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ABSTRACT

An efficient clean-up process is a key factor determining horizontal wells productivity.
Numerous factors cause formation damage around wellbore vicinity and numerous
treatments have been developed to mitigate each damaging factor. In this project
the main damage contributing elements are associated to polymer and particle
trapping during drilling stage. Likewise, we set the return permeability as the key
factor to define the clean-up process efficiency in horizontal wells completed with
ICD-inflow control devices.

Knowing the drilling fluid properties, lab experimental simulations of return
permeability are upscale to field conditions under a geometrical damage region
established as a truncated cone. Reported dynamic filtration data from a very long
horizontal well located in the Norwegian Continental Shelf, is used to define the
geometrical damage region; and it is subsequently subdivided into small segments
along the horizontal section for improved interpretation. Cumulative flow passing
through each segment determines the return permeability and therefore, the clean-
up efficiency.

Influx simulations of the horizontal well segments are coupled with the lab
experimental simulations to evaluate the evolution in time of the return permeability
and its effect at the heel and toe section of the well. In order to impose the
drawback of static simulations, we incorporate a transient flow regime analysis into
the horizontal well productivity equation.

An iterative process of modelling lead us to find that return permeability recovery is
very high at the beginning of the clean-up process while maintaining a slightly
increase at late times. The benefit of using ICD-Inflow Control Devices for clean-up
process compared to SAS-Stand Alone Screens is demonstrated by the evolution in
time of the return permeability at the toe, solving one of the most common concerns
in horizontal wells productivity.

This model can be used to determine the time it takes to obtain a certain value of
return permeability at the heel and toe of the horizontal section. Likewise, flow rate
sensitivity analysis can be performed to obtain the optimum clean-up flow rate for
the process. Its great advantage for the well planning stage lies on the fact that no
lab experiments needs to be performed and it can be used when no data from
production logging is available.
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1. Introduction

1.1. Background and Problem statement

Clean-up process of a well is a critical stage that determines and/or influence
productivity of the well, which indeed motivate this study. It is performed as the
start-up sequence once the well has been drilled and completed and consists
basically into cake removal around the wellbore and backflow of filtrate and debris
that cause nearby and reservoir damage.

Due to the increased areal exposure of horizontal wellbores to the reservoir section
compared to vertical wells, this clean-up stage is subsequently more extensive in
time, resources and complexity. In addition, permeable horizontal wells experience
increased pressure drop from heel to toe due to friction, which may affect the
effective drawdown applied to each part of the horizontal section. Irregular or
uneven drawdown across the horizontal section will lead to zones not been cleaned
up properly and consequently to less production.

Inflow control devices or ICD have been used since more than two decades as type
of completion for horizontal wells in order to balance the drawdown across the entire
section. So, by using them is claimed that clean-up process is improved and less
concerns are imposed to the productivity reduction as given by Al-Khelaiwi et al.,
(2009).

The objective of this project is to develop a model to simulate this phenomenon in
horizontal wells completed with inflow control devices by using Maximize software
(lab return permeability modeling) and NETool™ software (a micro-nodal analysis
tool that integrates reservoir properties and completion architecture in the wellbore
vicinity) incorporating segmented, time-dependent skin analysis and transient flow to
improve results. The primary aim of the thesis is that the presented model will help
to understand and simulate the clean-up process for such wells under planning stage
where not production data neither lab data are available; and it could help to predict
how long it takes to obtain a given value of return permeability at the heel and the
toe sections, similarly it may benefit to evaluate the best cumulative flow values to
be used during clean-up stage, and furthermore improve productivity.

1.2. Scope

The thesis scope is to purpose a hydraulic model to simulate the clean-up
phenomenon in ICD completions including fluid invasion and pore throat trapping as
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mainly contributors to formation damage. It is important to mention that emulsions,
clay swelling, phase trapping, wettability effects, chemical adsorption and biological
activities are also contributing factors for this process as given by Civan, (2007, pp.
5-7); nevertheless they are not covered under this study. Similarly, ICD are also used
into heterogeneous reservoirs to balance zonal drawdowns, where high permeable
zones are cleaned up preferentially. However, the study is more focused into ICD
utilization to offset heel to toe effect on isotropic reservoirs.

1.3. Outline of the Chapters

This project is mainly structured as follow:

= Literature revision about formation damage and clean-up process, dynamic
filtration and return permeability modeling in “Maximize” software tool, as well
as ICD definition, classification and benefits. It also includes Joshi horizontal
well productivity model, transient flow and physics behind the micro-nodal
analysis, all topics covered in Chapter 2.

= Simulations and results are covered in Chapter 3. It starts with an explanation
of the modeling process structure or in other words, the methodology adopted
to develop this model, then the initial model set up, adjustment to transient
flow, ICD model and nozzle design. Furthermore, it shows the return
permeability simulation and final influx estimation comparing initial model and
ICD model.

= Discussions of basic and final model results are covered in Chapter 4. It also
includes the benefits and application of the proposed model.

= Conclusion and recommendations are covered in Chapter 5.

In the preparative work, a very long horizontal well is defined. Well geometry and
reservoir properties are stablished for this particular well. Structure of the study is
based on an initial model of a stand-alone screen completion or SAS until model is
adjusted for transient flow. A skin model is then incorporated into the initial model
and escalated to an inflow control devices or ICD completion. Sensitivities studies are
performed in order to optimize the model and analyze results.

NETool™ software (Halliburton) is used to simulate influx in the wellbore by coupling
fluid flow through porous media and hydraulic flow into nozzle type ICD completion
architecture. This detailed micro-nodal analysis benefits to study the Clean-Up
process by establishing segmented skin and formation damage and analyzing
wellbore inflow when using ICD completions.
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Maximize software (IRIS — International Research Institute of Stavanger) is used to
simulate return permeability experiments from lab and then upscale them to the field
case to evaluate clean-up. Its output is used as input for NETool™ simulation of the
influx rate and cleans-up processes.
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2. Modeling the Clean-up process on ICD completions

In this chapter the main literature and mathematical formulations used in the model
are presented. They cover three main topics: formation damage and well clean-up,
ICD or inflow control devices physics and finally transient flow. The two software
general mathematical models used develop the project are also covered in the
chapter.

2.1. Formation damage and Well Clean-Up basic theory

Well clean-up process corresponds to the stage of drilling debris removal including
drilling fluids, filtrate and mud cake coming out of the formation while production is
started on a well, as defined by Schlumberger oilfield glossary, (2016). During drilling
and completion stage, mud filtrate penetrates the formation causing formation
damage or reduction in permeability in the wellbore vicinity. Mud cake is built up
around the wellbore creating an impermeable layer that regulate the invasion of the
filtrate. Fluids contents solids are designed to bridge the formation and reduce
invasion. Figure 1 adapted from Bellarby, (2009, p. 44) shows the internal and
external cake caused by particles, in which particle size is compared to pore throat
size.

@Mwm

1 1 1 1
< > 3 Pore throat |7 to 3 Pore throat | < 7 Pore throat >

Form external cake
Easy to back produce

Form internal cake | Pass through formation
PLUGGING tendency Easy to back produce

Figure 1. Solid particles size and plugging tendency (adapted from Bellarby, 2009)
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It is suggested that particles sizes between 1/7 to 1/3 of the pore throat size have a
plugging tendency and are difficult to back produce. During well clean-up process we
aim to remove the internal and external cake across formation.

Removal of the internal filter cake and external cake is done by producing the well at
specific rates during first well flow or well testing period, being the latest a very
frequent stage in exploratory and new wells. External filter cake experience a lift-off
pressure that needs to be offset by the zonal drawdown pressure. These effects will
define the effective or poor clean-up process of specific zone across the horizontal
section, and then, the productivity of well according to Bellarby, (2009, p. 43). Other
models consider flow rate and local velocity as clean-up contributors as mentioned
by Egerman et al., (2002).

One of the main concerns in high permeable horizontal wells, and generally speaking
in most of horizontal wells, is the limited production through the entire horizontal
section. In other words, parts of the horizontal section do not flow at all due to cake
lift-off pressure being higher than the sectional drawdown. As mentioned previously,
frictional pressure drop along wellbore and high influx due to high permeability
aggravate it and create irregular flow contribution for isotropic cases, leading to a
poorer clean-up process at the toe as shown in Figure 2 adapter from Bellarby,
(2009, p. 45). In the other hand, heterogeneous reservoirs have a tendency to better
clean-up in high permeable formations.

Difficult areas to e

push off filter cake o
\\d
o
Q;b
\\f_f N i*‘“"
&
- N «—
Toe
-\-
r
Qg\& Preferentially clean up Non preferentially clean up

o

~§>°° (Frictional Dp, < Velocities)

Figure 2. Clean-up in high permeable horizontal sections (Bellarby, 2009)

Before analyzing clean-up process, the formation damage is mainly established in the
model due to dynamic filtration during drilling, and then the return permeability is
chosen as the key parameter to obtain an efficient clean-up process after the well is
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flow back during production. So, these two factors are chosen into the model as they
are the main quantitative and qualitative contributors to formation damage and
clean-up process of this particular case.

A more detailed analysis of the factors affecting the clean-up process additional to
the cake lift-off pressure mentioned by Bellarby, (2009) is presented in this project.

External cake lift-off pressure is different to the FIP-Flow initiation pressure. The lift
off pressure is more related to the pressure need to remove the cake, while the FIP
depends on solids invasion according to Suri & Sharma, (2005). External filter cake
and FIP-flow initiation pressure are another parameters used to evaluate clean-up
process, however is well reported that external cake has not role in the flow initiation
pressure neither in the return permeability as given by Suri & Sharma, (2005, pp. 11-
17). FIP has more influence in low permeability formations (<10 mD) as given by
David et al., (2014) and it represents a very short time in the transient flow period of
clean-up, so it is not the case of our study which include later periods and higher
permeability formations.

Our main focus are the dynamic filtration and solids invasion as formation damage
factors in order to estimate the reduction in permeability, then we analyze the
improvement of the permeability during flow back considering the cumulative flow
that pass over an specific surface area as given by Ding et al., (2002) and Lohne et
al., (2010). It represents a clean-up model that considers the amount of fluid
produced in a specific area (cumulative influx rate/area) of the well rather than only
the differential pressure to lift the cake as considered by other mentioned models. It
is important to mention that flow rate only accelerate or decelerate the process,
while the cumulative flow represents the efficiency of the clean-up process.

The model uses formation damage and return permeability simulator that mimics the
lab experiments, and it is called Maximize software tool. It is combined with the near
wellbore flow simulation across horizontal well using NETool™ software. This project
analyze clean-up process using internal filter cakes by defining skin factor from
invasion depth and damage permeability ratio, and they are better covered in the
simulation method described in Chapter 3.1

2.1.1. Formation damage: dynamic filtration during drilling

Formation damage is defined by Bennion, (1999) as “The impairment of the
invisible, by the inevitable and uncontrollable, resulting in an indeterminate reduction
of the unquantifiable”. It clearly states the complexity to quantify and represent
formation damage. In our case, dynamic filtration is the main formation damage
contributor.
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Dynamic filtration of the fluid into the formation causing a radius of invasion and
pore throat trapping due to particle sizes are covered in this project to represent the
damage zone. Return permeability values from laboratory experiments are evaluated
dynamically to model the clean-up efficiency.

During drilling, mud filtrate invades the porous formation while forming a filter cake
at the wellbore face. Initially, spurt losses are experienced into the formation until
particles sizes accumulate in front of the wellbore to form a filter cake. In no
circulating conditions, only static losses invade a short radial distance in the wellbore.
Yet, during circulating periods or dynamic conditions the filtrate invade a higher
distance in the wellbore causing an increased damage zone. Filtration stages are
modeled by Equation 1 that represents the accumulated dynamic filtration volumes
as given by van der Zwaag et al., (2012).

Vg =Vip + AVE+B.t
( )
Y
Static filtration

Equation 1, Dynamic filtration

Where,

V4 = Dynamic filtration
Vsp = Spurt losses

A,B — Coefficients

t - Time

A semi-empirical mathematical model for estimate invasion rate and invasion depth
was introduced by Breitmeier et al., (1989) in a basic leaky piston form as shown in
Equation 2. This method allows us to relate the dynamic filtration volume and the
radius of invasion to determine the damage zone extension along the horizontal
wellbore length as it is better explained next chapter in results section. If we know
the losses in the well, we can estimate the dynamic fluid filtration and radius of
invasion.

0,5

2,
T = {r‘,ﬁ + Q)ngmdt}
L

Equation 2, Radius of invasion
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Where,

1; = Radius of invasion

1, = Wellbore radius

@ — Porosity

S; = Average filtrate saturation

C,, — Filtrate flux or mud cake constant

2.1.2. Clean-up: Return permeability

Return permeability (Kretun) is defined as the ratio of the final formation
permeability kg over initial formation permeability k, after oil is flushed back
(kreturn=Kk4/K). It is key parameter to evaluate clean-up process efficiency. The final
formation permeability kg can also be interpreted as the damage permeability at
certain moment. The return permeability then, varies from 0 to 1. Today, this value
is mainly obtained after various lab experiments. In general terms, mud particles
invade the formation causing a reduction in permeability called damage permeability.
Main purpose of a good clean-up is to reach the return permeability in an efficient
manner and in short time as reasonable possible. During filtration, mud particles are
trapped into the formation pore throat or filter cake depending of particles size and
filter cake permeability. Pore throat trapping and pore lining retention are considered
two physical factors for particle accumulation during filtration process as given by
Lohne et al., (2010). Equation 3 summarizes the trapping rate for every particle size.
We do focus our analysis on pore throat trapping as main contributor of the effect.

do;

E = AiCiu

Equation 3, Trapping rate

Where,

i = Subcomponent, each particle size
A; = Detrapping term [1/Length]|

C; = Concentration of component i
u = Darcy velocity

In a dynamic process, mud particles of different sizes based on a particle size
distribution or PSD are transported into the formation pore throats after spurt losses,
and then a filter cake is built up at wellbore surface. Looking at this process in time
steps, the pore throats get smaller as particles are deposited and similarly the filter
cake permeability and porosity change due to deposition of large particles size. This
process is modeled using Equation 4 as given by Lohne et al., (2010). It is called the
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Carman-Kozeny approach that includes the properties of trapped particles through
specific surface area and relate permeability to porosity simulating porous media as
bundle of tubes. Smaller particles (mainly polymer components) are allowed to pass
through the filter cake and reduced formation pore throat. This process forms the
called external filter cake and the internal filter cake. During drilling and fluid
circulation the filter cake is constantly eroded and refilled, so filter cake remains
almost in few millimeters of thickness while the invasion of particles and losses
increase during drilling and fluid circulation.

¢3
~ 2t(1— $)%(S,)?

k

Equation 4, Permeability (Carman-Kozeny)

Where,

k — Permeability

¢ — Porosity

T — Tortuosity, ef fective flow path

S, = Specific surface area, for spheres: 6/D,,
D, — Particle diameter

The bundle of tubes approach used by Carman-Kozeny considers the specific surface
area (surface to volume ratio) of each component (particle size) and includes the
effective pore diameter as shown in Equation 5. Combining Equation 3, 4 and 5 at
different time steps we can obtain the permeability change in time during damage
and backflow.

Equation 5, Effective pore diameter

Where,

Dy — Tube diameter, all tubes have same diameter

It is important to mention that clean-up efficiency can be evaluated from different
factors similarly to the diverse numbers of elements causing formation damage, for
instance: relative permeability Kr, flow initiation pressure or cake lift-off as given by
Rana & Sharma, (2001) and Zain & Sharma, (2001). Our analysis is based on return
permeability as a holistic factor, and through the model we do simulate lab
experiments for better interpretation. Others damage mechanisms and clean-up
factors are out of scope in this project.
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2.1.3. Clean-up: Return permeability decay function

Similarly Han et al., (2005) presented a simplified profile for return permeability
based on a dimensionless invasion depth for cores analysis. An exponential decay
function described in Equation 6 is used for this purpose, and it is presented in this
project to compare the lab experimental simulations. Coefficients a and b are
obtained from laboratory experiments if at least two pressure measurements are
known. An average of this simplified function is estimated integrating the decay
function and it corresponds to an input being used for NETool™ simulations.

RP, =1—ae ™

Equation 6, Return permeability decay function

Where,

RP, — Return permeability as function of x
a — Coefficient,damage at mud surface due to invasion
b - Coefficient, distribution of damage

x
x = Dimensionless invasion depth (—)
core

An interesting similarity of the return permeability is found between the current
model and the decay function and it is better covered in the discussion chapter.

2.1.4. “Maximize” software tool

A simulation tool called “Maximize” from IRIS-International Research Institute of
Stavanger developed by Lohne et al.,, (2010) is used to evaluate particle
transportation during return permeability simulations of laboratory experiments, and
it is used as input for the NETool™ software simulation to distinguish influx rate
evolution while return permeability change in time, starting at initial damage
permeability (after drilling, before clean-up) until complete flow back (after clean-

up).

The tool can simulate: filter cake build up under static and dynamic conditions, fluid
loss in linear and radial geometry, transport of solids and pore throat plugging,
salinity effects and multi-component water base mud. We do focus the study on
return permeability evolution in time due to transport of solids, and we upscale
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values from lab to field in order to match the evaluation of influx rate and clean-up
process.

How it works? The core is represented in grid blocks and solution is moving forward
in time by solving changes in time step. IMPES method (implicit pressure, explicit
saturation) is used to solve the pressure equation in the flow model. Dissolved and
dispersed components of the mud are defined, as well as particle size of solids,
polymer properties and formation properties. Boundary conditions are stablished for
the outputs.

What does the software model? The filter cake model is based on dynamic filtration
and it also uses the Equation 1. Solids and polymers are both analyzed. In polymers,
their effects on fluid viscosity and polymer sizes may affect dynamic filtration. In
solids, two mechanisms are added into the filter cake model: de-attachment and
erosion. Cake permeability model is based on Equation 4 and 5, while compressibility
effect is integrated into the calculation. One of the important parameters that is of
our focus is particle retention in the formation. It is based on Equation 3 and it
covers two mechanism of particle retention: pore throat trapping and pore lining
retention. Main focus is on pore throat trapping as higher contributor to the retention
effect. Exchange cations are analyzed in the salinity and clay swelling model that
affect the pore volume available for flow.

What kind of output is delivered? Diverse scenarios can be analyzed like: polymer
particle accumulation in time, phase relative permeability evolution in time, pore
volume injected, cake permeability and porosity evolution in time, and so on. We do
concentrate our results in the evolution of return permeability at different time steps
during flow back. As mentioned previously, those values of return permeability are
inputs in NETool™ to simulate and evaluate influx rate/area.

Two methods are used to compute permeability reduction in time over the damage
zone:

a) Effective harmonic average between cake permeability and the original
permeability of the rock.

b) First, pore throat permeability is calculated based on a fraction of total pore
space. Then a specific surface area (Volume/Area) is estimated for each solid
and polymer particle based on Equation 4. Finally, porosity is corrected due to
deposited material and new permeability is calculated based on surface area
and corrected porosity. An effective harmonic average within the original
permeability of the rock, determine the final permeability reduction as
described by Equation 7, 8, 9 and 10 following an iterative routine.
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Q)pore throat = 9 (1 - %T-Iﬂs) SO _So(1-®)a+(Sosos+Sopop)®
pt= (1-®)a+(os+ap)®
Equation 7, Pore throat porosity Equation 8, Specific surface
a 1-a] ! os+0p
keff = m +T a= max(fpt,l_—@ic)
Equation 9, Effective permeability Equation 10, Coefficient a

Where,

¢ — Porosity

o = Trapped material

So = Specific surface area, for spheres: 6/D,,
a— o5 — Up/ (1 - (Z)internal cake)

kpt((z)ptSo pt) — Permeability based on Equation 4

f = Modification factor
p:polymer, s:solids, pt:pore throat, ic:internal cake

This is mainly the model that the software uses and we will not present details of the
mathematical approach. A more systematic methodology of the software can be
found as given by Lohne et al., (2010).

The advantage of using this simulation tool into the model can be summarized as
follow:

» Integrate lab experiments for different fluid properties

» It models variation of fluid losses and return permeability in time

= |Incorporate particle trapping and filtration mechanism to define damage

»= Main variables or output are modeled in time and pore volume.

= We can integrate data from lab experiments into an influx simulator to upscale
it to field conditions. It adds value due to the limitations to perform real lab
experiments and the associated requirements.
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2.2. 1CD basic theory
2.2.1. ICD definition and flow path

Inflow control devices or ICD are a type of completion tubular or equipment
commonly used in horizontal wells on todays. In general terms, we can describe
them as a screen having a close inflow path that diverge the entire flow through only
a small area in order to induce a pressure drop inside the tool. It is important to
mention that not all ICD in the market have a filter media (or screen) around it, but
the use of no filter media-ICD type is very limited to consolidated formations.

Similarly to a screen joint, which have a base pipe as the central structure, it also has
a filter media, drain layer and protective shroud. From the manufacturing point of
view, screen joints have a perforated base pipe (in which no considerable pressure
drop is generated) while inflow control devices have a non-perforated base pipe and
instead a “choke module” wherein flow is diverted as shown in Figure 3 taken from
Aadnoy & Hareland, (2009), creating a favorable pressure drop.

Into ICD
Module

;:rr.gggh o +— 4+— 4— +— +— Pointofentry
LA AL
" lll—rl—IL—n—In—rr-rr—m

T T i - P P

Nozzle Filter

Figure 3. Inflow control device, ICD (Aadnoy & Hareland, 2009)

Flow coming from reservoir arrives to the inflow control device radially entering the
protective shroud (small red arrows in Figure 3), and then it continuous radially until
the filter media where sand control production is restricted. Clean production fluid
travels now in axial direction to the ICD module located at the end of the joint. Very
fine particles are allowed to flow within the fluid phase as part of the sand control
design, so plugging is avoided as particles would not be able to bridge into the
restricted area. Once the reservoir fluid arrives to ICD module, it is diverted into the
restricted area (< 4 mm) that can be a small tube, nozzle, plate, helical path and so
on.
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A pressure drop is generated in this module and intrinsically transmitted to the
reservoir section. Finally flow pass thought the ICD joint restricted area to the inner
part of the completion, traveling up to the top of the well via the tubing. A well is
completed using many ICD joints and each joint has its own restricted area. Often,
segmented compartments are designed into the horizontal section by using packers,
so more radial flow is induced into the completion and less annular axial flow is
allowed.

Inflow control devices have mainly uses in horizontal wells or highly deviated wells to
counteract against heel to toe effect, coning/cresting phenomenon as well as uneven
drawdown across entire horizontal section. Different flow geometries are used by
service companies like Schlumberger, Halliburton, Baker Hughes, Weatherford,
Tendeka, Inflow Control and so on in order to generate the desired pressure drop.

2.2.2. 1CD classification and benefits

Previous master thesis projects at UiS have covered an extensive literature of the
different types of inflow control devices. Bensnes Torbergsen & Aadnoy, (2010, p.
22) classify them as helical, orifice (nozzle), tube and hybrid types belonging to the
passive ICD type. Kasa et al., (2011, pp. 13-16) and Gimre & Aadnoy, (2012, p. 26)
incorporate description of the active ICD type or commercially known as autonomous
or self-adjusting inflow control devices, in which RCP (rate controlled production),
Equiflow autonomous, Bench AFD and autonomous inflow control valves are
included.

Figure 4 shows the main types of the ICD: passive and active type. The first type,
called passive ICD is described as static or constant area restriction that is installed in
the completion and remains the same until it is removed.

Dynamic inflow control devices are also a type of passive ICD that incorporates
special features for “shift to purpose” by using well intervention (slickline, coiled
tubing, wireline, joint pipe). “Shift to purpose” means the ICD module have extra
flow paths for fluid injection, fully production, secondary nozzle type or standard on-
off choices to isolate one zone or compartment as given by Absolute Completion
Technologies - Inflow control , (2016). It can also incorporate dissolvable ball valves
as given by Schlumberger - Inflow control devices, (2016).

In the other hand, active inflow control devices have a variable area restriction that
self-regulate or adapt to changes in reservoir pressure or type of fluid flowing
thought it as described by Al-Kadem et al., (2015). Use of inflow control devices as
part of completion design benefits for equalizing the desired pressure drop along the
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entire horizontal section, delaying water breakthrough, reducing coning/cresting
effects, benefiting the toe part of the well and counteracting heterogeneous influx
due to frictional pressure drop and permeability variances. Physical principle of nozzle
type ICD is discussed in next chapter.

There are other flow control devices categorized mainly as flow control valves that
also graduate a downhole choking area. They are activated from surface via
hydraulic control lines and they correspond to the main component of smart
completions. Passive ICD nozzle type is the basic design used for analysis in this
project. Next chapter presents a comprehensive approach of ICD physics.

PASSIVE ICD
Nozzle type Orifice type Helical type
e

Jones (2009) Augustine (2002)

Hybrid type

Least (2014)

Garcia (2014)

PASSIVE ICD

[Special features] o
Nozzle type (with dissolvable ball valve) Nozzle type (with Shifting sleeve)

During washdown

’ !H

Absolutect.com
Slb.com

AUTONOMOUS/ACTIVE ICD

AICD - Fluidic diode type RCP - Rate controlled Production AICV - Autonomous ICV

Al-Kadem (2015) s | :
Halvorsen (2012) Mathiesen (2014)

Figure 4. Inflow control devices classification
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2.2.3. ICD physics

The key parameter regarding of inflow control devices is the generated pressure
drop inside the tool and it is governed by the Bernoulli's principle applied to
incompressible fluids (V2/2 + gz + P/p=constant) relating velocity v, gravity g, height
Z, pressure P and density p. Pressure drop is calculated as follow:

_pvt_ pQ* 8pQ°
T 202 242 . (C2 m2Di

valve valve

AP 2

Equation 11, Nozzle pressure drop

Where, Equation 11 represents pressure drop through an orifice or nozzle:

AP — Pressure drop across orifice

p — Average fluid density

V - Fluid velocity through orifice
Q - Fluid flow rate through orifice
A — Area of orifice

D — Diameter of orifice

C — Flow coefficient

Flow coefficient is derived for a single orifice and corresponds to:

Cp 1 here § D,
—————=——............Where f = —
J1—p% VK Dy

Equation 12, Flow coefficient

C =

Where:

Cp — Discharge coef ficient
K — Pressure drop coef ficient

n

Passive ICD follow the principle of dp ~ ¢ while autonomous ICD uses dp ~ q
where 3 < n < 5, as mentioned in Landmark NETool Technical Manual, (2014). The
smaller the nozzle size the higher is the pressure drop. Different types of ICD use
specific equations for particular flow path geometry. For instance, tube or tubular
type ICD includes friction factor and minor loss coefficients within tubes and ICD
channel type includes same parameters through the channel. Spiral flow path type is
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classified experimentally by density and viscosity ranges. Nozzle type is used in this
analysis and Equation 11 and 12 describe the pressure drop model. Physics behind
other non-nozzle type ICD is out of scope in this analysis and it can be accessible
through previously mentioned vendors and their specific models.

An inflow control device may have many nozzles and its corresponding total pressure
drop per joint. Equation 11 and Equation 12 are applied to each nozzle and summed
up for each joint. Frequently, the horizontal section of the well is compartmentalized
by installing isolation packers. Each compartment can contain one or many ICD
joints. The desired pressure drop for a specific compartment (or specific ICD joint) is
then calculated until balance the frictional pressure drop, and it is better explained in
Chapter 2.5. ICD nozzle pressure drop is designed in such way that frictional
pressure drop inside tubing is coupled with reservoir pressure drop. Special drainage
areas and horizontal well productivity models describe the pressure drop or
drawdown between reservoir and wellbore, and they are better describe in next
section.

2.3. Horizontal well productivity, Joshi Model

Why is the horizontal well productivity model important? Answer to this question is
the motivation of the current project in which we look for a model to improve clean-
up in horizontal wells, removing skin factor smartly and totally along horizontal
section. So, incorporating skin factor into well productivity model help us to study
clean-up process on ICD completions. Skin is then included by defining return
permeability values at specific segment of the well. Some of the horizontal well
productivity models in the literature are: Joshi, (1988) assuming infinitive
conductivity; Babu & Odeh, (1989) assuming uniform flux; Economides, & Frick,
(1996) assuming also infinitive conductivity and applicable to multilaterals wells on
same plane, and so on for each specific case. They are derived assuming different
assumptions, so they are not directly comparable.

In this project, fluid flow from reservoir to a horizontal wellbore is modeled based on
Joshi, (1988). Model is established using potential fluid theory, it means that
pressure response is compared with an electrical analog and experiments were
conducted to validate the model. Joshi model is highly acceptable and accurate in
horizontal well productivity calculations on todays. For cases under its boundary
conditions and assumptions, it reflects infinitive conductivity or negligible pressure
drop at wellbore. NETool™ software also incorporates it into the micro-nodal
analysis, so those are reasons to choose this model for the project.
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Conventional vertical well drains according to a circular cylinder while horizontal well
drains according to an ellipsoid as stated in Joshi model and shown in Figure 5. It
describes the pressure function (hyperbolic) in ellipses representing constant
pressure (dashed line in Figure 6) while flow velocity function (trigonometric) is
presented as hyperbolas (blue arrows in Figure 6). Both are compared and a solution
is found to describe the analogy of potential function vs. pressure as described in
Equation 13.

2ry,

Figure 5. Drainage volume: Vertical well (left) & Horizontal well (right)

w(z) =0+ i¥ = cos™?! (%)

Equation 13, Potential function

The general equation is then solved establishing boundary conditions to a well of
length L, assuming the well located along x axis. In this equation the potential
function g is the same as pressure P. This represents the principle of potential fluid
theory.

Where:

z-oz=x+1y

¢ — Pressure function

Y — Flow velocity function

Ar — Half horizontal well lenght
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To calculate the horizontal well production, Laplace equation V2A=0is solved in 3D
space. In order to simplify it, a 2D analysis is performed assuming oil flow into a
horizontal well, in a horizontal plane and vertical plane separately as shown in Figure
6. Pressure distribution within the reservoir is obtained under assumption of constant
pressure at the drainage boundary and wellbore. Darcy’s law (Q=KA/u oP/JL) is used
to estimate the oil production rates using the previous calculated pressure
distribution.
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Figure 6. Horizontal well drainage, 2D simplified solution

Applying potential fluid theory for pressure distribution into a horizontal well in a
horizontal plane we obtain Equation 14.
2k, AP /uB,

a++a?—(L/2)?
ln< L2 )

q1 =

Equation 14, Horizontal plane production rate

Likewise, using potential fluid theory for pressure distribution into a horizontal well in
a vertical plane we obtain Equation 15.

_ 2mKr,AP/uB,
2= " h/2r,)

Equation 15, Vertical plane production rate
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Where:

q1 — Flow rate in horizontal plane

q; — Flow rate in vertical plane

k, — Permeability

AP — Pressure drop

U = Fluid viscosity

B, — Volumetric factor

a — Half major axis — drainage ellipse
L - Horizontal well length

h — Reservoir height

1, — Wellbore radius

Horizontal well productivity (g) is calculated adding flow rate in horizontal and
vertical planes. Likewise, the terms vertical and horizontal flow resistances are
incorporated using an electrical analog concept, resulting in Equation 16.

2nk,hAP/uB,

qy =

2

\ J \ J
| |

Horizontal flow resistance Vertical flow resistance

| Ly?]
a+ . ja?— |5
1nl - G ‘+%ln(%)

Equation 16, Horizontal well production rate — Joshi model

Equation 16 is used to estimate horizontal well productivity for isotropic reservoirs,
considering a well located in the middle of the reservoir and non-skin damage
conditions.  Boundary conditions are limited to [L>h and L/2<0,9 rey These
conditions are evaluated and validated in the current model and they are well
covered in Chapter 4. Horizontal well drainage radius 7.y is found equating areas of
ellipse and circle getting Equation 17.

Tey = Vab
Equation 17, Drainage radius

Where,

a — Half major axis — drainage ellipse
b — Half minor axis — drainage ellipse
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Analyzing values of (@) and (b) in previous Figure 6, one can determine + L/2 and —
L/2 represent foci of a drainage ellipse. Similarly, s,y can be estimated as per
Equation 18 as given by Aasen, (2016).

Ten = a[1 — (L/2a)*]'/*

Equation 18, Drainage radius — Ellipse

For boundary conditions of L/2a < 0.5, it corresponds to 7.y = a, and geometrical
factors can be stablished. Table 1 lists the main geometrical relationships. The
inverse of L/2a is used in the proposed model, so in Chapter 3 the results shows the
validity of the model while maintaining proportionality of data in Table 1.

Table 1. Geometric factors for Joshi model

Geometric Factors — Joshi Model
L/2rey L/2a L/rey
0,1 0,0998 1,002
0,2 0,198 1,010
0,3 0,293 1,024
0,4 0,384 1,042
0,5 0,470 1,064
0,6 0,549 1,093
0,7 0,620 1,129
0,8 0,683 1,171
0,9 0,739 1,218

Influence of anisotropy incorporates the terms g into the Equation 16 resulting in
Equation 19. Usually vertical permeability is less than horizontal permeability for
many reservoir formations. In horizontal wells, high vertical permeability is an
important factor for increasing productivity. So, if vertical permeability is affected or
lower, vertical flow resistance increase (right term in denominator of Equation 16)
and production (gy) is affected. Equation 19 is valid for L>fh.

2k hAP/uB,

qn =

2
ln{a i az— (%) ] +%ln(%)
2

Equation 19, Horizontal well production - Anisotropy
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Where,

B = ikn/k, — Anisotropy coef ficient
k, — Horizontal permeability
k, = Vertical permeability

Skin factor also affects horizontal well productivity. Negative skin value gives higher
production and increasing positive skin values its opposed effect. r,e represents the
effective wellbore diameter, which increase or decrease due to skin factor (S) as
shown in Equation 20 (upper formula). It denotes an imaginary wellbore diameter
affected by near wellbore skin. Rewriting rye in terms of horizontal drainage radius
rey, We obtain Equation 20 (lower formula). In horizontal wells, similar to vertical
wells, production rates increase when effective wellbore radius (7,¢) is increased.

Twe = Ty

Ter (L/Z)

e a[1 + 1= (L/2a)?][h/2r,]M"

Equation 20, Effective wellbore radius

w

Bellarby, (2009, p. 34) defines the horizontal skin Sy, derived from Joshi model as
follow:

Sh=ln

a+ a2 —(L/2)?| ph. [ph 205\ 2 T,
(L/2) ]+Tm[ﬁ<1_ﬁ) l_ln(_)

TW
Equation 21, Horizontal skin
Where,

s — distance to mid height

The term ¢ introduces well eccentricity effect into the skin factor, which in turn, also
affect the horizontal well production in Equation 16. Hence, in conclusion the
anisotropy, skin and eccentricity affect the horizontal well productivity in the Joshi
model. These mathematical approach will be used in the analytical model describe in
the results covered in Chapter 3.

Clean-up process is a transient flow period happening at production start-up. Next
chapter presents the main flow regimes and transient pressure for horizontal wells.
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2.4. Transient flow in horizontal wells

In general, flow through porous media as described in the diffusivity equation can
be analyzed in three different states or periods: Unsteady or transient flow, pseudo
steady state and steady state. Clean-up process is an unsteady or transient state and
it means that pressure change with time is different at different locations. This
project is concentrated in transient flow, so mathematical formulation is only
presented for this period.

Pressure transient characteristics are mainly affected by isotropic or anisotropic ratio
(k/kp), formation thickness and well length as given by Kamal, (2009). Horizontal
wells exhibit complex flow regimes. Three flow regimes are identified during infinite-
acting period as shown in Figure 7: early radial flow (ERF), intermediate linear flow
(/ILF) and late radial flow (LRF) also known as pseudo radial. Extra flow regimes are
included by other authors as given by Kuchuk, (1995); for instance hemi radial flow
which appears when well is not centered in the reservoir vertical boundaries. For the
purpose of the thesis we do consider the main three groups.

The question arises now is: Why do we need a transient flow equation? In order to
adjust the steady state period simulated by NETool™ software, a pressure transient
analysis is performed to identify the flow regime of the current well conditions.
Usually the clean-up process happens at intermediate linear flow or late radial flow
depending mainly on the well length. So, by determining the current flow regime
boundaries, the reservoir width of the Joshi PI model in NETool™ is exactly matched
for any particular time step. Streamlines or flow velocity functions (blue arrows from
Figure 6) in the Joshi model match with streamlines at LRF in Figure 7, so our model
is mainly focused on late radial flow.

6_P
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ERF - Early radial flow ILF - Intermediate linear flow LRF - Late radial flow

Figure 7. Horizontal well flow regimes
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Pressure transient models usually assume uniform flux or infinitive conductivity.
Based on the statement that pressure drop inside the wellbore is small compared to
the pressure drop in the reservoir, the infinitive conductivity model matches the
assumption as given by Ozkan & Raghavan, (1995) and it is presented in Equation
22 for LRF - Late radial flow. It could also lead to consider negligible pressure drop
at wellbore, which also fit into previous Joshi model for horizontal well productivity,
making this study to be founded under same period and wellbore conductivity.
Equation 22 describes the pressure transient model for horizontal wells in terms of
dimensionless variables (upper formula), and well flowing pressure difference (lower
formula).

k 1 12 Jkk
= Pup ~ 5 lln (tD Dz—;y + 0.80907>l +S,
T

wD™z

_ 162.6qBu VEkxky

AP, = ———2"(logt +log 2 —2—
i ﬂ/khkyh< LT T

Equation 22, LRF pressure transient

—3.23+ 0.87Sa>

Where,

k — Permeability, [mD]

k, — Permeability in x direction, [mD]
k, — Permeability iny direction, [mD]
k, — Vertical permeability [mD]

P,p — Dimensionless pressure

tp = Dimensionless time

L, - Dimensionless lenght

wp — Dimensionless wellbore radius
Sq = Apparent skin

AP, s — Pressure drop, [psi]

q — Flow rate, (bpd)

B - Volumetric factor, [bbl/STB]

u — Viscosity, [cP]

h — Reservoir thickness, [ft]

Tweq — Wellbore radius, [ft]

t - Time, [hr]

Equation 22 is very important for analysis in this project and it is widely used to
match and adjust steady state results from NETool™ software into transient flow. It
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is better explained in Chapter 3, where results are presented. Boundary conditions
are imposed to pressure transient solution in time scales as follow:

988pC,uL} 2.5150C,uh?
k, k,

thax{

Equation 23, LRF Time limit in pressure transient

Hence, the maximum value between both statements is used as the time late radial
flow start in the transient pressure scenario. The term S, or apparent skin in
Equation 22 is determined from pseudo skin concept using Equation 24.

Sa=S,+ |—S

zZ

Equation 24, Apparent skin
Where,

S - Formation damage
Sy — Pseudo skin

kzﬂ@@@

Pseudo skin is basically defined as the difference between dimensionless pressure of
horizontal and vertical wells after onset of later radial flow. Besson, (1990) presents
the following correlation to estimate S, as stated in Equation 25. It applies when
[(k/kLy)*°/h] = 0.4

Equation 25, Pseudo skin - LRF

Where,

Sp — Pseudo skin
kzﬂ@@@
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k, = Vertical permeability, mD
L, = Horizontal lenght, m

h — Reservoir height,m

Z,, — Distance to mid height,m

Variables that are not mentioned correspond to same terms in Equation 22. Pressure
drop from pressure transient Equation 22 is equated to pressure drop from Joshi
model using Equation 16, thereby producing a formula that calculates the flow rate
as a function of reservoir parameters. The minimum boundaries in which each model
applies are stablished. Minimum time limits correspond to the time the LRF flow
regime start, and minimum time the Joshi model can be used as per boundary
conditions. Solution and results are better explained in Chapter 3. In cases ILF-
intermediate linear flow is considered, a maximum time limit needs to be included as
shown in Appendix section.

The reason for equating pressure transient and Joshi model is to estimate the
reservoir width needed for NETool™ software to calculate the drawdown. As
mentioned previously, NETool™ uses Joshi model to estimate horizontal well
productivity. Next chapter explain the simulation process and method that the
software uses to estimate it.

2.5. NETool™ software model and simulation method

NETool™ software (Landmark - Halliburton) is a micro-nodal analysis tool that
integrates reservoir properties and completion architecture in the wellbore vicinity.
The software is used to simulate influx and pressure drop in the horizontal wellbore
by coupling fluid flow through porous media and hydraulic flow into diverse types of
completion architecture. In our particular case, ICD nozzle type completion is the
main focus. Advantages of using this software for the present project are:

» |t couples fluid flow through porous media and flow through screen base pipe.
Usually, other tools can simulate them separately.

= |t is mainly designed to simulate horizontal wells flow.

= |t incorporates detailed completion architecture, for instance inflow control
devices and makes the structure of the completion compartmentalized type.

= |t integrates formation damage or skin as well as filter cake option around the
wellbore, which indeed help to study and model the clean-up process.

= Wellbore vicinity is defined using diverse layers and nodes.
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One of the drawbacks of the software’s model is the steady state only option. It
means that results are expressed as a snapshot of instantaneous occurrence in the
well at steady state period. It is solved by coupling Equation 16 and 22.

The software model can be described as follow: First, fluid flow through porous
media is modeled using transmissibility and mobility to define the productivity index
Pl (PI=Q/Ap) as Equation 26.

Q=M=*Tx*AP
Equation 26, Flow rate model

Where,

Q - Flow rate

M - Mobility

T - Transmissibility
AP — Pressure drop

Mobility represents ker/d or permeability over viscosity. The model have three
options to estimate mobility: using relative permeability curves k;, flow fraction or
manual definition.

Transmissibility represents k#A/u or mobility by thickness of reservoir. It can be
calculated using P/ model (productivity index model based on permeability), using
coefficients and skin value, and also manual definition of A/.

Secondly, hydraulic flow through completion architecture is modeled assuming all
phases travelling with same speed in form of a mixture (homogeneous mixture).
Laminar and turbulent flow are defined at annulus and in the tubing using friction
factor, then pressure gradient (dFP/dx) is calculated using Equation 27 as stated in
Landmark NETool Technical Manual, (2014).

dP pv?
dx ' 2D
Equation 27, Pressure gradient

Where,

f = Friction factor
p — Density

v = Velocity

D — Diameter
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Beggs & Brill model as well as LMK-1 model can be used for same purpose. Flow
through ICD nozzles is then modeled using Equation 11.

So the software model integrates the pressure drop from Equation 16 (porous
media), Equation 27 (pipe flow) and Equation 11 (ICD nozzle) along the reservoir to
surface path. In our case, the pressure drop through porous media follows the Joshi
Pl model and homogeneous mixture.

Simulation method is based on multilayer and nodes concept. As mentioned
previously, wellbore vicinity and completion is segmented using layers in radial
direction and length defined nodes along axial direction. Type of completion, and
consequently its detailed architecture is stablished in one of the four layers that
describe the wellbore as shown in Figure 9. Most external layer is casing liner; sand
control and inflow control are the inner layers while stinger and tubing are the inner
most layers. Inside each layer a flow path can be defined by using slotted liner,
perforated liner, screen, and ICD. Flow path can also be blocked by using blank pipe,
cemented liner or packer.

In order to model clean-up process, formation damage is stablished using segmented
skin values along the horizontal section (radial and axial direction). No filter cake is
defined around the screen layer in this project. Skin is internally calculated based on
Hawkins formula [S= (K/Kq — 1) Ln(rq/rw)] where S represents skin, K4 damage
permeability, ry damage radius, and r, wellbore radius. Based on the return
permeability simulation results (kq/k) obtained from “Maximize tool”, we define the
segments and damage permeability into NETool™.

This study basically defines the internal cake as formation damage base on return
permeability lab results, and a skin value is set for interpretation of the phenomenon.
Formation damage (skin and return permeability) removal in time is modeled as the
clean-up progress.
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3. Simulation and results

This chapter mainly shows the assumptions and results of the model simulations. It
is presented as five mainly steps of the methodology used to develop this project
thesis, and it is summarized in the modeling process structure explained next
chapter.

3.1. Modeling process structure

Let us start with the general explanation on how the problem statement is
analyzed. In the following Figure 8 the flow direction and simulation structure of the
current thesis is presented. We build a model and prove its benefits to solve the
mentioned problem. Five different main levels are defined as follow:

™
|

First, a well is defined in NETool ™ including reservoir properties and Pl model.

Second, completion architecture is defined for the same particular well. It is
characterized for a SAS-stand alone completion. All cases, including ICD completions
will be compared against SAS completion to validate the benefits of ICDs.

Third, adjustment of the initial model and results are performed. It basically includes
a transient solution evaluation to choose the reservoir width in a particular time step
(needed in the Joshi model). This procedure amends the drawback of NETool™
software from steady state to transient flow.

Fourth, we set the ICD completion and adjust it to transient flow as well. The best
nozzle size and distribution is estimated.

Fifth, formation damage is defined in NETool™ while simulating particle
transportation using “Maximize” software tool. It is used to establish a damage
permeability value and return permeability value. Radius of invasion is estimated
based on reported losses profile. Exponential decay function is also used as simplified
model of return permeability.

Finally, in the fifth level an iterative process is performed in NETool™ by permeability
variation from initial damage until final return permeability, considering the same
time step for reservoir width definition in the Joshi model. This is the key process
and added value for an interpretation of the clean-up process in a steady state
simulation. Cumulative flow or pore volume injected per area is the determining
parameter to check the progress of clean-up and its efficiency. Further detailed
results for each level are explained through Chapter 3.2 to Chapter 3.6.
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1. Well Definition Reservoir & Well Properties, Pl Model: Joshi

2. Completion : _
Type: SAS SAS: Stand Alone Completion

Define . SAS
cpe Adjust to Reservoir width o
3. Initial Model transient flow @ time col:::,rl:i;'f 4
(NETool-Joshi)
Adjust Model: : :ICD
4.1CD Completion | 110 Design ICD Completion
nozzl
Joshi model Lo Influx/L
5. Formation Simulate a fluid TE— NETool: Input
Damage & in Maximize. Determine r, & k, [N kd/l_< e\{olutlon
@ SAS and ICD Intime.
- o . stimate skin
Clean-up k_return vs. PV Estimate sk
Iterative Process: Simulate new fluid, different well
properties, new k_return vs. time, PV, compare new
Influx/L
Figure 8. Modeling process structure
Where:

i NETool Software simulation
. Excel calculations

i Maximize software simulation

Pl Productivity index Ky Damage Permeability
L Horizontal wellbore length K_return Return permeability
PV Pore volume K Formation permeability
r; Radius of invasion
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3.2. Well definition

A long horizontal well from the Norwegian continental shelf is chosen as the base
case. Public information of the Tyrihans reservoir properties, well characteristics,
drilling fluid components and dynamic losses are given by van der Zwaag et al.,
(2012). Table 2 and Figure 9 show the well configuration and reservoir properties.

Table 2. Well & Reservoir properties

Well Trajectory Reservoir Properties
Description Value Unit Description Value Unit
MD 7300 m Reservoir fluid Oil
TVD 3592 m Oil gravity 44,3 API
Open hole 8 ¥ in Gas gravity 0,81 Kg/Sm®
Inclination 90 deg Temperature 137 ®C
Azimuth 120 deg Pressure 353 bar
9 5/8” shoe 5200 m B, 1,5 Sm*Rm?®
Hz section 2100 m Lo, Oil viscosity 0,5 cP
First node 5200 m Q., Flow rate 1589,8 Sm®/d
Well segments 50 m each Thickness 35 m
Heel & Toe segments | 1 m each Ky, Hz permeability 600 mD
Kv/Ky 1
¢, Porosity 0,25
C,, Compressibility 1*10°® 1/psi

NETool uses 5 layers to define “Hole & Completion”

= Casing/Liner
i Sand Control
5= Inflow Control
o~ Stinger

— Tubing

81/2”OH @
7300 m MD (90°)

9 5/8" shoe @
5200 m MD (90°)

Figure 9. Horizontal well definition

Page 39 of 96



Clean-up of horizontal well using ICD

This well is used due to the extensive length and dynamic filtration exposure, making
ideal for formation damage analysis. In order to simplify the model, an isotropic
condition is established.

3.3. Completion type — SAS

Well architecture is defined as SAS-Stand Alone Screens. Formation roughness of
150um is defined for the 8 1/2” open hole. 6 5/8” base pipe generic premium
screens are used in the second layer defined by NETool™. 7,11” OD Screens with
5,92” ID and 15um pipe roughness correspond to the completion of the entire
horizontal section. Assumption is that no eccentricity is present in the completion
neither sand pack around screens. Note that for practical purposes no annular
isolation (open hole packers) is installed along the horizontal section due to initial
premise of isotropy formation. From operational point of view, the long horizontal
section could be divided into compartments to avoid annular flow and favor radial
flow; nevertheless for the purpose of this project we do not consider them. Similarly,
the blank section of the screens located at both ends (usually few feet for handling
purposes) are not considered, so the entire length of screens is assumed to allow
flow through it.

Figure 10 (bottom) shows the horizontal section completed with sand screens.
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Figure 10. SAS Completion — Pressure results
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50 m length segments are used to discretize the entire section. 1 m length segments
are used at the shoe and toe depths to neutralize flow limits effects. As mentioned
previously, NETool™ calculate flow and pressure from node to node starting from
reservoir through the five layers that define the hole and completion, until it reaches
surface. Software setup can be found in Appendix B.

Upper curve in Figure 10 shows a stable reservoir pressure of 353 bar. However, the
drawdown pressure (dashed ellipse) is higher at the heel compared to toe due to
reduction in tubing pressure caused by frictional losses of 0,22 bar. It will favor
higher influx at the heel. Note that annular and tubing pressures are almost identical
for SAS. It is important to mention the almost negligible effect of the pressure drop
across the screens (lower curve) due to the high open flow area, so completion do
not favor any stabilization of the drawdown neither influx rate.

In terms of oil influx rate per length, the higher pressure drop at heel increase the oil
influx rate per length (0,91 Sm®/d/m, dashed ellipse) causing a coning effect. Influx
rate is reduced at the toe to 0,70 Sm*/d/m as shown by Figure 11 (upper part).
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Figure 11. SAS Completion — Influx results

Page 41 of 96



Clean-up of horizontal well using ICD

These findings are the key initial value to be compared with results of ICD
completions and the inclusion of skin factor. In fact, influx rates per section are
improved by inflow control devices and it is better explained in Chapter 3.5

Before showing the ICD completion results, it is important to mention that influx
rates per length are obtained using the Joshi Pl Model, which needs the reservoir
width as important input. Figure 10 and 11 represents drawdown and influx rates at
5,75 hr (time step) assuming LRF flow, so reservoir width is 1921 m. Calculation
procedure for time step 15,90 hr is better explained in next Chapter 3.4.

3.4. Transient flow incorporated into Initial case

Clean-up effects might happen at ILF-Intermediate linear flow or LRF-Late radial
flow regimes. In short wells are common to find LRF regime covering the entire
effects of clean-up period. In some cases, it may need ILF in the beginning of the
clean-up and LRF towards the end.

In our project, clean-up effects are assumed to happen at LRF — late radial flow
due to very long well we are considering into. So, AP from pressure transient
Equation 22 is equated to AP from Joshi Pl or productivity index model (Equation
16 implicit in NETool™) in order to find the time at which LRF occurs as well as the
reservoir width. Why we do it? Idea is to find the exact time for better interpretation
of the transient period into a steady state simulator like NETool™. In other words, it
solves the drawback of the snapshot simulation provided by the software. Excel is
used for this calculation and be able to adjust the model. Equating both AP, we get:

162.6¢B JEk 2k, h B
#(logt +log———2——3.23 + O.87Sa> = 0 qu/_” 0
knk, DCLhny eq 2
2 _ (L)
a+ (a
| 2 | Ry
n L LGz
2

Kn Is equal to k, in our case, so it is reduced to k. For practical system units
purposes, the term 141.2 must be included as denominator in the left equation.
Rewriting the bold values in terms of 2a/L, and making A=2a/L, S=0, we get:

Kk
In(2 +VAZ=1) +2In(;-) = 1,15 logt + log——— — 3.23 + 0.87S,

Qct"rw,eq

\ T J
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The right term is called t, and equation is solved to obtain:

A+ VP =T) = " 1"Gw)
J

\ J
| |

\

LHS = RHS
Equation 28, Pressure transient adjustment

An iterative process is performed assuming a value of Lambda A from maximum and
minimum values in Table 1, until LHS-left hand side is the same as RHS- right hand
side of the Equation 28.

This approach has two boundaries conditions. First, the lower limit obtained using
Equation 23 and data from Table 2. It represents the time in which LRF works. The
second limit is related to the Joshi condition L,/2 < 0,90 rey, Where ry is calculated
based on Equation 18 and also Equation 23. It represents the limit to use the Joshi
productivity model. So, basically the assumption of Lambda A value should be
assumed between the two limits.

Assuming Lambda A = 2,018 (time step 15,9 hr) we obtain S,=-8,42 using
Equation 25, t=1,41; LHS = RHS = 3,77. Replacing it we get: a, r.» and b for Joshi
model:

_AxL 2,018 %2100

a= > = 5 =2118,5m
1/4
2100 2
— _ 211/4 — _ _ —
Ty = a1l — (L/2a)?] 2118,5 [1 (2 *2118'5) l 19742 m

Using Equation 17 about the drainage radius, we get b as follow:

b=+ a%—(L/2)? =+/2118,52 — (2100/2)2 = 1840 m

Values of a and b represents the half major and minor axis of the Joshi ellipses as
shown by Figure 6 and 7. Finally, the reservoir width is obtained as follow:

Reservoir width = 2b = 1840 2 = 3680 m

This is the reservoir width input data defined for the Joshi horizontal well productivity
model in NETool™. The iterative process is performed for every time step. Similarly
the reservoir thickness is input into the Joshi PI model. A well multiplier of 1 is used,
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so no Pl manual adjustment is done. Basically, these parameters help to define the
Pl model used to calculate influx rate per node at specific time.

Table 3 shows results for the main horizontal flow regimes limits in which they
appear. This project only present results for LRF — Later radial flow that happens
during clean-up process according to the well and reservoir properties. For further
studies, equations for flow regime limits can be found in literature as given by Kamal,
(2009). Equation for ILF flow regime is presented in Appendix A.

Table 3. Calculated horizontal flow regime limits

Horizontal well - Flow regime boundaries ‘

Flow regime Value Unit

ERF — Early radial flow t < 0,0047 hrs

ILF — Intermediate linear flow 0,0012 <t < 1,58 hrs ‘
LRF — Late radial flow t>9,77 hrs \

The two boundary conditions of the model are stablished using the LRF limit of
Equation 23, and the lower limit of Joshi model (L,/2 < 0,90 rey, In Our case any
value of r.,y >1167 m). Late radial flow starts after 9,77 hr (using Equation 23) as
shown in the lower part of Table 3. Flow periods between the mentioned flow
regimes are considered transition periods.

At time step 9,77 hr, roy =1538,5 m and A=1,645, so the Joshi model condition are
not reached yet. An important assumption is now used in the project. We do
extrapolate the sy limit of the Joshi model until time step = 5,75 hr, in which r.y
=1169 m and A =1,355. It demonstrates that Joshi conditions are still reached at
time step 5, 75hr; for instance lambda values between 1,35 < A < 10,02 (calculated
from Table 1).

We are moving backward the LRF limits until the Joshi model limits integrating the
transition period (5,75 > t > 9,77) into late radial flow. In conclusion, our LRF
analysis and clean-up period is modelled after t > 5,75 hrs. For shorter horizontal
wells, the model is valid at much early times. As mentioned previously, the
streamlines (blue arrows from Figure 6) in the Joshi model match with streamlines at
LRF in Figure 7, so our model is mainly focused on late radial flow.

3.5. Completion type — ICD

Based on the well definition parameters and the initial SAS-Stand alone screen
completion defined in the previous chapter, we add to the screens ICD-inflow control
devices along the horizontal well section as per Figure 12 (lower part). 6 5/8” OD
base pipe screen joints with 7,11” OD and 6,5” ID are used. ICD module is assumed
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to have 6,00” OD and 5.92” ID. This configuration makes similarity with SAS
Completion. Nozzle type ICD similar to those shown in previous Chapter 2.2.1 (Figure
3 and 4) are installed.

Likewise, no annular isolation in the well neither blank section of the joint are
considered. Software setup can be found in Appendix C.
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Figure 12. ICD Completion — Pressure results

Assumption is that each ICD joint has maximum four (4) parallel places radially
located to install nozzles per joint, so multiple flow areas are considered in the design
until we obtain an almost stable /nflux rate/Length with minimum pressure drop at
the nozzle ICD.

Final ICD design results show 3 nozzles per joint with an aperture of 1,3 mm each.
Same nozzle size and distribution is chosen for the entire well. Upper curve in Figure
12 shows a stable reservoir pressure of 353 bar. Annular pressure is now maintained
stable at 352,05 bar and tubing pressure slightly varies from 346,73 at heel to
347,12 bar at toe compared to SAS completion. Middle curve (dashed ellipse) shows
the drawdown pressure almost stable at 0,948 bar, so it corresponds to the greatest
benefit of inflow control devices and its advantage over SAS completion. Why?
Because it will not favor the higher influx rate at the heel so the influx will tend to be
stable along the horizontal section and better clean-up at the toe can be reached as
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well as less tendency for coning at heel. The frictional pressure loss from toe to heel
is also neutralized by the zonal chocking effect of the ICDs.

An average pressure drop at the inflow control device of 5,0 bar is obtained.
Different sizes of nozzles, in our case, less than 1,3 mm could also be used on the
design but local pressure drop will increase, and the latter is not desired at all. So,
during design of the best nozzle size, it is a parameter to be considered within a
range of options.
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Figure 13. ICD Completion — Influx rate

Reservoir influx rate per length is shown in Figure 13 (upper curve). An stable value
of 0,75 [Sm3/d/m] is obtained along the well. This value is the ideal value obtained if
we divide total flow rate by wellbore length, for instance 1589 [m®/d] /2100 [m], so
we get 0,75 [Sm*/d/m]. It represents the expected influx rate to maintain constant
productivity of each zone in the wellbore length.
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The model is also adjusted to transient period as the SAS completion, so a reservoir
width of 1921 m (time step 5,75 hr) is used on Figure 12 and Figure 13 results.

3.6. Formation damage and clean-up

Now, formation damage is included in the reservoir to study its effect on
drawdown and influx rates. Results are explained in Chapter 3.6.1 and 3.6.2. Then,
the evolution of damage removal in time is evaluated for clean-up efficiency into ICD
completions in Chapter 3.6.3 and Chapter 3.6.4. A very long well with reported
dynamic filtration information is chosen due to high exposure time during drilling and
consequently high radius of invasion.

3.6.1. Radius of invasion

Initially, we assume one fluid type and its properties, then we evaluate its damage
effects into the reservoir. It means, the radius of invasion and damage permeability
are calculated to define the damage zone. Field data from static and dynamic losses
are used as given by van der Zwaag et al., (2012), and they are shown in Figure 14
and 15. This data adapts to same wellbore and reservoir properties presented in
Table 2 and fit into purpose of the project analysis. Note that we have modified the x
axis in order to express it as “MD- measured depth”.
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Figure 14. Dynamic and static losses
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Figure 15. Time - dynamic and static losses

Reported losses from Figure 14 are based on calculation using Equation 1. An
important finding here is the higher effect of dynamic losses over the total losses
expected during drilling as concluded by van der Zwaag et al., (2012). We do focus
our estimation of radius of invasion based on dynamic losses only. We neglect the
effects of static losses. Using Equation 2, assuming an average filtrate saturation
S=20% as given by Breitmeier et al., (1989), we obtain the radius of invasion as
follow:

{ + 2ry f C dt}o'5 {0 1082 + 2> 0,108 0 1739}0'5 0,8734 m @ heel
P —_— = —_— % =

L T s ’ 0,25+ 0,20 Ofo%m &hee
Dynamic losses at the heel are 5,90 nr’. Cm dft or filtrate flux is calculated dividing
dynamic losses / area. Our analysis is based on 50 m well segments, so superficial

area is obtained as A=2xr,,*h=33,93 n¥. We obtain filtrate flux as follow:

5,90 )
ijdt =333 0,1739 m3/m
Figure 16 shows the variance of Cm dt along the horizontal section. An important
finding is observed at the almost stable red line, which corresponds to an average
value of 0,00073 m*/m?/hr. It is obtained dividing dynamic losses/area/time. It
represents the filtrate rate and we interpret as the filtrate invades the formation at
constant rate. This finding is also used as part of the assumption into the model.
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Figure 16. Filtrate flux

Radius of invasion is obtained along the wellbore section replacing data into Equation
2. Results are plotted in Figure 17 showing a truncated cone effect as expected due
to presented losses distribution. Longer circulation times at heel create longer
damage zone compared to toe. It denotes the shape and limit of the damage zone
for our model. Next step, we determine the damage zone permeability.
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Figure 17. Radius of invasion
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3.6.2. Damage permeability — “Maximize simulation tool”

The “Maximize” simulation tool is now used to capture the damage permeability,
right after drilling have finished and before clean-up process initiate. Drilling fluid
properties as given by van der Zwaag et al., (2012) are listed in Table 4. Core
properties are assumed as default values for this kind of test. We do simulate return
permeability test at lab conditions and then upscale to field conditions. Initially we do
focus on mud (solids and polymers) PSD-particle size distribution and pore throat
trapping to obtain the damage permeability. Note that we define two drilling fluid
(solids particles) that affect the permeability near wellbore (Mean size of the
numbers of particles Mud A: & 10 um; Mud B: = 7 pm;) in order to better explain the
clean-up mechanism. In reality, non-damage fluids as shown in Table 4 (PSD terms,
based on volume of particles instead of numbers of particles) are reported and used
to obtain higher Kretum in short time, for instance 90-95%.

Table 4. Drilling fluid properties

Drilling fluid properties Core Properties

Description Value Unit Description Value Unit
Density 1,15 SG Core type Linear

PSD, Dyq 2 pUm Core length 8 cm
PSD, Dsq 20 - 29 Hm Core diameter 3,8 cm
PSD, Dy 59 - 143 | ym Filter cake diameter 3,4 cm
Xanthan concent 0,005 K, abs permeability 600 mD
Starch concent 0,015 ¢, porosity 0,25

Brine concent 0,95 Si, initial saturation 0,2

Solids concent 0,03 T, temperature 20 °C
Mud A - Particle diameter | 10 Hm Ct, compressibility 0,0001 1/Bar
- Mean, Solids

Mud A — Shape factor 1.24 gm

Mud B- Particle diameter | 7 Hm

- Mean, Solids

Mud b — Shape factor 1.12

Standard deviation 1,5

Shape factor 1,2

Grain density 2,65 g/ml

Tortuosity 3

The general trapping rate defined as doj = ACju in Equation 3 is solved for each solid
and polymer particle size. Note that polymer PDS data is not shown in Table 4.
Basically, the software simulate mud is injected into the brine saturated core using a
pressure of 15 bar during 90 min or until reaching 1 pore volume. A permeability
reduction in time over the core is performed based on Equations 4 and 5 as well as
the routine simulation showed by Equation 7 through 10. Time step detailed
calculations are not presented here, instead pore volume injected and permeability
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reduction results are shown in next Figures 18, 19 and 20 (results from Maximize
software). Software setup can be found in Appendix D.

Variation of pore volume injected in time is shown in Figure 18. This behavior is
basically resulting of spurt losses, static and dynamic losses. Once the spurt and
static losses are reached in the beginning, the dynamic losses tend to be constant. It
validates the data presented previously in Figures 15, 16 and 17.

Pore volume is a key parameter to consider in this project. We basically upscale the
cylindrical core pore volume to the well segment pore volume of the truncated cone
that represents the damage zone. Next Chapter 3.6.3 emphasizes the pore volume
approach in terms of damage removal or return permeability.

Pore Volume Injected & Fluid loss |

30

-

P ]
w o
Vi, fluid loss [ml]

Pore volume Injected

=
o

0 10 20 30 40 50 60 70 80 %0
time [min]
w=Mud A - PV_injected = = = Mud B - PV injected
Mud A -V = = MudB-Vf

Figure 18. Pore volume injected during mud flooding

The damage permeability of the core after flooding one core pore volume is obtained
from Figure 19 and 20. Note that after 30 minutes of the experiment under the
stablished conditions, the damage permeability become constant and around 0,6
pore volumes are injected until this point as shown in Figure 20. Simulation is
extended until injecting one pore volume. So the final reduction in permeability (kq/k)
after injecting the Mud A is around 0,41. Considering the initial value of k=600 mD,
the resultant average damage permeability kq is 246 mD.

An important assumption here is that obtained value corresponds to an average
damage permeability of the entire core. Same assumption is upscale to field
condition, in which this value corresponds to a harmonic average between wellbore
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radius until the radius of invasion. We do use average damage permeability value in
order to input this data into NETool™ simulator at each segment (50 m).

Total reduction phase permeability _RPP

1,00

0,80

0,60

RPP

0,40

0,20 -

0,00

=]
=
=]

20 30 40 50 60 70 80 90
time [min]

e Mud A —Nud B

Figure 19. Reduction in permeability over time

Total reduction phase permeability _RPP vs. PV |

0 01 062 03 04 05 06 07 08 09 1 T
Pore Volume [ml]

e VU A e \lud B

Figure 20. Reduction in permeability vs. Pore volume injected
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3.6.3. Return permeability — "Maximize simulation tool”

Return permeability (final Auamage’k) is obtained after flow back of oil into the
cylindrical core emulating real conditions during clean-up operations. So, the initial
average return permeability of the core is 0,52 for Mud A and 0,41 for Mud B,
defined as the damage permeability before flow back. Now, oil is flow back at
constant rate of 10 ml/m meaning a rate control operation. We do simulate many
periods which corresponds to diverse pore volumes injected in an extended time
period. Core pore volume injected is constant over time as presented in Figure 21
(results from Maximize software).

Pore Volume Injected |

v £ 0,4409% | 8E-07
R2-=1

0 50 100 150 200 250 300 350 400 450 500 550 600

time [min]

PV Linear (PV)

Figure 21. Pore volume injected during flow back

The evolution of damage removal in time is shown in Figure 22 (results from
“Maximize” simulation tool).

Clearly we observe that return permeability during flow back follows a tendency
similar to a logarithmic or polynomial behavior. It means, during very early time the
return permeability follows a very rapid recovery until it gets constant recovery rate
after 100 minutes or 60 pore volumes injected. Note that initial damage permeability
in Figure 22 and 23 shows 0,41 as initial value for the two fluids, nevertheless we
still consider 0,52 as the initial damage permeability for Mud A and no alterations are
observed.
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Total reduction phase permeability _RPP

1,00
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,814]

E
yi=0,0517In{k) +0,5273
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Figure 22. Return permeability variation during flow back

A trend line is stablished in Figure 22 and Figure 23 in order to obtain a function of
the return permeability (Kreturn) Versus time, and Kty VS injected pore volume (PV),
and we get Equations 29:

(Mud A: Kret S al ln(t) + b1> <Mud B: Kret S az ln(t) + bz)
(Mud A: KT‘Et = das ln(PV) + b3> <Mud B: KT‘Et = ay ln(PV) + b4>

Equation 29. Return permeability functions

Constant values of aj;, ap, as, b;, by, bs are shown in Figure 22 and Figure 23;
nevertheless we observe that not always the logarithmic behavior is approached to
lab results, especially for less damaging muds like Mud B (comparing yellow line and
red line). In the regression process, the outcome of R? is around 0,81 showing a
higher discrepancy on the modeled data. For this reason, a different approach is
used for Mud B data as shown in Figure 23 (results from Maximize software).
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Total reduction phase permeability _RPP vs. PV|

Early data (Polynomial trend) Late data (Polynomial trend)
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Poly. (Early Mud B) Poly. (Late Mud B)

Figure 23. Return permeability variation vs. Pore volume

Figure 23 represents an important finding regarding of return permeability variation
due to changes in pore volume. Mud B is used in this study due to higher return
permeability values compared to Mud A. The logarithmic function describe very well
data from Mud A; however, in order to improve accuracy of the model using Mud B,
data is split into early and late time having a cut off pore volume of 12. A six grade
polynomial approach (Kiewn = @ PVe+ b PV® + ¢ PV*+ d PV® + e PV? +f PV} + @) is
used on each data set to estimate return permeability based on pore volume flushed
(cyan and yellow dashed lines). It is important to mention that data adjustment is
performed for early values (3 < PV < 10) due to instability of the polynomial trend.
The use of a trend line try to make the process faster and any function could be
obtained. In fact, the function should describe a very rapid improvement of Kewmn at
early times.

An important parameter that determines different return permeability is associated to
the particle distribution. For instance, the total surface area is the sum of the surface
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area of all particles, but it is not true with particle diameter, which is only an
unambiguous property if all particles have the same size. It makes differences if one
chooses to base the mean size on the number of particles or on the volume of the
particles as given by Lohne, Maximize Technical documentation, (2002). For the
investigative purpose of this project, we based the particle distribution and total
surface area on the mean diameter. We use Mud B lab results to estimate the
specific return permeability for each segment (50 m) at field conditions as per Figure
24, then simulate drawdown and influx rate in NETool™. Damage zone shape is a
truncated cone with inner boundary r,, and outer boundary r; or radius of invasion.
Each segment is 50 m width. We now proceed to upscale return permeability (Mud
B) to field conditions.

3.6.4. Upscaling the return permeability and clean-up process

The main assumption in the entire project and the upscaling process is quoted as:

“Pore volume of the lab cylindrical core is similar to each field pore volume of the
segmented cone as shown in the dash red zone of Figure 24”

1 Segment pore volume (50 m) = 1 Core Pore Volume

1 Core Pore Volume

T (oylinarical)

1 Segment pore /,,«*jffﬁ: ,,,,, _
volume (50m) -~ ! - — .
(Truncated cofie) S

i Damaged zone
50m (Truncated cone)

Segments /

Figure 24. Damage region - Truncated cone
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Using this statement we upscale the return permeability from the lab to the damage
zone in the field. Lab linear flow is only different to radial field flow at early times
during cake build up period; it means the flow resistance is mainly due to cake build
up. But after that, fluid loss can be treated linear than radial at field conditions as
reported by Han et al., (2005). It validates our assumption for return permeability
upscaling from lab to field conditions. This process makes each calculation a time
step and it is better explained by the Figure 25.

: Upscale
Ky
e ) ¢ 8. Calculate A
e 1. Calculater, res. width
* 2. Estimate PV 9, Input width
& Influx ¢ 6. Calculate @ NETool
e 3. Choose backflush time « 10. Analyze
volume e 7. Obtain kyvs. t infiux
¢ 4, Estimate
upscaled PV
¢ 5. Upscale
Kd/k

: Estimate J : Simulate
Volumes Influx & Skin

Figure 25. Keturn Upscaling process

The first stage start with the calculation of r; (radius of invasion) of each 50 m
segment (truncated cone from heel to toe). Then, we estimate PV-Pore volume [m?]
and influx rate per segment [m*/d] (Influx rate is constant for ICD completion). We
now choose a specific volume to be flushed back [m®] (same for each segment) and
we estimates upscale PV flushed back (Step 3/Step2). Finally in this stage, we
upscale kq/k from lab to field using Equation (Kretumn = @ PVP+ b PV® + ¢ PV*+ d PV® +
e PV? +f PV* + @) for each truncated cone from heel to toe.

In the second stage, we determine the time it takes to flushed back the volume from
Step 3. Then, we obtain Kwm VS. time equation for heel and toe.
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At third stage, we calculate the reservoir width using time from Step 6 (transient
flow). Then, we input reservoir width into NETool Joshi model. The latest step leads
us to analyze output from NETool - Influx rate, drawdown and skin. Detailed results
are presented as follow:

= Steplto5

Following the steps from 1 to 5 described in Figure 25, we get the variation of the
return permeability at specific time for each particular segment of the entire
horizontal section. Figure 26 show results for ICD completion at early times (t < 15,9
hr). At the toe, where the invaded zone is shallow and the invaded volume small, it
takes a small volume of back-production to significantly improve the return
permeability.

PV_produced evolution in time along Horizontal section |
[Early time]

E 6 - 20 -
3 e -]
3 5§
a o
g t1=5,75 hr 2
S t2=8,29 hr . z
03 t3=10,83 hr 5 0 3
t4=13,36 hr ®
5 t5=15,90 hr s

5

1
4} o

5200 5300 5400 5500 5600 5700 5800 5900 G000 6100 G200 G300 6400 G500 6600 G700 6800 G900 7000 7100 7200 7300
Wellbore - Horlzontal section [m]

—t] t2 13 ==t t5 @ Original PV per section

Figure 26. PV produced, evolution @ early times
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(Kd/k) Return Permeability evolution in time along Horizontal section
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Figure 27. Return permeability evolution @ early times

For instance, the invaded volume for the 50 m segment at heel is 29,19 m°. If
flushed a volume of 9,08 m*, we get 0,31 pore volume flushed. It is represented by
the red line (left point at heel) in Figure 26. The process is performed for the entire
horizontal section.

Using the six grade polynomial trend of the Kewm function obtained at early times
from Figure 23 (Mud B, red line), we get 0,44 return permeability (time step 5,75
hr). It corresponds to the red line (left point at heel) in Figure 27, and it is also
performed for the entire horizontal section.

It leads to obtain a better return permeability at the toe as shown in Figure 27. For
instance, at time step 5 the Kiewm is 0,82 at toe and 0,55 at heel. We also observe
the higher recovery at the toe in short time due to the polynomial approach at early
data.

Dashed blue line in Figure 27 represent the initial damage permeability before clean-
up (obtained from “Maximize” simulation previously, it is assumed to be constant
value of 0,40 along the horizontal section) and dashed green line represents the
initial formation permeability or return permeability of 1. Even at early times the
return permeability recovers in high values due to the logarithmic equation as shown
by previous Figure 22 and 23. For late times, the produced pore volume and return
permeability evolution is shown in Figure 28 and Figure 29. At time step 5 (48,19 hr),
the toe has recovery the return permeability at values of 0,87 while the heel values
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of 0,72. It is clear that recovery is slower at late times than early times due to the
constant evolution instead of logarithmic/polynomial severity of the early times. If
comparing Figure 27 with Figure 29, we observe the constant evolution of the return
permeability along the horizontal section. Similarly, we observe the toe is cleaned up
very nicely showing the advantage of the ICDs.

PV_produced evolution in time along Horizontal section
Late Time
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Figure 28. PV produced, evolution @ late times
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Figure 29. Return permeability evolution @ late times
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= Step6to7

From the upscaling process shown in Figure 25, we can calculate in step 7 a
correlation between return permeability and clean-up time.

Extensive iterations of the lab data upscale to field conditions allow us to obtain a
function of the return permeability at the heel and the toe for field conditions. They
are shown in Equation 30, 31 and Figure 30. Note that this function is only
representing one particular mud type, in our case, our mud conditions as shown in
Table 4. This finding is a key element in the project and gives the benefits to an
engineer to estimate a desired return permeability in a particular section of the well.

Kyrerurn@ heel = 0,0714 In(t) + 0,6128

Equation 30. Keturn @ Heel, evolution in time

Ky orurn @ toe = 0,1402 In(t) + 0,1772

Equation 31. Kieturn @ Toe, evolution in time

Clean-up time (Heel & Toe)

y=0,0714In(x) +0,6128
R*=0,9649

y=0,1402In(x) + 0,1772
R?=0,9939

Return Permeability

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52
Time [hrs]
~k_return (heel) k_return (toe) Log. (k_return (heel)) Log. (k_return (toe))

Figure 30. Clean-up time @ heel and toe based on Ketum
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Figure 30 represents one of the most important findings in this project. The return
permeability at both well boundaries (heel & toe) can be estimated in time assuming
the initial considerations of formation damage. The logarithmic trend line is shown in
Figure 30 as well as R? values of the regression process indicating a good
approximation of the simulated data. Note the curves try to become closer as time
goes indicating the tendency of equalize the return permeability at both well
boundaries.

Using Equations 30 and 31 we can estimate the time it takes to obtain a specific
return permeability value in the field. For instance, in order to get 85% of return
permeability for this particular Mud B, we must clean-up the toe during 27 Ars while
the heel during 121 hrs. Heel values are very high due to the damaging condition of
the mud assumed. For practical purposes, a non-damage condition of a well-
designed mud may take less time. The equation represents our initial thesis
regarding of the clean-up effects based on cumulative flow. The more flow pass
through the specific damage zone, the better the return permeability and clean-up
effect.

Continuing with step 6 in Figure 25, we calculate the exact time in which the chosen
volume in Step 3 is flushed back (it physically represents the clean-up effect). 7ime
= volume/influx, and influx rate per length calculated for ICD completion is 0,757
nr/d/m, so for a 50 m segment the influx is 37,85 n’/d. For instance, at heel the
volume of damage zone (truncated cone) is 29,19 7’ based on Equation 32.

™
Vol = §®(Ri2 + Rty + 1) * Ah — (1§ * Ah )

Equation 32. Volume of truncated zone (Segmented damage region)

In Equation 32, R; represents radius of invasion at segment start, 7; is the radius of
invasion at segment end, r, is the wellbore radius and 44 is assumed as 50 m
segment. ¢ is the porosity. Total wellbore length is divided into 50 m segments.
Truncated cones (damage zone) volumes are shown as dash blue line in Figure 26
(right vertical axis). If we choose a random volume of 15,41 [m®] Time step ¢ is
calculated as 15,41 [m*] / 37,85 [m°/d]. We, then get 9,77 Ars. Different time step
are shown in Table 5. Return permeability reported in Table 5 is calculated using
Equation 30 and 31. Note that Equation 32 considers 100% pore volume flushed.
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Table 5. Time steps and reservoir width

Time Steps Reservoir Width
Time Step Time [hrs] Cum Vol Flushed | Kieturn | Kreturn | Reservoir width (LRF
back [m®] per @ @ toe | flow regime) [m]
50m segment heel
to 5,75 9,08 0,440 | 0,728 1921
t 9,77 15,41 0,492 | 0,780 2742
t, 15,90 25,08 0,558 | 0,820 3680
ts 26,6 42 0,639 | 0,850 4909
ty 36,77 58 0,688 | 0,866 5833
ts 48,19 76 0,722 | 0,876 6727

Based on calculated time, we estimate the reservoir width for the Joshi model in
NETool™ using Equation 22. This approach validates the transient pressure into the
steady state simulation of NETool™. We do estimate transient pressure for LRF- Late
radial flow that occurs when t > 5,75 hr, so the assumed time steps are inside this
period.

= Step8to 10

Using reservoir width from Table 5 (Equation 22), we now input the Joshi Pl model
into NETool™. Likewise we input the return permeability (kq/k) obtained at every
individual segment along the wellbore (Figure 27 and 29) into NETool™ and obtain
the drawdown for each particular time step as shown in Figure 31.

Drawdown evolution in time along Horizontal section |
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Figure 31. Drawdown evolution during clean-up: ICD vs. SAS
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It is clear that ICD completion maintain a constant drawdown due to the choking
effect of the nozzles, while SAS completion (dashed line) induces higher drawdown
at heel. From £;=5,75 hrs to t;=48,19 hrs the drawdown is increased as expected.

Influx rate evolution in time along Horizontal section
ICD vs. SAS
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Figure 32. Influx rate evolution during clean-up: ICD vs. SAS

Figure 32 is another important graph in the project; it represents the evolution of the
influx rate during clean-up time for both ICD and SAS completion (data obtained
from NETool™). Our study is founded on the cumulative flow per segment that
passes through as the key effect of cleaning efficiency while improving the return
permeability. Five different time steps (Table 5) are orderly and even spaced to
observe the removal of damage during clean-up process.

In the SAS Completion the presence of damage favors the influx balance as shown
by blue arrows in Figure 32 (from dashed green line to red line @ heel and toe). It
means that the truncated cone shape of the damage zone in the SAS completion will
tend to slightly balance the influx rate; nevertheless the effect will not reach the
stable ICD behavior of the influx rate as dictated by the almost horizontal green line.
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However, in the ICD Completion the presence of damage unbalance the influx with
higher effect at the toe as shown by green arrows in Figure 32.

Zoom in: Influx rate evolution in time along Horizontal section

0,78

ICD COMPLETION

correspond to at initial time:
Presence of damage cause an unbalance influx with higher effects at toe
(green arrow). Similarly the cleaning effect (from red line to yellow line)
/B is very effective. It favour the cleaning effect and balance tendency of
the influx simultaneously.

Even so, the influx differencejis smaller compared to SAS Completion
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Figure 33. Detailed Influx rate evolution during clean-up: ICD

Data from Figure 32 is plotted in smaller scale in Figure 33 for better analysis of the
damage zone into ICD completions. Red line corresponds to Kgamage at initial time.
Presence of damage causes an unbalance influx with higher effects at toe (green
arrow). Similarly the cleaning effect (from red line to yellow line) is very effective at
the toe, so it proves one of the greatest benefits of using ICD to improve and
produce the toe section of horizontal wells. It favors the cleaning effect and balance
tendency of the influx simultaneously.

Even so the influx difference is smaller compared to SAS Completion, the ICD offers
a better stability of the influx during clean-up period. In the discussion session, both
aspects (clean-up & balance influx) are separately analyzed based on the damage
zone established in the model.

Page 65 of 96



Clean-up of horizontal well using ICD

4. Discussion
4.1. SAS vs. ICD drawdown and influx rates

Results exposed in Chapter 3.3 clearly show the increase drawdown and influx at
the heel in horizontal wells, even at low flow rates. One of the initial theses that
appear in the project is that the midpoint of the well can be used as an average
assumption of the total well drawdown pressure, and then use the Joshi equation to
prove it. It motivate us to stablish a relationship between a calculated Joshi model
using Excel compared to the results obtained in the NETool™ simulation (mid-point),
and analyze the data results. Based on well data from Chapter 3, we obtain a value
of 0,915 bar at 6250 m (midpoint). Using Equation 16 from Joshi horizontal well
productivity model in field units, we calculate the pressure drop 4P (bar) as follow:

[a+ /az
141,2qyuB, * In

l L _l (Zr
AP = k h/14,5
AP
2
| 4667,6 + J 4667,62 — (22229) ] 1148 . 1148
141,2 * 10000 = 0,5 * 1,5 * ll’ll 6889,8 j + 6889 81 (2 * 0 354)
2

600 * 114,8/14,5

AP = 0,9218 bar

It means that drawdown calculation at midpoint from NETool™ simulation is different
- at the beginning - to the calculation using Equation 26. Figure 34 show the
proximity of the data. Cyan line represents the drawdown for stand alone completion
simulated from NETool™. Orange dashed line is the average value at midpoint 6250
m, it means 0,9152 bar and yellow line shows the calculation using Joshi formula
0,9218 bar (Equation 16). The red line represents a big size nozzle 1CD, which do not
stabilize the drawdown. Green and cyan dashed line represent small size nozzle ICD
that stabilize drawdown.
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Drawdown Pressure, SAS vs. ICDs @ t=5,75 hrs [bar]\
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Figure 34. ICD and SAS Drawdown pressure

We observe that both SAS and ICD drawdown pressure do not match at well mid-
point even the Joshi model. It indicates us that our study about clean-up process and
its analysis cannot be focus on drawdown pressure, but instead, the influx rate is
used for this analysis.

Plotting same data (from NETool™) as presented in previous Figure 34 at time step
(5,75 hrs) for both SAS and ICD influx rate, we get Figure 35. Cyan line represents
the SAS influx rate and yellow dashed line the big nozzle ICD design. Any nozzle size
above the average optimum size will behave as stand alone completion, implicating
non balance influx rate.

Clearly from Figure 35 we note that Joshi influx rate calculation, mid-point calculation
and medium as well as small size nozzle ICD design behave all stable and very
similar. It is a great point into the discussion and initial thesis about using influx rate
to evaluate clean-up effects instead of drawdown pressure.
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Figure 35. ICD vs. SAS Completion — influx rate

4.2. Flow regimes and transient pressure

For this particular well design, we have assumed clean-up process occurs during LRF
— late radial flow regime. LRF boundary conditions are moving backward until reach
the Joshi model limits, so it integrates the transition period (5,75 >t > 9,77) into
late radial flow. In conclusion, our LRF analysis and clean-up period is modelled after
t > 5,75 hr, which is logical from the operational point of view. For shorter horizontal
wells, the model is valid at much early times. One of the key findings in the analysis
is that wellbore length highly affects the late radial flow. It is dominated by square
wellbore length (Ln?). So, for this particular well length of 2100 m, the assumption of
LRF flow regime is feasible.

As mentioned previously, the streamlines (blue arrows) from Figure 6 in the Joshi
model match with streamlines (black arrows) at LRF in Figure 7, so it strengths the
initial assumption to establish late radial flow as the best flow regime wherein clean-
up occurs.
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Another important finding is related to lambda values conditions. Our model match
the range of 1,35 < A < 10,02 calculated from Table 1, thus adding validity to the
eqguating process of transient flow and Joshi model.

In general terms, errors of the model could be listed to the assumed period between
5,75 to 9,77 hr that is integrated into Late radial flow. Note also that ILF-
intermediate linear flow end at 1,58 hr, thus there is a transition period until LRF
start.

4.3. Final model analysis and benefits of ICD during clean-up

Results presented in Chapter 3.6.3 regarding of the return permeability
logarithmic behavior in time are similar to the ones reported by Han et al., (2005)
about return permeability variation in dimensionless distance along the core
(Equation 6) following an exponential decay tendency. The statement presented by
Han et al., (2005) basically mention that at same depth, the return permeability is
higher at the limit of the damage zone, in other words, when radius of invasion is
higher. Consequently, the return permeability is small at near wellbore vicinity when
radius of invasion is same as wellbore radius.

We observe in our study that return permeability recovery is very rapid (at early
times) in terms of pore volume produced. It indicates that our assumption of rapid
clean-up at the very early stage of the process is valid, due to the great amount of
particles that are accumulated near the wellbore compared to the ones far away
from wellbore, following a similarity of the statement given by Han et al., (2005).
Our observations indicate that return permeability can also follows a
logarithmic/polynomial approach instead of an exponential decay. The better the
muds particle sizing, the higher the recovery during early times.

In practice, an average value of return permeability is reported from core analysis.
Likewise, we use an average return permeability for each segment along the
wellbore after upscaling values from lab to field. It validates the average value
assumption into NETool™ in order to model the damage zone.

Partial inaccuracies could come from the size the segments (50 m) are chosen in the
present project. Main implication to assume this value is the reported information in
the literature about losses for Tyrihans reservoir and well conditions.

In Chapter 3.6.3 some damage permeability values at very early time are shifted
from 0,52 to 0,40 with no implications or high discrepancies. Values tend to follow
the exponential decay function clearly showing the behavior of the return
permeability. Similarly, the initial clean-up effect is high when the well is back flowed
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or produced. We do use 0,40 return permeability at the beginning of the clean-up
process in order to better explain its effect on influx rates calculated from NETool™.
The assumption of a constant value of 0,4 damage permeability is reflected in the
“U” shape of the red line in Figure 32 (SAS t=0, ky/k=0,4). It means, that influx rate
can be minimal not only at the toe but some significant distance closer to toe,
leading to non-flushed zone due to presence of damage in SAS completion. It is a
very common problem associated to horizontal well productivity.

Results obtained from Maximize software regarding of return permeability for Mud A
and Mud B (Figure 23) shows R? values of the regression process. In Mud B the
accuracy is reduced from 0,98 (Mud A) to 0,81 if a logarithmic approach is used.
Return permeability values presented in this project are based on a polynomial trend
line obtained for two different sets of data: early times and late times. It counts as
part of the final error in calculations. The logarithmic tendency we adopt in the
process is more accurate for highly damage drilling fluids. For those non-damage
fluids, the logarithmic approach does not proper simulate the return permeability
behavior at early times, and we do recommend following a polynomial or manual
approach.

The main assumption presented in this project stating the same pore volume
between the cores as the segmented truncated cone of the damage zone is valid
from the proportionality analysis of the system. “Maximize” simulator calculate an
average final value of the complete lab experiment. Function obtained after upscaling
the results from lab to field conditions (Figure 30) follows a similar trend, in our case
a logarithmic behavior in proportion. The assumption is founded on the fact that
early filtration process in the field exhibits a flow resistance due to cake build up
period mainly. It means that at very early times the flow through the core show a
linear flow while at the field is radial. Notwithstanding, after cake is already built, the
assumption of linear flow during fluid losses is valid for both lab and field conditions
as given by Han et al., (2005).

One of the motivations of this project is to prove the claim that ICD completion offers
an improved wellbore clean-up process and fewer concerns are imposed to the
productivity reduction as given by Al-Khelaiwi et al., (2009). Findings are shown in
Figure 36. Based on the formation damage factors and mechanism defined at the
beginning of this project as well as the truncated cone shape of the damage zone
established by the radius of invasion, we obtain curves of the time it takes to clean
specific zone divided by 50 m segments.
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Figure 36. Clean-up time for SAS and ICD completion

In Figure 36 horizontal lines correspond to ICD completions while curved line to SAS
completions. Green lines show effects at early times (t;: 9,77 hr) and red lines show
effects at late times (ts: 48,19 hr).

Let’s consider the first section at the heel at time step ts. For ICD completion, influx
rates are obtained from NETool™ and we get 37,85 m®/d for the 50 m segment. At
this point the volume flushed is 76 m? into the conical shape of the damage zone, so
we get 76 [m®] / 37,85 [Mm*/d]segment * 24 [hr/d] = 48,19 hr.

Notwithstanding; for SAS completion the influx is higher at heel. We obtain the influx
from NETool™ when simulating damage zone in SAS completion. The value is 0,86
m3/d/m and then for a 50 m segment we get an average of 41,29 [m3/d]segmem.
Carrying out same operation as before we get: 76 [m®] / 41,29 [m*/d]segment * 24
[hr/d] = 44,18 hr. This result shows that SAS completion take less time at heel to
clean up properly, while it takes longer time at the toe.

Blue zones in Figure 36 shows less time to clean-up the heel for SAS completion and
yellow zone longer time to clean-up the toe as compared to ICD. Around 700 m close
to heel are cleaned up faster if completed with SAS completion. Why? We do believe
the higher radius of invasion at heel due to longer time exposure during drilling
require higher cumulative influx compared to the rest of the well. As a matter of fact,
the undesired higher influx rate at the heel in SAS completion favors faster clean-up.
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But, the longer time SAS completion takes to clean up the toe plus the rapid recovery
of the return permeability at the toe while using ICD completion, lead us to conclude
the preferential use of inflow control devices to clean up and produce the toe section
in horizontal wells.

So, our initial thesis regarding of ICD completion shows as result that this devices
effectively balance the ideal influx rate along the horizontal well and may allow
higher production rates during clean-up process. It has extensively been proved on
literature from operational to simulation sides as given by Aadnoy & Hareland,
(2009); Sunbul et al., (2008); Akbari et al., (2014). However, in terms of damage
removal based on cumulative flow, the return permeability is recovery faster if SAS
completions, or in other words “higher flow area devices” are installed as shown in
Figure 36. Note that this statement is based on observations of isotropic
considerations. If analyzed from a whole prospective, including influx balance, higher
clean-up rates and improved later productivity, the ICD completion may be preferred
over SAS completion.

It is also supported by Figure 37, in which the skin removal is higher at the toe as
indicated by the blue arrows. Rapid recovery of the return permeability is stimulated
due to the balance influx and the small formation damage region (truncated cone at
the toe). Figure 37 is calculated from NETool using the mentioned Hawkins skin
formula. It also shows the higher recovery of the skin (and return permeability) at
early times compared to late times. Thus, from a holistic view the ICD completion
seems to be more beneficial.

Source: NETool™ 5000.0.4.1 - Halliburton
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Figure 37. Skin removal during clean-up
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The preferred higher influx rate (or higher flow area devices) at heel to remove
damage can also be supported with the fact that ICV or inflow control valves are
classified as the best completion type for clean-up process due to variable flow area
compared to ICD static area as given by Al-Khelaiwi et al., (2009); Stone et al.,
(2014). For instance in multilateral wells, it has been proved by using tracers that not
always ICD completion (alone) are a good option for clean-up process as given by
Abay et al., (2013). Under some circumstances, ICD can be used in conjunction with
ICV inflow control valves to improve the clean-up process in multilateral wells.
Generally speaking, in highly heterogeneous reservoirs the clean- up process is
improved by using inflow control valves as preferred completion type, followed by
inflow control devices and lately stand alone completions.

Finally, this project offers the great advantage of determine the return permeability
variation in time at field conditions, even for specific parts of the well like the heel or
toe section. No lab experiments neither production logging data is associated to the
model, so it can be very useful during planning stage. For instance if we use Mud B
in this project, it takes 27 hr to get 0,85 of return permeability at the toe and 121 hr
at the heel. Additionally, the best flow rates can be estimated for an optimal clean-up
program considering the return permeability as the key evaluator of the clean-up
efficiency. In our example using Mud B, if the flow rate is reduced 20% (from 1589,8
to 1271.8 n’/d) the same return permeability of 0,85 is obtained after a 25%
increased time at both heel and toe.
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5. Conclusions and recommendations

= The presented model is calibrated in time by using the transient flow equation
into the Joshi horizontal well productivity model. It leads to an important
interpretation of drawdown and influx rate variation in time, especially for
those software results based on steady state flow. It reflects an advantage to
some of the commercial static software in the market.

= |ntegration of lab experimental simulations into field conditions by using
upscale process of return permeability, allow us to determine the clean-up
effect of the total horizontal section flow. Evolution in time of the field return
permeability at heel and toe section can be estimated even if lab experiments
have not been performed yet.

»= More than one drilling fluid can be evaluated using the current model in order
to determine its impact on formation damage. By knowing the polymer and
solid particles dimensions (mean size on the numbers of particles or on the
volume of the particles) and properties, we can estimate the time it takes to
recover a specific cut off value of return permeability.

= The skin variation in time can be obtained while integrating return
permeability lab simulations and micro-nodal analysis around the wellbore. It
can be an important value for reservoir simulation process. This integration
process also include into the analysis the frictional pressure drop along the
horizontal section as well as the upscale process of return permeability from
lab to field conditions.

= Sensitivity studies of clean-up flow rates can be performed by using the
model, so the duration of the clean-up process until reach an specific return
permeability value can be estimated.

= Return permeability recovery is severe at the beginning of the clean-up
process. It may be related to the fact that more particles are accumulated
near the wellbore compared to those at the damage region limit (radius of
invasion).

= |Inflow control devices improve the clean-up efficiency due to the balancing
effect of the influx rate, which indeed, stimulate the toe section to be
produced and cleaned up. It is also demonstrated by the rapid evolution in
time of the return permeability at the toe. Even so stand alone completion can
take less time to clean up the heel due to higher influx rates; it can take more
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time to clean up the toe section and in some cases, even not producing at all
from that part of the well.

The current model can be improved by using the measured radius of invasion
or damage region obtained from logging data. It adds a more precise analysis
of the damage region dimension instead of assuming a straight line between
two points.

Integration of additional damaging factor into the presented model could lead
to an improved result to determine the clean-up efficiency of horizontal wells.
Similarly, the integration of the current model into a reservoir simulator
describing near wellbore phenomenon can be valuable to validate and improve
the proposed model.
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Appendix A
ILF — Intermediate Linear Flow regime Equation

In case the clean-up period occurs during ILF-Intermediate linear flow regime, the
pressure can be calculated as given by Kamal, (2009) in Equation 33.

’k 1
P,p = k_[ ity +E(SZ+S)]
y

AP, = 8.128qBu \/E+141.2un
"I Lyh JBCK,, Lk, k,

Equation 33, ILF pressure transient

5z +5)

Where,

k — Permeability, [mD]

k, — Permeability in x direction, [mD]
k, — Permeability iny direction, [mD]
k, — Vertical permeability [mD]

P,p — Dimensionless pressure

tp = Dimensionless time

L, - Dimensionless length

S, = Pseudo skin

AP, — Pressure drop, [psi]

q — Flow rate, (bpd)

bbl

B — Volumetric factor, [ﬁ

u — Viscosity, [cP]

S - Skin

@ - Porosity, fraction

t — Time,|[hr]

L, - Horizontal well length
h — Thickness, [ft]

Boundary conditions are imposed to pressure transient solution in time scales as
follow:

1600C ul? 1800Z,,0C.;. 1800(h — Z,,)*@C.p
— >t = max ;
Ky k, k,

Equation 34, ILF Time limit in pressure transient
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Where,

C, - Total compressibility, [psi~!]
Z,, — Distance to mid height, [ft]

ILF flow regime happens when an important condition is achieved, and it is given by
Equation 35. The graphical analysis needs at least half log scale to be valid.

L, > 20h k
h = k,

Equation 35, ILF condition

Condition expressed in Equation 35 may not always be achieved as practical, so ILF
flow regime can even be assumed as given by Odeh & Babu, (1990).

Pseudo skin due to partial penetration in the vertical plane corresponds to the term
S; in Equation 33. Pseudo skin is calculated using Equation 36.

S, =—1In (%W) + %ln (%) —In (sin%) — 1,838

Equation 36, Pseudo skin — ILF

Where,

r, — Wellbore radius, [ft]
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Appendix B

NETool™ — SAS Completion Setup
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“ T20.00 100 A5E2 N Fiit) 1500

wes ease 000 sBeaze (001 Master Mestod €1 B Gma0000
WU TeNDT S Uengn ToeTVOGES)  SandConioD  SandConkalD  FomaonGraain A Poefbugheass  Ecoenal  Caseen nnas |
b L - L - |
i il eend g
150 (1]
150 (1]
150 a0
150 1]
i a0
o 1]
) 1]
140 a0
150 (1]
150 (1]
150 (1]
150 (1]
130 (1]
b an
b an
i) an
140 a0
50 a0
50 a0
= 10000 =000 260268 80538 50 a0
HEE ¥00 w00 w2 W %o [
HE- 00 000 Rk Mbiad 140 L1
HE: 25000 000 Bk W 140 L1
B #0000 000 bl W %0 L1}
) #1500 000 3837 0 850 o 00
) 640000 =00 380285 80538 150 (1] !
o) 645000 =00 385285 180598 50 00 :
= 500,00 =00 305285 180598 50 0 =
= #550.00 =00 052 85 180598 50 00 i
» 280000 000 bl W04 150 oo
n 00 000 1593 84 i B o0
u £700.00 000 1593 84 o B o0
n 675000 000 1597 84 i b o0
u 20 =00 288 B0 5B 15 [
o 35000 =000 aszbs w058 150 (1]
» 30000 000 asz2bs w053 150 (1]
7 35000 2000 aszes w058 150 [T
= 008,00 B 2928 80 594 150 [T}
» 105000 000 Az b 40 a0
) Timoo 000 25028 W 140 an
a Tisa00 000 250284 W5 140 an
@ 20000 000 309280 e 00e 1 1]
a 125000 #00 a2 68 (o 150 [
“ 12800 100 2002 55 WIS 150 0
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Clean-up of horizontal well using ICD

e ease D0n sizase 1101 Master Meabed 1. D4 Qa0

g
g

= 10000 =000 369265 Canwric
HE] ¥00 0w 00298 Conerc
HE 0 200 3502 B8 Garwns
HET 0 200 028 Garwns
El 530000 500 0z
) #1500 000 3507 4 Carne
) 640000 =00 3288 !
o) 645000 =00 2 Es :
= 500,00 =00 354288 Canwric =
= #550.00 =00 T i
» £80000 20 39032 88 Garane
n 0 000 3992 8 Ganane
- 00 000 2992 68 Ganane
n 675000 000 3992 68 Garane
u 20 =00 300255 Cananc
o 35000 =000 300285 Caneic
» 30000 000 300285 Caneic
7 35000 2000 300255 Canerc
= 00990 B 250285 Ganan:
n 0 000 3502 B3 Gananc
) 000 000 3592 B3 Gananc
a TiE00 000 3592 B3 Gananc
@ 20000 000 309288 Germre
a 125000 #00 s
“ 12800 100 30258 Ganenc

sizase 1101 Master Meabed 1. D4 Qa0

o0 10000 =000 35288 Eat) 150388
HE #1300 w0 60264 60 180 368
HEE 0 200 iz b nsp 150358
HE 425300 200 iz e nsp 150358
N 530000 “00 iz 2180 150 358
Ee % 00 4000 A5a7 M ne 150 M8
E3 400 00 .00 35284 258 150,388 L
o 45000 .00 352 BY Hee 150.388 :
m 50000 .00 352 BY 58 150388 :
= BE50.00 =000 59 150388 |
» #0900 %00 3502 08 15 150388
»n 0 200 3502 68 nsp 150358
» 610900 200 3802 68 nsp 150358
n 61300 200 3803 08 nsp 150358
s 00 =000 B nee 150 358
» 35000 =000 35288 Hue 150358
» 30000 =000 35288 Hue 150358
ko 25000 =000 3528 Hee 150358
- T000 00 00 i e 130 308
» Tesa00 200 %2 85 nsp 150388
&0 0000 000 Az e e 150 388
L T 00 000 bl e 150 388
L3 T200.00 000 A 1) 150,308
4 T250.00 _00 A5E2 4 Fat) 150388
“ T20.00 100 A5E2 N Fiit) 150388
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Clean-up of horizontal well using ICD

Gl Gatiege [ Pl Properses | 3 Faun nialation | wes ease 000 sBeaze (001 Master Mestod €1 B Gma0000

= 10000 =000 330
] ¥00 0w a0
HE £2m00 000 # ®io
HET 0 000 2028 ®io
El 530000 500 Wz e ®io
) #1500 000 3837 wmin
) 640000 =00 380285 30 !
o) 645000 =00 385285 330 :
= 500,00 =00 305285 330 =
= #550.00 =00 052 85 330
» £80000 20 9288 0
n 000 2592 8 =0
- 00 20 2592 8 0
n 675000 000 2592 68 0
u =00 288 o
o 35000 =000 aszbs 3830
» 30000 000 asz2bs 3830
7 35000 2000 aszes 3830
= 00990 B 2928 »ao
n 0 000 25028 30
) Timoo 200 25028 0
a Tisa00 200 250284 0
@ 20000 000 309280 30
a 125000 #00 2052 5 330
“ 12800 100 2002 55 10

sizase 1101 Master Meabed 1. D4 Qa0

= 590000 =00 3502.65 Fram Pl mede { permen 0
HE) #1000 oo 98 Fram Pl made (permes. 10
HE- o0 000 250288 From 1 motel { permen 1w
HE: o0 000 250288 From 1 motel { perman 1w
B #0000 000 2502 88 From 1 motel [ perman 1w
» #1500 100 35623 B From 1 mesel {permian 10
= 640000 =00 342,55 Fram P1 medel { permea 0 !
7 545000 =00 3542.55 Fram P1 medel { permea 10 :
= 850000 =00 3542.55 Fram P medel { permea 10 H
) 855000 =00 Fram P medel (Bermea 10
» 280000 o 3532 84 From P motel { permas i)
n Ll 000 3502 4 From P motel { permen 1w
. 670000 200 3543 From 1 micel  erman 1
n 875200 000 502 4 From I motel { permen A1)
3 20 =00 3522 88 Fram Pi masel | permes 1D
» #3500 =00 354265 Fram Pl medel | permea. 10
» 130000 =00 354265 Fram Pl meodel | permea. 10
7 825000 =00 354265 Fram Pl meodel | permea. 10
= om0 T 35025 Framm 11 e [ parmen i
» o0 000 353284 Fram 11 mitel { parmen 10
@ TI000 000 53284 Fram 11 mitel { parmes 10
@ TiE000 000 353284 From 11 mictel { parmes 10
@ 20000 =050 354285 Fram P reodet{ B 10 T o
a 25000 a0 3542 B3 Fram P medel | permen. 10
“ 29900 100 3532 88 From Pi masel | permas 10 RS
® 4% sagmeme
B aavie el
= e W)
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Clean-up of horizontal well using ICD

W e T Cis

B Hoke & Complston. Hetsncn Prodsure oy T EREICEET ) | Pl

O
B seremm v o
I Duarrwers. i i ﬁ
1B Roesarvoir Parameters ||| 520000 100 288
 Raionvci Pressure | 3 20100 200 fr
] 3 528000 =00 342 88
& [ remaasary 4 530000 =00
Mooy [ 434000 000, Bt
gsm 8 40900 000 250288
Adances ? £450.00 2000 Bt
. 4400 00 000 AT
5 555000 00 309284
1 £800.00 =00 3502 85
" 585000 =00 3002 85
2 570000 =00 34285
n sr2000 =000 3=z
" 4800 00 000 bl
" 4420 00 000 bl
1% £900.00 000 4788
" 9200 000 em2 80
1 £000.00 =00 269268
19 £050.00 =00 269268
10000 =000 260268
7 ¥00 000 00288
B £20000 000 bl
n 24000 000 bl
B £30000 000 bl
) #1500 000 a2 14
= 640000 =00 380285
o) 645000 =00 385285
= 500,00 =00 305285
= #550.00 =00
» £400.00 000 1937 88
n 45000 000 a3
u £700.00 000 1593 84
n 675000 000 1597 84
u #30000 =00 B
S 35000 =000 026
» 30000 000 026
7 35000 2000 B
= 00000 B 2928
n o800 000 a2
@ 00 2000 Az
@ Tisa00 000 a8
@ 20000 000 309280
a 125000 #00 38268
“ 12800 100 3268

Wb ease 00n Tymhans

o1 lease (101 Mmster Msated £1. DF G000

i el ease. 008 Tynbans 521 riease 101 Master 1zahed C1. 54 000009
Reservuir & Vel Trajecioy | Ve Segments & Complencas
B ek Compiston || Purrmessin A Tp—
el EeadngDoEast BesdrgDiotom
B servn o L w ol
s i (] [ o 1
1B Roesanvoir Parameters ||| 28 8000 10 (1] (1}
- Rasarc Preasun 2 IR SO0 1] (1] [T}
] 3 428 800 0 (1] (1]
& D Permaasany i asazen 800 10 0o (7]
Lo [ 547 88 800 1" (1] 00
AR [ Az e 000 1m0 (1] 00
] r 0z 800 10 90 10
Bo= 1 a20s e00 10 a0 09
L 3 353284 8000 o oo an
1 3502 85 500 10 (1] (1]
" 3002 85 500 10 (1] (1]
2 34285 800 10 (1] (1]
n 3=z (or) o 0o [T
" bl 800, AL} (1] (1]
" bl 800, AL} (1] (1]
1% 4788 00, AL L1} (1]
" em2 80 a0 10 oo (1)
1 269268 8000 10 oo (1]
19 269268 8000 0 oo (1]
) 260268 500 0 (1] (1]
7 00288 wan 1 oo [T
B Rk 000 1w (1] (1]
n bl 000 1w (1] (1]
B ik 000 1w (1] (1]
) 3837 w00 10 1 1]
= 380285 w00 10 (1] (1]
o) 385285 500 10 (1] [
= 305285 00 10 (1] [
= 052 85 SO0 10 [ [
» 1937 88 000 10 [T [T
n bl 8000 10 (1] (1}
u 1593 84 8000 10 (1] (1}
n 1597 84 8000 10 1] (1}
u 288 800 10 (1 (1]
S 026 800 10 (1] (1]
» 026 800 10 oo (1]
7 0268 800 10 oo [T
= 2928 00 0 0o o0
» Az 8000 1 (1] 00
@ Az e 8000 1 (1] o0
@ bl 8000 1 (1] 00
@ 309280 a0 10 1) a0
a 38268 800 10 (1] 1]
“ 3268 s00 10 0o (1]
I e 1
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Clean-up of horizontal well using ICD

Gl Gatiege [ Pl Properses | 3 Faun nialation | wes ease 000 sBeaze (001 Master Mestod €1 B Gma0000

= 10000 =000 3522 88 Fram Viscouty
HE] ¥00 0w )
HE £2m00 200 3543 B From acosmy
HET 0 200 3843 B8 From iacoemy
El 530000 500 3593 88 From Wsonty
) #1500 000 1533 B8 From asoaty
) 640000 =00 3522 88 From Wacouty !
o) 645000 =00 3522 88 Fram Wiacouty :
= 500,00 =00 3522 88 Fram Wiacouty H
= #550.00 =00 3522 88 Fram Wiacoaty I
» £80000 20 3543 8 From isconty
n 000 3543 8 From isconty
- 00 000 3543 8 From isconty
n 675000 000 3543 8 From iscouty
u =00 an42
o 35000 =000 3592 88 Fram Wiacasty
» 30000 000 3522 88 From Wacasty
7 35000 2000 3542 88 From Wacasty
= 00990 B 350285 Fram iscouty
n 0 000 3532 84 From Wacosty
) 000 000 3532 84 From Wacosty
a TiE00 000 353284 From Wacosty
@ 20000 000 3982 84 From Wity
a 125000 #00 3532 88 From Viscosty
“ 12800 100 3532 88 From Viscosty

Gl Gatiege [ Pl Properses | 3 Faun nialation | wes ease 000 sBeaze (001 Master Mestod €1 B Gma0000

= 590000 =00 60268 (1]
HEE) #1000 w0 w0204 oo
HE- o0 000 Rk 00
HE: o0 000 Bk 00
B #0000 000 ik (1]
» #1500 100 357 4. 1]
= 640000 =00 50288 1) !
7 545000 =00 52288 o0 :
= 850000 =00 52288 (13 H
) 855000 =00 13 i
» 280000 o 1937 88 [T
n Ll 000 1593 84 (1]
u 10000 000 1593 84 (1]
n 875200 000 1597 84 (1]
3 20 =00 frres (1)
» #3500 =00 28 (13
» 130000 =00 FETes (13
7 825000 =00 28 (13
= om0 T i o
» o0 000 Az oo
@ TI000 000 Az (1]
@ TiE000 000 a8 oo
@ 20000 =050 amzen oo T o
a 25000 a0 0208 oo
“ 29900 100 fET (13 RS
® 4% sagmeme
B aavie el
= e W)
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Clean-up of horizontal well using ICD

W TR VG R et case o0n e G11 e Moased 1. e 5-000)

|- 10000 =000 [T}
HE #1800 w00 [T}
HE- 20000 000 t0
HE: o0 000 t0
B #0000 000 t0
o #1500 000 1
2 540000 =000 (1]
7 45000 =000 (1]
o 850000 =000 (1]
E 855000 =000 1]
0 280000 000 t0
n 00 000 &0
u 70000 000 60
n 675000 000 60
' 00 .00 (1
* #350.00 =000 [}
» 30000 .00 50
kil 35000 =000 50
- 008,00 B 50
» o0 000 s0
@ Tid00 000 60
“ Tis00 000 60
@ 20000 2000 oo
a 725000 H00 B0
“ 729900 150 352 85 Bet spacg of e £a 0

W ST VG R et case o0n e 911 e Moated 1. e 50009

|| = 510000 =00 352,68 Set spacng of e ra 60 ol
HE] 11000 0w 3802 94 Satspacng ol e ra s
HE S £20000 000 3547 B Sutapacng of s 3 80 st e o
k. 00 000 25492 84 St apacng of e £ 60

e 303 000 492 B4 Setapacng of e ea (1] Fiowrate.

= #1000 000 353 14 i apacang o e £ ) e

= 40000 =00 354258 Set apacing of e ra 60

7 645000 =00 3572 84 St spacng of e £ [T} G ettt b

] 50000 =00 3532 84 Sat apacing of e 1 60

= #550.00 =00 ‘354254 Bet spacng of e 1 60 pRasane Prissuy

bl 480000 000 532 84 Sel apacng of ntetm ro 40

n 00 000 592 84 Set apacng of nterm ro 80

Qo 670000 000 592 84 Set apacng of nterm ro 80

n 675000 000 592 84 Set apacng of ntem £ 80

" 00 00 Setspacng of e v 0

® #35000 200 354265 Set spacng of interm. ra 50

» 30000 200 354265 Set spacng of interm. ra 50

El 195000 200 354265 Set spacng of interm ra 50

» w00 20 350289 et apach o rieim £ 50

» 105000 000 3532 84 Sat apacng of e o &0

“ TI00.00 000 3532 84 St apacng of e o &0

il 1500 000 3532 84 Sat apacng of e o &0

@ 2000 w000 3982 84 Sukapacen ol e v o0

a 25000 a0 3542 55 Set spacng of e ra 80

“ 900 100 3542 55 Set spacing of e ra 80
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Clean-up of horizontal well using ICD

Reservoir width: 1921 m

w -
352,84 Set spacng of imem ra

o 10000 =000
HE ¥00 w00
HE- 20000 000
HE: 25000 000

B #0000 000

o #1500 000

2 540000 =000

7 45000 =000

o 850000 =000

E 855000 =000

0 280000 o

n 00 000

u 670000 000

n 675000 000

' 00 .00

* #350.00 =000

» 30000 .00

kil 35000 =000

- om0 w00

» o0 000

@ Tidna 000

“ T1500 2000

@ 20000 2000

a 725000 H00

“ 729900 150 352 85 Bet spacg of e £a

i€

e ease D0n

sizase 1101 Master

Msated £1. DF G000

|t s (0 fesered
Gt el 1 U 410000,
4T5200,

Hericortal 1 Mociet Semngs. prie
Ko iCTERs a9 m - 565000/
500800
st wim 1w m @ Eerd
' 800800
08800

sBeaze (001 Master 1zahed C1. 54 000009
B o Gt =
1B Foesorvois Paramiers 1 20000 100 ‘359284 Sat spacing of nterm ra. BD Et Unts £54a00)
B bt Peatary ||| ' 520100 200 ‘3532.68 Sat spacng ol e ra. ED Corersl now | Cutoct | Caselh Advnced axa
] 3 528000 =00 3842 B8 Set spa0ng of e ra 1] i - CEryETY 300
@ 5 rermaasary 4 530000 =00 Set spaong &0 Remows ha 240800
Wty s 435000 000 3533 84 St apacng ol mterm £ &0 When S4500,
EMn [} 40000 000 59284 et apacng of e ra (1] EE0R.00]
Adanced ? 45300 000 350384 Set apacng of rbm £a (1] EESR00]
. 4500 00 el 3532 84 Sat apacng ol e £ &0 SE08.00,
5 555000 00 3592 B8 et spacng of merm o 0 - e = 63800
. £800.00 =00 2532 86 Set spacing of e £ 60 o 0000
" 585000 =00 2532 88 Set spacng of e e 60 ar4a00
2 570000 =00 3542 B4 et spacng of e ra 80 . a0
] 572000 2000 3597 85 St apacng of nem 3 &0 - Se5000,
" 4300 00 4000 3547 06 Satapacng of mtem o &0 - " 590800,
1 @m0 00 3857 B8 Setapaeng of s ro &0 @ ) Pressurewen st subacd G 505000
" 300 00 000 3547 B4 Set apacng ol mtetm o 60 800800,
" 9200 000 3292 88 et spaurg of e r 60 el ]
1 £000.00 =00 354284 Set spacng of e £ 60
i) 505000 =00 354268 Set spacng of e ra 60 A0 o e | #13400
= E100.00 =00 ‘350285 Sat spacing of interm. ra. (1] o ¥ Cumata rates o L
] ¥00 oo 360296 Rat spacng ol nterm 3 %0 e I 400
HE- 20000 000 492 B4 et apacng of mberm eg t0 | S300.00;
HE: 25000 000 25492 84 St apacng of e £ 60 L £35800]
B #0000 000 492 B4 Setapacng of e ea (1] - B40400]
) #1500 000 3402 B8 Sat apseng of sarm £ &0 @ 8 s @ 545800
) 640000 =00 38592.B5 et spacng of e ra 60 o ! 850800
o) 645000 =00 3842 B4 et spaong of e ra 60 2 : 85000
= 500,00 =00 3842 B4 et spaong of e ra 60 L : 50000
= #550.00 =00 Set spacng of e ra 60 o e
0 280000 o 85 Selpacng of ntetm ro t0 —- | BTOH00]
3 00 =00 2593 B3 et spacing of rtam fo &0 ¥ Fiow ciritlation pregertes i Catads title. o BTS00
=== r g =
=0 0 3 i ra
3 ) =00 spacng of e o 80 L b w00
o 35000 =000 ‘35285 Bet spacng of e o 50
» 30000 000 ‘35285 Bet spacng of e 0 50
7 35000 2000 ‘35285 Bet spacng of e 2 50
= 0000 00 I5E B AL APIENG of e £ 50
» o0 000 3597 B4 Sat apacng of e rg. s0
@ Tidna 000 3592 B4 St apacng of e rg &0
Ll Tisano 000 3592 B4 St apacng of e £g s0
@ 20000 000 369288 Sutapacirg of s v 60
a 125000 #00 352 8% Set spacng ot interm £ 0 o -
P 729900 100 ‘2532 B5 Set apacing of e ra. 80 W TG s
® 4T sagmene
B e bargm
= o e [
[ @
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Clean-up of horizontal well using ICD

Appendix C

NETool™ — ICD Completion Setup

- i W esse 02 rBeaz 01O Maste Abscited C1- DM 0a0090
] @ 5 pans (aousle waw)
o Bt e s e s s
I scre (7] o w w w L
& [ 1w Cortn m m
B 8 nsSow Conrol Davicn 1 E20.00 100 Sorean Open
I Genenc azie 1D 2 20100 800 Sorean Open
B Damters 3 525000 5008 Sorean Open
[ Fossarvuir Paramte i 530000 5000 Sorean pan
W Reservolr Pressure. 5 X000 000 Seagan Opan
Transmissibay . Sam 00 400 Serwan Gpen
& 5 Perma T $450.00. 008 Servan Opan
Mosasy i 5000 000 Serean = Gpen
L] 9 555000 008 Saen . Open
n 600,00 =000 Somen Open
55 tioar Weitsore Camage 0 seE000 00 Soreen Open
= 2 57000 s0m Sormen Open
. srmang =000 seen open
" sa000 %000 sewan Gpen
5 Sea00 008 sewan Gpen
® S 00 0 sewen Gpen
" 000 2000 Soeen dpen
] 500000 5000 Saeen Opan
" 805000 5000 Saeen Opan
] 510000 5000 Saeen Opan
a #6200 5o Sorssn Gpen
n 2000 000 Seean Gpen
HEET) 82000 008 Serean Gpan
2 3000 5000 Sewen Gpan
28 wxn00 008 Besnan cipan
F] 540000 =000 Saen Opan
Fil 848000 =000 Soreen Open
= 500,00 =000 Soreen Open
] 500 =000 Soreen Toen
30 #400.00 5000 Seawen Cpan
n #4280 00 5000, Scwen Opan
) 7000 5000 Sicawan Gpen
n 700 5000 Siwen Gpan
u 800,00 =000 Saeen Open
£ 85000 000 Soeen Open
® #0000 000 Soeen Opan
ar 6000 000 Soeen Opan
» 0000 =008 sctwn apen
kL) 78000 000 Seman pen
] 000 000 Seean Gpan
a 8900 000 Sewan Gpen
a Famane s000 Bueen . Span
o 725000 4500 Boen Opan

L bl | i ovm case: 922 rizass (101, Master
Reservuir & Vel Trajecioey | Vel Segments & Complencas
BB ke £ Compiston et et Buvies. () [P —
8 [ sanzconna TR ey e
B scrwen (7] o L o
B [ tow Cortrst. m i i I
5 3 inflow Conal Dirice 1 52000 100 3592 B8 Gewsri: Nozh 1D fE3TH
Genenichaze ICD || 2 50100 4900 3859285 Gooric Ko K50 2192
& pa 3 52000 =000 3602 55 Generi: Nozzh 1D 2192
B Resrvoss Parwete ] 52000 o 3592 55 Geman: Bz 150 1218
 Reservon Pressure [} X000 000 a2 88 Geoans NAZ 0 12193
Transmissibay . Sam 00 som T —— i
& 55 Permeasity 7 a0 000 T —— i
Mooy L] $500,00. 008 2424 Gennc Nz 100 1293
L] ) 555000 =004 2642 B3 Genaric e 10D 1z
- n 600,00 =000 3402 88 Gemanc Haz 100 2192
55 tioar Weitsore Camage 1 585000 0w 3492 88 Gemanc Ha 100 1213
12 570000 =000 349288 Gemanc Haz IS0 12192
n 31000 =000 92 15 GaAnE KRS 1D Wi
u 80000 50,08 52 94 Gemanc Hash 100 1293
% g0 00 50,08 52 94 Gemanc Hash 100 1293
* 00000 o FAT I Genen: Nz 0D 1293
" 000 2000 ET e —— 122
] 500000 5000 359285 Geoanic Hoz IC0 12192
" 805000 5000 359285 Geownic Hoz ICD 12192
] 510000 5000 359285 Geotnic oz 100 12192
HEET #6200 5o 602 8, Coman Waza KD 13193
HEE #30000 000 4309 Geoans NaSDe D 23
] 00 000 4309 Geowns NaEDe D 12093
2 43000 5000 402 8 Gemprc R 1D e
28 wxn00 008 403 8 o K 15 2192
F] 540000 =000 39268 Georic oz ICD 12182
Fil 848000 =000 3892 68 Gemric Koz 1D 12192
= 500,00 =000 392 B8 Gemric Koz 10D 12192
] 500 =000 359268 Gemric Koz 100 12192
0 #400.00 5000 AT B Ganns Nazse D 2w
n #4280 00 000 A28 Gensns Naze K0 g
r AT00.00. 5000 A28 Gensns Nz KD g
n #7000 5000 A28 Gensns Nage K0 g
u 800,00 =000 3502 B8 Domric Mo 100 12192
£ 85000 000 3592 85 Gomric Ko ICD 12192
® #0000 000 3502 85 Gomric Ko ICD 12192
ar 6000 000 359285 Gomric Ko ICD 12192
» 0000 =008 792,05 Gamans 1T 1D iz
w» T 00 008 a2 04 Gaoens Naze 00 REAl
0 710000 008 P02 04 Gaoens Naze 00 REa
a 115000 008 A2 04 Gaoens Naze 00 1
a Famane s000 4268 Gawnis Has 10 1212
o 725000 4500 30268 Gemanc KOz ICD 12192
“ 72900 100 39268 Genenc MOz ICD 2192
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Clean-up of horizontal well using ICD

rBaze (101 Master
St pans (30uBl wiw)
Cimeter  FiParalel s Dzt charge
L v - L v
mm
13 3 Use discharps coef. 07R05E9
13 Q70589
13 Q70589
13 0750589
13 o
13 o fesen
13 0 fesen
13 0 Tesen
13 ! 0TR05
13 3 Use diacharpe coef 0TR0s
13 3 Use diacharps coef L]
13 3 Use discharps coef 0TH059
1 3 Liw acharge caee o reen
1 3 sy @actargn caes o708
1 3 sy @achargn caes 07008
1 3 Lite anchargy coot 0700845
13 3 Use dacharpe coel. O Tese
13 3 Use discharps coef. 0TS
13 3 charpe coef 0TS
13 3 Use discharpe coef LR
3 3 Uss Gachargs cask 700880
13 3 Use @acharge coee oreme
1 Lhe ]
1 LEe
» A¥A 00 4000 11 0 T
2 840000 S0.00 13 0.TR0569
n 45000 S0.00 13 3 Use discharps coef. QTR0
28 50000 5000 13 ] SChaipe coek 0TR05E
Ed 5000 5000 13 3 Use discharps coef. QTR0
30 880000 009 L E] 3 Lae Bachaige coee o
El 888000 000 1 3 Lk Bcharge coet o Tees
1 A0 000 13 3 LikE Bcharge coet L]
n 478000 5000 13 3 0
£ BEN.00 S0.00 11 L
35 BES.00. S0.00 11 0TS
38 850000 S0.00 11 0TS
L8 655000 S0.00 11 0TS
ol 000 00 2000 13 0T
» TEQ 00 S0.00 13 o teneg
0 000 000 13 otwses
a 8900 000 13 o7esea
ar 100,00 S0.00 13 QT
43 THE00 4800 11 3 Use diacharpe coef 0TR05
& TEI00 108 13 3 Use diacharps coel L]

Return Permeability — Damage zone (Reservoir width: 2742 m)

{ rBaze (101 Master
Rerservolr & Well Trapeciory | Vel Sepments & Completions.
B Hoks & Complston Hoi Weters Damage () i pans (el wew] 3 el Seqmants-
& 5 saneconny W TepWD S lshgh  TooTVOGES)  Famn oiDamagedZon Wk (il oo P |
B scrwen (7] (¥ v L7 o = 520000
5 [ ow Cont = = e Es Unds sa0100f
& [ mtow Camiol Davica 1 200,00 100 anin a2 General | ow | Oued Casends  Advasced 24000
I Generichiozseico || 2 20100 4900 130 042 S3a00
B Dameiers 3 52000 =000 a0 [ = R R S3un0
1B Rorsarvois Pararmate i 00 008 ass0 a7 b e el
8 Reservor Pressure 5 52400 %000 saan o Uustgie P zones Ssi00
= [0z = it it =
e ¥ a0 0900 a0 [T
Hosery T 00 210 0 pelad L Fro
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Clean-up of horizontal well using ICD

Appendix D

MAXIMIZE Software Setup

| |

5. Components I 6. Simulation parameters I 7. Well / boundaries
1. Rurtype | 2. Grid properties I 3. Initiglization I 4. Rock properties
Model description parameters
Run description —{Grid resolution (number of blocks)
Coreflood. Linear geometry . " Low resolution
% Medium resolution
£~ High resalution
— Made! type " User defined
& Core - Linear In main flow direction (M): |4D
" Field - Radial inthe ydirection (Ny): [T
" Field - Rectangular MNumber of layers (Mz) |1
r— Units
[ Import grid properies fromfile 5./t file | & Default lab
. Wi
Property file: " Defaut field =
" User defined

0K | Cancel sppy | Hep |

5. Components | 6. Simulation parameters I 7. Well / boundaries
1. Runtype 2. Grid properties | 3. Initialization | 4. Rock properties

Core dimensions and properties, Mg =40, Ny =1, Nz =1

r Total dimensions —————— ~(Grnid orientation

Core length {cm) B Depth to top layer {cm) Iﬂ

twiell radius [cm) II} Angle () between ¥-2ds and
harizontal direction, clockwise

Core diameter (cm) IB.B

Ehgmake diameter |3.4

— Properties

Kabs {mD) IGDD
Porosity fraction) Iﬂ-25
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5. Companents I

1. Runtype I 2. Gnd properties

6. Simulation parameters |

r Initial pressure

i+ Same initial pressure in all blocks:

Block pressures calculated from
phase density and block depths

Water pressure  (Bar) Iﬂ
at reference Depth (cm) ID

— Initial saturation

%" Same inttial Sw in all blocks ID.2
" Swi assigned by layer

Swi calculated from primary drainage
capillary pressure

7. Well / boundaries

3. Initiglization I 4. Rock properties

— Drainage capillary pressure

Reference Pc (Bar) ID
at depth {cm) ID

r Usze Pc [drainage] on page 4. Rock
properties, bo calculate Swi

Altematively, use drainage formula below:
Pc = Cpc-{So/(1-5wr)) "Epc
Pemeability in  {mD)

Cpc (Bar) Epc Swr

o o o
[T UseJ-function: Pe=l-sqripordk]

— Temperature initialization
To ('C)

at depth {cm)

Temp. gradient ("C./cm)

-
01.Tyrihans Mud 7mic N

5. Components I

1. Runtype I 2. Gnd properties I

6. Simulation parameters

— Rock compressibility

Compressibility D.DDD'I 1/Bar
Ref. pressure ID Bar

— Mumber of rock curves {rock types):

—

— Relative permeability

Sor-options |

[¥ Log interpolation

' Corey type
" Table

INo hysteresis ;I

Rel. Pem. Input |

| 7. Well / boundaries

3. Initialization 4. Rock properties

—Capillary pressure

* Formula
" Table

¥ Include capillary end effects
[ Hysteresis (Killough)

Curvature parameter, eps  |0.05

& Not use J-scaling
" Jecaling using reference K and porosity

" Dimensionless Jfunction

Cap. Press.Input |

OK I 2pply
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1. Runtype | 2. Grd properties I 3. Initizlization I 4. Rock properties |
5. Components I 6. Simulation parameters I 7. Well / boundaries

—Component selection

Selected components
Type MName Init

WATER brine vol frac
OIL oil vol frac
SURFACTANT POLYMER xanthan vol frac
POLYMER POLYMER starch vol frac
SOLID S0LID solid vol frac
CLAY

SIZED SALT
ANION
CATION
TRACER

Total number of componertsis 5

Select fluids initizlty in place
Mumber of Fluids defined 3

Wat brine
Import Compaonents from File I & I

Define fluids I il Ioil
Rock chemistry

|
| Tupe SOLID Comment | Type POLYMER Size distrbution
Imnpart - I
Mame LI Name femlicsl Impart | Mean molecular |1 Qanaoo
i . . ;
Uriits wvol. fraction Units wal. fraction weight [g/male)
E xport |
#po - m Export | StdDev [log noral] |1—
 Filter cake p e D il
Tortuasity factor, tau ensity (g/mi] I'I
Critical porozity IEI.4 |3— -
Compressibility exponent [1/Bar) IU.UUUS —Wizcosily data
izcogity versus concentration [g./ml) [Shear dependence, select model
at zera shear rate [cp) cp L
oer Law
~ Size distribution and specific suface area — Split distribution ol . -
Intrinzic viscasity (ml/g) |4EIEIU O (N G
¥ Particle diameter [micron] |7 Mumber of sub-companents Huggin's constant, K IU 3 —Power La
StdDev (n-Namal) 15 5 i & R Celpil) V(]
Third constant, k' IF IZUUU 0.35 IU nod |2D
112 . . . |
Shape factor Grain density [g/ml) M exponent, alfa Ig_g Metors equalion
© Suiface area (24 111297 288
! el Temperature factor [1/°C) IU-UUE Palfa a_hf
 Tabular distribution Bl e | Fieference temp (°C) IZU |1 75 |2
Cancel | MNext = | Help
Cancel | oK I Help |
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,

1. Runtype I 2 Grd properties | 3. Initizlization I 4 Rock properties
£. Components €. Simulation parameters I 7. Well / boundaries

— Model Input Parameters

Time step and salver options Solid and Polymer Trapping

Reduce effective Sw with trapped water due to
solid retention and clay sweling?

v Use redused Swin krw

— Advancing well v Uss redused Swin Pc
™ Use advancing wel

Rat of cm/min Fitter Cake Parameters
penetration

MNumber of intervals for
opening connections

¥ Mo gravity in the calculations

Report options

2pply

1. Runtype I 2. Gnd properties I 3. Inttizlization | 4 Rock properties
§. Components I . Simulation parameters /. Well / boundaries

Core model: MeMy-Nz = 40-1-1

Use buttons to navigate between

-
injection perods, define new periods or
delete cument perod Delete cument

— Injection / production schedule for curent period

Period 1of 10. — 1st boundary:

[~ Make this the last period - L mi/min € Rate coriro
[~ Restart this period from t=0 Plim |15 Bar % Pressure control

Duration of period |21 i Specify well circulation rate or shear rate

Total time 520  min el II} mlémin - Shear ID 1/sec
Select injection fluid
Imud

Glim ID ml/mn ¢ Rate control
&+ Injection
" Back production Plim ID Bar ¢ Pressure control

— 2nd boundary:

ok |  cancal | el Help
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01.Tyrihans Mud Fmic N

1. Runtype I 2. Grid properties 3. Inttialization | 4. Rock properties |
5. Components I &. Simulation parameters 7. Well / boundaries

Core model: Mo My-Mz = 40-1-1

lUse buttons to navigate between ’—I
<= Previous

injection perods, define new periods ar
delete cument period Delete cumrent

— Injection / production schedule for curent period

Period 2 of 10. st boundary:
i ID I/mi (™ Rate control
[~ Make this the last period L mmin
¥ Restart this period from t=0 Plim Iﬂ Bar {* Pressure control
Duration of period IBD mir Specify well circulation rate or shear rate

Total time 60 min Gl ID ml/min  Shear ID 1/zec

Select injection fluid Lo
ail j

i 10 i I
 Injection T¢0) Gllim I mil/min Rate control

* Back production |2D Plim ID Bar ™ Pressure cortrol

Cancel | Apply Help
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