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Abstract

The focus of this thesis is to further examine the water coning phenomenon in annular geom-

etry in a horizontal well completion. This phenomenon is of particular interest to the oil & gas

industry, as it may restrict production rates, and lead to reduced production effectiveness due

to water carry-over. An overview of industry experience and a review of academic research con-

ducted on the topic of water coning phenomenon is provided. The study has been carried out

by conducting experiments of flow inside annular geometry of a horizontal well in a laboratory

setup and by utilizing CFD simulations. The experimental findings provided valuable inputs

for the CFD simulations, and the CFD simulations may in turn become a useful tool for testing

ICD designs. Furthermore, this study provides a detailed analysis and comparison of analytical

methods that can be utilized to predict critical flow rates.

The experiments were conducted using a simple, yet effective, setup with a symmetric inflow of

the liquids. It was based on a 2D-principle giving good visualization of the experiments. The

main emphasis was placed on the single orifice geometry, but geometries with two orifices were

also used during the experiments. Two different oils were used: Nexbase 3080 due to its similar-

ity to the North Sea oil regarding viscosity, and Marcol 52 to have an oil with a viscosity between

those of water and Nexbase.

A total 766 experimental runs were conducted. From these experiments the effect of water con-

ing was studied in regard to the size of the annulus gap δ, the flow rate, the type of oil, different

plate geometries with one and two outlet orifices, and the distance between the water level and

the orifice.

The results indicated that water coning features are highly dependent on and all of the param-

eters mentioned above. High flow rates and a short distance between the initial water level and

the orifice, both give a high tendency of water coning and large water cuts. However, large an-

nulus gaps lower the tendency of water coning. Nexbase oil with its high viscosity demonstrated

a larger tendency to induce water coning than the less viscous Marcol oil. Low flow rates, large

annulus gaps and large distances between the water level and the orifice will minimize the effect
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of water coning.

A powerful and versatile CFD package that is well equipped to simulate coning phenomenon,

ANSYS-CFX commercial code was utilized for running simulations. A total of 210 simulations

were set up and conducted, both in 2D and 3D.

For this research study, it was important to conduct a large number of simulations in order to

correctly observe trends when changing the input variables. The simulations were all planned

to ensure that an acceptable step size in variable changes was utilized. In this manner it was

possible to stay within a reasonable number of simulations while still being able to uncover

trends from flow behaviour.

The CFD-simulations conducted indicated that the two-dimensional modeling approach was

effective to study water coning phenomenon, in that the simulations displayed the same under-

lying trends observed in the experiments, and required a relatively short amount of computa-

tional time.

The main focus of the analytical aspect of this study is directed towards a pressure balance anal-

ysis. However, dimensional analysis was utilized to forge a correlation for the critical flow rate.

The comparisons of the different analytical methods indicate that the dimensional analysis ap-

proach may provide valuable insight to critical flow rates. Comparisons with experimental data

suggest that the analytical expression derived from pressure balances leads to a largely varying

magnitude of discrepancy depending on the case in question.
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Sammendrag

Denne masteroppgaven har handlet om å studere vannkoningsfenomenet i perforerte rør. Dette

fenomenet er av spesiell interesse for olje- og gassindustrien ettersom det kan legge begren-

sninger for produksjonsrater og føre til nedsenket produksjonseffektivitet. En gjennomgang av

erfaringer fra industrien og av akademisk forskning har blitt utført på temaet vannkoning. I

dette studiet har det blitt gjennomført eksperimenter på innvendig strømning i ringformete rør

i horisontale brønner i ett laboratorieoppsett. De eksperimentelle resultatene ga verdifull infor-

masjon som ble brukt i CFD-simuleringer. Disse CFD-simuleringene kan bli et verdifullt verktøy

for å teste ICD-design. Videre har det blitt gjennomført en grundig analyse og sammenligning

av analytiske metoder som kan brukes til å predikere kritiske volumstrømmer.

Eksperimentene har blitt utført i et enkelt men effektivt oppsett med symmetrisk innstrømning

av væsker. Oppsettet var basert på et 2D-prinsipp som ga god visualisering av eksperimentene.

Hovedfokuset var rettet mot en geometri som bestod av ett utløpshull, men plater med to ut-

løpshull ble også testet. To ulike oljer ble brukt: Nexbase 3080 på grunn av sin likhet med

Nordsjøoljen med tanke på viskositet, og Marcol 52 for å ha en olje med en viskositet mellom

viskositetsverdiene til henholdsvis vann og Nexbase.

Totalt ble det utført 766 eksperimentelle forsøk. Fra ekseprimentene ble effekten av vannkoning

studert med tanke på bredden av annulus δ, volumstrøm, oljetype, forskjellige plategeometrier

med ett- og to utløp og avstanden mellom vannivået og utløpet.

Resultatene indikerer at vannkoning er høyst avhengig av alle disse parameterne. Store volum-

strømmer og en kort avstand mellom opprinnelig vannivå og utløpshull gir en høy tendens til

vannkoning og store vannkutt. Brede annulus gir imidlertid lavere tendenser til vannkoning.

Med sin høye viskositet viste Nexbase større tendenser til å indusere vannkoner enn den min-

dre viskøse Marcol. Små volumstrømmer, store bredder på annulus og store distanser mellom

vannivå og utløpshull minker effekten av vannkoning.

For å utføre simuleringer ble ANSYS-CFX brukt. Dette er en allsidig CFD-pakke som er godt

utrustet til å simulere vannkoningsfenomenet. Totalt ble 210 simuleringer både i 2D og 3D, satt
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opp og gjennomført.

For dette forskningsprosjektet var det viktig å gjennomføre store mengder simuleringer for å

kunne observere trender når inndataen ble endret. Alle simuleringer var planlagt slik at en for-

nuftig intervallstørrelse for endringer av parametere ble brukt. På denne måten var det mulig å

avdekke trender fra strømningsatferd innenfor ett rimelig antall simuleringer.

Utførte CFD-simuleringer antyder at en todimensjonell tilnærmning var effektiv for å stud-

ere vannkoningsfenomenet. Simuleringene med denne tilnærmningen viste de samme grunn-

leggende trendene som ble observert i eksperimentene, og krevde en relativ kort beregningstid.

Hovedfokuset for den analytiske tilnærmingen var rettet mot analyse av trykkbalanser. I tillegg

ble dimensjonsanalyse brukt for å utlede en korrelasjon for den kritiske volumstrømmen.

Sammenligningene mellom de forskjellige analytiske metodene indikerer at tilnærmingen med

dimensjonsanalyse kan gi verdifull innsikt til utregningen av kritiske volumstrømmer. Sammen-

ligninger med eksperimentell data antyder at det analytiske uttrykket utledet fra trykkbalansen,

fører til store variasjoner innenfor størrelse på avvik.
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Chapter 1

Introduction & Objectives

In this day and age newly spudded wells are often horizontal wells, defined as wells with an in-

clination greater than 85 degrees[1]. Horizontal wells enhance reservoir performance by placing

a long wellbore section within the reservoir.

Horizontal wells offer larger and more efficient drainage patterns, leading to increased overall

reserves recovery. The production rate increases because of the greater wellbore length exposed

to pay zone. Furthermore, gas and water reservoir coning decreases because of reduced draw-

down pressure in the reservoir for a given production rate [2].

However, horizontal wells introduce new production challenges. Reservoir coning may still oc-

cur and lead to annular coning phenomenon. Inlet control devices (ICD’s) and autonomous

inlet control devices (AICD’s) are frequently installed to remediate the problem.

The necessity of ICD’s makes it important to understand the fluid dynamics governing the con-

ing formation in well geometry as well as in annular geometry. With increased understanding of

the problem, better designs of the ICD’s can be fabricated, leading to overall more efficient field

production.

A powerful tool to tackle this problem and quantify performances of ICD designs is by the use

of computational fluid dynamics (CFD). The focus of this master thesis was to conduct experi-

1
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ments to study coning phenomenon in perforated annular channels, and develop CFD models

able to capture the flow phenomenons observed in the respective experiments. The following

objectives are considered:

• Conduct and analyze experiments regarding the water coning phenomenon with differ-

ent plate geometries, fluid properties and initial conditions. This implies modifying the

already existing rig to fit the desired experiments.

• The ANSYS-CFX code will be used to simulate the flow process of the experiments. It

is expected that the experimental observation is reproduced by the CFD simulations. A

three-dimensional approach may have to be used.

• A parametric study is to be conducted on the effect of oil viscosity, density difference, the

depth of the water layers, etc.

• Exploration and comparison of analytical methods to predict stationary coning heights,

and critical flow rates.

1.1 Structure of Thesis

This master thesis is divided into eight separate chapters, each of which are briefly described in

this section.

Chapter 1 - Introduction

Chapter 1 presents the main goals associated with the master thesis, and aims to demonstrate

the topic’s relevance in a broader context within the petroleum sector.
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Chapter 2 - Background Information

Chapter 2 presents a literature study surrounding the topic of reservoir coning, and annular con-

ing. In addition relevant case data supplied by Statoil is presented. The main topics presented

are:

• Horizontal wells

• Stable water coning

• Inlet control devices

• Water coning in annular geometry

Chapter 3 - Experimental Facility

Chapter 3 contains a detailed description of the experimental setup and the experimental pro-

cedures. Choices made regarding the setup and procedures are described. In this manner the

experiments can easily be recreated and the work can be resumed in the future.

Chapter 4 - Experimental Results & Discussions

In chapter 4 the experimental results are presented. The results presented are divided into three

different topics:

• Flow rate correlations

• Water jump phenomenon

• Water cut measurements

During these sections the results are presented for all three geometries, and the results are linked

to the background information and flow theory.



CHAPTER 1. INTRODUCTION & OBJECTIVES 4

Chapter 5 - CFD Methodology

Chapter 5 presents the setup and underlying theory describing the CFD simulations. Choices

that were made while creating the CFD model are accounted for. The chapter discusses the

following:

• Case simplifications

• Simulations cases

• Simulations geometries

• Boundary conditions

• Momentum source

• Initial conditions

• Meshing

• Solver settings

• Monitors and key parameters

Chapter 6 - CFD Results and Discussions

In chapter 6 the results from the CFD simulations are presented. The chapter is divided into:

• 2D simulations - Single outlet orifice

• 2D simulations - Multiple outlet orifices

• 3D simulations - Single outlet orifice

• Parametric study

The results are analyzed and discussed regarding trends seen in the simulations, and the results

are compared against the experimental data. The different models are also compared against

each other.



CHAPTER 1. INTRODUCTION & OBJECTIVES 5

Chapter 7 - Analytical Methods vs. Experimental Data

In chapter 7 various analytical methods are explored. Detailed comparisons of the methods

against the experimental data are presented at the end of the chapter.

Chapter 8 - Conclusions and Further Work

Chapter 8 presents the most important findings done in this thesis. Furthermore, the authors of

this thesis give their recommendation for further work which can be done on the topic of water

coning in annular geometry.



Chapter 2

Background Information

The abundance of available literature indicates that reservoir coning phenomenon have been

extensively researched over the past several decades. A wide range of literature on coning in

horizontal,- and vertical wells exists. However little available literature was found on the topic

of coning in annular geometry.

2.1 Horizontal Wells

In general, a horizontal well is one that is drilled parallel to a bedding plane, as opposed to

a vertical well, which intersects the reservoir-bedding plane at 90 degrees. Horizontal drilling

technology achieved commercial viability during the late 80’s.

Most oil and gas reservoirs are much more extensive in their horizontal area (areal) dimension

than in their vertical (thickness) dimension. By drilling that portion of a well which intersects

such a reservoir parallel to its plane of more extensive dimension, as seen in figure 2.2, horizon-

tal drilling’s immediate technical objective is achieved. That objective is to expose significantly

more reservoir rock to the wellbore surface than would be the case with a conventional vertical

well penetrating the reservoir perpendicular to its plane of more extensive dimension, as seen

in figure 2.1 [2].

6
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Figure 2.1: Coning in a vertical well[3].
Figure 2.2: Cresting in a horizontal
well[3].

In addition, improvements in the critical flow rate of up to a factor of 7 have been reported for

horizontal wells in thin oil zones. This improvement is caused by the potential gradients being

less sever in the vicinity of a horizontal well than a vertical well [4].

Horizontal wells generally produce more, and more efficiently, than do vertical wells. However,

these wells are subject to early water and gas coning toward the heel because of the flow’s fric-

tional pressure drop along the horizontal section.

Figure 2.3: Cresting in horizontal well [5].

Cresting is defined as the change in oil-water or gas-oil contact profiles as a result of drawdown

pressure during production. Cresting occurs in horizontally or highly deviated wells, as seen in

figure 2.3. The phenomenon is affected by both fluid properties and the ratio of horizontal to

vertical permeability [6].

In homogenous formations, significant pressure drops occur within the open-hole interval as

the fluid flows from the toe towards the heel of the well. The result may be significantly higher
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Figure 2.4: Cresting at the heel in a horizontal well [5].

drawdown pressures at the heel of the well. Known as the heel-toe effect, this pressure difference

causes unequal inflow along the well path and leads to water or gas coning at the heel, as seen

in figure 2.4.

As will always be true in the case for flow systems where actual water coning is possible, the wa-

ter will be inclined to lie beneath the oil the oil zone, because of its density contrast with respect

to the oil. In fact, under usual field conditions when the pay horizon is reasonably homoge-

nous, the water most frequently enters the well from lower zones. However, even when it enters

from intermediate zones it may, in the later life if the well, displace the bottom layers of oil, thus

resulting in a system wherein the oil is effectively floating on the water [7].

Figure 2.5: Heterogenous reservoir with AICV completion including plot of pressure drops [8].

Oil reservoirs with bottom water drive have the advantage of a high oil recovery due to energy

support from the aquifer. However, the encroachment of the water into the producing oil well
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caused by the pressure drawdown around the wellbore creates problems over time, see figure

2.5. These problems include water handling and bypass oil [9].

The production of oil and/or gas from a well causes the pressure around the wellbore to drop,

inducing a pressure gradient around the wellbore vicinity. A counteracting gravitational force,

due to the difference between the oil density and water density, causes the oil-water contact in-

terface to remain stable. However, at a certain critical production rate, the viscous forces due to

the pressure gradients around the wellbore become greater than the gravitational forces making

the oil-water interface unstable. Consequently, the contact rises up until water breakthrough

into the producing well occurs [9].

2.2 Stable Water Coning

For production levels below critical production rates stable stationary water cones may arise.

This is seen when the pressure at a given height along the cone interface equals the hydrostatic

pressure.

Figure 2.6: Stationary water cone in a vertical well[7, page 144].

Referencing figure 2.6, the following pressure balance can be set up[7]:

Pb = hρw g +p(r, z) (2.1)

where p(r, z) is defined as the pressure at the oil-water interface on the cone, g is the gravita-

tional constant, and ρw is the density of water. Note that ρw is expressed as γw in figure 2.6.
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Equation (2.1) represents a necessary equilibrium condition if the water cone is to be in a static

condition.

The critical flow rate can be calculated, however it is complex and dependent on many different

factors. This calculation has been carried out for a vertical well by Leif A. Høyland et. al[10].

Høyland’s results have since been simulated and plotted by A. Bahadori and A. Nouri in a di-

mensionless form[11], which can be seen in figure 2.7. The dimensionless radius rd is given

as[11]:

rd = re

ht

√
kv

kh
(2.2)

where kv , and kh is the permeability in the vertical and horizontal direction, ht is the height of

the oil zone and re is the exterior radius. It is worth noticing from figure 2.7 that the critical rates

have a sudden increase for low values of the non-dimensional radius.

Figure 2.7: Prediction of dimensionless critical rate for high fractional well penetration ratios[11].

Figure 2.8 shows the how the pressure gradients vary in the oil zone (line A), and in the water

zone (line B). Line B shows that the only contribution to the pressure gradient in the water zone

is the hydrostatic pressure difference, seeing as the cone is in equilibrium. Line A shows that the

pressure gradient is very steep near the orifice, due to the velocity gradient and also influenced

by the high oil viscosity.
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Figure 2.8: Pressure gradient in oil zone vs. water zone [7].

Muskat & Wyckoff describe in detail how there exists a critical height H-max for which the equi-

librium coning height becomes unstable, and water rises to the outlet orifice.

The water at the water-oil interface is acted upon by the same pressure gradient acting on the

oil, in the immediate adjacent oil zone. Since all flow in the vicinity is directed towards one

orifice, the pressure gradients increase quickly near the orifice. In the water zone gravity acts

to impose a hydrostatic pressure gradient. Taking into account that the pressure gradients must

equal at the oil- water interface, figure 2.8 illustrates the constraint of a maximum H. Any further

increase in cone height at this point will cause water to flow into the orifice [7].

2.3 Inlet Control Devices

Inlet control devices are installed in modern wells to mitigate the problem of cresting/coning

in the reservoir. ICD’s are demonstrated to improve overall oil recovery, and less water produc-

tion. The ability to optimize results from standard configurations through better reservoir fluid

management has been greatly enhanced by the development of remotely operated inflow con-

trol valves and chokes. These devices enable engineers to adjust flow from individual zones that

are over- or under pressured or from those producing water or gas that may be detrimental to

overall well productivity [5].



CHAPTER 2. BACKGROUND INFORMATION 12

Figure 2.9: ICD designs[5, page 31]. Figure 2.10: Flow schematic in nozzle-type
ICD [12].

Figures 2.9, and 2.10 display the two most common ICD designs, the nozzle-type ICD and the

helical channel ICD. Fluids from the formation flows through multiple screen layers mounted

on an inner jacket, and along the annulus between the solid base pipe and the screens. It then

enters through a restriction in the case of nozzle- and orifice-based tools for the nozzle-type

ICD, and a tortuous pathway in the case of helical-type ICD [5].

When fluid enters the nozzles, the potential energy is transformed into kinetic energy, which is

absorbed in the main flow through the base pipe, thus resulting in a pressure drop between the

annulus and the tubing, as described by Bernoulli’s equation. The pressure drop over the nozzle

is given by [13]:

∆PN =Cu
ρv2

2Cv
2 (2.3)

The pressure drop through the sand screen is described by Darcy’s law[13]:

∆PF = µL

k

( q

A

)
(2.4)

where ρ is the fluid density, v is the fluid velocity, whilst Cu & Cv are constants determined by

the nozzle geometry.
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Different nozzle sizes are available, making it possible to design the ICD completion to the re-

quired well geometry and flowrate. The ICD nozzle setting can be preset, or alternatively, the

nozzle setting may be performed on the pipe deck [9].

The main challenge facing ICD’s is the changing conditions of the reservoir with respect to time.

The harsh conditions in the well makes electronic devices unwanted. The ICD placement is

designed to eliminate the heel-toe effect and obtain a uniform production rate along the well.

However, the relationship between the pressure drop and the flow rate for the well is complex

and highly non-linear. Reduction in the reservoir pressure changes the relative flow through the

different ICD’s. Without any control systems the depletion of the reservoir may therefore still

cause water coning at later times in the production[14].

To avoid water flowing in the pipe annulus, zone isolation is required in the well completion.

This is done by installing packers at specified intervals. One or more ICD’s can be placed in

each zone depending on the pressure distribution desired at the well. Often several ICD’s are

put in the zones near the toe of the well, and one or few near the heel. The reason for this is as

explained in the previous sections, higher cumulative flowrates at the heel induce a higher local

pressure drop. Placing too many ICD’s in this zone may be counterproductive, as cresting will

occur rapidly.

A modern AICD design is the AICV, as shown in figure 2.11. The autonomous inflow control valve

has the feature to distinguish between fluids based on fluid properties as viscosity and density.

The design is adapted to the requirements in the relevant field. Several designs are available on

the market. They all function by the same key aspect, namely the capability to choke for less

viscous fluid after breakthrough [8].

In heterogeneous or fractured heavy oil reservoirs, it is crucial to stop or choke water when

breakthrough occurs. Robust inflow control that can choke back and/or close local water pro-

ducing zones has the potential to increase the oil recovery significantly compared to standard

ICD’s [8].
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Figure 2.11: AICV design cut open [8].

One such design is the AICV technology, based on the difference in the pressure drop in a lami-

nar flow restrictor compared to a turbulent flow restrictor. From dimensional analysis, pressure-

drop relations (2.5), and (2.6) are put forth. Ub , is here designated as a bulk velocity.

∆Pl ami nar ∝µUb (2.5)

∆Ptur bul ent ∝ ρU 2
b (2.6)

Figure 2.12 demonstrates the implications of the above dimensional analysis. In laminar con-

ditions, the pressure drop is proportional to the viscosity. This implies much greater pressure

losses for the viscous oil than for less viscous media such as water or gas. In the turbulent regime,

pressure drop is independent of the fluid viscosity, and proportional to the velocity squared, re-

sulting in a much lower pressure drop for heavy oils.

When a low-viscous fluid like water flows through the laminar restrictor the pressure drop will be

lower than compared to in oil flow, resulting in a higher pressure at point B. This higher pressure

activates a piston that effectively shuts off the flow. It is an autonomous process in that it uses

the forces corresponding to the pressure differentials to move the piston. The surface area of

either side of the piston is therefore a key design parameter depending on fluid properties and

operational flow rates.
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Figure 2.12: Laminar-and turbulent restrictor in series vs. pressure drop [8].

Aakre et al. have run experiments suggesting that the water cut needs to be very high before the

piston will plug the flow. For the AICV design tested on, he reported a lower limit of 98% water

cut [8].

2.4 Water Coning in Annular Geometry

The velocities into the pipe geometry are relatively small, and thus the flow into the housing is

likely to be stratified. Over the joints the valves are arbitrarily oriented as in figure 2.13. This

means that valves in the higher regions are exposed to oil while the ones in the lower region may

be exposed to water[15].

Figure 2.13: The stratified pattern of the fluid mixture with valves arbitrarily oriented along the pipe[15,
page 7].
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The pressure drop of oil flowing through the ICD/AICD is greater for oil than for water. The

difference in pressure drop for water and oil can to lead to coning phenomenon also in the

piping annulus. If the production is above a certain critical rate water can reach as high as

the ICD/AICD, introducing a water cut in the production, and lowering overall production effi-

ciency.

The governing physics is in principle the same as described in section 2.2, however the geome-

try is slightly more complex, and from a piping axial point of view the ICD/AICD can be placed

at different circumferential positions. Moreover, a frictional pressure term will also appear due

to the flow through the annulus. Pressure gradient profiles near the orifice of the ICD will nec-

essarily be different for varying circumferential positions, in turn affecting the flow behavior.

The pressure terms in the housing would then be the frictional pressure drop, the acceleration

pressure drop, and the gravitational hydrostatic pressure.

Figure 2.14: Cross-sectional geometry of production piping at valve position[15, page 11].

The ratio between the outer pipe diameter and the annulus gap, D/δ is the order 50-100. Ad-

ditionally, the velocities are relatively small, the flow is stratified and laminar except in close

proximity to the ICD orifice. Thus the velocity profile in the annulus may reasonably be approx-

imated as that of laminar flow between two parallel plates.

The frictional pressure loss is due to the shear stress acting on the annulus walls and can be

assessed using the Darcy friction factor formulation:
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(
∂P

∂T

)
f
= f

1

2Dh
u2

aveρ (2.7)

Dh signifies the hydraulic diameter, and uave the average velocity. The friction factor is set equal

to what is defined in equation (2.8). This constitutes the Darcy friction factor valid for flow

between parallel plates, following the previous arguments. The hydraulic diameter is thus also

set to 2δ, which constitutes the hydraulic diameter between two parallels plates. The friction

factor for laminar flow between two parallel plates is given by Frank White as [16] :

f = 96

ReDh

(2.8)

A uniform inflow to the ICD is assumed, and the velocity can be expressed as:

uave = Q

2πδT
(2.9)

The variable T , constitutes a given distance from the center of the outlet orifice, as seen in figure

2.14. When equations (2.7), (2.8), and (2.9) are combined the frictional pressure drop is calcu-

lated by integrating from the water-oil interface to the entrance of the orifice:

∆P f =
6µQ

πδ3
ln

(
Ti

To

)
(2.10)

Here Ti , and To signifies the distance from the center of the orifice to the entrance of the orifice,

and the distance from the center of the orifice to the tip of the water cone, respectively. The

pressure difference due to gravity arises due to the contrast in density between oil and water.

Because of the annulus geometry the curvature may be addressed when computing the gravita-

tional pressure term, and is thus computed as:

∆Pg = g
(
ρw −ρo

)(
sinϕ− sinϕlevel

) D

2
(2.11)
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The correct formulation for the pressure drop due to accelerating fluid is easiest seen from the

acceleration terms in the Navier-Stokes equation :

(
∂P

∂T

)
a
=−ρu

∂u

∂T
(2.12)

When equation (2.9) is differentiated with respect to T, and inserted into equation (2.12), equa-

tion (2.13) is obtained after integrating from the tip of the water cone to the entrance of the

outlet orifice:

∆Pa = ρ

8

(
Q

πδ

)2
(

1

T 2
o
− 1

T 2
i

)
(2.13)

As previously discussed the added static pressure of the water cone must balance the pressure

loss from friction and acceleration in order to sustain a stagnant water cone:

∆Pg =∆P f ,o +∆Pa,o (2.14)

0 ≤ ∆P f ,o +∆Pa,o −∆Pg

∆Pg
(2.15)

Analogous to a to critical reservoir coning height as explained by Wykoff, there exists a critical

coning height for any given set of flow conditions for which a stagnant cone can no longer be

sustained in the annulus geometry. For flow rates surpassing the critical flow rate the water

jumps up to the outlet orifice [7].
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2.5 Statoil Input Data

A typical lower completion design is shown in figure 2.15. All of the following data in this section

is given from Statoil[15]:

• The total length of the horizontal well: 1271 [m].

• Number of isolated zones: 6, each of around 200 [m] isolated from each other.

• Number of joints: 6 with length of 12 [m]. Each joint includes one or more ICD’s/AICD’s.

Figure 2.15: Lower completion design for a horizontal well[15, page 14]

Several geometries can be used for the housing of the base pipe and ICD/AICD. Two such ge-

ometries are presenteed in the Statoil document as design 1, figure 2.16, and design 2, figure

2.17[15].

Statoil’s AICD have an approximately symmetric inflow into the valve. Both designs have a outer

diameter of 5.5" for the base pipe and utilizes two ICD’s/AICD’s per joint. The annulus gap, and

the distance from the screen area to the valve intake is:

• Design 1: L ∼ 180 [mm], Annular gap δ= 7.11 [mm]

• Design 2: L ∼ 265 [mm], Annular gap δ= 3 [mm]
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Figure 2.16: Geometry of housing design 1[15, page 5]

Figure 2.17: Geometry of housing design 2[15, page 5]

The geometries for the ICD/AICD in the two designs is also different:

• Design 1:

– Outlet arrangement is not in flush with the inner wall.

– Flow area out of AICD = 3.3338 ·10−4 [m2]

• Design 2:

– Outlet arrangement in flush with the inner pipe wall.

– Total cross sectional area = 2.2027 ·10−4 [m2]
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The total oil production rate is 3500 [Sm3/d], which corresponds to a rate per joint of 1.52

[Sm3/hr]. The liquid properties are:

• Oil density: 935 [kg/m3]

• Oil viscosity: 67 [cp]

• Water density: 1031 [kg/m3]

• Water viscosity: 0.72 [cp]



Chapter 3

Experimental Facility

This chapter contains a detailed description of the laboratory setup and experimental proce-

dures. In this manner the experiments can easily be recreated and the work resumed in the

future.

3.1 Experimental Setup

3.1.1 Experimental rig

The rig was designed by Egor Shevchenko during his project and master thesis. It was built to be

a simplified, yet effective, setup based on the input data from Statoil. Some modifications were

made on the old setup to adjust the rig to the experiments for this thesis. New base pipe walls

were made, and a second flow valve was installed. The rig consisted of:

• Tank filled with oil and water

• Base pipe wall with an orifice

• Flexible tube

• Drainage valve

22
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• Downstream flow valve

• Storage tanks for the oil and water

• Electrical pump for pumping the oil from the storage tank to the experimental tank

• Tray to avoid possible oil spills to the floor

The total rig can be seen in figure 3.1.

Figure 3.1: The total rig used for the experiments.

The tank was dimensioned to be 1x1 meter with a liquid height of 220 [mm], plus a 30 [mm]

safety margin. The liquid height was calculated to match the base half-pipe wall perimeter for

a 5.5" pipe by the 2D-principle made by Shevchenko[17]. In essence this principle was to fold

out the annular geometry, as seen in figure 3.2. Consequently, this geometry approximation

simplified the building of the tank and visualization of the experiments without eliminating any

of the possible flow patterns.

To be able to operate with different annulus gaps in the various test, the base pipe wall was made

movable. In figure 3.2 the movable plate corresponds to the base pipe wall while the housing

wall corresponds to the transparent front wall which was stationary. Some modifications from
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Figure 3.2: The 2D-principle[17, page 22].

the old setup were made. In the new setup all of the experiments were done with a centered

plate. In Shevchenko’s experiments the plate was placed in one corner with inflow from only

one side. To obtain more realistic conditions compared to the ones used by Statoil, a symmetric

inflow was desirable. This was made possible by designing a new symmetrical plate, which was

a modification of Statoil’s design 1 in figure 2.16. The new design required a new solution to

keep the plate in the wanted positions during the experiments. A movable beam attached to the

top of the tank by clamps was used to solve this problem. A simple figure showing the tank with

the most important components can be seen in figure 3.3.

The annulus was set by using metal pieces, as seen in figure 3.5, at the bottom of the tank. As

can be seen from figure 3.6, the transparent front wall, which corresponds to the housing wall

in 3.2, was bended at the top. To keep a constant distance between the two walls all the way

from top to bottom, magnets and custom-made metal pieces, as displayed in figures 3.4 and

3.5, where used to control the distance. Clamps were used to attach the walls together. A roof

was also placed at the top attached to the metal pieces to avoid the possibility of air coning. This

roof was made of weather stripping of foam and was customized to the different annulus gaps.

The whole wall-system can be seen from figure 3.7.
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Figure 3.3: A top-side view of the tank with the key components.

Figure 3.4: Custom-made metal pieces at the top
of the tank which are attached with magnets to
the plate.

Figure 3.5: Custom-made metal pieces at the
bottom of the tank.

3.1.2 Geometry of housing plates

Three different plate designs were constructed, and can be seen in figure 3.8, 3.9 and 3.10. All

of the plates were made by the same principles and main dimensions. The fluid was flowing

through orifices with diameters of 36 [mm] via flexible tubes through perforations in the other

end of the tank. The diameter was equal to the one used by both Shevchenko and design 2

from Statoil. From the end of the tank the fluid flowed through downstream flow valves and



CHAPTER 3. EXPERIMENTAL FACILITY 26

Figure 3.6: The bended transparent wall. Figure 3.7: The total solution of keeping the wall
distance constant with a roof to avoid air coning.

into measuring buckets. The liquid flow was only driven by the liquid head in the tank causing

enough pressure difference to obtain the wanted flow rates. These flow rates were controlled

by the downstream flow valves which were controlled with valve positions ranging from 1 to 6

as seen in figure 3.11. When changing the experimental conditions by draining out water, the

draining valve was used, also shown in figure 3.11.

Figure 3.8: Geometry of improved single orifice housing plate.

To avoid any instabilities in the liquid tank causing uneven flow conditions and disturbances

there was no refilling of the tank during an experimental run. Even though this would give a

variable head causing changes in the flow rate, this was found to be the best and most realistic

simulation of a reservoir inflow. To maintain a reasonable constant flow rate the liquid level

should not drop more than 1 [cm] during the experimental run corresponding to approximately

10 litres.
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Figure 3.9: Geometry of housing plate with two holes at equal height.

Figure 3.10: Geometry of housing plate with two holes at different height.

Figure 3.11: Draining valve (left) and downstream flow valve (right).
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3.1.3 Oil properties

Two different oils were used during the experiments: Nexbase 3080 and Marcol 52. Nexbase was

chosen due to its similarity with the oil given by the Statoil data. Marcol 52 was chosen to utilize

a less viscous oil, to assess how this would affect the water coning. Both of the oils were tested

in a viscometer to check if the given data was correct, as well as to find the viscosity for Nexbase

at 20 [◦C], which was the temperature in the tank. The properties of the oils can be seen in table

3.1.

Table 3.1: Data of the oils used during the experiments.

Oil Viscosity at 20◦C, [cP] Density at 15◦C, [kg/m3]
Nexbase 3080 83 845

Marcol 52 12 828

To get a good visual interface between the oil and water, Fluorescein-Natrium (C.I. 45350) was

added to the water. This gave the water a green color that helped distinguished the two liquids

from one another.

3.2 Preparations

Before the experiments could take place the setup had to be approved. To get the approval the

setup had to be in accordance with the safety regulations stated by the department at NTNU.

Since the rig has been built and used before, a risk assessment report had already been made by

Shevchenko[17]. The report had to be renewed by date before it was approved. All experiments

were done within the operation protocols given in the risk assessment report.

When the rig was remounted a leak test was done to control that it remained watertight. The leak

test was done by filling the tank with water and no leakages were observed. Water was chosen

as test medium because a water spill would be less problematic than an eventual oil spill. Also

the drainage valve and downstream flow valve were tested and both functioned properly.

To obtain a general knowledge about the flow rates, two tests were done prior to the experi-
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ments:

• Flow rate as function of downstream valve position.

• Flow rate as function of liquid head.

In oil production pipe lines oil is the dominating liquid running through the pipes and therefore

both tests were done using oil as the liquid medium.

The flow rate at given valve positions can be seen from table 3.2. In the data from Statoil the

production has a flow rate of approximately 6.2 [l/min]. This translates to a valve position be-

tween 2 and 2.5 for both oils. This range of flow rates is thus of importance, and it was decided

to adding a valve position of 2.25 to the experiments to have a finer step for the flow rate in this

range.

Table 3.2: Flow rate versus valve position for Nexbase 3080 and Marcol 52.

Flow rate [l/min]
Valve position Nexbase 3080 Marcol 52

1 0.37 0.62
1.5 2.00 2.51
2 4.66 5.28

2.5 9.04 9.87
3 12.07 13.88

3.5 17.87 20.11
4 23.58 27.46

4.5 27.88 34.91

To maintain identical conditions during the experimental runs it was important to keep the head

close to constant. In the preface of the experimental phase, tests were conducted to investigate

the flow rate as a function of the liquid head. The tests showed that for both Nexbase 3080 and

Marcol 52 the dependence between the head and the flow rate is quite significant. However, as

seen in figure 3.12, the concept by Shevchenko of allowing at most a 1 [cm] drop was reasonably

good, and it was decided to apply it in this project. This test also displayed a weakness in the

setup. Since the downstream flow valve was continuous and not stepwise it was difficult to

repeatedly obtain the exact same valve position. This resulted in different flow rates for tests
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that should produce the same results. Figure 3.12 indicates discrepancies in flow rates for a

given head. It is therefore important to be careful when comparing results as function of the

valve position.

Figure 3.12: Flow rate as a function of the liquid height in the tank.

Before being able to run the experiments in a proper manner three additional tests had to be

done:

• Test the influence of the metal pieces at the bottom of the tank during the experiments.

• Test the importance of a roof between the housing wall and the base pipe wall.

• Tests to determine the running time of one experimental run.

Metal pieces were needed to set the annulus gap between the base pipe wall and the transparent

wall. Shevchenko kept the metal pieces in place while running the experiments. This was done

to make sure that the annulus length was kept constant at all times. The problem with this

approach was that the pieces were blocking the inflow of water, especially at low water levels.

From figure 3.13 it is clear that the water cut, the percentage of water in the total drained mixture,

is significantly lower with the metal pieces in place. Figure 3.14 shows how the water is blocked

from flowing into the annulus. These results clearly indicate that the metal pieces affect the

inflow. Initial testing indicated no movement for the plates without the metal pieces, hence the

experiments could be conducted without them.
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Figure 3.13: Water cut with and without metal pieces at the bottom of the annulus for water level of 10
[mm] and Nexbase 3080.

Figure 3.14: Metalpieces blocking the inflow of water.

A simple test was done to check the need of a roof. Employing an annulus gap of 5 [mm] and

a water level of 10 [mm] it was clear that the air cone would break into the orifice at high flow

rates. Screen shots from the video recordings, figure 3.15 and 3.16, demonstrate the contrast

in flow behaviour with a roof and without, respectively. Further investigations with flow rates,
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water jump, and water cut did not display any significant difference with or without a roof other

than when air intake into the orifice was present. Thus it was decided to run the experiments

with a roof to avoid potential air intake.

Figure 3.15: Test with roof at δ = 5 [mm], WL = 10
[mm] and valve position 4.

Figure 3.16: Test without roof at δ = 5 [mm], WL = 10
[mm] and valve position 4.

To have the best possible basis for comparison between the experiments it was decided to make

guidelines for running time. The main factors deciding the running times were:

• Do not exceed a maximum drain off of 10 litres. This was highly important and should

not by any means be exceeded. The 10 litres includes the liquid that is measured as well

as the liquid that was drained to reach steady state. This was important due to the change

in flow rate with shifting liquid head which would compromise the steady state solution.

• Get as long running time as possible to minimize the error due to manual timing. It was

assumed that every experimental run would have a timing error of ±0.2 seconds due to

unsynchronised start/stop of the timer with start/stop of filling the measuring bucket.

• Avoid change of measuring cup if possible. Due to the high viscosity in the oil it sticks

to the wall and it was therefore hard to empty the measuring bucket or cup completely.

Measurements showed an error of ±30 [ml] for the 10 [l] measuring bucket and ±10 [ml]

for the 1000 [ml] measuring cup. Also every single reading of volume had a reading error

of roughly ±2.5 [ml]. This error would as well as leading to an uncertainty in the flow rate,

lead to an uncertainty in the water cut since oil and not water stuck to the wall.

In the case of one orifice, for the higher flow rates the running times in table 3.3 were restricted
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by the 10 litres limit. This means a maximum of 10 litres could be drained out during one ex-

perimental run. However, the system was observed to need around 3-4 litres before it reached

steady state and the measurements could begin. With adding a safety margin of 1 litre, this left a

total of 5 litres of liquid which could be used for measuring the flow rate. The error of the volume

measurements would be smallest for a volume of maximum 1 litre because of the avoidance of

the 10 litres measuring bucket. If one would exceed this litre the error would decrease with

increasing volume having a best possible error of ±1.85% for 5 litres. The timing error would de-

crease for longer running times as the uncertainty of ±0.2 seconds would be smaller compared

to the total running time.

The best solution to minimize measuring errors, resulted in the running times as presented in

table 3.3. Here the valve position 1 and 1.5 were restricted by 1 litres while the rest were restricted

to about 5 litres.

Table 3.3: Approximate running time for each valve position for one orifice

Running time [s]
Valve position Nexbase 3080 Marcol 52

1 ≈ 150 ≈ 90
1.5 ≈ 30 ≈ 23
2 ≈ 60 ≈ 55

2.25 ≈ 45 ≈ 41
2.5 ≈ 30 ≈ 30
3 ≈ 22 ≈ 20

3.5 ≈ 15 ≈ 14
4 ≈ 12 ≈ 10

4.5 ≈ 10 ≈ 8

In the case of two orifices it was impossible to keep within the restriction of 10 litres for all flow

rates. The two valves had to be manually set and 10 litres would be drained out to only achieve

steady state. To partly compensate for this the initial liquid level was set a little higher for the

experiments with two outlets. Because of these challenges it was decided to prioritize a short

testing period and the running times for two holes can be seen in table 3.4. Valve position 1 was

not used as the second downstream flow valve started at a position of 1.5. Valve position 4.5 was

omitted because of its high drain out of liquid.
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Table 3.4: Approximate running time for each valve position for two orifices

Running time [s]
Valve position Nexbase 3080 Marcol 52

1.5 ≈ 25 ≈ 20
2 ≈ 23 ≈ 20

2.25 ≈ 17 ≈ 15
2.5 ≈ 12 ≈ 10
3 ≈ 8 ≈ 7

3.5 ≈ 6 ≈ 5
4 ≈ 5 ≈ 4

3.3 Experimental Procedure

To obtain a good study of the water coning phenomenon, a list of variables affecting the flow was

prepared. Two considerations were important when deciding the operational principles. First

of all it was desired to make the setup as realistic as possible compared to real flow conditions in

a well. Secondly, it was of interest to use a setup similar to that of Shevchenko in order to have a

sound basis of comparison.

The variables and their control methods during the experiments are shown in table 3.5, and a

list of key observables for the experiments can be seen in table 3.6.

Table 3.5: Operational variables.

Variables Control method Range
Distance from water

interface to the
tank bottom, WL

By pumping/draining
fluids in/out

Water level from
10 - 110 [mm]

Annulus gap, δ Moving the base pipe wall 5 - 25 [mm]

Total flow rate, Q
Controlling the downstream

flow valve
Valve position: 1-5

Flow rate: 0 - 35 [l/min]
Viscosity, µ Changing oil 12 and 83 [cP]

Plate geometry
Shift between

different plates

One hole, two holes with
equal height and two holes

with different height

Water cut is the percent-wise fraction of of water in the measured liquid. The water jump is the

height the water rises from its initial level.
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Table 3.6: Key observables during the experiments.

Observable Method
Water cut, WC Volume of water vs. total volume

Water jump, WJ Video analysis
Water flow rate, WQ Manual timing and measuring of volume

Oil flow rate, OQ Manual timing and measuring of volume
Total flow rate, Q Manual timing and measuring of volume

The experimental procedure can be divided into seven different stages:

1. Getting started from standby mode.

2. Running the experiments.

3. Changing the annulus gap.

4. Changing the water level.

5. Changing the plate geometry.

6. Changing the oil.

7. Packing the setup back to standby mode.

1. Getting started from standby mode.

Getting started

- Post the "Experiment in progress sign"
- Remove the cover from the tank and the measuring buckets
- Set up the film camera

Because of the few risks related to the oil, it was decided for reasons of simplicity not to

empty the tank after every experimental day. To keep the oil as clean as possible, a cover

was placed over the tank in stand-by mode as well as over the oil drum and measuring

buckets. Thus, the oil was sheilded from dust and particles. Figure 3.17 shows the rig

before and after the "getting started" stage.

2. Running the experiments.

All of the experiments were done in the exactly same manner to get equal conditions for

every experimental run. Since the experiments considered the steady state solution of wa-

ter coning, it was important to define a sufficient standard of measuring liquid and time.
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(a) (b)

(c) (d)

Figure 3.17: Figure (a) and (b) shows the rig in standby mode while (c) and (d) shows the rig in operational
mode.

The best solution found was a "two-bucket system". In this system one bucket was placed

under the valve as the experiment started. While waiting for steady state to appear all the

liquid was drained into this bucket. As steady state was attained the timer was started.

Simultaneously a new empty measuring bucket was placed under the valve. When the

desired time was reached following table 3.3 or 3.4, the measuring bucket was removed as

the timer was stopped and the valve was closed. The same procedure was followed for the

setup with two holes. It was made possible by coupling two leading pipes from the valves

together by a handle. This arrangement can be seen from figure 3.18. The stopwatch used

was a Asaklitt 36-4123.
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Before being able to read off the volume measurements it was important to have a com-

pletely separated mixture of oil and water. The oil-water mixtures separated within a cou-

ple of minutes.

Running the experiments

- Control that the liquid height was equal to the desired height
- Start the recording of the video
- Open the valve to the desired position
- Drain the liquid while timing using the "two-bucket system"
- Shut down the valve and make sure that it was closed
- Stop the recording of the video
- Measure the volume of total liquid and water and log the data
- Fill the liquid gently back into the tank

Figure 3.18: The two bucket system.

3. Changing the annulus gap

For every water level, tests were done with four different annulus gaps: 5, 10, 15 and 25

[mm]. A procedure to change between the gaps with minimal mixing of the water and oil

was developed:

As the preparations in chapter 3.2 showed, the experiments had to be run without the

metal pieces at the bottom. To validate the experimental run it was decided to check if
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Changing the annulus gap

- Control that there were no movements of the metal pieces during
the last experiments
- Remove all the clamps
- Change the metal pieces and roof with the new sizes
- Fasten the system with clamps
- Remove the metal pieces at the bottom of the tank for testing

there had been any movements during the runs. This was done by inserting the metal

pieces back in the annulus gap. If they still fit perfectly, the run had been successful.

4. Changing the water level

Changing the water levels in the tank

- Drain out as much oil/water as the change calls for
- Refill with the desired liquid to the required level with electrical
pump or water hose
- Let the mix stabilize before running experiments

After changing the water level it was important to make sure that the oil-water mixture

had separated before starting a new experimental run. The Nexbase oil needed longer

time to separate than the Marcol oil. For Marcol the mixture was separated after a couple

of hours. However for Nexbase, all water level changes were done at the end of the day.

In this way the mixture had at least over night to stabilize. Visual observations showed no

difference between waiting over night and over a whole weekend. Therefore waiting over

night was deemed sufficient.

5. Changing the plate geometry

Changing the plate geometry

- Drain out water into a storage bucket until the water level is under-
neath the orifice
- Drain out around 50 litres of oil into a storage tank
- Drain out more water until WL = 10 [mm]
- Remove the old plate from the flexible tube and set in the new one
- Fill the tank with oil until the liquid level reaches 210 [mm]

To change the plates it was necessary to have a liquid level lower than the outlets coupled

to the valves at the back end of the tank. Therefore liquid had to be drained out for the
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switch to happen. A water level of 10 [mm] was chosen since this would be the starting

water level for the next plate. The water contained both colouring and fragments of oil

after being used in experiments. Because of this the water was classified as special waste

and could not be poured out into the sink. To limit the amount of special waste, the water

was stored in a tank and re-used for all experiments for a single oil.

6. Changing the oil

Changing the oil

- Drain out water until the water level is underneath the orifice
- Drain out as much oil as possible without getting any infiltration of
water
- Drain out the remaining water
- Clean the hole tank including plates and the flexible tubes
- Fill up the tank with a new oil

For future use it was important that the oil did not contain any water. Low flow rates

were therefore necessary to avoid water coning which could infiltrate the oil. After the oil

was drained out of the tank it was put back into the oil drum for storage. Since the water

would contain fraction of oil it was decided to change the water when changing oil. With

this routine the oil would be clean after being used in the experiments and be applicable

for re-use at a later occasion.

7. Packing the setup back to standby mode

Packing away

- Clean up eventual oil spills at measuring buckets and around the rig
- Put the cover back on the tank and measuring buckets
- Remove the "Experiments in progress" sign



Chapter 4

Experimental Results & Discussions

During this thesis a total of 766 experimental runs were done including both the preparation

stage as well as the actual experiments. In addition, numerous of runs were rejected and had

to be redone for various reasons. For every run, data was collected into an excel spreadsheet,

which can be seen in appendix A.1. All runs were video recorded and stored in a video library.

A couple of screen shots can be seen from figure 4.1. With these recordings the steady state

systems were examined with respect to the water jump.

4.1 Flow Rate Correlations

It was of interest to observe how the flow rate was affected by the system and the oils used.

Both the liquid head and the outlet pressure were close to constant for every experimental run.

Therefore any affect on the flow rate should have been caused by either the valve position or the

liquid system. As mentioned in chapter 3.2, comparisons with the valve position as the variable

should be done with caution. However, taking all the experimental runs into consideration some

observations can still be made.

Figure 4.2 shows all of the flow rates plotted against each other as a function of the valve position

for Nexbase 3080 and δ = 5 [mm]. The total flow rate clearly increases moving from left to right.

40
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Figure 4.1: Screen shots of different experimental runs illustrating the water coning phenomenon.

It is difficult by only looking at this figure to conclude the reason for the increase, since two

factors are changing over the scope. Both the flow rate of water as well as the initial water level is

increasing when moving to the right. The liquid head was set by the height of the oil level above

the orifice. This level was constant over the scope of these experiments, hence the increase

in total flow rate was caused by the increased water cut. This is supported by the plot for an

annulus gap of 25 [mm] in figure 4.3. For this gap the water breakthrough first appeared at

water level of 70 [mm], and that is when the total flow rate seems to increase. The same trends

can be seen from all of the four annulus gap widths, which can be found in appendix A.4. These

results were expected due to the low viscosity of water relative to that of the oil. The viscosity is a

measure of a fluids resistance to motion[18]. A fluid with low viscosity will therefore flow easier

than a fluid with high viscosity. An example showing this is Poiseuille’s law, which describes a

laminar flow through a horizontal pipe[18]:



CHAPTER 4. EXPERIMENTAL RESULTS & DISCUSSIONS 42

V̇ = ∆PπD4

128µL
(4.1)

Here the volume flow is clearly dependent on the viscosity µ. A decrease in µ gives a increase in

the volume flow V̇ .

With a viscosity of 12 [cP], the Marcol oil flows easier than the Nexbase oil with a viscosity of

83 [cP]. Since regular tap water has a viscosity of approximately 1 [cP], which is much closer to

Marcol’s viscosity than Nexbase’s, the water flow rate should have less influence on the total flow

rate when Marcol is used. The experiments showed that when utilizing Marcol oil the total flow

rate did not seem to be affected by the increase of water in the system. An example of this is

shown in figure 4.4.

Figure 4.2: The flow rate of oil, water and the total flow rate for Nexbase 3080, δ = 5 mm. Moving from left
to right the different sequences are: WL = 10 [mm], WL = 30 [mm], WL = 50 [mm], WL = 70 [mm], WL = 90
[mm] and WL = 110 [mm].
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Figure 4.3: The flow rate of oil, water and the total flow rate for Nexbase 3080, δ = 25 mm. Moving from
left to right the different sequences are: WL = 10 [mm], WL = 30 [mm], WL = 50 [mm], WL = 70 [mm], WL
= 90 [mm] and WL = 110 [mm].

Figure 4.4: The flow rate of oil, water and the total flow rate for Marcol 52, δ = 5 [mm]. Moving from left
to right the different sequences are: WL = 10 [mm], WL = 30 [mm], WL = 50 [mm], WL = 70 [mm], WL = 90
[mm] and WL = 110 [mm].

4.2 Water Jump Phenomenon

The water jump together with the water cut are the most important parameters regarding the

water coning phenomenon. Since the water breakthrough is a direct consequence of the water
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jump it is important to understand what affects the water jump. The water jump was measured

by analyzing screen shots from the experiments. The level of uncertainty was approximately ±
2 [mm] due to potential misreadings.

4.2.1 Plate 1, single orifice housing plate

The greater portion of the experiments were done with a single orifice housing plate as seen

in figure 3.8. The experiments indicate that the water jump is directly dependent on the flow

rate at any water level, annulus gap and for both oils. As the flow rates increased the water jump

increased until it reached the orifice. After the water had reached the orifice the jump was rather

small as it was drawn into the orifice and water breakthrough occurred. This behaviour can be

seen in figure 4.5. In this example for an annulus gap of 10 [mm] with Nexbase 3080, all of the

plots flatten out when the flow rates are sufficiently high.

In the experiment with an annulus gap of 15 [mm] for Nexbase 3080, water breakthrough was

first observed at an initial water level of 50 [mm]. Figure 4.6 shows how the water jump for WL

= 10 [mm] and WL = 30 [mm] continue to increase as the flow rate increases, while the others

flatten out. The same behaviour can be seen for Marcol 52 in figure 4.7. Graphs showing the

water jump for different annulus gaps and both oils can be found in appendix A.2.

Figure 4.5: Water jump as function of flow rate, δ = 10 [mm], Nexbase 3080.
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Figure 4.6: Water jump as function of flow rate, δ = 15 [mm], Nexbase 3080.

Figure 4.7: Water jump as function of flow rate, δ = 10 [mm], Marcol.

It was observed that the water jump for higher initial liquid levels evolved faster than for lower

ones. In figure 4.5 the curve of the water jump for high water levels is steeper at low flow rates,

and flattens out quicker. Note that this was not the case for WL = 110 [mm] as the initial water

level was above the bottom of the orifice. This trend compares well with fluid dynamics and po-

tential lines. The potential lines can be developed by using the Cauchy-Riemann equations[19].

For a sink using polar coordinates with the assumption of a 2D-flow the set of equations be-

comes:
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ur = Q

2πr
= ∂φ

∂r
= 1

r

∂ψ

∂θ
(4.2)

uθ = 0 = 1

r

∂φ

∂θ
=−∂ψ

∂r
(4.3)

where Q is the flow rate (negative for a sink), r is the radius away from the center, φ is the poten-

tial function, and ψ is the stream function.

By integrating the velocity the equations can be solved for ψ and φ. The potential equation φ

then becomes:

φ= Q( fa , f f )

2π
lnr (4.4)

As seen from equation (4.4) the flow potential decreases (negative Q) when moving further away

from the center. This means that the velocity of the fluid, ur , increases as the fluid approaches

the sink. In other words the suction force gets stronger when moving towards the orifice. In a

stable cone this force will be equal to the gravity forces pulling the water down. An increase in

the suction force will therefore be compensated with a rise of the cone until the gravity forces

balance the pressure again. A higher initial water level moves the interface closer to the orifice

and a higher water jump was obtained for equal flow rates as before.

The annulus gap has a significant effect on the water coning. Figure 4.8 shows the dependence

between the water jump and the annulus gap for Nexbase 3080. The same dependence can

be seen for Marcol 52 in figure 4.9. Even though the flow rates were not necessarily exactly

the same for each valve position as mentioned in section 3.2, they were close enough for the
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trend to be reliable. The results indicate that tighter annulus gaps give higher water cones. By

comparing with equations for pressure drop in chapter 2.4, the results are reasonable. Both

the friction pressure drop, equation (2.10), and the acceleration pressure drop, equation (2.13),

are dependent on the annulus gap δ. A larger δ makes both the pressure drop due to friction

and acceleration decrease. Furthermore, a larger δ will according to the water coning criterion,

equation (2.15), result in a lower critical flow rate. This means that higher cones will appear at

lower flow rates for tighter annulus gaps which is exactly what is seen in figures 4.8, and 4.9.

Figure 4.8: Water jump as function of valve position for different annulus gaps for Nexbase 3080. Moving
from left to right the different sequences are: WL = 10 [mm], WL = 30 [mm], WL = 50 [mm], WL = 70 [mm],
WL = 90 [mm] and WL = 110 [mm].

The two oils which were tested demonstrated large difference regarding water coning. From

figure 4.10 and 4.11 it can be seen how the Nexbase 3080 had a much larger tendency to cone.

For an annulus gap of δ = 10 [mm] the water jump for the Nexbase is so large that water break-

through is seen for all initial heights. However for Marcol water breakthrough is first seen at WL

= 50 [mm]. The same trend is seen for all results; the water jumps are higher for Nexbase than

Marcol and the water breakthrough happens at lower flow rates. The oils differ from each other

in both viscosity and density. Nexbase has a density of 845 [kg/m3] and a viscosity of 83 [cP],

whereas Marcol has a density of 828 [kg/m3] and a viscosity of 12 [cP]. Both Nexbase’s higher

density and viscosity should by equation (2.14) lead to a higher water cone. Even though the
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differences in density are much smaller than the differences in viscosity, it is hard to conclude

from the results of the experiments alone which of these factors affects the water jump the most.

To explore this further a parametric study was conducted which can be found in section 6.5.

Figure 4.9: Water jump as function of valve position for different annulus gaps for Marcol 52. Moving
from left to right the different sequences are: WL = 30 [mm], WL = 50 [mm], WL = 70 [mm], WL = 90 [mm]
and WL = 110 [mm].

Figure 4.10: Comparison of water jump as function of flow rate for Nexbase 3080 and Marcol 52 for δ =
10 [mm].
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Figure 4.11: Comparison of water jump as function of flow rate for Nexbase 3080 and Marcol 52 for δ =
15 [mm].

In figure 4.12 the results for an annulus gap of 10 [mm] is compared with the results of Schevchenko

for asymmetrical inflow[17]. Results from both designs display the same trends. They begin

steep and flatten out after a sufficient increase of the flow rate. But it is clear that for the case

of one-sided inflow the water breakthrough occurred at lower flow rates than for the two-sided

inflow. This is comprehensible with the theory from section 2.4. Equation (2.15) describes the

criterion needed for water breakthrough to appear. The main difference between the two cases

is the effects caused by the wall instead of having a two-sided inflow. This wall makes the terms

for frictional pressure drop, equation (2.10), and acceleration pressure drop, equation (2.13), in-

valid for this particular case. Locally between the wall and the orifice, the terms increase due to

flow along the wall and change in direction of the flow. The increase in both pressure loss terms

need to be compensated by higher water jump to maintain a stable water cone. This would

eventually lead to an earlier water breakthrough for the asymmetrical case than for the sym-

metrical inflow, which was seen in the experiments. In fact, the maximum water jump for each

water level is also bigger for the asymmetric case. As seen in figure 4.13b the water level actually

exceeds the height of the orifice at the wall side. At these flow rates all of the oil was sucked

straight into the orifice leaving the water to refill the right hand side. This effect was not seen

with a symmetrical inflow as in figure 4.13a, where the water cone was observed to be almost

perfectly symmetrical, and not exceeding the orifice.
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Figure 4.12: Water jump as function of flow rate compared with Egor’s for the same system, δ = 10 [mm].

(a) (b)

Figure 4.13: Steady state pictures of the water jump for high flow rates and small annulus gaps. Here (a)
shows the situation for symmetric inflow, while (b) [17, page 41] shows one-sided inflow.
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4.2.2 Plate 2, two orifices at the same height

Figure 3.9 shows the geometry for the plate with two orifices at the same height. The aim for

the experiments was to see how adding another orifice would influence the water coning under

the same conditions as before. From figure 4.14 it can be observed that instead of being two

separate cones, they lift each other upwards, almost as one large cone. In 4.14a the water level in

between of the orifices is at almost the same level as in the center of the orifices. This behaviour

was observed in all cases for Nexbase. For the case of Marcol, the water cone had a tendency

to peak under the orifice at high flow rates as seen in figure 4.14b. However, also for Marcol the

water level in between the orifices rose from its initial level.

(a)

(b)

Figure 4.14: Snapshots from the experiments with two orifices at the same height, where (a) is done with
Nexbase 3080 and (b) is done with Marcol 52.

When inserting another outlet the system reaches a new level of complexity. Without any lit-

erature on the specific system with several holes it was difficult to know what to expect from

the results. However, the visual observations clearly indicate that the two outlets influence each

other. Together, the drainage of the two holes lifted the water cone higher into the oil zone than
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one outlet orifice did. The water jumps were in fact higher for every tested flow rate. Also after

water breakthrough the water level was higher into the orifice. From figure 4.15 this behaviour

can be seen for Marcol 52 for δ = 5 [mm]. All of the plots follow each other closely, just lifted a

little upwards. However, this close correlation was not the case for all situations. In figure 4.16

for Marcol 52, δ = 10 [mm], and figure 4.17 for Nexbase 3080, δ = 10 [mm], the discrepancies are

observably larger. The magnitude of the water jump discrepancy differs, but the main trend of

a larger water jump is still present.

Figure 4.15: Comparison of water jump as function of flow rate for Marcol 52 for δ = 5 [mm] between one
single outlet and two outlets at the same height.

Figure 4.16: Comparison of water jump as function of flow rate for Marcol 52 for δ = 10 [mm] between
one single outlet and two outlets at the same height.
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Figure 4.17: Comparison of water jump as function of flow rate for Nexbase for δ = 10 [mm] between one
single outlet and two outlets at the same height.

4.2.3 Plate 3, two orifices at different heights

The purpose of the experiments with a plate with two orifices at different heights, figure 3.10,

was to see how the water cone was affected when water was drained out from another orifice at

the same time. The flow patterns for this case were even more complex than for the case of two

orifices at the same height. In figure 4.18 it can be seen how the symmetric flow has vanished.

The previously symmetric cone shape has been replaced with an uneven water cone where the

height is increasing between the two orifices. Interestingly, as seen figure 4.18b, the water was

forming a similar shape as seen during Shevchenko’s one sided inflow experiments in figure

4.13b.

For flow rates at lower levels the shapes of the water cones were more stable. Two examples are

shown in figure 4.19. The height of the cone increased evenly from the lower orifice to the higher

orifice. The entire oil-water interface appeared smooth, and clearly less rough than for the cases

employing higher flow rates, showed in figure 4.18.

As for the case with two equal orifices it was difficult to know what to expect for this case. The

results where not as clear as for the case with two outlet orifices at the same height. However,

the results indicate that two orifices gives a higher water jump than a single outlet. For Marcol
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(a)

(b)

Figure 4.18: Snapshots from the experiments with two orifices at different height. Both done with
Nexbase 3080 with high flow rates between 20 and 30 [l/min].

52 with δ = 10 [mm] in figure 4.20, all plots for two orifices lay above the plots for one orifice. For

the case of an annulus gap of 5 [mm], figure 4.21, there were some deviations where the water

jumps for one orifice were higher for some values. These deviations might be caused by the

uncertainties with the setup. A challenge with this particular plate was to obtain steady state.

For the other plates the main challenge was the change in flow rate during the experiments.

With one orifice lying under the water level, the water level changed during the experiments as

water was drained out. For instance, 5 litres of drained water would reduce the water level in

the tank by 5 [mm]. By these means every result for the geometry of plate 3 should be analyzed

with caution. However, these uncertainties should give a water jump lower than its real value.

Consequently, the conclusion that the two orifices at different heights produce a higher water

cone still stands.
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(a)

(b)

Figure 4.19: Snapshots from the experiments with two orifices at different height. Both done with
Nexbase 3080 with high flow rates between 6 and 7 [l/min].

Figure 4.20: Comparison of water jump as function of flow rate for Marcol for δ = 10 [mm] between one
single outlet and two outlets at different heights.
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Figure 4.21: Comparison of water jump as function of flow rate for Marcol for δ = 5 [mm] between one
single outlet and two outlets at different heights.

4.3 Water Cut Measurements

4.3.1 Plate 1, single orifice housing plate

Similarly as for the water jump, the water cut was also shown to be dependent of the flow rate.

An increase in flow rate, or as in an oil well an increase in drawdown pressure, will eventually

lead to water breakthrough. Figures 4.22 and 4.23 show the plots of the water cut for Nexbase

with an annulus gap of 15 [mm], and for Marcol with an annulus gap of 5 [mm]. Plots for all gap

widths and both oils can be found in appendix A.3.

When the conditions exceeded the coning criterion, equation 2.15, water breakthrough ap-

peared at a certain flow rate. After water breakthrough the water cut increased with the flow

rate until it reached a maximum value where the water cut stabilized. The stabilizing can be

explained from the pressure balance. A higher water cut leads to less oil flowing through the ori-

fice. With less drained oil the pressure loss for the oil drops which again, from equation (2.14),

leads to a lower water cone. The lower water cone feeds the system with less water so the water

cut again drops and the flow rate of oil increases. In this way it becomes a stable system with a

stable water cut. For certain conditions with either a low initial water level, or a large annulus
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gap, the maximum value was not reached within the flow rates used in the experiments. This

can for instance be seen for WL = 50 [mm] and WL = 70 [mm] in figure 4.22. The water cut is de-

pendent of the intitial water level as well as the flow rate. For a certain flow rate the water cut for

one initial water level was always higher than for a lower initial water level if water breakthrough

had occured.

Figure 4.22: Water cut as function of flow rate for Nexbase 3080, δ = 15 [mm].

Figure 4.23: Water cut as function of flow rate for Marcol 52, δ = 5 [mm].

It should be noted that the water cut values for WL = 110 [mm] are incorrect up until a certain

flow rate. The outlet with the flow valve of the experimental tank was placed lower than the

orifice at the housing plate. Because of this, the flexible tube attaching the orifice to the flow

valve had a downward inclination. At WL = 110 [mm] the initial water level was above the bottom

of the orifice. With its higher density the water filled up the bottom of the pipe close to the

flow valve as illustrated in figure 4.24. For the lowest flow rates the refill into the tube could be
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sustained by natural flow of water. At a flow rate around 5 [l/min] it seems like the liquid system

was flowing as it should and the water cut stabilized.

Figure 4.24: Illustration of why the water cut for WL = 110 [mm] is wrong for some flow rates.

The type of oil utilized also had an effect on the water cut. In section 4.2 it was established that

Nexbase 3080 had a larger tendency to cone than the Marcol 52 because of its higher density

and viscosity. This is also clear from the study of the water cut. Figure 4.25 shows a compari-

son between Nexbase and Marcol. Here it can be seen that water breakthrough occurred at a

lower flow rate for Nexbase than for Marcol, and how the water cut was much higher after water

breakthrough when utilizing Nexbase oil as opposed to Marcol. For instance for WL = 70 and 90

[mm] it was as much as approximately 30% higher.

The results for Nexbase with δ = 5 [mm] was a special case which differs from the others, see

figure 4.26. Instead of stabilizing after it reached the maximum value, the water cut dropped

and stabilized at a lower value. The explanation lies in the flow regimes. Using the switch from

valve position 2.25 via 2.5 to 3.0 for WL = 50 [mm] and δ = 5 [mm] the water cut first increases

from 52.8% to 55.3% before it decreases to 51.0%. These numbers can be found in appendix A.1.

Figure 4.27 shows the transition from an increase to a decrease in the water cut. In figure 4.27a

the flow is still stable and laminar. By making a small change in the flow rate, figure 4.27b, a tran-

sition in the flow regime begins to evolve for the water phase. The former smooth surface has

been replaced by an uneven flow with a dip close to the plate edge. In figure 4.27c an even larger

dip and larger fluctuations at the interface is seen. A transition from laminar to turbulent flow
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Figure 4.25: Comparison of water cut as function of flow rate for Nexbase 3080 and Marcol 52 for δ = 10
[mm].

would give a higher friction factor[18]. However, the oil would still be in the laminar zone due to

its high viscosity, and would therefore not be affected by this transition. The higher friction for

the water phase will give a higher resistance along the walls, and would work to impede further

increase in water velocity. As the oil was still flowing unaffected of this transition, a drop in the

water cut was seen. Videos and data for all of the other experiments were studied looking for a

similar flowing behaviour but it was only found for this specific case. The reason why it did not

appear for Marcol δ = 5 [mm], may be due to lower flow rates for the water. For the other cases

with Nexbase the flow rates for water was lower as well as the velocity of the water decreased

due to a larger flow area.

Figure 4.26: Water cut as function of flow rate for Nexbase, δ = 5 [mm].
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(a) (b)

(c)

Figure 4.27: Steady state pictures of the flow transition. Figure (a) has valve position= 2.25, (b) = 2.5 and
(c) = 3.

The comparison between the symmetric and asymmetric design with one outlet can be seen in

figure 4.28. As mentioned in section 4.2 water breakthrough is present at much lower flow rates

for the one-sided inflow than the two-sided. The effects on the pressure drop from the wall leads

to a higher water cut as well as a higher water jump. This makes the system with a two-sided in-

flow far superior with respect to the water coning phenomenon. At the lower liquid heights

the results in figure 4.28 show that twice the flow rate is needed before water breakthrough is

present. It is worth noticing the difference between the symmetric and asymmetric inflow for

the two lowest water levels, WL = 10 [mm] and WL = 20 [mm]. Even though Shevckenko’s exper-

iments were run with metal pieces blocking the inflow as mentioned in 3.2, he still obtained a

higher water cut. This shows the strength of the two-sided inflow versus the one-sided.
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Figure 4.28: Water cut as function of flow rate compared with Egor’s for the same system, δ = 10 [mm].

4.3.2 Plate 2, two orifices at the same height

As seen for the water jump, the geometry of plate 2 gave better conditions for water coning. This

was supported by the results for the water cut. Figure 4.29 and 4.30 show how the water break-

through happened at lower flow rates than for the case of one orifice. After water breakthrough

the water cut values were higher for all results, thus the case of two orifices at the same height

gave more water in the system.

4.3.3 Plate 3, two orifices at different heights

The weakness with the setup for plate 3 seemed to be confirmed by analyzing the water cut

trend. From observing figure 4.31 and 4.32 it can be seen how water breakthrough occurs at

a lower flow rate for the case of two orifices at different heights. However at a certain point the

curves cross, and the water cut for one orifice becomes higher. This may confirm the theory that

the falling liquid level during the experiments for plate 3 affects the results. To conclude it can

seem like the water cut was bigger for two orifices at different heights than for a single orifice,

but further experiments should be conducted with an improved setup for this case.
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Figure 4.29: Comparison of water cut as function of flow rate for Marcol 52 for δ = 10 [mm] between one
single outlet and two outlets at the same height.

Figure 4.30: Comparison of water cut as function of flow rate for Nexbase for δ = 10 [mm] between one
single outlet and two outlets at the same height.
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Figure 4.31: Comparison of water cut as function of flow rate for Nexbase for δ = 10 [mm] between one
single outlet and two outlets at different height.

Figure 4.32: Comparison of water cut as function of flow rate for Marcol 52 for δ = 5 [mm] between one
single outlet and two outlets at different height.



Chapter 5

CFD Methodology

When creating CFD models there are a lot choices that need to be made. The combination of

choices along with the chosen geometry is what defines the model. This chapter aims to de-

scribe the important model configurations such as the chosen boundary conditions, meshing

technique, among others. Several CFD models were created and utilized for running simula-

tions, thus the differences between the models are also addressed.

5.1 Case Simplifications

For any CFD simulation, understanding the governing physics of the problem is quintessential

to simulate the problem at hand. Moreover, since these are transient simulations additional

importance is placed on appropriate boundary conditions, and initial conditions. The initial

conditions lay the path for all results in transient studies.

The experiments conducted is a multiphase fluid dynamical problem with oil, water and air as

working fluids. There is expected to be mixing of the oil and water phases, while the air remains

passive in this experiment setup, albeit allowing the height of oil above the orifice to vary. As

the pressure gradients increase near the exit orifice, the water interface lifts towards the orifice

as the force balance changes. The viscosity of the oil and the density ratio of the fluids play an

64
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important role here.

To properly simulate the experiments, various assumptions and approximations were made in

order for the case to be well defined. Most of the simulations conducted were 2D simulations.

This simplifies the geometry and total mesh cell count, thus the required computational power

is dramatically reduced compared to a full 3D simulation. This simplification implies no 3D flow

effects, which are present in the experiments. Moreover, it effectively means there is no annulus

width that imposes friction losses.

As opposed to the experiments, air was not included in the CFD model. Instead, the CFD do-

main consists purely of oil and water. To satisfy continuity, an influx of oil was imposed at an

inlet. This simplification ensures there is no varying hydrostatic head. Additionally, the simu-

lation domain was made relatively large to minimize the effect the oil inflow might have on the

coning water flow. This approach may cause deviations in fluid behavior compared to what was

observed in the experiments.

Furthermore, a no-mixing condition was imposed between the oil and water phase. The fluids

are therefore modeled as two stratified fluids. In the experimental case there will always be

some mixing or emulsion effects, however this effect was deemed low as the fluids are regarded

as immiscible.

In an experimental case with a narrow annulus gap, surface tension may have an effect on the

results. For the two-dimensional CFD models, this effect was negligible as there is no annulus

width and the other length dimensions in the geometry are relatively large. A contact angle was

specified to be 90 degrees between the two fluids to allow for wall wetting effect. The true value

of the contact angle between water and the oils used in the experiments was not specified.

5.2 Simulation Cases

In this study several different geometries, meshes, and inherently different modeling approaches

were explored. This section provides a general overview, briefly summarizing and explaining the
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variations between the three main models.

The three main simulation cases in this study are:

1. 2D simulations with one outlet orifice.

For the 2D simulations two different meshes were tested out, the first consisting of densely

packed tetrahedral elements near the outlet orifice, and secondly with hexahedral infla-

tion layers extending radially out from the orifice. Only the latter mesh was used for this

simulation case for reasons explained in detail in section 5.7.1, discussing the results of a

mesh sensitivity analysis.

Different approaches in the physics modeling was also explored. The friction was added

as a force per volume source term in each element. A friction correlation assuming low

Reynolds number laminar flow was utilized, as well as a separate set of simulations us-

ing three different correlations depending on local Reynolds number. One correlation for

laminar conditions, another for transitional conditions, and finally a correlation for fully

turbulent conditions. For both the single, and compounded friction modeling approach

a laminar solver was utilized in the CFX setup. Further details are found in section 5.5,

discussing the added momentum source.

A turbulence model with a gamma-theta transition description was tested as the exper-

iments and consequent local Reynolds number at the orifice indicate that the flow may

transition from laminar to turbulent flow. For this solver modelling approach only the

compound friction description was utilized. Section 6.2.2 in the results chapter indi-

cate that the difference between the results with each respective friction formulation was

small. Thus it was deemed of lesser importance to further compare the two.

2. 2D simulations with two outlet orifices.

Due to the fact that the geometry with one outlet orifice is very similar to the the case of

two outlets, the same inflated hexahedral meshing method was employed for this case as

well. The compound friction formulation was utilized for these simulations, along with

the laminar solver.
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3. 3D simulations with one outlet orifice.

The created mesh was similar to that of the 2D cases, albeit extruded to give a third di-

mension. A drainage pipe was added, and meshed using radial inflation layers. Further

details about the meshing technique can be found in section 5.7.

As there can be gradients in all three dimensions, wall boundaries were put in place to en-

sure a no-slip condition at the annulus walls. This ensures a velocity profile in between the

walls, and thus no friction momentum source was needed. A laminar solver was utilized

for all 3D simulations.

5.3 Simulation Geometries

The geometries were drawn in ANSYS CAD drawer. In an effort to minimize local effects, and

effects from the inlet boundary, the domain surrounding the orifice was made relatively large,

as seen in figure 5.1. This enables the flow phenomenon to develop naturally, and to a lesser

extent be influenced by the inlet conditions.

Figure 5.1: 2D simulation geometry, with one outlet orifice.

The geometry for the 2D simulation was drawn as a 3D model, however since the mesh was

made with one cell thickness into the z-direction the domain was treated as 2D in the CFX-solver

as there would be no gradients in the z-direction. This means that each gap size was achieved



CHAPTER 5. CFD METHODOLOGY 68

Figure 5.2: 2D simulation geometry, with two outlet orifices.

by extruding the domain one gap width from the sketch plane, in this case the xy-plane as seen

in figures 5.1, and 5.2.

The geometry for the simulations with two outlet orifices was nearly identical to the geometry

with one outlet orifice, albeit two holes were extruded instead of one.

Creating the 3D simulation geometry was achieved by adding cell layers in the z-direction. Ad-

ditionally an exit pipe was added at the orifice to recreate the pressure loss of the pipe entrance,

and to minimize instabilities of the outlet boundary pressures which can occur when placing

the outlet in close proximity to the water cone, see figure 5.3.

Figure 5.3: 3D simulation geometry, side view.

In order to avoid numerical issues at the inlet to the drain pipe, the edge connecting the annulus

to the piping was chamfered to obtain a smoother connection as seen in figure 5.4
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Figure 5.4: 3D simulation geometry.

5.4 Boundary Conditions

Ideal boundary conditions to employ was the respective mass flow rates for oil and water at

the inlet and a static pressure boundary condition at the outlet. However, the mass flow rates

change over time, and the mass fractions are not known, they are in fact part of the solution.

Therefore, alternative approaches were examined to find a suitable alternative.

Much time was spent experimenting and researching on the appropriate boundary conditions

for this experiment. Two promising configurations where explored and discussed in depth with

Martin Aasved Holst, technical consultant at EDR MEDESO, an expert in the CFX commercial

code.

1. The first configuration was using a velocity inlet and a static pressure outlet. In this fash-

ion, the total mass flow rate and mass fractions may vary freely depending on flow phe-

nomenon at the orifice. However, this introduces an added constraint to the problem,

namely the volumetric flow rate. The fluids are modeled as incompressible and therefore

the volumetric flow rate is fixed at both inlet and outlet for a given velocity at the outlet.

2. The second approach was to set a total pressure boundary condition at the inlet and static

pressure with a specified value compared to the domain reference value. More plainly

spoken this simulates a fixed static pressure at the outlet, as is the case with a valve in
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the experiment. The total pressure boundary at the inlet thus allows for inflow of oil. The

upside of this configuration is that the flow rate is not fixed. The downside is however

that the correct pressure drop at the orifice, and at the valve is unknown. In order to use

this configuration many different static pressure outlet values would need to be tested and

compared to experiment data. Hopefully it would behave as the valves in the experiments.

After initial testing of the two approaches the second approach failed for small flow rates, and

resulted in back-flow at the outlet. The first approach was more robust and worked for a larger

range of flow rates. However, for flow rates smaller than 5-10 liters per minute depending on the

chosen oil and annulus gap width, back-flow was present in this solution as well.

The walls in the 2D geometries needed special attention. For the walls in the yz-planes, and the

bottom zx-plane, a no-slip boundary condition was imposed, see figure 5.1. Symmetric bound-

ary conditions were assigned to the domain surfaces in the xy-planes to ensure the desired 2D

flow domain.

For the 3D geometry all domain surfaces apart from the inlet and outlet surfaces, a no-slip wall

boundary was imposed.

5.5 Momentum Source

One drawback of the 2D geometry approach is that there are no annulus walls, only symmetry

planes, which implies no shear force generated at these boundaries. Therefore, to improve the

2D model, a momentum source was imposed on the 2D simulations to constitute a friction loss.

This source was set to act in every cell, in the opposite direction of the velocity vector. The input

to the code was a volume force, [N/m3].

By default all fluid in CFX is treated as a Newtonian fluid. That is appropriate for our simulations

as the oils and the water are Newtonian fluids. The Newtonian model of fluid response is based

on the following three assumptions [20]:
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1. Shear stress is proportional to the rate of shear strain in a fluid particle.

2. Shear stress is zero when the rate of shear strain is zero.

3. The stress to rate-of-strain relation is isotropic—that is, there is no preferred orientation

in the fluid.

Generally speaking the shear stress can therefore be modeled as [20]:

τi j =µ
Dγi j

Dt
=µ(

∂vi

∂ j
+ ∂v j

∂i
) i 6= j (5.1)

Hence the shear stress acting on the annular channel walls can be modeled as:

τx y =µ(
∂vx

∂y
+ ∂vy

∂x
) (5.2)

An active shear force results in pressure drop along the flow direction, thus the following force

balance is introduced:

PδAcel l− f ace = τx yδAw all (5.3)

If equation (5.3) is integrated over an arbitrary cell, assuming fully developed flow everywhere

in the solution domain then:

τx y Aw all =∆PAcel l− f ace (5.4)

FvV =∆PAcel l− f ace (5.5)

Here Aw all and Acel l− f ace , is the the channel wall and the face connecting one cell to the next,

respectively. In equation (5.5) the shear force has been substituted to find the desired volume
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force, Fv . Next the pressure drop was defined employing the Darcy friction factor formulation

and specifying the appropriate hydraulic diameter as defined in section 2.2 to be twice the gap

size.

∆P = 1

2
f

Lcel l

Dh
ρu2

ave (5.6)

S is defined as the annulus gap width, which varies depending on the geometry of interest. Com-

bining equation (5.5), and (5.6), and solving for Fv , one arrives at equation (5.7). This equation

is as expected similar to equation (2.7). The difference is that equation (2.7) represents the fric-

tional pressure differential for an arbitrary value T , whereas equation (5.7) is the pressure drop

over one cell divided by the length of the respective cell.

Fv = f
1

4s
ρu2

ave (5.7)

Much literature is available on fluid flow between parallel plates. To simplify the case there was

assumed to be a fully developed flow in the entire domain when using relations to calculate

the Darcy friction factor f . The friction factor for fully developed laminar flow between parallel

plates is as given in equation (2.8).

f = 96

Re
(5.8)

Equation (5.9) is a friction factor correlation for the case of transitional flow, and equation (5.10)

is a friction factor correlation for fully turbulent flows [21]:

f = 0.5072

Re0.3
(5.9)

f = 0.3472

Re1/4
(5.10)
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The assumption of fully-developed laminar flow is a reasonable approximation to employ for

these simulations as the flow has a small velocity gradient in most of the simulation domain, as

can be seen in figure 5.5, which depicts an example of the velocity contours observed. This is in

part due to the fact that the velocity gradients in the flow directions are very small compared to

the length scale of the entire domain. In addition, the entrance lengths before the velocity pro-

files are fully developed is very short compared to the domain size, due to the narrow annulus

gap widths.

For channel flow between two parallel plates spaced apart a distance s, one can define the en-

trance length Le as the point where the boundary layers from each side meet in the middle.

The twin Blassius functions are close enough to the parabolic profile that one can say it is fully-

developed at that point. Therefore, the boundary layer equation can be plugged in if the flow is

laminar [22]:

x = Le ⇒ s

2
= δ= 5

√
νx

U∞
(5.11)

Le = s2U∞
100ν

(5.12)

If Nexbase’s fluid property values are plugged in together with the largest simulation gap size

of 15 [mm], and an inlet velocity of 0.0148 [m/s], constituting a high flow rate of 40 [l/m], the

entrance length is estimated by equation (5.12) to be approximately 0.3 [mm]. This serves to

show that the entrance length is indeed negligible.

However, near the orifice the approximation of fully developed laminar flow may not be ap-

propriate as the the velocity gradients are large in this region. The increasing velocities lead

to higher local Reynolds numbers, suggesting that the flow may transition into turbulent flow

near the orifice. Therefore, this study has tested out using different friction factors depending

on the Reynolds number present. The motivation for this is the fact that the laminar friction

factor equation (2.8) will grossly underpredict the friction factor for high Reynold number flows
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Figure 5.5: Velocity contours plot. Nexbase oil with annulus gap=10 [mm], Q=20 [l/m]

as seen in figure 5.6, or figure 5.7 which is plotted by R. R. Rothfus et al. explicitly for parallel

plates, [23]. It is to be noted that the plot by R. R. Rothfus et al. utilizes the fanning friction

factor, defined as one-fourth the value of the Darcy friction factor.

To quantify the differences in these modeling approaches the following cases were run:

1. Laminar solver utilizing laminar friction factor given in equation (5.8), for the entire sim-

ulation domain.

2. Laminar solver utilizing a laminar friction factor given in equation (5.8), for domain re-

gions where Re < 4000, a transitional friction factor where the 4000 < Re < 20000 given

in equation (5.9), and a high Reynolds number friction factor when Re > 20000, given in

equation (5.10).

3. Reynolds Stress Transport (RST) turbulent solver with gamma theta transition modeling,

utilizing a laminar friction factor given in equation (5.8), for domain regions where the

Reynolds number is < 4000, a transitional friction factor where the 4000 < Re < 30000

given in equation (5.9), and a high Reynolds number friction factor when Re > 20000,

given in equation (5.10).
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Figure 5.6: Friction factor as a function of Reynolds number, plotted using the the friction factors pre-
sented in equation (2.8), (5.9), and (5.10).

Figure 5.7: Friction factor as a function of Reynolds number, [23, page 208-212]

The friction factors were all implemented using expressions in the CFX-setup module. The com-

plete list of the expressions used in the setup is as seen in figure 5.8. For the composite friction

factor modeling, Boolean expressions where created to identify the appropriate correlation for

a given computational node. In order to achieve this a series of other supporting expressions

needed to be created. These include the cell velocity magnitude, velocity vector decomposition,

Reynolds number, and gap size among others.

The latter of the three approaches attempts to take into account that there is a transition from
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Figure 5.8: Expressions implemented in the CFX-setup module.

laminar to turbulent flow in the water phase flow. One method of modelling this is by utilizing

a Reynolds Stress Transport (RST) turbulence model together with a transition model. A more

detailed description of these models is given in the solver settings section.

5.6 Initial Conditions

As mentioned the initial conditions are quintessential for this simulations and the results pro-

duced. Therefore, time was spent on how to correctly define them for the simulation. First off, it

was assumed that all flow is stagnant at t=0, which represents the experimental case before the

valve is opened.

Next, the interface level was set utilizing Boolean statements on the y-coordinates to achieve de-

sired initial water heights. Several of these statements were generated to easily switch between

different interface levels.
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5.7 Meshing

Meshing is a key element to producing meaningful CFD results. The meshes employed were

automatically generated by the CFX algorithms, however modifications were made to tailor fit

the mesh. One mesh was made for every geometry created. This section outlines the main

methods used in the meshing process.

The geometry domain was split in three regions: oil, water, and interface. The mesh was equally

sized in the water and oil sub-domains, and consisted of hexahedral elements. The cells had a

specified size growth away from the interface region. In the oil and water regions, large cells can

be accepted because the velocities are small, and the gradients of both velocity and pressure are

small.

In the interface region however, the sizing is smaller, especially near the orifice. For this region

two different approaches were tested. The first was to create a region of densely packed tetra-

hedral elements near the orifice, as seen in figures 5.9, and 5.10. The second approach was to

create a set of inflation layers extending out from the outlet, as seen in figures 5.11, and 5.12.

The purpose of the smaller sizing and custom growth sizing from the orifice is due to the expec-

tation that this is where the largest gradients appear. It is important that the resolution of the

grid near the orifice is fine enough to capture small-scale flow phenomenon.

Figure 5.9: 2D Mesh. Figure 5.10: 2D Mesh, orifice up-close.
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Figure 5.11: 2D Mesh, inflation layers
at orifice.

Figure 5.12: 2D Mesh, two outlet orifices with inflation layers.

Figure 5.13: 3D Mesh, side view. Figure 5.14: 3D Mesh, drainage pipe.

For the drainage pipe in the 3D geometry, a sweep function was employed which divides the

length of the tube into equally long sections. The tube was then given several inflation layers to

ensure that the velocity profile near the tube wall was accurately captured, as seen 5.14.

In order to obtain the the desired number of cell divisions across the annulus gap the sweep

function was again utilized. In this manner 1 cell division was set for the 2D geometry, and 6 cell

divisions for the 3D geometry, as seen in figure 5.13.

ANSYS-CFX is a finite volume code with a cell vertex formulation. This means in CFX the vol-

ume of control is assembled around the nodes, each cell is divided into sub-volumes. The flux

through each face is based on the nodal values of the element. Thus, the number of nodes is of

main importance, as it directly influences the computational power needed.
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Table 5.1: Mesh Statistics

Geometry Nodes Elements
2D Tetrahedral, One outlet 98802 48325
2D Hexahedral inflation, One outlet 81520 40343
2D Hexahedral inflation, Two outlets 91380 45246
3D, One outlet 2587427 8007555

As seen from table 5.1, including the third dimension, and adding a drainage tube results in a

large increase of nodes for the simulation domain. Thus the 3D simulations required far longer

computational time. Computing on a desktop computer, a 2D simulation required approxi-

mately 15 minutes of simulation time, whereas a 3D simulation required in excess of 10 hours.

5.7.1 Mesh sensitivity analysis

A mesh sensitivity analysis was run to quantify how mesh refinement impacts the calculation of

the transient simulations. The motivation for this analysis was to find a mesh that is sufficiently

fine so that further refinement has little influence on calculation results, yet coarse enough so

that the simulation can be run on a desktop computer in a reasonable amount of time.

The most important element of the sensitivity analysis it to refine or coarsen the mesh in a struc-

tured manner. The easiest manner to achieve this is often to use a global sizing control which

changes all sizing options by a specified factor. However, in ANSYS-CFX this option is not avail-

able. Instead, all sizing options were manually changed as presented in table 5.2. In this fashion

a structured refinement or coarsening was thus achieved.

As the the simulations in questions are transient, one can not simply use an arbitrary time step

for the the respective meshes in a mesh sensitivity analysis. Instead, one must first conduct a

time step sensitivity analysis for each of the respective meshes. It is expected that a finer mesh

will require a smaller time step, and a that a coarser grid can suffice with a larger time step.

The base case for the simulation was as presented in table 5.3. This case was chosen because

it demonstrated a significant amount of coning, and water breakthrough, giving rise to a time-
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Table 5.2: Mesh Statistics, for mesh sensitivity analysis.

Tetrahedral Elements at Orifice
25% Refinement Default mesh 25% Coarsening 50% Coarsening

Curvature an-
gle [degrees]

3.2 4 5.3 8

Min element
size [m]

0.00075 0.001 0.00125 0.0015

Max face size
[m]

0.0075 0.01 0.0125 0.015

Max element
size [m]

0.0075 0.01 0.0125 0.015

Nodes 167932 97808 63854 44450

Table 5.3: Base-case configurations for mesh sensitivity analysis.

Base Case
Oil Gap size [mm] Water Level [mm] Q [l/m]
Marcol 5 70 20

dependent trend to the mass flow at the outlet. Additionally, the residuals were low and the sim-

ulations demonstrated a stable behaviour. Several other case configurations could have been

chosen for the base case. However, the important aspect is that the base case is representative

of the study as a whole, and this was achieved by the case selection in question.

The sensitivity analysis was first run on the mesh consisting of densely packed tetrahedral cells

near the outlet orifice. Mass flow at the outlet was chosen as the tracking parameter. Mass flow

at the outlet is directly influenced by the coning height, the most important flow phenomenon

occurring in the simulations, and therefore chosen as the parameter for comparison. Other pa-

rameters such as velocity at a specified Cartesian coordinate showed to be an inferior choice as

the mesh refinement may cause the parameter to be interpolated from different nodes depend-

ing on element sizes.

As figures 5.15 - 5.18 indicate, a nearly mass flow independent time step was found for each

mesh refinement/coarsening. However, when plotting the trends together with each mesh uti-

lizing its respective time step, an unwanted behaviour was observed. It was expected that for a

given time in the simulation the value of the mass flow would strictly increase or decrease as the

density of the mesh was altered. However, from 5.19 it is evident that this was not the case. The
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values of the mass flow increases as the mesh was made coarser, but when the mesh was refined

the value of the mass flow was not lower than for the default mesh. It was in fact nearly equal to

the case of a 50 % coarsening of the mesh.

Figure 5.15: Mass flow vs. time step, 50% coarsening of mesh, tetrahedral at orifice.

Figure 5.16: Mass flow vs. time step, 25% coarsening of mesh, tetrahedral at orifice.
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Figure 5.17: Mass flow vs. time step, default mesh, tetrahedral at orifice.

Figure 5.18: Mass flow vs. time step, 25% refinement of mesh, tetrahedral at orifice.

Figure 5.19: Comparison of meshes with respective optimal time steps.
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It is more favorable to have a mesh displaying the expected trend as mentioned above. This is

due to the fact that the mesh behavior is more predictable when making changes to parameter

values. Even though the difference in mass flow was low for all meshes, it was decided to create

a mesh that could display the expected trend when refining or coarsening the mesh.

The result was a mesh with 10 hexahedral inflation layers surrounding the outlet orifice as seen

in figure 5.11. The same base case was used as with the mesh consisting of tetrahedral elements

at the outlet. Moreover, the method of mesh refinement and coarsening was the same as in table

5.2, albeit consisting of fewer computational nodes, seen in figure 5.4, as the inflation method

requires fewer elements than the hexahedral mesh.

Table 5.4: Mesh statistics for mesh with inflation Layers.

Mesh With Inflation Layers
25% Refinement Default mesh 25% Coarsening 50% Coarsening

Nodes 131630 84618 57084 41666

As seen in figure 5.20 - 5.23, an appropriate time step was found for each mesh by testing out

different values and seeking convergence in the mass flow parameter value as the time step

was reduced. Comparison of the meshes with their respective optimal time step, figure 5.24,

displayed the behavior of the mesh refinement which was desired. The value of the mass flow

increased as the mesh was made coarser. Moreover, the line indicating the 25% refined mesh is

only slightly below the line for the default mesh indicating a successful mesh sensitivity analysis.

It is therefore evident that refining the mesh beyond the default mesh has little influence on the

results, it will however increase the computational time needed. For these reasons the default

mesh with hexahedral inflation layers was kept as the standard for all 2D simulations.

A mesh sensitivity analysis was not conducted for the 3D mesh. It was deemed to be very time

consuming, and seeing as 3D simulations were not the main focus in this study it was dropped.

Instead the result from the 2D mesh sensitivity analysis was used to quantify a suitable mesh

resolution and time step. The 3D mesh was as mentioned made by using the 2D mesh with

tetrahedral cells near the orifice and creating cell divisions in the z-direction. The results from
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the mesh sensitivity analysis indicate that a time step of 0.02 seconds was more than adequate

for the the default mesh resolution, thus this time step was chosen for the 3D simulations as

well.

Figure 5.20: Mass flow vs. time step, 50% coarsening of mesh, inflated hexahedral at orifice.

Figure 5.21: Mass flow vs. time step, 25% coarsening of mesh, inflated hexahedral at orifice.



CHAPTER 5. CFD METHODOLOGY 85

Figure 5.22: Mass flow vs. time step, default mesh, inflated hexahedral at orifice.

Figure 5.23: Mass flow vs. time step, 25% refinement of mesh, inflated hexahedral at orifice.

Figure 5.24: Comparison of meshes with respective optimal time steps.
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5.8 Solver Settings

ANSYS-CFX presents with it an enormous range of possibilities with respect to solver settings,

discretization schemes, and numerical models. In this section the important solver settings

utilized are explained.

Multiphase description

A homogenous model was used to model the two fluid model. In a flow under gravity where

the phases have completely stratified, for example a free surface flow where the interface is well

defined. In such a case the volume fractions of the phases are equal to one or zero everywhere

except at the phase boundaries. Thus it makes sense to use a single velocity field [24, section

7.5.2].

The free surface model was activated to capture the interface between the oil and water, with an

interface compression level of two, listed as aggressive [24, section 7.18.1].

Interface transfer was set to none, as the intent was to neglect any interface transfer.

The Surface tension model was set to a continuum surface force, adding a surface tension coef-

ficient of 0.04 [N/m]. Thesis supervisor Zhilin Yang suggested this value as it is a representative

value for oil-water interfaces. Surface tension is a force that exists at a free interface that acts to

minimize the surface area of the interface. It gives rise to effects such as a pressure discontinuity

at the interface and capillary effects at adhesive walls [24, section 7.8.1].

Furthermore, a buoyancy model was activated to account for the differences in the densities of

the fluids. The reference buoyancy density was set to 1000 [kg/m3], same as for water, and the

force set to act in the negative y-direction. In effect this means that oil being the lighter compo-

nent, has a negative relative density and will therefore feel a buoyancy force acting upward [24,

section 1.2.9].
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Advection scheme

The advection scheme implemented in ANSYS-CFX can be cast in the form:

φi p =φup +β∇φ∆~r (5.13)

Here is ∆~r the directional vector from the upwind node to the integration point. Particular

choices of β yield different advection schemes [24, section 11.1.1.4.5]. For the simulation in

this study a so-called high-resolution scheme was chosen, which implies a nonlinear relation

for β.

Transient scheme

The default Second Order Backward Euler was kept. It is an implicit time-stepping scheme, and

is second order accurate [24, section 15.4.2.8.2.1].

Since the scheme is implicit it allows for Courant numbers larger than 1. The upper Courant

number limit is case dependent, however low residual values between inner loops within each

time step, suggested that with a time step of∆t = 0.02 [s], a resulting maximum Courant number

of 40 was tolerated.

For the two-dimensional case the Courant number C, is defined as:

C = ux∆t

∆x
+ uy∆t

∆y
(5.14)

Turbulence model

The RST-turbulence model was employed for a series of simulations. This approach makes use

of experimental correlations. The correlations usually relate the turbulence intensity in the free-
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stream to the momentum-thickness Reynolds number, at transition onset. ANSYS has devel-

oped a locally formulated transport equation for intermittency, which can be used to trigger

transition. The full model is based on two transport equations, one for the intermittency and

one for the transition onset criteria in terms of momentum thickness Reynolds number. It is

called the ‘Gamma Theta Model’ and is the recommended transition model for general-purpose

applications. It uses a new empirical correlation that has been developed to cover standard by-

pass transition as well as flows in low free-stream turbulence environments [25]. This built-in

correlation has been extensively validated together with the RST turbulence model for a wide

range of transitional flows [24, section 4.1.10].

5.9 Monitors and Key Parameters

The most important parameters that were tracked during the simulations are those presented

in table 5.5.

Table 5.5: Key Parameters

Parameter Function of
Mass flow Inlet velocity, Water cut, Orifice area, Oil
Water cut Flow rate, Oil, Orifice area
Water jump Flow rate, Oil, Orifice area

Mass flow was monitored by specifying a user function to integrate the mass flux over the orifice

surface, which in the simulation is a band of length πD , and width δ, equal the cell layer width.

The mass flow allows for calculation of a mixture density ρm , given in equation (5.15). From this

definition the water cutα, given in equation (5.16), can be calculated. To simplify the extraction

of these desired quantities from the simulations, a user function was created, defined to monitor

the value of α for every time step.

ρm = ṁ

Q
(5.15)
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α= ρm −ρo

ρw −ρo
(5.16)

Measuring the water jump from simulations was however more difficult. Creating a user func-

tion to automatically extract this value was challenging because the location of the tip of a cone

was case dependent, and the interface between oil and water was usually smeared over 2-3 el-

ements. Instead, the the water jump was identified using the CFX post-processing program.

Once the time step at which the maximum coning height occurs was identified, a probe was

inserted at the middle of the oil-water interface, and specified to extract the location of the max

cone height in Cartesian coordinates. As the y-coordinate value for the initial interface level was

known, the water jump was thus calculated using simple arithmetic.

For consistency the water jump was defined as the maximum water jump. Similarly, the mass

flow rate was defined as the maximum mass flow rate observed from the monitor. Both the

maximum water jump and maximum mass flow rate happen at the same point in time. Higher

water jump results in higher mass flow rates, due to the higher density of water. In the cases

where the water cone never reached the orifice the mass flow rate was equal for all time steps as

there was only oil exiting through the orifice and conservation of mass ensures the total volume

in the solution domain remained constant.



Chapter 6

CFD Results and Discussions

As stated previously the main goal of the CFD simulations in this study was to analyze to what

extent 2D simulations can be used for simulating simplified ICD designs. 3D simulations have

also been conducted to assess the hypothesis that 3D simulations can provide more accurate

results when compared against experimental data.

The results from all 210 CFD simulations are presented in this chapter where each simulation

case is assigned a respective section. Every subsection includes discussions and relevant com-

parisons of the observed findings.

6.1 Expectations

In the 2D simulations, the flow was not expected to behave identically to what was observed in

the experiments. The simulations are unable to capture any three-dimensional effects. Further-

more, the valve inlet in the two-dimensional design was not expected to impose an identical

pressure profile, as the two-dimensional outlet was only a pressure boundary.

The annulus gap in the lab experiments was in the range between 5 - 25 [mm], which implies

there will be significant pressure losses as the flow moves through the annulus towards the valve

90
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outlet. From equations (2.10), and (2.13) it can be seen that the annular gap width is very impor-

tant as it appears to the third power in the friction pressure loss term and to the second power

in the acceleration pressure loss term.

In the 2D simulations there are no annulus walls, only symmetry planes to ensure a two-

dimensional domain, and therefore no annular friction pressure drop. The pressure drop was

instead added synthetically as a volume force acting in the direction of the missing wall friction.

This implies the friction forces was averaged over the annulus gap and not localized at the walls.

This difference may trigger different flow patterns and ultimately deviating results, depending

on the specified annulus width.

For the 3D simulations it was expected that the results may be in stronger agreement with the

experimental findings as there are fewer modeling simplifications such as the added momen-

tum source. Moreover, the friction force at the walls induces a more realistic parabolic velocity

profile.

For narrow annulus widths, surface tension may become a factor of interest. The water will

creep up slightly along the walls due to the differences in surface tension, as displayed in figure

6.1.

l = 2σcosΘ

(ρw −ρo)gδ
(6.1)

To assess the theoretical height increase of water due to capillary rise, equation (6.1) may be

used. It is applicable for parallel plates [26]. σ is the interfacial tension coefficient between the

oil and water, and the water and the wall. The contact angle between the water and the plexiglas

is unknown, as it was not quantified. Assuming Nexbase oil with a 5 [mm] annulus gap, and

setting Θ = 80◦ results in a capillary height l of 2 [mm]. However, assuming Marcol oil with a

15 [mm] annulus gap, and setting Θ = 80◦, results in a capillary height l of 0.4 [mm]. These

examples indicate that capillary rise, may have an impact on experiments with narrow annuli.

As for the simulations, the effect of capillary rise was neglected by setting the contact angle

to Θ = 90◦. This was done because the 2D simulations do not have the capability to capture a



CHAPTER 6. CFD RESULTS AND DISCUSSIONS 92

capillary rise, due to the fact that the gap has no cell divisions. The 3D simulation could however

capture this effect, but was still chosen to be neglected as the effect is minor. Moreover, in this

manner the two modeling approaches are more easily comparable.

Figure 6.1: Example of capillary rise between parallel plates[27].

As described in section 5.7, a separate mesh was created for each respective annulus gap width.

When comparing results from simulations utilizing different meshes one should normally be

cautious, and take the necessary measures to make sure that the results are truly comparable.

For this study that integrity was ensured by using identical meshing techniques for each annu-

lus gap width, and running mesh integrity tests to ensure appropriate time steps were utilized.

Thus, the influence of different meshes on result comparisons was deemed to be negligible.

6.2 2D Simulations - Single Outlet Orifice

For the geometry with one outlet orifice, tables 6.1, 6.2, and 6.3 were the reference for running

the simulations. The tables indicate the varying parameter values for each individual simula-

tion. This implies 15 simulations for every gap size. Since two oils were run on all three gap

sizes, a total number of 90 simulation configurations were defined for the 2D simulations with

one outlet orifice.
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Table 6.1: Simulations for 5 [mm] gap

Gap=5[mm]
Inlet Velocity [m/s] Q [l/m] Water Level [mm]
0.0111 10 30,50,70
0.0222 20 30,50,70
0.0333 30 30,50,70
0.0444 40 30,50,70
0.0555 50 30,50,70

Table 6.2: Simulations for 10 [mm] gap

Gap=10[mm]
Inlet Velocity [m/s] Q [l/m] Water Level [mm]
0.00555 10 30,50,70
0.0111 20 30,50,70
0.01667 30 30,50,70
0.0222 40 30,50,70
0.0277 50 30,50,70

Table 6.3: Simulations for 15mm gap

Gap=15[mm]
Inlet Velocity [m/s] Q [l/m] Water Level [mm]
0.0037 10 30,50,70
0.0074 20 30,50,70
0.0111 30 30,50,70
0.0148 40 30,50,70
0.0185 50 30,50,70
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6.2.1 Laminar solver with laminar friction

As explained in the first approach of the possible ways to model the friction listed in section 5.5,

the first set of simulations were conducted with a laminar solver employing the laminar friction

correlation (5.8), to calculate the momentum source for each mesh element. For this approach

the entire range of 90 simulation configurations was utilized.

Water jump

The simulations conducted indicate higher water jumps, i.e larger water coning height for in-

creasing flow rates, and that once the water has reached the outlet orifice the jump increase is

small if the flow rate is further increased.

Moreover, large differences were observed depending on the respective gap size and oil in ques-

tion. If figures 6.2, 6.3, and 6.4 are compared, it is evident that the gap has a major impact on

the coning height of the water. Smaller gap sizes induce a larger pressure loss and thus a larger

water jump. It is also to be noted that the Nexbase oil generally results in a higher coning height

when compared with the Marcol oil, due to the lower density difference between Nexbase and

water, and the high viscosity of Nexbase. Moreover, the critical rates are observed to be lower for

the Nexbase oil. In other words the transition from the a stable stationary cone to water break-

through occurs at lower flow rates when utilizing the Nexbase oil. The figures also indicate that

lower initial water levels gives potential for the largest water jump as we increase the flow rate.

However, for low flow rates, the highest water jumps are obtained with high initial water levels.

This is most evident from figure 6.4. The mentioned findings from these simulations, regarding

water jump, were in agreement with the experimental observations.

The most important governing physics causing the water jump is the friction pressure losses

in the annulus. As the flow rate is increased, the pressure gradient surrounding the orifice will

increase, and extend further away from the orifice. This is why the simulations indicate a very

small water jump for the low initial water levels, yet as the flow rate increases the water jump

may surpass that of trials with higher initial water levels. This finding is however not adequately
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Figure 6.2: Water jump as a function of flowrate, Nexbase oil vs. Marcol
oil with δ=5 [mm].

Figure 6.3: Water jump as a function of flowrate, Nexbase oil vs. Marcol
oil with δ=10 [mm].

Figure 6.4: Water jump as a function of flowrate, Nexbase oil vs. Marcol
oil with δ=15 [mm].
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Figure 6.5: Water jump as a function of flowrate. Nexbase oil with δ=5
[mm], simulation vs. experiment.

Figure 6.6: Water jump as a function of flowrate. Nexbase oil with δ=10
[mm], simulation vs. experiment.

Figure 6.7: Water jump as a function of flowrate. Nexbase oil with δ=15
[mm], simulation vs. experiment.
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Figure 6.8: Water jump as a function of flowrate. Marcol oil with δ=5
[mm], simulation vs. experiment.

Figure 6.9: Water jump as a function of flowrate. Marcol oil with δ=10
[mm], simulation vs. experiment.

Figure 6.10: Water jump as a function of flowrate. Marcol oil with δ=15
[mm], simulation vs. experiment.
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displayed in the results from the simulations utilizing the smallest gaps as this would require

runs conducted with a lower flow rate. Due to the difficulties of conducting simulations with

low flow rates, as described in section 5.4 where the boundary conditions are discussed, this

was not studied.

The outlining trends are in accordance with the experimental findings. However, a detailed

comparison reveals several discrepancies. Figures 6.5, 6.6, and 6.7 indicate that the simulations

overpredicted the water jump for low flow rates, and underpredicted for higher flow rates. The

simulation results suggest that the overprediction was most significant for larger annulus gaps,

as visualized in figure 6.7. However, the underprediction was predominantly observed in the

cases with a small annulus gap, as visualized in figure 6.5.

Figure 6.11: Example of water coning. Nexbase oil with δ=10 [mm], WL=10 [mm], and Q= 20[l/m].

This discrepancy is believed to be due to two main factors. Firstly, the measured values of the

water jump are as mentioned in section 5.9, the maximum values observed in the simulation.

Videos from lab experiments show that the water cone had a tendency to oscillate in the vertical

direction before potentially stabilizing as a stationary cone. This effect was observed to be more

pervasive for experiments conducted with a larger gap and, and for less viscous oils. Secondly,

the videos from the experiments also indicate that the water cone height maximum was at a

location between the housing wall and the outlet orifice, effectively in front of the orifice. This

fluid behavior was not achievable in the simulation as this was outside the simulation domain,

as demonstrated by figure 6.11, the orifice being void of fluid except at the boundary.
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The former factor results in overprediction at low flow rates as the water water jump in the sim-

ulations were measured at their peak values. The latter factor results in underprediction, as

the two-dimensional simulation can not capture the fluid domain at which the maximum cone

height occurs. This factor is for obvious reasons only of importance after water breakthrough.

Water cut

In accordance with the experiments, the simulations indicate that higher water cuts are acheived

for higher flow rates. The simulations indicate that the highest water cuts are achieved when uti-

lizing a denser and more viscous oil such as Nexbase, and lower values for the Marcol oil, as seen

in figures 6.12, 6.13, and 6.14. Additionally, it was observed that a narrow gap has a greater po-

tential for water cut, and that a higher initial water level results in a higher water cut even for

flow rates much higher than that required for water breakthrough.

It is to be noted that the case with Nexbase oil, and annulus gap of 70 [mm], the trend is slightly

different. The water cut reaches a maximum value at a flow rate of approximately 20 [l/m], after

which it decreases slightly as the flow rate is further increased.

When simulation results are compared to the experimental data, large discrepancies are evi-

dent, especially for small annulus gaps, see figure 6.15, and 6.16. Moreover, the declining trend

explained for the 5 [mm] gap utilizing Nexbase is more pronounced in the experimental find-

ings. However, when comparing the water when utilizing a 15 [mm] gap, there is a closer match

between the simulation and experimental values, as can be seen in figure 6.17.

The reason for this large discrepancy lies in the manner of how the water cut is extracted from

the simulations. As explained in chapter 5.9 the water cut is measured as the maximum wa-

ter cut observed in each respective simulation, in order to maintain a systematic measuring

methodology. However, in the laboratory experiments the water cut was a time-averaged value.
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Figure 6.12: Water cut as a function of flowrate, Nexbase oil vs. Marcol oil
with δ=5 [mm].

Figure 6.13: Water cut as a function of flowrate, Nexbase oil vs. Marcol oil
with δ=10 [mm].

Figure 6.14: Water cut as a function of flowrate, Nexbase oil vs. Marcol oil
with δ=15 [mm].



CHAPTER 6. CFD RESULTS AND DISCUSSIONS 101

Figure 6.15: Water cut as a function of flowrate. Nexbase oil with δ=5
[mm], simulation vs. experiment.

Figure 6.16: Water cut as a function of flowrate. Nexbase oil with δ=10
[mm], simulation vs. experiment.

Figure 6.17: Water cut as a function of flowrate. Nexbase oil with δ=15
[mm], simulation vs. experiment.
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Figure 6.18: Water cut as a function of flowrate. Marcol oil with δ=5 [mm],
simulation vs. experiment.

Figure 6.19: Water cut as a function of flowrate. Marcol oil with δ=5 [mm],
simulation vs. experiment.

Figure 6.20: Water cut as a function of flowrate. Marcol oil with δ=5 [mm],
simulation vs. experiment.
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6.2.2 Laminar solver with composite friction

Following the second approach explained in section 5.5, a series of simulations were conducted

to see if the turbulent water regime near the orifice has a significant impact on the flow behavior

observed. This was achieved by implementing three separate friction factors. The best suited

friction factor value was activated by means of a Boolean statement depending on the Reynolds

number at each respective computational node.

Water jump

The water jump expressed the same trend as observed when utilizing the laminar friction factor.

Moreover most jumps were very similar in value when compared to each equivalent simulation

conducted with a laminar friction factor formulation, as seen in figures 6.21, and 6.22.

The mentioned figures clearly show the differences in water jumps measured between the two

approaches to be minimal, and arguably negligible for most of the comparisons when taking

into account the expected inaccuracy when observing the values of the jumps. As mentioned

in section 5.9, the reason for this inaccuracy arises from the fact that the jump was measured

using graphical tools to locate a Cartesian coordinate at which the volume fraction of water was

approximately 0.5. The margin of error is thus roughly considered to be ±1 [mm].

There are however two comparisons that do not conform with the behavior of the other sim-

ulation comparisons. Figure 6.21 indicates a discrepancy of more than 3 millimeters for the

comparison of the case utilizing Nexbase oil with a 15 [mm] gap, and a water level of 30 [mm].

Further, figure 6.22 indicates a discrepancy in excess of 2 millimeters for the case utilizing Mar-

col oil with a 5 [mm] gap, and a water level of 70 [mm]. Both are case configurations demon-

strated by experiments to be near critical conditions, meaning that the water jump is sensitive

to what modeling approach is utilized.
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Figure 6.21: Water jump discrepancy, laminar friction vs. composite friction formulation. Nexbase oil,
all gaps.

Figure 6.22: Water jump discrepancy, laminar friction vs. composite friction formulation. Marcol oil, all
gaps.
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Water cut

The discrepancies of the water cuts were in general relatively small, and for most of the case

configurations there was no observed discrepancy. The water cut was computed using only the

mass flow at the simulation domain outlet as a dependent variable, which was taken from the

monitors created in the simulation setup. In other words, any discrepancy due to inaccuracy

of measurement is negligible. Plots comparing the water cuts can be found in appendix B, in

figures B.1, and B.2.

The previously mentioned figures suggest that the results are quite similar when modeling the

friction as either a fully laminar flow or a composite friction taking into account transitional

and turbulent flow near the orifice. However it is the authors opinion that more data would be

needed to justify defining the discrepancies between these modelling approaches for negligible.

The reason for this is the fact that the flow phenomenon of water coning is a stability problem.

At small flow increases past a critical rate the water could jump from being a stable cone to

protruding the orifice. This implies that if some preset simulation configurations were set suf-

ficiently close to the critical conditions for water breakthrough, the two modelling approaches

could produce significantly different results.

6.2.3 Transitional solver with composite friction

Following the third approach listed in section 5.5, the RST-turbulence model with an inbuilt

transitional formulation, was employed to determine how a transitional model could predict

the flow behavior. Moreover, it was of interest to discover discrepancies between the different

modeling approaches.

Water jump

The water jump discrepancies were observed to be small for most simulation comparisons, as is

evident from figures 6.23, and 6.24. However, the mean difference is larger than for the previous
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Figure 6.23: Water jump discrepancy. Transitional solver with laminar friction
vs. laminar solver with composite friction formulation. Nexbase oil, all gaps.

Figure 6.24: Water jump discrepancy. Transitional solver with laminar friction
vs. laminar solver with composite friction formulation. Marcol oil, all gaps.

modeling approach, suggesting that the transitional model may produce significant discrepant

results for given simulation cases, compared to that of the other modeling approaches. More-

over, figure 6.24, displays a large discrepancy for the simulation case utilizing Marcol oil with a

10 [mm] gap, and an initial water level of 50 [mm].

The case resulting in a large discrepancy had a flow rate close to a critical flow rate, thus small

variances in how the transitional solver predicts flow behavior has in a sense pushed the sta-

tionary cone over the threshold. However, as can be seen from figure 6.25, this result is not

in good agreement with the experimental results. The experimental results indicate that water
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Figure 6.25: Water jump as a function of flowrate for Marcol oil with δ=10 [mm], and WL=50 [mm]. Plot-
ted for transitional solver with laminar friction, laminar solver with composite friction formulation, and
experiment values.

breakthrough at the orifice only occurs for significantly higher flow rates, as can be read from

the bottom axis in figure 6.25. The dashed black line in figure 6.25, constitutes a cone height at

which water breakthrough at the orifice occurs.

The mentioned large discrepancy depending on the solver used, is a signal that caution must be

taken when predicting water jump values. From figure 6.25 is it clear that the discrepancy was in

fact large in this case configuration for both the laminar solver utilizing the composite friction

method, and for the transient solver utilizing the composite friction method.

Water cut

Due to the fact that water cut values are computed directly using mass flow values retrieved

from the simulation post processing, the discrepancy is generally lower than when compared to

the water jump discrepancy. However, again the case for Marcol oil with δ=10 [mm] and WL=50

[mm] stands out. The laminar solver with composite friction formulation predicts there to be

water breakthrough as seen in figure 6.25, however the transient solver predicts a slight case of

water breakthrough.
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Figure 6.26: Water cut discrepancy. Transitional solver with laminar friction vs. laminar solver
with composite friction formulation. Nexbase oil, all gaps.

Figure 6.27: Water cut discrepancy. Transitional solver with laminar friction vs. laminar solver
with composite friction formulation. Marcol oil, all gaps.
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In this subsection clustered bar charts are used to display the discrepancies in the results be-

tween the transitional solver approach and the laminar solver approach. For some simulation

case configurations the discrepancy was zero, hence there is no observable bar for these cases.

The bars are plotted in the same order as their respective legends, seen to the far right in the

figures.

6.3 2D Simulations - Multiple Outlet Orifices

A series of simulations with two outlet orifices was conducted for this study. The results from

these simulations are presented here, and compared against the experimental data acquired

from the laboratory experiments. Table 6.4 lists the experiment cases on which the comparison

in this section is based upon.

Table 6.4: Experiments used for comparison with simulations.

Experiments for Comparison
Oil Gap[mm] WL [mm] Valve position
Nexbase 10, 15 30, 50, 70 All
Marcol 5, 10 30, 50, 70 All

Water jump

The water jump was measured in the same fashion as for all simulations with one outlet orifice;

the highest observed water jump in the simulation domain. Because of the inherent symmetry

in the geometry with two outlets, water jumps and water cuts were equal for each outlet in the

simulations conducted.

As can be seen in figures 6.28 - 6.31, it is evident that the annulus gap has a significant impact

on the discrepancies in water jump between the experimental findings and the levels retrieved

from the simulations. Moreover, it is clear that the discrepancies were smaller for more narrow

annulus gaps.
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Figure 6.28: Water jump as a function of flowrate. Marcol oil with
δ=5 [mm], simulation vs. experiment.

Figure 6.29: Water jump as a function of flowrate. Marcol oil with
δ=10 [mm], simulation vs. experiment.

Figure 6.30: Water jump as a function of flowrate. Nexbase oil with
δ=10 [mm], simulation vs. experiment.
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Figure 6.31: Water jump as a function of flowrate. Nexbase oil with
δ=15 [mm], simulation vs. experiment.

Figure 6.32: Water jump as a function of flowrate, Nexbase vs. Marcol, δ=10 [mm].

It is also to be noted that the simulations underpredict the critical flow rates for for the largest

annulus gaps in this comparison study, as seen in figures 6.29, and 6.31. This is implied by ob-

serving that the curves for the experimental water jump levels rise sharply at lower flow rates

than that of the simulation levels. However, for the smaller annulus gaps this was not the case.

Figure 6.28 demonstrates that the critical flow rate was lower in the simulation than in the ex-

periments. In the case of the Nexbase oil with a 10 [mm] gap, the discrepancy was small.

Figure 6.32 shows the difference in behaviour between the Nexbase oil and the Marcol oil. As ex-

pected, the denser and the more viscous Nexbase oil generated a higher water cone, and reached
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a critical water level far earlier than what was observed in the simulations utilizing Marcol oil.

Water Cut

The water cut for this series of simulations also seems to be significantly dependent on the an-

nulus gap size. Both experiments and simulations demonstrate a decreasing water cut for an

increasing gap size, as expected. However, the comparison between the two demonstrates dif-

ferent trends depending on the annulus gap.

When comparing figures 6.33 and 6.34, it is evident that for the case of a smaller gap size the

simulations overpredicts the water cut for all initial water levels, and that for the larger gap size

the simulations underpredict.

It is also be noted that for the Marcol oil the discrepancy increases for decreasing initial water

level in the case of a 5 [mm] gap, and decreases for decreasing initial water level in the case of a

10 [mm] gap. For the cases utilizing Nexbase oil, the discrepancy was observed to increase for

decreasing initial water levels for both gap sizes utilized, as seen in figures 6.35 and 6.36.

Figure 6.33: Water cut as a function of flowrate. Marcol oil with δ=5
[mm], simulation vs. experiment.
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Figure 6.34: Water cut as a function of flowrate. Marcol oil with δ=10
[mm], simulation vs. experiment.

Figure 6.35: Water cut as a function of flowrate. Nexsbase oil with
δ=10 [mm], simulation vs. experiment.

Figure 6.36: Water cut as a function of flowrate. Nexsbase oil with
δ=15 [mm], simulation vs. experiment.
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6.4 3D Simulations - Single Outlet Orifice

As described in the CFD methodology sections, a series of three-dimensional simulations were

conducted to assess how results of such a modeling approach would compare to simpler two-

dimensional simulations, and perhaps of greater importance how they compare to the experi-

mental observations.

A three-dimensional simulation approach requires far more computational power. Thus, a se-

lection of cases were chosen upon which to base the comparison, and are presented in table

6.5.

Table 6.5: Simulations for 10mm gap

Gap=10[mm]
Inlet Velocity [m/s] Q [l/m] Water Level [mm]
0.002775 5 30, 50, 70
0.00555 10 30, 50, 70
0.0111 20 30, 50, 70
0.01667 30 30, 50, 70

A total of 24 3D simulations were conducted. Each simulation required approximately 40 CPU

hours, resulting in a simulation time of 10 hours per simulation for the computer utilized.

Water jump

As opposed to the 2D simulation where there exists only one surface from which water jump

values can be extracted, a suitable surface was defined for the 3D simulation cases. Using the

ANSYS post-processing software a reference plane was created in the xy-plane with an offset

equal to 0.005 [m] in the z-direction. In other words a reference plane was created in the middle

of the annulus gap, parallel to the the annulus walls. Thus, water jump values could be observed

from graphical representations of the fluid volume fractions, as done for the 2D simulations.
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Figure 6.37: Comparion of water jump values observed in 3D simulations, 2D simulation, and experi-
ments for both oils utilizing a δ=10 [mm], and WL= 30 [mm].

Figure 6.38: Comparion of water jump values observed in 3D simulations, 2D simulation, and experi-
ments for both oils utilizing a δ=10 [mm], and WL= 50 [mm].

Figure 6.39: Comparion of water jump values observed in 3D simulations, 2D simulation, and experi-
ments for both oils utilizing a δ=10 [mm], and WL= 70 [mm].
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Figure 6.40: Example of oil volume fraction at ref-
erence plane.

Figure 6.41: Example of oil volume fraction at
zy-plane, slicing center of outlet orifice.

From analyzing figures 6.37 - 6.39, it is clear that the 3D simulations overpredict the water jump

after water breakthrough. The pictures in figures 6.40, and 6.41, demonstrate the governing

reason behind this; the water cone has a spike in front of the outlet orifice. This spiking phe-

nomenon was also observed in the laboratory experiments, albeit less pronounced, thus result-

ing to the discrepancy in question.

For subcritical flow rates, the 3D simulations are in close agreement with the 2D simulations,

however when compared to the experimental values it is not clear whether the 3D simulations

provide more accurate water jump predictions before breakthrough. Figures 6.37 - 6.39 seem

to indicate that the predictions deviate slightly more on average than those obtained with 2D

simulations. However, more 3D simulations are needed before a clear conclusion can be made

as to which method provides the most accurate water jump prediction at subcritical conditions

when compared to experimental values.

Water cut

To obtain water cut values the mass flow rate at the outlet surface was utilized. This surface is

located at the end of the pipe outlet as seen towards the left in figure 5.14. Studying figures 6.42 -

6.44 it is clear that the 2D simulations and the 3D simulations were in close agreement in terms

of water cut values. However, this means there was a large discrepancy between the experiments

and the 3D simulations, as was the case for 2D simulations conducted.
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Figure 6.42: Comparion of water cut values calculated from 3D simulations, 2D simulation, and experi-
ments for both oils utilizing a δ=10 [mm], and WL= 30 [mm].

Figure 6.43: Comparion of water cut values calculated from 3D simulations, 2D simulation, and experi-
ments for both oils utilizing a δ=10 [mm], and WL= 50 [mm].

Figure 6.44: Comparion of water cut values calculated from 3D simulations, 2D simulation, and experi-
ments for both oils utilizing a δ=10 [mm], and WL= 70 [mm].
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6.5 Parametric Study

A Parametric study was conducted to analyze how the mass flow rate, water cut, and liquid

jumps change as a function of the fluid properties. Such a parametric study can help to under-

stand how the 2D simulation results vary with changes in fluid properties. Moreover, a deeper

insight of how fluid properties affect the results, may lead to better ICD designs tailor fit for the

reservoir conditions. The results from a parametric study may also be used to calibrate the sim-

ulation model to fit experimental data by deviating fluid property values from their true values.

The most important fluid properties governing the physics for these experiments were the fluid

viscosities and the fluid densities.

Table 6.6: Base case parameter configuration for parametric study comparison.

Base Case
Oil δ [mm] WL [mm] Q [l/m] µ [Pa·s] ρo [kg/m3] ρw [kg/m3]
Nexbase 10 50 20 0.09 845 1000

Table 6.7: Parameter variable values utilized for parametric study.

Parameter values
ρo [kg/m3] 700-1000 - (700,750,800,850,900,950,1000)
ρw [kg/m3] 990-1500 - (990,1000,1010,1020,1030,1040,1050)
µ [Pa·s] 0.025-0.2 - (0.025,0.05,0.075,0.1,0.15,0.2)

For the base case on which to compare the parametric study, the case displayed in the table 6.6

was chosen. The chosen base case demonstrated some water breakthrough when simulated,

as seen in figure 6.6. Furthermore, the figure shows that the experiment also has its respective

critical flow rate at a value near 10 [l/m]. However, it is to be noted that the closest valve settings

resulted in a volumetric flow rate of 8.6 [l/m] or 12.4 [l/m], and that the breakthrough occurs

somewhere between these values, see appendix A.1, figure A.6 for further details. Choosing

a base case close to critical conditions may be helpful to quantify how changes in parameter

values result in a stable water cone without water breakthrough, or induce more sever water

breakthrough.
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The one-outlet orifice geometry was utilized together with the laminar solver, and the com-

posite friction factor formulation. Table 6.7 displays the 20 parametric variable configurations,

resulting in 20 simulations for this parametric study.

Varying oil density

It is evident from figure 6.45 that increased oil density increases the water jump height. This

can been seen directly from the pressure balance in equation (2.14), when all other values are

held constant. As the ratio of oil density to water density approaches 1, the hydrostatic pressure

due to the water cone approaches zero, and the cone height becomes large. This means that

for dense oils a higher water jump will occur to counteract the decreased oil density. It can

also be seen from figure 6.45 that varying oil density can trigger water breakthrough. For this

parametric study, an oil density in the range 750 - 800 [kg/m3] was the threshold value for water

breakthrough, when all other case parameters were held constant.

Analyzing figure 6.48, it is clear that increasing the oil density leads to a higher water cut as a

result of the increased water jump. The trend appears to be linear for oil density values higher

than that of the threshold value. It is to be noted that figure 6.48 gives the incorrect impression

that breakthrough occurs at ρo = 750 [kg/m3]. 750 [kg/m3] is more correctly to be understood

as the lowest value of the oil density tested, for which there was no water breakthrough in this

parametric study.

Varying water density

Figure 6.46 displays the same trend as observed when varying the oil density. Namely that when

the density ratio between water and oil decreases, the water jump increases, and vice versa. It is

to be noted that all values of the water density resulted in water breakthrough in this parametric

study, thus there is no large jump in the the water jump values as present in figure 6.45. However,

a further increase in water density beyond what was tested for will eventually sustain a stable

water cone with no water breakthrough.
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Figure 6.45: Water Jump observed with varying oil density.

Figure 6.46: Water Jump observed with varying water density.

Figure 6.47: Water Jump observed with varying oil viscosity.
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Figure 6.48: Water cut observed with varying oil density.

Figure 6.49: Water cut observed with varying water density.

Figure 6.50: Water cut observed with varying oil viscosity.
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Figure 6.51: Observed water jump for given density ratios- η.

In accordance with the observations of the water jump, the water cut decreases as the water cut

increases. Following the argument of further increasing the water density, an increase beyond

1050 [kg/m3] would eventually cause the water cut to drop to zero.

In an oil reservoir, fluid properties change over time in accordance with changing reservoir con-

ditions. Hence it is important to evaluate potential shifts in coning behavior if future property

values can be predicted. Changes in reservoir conditions will likely invoke a similar change re-

sponse of fluid properties in the water and oil phases. For example, reduced pressure will lead

to reduced densities of both oil and water. However, depending on the fluids in question the

rate of change as a function of shifting reservoir conditions may differ, leading to new values of

the density ratio. Thus the density ratio between water and oil is of great importance. For this

study the ratio is defined as presented in equation (6.2):

η= ρw −ρo

ρw
(6.2)

A plot of the density ratio- η, was created by combining the data from the simulations when

varying the water density as well as the data from the simulations when varying the oil density.

Each simulation configuration thus constitutes a unique value of η. Studying figure 6.51, the
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Table 6.8: Simulation Configurations

Simulation Configurations
ρo [kg/m3] ρw [kg/m3] η

845 1050 0.195
800 1000 0.2

expected trend of decreasing water jump for an increasing value of η was observed. Moreover,

the plot also displays that as the density ratio is increased there exists an η-value for which there

is no longer water breakthrough, and a stable cone forms instead. This transitions occurred for

an η-value somewhere in the range of 0.2 - 0.25.

Note that the kink in the plotted line in figure 6.51 at η ≈ 0.2, is due to the different friction re-

sponses that occur when varying the water density as opposed to varying the oil density. Table

6.8 displays the density values for the the simulations in question, and moreover shows they

have a nearly identical η value. However the momentum source added is a function of density

as can be seen in chapter section 5.5, describing the momentum source. Thus, similar η-values

is not sufficient to directly compare water jump values. The distribution of local pressure losses,

both frictional and due to acceleration are inherently different as a result of varying fluid prop-

erties, and therefor the water jumps may differ.

Varying oil viscosity

It is evident from figure 6.47 that varying the viscosity has a significant impact on the water

coning behavior. For values near 0.075 [Pa·s], the simulations experience water breakthrough.

Further increase of the viscosity value leads to a small increase in water jump. However, a re-

duction in viscosity results in a stable water cone and no water breakthrough. This can be seen

from the sharp drop in water jump when reducing the viscosity below 0.075 [Pa·s].

Figure 6.50 displays the behavior of the water cut as a function of the oil viscosity. As expected,

higher viscosity leads to higher frictional pressure losses and thus a higher water cone, and con-

sequently a higher water cut. It is to be noted that water breakthrough occurred for a viscosity in

the range 0.075 - 0.05 [Pa·s]. From figure 6.50 it appears that the water breakthrough first occurs
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at a viscosity value of 0.05 [Pa·s], however this is the highest value of the oil viscosity tested for

which there was no water breakthrough in the simulations.



Chapter 7

Analytical Methods vs. Experimental Data

For future studies within coning in annular geometries it would be advantageous to obtain quick

approximations of the annular coning height using only an analytical model or dimensional

analysis, given that fluid properties, piping/ICD geometry, and flow rates are known. To assess

this possibility the equations in section, 2.2 were computed using the experiment configurations

and respective flow rates. Furthermore a dimensional analysis was carried out, and a critical

flow rate correlation was created. The experiments to which the comparisons were made are

those presented in table 7.1. Plots and discussions comparing the the methods are found at the

end of the chapter.

Table 7.1: Experiments used for comparison with the analytical model.

Experiments for Comparison
Oil Gap[mm] WL [mm] Valve position
Nexbase 5,10,15 11,29,48,68,87 All
Marcol 5,10,15 11,29,50,67,87 All

7.1 Dimensional Analysis, Pi-Theorem

In order to gain a high-level understanding of how the critical flow rate values vary with changes

in fluid properties, geometry, and initial water levels, the Buckingham PI-theorem was em-

125
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ployed to analyze the governing physics.

The theory loosely states that an equation of the the form given in equation (7.1), can be restated

as a function of dimensionless groups as seen in equation (7.2) [28].

f (q1, q2..., qn) = 0 (7.1)

F (π1,π2, ...π j ) = 0 (7.2)

π j = q1
a1 q2

a2 ...qn
an (7.3)

The number of dimensionless groups that can be formed, j , is generally expressed as j = n −k.

n is the number of variables of interest in expressing the physical phenomenon, and k is the

number of independent physical units. Utilizing the theorem resulted in three non-dimensional

groups presented in equation (7.4). The full derivation of the non-dimensional groups can be

found in appendix C.1.

π1 = Qcρ

µδ
π2 = h

δ
π3 = ρ2gδ3

µ2
(7.4)

Qc is the critical flow rate, and h is the height from the initial water level to the entrance of the

orifice. Note that π1 may be interpreted as a modified Reynolds number scaled by the annulus

gap δ.

Figure 7.1 displays a clear trend between the respective pi-groups. First off it is clear that π1

values increases for a given π2 value when the value of π3 increases. Furthermore, the relation

between π1 and π2 appears to be approximately linear. The slope of the relation is steepest for

the Marcol oil, and also here the slope is influenced by the value of π3. With this analysis it was

possible to create a correlation that can predict the critical flow rates without needing to rely on

an analytical expression.
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Figure 7.1: Pi-group π1 plotted as a function of Pi-group π2. Each curve for a fixed value of Pi-group π3.

Pi group π1 can be restated as function of the other pi-groups:

π1 =φ(π2,π3) (7.5)

The exact relation between the pi groups is unknown. However, employing the knowledge gath-

ered from analyzing figure 7.1, a simplified correlation was made.

π1 = κπ2 +ε∗ (7.6)

.

.

.

Qc = κ
(
µ

ρ

)
h +ε (7.7)

In the presented correlation, κ can be interpreted as the slope of the curve, and ε, the value at

the π1-axis in figure 7.1 for which h, and thus π2, is equal to zero. Utilizing the experimental

values for the critical flow rate, the values for κ, and ε were defined for every combination of
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oil and annulus gap utilized in the experiments. The coefficient values can be seen in table C.1,

appendix C.1. The correlations for various combinations of κ, and ε are plotted in figures 7.9 -

7.14, along with the other modeling methods presented in this chapter.

7.2 Solving Analytical Models

It is also of interest to predict the stationary coning height for a given water level and flow rate,

as well as the critical flow rate using the analytical expression defined in equation (2.14). The

former is found by solving the equation directly, bearing in mind that the solution is only valid

for subcritical conditions. The latter requires some further approximations to compute. To cal-

culate the critical flow rate a coning height must be provided in order to only have one unknown

in equation (2.14), namely the flow rate. As this height is also an unknown, an approximation is

made by assuming the coning height is all the way up to the orifice. In this manner the hydro-

static pressure of the water column increases in value. Likewise the friction pressure loss as well

as the acceleration pressure loss is set to act from the oil-water interface, and up to the orifice.

In this way the pressure losses also increase in absolute value.

The pressure balance equation (2.14) can be written as:

g (Tw −To)
[
ρw −ρo

]= 6µQ

πδ3
ln

(
To

Ti

)
+ ρo

8

(
Q

πδ

)2 (
1

Ti
2 − 1

To
2

)
(7.8)

To solve for the coning height, equation (7.8) is solved for To , using the flow rate, Q, as the

dependent variable. For simplicity, equation (7.8) is rewritten as follows:

a (Tw −To)−bQ ln

(
To

Ti

)
− cQ2

(
1

Ti
2 − 1

To
2

)
= 0 (7.9)

where a, b, and c are defined as:

a = g
[
ρw −ρo

]
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b = 6µ

πδ3

c = ρo

8

(
1

πδ

)2

A very simplified analytical model was defined by neglecting the acceleration term. The reason

for this is that equation (7.9) now becomes an equation that can easily be solved implicitly. This

allows the possibility to compute the coning height without computer assistance.

To = Ti exp

{
a

bQ
(Tw −To)

}
(7.10)

From figures 7.2, and 7.3, it is evident that the discrepancy between the stationary coning height

observed in the experiments and that predicted by equation (7.10). The general trend is that

equation (7.10), underpredicts the height of the stationary cone for all initial water levels, and

moreover for all flow rates. However, it is to be noted that the analytical models are not valid

after the water jumps past the maximum cone height, and up into the orifice. Additionally, the

model is restricted to jumps no further than to the edge of the orifice. This restriction gives rise

to especially large percent-wise discrepancies for high initial water levels, as can be seen for WL

= 87 [mm] in figure 7.2

The figures also indicate large differences between Marcol oil and Nexbase oil, with respect to

frictional pressure loss. Nexbase displays a lower discrepancy from the experimental coning

height than compared to that of the Marcol oil. This is due to the fact that the Nexbase is much

more viscous and therefore the frictional pressure loss dominates over the acceleration pressure

loss. The opposite is true for the Marcol oil.

A Matlab script was created to solve equation (7.9) including the acceleration term, for the val-

ues of the coning heights. The inputs for the script were the fluid property values, the gap size,

the water level, and the flow rates of interest. The inbuilt f zer o function was utilized as the

equation solver, supplemented with reasonable initial guesses for the coning height to initiate

the calculation. The scripts written can be found in appendix C.2.
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Figure 7.2: Water jump values predicted by equation (7.10) vs. experimental values,
utilizing Nexbase oil and δ=10 [mm].

Figure 7.3: Water jump values predicted by equation (7.10) vs. experimental values,
utilizing Marcol oil and δ=10 [mm].

Studying figure 7.4, it is evident that the model predictions are improved for the Nexbase oil

when the acceleration pressure loss term is included. However, as displayed in figure 7.5, the

predictions when utilizing Marcol oil become exceedingly different from what was observed

without the acceleration term, as seen in figure 7.3. Figure 7.5 demonstrates overpredictions of

the stationary cone height for initial water levels 50 [mm], 29 [mm] and 11 [mm]. Plots were also

created for both Nexbase and Marcol oils, when utilizing gap sizes δ = 5 [mm] and δ = 15 [mm].

These figures are located in appendix C.3.
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Figure 7.4: Water jump values predicted by equation (7.8) vs. experimental values,
utilizing Nexbase oil and δ=10 [mm].

Figure 7.5: Water jump values predicted by equation (7.8) vs. experimental values,
utilizing Marcol oil and δ=10 [mm].
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Figure 7.6: Pressure losses as a function of flow rate, for Nexbase oil with δ= 5 [mm], and
WL=30 [mm]. Computed from equation (7.8).

Figure 7.7: Pressure losses as a function of flow rate, for Marcol oil with δ= 15 [mm], and
WL=30 [mm]. Computed from equation (7.8).
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Figure 7.6 and 7.7 indicate that for Nexbase oil and in particular for the smallest gap sizes, the

frictional pressure losses dominate, whilst accelerational pressure losses dominate for Marcol

oil, especially for larger gap sizes. The figures indicate why a model neglecting friction is only

accurate for Nexbase utilizing small annulus gaps. Furthermore, figure 7.7 indicates that the

accelerational pressure drop is important for cases with Marcol oil for all annulus gaps.

Matlab was also used to calculate the critical flow rates by computing equation(7.9). The scripts

written can be found in appendix C.2.

7.3 Tuning The Analytical Models

As evident from the previous section, there are relatively large discrepancies between the analyt-

ical model presented in equation (7.8), and the experimental values regarding stationary coning

heights and critical flow rates. In an attempt to overcome this, equation (7.8) was modified us-

ing the findings from the experiments. As a first approach a model of the following form was

sought after:

g (Tw −To)
[
ρw −ρo

]= f
(
µ,ρo ,Q...

) 6µQ

πδ3
ln

(
To

Ti

)
+ f

(
µ,ρo ,Q...

) ρo

8

(
Q

πδ

)2 (
1

Ti
2 − 1

To
2

)
(7.11)

Here f
(
µ,ρo ,Q...

)
signifies a function dependent on case properties. It was not desirable to mul-

tiply the terms in equation (7.8) with simple empirical constants as this only resulted in vertical

shifts of the analytical predictions, and not acting towards higher overall prediction accuracy.

Figures 7.6, and 7.7 indicate why the task of creating a function f that would be sensible for both

oils proved a challenging task. The oils have significantly different responses regarding friction

pressure losses and accelerational pressure losses. Instead, a function was formulated for each

oil and set to act only on the the dominating friction loss contributor as displayed in equations

(7.12), valid for Nexbase oil, and (7.13) valid for Marcol oil.
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g (Tw −To)
[
ρw −ρo

]= (
α

Q

)
6µQ

πδ3
ln

(
To

Ti

)
+ ρo

8

(
Q

πδ

)2 (
1

Ti
2 − 1

To
2

)
(7.12)

g (Tw −To)
[
ρw −ρo

]= 6µQ

πδ3
ln

(
To

Ti

)
+

(
α

Q

)
ρo

8

(
Q

πδ

)2 (
1

Ti
2 − 1

To
2

)
(7.13)

Utilizing matlab, both equations (7.12) and (7.13) were solved for the critical flow rate for all

experiment case configurations. The results are plotted in figures 7.9 - 7.14 where it is compared

to the other modeling methods described in this section.

7.4 Tuning The Analytical Data

As is evident from the findings presented in the previous sections, equation (7.9) can contribute

a rough prediction of the critical flow rates for given initial water levels. An effort was made to

tune the analytical predictions to more closely match the experimental observations.

By identifying a suitable pivotal point on each analytical plot, the curve can essentially be ro-

tated to better fit the experimental curve. An example is shown in figure 7.8. The red arrows

indicate the direction of rotation and the red marker displays the pivotal point.

Figure 7.8: Illustration of how the plot of the analytical model can be tuned to fit the experimental find-
ings.
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Table 7.2: Tuning parameter values

Nexbase oil
δ [mm] ω [l/m] W Lpi vot [mm]
5 0.15 60
10 1.667 22
15 2.85 11

Marcol oil
δ [mm] ω [l/m] W Lpi vot [mm]
5 0.2 50
10 2.5 57
15 3 27

A function was created that takes the analytical prediction and transforms it in order to achieve

the desired rotation.

Q
′ =Q − ω

δ

[
W L−W Lpi vot

]
(7.14)

The constant ω is created as a purely empirical constant, tweaked to obtain the desired degree

of rotation. The expression within the parenthesis defines the pivotal point on the curve. δ

is the annulus gap width. Table 7.2 lists the pivot point values and ω-values utilized. As can

be seen in figures 7.9 - 7.14, the tuned fit curve is in better agreement with the experimental

data. Unfortunately there is no guarantee that this approach will yield similar results for other

oils, gaps or orifice diameters. Although this approach relies on experimental data, the tuning

parameter trends provide insight into what can be expected for other oils and gap sizes. From

table 7.2 it is evident that the less viscous oil Marcol results in a higher ω-value, a more narrow

range of W Lpi vot -values, and an overall lower average for W Lpi vot -value. Utilizing an analysis of

this kind it may be possible to infer reasonable approximations forω and W Lpi vot , for scenarios

employing other oils or other gap sizes.

7.5 Comparison of The Analytical Methods

Plotted in figures 7.9 -7.14 are the different analytical methods discussed in this chapter and the

experimental values for the critical flow rates. In theory the critical flow rate has a fixed value

for a given set of case parameters. However, the experimental values can not be pinpointed due

to the fact that the valve position in the experimental rig was a discrete variable. From studying

the experimental data however, it is possible to define a narrow range of flow rates for which
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the flow becomes critical, and water jumps up to the orifice. The ranges for every configuration

consisting of an oil, a specific gap and a specific initial water level thus have an upper bound and

a lower bound value. The upper bound value is plotted as orange circles, and the lower bound

as grey triangles.

The legend "Analytical", refers to the critical flow rates obtained when solving equation (7.9).

From figures 7.9 -7.14 it is evident that there is a significant discrepancy between what the equa-

tion predicts and the range of critical flow rates for each respective initial water level.

The legend "Tuned Model", refers to the attempt at tuning equation (7.9) by multiplying the fric-

tion loss terms with functions of case properties. This proved very challenging, as this approach

is not based upon a physical or dimensional analysis, more a mere trial and error, and use of

intuition. The result was as described previously in this chapter two separate tuned models,

one for each oil. Figures 7.9 -7.14 show that this approach worked best for the least viscous oil,

Marcol 52, with small discrepancies with respect to the experimental values. However, from the

figures displaying the cases utilizing Nexbase oil it is evident the tuned model was only better

in the case for a large annulus gap. In fact, Nexbase resulted in a larger discrepancy for the nar-

row annulus gaps when compared to the analytical expression from which the tuned model was

based upon.

The legend "Tuned fit", refers to the method of tuning the output from the analytical expression

in equation (7.9) to match the experimental values. This method does not directly help towards

creating a model that can predict critical flow rates as it relies on tuning data from an already

supplied analytical expression. However, it was a helpful tool to understand how the values

obtained from the analytical expression in equation (7.9) deviated from the experimental values,

and provided clues as to how one can tune the analytical expression itself.

The legend "PI" refers to the method of dimensional analysis using the Buckingham Pi-theorem.

The figures show that tuning a simplified expression created using dimensional analysis has

significant potential. The discrepancies are low for all combination of oil and gap sizes when

compared to experimental values. This suggest that the dimensional analysis approach may

be advantageous in the study of the coning phenomenon, due to the generality of the demon-
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strated applicability. Moreover, the full potential of this method was not tested. In the derivation

the focus was placed on the relation between pi-group π1 and pi-group π2. Pi-group π1 is also a

function of pi-group π3, however in this study that relation has instead been handled by adding

the constant ε to the expression describing the relation between π1, and π2, as seen in equation

(7.7). By fully analyzing the the relation between between each pi-group and creating a more

comprehensive correlation based on the findings, it may be possible to create a more general

purpose correlation.

Figure 7.9: Comparison of critical flow rates, the analytical methods vs.
experimental values for Marcol oil, δ=5 [mm].

Figure 7.10: Comparison of critical flow rates, the analytical methods vs.
experimental values for Marcol oil, δ=10 [mm].
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Figure 7.11: Comparison of critical flow rates, the analytical methods vs.
experimental values for Marcol oil, δ=15 [mm].

Figure 7.12: Comparison of critical flow rates, the analytical methods vs.
experimental values for Nexbase oil, δ=5 [mm].

Figure 7.13: Comparison of critical flow rates, the analytical methods vs.
experimental values for Nexbase oil, δ=10 [mm].
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Figure 7.14: Comparison of critical flow rates, the analytical methods vs.
experimental values for Nexbase oil, δ=15 [mm].

.



Chapter 8

Conclusions and Further Work

8.1 Conclusions

In the laboratory the phenomenon of water coning as function of the annulus gap, water levels,

viscosity, plate geometry and flow rate has been studied. The same simulations have been done

utilizing ANSYS-CFX commercial CFD package in both 2D and 3D. All the results have been

extensively analyzed. The following conclusions can be made:

• For the highly viscous Nexbase 3080 the total flow rate increases when water breaks into

the production, due to the relatively low viscosity of water. The Marcol oil however, has a

much lower viscosity, thus the increase in flow rate was negligible.

• Both the water cut and the water jump were highly dependent on the annulus gap and the

flow rate. For a narrow gap of δ = 5 [mm], water coning was observed for all initial water

levels and all values of flow rates tested. For the gap of δ = 25 [mm] water cones were faint,

and the coning heights were in general small for all initial water levels and respective flow

rates. An increase in flow rate gives a higher water jump and water cut. The flow rates for

which water breakthrough occurs, referred to as the critical flow rate, increases with low

initial water levels and large annulus gaps.

140
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• Nexbase 3080 has a larger tendency to induce water cones than Marcol 52. This is shown

by higher values of both water jump and water cut. The experiments as well as the para-

metric study indicate that this is caused by the contrast in viscosity between the oils and

the water.

• With regards to water coning, the two-sided inflow is considered to be more efficient than

the one-sided inflow due to better inflow conditions for the oil phase. The results also

show that the plate with a single orifice gave lower water cones than plates with two ori-

fices, both when orifices were located at the same height and when located at different

heights.

• The lack of annulus walls in the 2D simulations implies that the pressure drop due to

viscous fluid will be missing. This hurdle was overcome by modeling the friction as a mo-

mentum source term in every cell. Two different momentum source approaches were

tested. Comparison of the simulations conducted utilizing the momentum source ap-

proaches were in generally good agreement with the experiments conducted regarding

the water jump, but large discrepancies were observed with respect to the water cut. Fur-

thermore the two momentum source approaches yielded nearly identical results.

• The Reynolds Stress (RST) turbulence model with a gamma-theta transition model utiliz-

ing the composite friction approach, was tested for a series of simulations to asses how a

transitional modeling approach could predict water jumps and water cuts. Comparisons

of the results to that of the simulations utilizing a laminar solver displayed close agree-

ment for most simulation cases. However, for case configurations demonstrated by exper-

iments to be at subcritical conditions, yet close to becoming critical, a small discrepancy

was sufficient to produce critical conditions and water breakthrough at the orifice. Thus,

this approach may not be well suited for the study of water coning in annular geometry.

• The water cut values were in close agreement for all flow rate values when comparing the

2D simulations to the 3D simulations. The water jump values also demonstrated close

agreement with the values observed in the 2D simulations, however only for subcritical

flow rates. For supercritical flow rates the water cone displayed a spike at the top of the
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cone, in front of the outlet orifice, thus the water jump values exceed that of the experi-

mental values.

• The series of simulations conducted with a geometry consisting of two outlet orifices

demonstrated the same underlying trends seen in the experiments, with respect to wa-

ter jump and water cut. However, the discrepancies were larger than those observed in

the one-hole comparison. It is clear that the increased complexity in the geometry leads

to larger discrepancies.

• The results from a simplified dimensional analysis produced a general-use correlation for

the critical flow rate, dependent on the case geometry and fluid properties. The correla-

tion relies on case-specific coefficients that can be determined from experimental data.

With the determined coefficients, the critical flow rates values were in sound agreement

with the experimental findings. Tuning the analytical model expressing the pressure bal-

ance to obtain a revised general model proved to be challenging, however a tuned model

was created for each respective oil.

8.2 Further Work

Although this thesis sheds some light on the study of water coning in annular geometry, there is

a great deal of work that can be done to further investigate, and provide a deeper understanding

of the topic.

• For further studies in the laboratory a new experimental rig should be developed. The rig

used for this study has two major weaknesses. One is due to its size and varying liquid

levels during the experimental runs. This creates extra uncertainties in the results. The

second issue is due to the continuous valve. One improvement would be to change the

flow control valves with another control device for the flow rate.

• To gain a deeper understanding of how multiple orifices influence one another, more ex-

periments utilizing a range of orifice-to-orifice distances need to be conducted.
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• The discrepancies between experimental values and those obtained from simulations,

both 2D and 3D, are in some cases relatively large. Using the results from the paramet-

ric study, it may be possible to tune the simulation model to better match experimental

values by deviating fluid properties from their true values.

• The pressure-pressure boundary configuration was not tested on the 3D simulations. This

testing would require simulation configurations consisting of a wide range of annulus gap

widths, flow rates, and initial water levels, and thus very time consuming. It is possible

that if such a boundary condition configuration displayed stable behavior in 3D simula-

tions, the spike observed on the water cone observed for higher than critical flow rates

may reduce and align with observations from experiments.

• A more detailed investigation of the dimensional analysis could prove useful. The cor-

relation developed for critical flow rates is dependent on determining coefficient values

from experiments. Further work on developing correlations could lead to the coefficient

being expressed in a more general nature, making it applicable to a wide range of oils and

annulus gap widths.



Appendix A

Laboratory data

A.1 Spreadsheet with every single experimental run
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Figure A.1: Spreadsheet for Nexbase 3080, δ = 5 [mm], single orifice.
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Figure A.2: Spreadsheet for Nexbase 3080, δ = 10 [mm], single orifice.
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Figure A.3: Spreadsheet for Nexbase 3080, δ = 15 [mm], single orifice.
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Figure A.4: Spreadsheet for Nexbase 3080, δ = 25 [mm], single orifice.
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Figure A.5: Spreadsheet for Marcol 52, δ = 5 [mm], single orifice.
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Figure A.6: Spreadsheet for Marcol 52, δ = 10 [mm], single orifice.
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Figure A.7: Spreadsheet for Marcol 52, δ = 15 [mm], single orifice.
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Figure A.8: Spreadsheet for Marcol 52, δ = 25 [mm], single orifice.
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Appendix B

CFD Simulations & Results

B.1 Laminar Solver with Composite Friction, Plots
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Figure B.1: Water cut discrepancy, laminar friction vs. composite friction formulation. Nexbase oil, all
gaps.

Figure B.2: Water cut discrepancy, laminar friction vs. composite friction formulation. Marcol oil, all
gaps.



Appendix C

Analytical Methods

C.1 Dimensional Analysis

Variables of interest: µ,ρ,δ,h, g ,Q

Chosen repeating variables: µ,ρ,δ

Expect j = n −k, −−> j = 3 non-dimensional groups

π1 =π1
(
µ,ρ,δ,Q

)
(
MT −1L−1)a (

ML−3)b
(L)c (

L3T −1)
L : −a −3b + c +3 = 0

M : a +b = 0

T : −a −1 = 0

Solving this set of equations gives, a =−1,b = 1,c =−1. Thus π1 can be defined as:

π1 = Qρ

µδ
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π2 =π2
(
µ,ρ,δ,h

)
(
MT −1L−1)a (

ML−3)b
(L)c (L)

L : −a −3b + c +1 = 0

M : a +b = 0

T : −a = 0

Solving this set of equations gives, a = 0,b = 0,c =−1. Thus π2 can be defined as:

π2 = h

δ

π3 =π3
(
µ,ρ,δ, g

)
(
MT −1L−1)a (

ML−3)b
(L)c (

LT −2)
L : −a −3b + c +1 = 0

M : a +b = 0

T : −a −2 = 0

Solving this set of equations gives, a =−2,b = 2,c = 3. Thus π3 can be defined as:

π3 = ρ2gδ3

µ
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Table C.1: Table representing the coefficient values κ, and ε used in equation 7.7, for each respective
configuration of oil and annulus gap width δ.

Equation 7.7 Coefficient Values
Oil δ [mm] WL [mm] κ [-] ε [l/m]
Marcol 5 29,50,67,85 180 3.42
Marcol 10 11,29,50,67,87 630 0
Marcol 15 11,29,50,67,87 980 0
Nexbase 5 11,29,50,67,87 8 0.5
Nexbase 10 11,29,50,67,87 40 0
Nexbase 15 11,29,50,67,87 75 0

C.2 Matlab Scripts

Listing C.1: Matlab script for solving equation 7.9 for the critical flow rate.

1 h=0.1105; %Constant used to calculate coning height

2 g=9.81; %Gravitational constant

3 wl=0.067; %Initial water level of interest

4 gap=0.005; %Annulus gap of interest

5 rho_o=825; %Density of oil of interest

6 rho_w=1000; %Density of water

7 r_i=0.0175; %Radius of outlet orifice

8 c_h=h−wl−r_i; %Coning height

9 crit_flow=0; %Initializing output variable

10 q_0=0.0009; %Initial guess

11

12 b=((6*0.012)/(pi*((gap)^3)))*log((c_h+r_i)/r_i); % Calculating varibles as

13 a=g*c_h*(rho_w−rho_o); % defined in equation 6.11

14 c=((rho_o/8)*(1/(pi*gap))^2)*(((1/(c_h+r_i))^2)−((1/r_i)^2));
15 crit_flow=fzero(@(q) a−(b*q)+(c*q^2),q_0) % Solving for critical flow rate

16

17 root_pos= (sqrt((b^2)−4*c*a)+b)/(2*c) % Check to see that correct root is

18 root_neg=(−sqrt((b^2)−4*a*c)+b)/(2*c) % extracted

Listing C.2: Matlab script for solving equation 7.9 for the stationary coning height.
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1

2 h=0.1105; %Constant used to calculate coning height

3 wl=0.087; % Water level of interest

4 Q=[3 6 9 12 15 18 21 24 27]; %Flow rates of interest [l/m]

5 q=Q/60000; %flow rates of interest [m^3/s]

6 r_0=0.02; %Initial guess of coning height

7 gap=0.005; %Annulus gap of interest

8 rho=845; %Density of oil of interest

9 r_i=0.0175; %Radius of outlet orifice

10 r_w=h−wl; %Height from interface to center of orifice

11 vec=zeros(1,length(q)); %Ouutput vector

12

13 for i=1:length(q)

14 a=(6*0.09*q(i))/(pi*((gap)^3));

15 b=(1000−845)*9.81;
16 c=((rho/8)*(q(i)/(pi*gap))^2);

17 vec(i)=fzero(@(r) b*(r_w−r)−a*log(r/r_i)+c*((1/r^2)−(1/r_i^2)),r_0);
18 end % Solving equation 6.10 for the stationary coning height

Listing C.3: Matlab script for solving equation 7.13 for the critical flow rate.

1 h=0.1105; %Constant used to calculate coning height

2 g=9.81; %Gravitational constant

3 wl=0.011; %Water level of interestFlyvninger

4 gap=0.015; %Annulus gap of interest

5 rho_o=825; %Oil density of interest

6 rho_w=1000; %Water density

7 r_i=0.0175; %Radius of outlet orifice

8 c_h=h−wl−r_i; %Coning height

9 alpha=50/60000; %Coefficient used for model tuning [m^3/s]

10

11 b=((6*0.012)/(pi*((gap)^3)))*log((c_h+r_i)/r_i);

12 a=g*c_h*(rho_w−rho_o);
13 c=((alpha*rho_o/8)*(1/(pi*gap))^2)*(((1/(c_h+r_i))^2)−((1/r_i)^2));
14 % Solving equation 6.15 for the critical flow rate
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15 Q=−(a/(c−b));
16 Q_liter_per_min=Q*60000;

Listing C.4: Matlab script for solving equation 7.12 for the critical flow rate.

1 h=0.1105; %constant used to calculate coning height

2 g=9.81; %Gravitational constant

3 wl=[0.011 0.029 0.048 0.068 0.087]; %Water levels of interest

4 gap=0.01; %Annulus gap of interest

5 rho_o=845; %Oil density of interest

6 rho_w=1000; %Water density

7 r_i=0.0175; %Radius of outlet orifice

8 alpha=10.7/60000; %Tuning parameter

9 q_sol=[]; %Output vector

10

11 for i=1:1:length(wl)

12

13 wl_i=wl(i);

14 c_h=h−wl_i−r_i; % Coning height

15 b=((6*0.09)/(pi*((gap)^3)))*log((c_h+r_i)/r_i);

16 a=g*c_h*(rho_w−rho_o);
17 c=((rho_o/8)*(1/(pi*gap))^2)*(((1/(c_h+r_i))^2)−((1/r_i)^2));
18 %Solving equation 6.14 for the critical flow rate

19 Q=sqrt(((b*alpha)−a)/(c));
20 Q_liter_per_min=Q*60000;

21 q_sol(i)=Q_liter_per_min;

22 end
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Listing C.5: Matlab script for computing the critical flow rates utlizing equation 7.7.

1 rho=825; %Density of oil in question

2 gap=0.015; %Annulus gap width in question

3 kappa=980; %Value of kappa coefficient

4 epsilon=0.00005; %Value of epsilon coefficient

5 ri=0.0175; %Radius of outlet orifice

6 wl=[0.011 0.029 0.050 0.067 0.087]; %Water levels used in experiments

7 q=[]; % Vector to store critical flow rates calculated

8 mu=0.012;

9

10 for i=1:1:length(wl) % Loops through all initial water levels

11 h=0.1105−ri−wl(i); % Calculate the height from interface to orifice

12 q(i)=(((gap*mu*kappa)/rho)*(h/gap)+epsilon )*60000;

13 end %Utilizes correlation to calculate critical flow rate
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