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Background

Long horizontal wells require Inflow Control Devices (ICD) to optimize production and to
maximize recovery. Water or gas coning have previously led to major losses, so ICDs are always
installed in these types of wells.

The ICDs in current use consists of restrictions to create pressure drop and to reduce flow rate
locally. However, the flow rate depends on the pressure drop. With depletion the pressure profile
will therefore change. and may still cause coning at late production times.

The main target of ICD is to deal with the potential coning phenomenon in the reservoir. Once
the water has broken through over the whole area of the well, the coning behavior may happen in
the well geometry, the potential of coning formation is larger for more viscous oil field. It is
therefore important to understand the mechanism of coning formation in well geometry, and
provide important input to improve the design of ICD.

Objectives
Perform an experimental study of the water coning phenomenon in a perforated channel.

The following tasks are to be considered

1. A literature review will be performed on the coning phenomenon. __
2. A 2D setup shall be constructed and used for flow visualization experiments made with oil-
water flowing between two plates (3 and 7 mm spacing) towards a drainage hole. Twec
viscosities. Measurements of water interface vs. drainage rates. Based on the
setup can be made with pipe geometries instead of flat plates.
a analysis
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Abstract

This Master Thesis is performed in close cooperation between NTNU and Statoll
Research Centre in Rotvoll, Trondheim. It focuses on the experimental study of the
water coning phenomenon in perforated pipe geometry. This study refers to Statoil data
on horizontal well design, geometry of the ICD/AICD housing, production rates and fluid
properties.

The experimental facilities were designed during the autumn semester in the project
“Experimental setup for water coning in horizontal annular pipe geometries”. It is based
on the 2D-configuration setup and was used for flow visualization experiments.

The study provides extensive literature review of the problem. It describes existing
industry experience and shows available academic research in the area of the coning
phenomenon. Detailed hazard identification and risk assessments analysis were
performed according to the NTNU and SINTEF safety procedures prior to starting of the
work in the lab. The necessary measures for risk reduction were implemented. The
event, possibly compromising safety level of the experimental runs, was documented
and investigated in order to prevent similar reoccurrences in future.

The total number of 459 experiments with different rig and oil/water flow setup was
conducted. Results are presented in clear graphical form in excel spreadsheet attached
to the thesis. It shows key trends in oil/water flow behaviour in the gap towards a
drainage hole, representing reservoir fluid inflow into the well tubing through the Inflow
Control Device (ICD). Discussion part puts emphasis on the explanation of the obtained
results and provides important input to improve the design of ICD.



1 Introduction

The average horizontal well is more expensive and technically difficult to drill than the
average vertical well. Yet, around the world, horizontal wells are being spudded in ever
increasing numbers. In simple terms, horizontal wells allow to do things more efficiently
than vertical wells. It would be short-sighted to ignore a technique which offers improved
drainage in typical reservoirs and penetrates more of the discrete compartments in
complex reservoirs, while helping to reduce gas and water coning (Nurmi et al., 1995).

Statoil is the operator with most long horizontal wells on the Norwegian Continental
Shelf. However, increasing the horizontal wellbore length leads to some production
challenges. In the early 1990s a number of thin reservoirs required long wells, but to
Norsk Hydros surprise (now integrated into Statoil), water breakthrough came very
early. The conclusion was that these wells were subjected to water coning.

Long horizontal wells require Inflow Control Devices (ICD) to optimize production and to
maximize recovery. Water or gas coning have previously led to major losses, so ICDs
are always installed in these types of wells. The ICDs in current use consists of
restrictions to create pressure drop and to reduce flow rate locally. However, the flow
rate depends on the pressure drop. With depletion the pressure profile will therefore
change, and may still cause coning at late production times (Aadnoy, 2008).

The main target of ICD is to deal with the potential coning phenomenon in the reservoir.
Once the water has broken through over the whole are of the well, the coning behavior
may happen in the well geometry, the potential of coning formation is larger for more
viscous oil field. And at the same time, as energy demands grow and the costs of
discovering and producing conventional oil goes up, the economics of heavy oil will
steadily improve. Heavy crude oil has been defined as any liquid petroleum with an API
gravity less than 20° (Dusseault, 2001).

It is therefore important to understand the mechanism of coning formation in well
geometry, and provide important input to improve the design of ICD. The picture on the
first page shows solar eclipse which is a metaphor referring to water coning in the
annulus geometry.

The objective of this Master Thesis is to perform an experimental study of the water
coning phenomenon in a perforated channel. The following tasks are considered:

1. Aliterature review on the coning phenomenon.

2. A 2D setup is to be constructed and used for flow visualization experiments
made with oil-water flowing between two plates (5 — 25 mm spacing) towards a
drainage hole. Two oil viscosities. Measurements of water interface vs. drainage
rates.

3. Data analysis.

4. Suggestions for further work


http://en.wikipedia.org/wiki/API_gravity
http://en.wikipedia.org/wiki/API_gravity

2 Overview of the problem

2.1 Literature review

A survey of literature shows that coning phenomenon is rather well studied, research
work has been done ranging from experimental studies to analytical and numerical
simulation studies in order to understand and predict water coning and cresting in
vertical and horizontal wells respectively. Several research efforts and solutions have
also been developed to mitigate the coning phenomenon and reduce the level of
severity of the post water breakthrough performance of the well.

Due to the nature of the Master Thesis an overview of research findings on horizontal
well cresting and on placement of Inflow Control Devices (ICD) is presented in this
chapter. Literature on water coning, which may happen in the annular well geometry,
was not found.

Water coning in a horizontal well

Petroleum reservoirs often have a gas cap and/or an aquifer. In these situations they
are subjected to rapid change in oil-water contact (OWC) or gas-oil contact (GOC)
profiles as a result of drawdown pressures during production (Schlumberger, 2013).
Prior to production, these reservoirs have defined OWC and GOC. Once production
commences, the previously defined contacts now become deformed from its plane
shape to form a cone or a crest. If a field is developed by vertical wells, the deformation
is referred to as a cone (see Figure 2.1). For horizontal wells, it is known as a crest
(Makinde et al., 2011).

Gas cap

0Oil

Cone shaped
oil-water contact

Figure 2.1 — Water coning in an oil well (Schlumberger, 2013).


http://www.glossary.oilfield.slb.com/en/Terms/c/contact.aspx
http://www.glossary.oilfield.slb.com/en/Terms/d/drawdown.aspx
http://www.glossary.oilfield.slb.com/en/Terms/p/production.aspx

Cresting occurs in horizontal or highly deviated wells and is affected by the
characteristics of the fluids involved and the ratio of horizontal to vertical permeability
(Schlumberger, 2013). Figure 2.2 shows cresting in a homogeneous reservoir (left) and
heterogeneous (right) with, for example, permeability and other heterogeneity variations
along the well trajectory.

IWITIAL, JITIAL

Figure 2.2 — Cresting in different completion scenarios (Porturas et al., 2009).

In many developments, particularly in thin oil rim reservoir (Nurmi et al.,, 1995),
horizontal well drilling is suggested. Horizontal wells have superior production and
recovery performance compared to vertical wells because they have more contact with
the reservoir. This advantage in terms of fluid production rates, actually becomes a
disadvantage when water breaks through into the wellbore causing a very rapid
increase in watercut (Inikori, 2002). Another challenge presented by viscous olil is that
the pressure drop from frictional loss in the tubing along the horizontal section is higher
than in conventional wells. In horizontal wells of low drawdown, this can result in a
higher production from the “heel” than from the “toe” of the well (see Figure 2.3 top-left
graph, also notice that top-right graph is not a mirror image of bottom-left).


http://www.glossary.oilfield.slb.com/en/Terms/p/permeability.aspx
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Figure 2.3 — Flux profiles in horizontal wells (Ratterman, 2006).

Therefore these wells are subject to early water and gas coning, usually towards the
heel (see Figure 2.4). Moreover, variations in permeability can result in unbalanced
inflow along the horizontal section and accelerate early water breakthrough and uneven
inflow downhole (see Figure 2.4). These conditions can limit sweep efficiency and
reduce hydrocarbon recovery from horizontal wells, leaving bypassed oil
(Schlumberger, 2010).

Figure 2.4 — Water coning due to pressure drop in the tubing resulting in higher influx

from the reservoir in the “heel” part of the well (left). Uneven influx due to permeability

contrasts in the reservoir can result in early water breakthrough of highly mobile water
(Halliburton, 2008).



ICD application

Like their vertical well counterpart, the typical critical oil production rates to avoid water
influx to the wellbore are also too low for any economic purpose. Thus typical
production rates are usually higher than the critical rates for these wells (Inikori, 2002).
Although critical rates are typically higher for horizontal wells than for vertical wells and
the time to water breakthrough is also longer for horizontal wells than for vertical wells,
the typical high production rate expected of horizontal wells soon creates the problem of
unwanted water influx.

The experience of water cresting in the horizontal wells over the past years has
prompted some level of research into the development of possible solutions. The
overview of the research works is well described in the Dissertation by Ikinori (2002).

A way to increase economical attractiveness of horizontal wells is a proper placement of
Inflow Control Devices (ICD) along the wellbore. ICD technology acts by automatically
balancing the inflow along the well path. This self-adjusting effect works during the
entire life of a well, and is achieved by the reservoir to completion interaction; inflow
from high mobility reservoir zones is restricted and simultaneously, from low mobility
reservoir zones is stimulated, as shown in Figure 2.5. The main objectives for selecting
an ICD completion are (Maggs et al., 2008):

e Decrease the influence of flow variations along the wellbore due to geological
heterogeneities;

e Increase recoverable reserves due to better sweep efficiency;

e Compensate friction induced heel-toe pressure drop effects;

e Decrease water/gas rates after breakthrough;

e Improve well cleanup.

Figure 2.5a — Homogeneous formation without ICD (left) and with FloReqTM ICD (right)
(Weatherford, 2010).
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Figure 2.5b — Heterogeneous formation without ICD (left) and with FloReqTM ICD
(right) (Weatherford, 2010).

There is no common approach to ICD design, there are different types of ICD (some
shown in Figure 2.6): channel type Spiral Inflow Control Device (SICD), nozzle-type
ICD, Autonomous Inflow Control Device (AICD), orifice ICD, annular chamber ICD and
its combinations. For this project nozzle-based ICD design is of a particular interest.

Nozzle-Type ICD

Figure 2.6 — Leading ICD types (Ellis et al., 2010).

Nozzle-type ICDs are self-regulating choking devices that operate through nozzle
restriction based on the Bernoulli pressure-drop effect: the higher the velocity of the
high-mobile-phase water approaching the nozzles for inflow, the more backpressure
was imposed by the nozzles to restrict water influx (Schlumberger, 2010). The pressure
drop through a nozzle (between the annulus and the tubing) is a result of the static
energy in the fluid being converted into kinetic energy and absorbed in the fluid
downstream of the nozzle (Porturas et al., 2009). The pressure drop, generated by the
flowing fluid through the nozzles, (see Figure 2.7) is described by a part of the Bernoulli
equation:
11



Apy = CuBVT v=21 (Eq. 1)

Where: Apy — pressure drop across ICD nozzles, Cu — units conversion constant, p —
density of fluid, v — velocity, Cv — dimensionless flow coefficient for the nozzle, q — rate
and A — total cross-section of the nozzles (Maggs et al., 2008).

Figure 2.7 — Fluid flowing through the ICD nozzles (Maggs et al., 2008).

An ICD unit is integrated in a sand control screen. The screen ensures sand
management and allows fines to be produced through the screen and nozzles (Maggs,
2008). The screen design is based on the fluid flowing through a filtering media and into
a drainage layer. The drainage layer allows the fluid to flow from the filter media into the
base pipe perforations in a conventional screen or into the ICD housing which is
normally located at the end of the screen jacket (Moen, 2008). The fluid flows in through
the wrapping of the screen section, along the axial ribs of the drainage layer, into the
housing and through the nozzles (see Figure 2.8).

| i

Figure 2.8 — A nozzle based ICD screen (Moen, 2008).

In other words, a nozzle based ICD has an absorbing chamber upstream of the nozzles
(see Figure 2.9). Fluid enters the screen and then flows between screen jacket and
base pipe into the housing and through the nozzles (Porturas et al., 2009). The similar
design is presented by Schlumberger in Figure 2.10.

12



ICD Producer: from reservoir
To surface

Figure 2.9 — ICD hardware integrated with sand control (Porturas et al., 2009).

Flow under ICD protective Flow from ICD
housing toward nozzles toward
ICD nozzle surface

Flow from

previous ICD
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wrapped Flow from formation

screen joints

through wire- d
(from the toe) rough wire-wrappe

screen

Figure 2.10 — The flow pattern in ResFlowTM ICD (Schlumberger, 2010).

The ICD unit is equipped with two or more nozzles. The pressure drop across the unit is
designed based on the reservoir characteristics and flowrates required to achieve the
objectives of the well. An advantage with the multiple nozzles is that at least one of the
nozzles will be exposed in inflow of fluid. This makes the system reliable for well clean-
up, even if the well has been left for some time with dirty fluids downhole before it is put

on production (Moen, 2008).

More ICD developments were conducted, since there is a major drawback in current
use of ICDs — the flow rate depends on the pressure drop, and this relates to flow
changes as the reservoir pressure declines. Clearly the pressure drop flow rate
relationship for the well is complex and highly non-linear. It is also sensitive to fluid

13




viscosity which can vary considerably. When the reservoir pressure declines, the
relative flow through the various ICDs will therefore change, the non-linear characteristic
is clearly seen in Figure 2.11. It is obvious that the non-linearity of traditional ICDs leads
to relative flow change between the heel and the toe of the horizontal well during
depletion. Simulations show that coning may still occur during reservoir depletion
(Addnoy, 2008).
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Figure 2.11 —Flowrate vs. pressure drop simulations for the FloReqTM ICD (Aadnoy,
2008).

There is one way to overcome the problem outlined above, and that is to control the
flowrate over the entire life of the reservoir. The BECH autonomous control valve
provides constant flowrate regardless of the state of the pressures. The valve is actually
a constant flow controller (see the simplest version in Figure 2.12). The reservoir
pressure is choked through a nozzle, where the required flow rate is set. The oil goes
into a chamber where the compensator is consisting of a needle and a nozzle. When
the reservoir pressure drops, the needle will open maintaining constant flow (Aadnoy,
2008).

Constant Flow Val
onstant Flow Valve G Fian

Pl v
- Y = Pi—

TR Flow ajustments

Figure 2.12 — Principle of the BECH autonomous flow control valve (Aadnoy, 2008).
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Another autonomous valve design is a passive inflow control devices which
automatically chokes back fluids with lower viscosity, thus partially closing sections of
the well with high gas or water fraction. For example, in the study by Zadeh et al., 2012,
AICD has a floating disk bound between the inlet and outlet of the valve which can
move both toward upstream or downstream of the valve based on viscosity of the
produced fluid. When a less viscous fluid enters the valve’s inlet the floating disk will
move towards the upstream and choke back. AICDs have different types with different
tuning parameters. Selection between different types of AICDs for implementation
depends on rock and fluid properties in a reservoir (Zadeh et al., 2012).

Introducing water coning in the annular pipe geometry
An ICD can equalize the fluids inflow, but it does not eliminate water entirely as shown

in Figure 2.13. In addition, OWC continuously rises and water inevitably approaches the
production tubing even with ICD as shown in Figure 2.14.
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Figure 2.13 — Production profile with no ICDs (top) and with ResFlowTM ICD (bottom).
Baram field, east Malaysia (Schlumberger, 2010).
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Without ICD With ICD

“.'* "

Figure 2.14 — Completions without ICD (left) and with ICD (right) (Porturas et al., 2009).

Oil and water is flowing from the reservoir through the gravel pack and screens into the
ICD/AICDs, or simply “valves”. The local velocities are quite small and stratification of oil
and water is probable as illustrated in Figure 2.15. In a horizontal well with inflow of oll
and water from the reservoir in annular geometry some of the inflow openings/valves
will be exposed to a water continuous phase and others to an oil continuous phase
(Statoil, 2012).

AICD/ICD exposed to:
Qil zone Water zone Qil-water interface = _oil zone
| | *  water zone
| | —
® ® l ® @ ?
e el e T T
® @ ®
12 m joint

Figure 2.15 —Stratified pattern in the annular geometry outside the base pipe (Statoil,
2012).

The pressure gradient on the inlet of the valve will be much larger for the viscous oll
compared with the water. This can lead to water coning to the oil producing pipe’s
opening/valves, which can lead to a lower efficiency with regards to keeping the water
cut in the well low.
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When oil and water are flowing towards the entrance of the valve the pressure gradient
will tend to cone in also the second liquid phase on the other side of the oil-water
interface. In particular the inflow of viscous oil will have potential to generate high
pressure gradients and cone the water into the oil zone (see Figure 2.16).

ICD/AICD

Figure 2.16 — lllustration of coning in annular geometry upstream the valve.

The objective of the work is to perform an experimental study of the water coning
phenomenon in a perforated channel of the annular pipe geometry. It is important to

understand the mechanism of coning formation in well geometry, and provide important
input to improve the design of ICD.

17



2.2 Statoil input data

The data on the horizontal well design, geometry of the ICD/AICD housing, production
rates and fluid properties was provided by Statoil Research Center in Rotvoll,
Trondheim. It was used to design the experimental rig in the Industrial Process
Technology Specialization Project (3rd semester of the Master Programme) and to
estimate its operations conditions in the current Master Thesis.

The typical lower completion design is given in the Figure 2.17 below. Zones of
individual length about 200 m are isolated by swell openhole packers. 5.5 inch screen is
installed in horizontal 8.5 inch open hole. Each joint of length 12 m includes one or
several ICD/AICDs.

/— Hydraulic Sleeve-Circulation

Chemical Injection

— Screen Hanger

Figure 2.17 — Lower completion design.

The following data is given:

e the length of the horizontal single well: 1271 m;
e number of isolated zones: 6;
e number of joints per zone: 16.

One, two or three valves are installed at each joint of 12 m length. The valves on each
joint are arbitrary oriented. This implies that some valves are exposed to a water zone in
the lower region of the base pipe and some valves located in the upper region are
exposed to oil. For this reason the probability distribution of finding a valve for a specific
position around the base pipe wall is assumed to be constant.

The fluids are flowing through the screen into the housing upstream the base pipe and

the ICD/AICD as illustrated in the Figures 2.18 and 2.19 below. The following numbers
of ICD/AICD per joint are used — 2.

18
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Figure 2.18 — Geometry of the housing upstream design 1.

For the Statoil AICD the fluids are flowing into the valve approximately symmetric
around the valve intake. For the other commercial devices the fluid is flowing into valves
at the end of the annular housing as illustrated in Figure 2.19.

Fluids from the reservoir
Distance: Screen area to
l l l the valve intake (L;.,) ~265 mm
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valve f
—

housing

Annular
T T T spacing (6) = 3 mm

Figure 2.19 — Geometry of the housing upstream design 2.

The inflow geometry from the ICD/AICDs into the main wellbore for each joint are given
as follows:
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Design 1: in this case the outlet arrangement is not in flush with the inner wall. The flow
direction into the main wellbore is perpendicular to the pipe axis. The flow area out of
the AICD is calculated to be 3.3338-10-4 m2.

Design 2: the hole outlets are flush with the inner pipe wall. Total cross sectional area
for the holes is 2.027-10-3 m2. This area ends up in a 36 mm for an orifice.

Production rates: 3500 Sm3/d corresponding to a local rate of 1.52 m3/h per joint. For 2
ICDs per joint the rate is halved to 0.76 m3/h.

Oil density: 935 kg/m3 Oil viscosity: 67 cP
Water density: 1031 kg/m3 Water viscosity: 0.72 cP

As said in chapter 2.1 an ICD is equipped with 2 or more nozzles. For the purposes of
rig design and adjusting experimental operational parameters it was set up that ICD has
2 nozzles as it was adopted in Baram field, east Malaysia (Maggs et al., 2008). The
production rate ends up around 6.2 I/min per orifice. Orifice diameter and flow velocities
are calculated as following:

Design 1: orifice diameter 14.6 mm; velocity 0.62 m/s.
Design 2: orifice diameter 36 mm; velocity 0.11 m/s.

20



3 Experimental setup design

The rig was designed previously in the 3rd semester of the Master Programme. The
Industrial Process Technology Specialization Project stated work objective as to design
an experimental facility for studies of the water annular coning phenomenon. Here is the
key summary of the results.

3.1 Design principles

The design is to imitate the annular geometry between the housing and base pipe
upstream of ICD/AICD and account for the flow phenomena which could occur:

1. Annular coning of water caused by the pressure gradient;

2. Oil vs. water velocity difference (slip), occurs when multiphase flow goes through
the orifice;

3. Surface tension determined patterns since the annulus is rather narrow.

The facility should have the following functionalities:

e Observe the oil-water interface level for different flowrates;

e Study the coning potential for different annulus width;

e Measure the WC (Water Cut — water vs. total produced fluids percentage) flowing
through the base pipe’s orifice and the coning influence;

e The components can be easily modified (orifice cross-sectional area, annulus
width etc.).

To meet all the described criteria the followings solutions were implemented.

Unbent pipe wall configuration (or so called 2D-configuration) was suggested, its
principle is illustrated in Figure 3.1. Only half of the pipe’s axial cross-section containing
the opening/valve is of interest. Unbending the pipe surface does not eliminate any of
the possible flow patterns, but the facility becomes much easier and cheaper to build. Of
upmost importance, the configuration makes it much more straightforward to observe
and record the results and to modify the setup to a great extent.

21
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Figure 3.1 — Unbent half-pipe configuration (left) and unbent base pipe wall front view
with the coning pattern (right).

The base pipe unbent wall is not fixed but a moveable part of the facility. By displacing
the wall a new annulus of a different width is created. The moving wall can be also
replaced with a new one with different parameters. In such a manner, depending on the
experiment’'s setup, one is able to modify the facility effortless. With this concept
different variations are applicable, such as housing distance to the valve intake Ls-v;
annulus width; orifice number, its area and vertical position etc.

The housing unbent wall, in its turn, is a fixed wall. It is reasonable to integrate it with
the wall of the whole facility box — the fluid tank upstream the unbent annulus. This
solution grants extra volume for the fluid and less leakage area. The wall must be made
of a transparent material to enable critical visual observation of the process. In the
result, the transparent fluid tank wall, standing for the ICD housing, together with the
base pipe creates the annulus, as shown in Figure 3.2.
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Figure 3.2 — Integration of unbent housing wall with the side of the fluid tank. Top view
(left) and isometric view (right).

As shown above, the base pipe wall is to be installed right in the liquid pool. To let the
fluid flow it must be directed through the orifice via a flexible tube through a perforation
in the tank bottom, as shown in Figure 3.3. The drain goes to a measurement bucket,
where fluid volumes can be seen. This will assure the flow, since the input/output
pressure difference would appear. For the expected velocity (calculated from Statoil
data to be ~0.2 m/s for the orifice — the narrowest area) a very small pressure drop is
needed, that would be covered by a 1 m tank elevation. Using the tube also makes it
possible to better control the desired rate with a valve downstream.

|
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o

Flexible rubber tube ' \

#

L

Figure 3.3 — Position of the flexible drain tube.
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The fluid tank is required to simulate reservoir inflow, and the larger it is — the more
stable pattern would appear. A variable-head liquid flow is a transient flow because
flowrate, velocity and head change in time. On the other hand, constant head is very
difficult to get with the source lines, keeping up with the discharge, from the design and
operations point of view. The supply flowrate would also introduce disturbances,
undesired waves etc.

That’'s why it was decided to follow the large variable-head tank idea, but not to drop a
liquid level more than 1 cm during a single experimental run. Looking ahead at the
results it is seen that this concept was reasonable — in Figure 3.4 big head differences
(from 170 to 220 mm) in Nexbase case show influence on the total flowrate, while
Exxsol picture is more stable under the smaller head differences (from 195 to 208 mm).
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Figure 3.4 — Experimental results plot of total flowrate relative to the oil level with
trendlines for Nexbase 3080 oil (top) and Exxsol D80 oil (bottom). 5-25 mm in the
legend represent annulus width.
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The setup is designed in that way to prevent harm or danger of harm to people, the
environment or to financial assets shall in accordance with the legislation relating to
health, the environment and safety, including internal requirements and acceptance
criteria. Over and above this level the risk shall be further reduced to the extent
possible. Assessments on the basis of this provision shall be made in all phases of the
manufacturing and experimental activities.

Factors which may cause harm, or nuisance to people, the environment or to financial
assets in the activities shall be replaced by factors which in an overall evaluation have
less potential for harm, or nuisance.

Manufacturing and experimental activities shall be safe and prudent, both in relation to
an individual and an overall consideration of all the factors of importance to planning
and implementation of activities as regards health, environment and safety. A high level
of health, environment and safety shall be established, maintained and further
developed.

3.2 The finished rig

The height of the liquid level was calculated based on the half-pipe cross-section
perimeter, what is ~220 mm for a 5.5” pipe. Safety margin of 30 mm above the liquid
level was introduced, so the height of the base pipe wall became 250 mm. The width of
the base pipe was chosen 250 mm as close to the given maximum screen distance to
the valve intake (Statoil input). The orifice diameter was set to 36 mm as calculated
from given cross-sectional area in Chapter 2.2, Design 2.

It's important that the height of the base pipe is the same as the fluid tank’s height, this
allows clamps to be used for sticking the wall to the tank side. Using clamps would fix
the part in place and mitigate by-pass leakages. The liquid level would still be set at 220
mm.

It was decided to use standard size tin plates of 1x1 m to manufacture the tank. Each
side of the tank should not be composed of multiple plates to avoid long welds (extra
work, extra leakage risk, bumpy surfaces). The plates are welded to each other on
flanges, which would leave each side 950 mm of real length. The final facility
arrangement with dimensions and fluid flow path is presented in Appendix A.

On top the tin sides of the tank are bent into spoilers to reinforce the design,
reinforcement ribs can be seen in Figure 3.5. The drawings for the tank manufacturing
can be seen in Appendix B. The transparent side is made of lexan. It would have a
linear scale marked on, that's how oil/water level would be sustained and any inclination
from the horizontal layout would be detected.
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Figure 3.5 — The manufactured tank.

The completed rig (see Figure 3.6) can be divided into the following nodes:

1. Fluid tank with the flowlines and valves. The tank is set on a hydraulic table to
create a pressure drop needed for the flow. The base pipe wall is installed inside
the tank and clamped to its side (seen in Figure 3.7). The flow goes through the
orifice in the wall to the flexible flowline (seen in Figure 3.8), which perforates the
tanks bottom.

2. Different capacity vessels (see Figure 3.9). The vessels are for measuring
(bucket, bottles), auxiliary purposes (drum) and drainage (cubic in the
basement).

3. An electric pump.
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Figure 3.6 — Completed rig front view.

Figure 3.7 — Completed rig back view.
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Figure 3.9 — Flexible flowline seen in low liquid level.
List of the valves:

e 3 water source valves: 2 upstream of the hose in the house water system, close
to the room wall of the lab; 1 at the end of the hose.

e 1 downstream flow valve: attached to the end of the flexible tube flowline,
appears below the bottom of the fluid tank. The valve has marks from 0 (closed)
to 6 (fully opened) to control the flowrate coming to the measuring bucket (see
Figure 3.10).

e 1 drain valve: attached to the tank bottom, connects the fluid tank to the drain
hose going down to the drainage cubic in the basement.

e 1 electric pump valve: downstream of electrical pump to control the flowrate.
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Figure 3.10 — Drain valve (left) and downstream flow valve (right) attached to the tank
bottom.

4 Preparation stage

During the preparations a leak test was performed prior to start-up by filling the main
tank with water. All welded joints and lexan attachment held the water.

Also a series of water flow runs was conducted to get a rough flowrate vs. valve position
pattern. This allowed to estimate what valve positions are of a particular interest by
comparing achieved flowrates with the Statoil data of ~6.2 I/min. The positions are 2 —
2.5 as shown in Figure 4.1.

Rought water flowrates
Valve open [ Amount, | B Time, s B Flowrate, |/min E
1 5 493 0.6
1.5 10 234 2.56
10 101
15 63 3
3 15 60
35 15 38 23.68
4 15 34 26.47
4.5 15 26 34.61
5 17 23 44,35
5.5 15 20 45
5] 15 157 52.94

Figure 4.1 — Pre-startup water runs data.
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4.1 Risk Assessment

Since the rig is brand new, the new rig Risk Assessment must have been conducted
prior to operations. It was done based on NTNU and SINTEF safety standards
according to the “Guidance to risk assessment — The approval of test rigs in laboratories
at NTNU Department of Energy and Process Engineering and SINTEF Energy — Energy
Processes”.

The Risk Assessment report (attached to the Master Thesis) includes description of the
setup, operations and emergency shutdown procedure, assessment of technical and
operational safety, quantifying of risk. The key summary is the following.

Those oils are to be used — NEXBASE 3080, Marcol 52, EXXSOL D80 FLUID — around
100 liters of each. QOils are stored in drums, handling is done by an electric pump.
Disposal is not provided (NTNU, 2012), the oils would go to the separator.

MSDS (Material Safety Data Sheet — attached to the Master Thesis) study shows
no/minimal toxicological hazard over exposure. Oils are stable in ambient conditions.
Some are combustible materials of low hazard that can burn only on heating above the
flash point.

Probable events and risks:

e Skin/eye contact with the chemical causing irritation;
e Liquid spill/overflow introducing slipping hazard.

Both events fall into green A2 zone of the Risk Matrix (see Figure 4.2), which means a
small probability of very little consequences. The green zone designates an acceptable
risk.

Sveert El
alvorlig
Alvorlig D1

Moderat

CONSEQUENSES

A5

liten

Middels Stor Svaert Stor

PROBABILITY

Svaert liten

Figure 4.2 — Colour risk matrix quantifying the residue hazards.
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Conclusions and risk mitigations:

e One person must always be present while running experiments, and should be
approved as an experimental leader;

e Work carefully to prevent spills and leakages. If a leak appears, it should be
cleaned fast, the rags are disposed normally;

e Normal protective safety glasses and gloves are recommended,;

e Avoid heat, sparks, open flames and other ignition sources. This is covered by
NTNU’s No Smoking policy and work restrictions in the particular laboratory room
where the rig is installed.

The shutdown procedure was considered:

Emergency shutdown

Shut off all the valves.

If emergency concerns the tank integrity, then open the drain valve and the tank
to the cubic tank in the basement.

After the Risk Assessment report with attachments was approved, the UNIT CARD and
EXPERIMENT IN PROGRESS CARD were issued allowing the experiments to start
(see Figure 4.3).
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Figure 4.3 — UNIT CARD and EXPERIMENT IN PROGRESS CARD set.
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4.2 Inclined table incident

During the preparations an incident occurred resulting in a minor spill. The hydraulic
table inclined under the weight of the filled tank and liquid overflow followed (see figure
4.4).

Figure 4.4 — Inclined table incident.

The reason is that the weight balance was not centered. The tank has valves and piping
attached to its bottom, and that made the proper placement impossible.

The long term under-stress condition for hydraulic lifts is not recommended, so a safety
leg was used. Yet its purpose is to prevent vertical movement, not angular (see figure
4.5). However the leg stopped the further inclination.

Figure 4.5 — The safety leg.
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A set of safety measures was introduced such as counterweight and extra safety
stoppers. The wood was placed to prevent any movement of the table, thus the weight
rested on the wood at all times. In addition the top white drum on the other side of the
table was filled with 50 liters of counterweight water (see Figure 4.6).

Figure 4.6 — Wooden stoppers (left) and water counterweight (right).
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5 Running the experiments

5.1 Operations principles

To thoroughly study the annular coning phenomenon a list of variables, most probably
affecting the flow, was prepared. It was cross-referenced to the rig design to establish
the methods of controlling those variables. The range of change was determined during
the course of the experiments itself. All the discussed is presented in Figure 5.1 below.

WETTE[ES Control method

Phase interface distance Controlling water level by

from the orifice pumping fluids in/out 10 - 110 mm

Oil  viscosity, density, PUMDING & new oil in Nexbase 3080 - Exxsol
surface tension ping D80

Annulus width (or gap) Moving the base pipe wall 5—-25mm

Rotating downstream flow Valve 0 -6

Total flowrate _
valve Flowrate 0 — 45 I/min

Applying duct tape to cover

. ~170 — 1000 mm2
the cross-section

Orifice cross-sectional area

Figure 5.1 — Variable experimental parameters.

The changes of the variables were prioritized for the most convenient progress of the
experiments in this way:

1. Downstream flow valve rotation (0.5 — 5);

2. Increasing water level (10 — 110 mm));

3. Changing the gap (annulus width) by moving the base pipe wall (5 — 25 mm);
4. Pumping in new oil (Nexbase — Exxsol).

The orifice cross-sectional area was changed for Nexbase (15 mm gap, 10 mm water
level) and Exxsol (10 mm gap, 30 mm water level). In such a manner Appendix C
shows all the experiments had been done, resulting in 459 runs (including a couple of
extra runs).
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The key analysis was during visual observation and measuring the amount of each
phase. During the runs the following was measured:

e increase of water level (coning, water “jump”), mm;
e decrease of oil level (coning, oil “jump”), mm;

e total amount of flowing liquid, ml;

e amount of water in total fluid, ml;

e orifice cross-section covered by water, %;

e flowing time, s.

5.2 Procedure

The following procedure was used for the runs.

Post the “Experiment in progress” sign.

Use supply valves and/or electrical pump to fill the tank with oil/water to the
desired level.

Before adding water to the tank it was colored fluorescent green to better distinguish it
from oil by Fluorescein-Natrium (C.I. 45350) indicator shown in Figure 5.2.

Figure 5.2 — Fluorescein-Natrium can (left) and colored water (right).
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During the experiment

Open the downstream valve, obtain the desired flowrate.

Record the flow pattern through the orifice in the plate.

Watch for overflows in any vessel.

Close all the valves when the measuring bucket is full.

Check the time elapsed for filling up the measuring bucket.

Check the amount of different liquids in the bucket.

Empty the measuring bucket back to the tank.

The amount of liquids was measure in measurement bottles where the interphase can
be easily seen after a short settling period. The Nexbase 3080 interphase is shown in
Figure 5.3.

Figure 5.3 — Interphase between water (bottom) and Nexbase 3080 (top).

End of experiment

Remove all obstructions/barriers/signs around the experiment.

Tidy up the work area and return all tools and equipment.

The demobilized rig after all runs is shown in Figure 5.4.
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Figure 5.4 — Rig is demobilized.

The procedures for technical modifications are as follows.

Changing experimental conditions (new gap)

Drain the water to the drainage cubic (the water can be contaminated, therefore
can’t go to sewage).

Drain as much oil as possible to the auxiliary drum by downstream flow valve and
manual transfer.

Change the gap between the transparent wall and the base pipe wall.

Use electrical pump to suck oil from the auxiliary drum back to the tank.

Use water supply to fill its level to the desired height.

The gap is piece of metal from 5 mm width to 25 mm. It was decided not to check even
bigger gaps since the coning phenomenon practically disappeared at the 25 mm gap.
The gap position is shown in Figure 5.5 below.

Figure 5.5 — Gap sizes (left) and gap position in the liquid pool (right).
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Changing experimental conditions (orifice cross-sectional area)

Drain the water to the drainage cubic (the water can be contaminated, therefore
can’t go to sewage).

Drain as much oil as possible to the auxiliary drum by downstream flow valve and
manual transfer.

Pick the base pipe and set it on the tank corner (see Figure 5.6).

Cover the desired orifice with a duct tape. Install the base pipe back in the pool.

Use electrical pump to suck oil from the auxiliary drum back to the tank.

Use water supply to fill its level to the desired height.

Figure 5.6 — Base pipe wall set on the tank corner, front view (left) and back (right).

The orifice perimeter has markings of 8, 18 and 28 mm out of 36 mm diameter to be
covered by the duct tape (see Figure 5.7). That corresponds to 16.5, 50, and 83.5 % of
1017 mm2, what is 168, 509 and 849 mm?2.

Figure 5.7 — Orifice covered by 83.5 %.
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Changing experimental conditions (new oil)

Drain the water to the drainage cubic (the water can be contaminated, therefore
can’t go to sewage).

Drain as much oil as possible to the oil source drum by downstream flow valve
and manual transfer.

Drain the oil leftovers to the drainage cubic.

Clean up all the contaminated surfaces.

Use electrical pump to suck oil from an oil source drum to the tank (see Figure
5.8).

Use water supply to fill its level to the desired height.

Figure 5.8 — Pumping new Exxsol D80 oil to the tank.

Nexbase 3080 characteristics are the closest to Statoil provided oil density 935 kg/m3
and viscosity 67 cP (~ 72 mm2/s). Due to the workload it was decided not to use Marcol
oil because its characteristics sit in between Nexbase and Exxsol (see Figure 5.9), thus
Marcol experiments would not provide critical data on the oil influence.
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Nexbase 3080 Marcol 52 Exxsol D80
Density at 15°C, g/ml 845 84 798
Viscosity at 100°C,

7.9
mm2/s
Viscosity at  40°C, 48 6.9 168
mm2/s
Viscosity at  25°C, 216
mm2/s

Figure 5.9 — Qils characteristics comparison.
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6 Results and discussion

The total number of 459 experimental runs was conducted, and every single flow
pattern was recorded on video. All the results, including experimental parameters,
graphs, trending analyses, were put down in 1 excel spreadsheet (attached to the
Master Thesis). The screenshot from the table is available in Figure 6.4. Acronyms
identification is presented in Appendix D.

The experimental rig came up reliable and handy. As designed, it was adequate for the
planned runs, since water coning was accomplished and flow patterns, to some extent,
behaved as expected. Some typical coning photographs are presented in Figure 6.1.

Figure 6.1 — Water coning screenshots in different experimental runs.

In order to conduct a proper data analysis all the experimental parameters were written
down and put either to “pre-set” or “observable” section (shown in Figure 6.2). Each
parameter in the “observable” section was cross-referenced with each variable in both
sections, and each combination pair was checked if it's either pointless or interesting, if
it meets the objectives of the project, and in what form it is better to present the trend.
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Pre-set variables

e Annulus width or gap (d);

e Oil
e Orifice area;

e Liquid level (wL, oL, AL);

e Valve rotation

(considered

influence only the flowrte totQ);

e Orifice cross-section in water (WA).

Observable variables

e Flowrate (totQ) + velocity (totU);

e Water cut (WC);

e Liquid “jumps” (wJ, 0J);

e Liquid levels at flow (wL’, oL’, AL’);

Orifice cross-section in water at flow
(WA);

Flow regime in the tube.

to °

Figure 6.2 — Variables sorting for easier analysis.

By “jumps” here it is intended the change in liquid level. For example, water “jump” (wJ)
is a difference between water levels during the flow and with no flow. In other words a
“jlump” refers to the annular coning phenomenon itself, therefore its study is of a
particular attention. Eventually, those correlations were selected and analyzed:

Flowrate, velocity

Liquid “jumps”

Water cut

Valve;

Oll;

Gap;

Orifice area;
WC.

Flowrate;
Gap;

Oll;

Orifice area;
Liquid level.

Flowrate;
Liquid level.

Figure 6.3 — Correlations that were selected and analyzed.
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5 —~ '-
6 0il = 2 L5,
7 viscosity, mm?/ at 100C [ 3 \-\ wh /,.f
8 at 40C | = —
9 at 25C ¥
10 density, kg/m?® at 15C =
11
T * |BEFORE » |DURING * |AFTER
13 Video| Liquidlevel mm |Crossection Liquid level (max A), mm Crossection Amount, ml Flowrate, I'min
14 AL wl' o' K oV RS wQ oQ
15 2414 10 198 82 0.0 1 14 [197| 78 4 -1 0 0 150 150 0.0 47 48 0.00 0.19 0.19
16 2415 10 198 82 0.0 1.5 90 |185| 2 80 -13 0 0 1000 1000 0.0 2945 0.00 2.04 2.04
17, 2416 10 198 82 0.0 2 110 |179|-18| 100 -19 38 1540 4360 6300 30.8 77.40 1.50 3.38 4.88
13 2417 10 198 82 0.0 2y 123 (164 -31 113 -34 40 1940 3260 5200 373 36.72 3.17 533 8.50
19 2419 10 198 82 0.0 3 132 (146|-40| 122 -52 30 2440 5860 8300 204 41.78 3.50 842 11.92
20 2420 10 198 82 0.0 3.5 127 [127]-35 117 -71 35 2040 6260 8300 246 35.67 343 10.53 13.96
21 2421 10 198 82 0.0 4 128 |123|-36| 118 -75 35 2280 6020 8300 275 35.72 3.83 10.11 13.94
22 2422 10 198 82 0.0 4.5 130 (127]-38 120 -71 35 2010 5290 7300 i 30.98 3.89 10.25 14.14
23 2423 30 217 62 0.0 1 40 |215| 52 10 -2 0 0 200 200 0.0 51.39 0.00 023 0.23
24 24241 30 217 62 0.0 1.5 99 |206| -7 69 -11 10 70 930 1000 7.0 2895 0.15 1.93 2.07
25 24251 30 217 62 0.0 2 114 |200]-22 84 -17 40 2000 3200 5200 385 62.30 1.93 3.08 5.01
26 24271 30 217 62 0.0 2.3 117 |190(-25 87 -27 43 2310 2890 5200 444 36.84 3.76 4.71 8.47
27 2428 30 217 62 0.0 3 123 [183]-31 93 -34 45 2780 3520 6300 441 2995 5.57 7.05 12.62
28 24291 30 217 62 0.0 3.5 132 [167|-40| 102 -30 435 3390 3910 7300 464 25.58 7.95 9217 17.12
29 2431 30 217 62 0.0 4 140 |150|-48| 110 -67 45 3410 3850 7300 46.7 21.26 9.62 10.98 20.60
30 24321 30 217 62 0.0 4.5 137 |130|-45| 107 -87 70 4000 4300 8300 48.2 21.22 11.31 12.16 23.47
31 0683 50 21 42 0.0 1 59 |220( 33 9 -1 0 0 200 200 0.0 47.32 0.00 0.25 0.25
32 0684 30 21 42 0.0 1.5 102 [214]-10 52 -1 17 1320 3880 5200 254 147 48 0.54 1.58 212
33 0685 50 221 42 0.0 2 117 |210(-25 67 -11 40 2690 2510 5200 519 60.33 2.68 2.50 5.17
M v v ST Graph] | Nex-5mm < Nex-i0mm ~ Nex-ismm  Nex-25mm ~ Nex-ismmArea = Bo-smm  Bocllmm  BoclSmm  Bee25mm  BoclOmmArea  J

WVortex?
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Velocity, mm/s
totU
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139.2
1953
2287
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2316
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340
82.0
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206.8
280.5
337.5
384.5
42
347
84.7

Figure 6.4 — Screenshot from the experimental spreadsheet with all data recorded.
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6.1 Flowrate correlations

General dependence of flowrate from the downstream flow valve rotation is shown in
Figure 6.5. In general, small flow restrictions from the gap can be seen, since the bigger
is the gap — the less are frictional losses. The pattern is especially clear in Exxsol oil

graph, where trendlines grow up clearly with the increasing gap.

e Nexbase 3080
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30.00 A 15mm
25.00 % 25mm
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(10mm)
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30.00 ,
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Figure 6.5 — Total flowrate vs. Valve correlations, Nexbase (top) and Exxsol (bottom).

One series in the case “Nexbase oil, 5mm gap” fell out of the trend because air bubbles
were coming into the tube (shown in Figure 6.6).
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Figure 6.6 — Air coming into the tube. Nexbase 5 mm gap flow development.

When comparing flowrates for different oils one can see a similar flow pattern, but it is
clear that a less viscous oil (Exxsol D80) flows easier and achieves higher rates than
Nexbase 3080. In Figure 6.7 the comparison is done for 10 mm gap for the sake of
demonstration, but more detailed picture with a single graph for each gap is presented
in Appendix E.

b Comparing the oils o s Eirom
45.00 B Mex-10mm
40.00 A MNex-15mm
35.00 # Mex-25mm
30.00 F Exx-Smm
25.00 @® Exx-10mm
20.00 + Exx-15mm
15.00 = BExx-25mm
io.oo Poly. (Nex-10mm)
5.00 Poly. (Ex=-10mm)
o valve
] 1 2 3 s .

Figure 6.7 — Flowrates comparison for different oils.
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It is explained by the following. Torricelli's law, which was discovered in 1643, relates
the speed of fluid flowing out of an opening to the height of fluid above the opening
(Wikipedia, 2013). v = \/E where g — gravity acceleration, h — height of the liquid
level. In other words, the flow speed is the same for all liquids and actually equals the
free fall speed. This is not really true, because the speed depends also on the shape
and size of an opening, and on fluid viscosity.

To account for that a correction coefficient ¢ is introduced: v = ¢,/2gh, which is a called
speed coefficient for fluid flowing out of an opening. The value of ¢ (among & —
compression coefficient, and p — flowrate coefficient) for a round opening can be found
by empirical correlations. The Figure 6.8, “Altshul's graph”, shows the correlations

d./2gh

between the coefficients and Reynolds number, calculated for ideal speed, Re = -
where v — kinematic viscosity.

.G E
10 =g y
o ..--"?;‘:; {Rel
0.80 /7)‘\
€ =1(Re)
0.70 ; : :n-a____ 1
p=F{Rel
0.60 ] ———t—y
0.50 f ‘
= = f(Re) e
o
0,30 LL ‘
10 100 1000 10000 100000 Re 108

Figure 6.8 — Correlation between ¢, u, ¢ and Re. Also called “Altshul’s graph” (Femto,
2013).

Torricell’'s speed is roughly calculated as: v=.,2gH=+2-98-0,2=2(m/s).
Calculating with the correction coefficients is below, note that 30 mm (downstream flow
valve outlet diameter) is used as d.

d./2gh 0,030/2:9,8:0,2
e Nexbase 3080: Re = 2292 = e

v
v=085-v2-9.8-0.2 = 1.7 (m/s).
e Exxsol D80: Re =2 1fgh _ 003029802

2,16:1076
v=10.95-v2-9.8-0.2 = 1.9 (m/s).

According to calculated ¢ values, it appears that Nexbase speed must be approximately
equal to 90% of Exxsol speed. That's exactly what's seen in Figure 6.9 — fully open
valve corresponds to ~1 m/s for Exxsol speed and ~0.9 m/s for Nexbase. The speeds
are not precisely as calculated above though, because the flow is not just through the

= 1200, it gives ¢ = 0.85 and speed

= 27500, it gives ¢ = 0.95 and speed
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opening in a wall, there are additional losses in the tubing, in the bend, in the gap
(discussed above), oil/water multiphase flow.

totU, mm/s Comparing velocities
1200.0

1000.0
600.0 B Exx-15mm

AT Pohy. (Mex-
g 15mm)
Pohy (Exx-
it 15mm)
0.0 T T T T
o 1 2 3 a 5 g  vale

Figure 6.9 — Flow speed comparison for different oils.

The same situation happens when water breaks through to the production orifice. The
less viscous water obtains higher speed resulting in total flowrate increase (shown in
Figure 6.10). But the rate increase has nothing to do with oil production.
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Figure 6.10 — WC influencing the total flowrate, Nexbase (top) and Exxsol (bottom).
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Once the water has found its way to the production tubing, its further influence on the
flowrate doesn’t depend much on the oil beside it (as shown by trends in Figure 6.11).
At least, this is the result obtained for the available oil viscosity range of 2.16 — 48

mma2/s.
totq, I/mi
ot |/min Nex 15mm + Exx 10mm e, %
4500 100.0
s /- g00 cas
35.00 \ , - 800 totQ Nex
s0.00 / _ ? - 700
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25.00 / \ /
20,00 " F 5900 e W Nex
; !/ - 40.0
15.00 - = -El'; BN Linear
; [tot)
10.00 - / —_f - 20.0 Linear
5.00 —l—f’ [totd Nex)

0.00
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T 0.0

R N O N S I I P
L LY LD <UD AL S L S L L
— ™~ " =t — (o'} (L] = i

L
i o= Valve

Figure 6.11 — Graphs from Figure 6.10 superimposed.

Additional losses were imposed by partially closing the orifice. As shown in Figure 6.12,
leaving it open at 83.5% didn’'t affect the rate, but further closing reacted in a
remarkable drop.
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Figure 6.12 — Flowrates correlations with orifice cross-sectional area.
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At the same time flow speed in the orifice was steadily rising due to the area shrinkage
(see Figure 6.13). Flowrate drop through 16.5% of the area (168 mm2 of 1017 mm2)
didn’t stop the speed to reach almost 1.8 m/s.
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Figure 6.13 — Flow velocity correlations with orifice cross-sectional area.
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6.2 Liquid “jumps”, WC

The key correlations related to coning mechanism are described in this chapter. For
better comprehension of following trends the rule of thumb is — “jumps” of positive value
are for water (straightforward coning) and negative “jumps” are for oil, since oil level
sinks downward to the orifice.

The direct dependence of coning over flowrate is shown in Figure 6.14. The flat region
means that water reached the orifice, therefore there are steps between different colour
lines — the higher the water level, the less place is left for the jump to occur. Oil is less
susceptible to coning, its level rarely got to the orifice, for this reason it rarely has flat
regions in the plot and it shows a good linear dependence on the flowrate.

wifol, mm NEKbESE 15mm gap —y ] wl=10
120 wl wl=30

gy ] WL=50
100 — wlwlL=70
/_// w— ] WL=00
a0 wlwl=110
/-”’f —_— ) wl=10
&0 —r] wl=30
# e 0] WL=50

40 —— ) WL=T0
%’, s 3] W =910
e ___,_._..—--'"—__-F' ol wl=110
o 4 / | | | | tﬂtﬂ‘umm
0.p0 ; 25.00 30.00 35.00

Figure 6.14 — “Jump” vs. flowrate for Nexbase 15 mm gap.

The water coning flow resembles the flow in an injector pump. Injector pump (or ejector
pump, Figure 6.15) is a type of pump that uses the Venturi effect of a converging-
diverging nozzle to convert the pressure energy of a motive fluid to velocity energy
which creates a low pressure zone that draws in and entrains a suction fluid. After
passing through the throat of the injector, the mixed fluid expands and the velocity is
reduced which results in recompressing the mixed fluids by converting velocity energy
back into pressure energy.
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Figure 6.15 — Diagram of a typical modern ejector (Wikipedia, 2013).

Fluid under high pressure is converted into a high-velocity jet at the throat of the
convergent-divergent nozzle which creates a low pressure at that point. The low
pressure draws the suction fluid into the convergent-divergent nozzle where it mixes
with the motive fluid. In essence, the pressure energy of the inlet motive fluid is
converted to kinetic energy in the form of velocity head at the throat of the convergent-
divergent nozzle.

The same is happening during coning. When fluid starts to flow through the orifice, it
creates a low pressure zone according to Bernoulli's principle — increase in the speed of
the fluid occurs simultaneously with a decrease in pressure. At the same time, since the
interphase level is not flowing, its potential energy is constant. Therefore a pressure
drop from the interphase to the orifice appears which causes the coning phenomenon.
When a stagnant water cone is formed from the oil-water level toward a valve in the oil
zone the total pressure drop is equal to the hydrostatic pressure of the height of the
cone (Statoil, 2012).

2
A common approach to fluid energy is in terms of total head H = z + % + Z_g' but in this

application the change in the p, g,z term along the streamline is so small compared with
the other terms that it can be ignored. This allows the above equation to be presented in
the following simplified form:

p + q = po, Where p, is total pressure, q is dynamic pressure and it equals %pvz.

So, it feels like the faster the fluid is flowing through the orifice — the higher the water
would cone or “jump. However, the experiments don’t confirm the suggestion. The
Figure 6.16 shows “jump” values for the different cross-sectional area series. It has
nothing in common with the speed pattern from Figure 6.13.
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Figure 6.16 — “Jump” pattern in a different cross-sectional area series.

Moreover, changing horizontal axis values from Valve to flowrate in Nexbase case
(shown in Figure 6.17) discloses a very direct and strong dependence of coning over
flowrate regardless of speed or orifice area.
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Figure 6.17 — “Jump” values vs. flowrate in different cross-sectional areas.
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In order to check if coning is affected by initial water level one has to study regions
before the flat ones and to ignore cases with wL = 90 mm and 110 mm, since 90 mm is
already very close to the orifice perimeter. Studying the colour lines doesn’'t show a
strong perceivable correlation for Nexbase series, however it seems like “jump” slightly
grows with a higher initial water level. In other words, the closer the interphase is to the
orifice, the easier it is for the water to break through.

More similar plots for different gaps on Nexbase series and Exxsol are shown in
Appendix F. Exxsol plots seem a bit more chaotic, but it shows stronger influence of the
initial water level on the further coning. The “jump”-gap and “jump”-oil correlation can
also be seen from the Appendix, but this is discussed below.

Water coning has a significant dependence on gap width. Figure 6.18 shows “jumps” vs.
gap correlations for Nexbase 3080. The inclined trend of the peaks reflects just different
initial water levels, from 10 mm to 110mm. In this figure different colour lines should be
compared.
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Figure 6.18 — Colour lines show “jump” values for different gap scenarios for Nexbase
3080.

More detailed pattern is presented in Figure 6.19 with “jumps” are plotted against
flowrate for all conducted experiments. The “jump”-gap dependence is clearly seen for
both oils, for both phases, for all flowrates. In everyday words, during the runs for
Nexbase, it could be described by this impression: at 5 mm gap a single touch of the
downstream flow valve caused change of water level or even casted it to the orifice, but
at 25 mm gap the valve needed to be fully opened to visualize a little change in the
interphase line.
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Figure 6.19 — “Jump” values of all runs with trendlines plotted for each single-gap
series. Nexbase oil plotted on top, Exxsol — bottom.
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This correlation can be explained by a hydraulic press principle (Figure 6.20). Pascal's
law, described by a pressure formula p = F/A, states that pressure on a confined fluid is
transmitted undiminished and acts with equal force on equal areas and at 90 degrees to
the container wall. As a consequence: F;/A; = F,/A, (eq. 2). It's important, that work
being done by F1 must be equal to the work done against F2. If S is a cylinder
displacement, then the work equality can be written as F;S; = F,S, (eq. 3).

F2=F1 (A2/A1)

iF2
F1

*I ]|

Figure 6.20 — Hydraulic force principle (Wikipedia, 2013).

Let’s say, that the second cylinder in a hydraulic press represents the pressure drop to
the orifice in the base pipe wall, for example p = F,/A,, which doesn’'t change, then
F;S; and F; /A, doesn’t change as well. It becomes obvious that area increasing leads
to proportional displacement decrease. Or in other words, increasing the gap decreases
coning phenomenon.

The main conclusion can be said in this way: coning depends on fluids flowrate and on
annulus width, what in simple terms means “how strong the water is sucked” and “how

much of the water is sucked”.

The suggestion to improve an ICD design is to increase the gap between housing and
the base pipe wall (shown in Figure 6.21). A thin annulus easily attracts water.

55



 Sand filter
00000000000000

~ Sand filter

—_— ,—ﬁﬂﬂﬂCDGOCOUDUQD
) ¢ “ B
I
)

Flow ajustments

| T
== J[CUT0UU0T0U0T00U0T —_ W OCTo0

Figure 6.21 — Example suggested increase of annulus width.

When comparing “jumps” for different oils, it is clear that a more viscous oil (Nexbase
3080) increases coning phenomenon resulting in bigger water and oil “jumps”. A 10 mm
gap case is compared for Nexbase 3080 and Exxsol D80 in Figure 6.22. More detailed
picture with a single graph for each gap is presented in Appendix G.
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Figure 6.22 — “Jump” comparison for different oils.

Water cut plots are shown in Figure 6.23, more detailed are in Appendix H. It is seen
that WC reaches it maximum at 10-15 I/min and then stabilizes or even goes down.
That can be explained by a different flow regime in the orifice, as the vortex was clearly
observed (shown in Figure 6.24). However, WC grows steadily for Exxsol oil.
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Figure 6.24 — Vortex development in 5mm gap, Nexbase 3080.
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7 Conclusions and recommendations

This Master Thesis focuses on the experimental study of the water coning phenomenon
in perforated pipe geometry. With the data on horizontal well design, geometry of the
ICD/AICD housing, production rates and fluid properties, provided by Statoil Research
Centre in Rotvoll, Trondheim, the experimental rig was designed and constructed in
NTNU multiphase flow laboratory. It is based on the 2D-configuration setup and was
used for flow visualization experiments, all the procedures and key photographs are
included in this work. A risk assessment analysis was performed according to the NTNU
and SINTEF safety procedures prior to starting of the work in the lab.

The study provides extensive literature review of the problem. Due to the nature of the
project overview of research findings on horizontal well cresting and on placement of
Inflow Control Devices (ICD) was presented in this chapter.

The total number of 459 experiments with different rig and oil/water flow setup was
conducted. Every single flow pattern was recorded on video. All the results, including
experimental parameters, graphs, trending analyses, were put down in 1 excel
spreadsheet.

The data were carefully analyzed, the correlations between experimental parameters
were checked if they meet the objectives of the project. In the end the accent was set
on flowrates, liquid “jumps” (coning), water cut dependences from oil characteristics,
gap (annulus width), liquid level etc. The explanations to correlations and features were
suggested in order to better understand the mechanism of coning formation.

Among other observations the data analysis shows these key features:

¢ Once the water has found its way to the production tubing it obtains higher speed
resulting in total flowrate increase. But the rate increase has nothing to do with oll
production.

e Water coning in the annulus geometry directly depends on the fluid flowrate,
regardless of speed or orifice area.

¢ Coning slightly tends to increase when interphase level is closer to the orifice.

e Coning significantly drops with increasing annulus width.

e Coning increases with a higher oil viscosity.

The main conclusion can be said in this way: coning depends on fluids flowrate and on
annulus width, what in simple terms means “how strong the water is sucked” and “how
much of water is to be sucked”. The suggestion to improve an ICD design is to increase
the gap between housing and the base pipe wall.

More coning research is needed to be conducted with pipe geometries instead of flat
plates for quantitative studies, because the current 2D-configuration shows just
essential relations. More field data should be recovered in order to establish more
accurate models and validate the established correlations.
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9 Appendices

9.1 Appendix A — Full rig design arrangement.
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Appendix A — Full rig design arrangement. (2 page out of 2)
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9.2 Appendix B — Drawings for tank manufacturing.
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Appendix B — Drawings for tank manufacturing. (2 page out of 2)
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9.3 Appendix C — The parameters of all experimental runs.

Oil

Annulus width
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Appendix C — The parameters of all experimental runs. (2 page out of 2)

Oil

Annulus width
(gap), mm

Water
mm

level,

Valve rotation
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9.4 Appendix D — Spreadsheet acronyms’ identification.

H — base pipe height, mm

wL — water level, no flow,
mm

wJ — water “jump” ( = wL’ -
wL), mm

B — base pipe width, mm

oL — oil level, no flow, mm

0J — oil “jump” (= oL’ - oL),
mm

L — housing distance to the
orifice center, mm

AL — distance from wL to
orifice, no flow, mm

wV — amount of water that
flowed, ml

h — height of the orifice
center, mm

wA — orifice covered with
water, no flow, %

oV — amount of oil that
flowed, ml

d — orifice diameter, mm

wL’ — max water level,

during the run, mm

totV — amount of fluids that
flowed, ml

d — annulus width (gap),
mm

oL’ — min oil level, during
the run, mm

WC - percentage of water
in the fluids that flowed, %

AL’ — distance from wL’ to
orifice, during the run, mm

wQ — water flowrate, I/min

WA’ — orifice covered with
water, during the run, %

0Q — oil flowrate, I/min

totQ — total flowrate, I/min

totU — total velocity, mm/s
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9.5 Appendix E — Detailed oils flowrates comparison with a single graph for each gap.
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9.6 Appendix F—"“Jump” values vs. flowrate for Nexbase 3080 series and Exxsol D80 series for each gap.
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Appendix F —“Jump” values vs. flowrate for Nexbase 3080 series and Exxsol D80 series for each gap. (2 page out of 3)
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Appendix F —“Jump” values vs. flowrate for Nexbase 3080 series and Exxsol D80 series for each gap. (3 page out of 3)
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9.7 Appendix G — Detailed oils

“jump” comparison with a single graph for each

gap.
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9.8 Appendix H — Water cut correlations over flowrate for different water levels.
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Appendix H — Water cut correlations over flowrate for different water levels. (2 page out of 2)
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