsion formed depends on several factors.
As a ruleof thumb, when the volume fraction of one phase is very small compared with
the other, the phase that has the smaller fraction is the dispersed phase and the other is
the continuous phase. When the volumghaseratio is close to oneg(a 50:50 ratio), then

other factors determine the type of emulsion formed[5].

Bancroft's rule states that @he liquid in which the emulsifying agentis most soluble
becomes the continuous phaséThe theory is based on the belief that if an emulsifying
agent is preferentially wetted by one of the phases, then more of the agent can be
accommodated at the interface if the interface is convex towards that phase, i.e. ifttha

phase is the continuous pase[4].

Sarhitan Mono-oleate ONn e o 5
N, n €N, Cm N, em, oan, ¢ < X A
) , &, n n M, n, Ty, h, O . £ 1"*»

Figure 23: Water-in-oil emulsion[6].

W/O and O/W emulsions represent symmetrically inerted images of the interface.
Emulsifying agents (sirfactant moleculeg with strong polar group interaction tend to
form W/O emulsions, whereas molecules with weaker polar group interactions tend to
form O/W emulsions. More detailed explanation of emulsifying agents and surfactant
chemistry will be presented later in this chater. Figure 2.3 and figure 2.4hows
examples of W/O and O/W mixtureg6].
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very different types of colloidaldispersions. They can be subdivided into lyophobic and
lyophilic colloids (if the dispersion medium is aqueous then the terms hydrophobic and
hydrophilic, respectively, are used). Lyophilic colloids form spontaneously when two
phases are brought togetherbecause the dispersion is thermodynamically more stable
than the original separated state. Lyophobic colloids, which include all petroleum
emulsions other than mcroemulsions, are not formed spontaneously when the phases
are brought together, because thegre unstable compared with the separated states.
However, these dispersions can be created by other means, and need emulsifyiggras

to form a stable emulsion4].

Emulsions are also classified by the size of the droplets in the continuous phase.
Disperseddroplets smaller than 100 nmare referred to as microemulsions, and

dispersed dropletslarger than 100 nmare referred to as macroemulsions.

Most petroleum emulsions are macroemulsions. Emulsions of this kind are normally
thermodynamically unstable, ie. the two phases will separate over time because of a
tendency for the emulsion to reduce its interfacial energy by coalescence and separation
However, droplet coalescence can be reduced or even eliminated throughveeal

stabilization mechanisms[5][7 ].
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Interfacial tension, interfacial energy, and stabilizing mechanisms will be further

explained later in this chapter.

In contrast to the macroemulsions, the microemulsions form spontaneously when two
immiscible phases are brought together because of ¢ir extremely low interfacial
energy. Droplets of this size scatter little light, and the emulsion appear to be
transparent. These microemulsions are considered thermodynamically stable, and do

not break on centrifuging[4][5].

2.3 Formation of emulsions

The amount of mixing and the presence of emulsifier are critical for the formation of an
emulsion. Petroleum emulsions form when oil and water coe into contact with each
other, when there is sufficient mixing, and when an emulsifying agent or emulsifies i

present.During crude oil production, there are several sources of mixing, including [5]:

1 Flow through reservoir rock.

1 Flow through tubing, flow lines and production headers.
1 Flow through valves, fittings and chokes.

1 Flow through surface equipment.

In general, the greater the mixing, the smaller the droplets dispersed in the continuous

phase, and consequently a tighter emulsion [5].

The second factor important in emulsion formation is the presence of an emulsifier.

The presence, amount and nature dhe emulsifier determines, to a large extent, the

OUPA AT A OOECEOI AOGOGe 1T &£ AT Ai 01 GET 18 #OO0OAA 1
there are different types of crudes with different amounts of natural emulsifiers.

The emulsifying tendencies varyvidely. Crude with a small amount of emulsifier forms

a less stable emulsion and separates relative easily. Other crudes contain the right type

and amount of emulsifier, which lead to a very stable or tight emulsion [5].
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2.4 Emulsifying agents
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Surfactant Molecule

Micelle

Oil Droplet
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Surfactant moleales have either one or two tails. Those with two tails are said to be
double-chained.Most commonly, surfactants are classified according their polar head

group. This is illustrated in figure 2.9. A nonionic surfactant has no charged gups in its

head. The head of aionic surfactant carries a netnegative charge(anionic), or a net

positive charge(cationic). If a surfactant contains a hea&with two oppositely charged

groups, it is termed amphoteric[8].
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Surfactant classification according to the composition of their head: 5
nonionic, anionic, cationic, amphoteric.

Figure 2.9: Surfammnt classification[8].

2.5 Characteristics and physical properties

Droplet size

Colloidal droplets in colloidal dispersions are betweerll0-3 um and 1 um in diameter,
but emulsion droplets may be even larger. In facproduced oilfield emulsions generally

have droplet diameters that exceed 0.1 prand may be larger than 100 uni][5].

As already mentioned, one can distinguish between macroemidss (size>100 nm) and
microemulsions (size<100 nm). Petroleum emulgins are normally macroemulsions, but
there will always be a distribution of the droplet sizesFigure 2.10 shows the droplet
size distribution of typical petroleum emulsions. The dropletssize distribution in an

emulsion depends on several factors includig the [4] [5][7]:

Interfacial tension.
Shear.
Nature and amount of emulsifying agents.

Presence of solids.

= =/ =/ =4 -4

Bulk properties of oil and water.
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Droplet size distribution in an emulsiondetermines, to a certain extent, the stability of
the emulsion. As a rule of thumb, the smaller the average size bétdisperseddroplets,

the tighter and more stable the emulsion become§5].

Medium emulsion

Tight emulsion )
Loose emulsion

Distribution Function

T T T 1

1 10 100
Droplet Diameter, um

Figure 2.10 Droplet size distribution5].
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Shear Stress [54-1]
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2.6 The Krieger -Dougherty equation
The Krieger$ T OCEAOOU ANOAOEIT AAT AA OOAA Ol
(viscosity of the entire mix of dispersed and continuous phaggand toevaluate

aggregation phenomea, illustrated in equation 2.2[9][10][11].

(eq.2.2)

. The relative viscosity [cP].
The intrinsic viscosity of the suspensiorcP].
c.  The viscosity of the continwus fluid phase [cP].
The volume concentration of dispersion droplets in the continuous phase.

m:  The maximum packing.
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Formally the equation models the dependence on particle volume fraction, and the
maximum volume fraction, w (also referred to as the maximum packing)This equation

shows that there is an increase in viscosity of the medium when particles are added, and

the increase depends on theoncentration of the particles[9].

Note that inthe simulations with LedaFlow Q3Din this thesis, thedefault valuein
LedaFlowof the maximum volumefraction was used ( m=1). This value for the

maximum volume fraction is very high, and in reality this value would be closer to

approximately 0.77.

Figure 2.14illustrate the concentration dependence of the relative viscaity by plotting

the viscosity at two shear stresses (0.2 Pa and 2 Pa) as a functadrthe oil volume

fraction [10].
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Figure 2. 14: Theelative viscosityof the dispersion

as a furction of the oil volumdraction [10].

An intrinsic viscosity value of2.5cPis expected for suspensions of spherical particle®r

an emulsion with non-deformed droplets[9][10].

Therefore, if the viscosity of the dispersed phase and the concentration of the aggregates

are known, and the maximum packing of the particles determined, then the viscosity

of the emulsion can be calculated.
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2.7 Properties of interfaces
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2.8 Stability of emulsions

From a thermodynamic point of view, an emulsion is an unstable system because there
is a natural tendency for a liquid/liquid system to separate and reduce its interfacial
area and, hence, itterfacial energy. However, most emulsions demonstrate kinetic
stability, i.e. they are stable over a period of time. Petroleum emulsions are classified
based on their degree of kinetic stability. Loose emulsions separate in a few minutes,
medium emulsions separate in tens of minute and tight emulsions separate (sometimes

only partially) in hours or days, or sometimes even longe(figure 2.10) [12].

Stabilizing mechanisms

The tendencies to form stable or unstable emulsions vary a lot among different kisaf
crude oils. Emulsions of any significant stability contain at least one emulsifying agent.
The emulsifying agent may lower interfacial tension and thereby make it easier to create

small droplets, and stabilize the small droplets to prevent them fromaalescing into
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larger droplets, or even separate out as a bulk phase. Just straightforward casual mixing

of the components seldom produces emulsions that persists for any length of time.

The emulsifying agents suppress the mechanisms that would otherwisggeak down the

emulsion. Such mechanisms include i.a.; sedimentation, creaming, aggregation, and

coalescence. Creaming, aggregation, and coaksee is illustrated in figure 2.17

(sedimentation is not included in the figure, but is the opposite of creamind4][12] .

T 3AAEI AT OAOQET TOAKNIOA OO ET AdOAOT A1 £ OAAOh
AAT OOEZEOCAT 8 4EA Al Ol PEDR AR BE AQBBHOE O EDOAT ©
1T xAOOBEAAT T OEhROT OO OBE & GAG A AOFEiAA PAG BOEH O E A E O
AAT OEOU EO 1A OEA @I GEyRIYrEQHOA A
T ' CCOAGAMAREIIT OAEAOOAA O AO &1 1T AAOI AGETT 1T

AOT DI AOO AT 11 EAA AEACOBRERE CAI EAODBA ONA | x OOKE
The surface charge influence thdistribution of nearby ions in the polar medium.
lons of opposite charge (countefions) are attracted to the surface, and ions of
like charge (caions) are repelled from the surface. In other words, the main
cause of repulsive forces are electrostatic repgsion between like-charged
emulsion droplets, and the main cause of attractive forces are the Van d&iaals
forces between oppositecharged emulsion droplets7 EAT OEA AOT pi AOO .
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Figure 2.18 Effect of brne and pH on emulsion stabilityl 3].

2.9 Inversion
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2.10 Demulsification
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3 Multiphase flow

3.1 Basics about multiphase flow

The production of crude oil is most often associated witBeveral distinctive phases.
Hence, the production flow is commonly namedsa multiphase flow. Threephase flow
of gas ad two immiscible liquids (oil and water) occurs frequently in production
wellbores and transport pipelines The complexity of multiphase pipeflow is mainly due
to the coexistence and motion of multiple phases separated in differentyars while
simultaneously being dispersed with arbitrary complexity in these layers. In a
multiphase flow where separated and dispersed fields coexist, each continuous fluid
layer of one phasemay containdispersed fields of other phases. This islilstrated in
figure 3.1, with alarge-scale interface(LSI) between layers of ontinuous fluids (in this

case ga, oiland water) [1][14].

Layer1

Gas-continuous + Three-phase, gas, oil water flow
oil & water drops

Layer2

Qil-continuous +
gas & water dispersed

Layer3

Water-continuous +
gas & oll dispersed

Figure 3.1: Largescale interface betweelayers of continuous fluidgl4].
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3.2 Flow regimes

The multiphase flowscan take any of an infinite number of forms. However, these forms
can be classified into types of interfacial distributions, commonly calleddiv regimes or

flow patterns [15].

The flow regimes of gadiquid flows will typically be quite different than theflow

regimes of liquid-liquid flows.

3.2.1 Flow regimes of liquid -liquid flows
According o a paper reported by Brauner [2], there are five basic prototypes of flow

pattern generated during the simultaneous flow of liquidliquid mixtures in horizontal
pipes|[2]:

1. Stratified/separated flow, with a layer with either smooth or wavy interface.

2. Dispersed flow, with a dispersion of relatively fine drops of one liquid in the
other.

3. Annular flow, where one of the liquids forms the core and the other liquid flows
in the annulus.

4. Slug/plug flow, with large sluggplugs, elongated or spherical, of one liquid in the
other.

5. Acombination of the basictypes of flow.

! Smooth Stratified (St)
— Separated Flow H Stratified wavy (St-wavy)
0% %50 0% Tefe% | . od Flow m Dispersed oil in water & water
:‘: .o'..u ::: 0:.0 ::: cee’sd o o (Doiw & W)
Dispersed oil in water and dispersed
— Core Annular Flow

Seess= o] water in oil (Do/w & Dwio)

— [h—

[ water

% %50 ¢% %40 4% | Dispersed oil in water
28 Wt %8s Wt (ow

Dispersed water in oil
(Dwio)

Figure 3.2:Liquid-liquid flow patterns[16].
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Stratified/separated-, dispersed and annular flow is illustrated in figure 3.2, and

slug/plug flow is illustrated in figure 3.3.

Figure 3.3: Slug/plug flowj17].

Stratified /separated flows

Stratified/s eparated flows arisefrom density differences of the two phases, where the
oil (lighter phase) flows over the water (heavier phase) at low superficial velocities.
Different interfaces are found in separated flows such as smooth interface (stratified
flow), wavy interface (stratified wavy) or an interface with mixing of oil droplets in

water near the interface (stratified with mixing) [16].

Dispersed flows

At higher flow rates, the oil from the stratified layer is broken off as droplets into the
water (or vice versa), henceforming a dispersion of oil and water, better described as
dispersed flow regime. Dispersed flow can be broadly classified O/W and W/O

dispersions, depemling on the continuous phasg¢16].

Core annular flow

Core annular flow is the third configuration ofthe flow regimes possible with liquid-

Il ENOEA &1 1T x ET DPEDAO8 4AO0I AA AOGO A OCEZEOD
the high viscous oil forms an inner core, and water flows around the core as an annular
film, reducing the contact of oil with he pipe walls, and reducing occurring pressure
drop massively. Core annular flows are achieved when the density of the oil is close to

that of water, thus reducing the buoyancydrces acting on the oil cord16].
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