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Abstract

The volume of heavy oil and bitumen in the oil sands deposits in Western Canada is similar to that
of conventional crude oil in the Middle East. This resoureass butdifficult and energy intensive

to extract because of itsigh oil/bitumen vscosity, over D00 t010,000,000cp at original reservoir
conditions. Current commercial thermal recovery processes used are SteatadAGsavity
Drainage (SAGD)Cyclic Steam Stimulation (CS@nd steam floadin this study, the focus is on

the SAGD pocess.

Currently mostcompletion designs for SAGD are focused on wellbore and verywelHiore

regions andeservoir simulation history matching and forecasts are done using simghsurce
wellbores.In one case the complications of the geologmadl reservoir heterogeneity are not
considered in the design, and in the latter, the impact of completion components on wellbore
dynamics is ignored or oversimplified. This study shows that when reservoir and wellbore modeling
are coupled, completion desgiy history matching and forecasts may change significantly. The
difference grows with increased reservoir heterogeneity and complex fluid saturation and properties

distribution.

The impact of countecurrent heat exchange in concentric configurationfaasd to be significant
in reducing the energy delivered to a reservoir section during circulation. The application of Vacuum
Insulated Tubing (VIT) with properly insulated couplings was shown to be promising in reducing

the counteicurrent heat exchange.

Thermal energy distribution during thermal start up and true SAGD stages is key to obtaining high

performance bitumen recover&. synthetic parameter called Oil Production Potential (OPP) was



derived to be used as a guide to distribute energy alongAMBE Svells. A novel method/workflow

was presented that identifies high and low potential reservoir sections to introduce heat to a reservoir
accordingly. This workflow was used to design and implement SAGD wellbore completions in
Senlac, Saskatchewan. Theld results supported the design workflow and showed significant
improvement over conventional completion design methodologies that emphasize on wellbore and

very neaswellbore regions only.
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Chapter One: Introduction

1.1Background

Currently, there are three major arrangements of the horizontal wells for the SAGD process: The
basic one involves two wells drilled one above the other. The lower well (producer) is located at the
base of the formation, and the upper wellgstenjector) is located several meters above and parallel

to the producer. The second and most recent scheme involves the use of a single well with dual
tubing strings. Steam is injected from the surface through omsgttdoexit at the toe of the well.

Along the horizontal part, mobilized fluids and condensates drain into the liner to be lifted through
the production tubing from the heel to the surface. The third configuration involves combinations of
vertical and horizotal wells, with the verticabnedrilled at the toe of the horizontal well, with

several vertical wells drilled up at the top of a formation and a horizontal producer located at the

base.

In Alberta, the basic case with two parallel horizontal welthéscommon completion scheme for
the SAGD procesdn this case, the SAGD wellbores have two strirgelanded at the heel and
the other landed at thiee of the horizontal sectiomhe welboresare designed with dual tubisitp
avail operational flexibility. In the case afinjector, this configuration allows for the flexibility
and balance of steam injection at the heel and at thartddoraproducer it allows to manage better
the seam trap and liquid withdrawal from the heel and theTbe.strings can be installed parallel

to each other (Figurgl) or concentrially (Figurel.2).

With a concentric design well, the drilled holes are bigger and well intervention becomes e#sier. B

on the other handhe concentric design suffers from the counter current heat transfer between the



fluid flowing in the annulus and tubing. One way to mitigate this problem would be using vacuum

insulated long tubing which is an expensive option.

Thedrilling and completion cost is less than 15% of the total capital cost of a SAGD project. Figure
1.4 below is an estimate for the drilling and completion cost of an 800 m long SAGD well pair in
Athabasca oil sand®servoirs Alberta, Canada. From the 8.&illion dollars cost of drilling and
completion of a typical 800 m SAGD well pair, only $437,000 is the cost for the producer and
injector liners (approximately 10% of the drilling and completion cost and less than 2% of the total
cost of a SAGD project)lhis may imply that the size of a liner is not that significant in the overall
cost of the project. However, any increase in the liner size will increase the size and cost of the

completion and drilling components in the horizontal sections, and snavbdaitfect.

The SAGD process is carried out in three distinct phasesugtarue SAGD, and wind dowiThe

startup phase is aimed at mobilizing the bitumen close to the wells and between the injector and
producer to establighermal andydraulic communication between the wells. At undisturbegin

reservoir conditionshitumenis extremely viscous and mobile. Thewidely used method for start

up is circulating steam in botbroducer and injector wellborder a few months.True SAGD
operatiors involve injecting steanmto the upper wellborand producingdiquid (which consists of
bitumen, reservoir water and condensed stéeon) the steam chamber abcad betweertie well
pairsthrough the lower wellboreThis phase last®r as manyyears as necessaty recover the
maximum amount of hydrocarbons iinche drainage volume. Thend downphaseconsists of a

series of operations aimed at reducing the amount of steam injected and using other enhanced

methods to maximize recovery.



The keycontrol on the oil production rate fromreservoir is the size ad steam chamber. The
evolution of the steam chamber and its simmpactedby the size of the initial chamber volume
formed directly after the steam circulation stage. The larger ¢laensthamber volume, the larger

the heat transfer area, and in turn, the greater the mobilized oil and producédn rate

Geology and reservoir quality play the most important role in the success of any thermal recovery
method; the second mastportant rde is the wellboré .sThe effectiveness of the SAGD process
depends, among other factors, aproper location of horizontal wells imgeological formation.

The twowell SAGD scheme requires a precise control of the separation between the wells. Too
close spacing results in rapid heat communication whilatimo wide separation, long delays occur

in obtaining a significant productiéh

Hydraulics in both injection and production wells affect the steam chamber growth and
conformance. In an ideally tiarm clean sand reservowptimal well designs would eliminate any
pressure loss in either wellbore. Wellbore annulus pressure gsadrenmposed on the reservoir.

If they are too largethe steam chamber liquids will tend to accumulate at one end, reducing
production and the oil/steam rattoThe other important factor in the design of the SAGD injectors
is having a uniform steam glity in the annulus. This is difficult to achieve due to counterent

heat exchange effects causedathygher pressure drop arelatively small tubing

The fluids entera producer through the slots on the surface ther. The liner should haven
enough open area to get the most offlines. A small diameter liner or low slot density will choke

the life of the SAGD process.



A pressure drop in the producer annulus is usually low. Most of the pressure loss in the producer
happens in the vertitaection. As the fluidflow through the deviated and vertical section, water
may flash into steam with the pressure drop depending on the subcool of the prodused fligh

volume of steam production at surface requarbgyger size of surface faties. Steam production

at surface does not necessarily indicate live steam production in the producer wellbore during SAGD

or presence of live steam along the length of the well during circulation

The producer wellbore should be designed to ensutetthawell is large enough for lifting the
fluids, the surface pressure of the produced fiiscenough fothefluids to flow through the plants
and facilities,anda minimum vapour volume is produced at surface conserving as much energy as

possible imreservoif.

As for the length of the SAGD wells, the maximum practical length is determined by its hydraulic
capacity and the reservoir quality. Economic optimization of a SAGD scheme is an interdisciplinary

problem involving drilling, completion, andservoir engineering inptit

Since the first SAGD wellsvered r i | | ed f o(AlbertaCd Bé&hAsdéTechnology and
Research Authoritylpover Underground Test FaciliWTF), the completion design for the SAGD
wells has progressed from its simplest fdrm., a single point injection and production at the heel)

to more complex architectures adding outflow and inflow points along the horizontal wellbore.
These new configurations allow for longer wells and increase the recoverable amount of

hydrocarbons pewell pair.



A proper distrilntion of steam injection anchanagement of inflow of hot produced fluids into
horizontad wellbores are essential smccessful operatisnof SAGDprojects. As typical wells are
500-1,000 m in length, there is a significant e area for heat exchange to occur witeme is

fluid flow in bothtubing and annulus. If combined with inappropriate designs and operatieres

can be undesirable and unexpected effects on the overall perfotfndinee recentadvance in
completiondesign for injection and production wells has been adding more outflow and inflow
points along horizontal wellbores by using flow control devices (FGig)e mantainingthe two

string approach or even reducing to a single injection string (Fig8ye

Currently, there are three types of FCDs in the industry: orifice/ndmeded (restrictive), helical
channel/labyrinth pathway (frictionalj, and autonomougach of these EDs is similar in basic
functionality and mechanisnizut varies from the other in its design and field applicabilityey

use different methods to achieve a uniform inflow profile. The or#i@sed FCD uses fluid
constriction to generate a differential pressure across the device. This method essameslithé

fluid from a larger area down through small diameter ports, creating a flow resistance. This overall

change in pressure is what allows the FCD to function.

The helicalchannel and labyrinth pathway FCD, however, uses surface friction to geasiatilar

pressure drop. The helical channel dedighone or more flow channels that are wrapped around

the base pipe af screed? The labyrinth design uses a tortuous pathway to create a pressure drop
which makes the fluslchange directions numersdimes while transversing through the device.
These designs provide a distributed pressure drop over a relatively long area versus the instantaneous

loss using an orifice. Using friction to create a flow resistance allows the use of a channel with a



large crosssectional area than an orifib@sed FCD. When fluids flow throughchannel or

channels, fluid rheology and channel characteristics interact to create the designed pressure drop.

Autonomous FCDs hawanability to passively adapt tthanging dowhole conditions i way
that controls unwanted fluids while preferentially producing desired fldtaguresl.5, 1.6 and
1.7 display an orifice/nozzle based FCD, a helical channel design FCD antbanmous FCD

respectively.

The disadvantage of tlwgifice or nozzle based FCDs is the small diameter ports required to create
flow resistanc®. The small size of the port makes it prone to erosion fromveggity fluid-borne

particles and plugging by sasand fines.

A larger crosssectional flow aga of the helicathannel FCDs generates a significantly lower fluid
velocity than the ports of an orifice based FCD with the same flow resistance. Thediedivaél
FCD is more resistant to erosion and plugging. The disadvantage of the-ttedinakl EED is that

its flow resistance is more viscositigpendent compared amorifice based FCD.

The limitedentry perforating technique is used to eliminate the possibility of poor injection profiles

in multi-sand completions. It provides assurance of aumisteam and hedatjection profile within

a single wellbore because no individual sand can act as a thief zone. This technique is a practical
application of the principle of critical steam flow through an orifice. At critical flow conditions, no
single gerforation or sand can act as a thief zone because the maximum rate of injected steam is

limited by the hole diameter and by the upstream injection pressure.



Limited-entry perforating is achieved by limiting the diameter and number of holes so that the sum
of the maximum injection rates of the holes is equal to the total desired injection rate in the well.
However, critical velocities are sometimes difficult to achieve and maintain and wide discrepancies

have been seen between actual and theoretical defgtion rates and steam injection profifes

1.2 Literature Review

Most studies in the literature are on wellbore design and steam splitting in steam flooding and cyclic
steam stimulation, angw studies haveeenperformedfor SAGD operations. Thisanpartly be

due to the fact that commercial SAGD has not been artarnglich along time as the other two

recovery methods

It is important for both reservoir and production engineers to know the steam distributien in
injectors Steam loses some it energy on its way to downhole. This loss, coupled with the total
pressure lossdetermines the bottomhole pressure and steam quality. In heterogeneous reservoirs
where long horizontal wellbore and multiple completions are used, controlling the aofdaatt

and steam injected into various intervals is required to achiesteptimize the conformance af

SAGD steam chamber and efficient thermal recovery. This hassbeédierdin steam floothg and

cyclic steam stimulation by using Limitéghtry Perfoations (LEPs¥3689) LEPs are used to meter

steam injection into separate sand intervals within the same well.

Jupraseret al® discussed steam distribution in vertical wellbores for steam ifigaahd cyclic
steam stimulation in San Joaquin Vall&yalifornia. They studie@n application of dual string

injection well configurations with downhole flow splitters in nidtine, long interval injection



wells. In this study, they concluded that utilizing downhole flow splitters eliminates the need for

thermal packers and maintains effective vertical coverages dual string injection wells

Tameret al®® reviewed the SAGD well placement and configuration in the literature and used
numerical simulation to evaluate the performance of SAGD with hdakwoells, vertical wells and
horizontal and vertical wells combined. They concluded that horizontal steam injectors deliver more
steam taaformation due ta larger initial steam chamber formed when production first stants,

as a resultsteam chambsergrow faster and more ad recoveredompared to the SAGD cases with
vertical injectos. However, in the case of horizontal injectors, duegiteat heat losses to the
overburden, the process is less thermally efficient compared to the case wheniugrticakare

used. This is because the exposura sttam chamber to the overburden is smédiethe vertical

steam injectoreompared to thawf horizontal injectors earlier in the operation. This allows more
efficient delivery of energy to the oil sand in the early stages of the process. They also concluded
that horizontal producers perform better tivantical producers when vertical steanectors are

used.

Vanderand Yang investigated the impact afliner and tubing size ianinjector and producer and
variable slot density on the pressure profile in the producer and injector and its implication on the
SAGD operations in a dual string lare configuration. They concluded that with running a
smaller long injection tubing (89 mm instead of 114 mm) in a 178 mm liner, it was required to cut
the toe steam injection from 40% to 10% to get the same or similar performance as the bigger tubing
(i.e, 114 mm). This is because running wetmaller long string will cause higher heat and friction

pressure loss in the long tubimpichwould negatively impact the thermal efficiency of the process.



Another conclusion from this study isnla homogenas reservoir, the effect of running small

diameterlong tubing can be mitigated by decreasing the toe injection.

They also investigated the impact of running a bigger injection liner (245 mm liner instead of 178
mm one). This showed thapressure drom the injector annulus decreased and resulted in a more
uniform pressure prdé in the injector annulus; as expectéus resulted in a better overall well

pair performancen terms of amoil rate and SORsteam oil ratio This along with reducing the
production long tubing size from 114 mm to 89 miuarther improved the SAGD well pair
performance. Téir studyshowed the importance and significance afpressure profile in the
producer and injector on the overall SAGD operatitimstorm pressures help tmaintain a uniform

liquid levelabovethe producer tubing and draareservoir with a more conformed steam chamber.

Their investigation of usingvariable slot density (200% of the fixed density case) from the heel

to the toe ofliner to eliminaé the pressure gradient in the wellbores also showed improvement in
the SAGD performance. According to this numerical study, the overall performance of a design with
a variable slot density can converggethe design with bigger casing. They also suggettatia
compromise design utilizing blank joints could be implemented to inapentiable open area. The
impact ofa pressure gradient in the injector on the SAGD performance was also investigated by
Thorne and Zh&8. They concluded that a large pressure gradient in the injector annulus, which will
be transferred intareservoir, requireahigh steam production rate in the producer annulus in order

to maintain oil production and avoid liquid accumulation above tbdyzer.



Da¢ studied the design of producer and injector wellborasoncentric configuration. In his study,

he distributed the steam injection between the annulus and the toe at a ratio of 80:20. He mentioned
that in most of the SAGD facilities steamas generated at much higher pressure (>10 MPa) than

the requirement of the reservoir operating pressure. The pressure of thevsselhdown near
wellhead using chokes. The wellhead pressure can be as high as 6 MPa. This suggests that the
allowable fictional losses in the vertical section can be significantly higheraanaaller tubular

can be used in the vertical and deviated section. The pressure gradient castedrnydistribution

ratio in the long and short strings af injector will transér toa reservoir througta slotted liner.

Das suggested an allowable range eb8kPa for the pressure drop in the injector annulus and used
this criterion to size the SAGD injector wellbores and tubing. Based on a typical 5 m vertical spacing
between lte injection and production wells, the 50 kPa guideline is roughly equivalent to the
gravitational head of the liquid columrThe idea is that the pressure drop along the well will be

reflected in an uneven liquid level as shown in Figu8e

In the stuly conducted by Vincedt al®® for the PetreCanada (now Suncor) McKay River SAGD
project, it was recognized that there are two factors that have a significant implhetstegam to

toe time in a SAGD injection well circulation rate and the thermalr@tuctivity of the wellbore
material. Tubing with high thermal conductivity will cause significant heat transfer from its inside
steam into the annular space and the condensation of the steam. As the thermal conductivity of the
tubing is decreased, less heés lost and condensation is minimized. This explains why using
Vacuum Insulated Tubing (VIT) has been very successful in delivering high quality steam to the toe.
They also found that the thermal conductivity of the horizontal casing has a signifigeat iom

the steam to toe time. This value determines whether the heat transferred from the tubing remains in
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the annular space or whether it is transferred to the surrounding reservoir sand anédldinc:
thermal conductivity of the horizontal casirsggimcreased, the steam to toe time also increases. The
thermal conductivity ofa short tubing in the production well ardiser casing in both wells has

little or no effect on the steam to toe time.

The success of a SAGD project liesthe success in fiming a decent uniform steam chamber and
communication during circulation. Wellbore configurations as well as operating strategies are the
key factors in how welthe petroleum engineelid in starting up SAGD well pairs. The start

period depends strolygon the inteswell spacing® 2L It may require several months of steam

circulation to establish thermal and hydraulic communication between a SAGD well pair.

Parappilly and Zha8 discussed the advantages and disadvantages of drilling long hor&aGBl

wells as follows:

1. A longer wellbore has the ability to reach greater lengths within a reservoir with one single
wellbore as opposed to multiple wells. When multiple wells are drilled, multiple pads must also
be built, one for each group of wells.drfore, to exploit a given reservoir, the average pad cost
will be lower for longer wellbores. Another significant cost advantage of the longer wellbore is
the fact that fewer build sections need to be drilled and completed. The build section of the
horizontal SAGD wells is significantly more expensive than the horizontal section because it is
generally much larger in diameter. By decreasing the number of wells ohwithathe use of

longer wells, the cost of all the build sections will decrease signifi.
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2. Despite the economic savings, there are potential disadvantages associated with longer wellbores.
First of all, because of the reservoir heterogeneity, it is more likely that-amimmm steam
chamber will develop with a longer well. A nomiform steam chamber is a steam chamber
within a reservoir in which the propagation of steam in the chamber is unbalanced. This imbalance
can affect production rates and bitumen recovery because production may be concentrated in
some areas but limited in othells may result in areas within the reservoir that are not well
exploited. The second disadvantage of using longer wells in SAGD is the increased cost
associated with larger casing and tubing sizes required for longer wells. Larger completions may
be neede to minimizea horizontal pressure drop, which may offset the cost savings of drilling a

longer well.

3. Drilling long horizontal sections is challenging from a drilling perspective because deflection can
occur while the bottomhole assembly drills furthat mto the reservoir. More weight must be
applied toadrill string to force it in the designated direction. Following drillingotted liner is
placed in the drilled hole. This process poses difficulties, especially in long wells, because the

riser (kuild) section must be large enough to accommodate the larger liner.

4. Finally, from a completion point of view, mechanically pushing tubing strings into the longer

wellbore is challenging.

They also examined the effectiveness of using a longer horizontal wellbore in SAGD, as there is
tremendous potential for economic savings in implementing longer wellbores in a SAGD project.

They examined drilling a 1,400 m long horizontal well against?®@ m long wells. They found
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thatthepressure drop in the injector and producer make the difference in the SAGD performance in
the above two scenarios. Without considering the pressure drop in the horizontal wellbores, they saw
very little difference in ppduction between long wells and short wells. For their resewaler

study, numerical modeling showed that as long as the horizontal pressure drop remains less than 190
kPa in the injector and 50 kPa in the producer by usmgdaquately large wellbore diameter, a

1,400 m long horizontal well is as effective as two 700 m long wells.

Medina and Wat from Statoil Can&dased the temperature fall off tests during circulation in their
Leismer asset to place the injector FCDs. yTpeinted out the significance of the number of
temperature points along the horizontal section and the use of Fiber Optic DTS (Distributed
Temperature Sensing) abetter understandingf the dynamics inside the wellbore during the-fall

off tests.

Shawand Bedry from Halliburtol described one of their technologies wherein by dividing the
SAGD injector and producer wellbores into a few isolated intervals and using interval control valves
(ICV) for each segment, better chamber conformance and perfagroande achieved for a SAGD

well pair. In this technology, by shutting in all the intervals and then opening each one individually
and measuring the injection pressure at several steam rates, one can calculate the injectivity into
each interval. Knowinghee injectivity for each interval and by using the simupressure data, one

can estimate the steam chamber size and reservoir characteristics for the tht&helshuin (or

fall-off) temperature dateanalso be used to determine the steam chamostiy'’. The ICVs can

also be used i producer to produce from specific zones of the completion. They will help to

eliminate steam productidireakthrough, and improve the overall SAGD performance. They also
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discussed how using the technology in a SAGE&I wair in Alberta, Canada improved the well
pairdés oi | Jadotsignifieantlg. Therte basebeea aldorithms discussed and developed

for controlling ICVs(Gotawalaet al® 1% Stone et a#?) in the literature.

Another method to improvetesam conformance was studied and explored by Gates%aral. is

called Jwell Assisted Gravity Drainage (JAGD) and displayed in Figuge In this process the
underlying well configuration is designed so that it promotes steam conformance alond &= wel

the process evolves. This process is \gelted to reservoirs with strong compositional varigfion

In JAGD, the horizontal steam injection well is located in the upper sectemresérvoir where the
bitumen viscosity is low relative to that oftlbitumen at the base of the reservoir. The producer is

a Jwell which is located under the injector well. The toes of the wells are spaced close enough to
each other so that in a reasonable circulation period they can establish thermal and hydraulic
communication. After the bitumen between the toes is mobilized, steam injection in the injector
wellbore starts and fluids are removed from the producer wellbore. This way a steam chamber gets
created at the toe and grows towards the heel of the wells. Iprtusss, the upper less viscous
bitumen gets produced first and suffers no reserves losses becauselhgill eventually produce

the lower more viscous bitumen. Compared to SAGD with two horizontal wellbores, this process
requires less steam in therlgastages of the process, and the inclined JAGDIpcer ensures
localized steam trap control and intersects the shale barriers to steam allowing for production from

the majority of the reservorr.
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1.3 A Novel Methodology to Design FCDs

In the SAGD processteam distribution iran injector andnaintaining asustainable liquid level

above the producer are key to achieve steam chamber confornkarmeing that the pressure
gradient along the horizontal section of the injector and produekitransfers into the reservoir,

the industry standard method for designing the producers and injectors is performed in such a way
that the most possible uniform pressure distribution along the SAGD horizontal wellbores is
achieved using FCDs. This isdeal on the theory that a uniform pressure profile in the injector and
producer helps to maintain a uniform liquid level above the producer and achieve uniform steam
chamber growth and avoid steam breakthrough into the producer. The design is for amexpecte
forecasted production and injection operating conditions (fluid production and injection volumes,
injected steam quality, injection and production pressures and temperatures, and wellbore
configuration). This method assumes a neellbore homogene®ureservoir which is in a steady

state communication with the wellbore. This would be an appropriate way for wellbore completion
design if the reservoirs were uniform and homogeneous both laterally and vertically along the SAGD
wellbores and the reservdiehavior and operating conditions were not changing in time. The field
data, operations experience and simulations suggest that this is not the case. Significant
heterogeneity in the reservoir is evident in heavy oil/bitumen deposits in Canada and heound t
world. Therefore, a design method is required that includes the reservoir heterogeneity as part of its
design strategy. The reservoir heterogeneity may include the viscosity variation due to heavy oll
biodegradation in the reservoir. The FCD design oekfiroposed in this research takes the reservoir
heterogeneity and change in reservoir behavior and operating conditions in time into the
consideration. What makes this approach unique is the use of a synthetic parameter that is to

evaluate oil productiopotential along the horizontal section of a well.
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1.3.1 Oil Production Potential
According to Darcyods | aw bel ow, the amount of
another depends on a pressure difference (i.e., the driving force), resevéimid properties and

the size of the control volume:

, 1Y/ i

n —— E6EéEéE6Eéé. .. eécéeeéeeeeeeeeeeeeee. .. . ée(1.
where:

g=flow rate

k=permeability

A=cross sectional area flow
ap=pressure difference
M=viscosity

I=length

The pressure between a wellbore and a reservoir decreases in time as the reservoir pressure depletes.
The degree of depletion depends on the size of the reservoir. In the SAGD process, the vertical
permeability of the reservoir determines the verticalstgeowth and the degree of communication
between the SAGD wells and the reservoir and injectors. For a SAGD well pair, a synthetic

parameter called Oil Production Potential (OPP) may be ddinedreservoir gridblocks follows:
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- Reservoir gridblock

I:I Wellbore cell

,,,,, s

000 08 0w 0w — i=1, 2,-1,B, éééé¢émw. . é(1.

where:

FC=Flow Capacity

OV=0il Volume

OPP=0il Production Potential
L=Reservoir or wellborerglblock/cell length
W=Gridblock width
h=Gridblock height
k=Absolute permeability
kro=Relative permeability to olil
«=Porosity

So= Oil saturation

p= Pressure

Oil viscosity
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Then the total OPP for eolumn of reservoir gridblocks along the producer wellbore may be

calculated using the relationship below:

Y& oliad B D g

i=1,2,3,..,AL , n

4, N1(15)2, 3,

The total OPP then can be normalizéohg the SAGD producessing the followingelationship

6El & waUQ)O(UDBﬁB‘ j

2,-1,B, 66666KM. .. (1.6)

The NormalizedOPP along the SAGD producer cangetted using Equation 1.6 for the middle

point depth of the producer cells 1 tolNthe length (L) and width (W) of the gridblocks along the

SAGD wells do not change, these two parameters may be neglected in cgclitaihOPP, as

they will be canceled out n t he Equati onds 1. 6whenucaialatiag o r

Normalized OPP.

This study shows that in designing the FCDs, the best ciorelzetween the injected enthalayd

OPP distribution results in tHeest possibl&AGD performance and not a uniform pressure & th

wellbores. The plot below displays conceptually the good correlation between Normalized OPP and

Normalized Enthalpy for aoptimum FCD design

Mormalized Enthalpy or OPP

Mormalized OFP

Normalized Enthalpy FCD Design 1

Normmalized Enthalpy FCD Design 2
Normalized Enthalpy FCD Design 3 (Optimum)

a 100 200 00 40D 500 800 700 800 apo

Distance from ICP {m)
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1.4 Software

The principal components oaccessful numerical simulation of thermal horizontal wells inéfude

1 Heat transfer across the wellbore composi§rpes, instrumentations and insulations),

1 Heat transfer between the wellbore components and surrounding cement or formations,

1 Viscositiesenthalpies and interfacial tension data for mixtures of steam/water/oil/gas,

1 Multi-phase flow correlations to predict frictional and restriction pressure losses and flowing
densities in pipes and flow control devices,

1 Capabilities to model a variety of vilebre configurations, and

1 Ability to transmit fluids to and fromareservoir.

A model used for wellbore designarorizontal section needs to be coupled with a strong reservoir
flow model, as the fluid dynamics in the wellbore are significantly affected by the fluids interaction

with the reservoir sand and fluid.

In this study, thahermal efficiencyheat transfeand fluid hydraulicdor different completions

during start up are evaluateding a Thermal Wellbore Simulator (TWBS) CMG6és SATR:
reservoir simulator with its coupled wellbore model (FlexWell) will be used to model the wellbore
hydraulics in the horizdal sectios of the wells and reservoir flofor SAGD performance with

FCDs installed in the wells

1.4.1 TWBS
The TWBS, Thermal Wellbore Simulator, from TT & Associates Inca, steadystate adaptation

of adiscretized wellbore model as used in the EXOTHERM Thermal Reservoir Simulaset. d
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fully coupled continuityand energy equations, subject to user specified boundary conditions, for
each reservoir and piping segmen¢ aimultaneously solved usirggunique iterative technique.
Inflow/leak-off from/to the reservoir isnodeled using Dayd #ow, while multi-phase flow in the
piping segmentss computed using the Begdill correlation. The formulation of thenodel

accommodates  simultaneous solutn o explicitly defined ICDs

1.4.2 STARS™ and FlexWell™

The FlexWell wellbore model is solved independently but is fully coupled witthémmalreservoir
simulator STARSM. The wellbore model can handle a collection of up to three parallel tubing
stringsalong with a concentric string in annular space. The tubing strings may have various lengths,
may be fully or partially insulated and may have a varying diameter aloindethgth. The annulus

may have casing, cement and a varying diameter d®ngh.

The model calculatesfriction pressure drop as well as axial and radial convective and conductive
heat transfer. Radial heat flow is affected by wall thickness, insulation and cement. Multiple tubing
strings communicate with each other through timeutus. Each tubing string exchanges fluid with

the annulus at the toe or through FCDs that can be placed at different sections of the tubing strings.

1.5 Components and Outlines of th&hesis

The petroleum industryds apm@nisaolingto mpr&A&tBGed we l
thermal efficiency of the process, steam conformance and uniform steam chamber growth. The
evolution has included adding VIT to the wellbore strings, monitoring instrumentations and

techniques, FCDs and sand control systenespide this trend, there are not many technical papers
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and studieavailable that have evaluated and simulated the benefit of these technahattiesnost

work that has been done, the reservoir complexity and its interaction and impact on wellbore
hydraulics have not been properly modeled. However, with recent developments in commercial
software, we have got one step closer to better understand, design and optimize the thermal wellbore
configurations. The conventional design methods to date have fooausttee operation side of

SAGD and nobnimproving the thermal efficiency of iprocess.

A successful SAGD project starts with a proper atarstrategy. In Chapter Two of this thesise
practiced startip methodsn Canada i@ studied and evaluated using simulation and field Tai.
strategies are evaluated from the thermal efficiency point of view. Technologies and techniques are
discussed and proposed to improve the thermal efficiency of the SAGD process and shdggn the s

up period.

The importance of FCD design in fields is discussed in Chapter Three by giving actual field

application examples for FCD application failure and success.

In this thesis, aovel methodology and workfloaredeveloped for the design of FCDs, aimed at
improving the thermal efficiency of the SAGD process by considering practical limitations in

operating SAGD wellsChapter Four presents the methodology and workflow.

The workflow presented in Chapter Fows ised to design the location and size of the FCDs in
SAGD well pairs in the Senlac thermal project, Saskatche®@hapter Five evaluates the field

performance results and shows thaigmificant improvement over the conventional methodology
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of the FCD desigis achieved. The conventional methodology focus®g on creatinga uniform
pressure profile in the horizontal sections of the SAGD weltbétewever, the focus in the new
method is distributing energy proportional to oil production potential alongaheontal sections

of the SAGD wellsHistory matching and forecasts using coupled reservoir and wellbore models
and softwarexre used in tis thesis Chapter Six summarizes the thesis achievements and potential

future research work.

The researchn this thesiss aimed at enhancing SAGD by improving the thermal efficiencyeof th

process.It evaluats the current indstry practices and proposes novel completion design

methodologiesind workflowsfor the SAGD technology.
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Surface Casing 13 38" = 16"

Short String 2 78" =5 1127

Long String 2 7/8" -5 1/2°

\ Intermediate Casing 9 5/8"—13 38"
\LE‘ _[ Liner (Slotted or Screen) 7° -9 58"
S A

Figurel.1-Parallel wellboresonfiguration]modified from Medina et ¢’

Surface Casing 13 38" - 16"

QOuter / Heel String 7 =9 58~

Innver f Toe String 2 78" = 4 12"

Figure1.2-Concentric wellbore configuratidmodified from Medina et §¢’
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P
— Injection string 2-7/8" = 514"
_.—l_—‘ — Injection Liner (Slotted or Screenp 7" - S-5/8"
___________________________ y
- i

[ o —— .
Steam distribution outflow control devices
Infermedate Casing 3-50E" x 13-3&"

Figurel.3-Diagram of a singketring injection vell completion with multiple FCB[modified from
Medina et a]?’.

m Drilling
® Tubing Completion
Instrumentation & Installation

m Producer Gas Lift

Figure1l.4-SAGD well pair drilling and completion costs
in Athabasca oil sands, Alberta, Canada.(k$)
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Figure 1.6Helical channel desigh

Figure 1.7Example of a linedeployed autonomous FGRith screen componetit
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Figure1.9-The JAGD process [Gates et al 2088]
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Chapter Two: Evaluation of Thermakfficiency of the PreHeat Period in the SAGD Process for
Different Completion Methods

In the Steam Assisted Gravity Drainage (SAGD) processh@aing is a very important step in the
successful development afsteam chamber. The pheaing period lasts months and is deemed
complete when the temperature between the injector and producer is high enough to establish
hydraulic communicationUniform preheat along wellbore is crucial to achieve steam chamber
conformance throughout the life afwell pair. The efficiency of praeaing can be affected by
several factors, wita completion type being one of the most important among them. The objective
of the studyin this chapters to evaluate the impact of this factor on thermal efficiency duthe

pre-heat phase of the SAGD process.

In thisthesis t he compl etion practices in five major
Firebag and Mckay River, Cenovusdo Chriétina
Surmont)are evaluated. Theritical factor used to determine the efficiency of any completion type

in the preheat process is the heat loss and heat exchange along the producer and injector wellbores
and the completion components. This variation in thermal efficiency results fodonsfsuch as

concentric versus eccentric dual tubing completion, and tubular size, length and configuration.

The results of the study provide a comparison of different completion practices in the five major
SAGD operations in Canada. The simulation niodeof the process, along with field experience
and observations, help to understand the impact of ceaateent heat exchange and heat loss in
concentric versus eccentric completions. Also, the restdtaised to quantitatively evaluate the
impact tha vacuum insulated tubing has on delivering energw teservoir and its associated

thermal efficiency during the piteeat process.
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This chapteris aimed at providing a better understanding of the impact of different completion
methods on thermal efficieg during the préneat period in the SAGD process. The study also
incorporate actual field performance of thieve major SAGD projects available in the public

domain and AER reports.

2.1Introduction

In 1979, Roger Butler filed an application to patent a thermal recovery method, known today as
SAGD, to produce immobile viscous oil frazi sand deposits. In the SAGD process, two horizontal
parallel wells are drilled inta formation one for injectiorof heated fluid and one for production of
liquids®’. Thermal communication of the wells needs to be established before the SAGD process
begins. According to Butler, thermal communication is achieved when a relatively high permeability
path from the injectin well to the production well is established so that liquids heated by injected
steam can drain continuously to the production well. In order to establish thermal communication
between the wells, Butler suggested forming a vertical fracture betweejettt®imand production

wells by employing steam pressure above the fracture pressure or by hydraulically fracturing the

reservoir and propping®t

The idea of steam circulation to establish thermal communication between the SAGD wellbores was
first presented by Edmunds et #ISteam circulation involves injecting steam iatavell through

one pipe that extends all the way to the toe and ptmueturns through another pipe at the heel.
Some of the injected steam will be lost to the reservoir artd hipahe reservoir by convection and

the rest loses its heat to the outer liner wall and formation through conduction. The actual amount of

heat delivered to the reservoir compared to the amount injected at surface is the critical factor
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determining theféiciency of the process. Currently, steam circulation is the most common technique

to establish thermal communication between the SAGD wellbores.

2.1.10ther Startup Strategies

There are several other startup strategies that have been used or atly t@irentested alone or

in combination with circulation to enhance the communication between SAGD wellbores. One of
these strategies Bullheading In this method, steam is injected into the reservoir through one of
the SAGD wellbores. Bullheading cae lbonsidered as an option when the reservoir fluids have
enough mobility to convectively heat up the iatezlibore region. In this method, the dominant heat
transfer mechanism ®reservoir is convection which is much faster than conduction, the dominant
heat transfer mechanism in steam circulation in reservoirs with low fluid mobility. Flow control
devices may be used in steam bullheading to better distribute the heat energy in the reservoir with
single tubing ¢ee Figure2.4). However, in this methodue to limits on the Maximum Operating
Pressure (MOP), we may end up injecting steam at too low rates which may not be sufficient to
effectively heat up the reservoir. Bullheading is also more prone to steam and energy loss to the

reservoir bottom wateroenpared to steam circulation.

A second strategy is known Bgation, which involves injecting cold water or steam at high pressure
in a controlled manner aimed at enhancing porosity and permeability betwesppwthtially
leading to quicker communittan between the wells. Dilation with proper pressure and temperature
monitoring beyond the cap rock is conducted so that no excessive propagatoisaed except
between the wellsThe final strategy is known &polvent SoakThis involves injecting advent,

typically xylene, and allowing it to soak into bitumen for a period of time, resulting in a reduced
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bitumen viscosity and higher communication betweensa@llation and Solvent Soak are further

discussed in Appendix A.

Although the potential ofhese strategieis promising none of them have replaced circulation as

the standard startup process.

2.1.2Eccentric and Concentric Dual Tubing Configurations

Currently, two types of tubular configurations are being usedhidustry during the circulation
process: Eccentric and Concentric Dual Tubing (Figar2end2.3). In both configurations, steam

is injected through a long tubing string and travels back towards the heel of the well. In eccentric
configuration, the coreghsed steam and melted neaellborebitumen get produced through a short
tubing, while in the case of concentric configuration, the fluids get produced through an outer tubing
that has the long string in it. With a concentric design well, the drillecs laoke bigger and well
intervention becomes easier. Bah the other hand, the concentric design suffers from the counter
current heat transfer between the fifidwing in the annulus and tubing. One way to mitigate this

problem would be using Vacuum lriated Tubing (VIT) which is an expensive option.

2.1.3Key Learnings from Circulation Operations

1. The distance between the SAGD wellbores has a significant effect on circulation time. The wells
that are spaced closer can be converted to SAGBE quickly than wells with a larger inter
well distancé.

2. The reservoirs with initial highenobilewater saturation between the wells will have a shorter
circulation time as the intavell rock and bitumen get heated up by convective heat transfer
from the injected steam. Heat conduction is the dominant heat transfer mechanism in circulation
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in a resevoir with very low initial mobility. Heat transfer through conduction is a very slow
process. High immobile water saturation delays the establishment of thermal communication
between the SAGD wells.

. For typical McMurray formation properties, thermal/hydiraeommunication between SAGD
wellbores can be achieved with thermal conduction and gravity alone. The time required to
achieve such a startup is reasonably predictable and depends strongly on-thellisgacing’.

. For given tubing and liner sizes arekervoir properties, lower circulation rates at high steam
quality result in faster initialization and development of uniform temperature between the
horizontal well paif®. However, at lower steam qualities, higher circulation rates appear more
favorabk. High steam quality in combination with high steam circulation rates leads to slower
rates of initialization, less uniform heating along the length of the wells, and possibility of
premature steam breakthrough at the¥eel

. Higher steam injection pras®s decrease circulation time. Higher injection pressures
correspond to higher temperatures in the SAGD wellbores which results in higher heat
conduction intcareservoir.

. A small pressure difference (060 kPa) between the SAGD wellbores results in nooiorm
initialization and conformance in SAGD chamber development. Forcing communication with
high pressure differences results in earlier steam breakthroagdfetter quality reservoir along

the wells and creates naonformity in the SAGD chamber.
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2.2 Christina Lake

The Christina Lake project is located 150 km south of Fort McMurray, Alberiapfidject is being
operated by Cenovus and is 50 percent owned by ConocoPhillips. The Christina Lake SAGD
production has been on production since 2000. The location of the pads is shown i2 Bigiure

project has five omoing phases of SAGD operatioffs, B, C, D and E) with bitumen production
capacity of 138,800 bbl/d. The four expansion phases of F, G, FG and H with additional bitumen
production capacity of 150,000 bbl/d are either approved or in the application phase. The original
bitumen in place fiothe project is estimated to be 3,202 MMBbls. The ultimate recovery is estimated
to be 62% for the currently operating pads. The reservoir characteristics and performance for the

project are summarized in Talfld.

Dilation, Solvent Soak and Circulatievere practiced for starting up SAGD wells in Christina Lake.
Concentric duatubing completion was used in Christina Lake for circulation. In Christina Itlaée,
circulation period lastd about twomonths on average amdas operated close to the maximum
operating pressure (MOP) of 5,400 kPag. Startup periods as short as 20 days are reported for this
project when a combination of the startup methods was*lidedhas been reported that due to
superior reservoir qualitin phases C and D, the type of stapt method used was not crucial.
However, well pairs in other phases showed different ramp up performance when different startup

strategies used.

2.3Foster Creek
The Foster Creek SAGD project is situated in the Cold Lake Air Weapons Range, approximately

300 km northeast of Edmonton, Al bezysituaperatmmd i s
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The project has been commercially producing bitumen since 2001 from three development areas:
West, Central and East (Fig2&). The original bitumen in pte for the project is estimated to be
3,764 MMBDls. The ultimate recovery is estimated to be 67%, 71% and 64% for the western, central
and eastern pagdsespectively. The ultimate recovery factor is estimated to be 53% and 92% for the
poorest and best germing pads among the currently operating pads. The reservoir characteristics,

performance and completions for the project are summarized in Table 2.

Similar startup methods as in the Christina Lake were practiced in the Foster Creek. Steam
stimulatioridilation and solvent injection were successful in starting up the well pairs in the older
pads. Also, similar to Christina Lake, concentric euling configuration was used for circulation.
Steam circulation was tested and compared with other startiypdse It has been determined that

the future wells will be started up through circulation. The circulation period dastfo three

months and is operated at a pressure of 5.5 to 6.5 MPag. The maximum operating pressure for the

SAGD operations in the Ftes Creek McMurray formation is 6.5 MPag.

2.4 Suncor McKay River

Suncor 6s Mac Kay Ri ver Project I S |l ocated ap
Mc Murray, and is the companyo6s first oper at e
property cosists of 76 sections of land in Townships 91 to 93, Ranges 12 and 13 W4M, and is
located directly east of the Dover project (formerly known as the Underground Test Facility). The
current approved bitumen production rate of the project is 73,000 bblatalng8 well pairs have

been drilled in this project in 8 phases and 12 patterns. Fa@ir@isplays the well pads and the

subsurface patterns for the project.
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The original bitumen in place for the project is estimated to be 1,083 MMBDls. The averagéult
recovery is estimated to be 65% for the current operating patternsawmdximum ultimate
recovery factor of 89% in Pattern C aadhinimum recovery factor of 47% for patterns A and H.
The reservoir characteristics and performance for the project are summarized ir2.3ablee
average reservoir depth in Suncor McKay River is 109 m. The production wells were drilled 98
145 m from stface. Depending on the depth of the reservoir, the approved bottomhole MOPs are

from 1,200 to 1,780 kPag.

In thecirculation phase at Suncor MacKay River, emphasis useddo beort circulation duration

and quick ramp upA high pressure differendeetween injectaand producerafter 30 days and

high steam rates were utilized to shorten circulation duration. However, since 2011, the emphasis
has been ooonformance and uniform heating versus duration in the new wells drilled in Phases 5A,
5B-1, 5B-2 and 5DF. The lower rat¢823 nt/hr) are being targeted while maintaining st&ad@oe

as opposed to higher steam rates in the past. The targeted pressure difference betweesgombducer
injectorsis 0- 50 kPa, as opposed to higher pressures to foroentinication between the wellbores.

In this project, temperature faif tests in the producer are utilized as SAGD conversion readiness
indicator. The fall off tests involve stopping steam injection feR@&ours allowing estimation of

near wellboreeservoir temperature.

According to the study by Parmar etaand their field experience and observations in the Suncor
McKay River SAGD project, eccentric dual tubing string completion was found to be more
thermally efficient than concentric configtian to get steam to the toe of a horizontal well. They

indicated that the required steam injection rate during circulation is much lower and has higher steam
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quality in the case of dual tubing string completion. The injectors in the Phase 1 of the 84¢&D p
were completed with single tubing (Figu2®). All the injectors in Phase 5 from 2011 on were
completed with eccentric dual string (Fig@x&0). All the producers in the Suncor McKay River

are also completed with eccentric dual tubing configomati

2.5Suncor Firebag

Suncoro6s Firebag project is |l ocated approxi ma
Plant, north of the town of Fort McMurray. The project development is in StaGesith current
production capacity of 180,000 bbi(&8,617 m3/day) of bitumen from current operating stages 1,

2, 3 and 4 with nine pads, Stage 1: Pads 101 and 102; Stage 2: Pads 103 and 104; Stage 3: Pads 105.
107 and 108; and Stage 4: Pads 106 and 116. First steam in stages laamna 20083 and 2005
respectively. Firebag staggdsind 4 started up in 2011 and 2012. Figufd displays the well pads

for the Firebag project.

The original bitumen in place for the project is estimated to be 8,173 MMBDbIs. The average ultimate
recovery is estimated to b&-59% for the currently operating stages, watmaximum ultimate
recovery factor of 66% in Pad 104 aadhinimum recovery factor of 46% for pads 106 and 108.
The reservoir characteristics, performance and completions for the project are summarizesl in Tabl
24.

Steam circulation and bullheading are used to startup the SAGB Wed injectors in this project

are completed with concentric tubing (Figar&2), and the producers are completed with eccentric
dual tubing configuration for circulation (Figuel3). In the injectors, during circulation, steam is

injected into the injection tubing that ends at the toe of the well, and flows back towards heel and
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back up at surface via the annular space between the injection tubing and Slave string. There is
blanket gas between the Slave string and the intermediate césmgerature surveys, temperature
falloff rates, and production rates to date indicate equivalent performances for bullheaded and

circulated well&®,

The SAGD well pairs in four pads (105, 1dQ8 and 116) and the infill wells in pad 104 were
started up with bullheadinddistorically, circulation startup wells at Firebag have leaked off a
material portion of circulated steam. Since there are no returns at the surface during bullheading,
less cmulative steam is required to achieve the same reservoir heating as circulation with reduced
CSOR®. In Firebag,circulation considered when bullheading is unable to achieve target injection
rate under MOP. The approved bottomhole MOP for circulationdrctiirently producing pads is
4,040 kPag in the Firebag. Bullheading shortens the startup period compared to circulaon, 2

months of bullheading versus 3 months of circulation.

2.6 Surmont

The Surmont irsitu oil sands project is a 50/50 joint venture between ConocoPhillips Canada
Resources Corp. and TOTAL E&P Canada Ltd; operated by ConocoPhillips. The project started by
a pilot back in 1997. There are 3 wells in the pilot area, two staittpdoduction in 1997 and one

in 2000. The three well pairs are currently on production. Surmont Phase 1 began production in 2007
with a production capacity of 27,000 bbl/d. There are five drainage areas in Phase 1: 101 North, 101
South, 102 North, 103outh and Pad 103. As of January 2014, twelve well pairs were drilled in
Pad 103. None of the well pairs were completed by then. Construction of Phase 2 began in 2010. At

peak, Surmont Phase 2 is designed to have production capacity up of 109,00p&éadays Phase

36



2 is to be ready for steaming in 2015, with first oil before yeaend. Including Phase 1, total
production will be 136,000 barrels per day. Figdre3 displays the well pads for the Surmont

project.

The original bitumen in place fdné project is estimated to be 2,990 MMBDbIs. No expected ultimate
recovery factor has been reported for Surmont in the public domain. The reservoir characteristics,

performance and completions for the project are summarized in Z.8ble

Initial Surmont conpletions used eccentric dual tubing configurations. However, due to some
workover difficulties and safety concerns, it has been determined that the concentric tubing design
will be used in the future pads. During steam circulation, a toe tubing striegused.Due to the
equalizing character of the lindeployed Inflow Control Devices (ICDs), a toe tubing string may

not be required during SAGD operations. This concept was tested in the pilot well pdg, 12

pulling back the toe string to the the@he well pair had the best performance in the first 36 months

of its operation among all the well pairs in Pad 1&2Nhe circulation /prdneat period at Surmont

is typically 3 months with an MOP of 3,4@0600 kPag

2.7 Thermal Wellbore Modelling
In order to evaluate thermal efficiency of the completions in these projects, wellbore simulation
models were run usinghe TWBS software package from PetroStudies Consultants Inc. The

simulation software provides a steady state solution of the wellbore physics with potential for a

il eakof fo component into the i mmediate surrou

leakdf component was not used.
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Simulations were run to compare the thermal efficiency of an EccentrieTdibailg Configuration

(Case 1) with a Concentric Du@lbing Configuration (Case 2). The eccentric duding is being

used in Suncor Mckay and Fireb#lge concentric dualbing is being used in Christina Lake, Foster
Creek and SumronThe models were run for early and late circulation. In late circulation, the
temperature in the reservoir and overburden is highertttennthe early circulation. Tdr steam
injection rate is 300 Aday in the early injection cases and 15tday in the late injection cases;
these rates were chosen to assure steam quality at the toe of the long tubing. The reservoir
temperature and riser temperature were set highkee ilate circulation casas a resujaless steam

rate was needed to have steam quality at the toe of the long tubing. All the models were run at
wellhead injection pressure of 5,500 kPa and steam quality of 98%.ZIaklemmarizes the tubular

sizes br the three cases. The simulations were performed for a wela®88 m horizontal section

and depth of 380 mKB TVD.

Figures2.16 and2.17 compare the steam quality and energy rate profiles for Cases 1 and 2 in early
circulation. Figure.18 and2.19 are the same plots for late circulation. The four figures suggest
that the concentric dudiibing configuration is less efficient in delivering heat energy to the
horizontal section of the well than the eccentric dubing configuration. The differencegreater

in late circulation.

Table2.7 compares the effective heat delivered to the reservoir, heat loss to overburden, and heat
recirculated in Cases 1 and 2. The effective heat delivered to the reservoir is indicative of the
proportion of injectedknergy that is used to heat the reservoir through conduction and is the main

determinant of the efficiency of the process. The heat loss to overburden quantifies the amount of
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heat lost to the overburden, through conduction, within the vertical sectioa wtllbore. The heat
recirculated corresponds to the proportion of injected energy produced back up to surface. The
results show a higher effective heat to reservoir in Case 1 compared to Case 2; this signifies a more
thermally efficient process in thee@entric case compared to the concentric case. The heat loss to
the overburden is similar between the two cases but the amount of heat produced back up to surface

is higher in Case 2 compared to Case 1, again signifying a less thermally efficient process.

Figures2.20 and2.21 display the pressure and steam quality from heel of the well to surface along
the flow path of the returning fluid for the early circulation. Figu2&®? and2.23 are for late
circulation. In both early and late circulation scenarios, the pressure drop between the heel and
surface is higher in Case 1 (eccentric eluding) compared to Case 2 (concentric etubing). The
increase in steam quality in Case 1 ssléhan Case 2. The differences are caused by cawmtent

heat exchange between the injected steam that goes down the long string and the returning fluid in
the build and vertical section of the well. The coutigmrent heat exchange is more significan

the case of a concentric configuration (Cases 2).

In the past 30 years, the oil and gas industry has been using Vacuum Insulated Tubing (VIT) in
challenging environments such as offshore and thermal (steam**fi6dd cyclic steam

stimulation* and SAGD?) operations.

Lab tests and field application of the VITs have shown that the majority of heat loss, as high as 90%,
from the VITs to the annulus occurs around the weld and coupling régimssilated couplings or

techniques are needed to @ste the potential of insulated tubing. Fig@r24 is the schematic of a
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VIT manufactured by Majus Ltd. Two simulations (Cases 3 and 4) were run to evaluate the
application of VIT in concentric tubing configuration. Case 3 assumes thermal insulaticdassgo

the rest of the tubing for the coupling section and Case 4 assumes bare tubing thermal properties for
the VIT coupling. In Cases 3 and 4, the wellbore configuration used in the Surmont project where
VIT is extended to the heel was used. The thermaperties and dimensions of the VIT in the
model s were provided by Majus Ltd. I n the sin

used, and coupling accounts for 10% of the length of a tubing joint.

Figure2.25 compares the steam quality profiles@ases 2, 3, and 4 in late circulation respectively.

For a given wellhead injection pressure and steam quality, one can conclude that a VIT with proper
coupling insulation delivers energy to the reservoir much more efficiently. The simulation results
sugges that 74% of the heat loss in the VIT happens across the coupling. The proper coupling
insulation prohibits significant heat transfer between the injected fluid and the produced fluid. This
reduction in heat transfer leads to a greater amount of theeidjbeat reaching the reservoir and

less heat being produced to surface. The presence of poorly insulated coupling significantly reduces
the effectiveness of the VIT; the amount of energy delivered to the heel is reduced by ~15%. Figure

2.26 displays theraount of heat deliverei the heel of the well froraurface for Cases 2, 3 and 4.

Application of a VIT with proper coupling insulation delivers steam at superior steam quality to the
horizontal section of the well. This means less steam is requirechasuad with bare tubing. Case

5 with late circulation conditions was simulated and it was determined that a 10% decrease in steam
rate, 137 rifday compared to 150%day, is sufficient to achieve the same-peat conditions in a

well with proper couplingnsulation as that of a poorly insulated coupling with a steam rate of 150
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m3/day. As presented by Yuan et?alower circulation rates at high steam quality results in faster
and more uniform thermal communication between SAGD wells. Similar observatimhs
conclusions were made for the early circulation conditions. The early circulation simulation results
suggested 88% of the heat loss in the VIT happens across its coupling. Using VIT for improving
thermal efficiency of préneat and SAGD is an expensioption. However, the savings on steam
generation needs are also significant. Economic evaluation for each specific project is required to

investigate the feasibility of VIT application in the project.

2.8 Summary and Conclusions

1 Completion practices invie major SAGD projects in Alberta, Canada were reviewed. Thermal
wellbore simulations were used to compare the thermal efficiency of the completions.

1 The thermal efficiency in dual eccentric tubing is better than the dual concentric tubing. This is
due tothe counteicurrent heat exchange between the injected steam that goes down the long
string and the returning fluid in the build and vertical section of the well.

1 Application of Vacuum Insulated Tubing in the concentric tubing helps significantly tcedeliv
energy with very high thermal efficiency to reservoir. This expensive option comes with
significant savings on steam requirement for theha& process. Economic evaluation is
required to investigate the feasibility of VIT application in a project.

1 Insulated couplings or techniques are needed to achieve the potential of insulated tubing. The
simulation results suggest that-788% of the heat loss in the VIT happens across its coupling.

T This studyodés emphasis i s oesultstate eatidfoathe carfplétionc i e n
configurations and circulation operations conditions studied only. Tubular size, reservoir depth,

wellbore trajectories, tubular and rock thermal properties and operation conditions (wellhead
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steam injection rate, pressy temperature and steam quality, leak off volumes, offtake

pressure, ) are among many parameters that i
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Table 2.1- Reservoir Characteristics of Christina Lake

Project

Christina Lake

Operating Company

Cenovus Energy

Latest AER Report Date

June 04, 2014

First Steam 2002

Development Phases/Areas Phase A Phase B Phase C Phase D Phase E

Production Capacity (bbl/d) 10,000 8,800 40,000 40,000 40,000
On-going On-going On-going On-going

Status SAGD SAGD SAGD SAGD On-going SAGD

3 (A02,B01, 3 (B05, B06, | 4 (B02C, B0S,

Number of Pads 1 (A01) B02) 2 (B03, B04) B07) B11, B09)

Number of Completed Well Pairs 6 19 16 25 42

Number of Completed Infill Wells 3 10 16 9 0

Well Pair Length 700 m 830 m 800 m 800 m 750- 830 m

Well Pair Spacing 115m 100 m 100 m 100 m 70m

Reservoir Properties

Formation McMurray

Depth (m) 350

Net Pay (m) 30-42

Porosity (%) 33-36

Horizontal Permeability (Darcies) 4-10

Vertical Permeability (Darcies) 3.5-10

Oil Saturation (%) 79-85

Initial Reservoir Pressure (kPaa) 2500

Reservoir Temperature (deg. C) 12

OBIP (MMBBLS) 25 56 89 130 81

MOP (kPag) 5,400

Performance as of March 31, 2014

Chamber Pressure (kPaa) 2,000 2,2002,500 | 2,0003,000 | 2,0003,000 2,0004,000

Cumulative SOR (bbl/bbl) 2.5 1.9 1.7 1.8 2.2

Instantaneous SOR (bbl/bbl) 7 1.3 1.3 15 1.8

QOil rate (bbl/d) 126 4,330 5,920 5,380 5,135

Cum Oil (MBBLS) 13,251 27,864 28,929 25,514 6,088

Recovery Factor 53 50 33 20 6.5

Expected Ultimate Recovery Factor 75-80% 75-80% 75-80% 75- 80% 75- 80%

N/A: Not Available in public domain
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Table 2.2- Reservoir Characteristics of Foster Creek

Project Foster Creek

Operating Company Cenovus Energy

Latest AER Report Date May 27, 2014

First Steam 2001

Development Phases/Areas Eastern Pads Central Pads Western Pads

Production Capacity (bbl/d)

Status On-going SAGD On-going SAGD On-going SAGD
14 (E0204, E08, E1€12, 10 (A, B, C, D, E_K,

Number of Pads E1516, E1921,E24-25) Exp_M, F, G, H, J) 2 (W01 & W02)

Number of Well Pairs 128 78 14

Number of Infill (Wedge ™)Wells 100 95 3

Well Pair Length 500900 500900 500900

Well Pair Spacing 100 100 100

Reservoir Properties

Formation McMurray

Depth (m) 455500 455500 455500

Net Pay (m) up to 30+ up to 30+ up to 30+

Porosity (%) 32 34 34

Horizontal Permeability (Darcies) upto8D upto10D upto 10D

Vertical Permeability (Darcies) upto6D upto8D upto8D

Oil Saturation (%) 85 85 85

Initial Reservoir Pressure (kPaa) 2,700 2,700 2,700

Initial Reservoir Temperature (deg. C) 12 12 12

OBIP (MMBBLS) 400 239 34

MOP (kPag) 5,500- 6,500

Performance as of March 31, 2014

Chamber Pressure (kPaa) N/A N/A N/A

Cumulative SOR (bbl/bbl) 2.5 2.4 3

Instantaneous SOR (bbl/bbl) 2.3 2.1 2.3

QOil rate (bbl/d) 14,840 5,210 1,748

Cum Oil (MMBBLS) 130.2 148.1 6.1

Recovery Factor 33% 62% 18%

Expected Ultimate Recovery Factor 64% 71% 67%
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Table 2.3 ReservoirtCharacteristics of Suncor McKay River

Project

McKay River

Operating Company

Suncor Energy

Latest AER Report Date

November 12, 2014

First Steam 2002
Deve|0pment Pads/Areas Pad 20 | Pad 21 Pad 22 Pad 23 Pad 24 Pad 25 Pad 40
Production Capacity (bbl/day) 73,000

On On On
Status production | production | On production| production| On production | On production| On production
Number of Patterns 2(A&C) 2(B&D) 3(E&G) 1(F) 2 (00 & H) 2 (QQ & NN) | 1 (Section 16)
Number of Completed Well Pairs 13 12 14 7 19 31 2
Number of Completed Infill Wells - - - - - - -
Well Pair Length 700800 m | 650800 m | 7501,000 m 700 m 700 m 700-1,100 m 750 m
Well Pair Spacing 100 m 100 m 100 m 100 m 75 & 100 m 75 m 120 m
Reservoir Properties
Formation McMurray
Depth (m) 98- 145
Net Pay (m) 15+
Porosity (%) 31
Horizontal Permeability (Darcies) 1.7-85
Vertical Permeability (Darcies) 1.1-65
Oil Saturation (%) 84
Initial Reservoir Pressure (kPaa) 400
Initial Reservoir Temperature 6-7
(deg. C)
OBIP (MMBBLS) 42 38 50 23 30 51 4
MOP (kPag) 1,200- 1,780
Performance as of August 31,
2014
Chamber Pressure (kPaa) 1,450 1,400 1,3061,500 1,400 1,550- 1,750 1,300- 1,650 Abandoned
Cumulative SOR (bbl/bbl) 2.68 2.22 2.12 2.10 3.44 2.36 5.20
Instantaneous SOR (bbl/bbl) 2.57 2.89 2.97 2.80 3.90 2.12 0
Oil rate (bbl/d) 3,126 1,950 4,510 4,862 3,145 10,466 0
Cum Oil (MMBBLS) 26.4 27.6 23.3 12.2 4.5 7.5 0.68
Recovery Factor 63% 2% 47% 54% 15% 15% 15%
Expected Ultimate Recovery
Factor 74% 78% 62% 81% 50% 57% 48%
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Table 2.4i Reservoir Characteristics of Suncor Firebag

Project

Firebag

Operating Company

Suncor Engery

Latest AER Report Date

February 28, 2014

First Steam

2003

Development Phases/Areas

Stage 1

Stage 2 |

Stage 3

Stage 4

Production Capacity (bbl/d)

180,000

Status On production On production On production On production
. 2 (Pads 101 & 102] 2 (Pads 103 & 104) 3 (Pads 105, 107, 108 2(Padsl06, &

Number of Active Pads 116)

Number of Completed Well Pairs 39 33 38 36

Number of Completed Infill Wells - - - -

Well Pair Length 1,100 m 850- 1,100 m 560- 1,100 m 1,100 m

Well Pair Spacing 75-100 m 70-150 m 75-140m 90 m

Reservoir Properties

Formation McMurray

Depth (m) 300

Net Pay (m) 40

Porosity (%) 32

Horizontal Permeability (Darcies) 3-4

Vertical Permeability (Darcies) 2-3

Oil Saturation (%) 85

Initial Reservoir Pressure (kPaa) 800

Initial Reservoir Temperature (deg. C) 8

OBIP (MMBBLS) 2925 242.2 3374 225.2

MOP (kPag) Circulation: 4,040 kPag &SAGD: 3,570 kPag

Performance as of February 28, 2014

Chamber Pressure (kPaa) 2,000- 3,100

Cumulative SOR (bbl/bbl) 3.05 3.24 4.11 3.85

Instantaneous SOR (bbl/bbl) 2.29 2.96 3.21 3.23

Oil rate (bbl/d) 48,480 35,670 41,300 40,000

Cum Oil (MMBBLS) 103.1 65.9 29.2 11.3

Recovery Factor 35% 27% 9% 5%

Expected Ultimate Recovery Factor 56-60% 57-66% 46-59% 46-60%
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Table 2.5 Reservoir Characteristicg Surmont

Project Surmont
Operating Company ConocoPhillips
Latest AER Report Date April 09, 2014

First Steam

Pilot - 1997 &Phase 1- 2007

Development Phases/Areas

Pilot and Phase 1 (Pads 101 & 102)

Production Capacity (bbl/d)

27,000

Status

On production

Number of Active Pads

3 (Pilot and Pads 101 & 102)

Number of Completed Well Pairs 43
Number of Completed Infill Wells 2

Well Pair Length Pads- 800-1000 m andPilot - 350-700 m
Well Pair Spacing 120 m
Reservoir Properties

Formation McMurray
Depth (m) 420
Net Pay (m) 40
Porosity (%) 33
Horizontal Permeability (Darcies) N/A
Vertical Permeability (Darcies) N/A

Qil Saturation (%) 80
Initial Reservoir Pressure (kPaa) 1,400
Initial Reservoir Temperature (deg. C) 20
OBIP (MMBBLS) 214.6
MOP (kPag) 3,4004,600

Performance as of January 31, 2014

Chamber Pressure (kPaa)

Pilot: 1,600 kPa & hase 1:2,3062,600 kPa

Cumulative SOR (bbl/bbl) 2.67
Instantaneous SOR (bbl/bbl) 2.44
Oil rate (bbl/d) 27,694
Cum Oil (MMBBLS) 48.2
Recovery Factor 22%
Expected Ultimate Recovery Factor 4550%

47




Table2.61 Tubular Sizes for Cases 1 and 2

Intermediate Liner Short Tubing Long Tubing

Casing
Case 1- Eccentric 9 5/ 8i 70 OD 3 1/ 2h 3 1/ 2hn
Case 2- Concentric 9 5/ 8i 70 OD 7 OD 3 1/ 2h

Table2.71 Effective Heat to Reservoir, Heat loss to Overburden and Heat Recircldateases 1 &

Effective Heat to Heat Loss to Heat
Reservoir Overburden Recirculated
Early Late Early Late Early Late
Case 1- Eccentric 24% 16% 28% 34% 48% 50%
Case 2 Concentric 19% 11% 27% 33% 54% 56%
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Figure 217 Location of the Cenovus Foster Creek and Christina Lake, Suncor McKay River and
Firebag, and ConocoPhillips Surmoritditu Oil Sands Projects in the Province of
Alberta, Canada.
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Injected Steam

Produced Steam/Water/Emulsion

Heat Transfer to Heat Transfer from
Formation Long Tubing to Liner

Injected Steam

Produced Steam/Water/Emulsion

Heat Transfer from Long Tubing to Concentric Tubing

Heat Transfer to Heat Transfer from
Formation Long Tubing to Liner
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l'""l""l""l I

Figure 2.3 Concentric DuallTubing Configuration during Circulation.
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Injected Steam

Heat Transfer to
Formation

Heat transfer through
FCD to Annulus

A02 Pad
2 SAP Well Pairs

T

, 801 Pad
9| 7 wellPairs
6 Wells* 1

N well pair drilled but not producing

N Well pair currently on production

B05 Pad
9 Well Pairs
9 Wells*

- = ™
WA01-2_3 Well* B02 Pad ) FO1 Pad Vv
WAO01-3_4 Well* 10 Well Pairs |, B04 Pad &[12 Well Pairs|
drilled from (B02 Pad) 4 Wells* 8 Well Pairs ? L
4 8 Wells* b
A01Pad | EE- I -
6 Well Pairs T B11 Pad T [
12 Well Pairs A

8 Well Pairs
8 Wells*

~ 1

B09 Pad
12 Well Pairs

Well* currently on production
. Well* drilled but not producing

*Well using Wedge Well™technology

Figure 2.5 Location of Pads at Christina LdRe
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Intermediate Casing
-9 5/8”

p\\\\\\\\\\\\ AY

Outer tubing
-Historical size was 5.5" tubing
-Phase C, D, E tubing was increased to 7.0” tubing

Slotted Liner

er tubing -7" slotted liner
-Historical size was 2 7/8" tubing
-Phase C, D, E tubing was increased to 3.5" tubing

6 Pt Thermocouple
=1.25" coil tubing string to toe

Figure 2.7- Location of Pads at Foster Créék
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Figure 2.9- Suncor McKay Phase 1 Producer and Injector Compléfions
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18 5/8” Surface Casing typically landed at 80 m
Thermally cemented

10 3/4” Slave String typically landed at 480 m
(Premium Connections) with blanket gas behind

13 3/8” Intermediate Casing typically landed at 530 m
(Premium Connections) Thermally cemented

3 1/2” Injection Tubing typically landed at 1510 m
Or: 5%2" crossed over to 42"

P 111

9 5/8” or 8 5/8” Slotted Liner

13 3/8” x 10 3/4” Debris Seal corthe firal 750 m tvpicall
10 3/4” Slotted Liner for the first ~275m of (hefina m typically
landed at 1530 m

| !

Figure 2.12° Suncor Firebag Typical Injecttr

18 5/8” Surface Casing typically landed at 80 m
Thermally cemented

13 3/8” or 11 3/4” Intermediate Casing typically landed at 530 m
(Premium Connections) Thermally cemented

31/2” or 2 7/8” Production Tubing typically landed at 500 m

r1T 11

51/2” or 4 1/2” Production Tubing at 1500 m

9 5/8” or 8 5/8” Slotted liner typically landed at 1530 m
13 3/8” x 10 3/4” liner hanger Debris Seal

Figure 2.13 Suncor Firebag Typical Circulation Producer S&tup
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Producer - Circulation & GL Modes

9 6/8” Intermediate casing

/ 7" Heel String
chw perforated gas lift section

1-2 joints, 1/8” holes

412°VIT
2x3/8” Bubble tube

6 5/87 Equalizer
47 Toe String

LxData (40pt)
Clamped to Outside of Toe Tubing

Liner Hanger

9 5/8" Intermediate casing

77 Heel String

Injector - Circulation & GL Modes

4" Toe String EUE(Hydril
41zt

;

Liner Hanger

Single Point Fiber PIT

Figure 2.15 Typical Producer and Injector Completion with Lisigeployed Equalizer ICD and

VIT at Surmont IASitu Oil Sands Projett
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Figure 2.16 Steam Quality Profile alonigong Tubing in Cases 1 and 2 (Early Circulation).
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Figure 2.17 Energy Rate Profile along Long Tubing in Cases 1 and 2 (Early Circulation).

57



100

90 \ —
\ = Case 1 - Eccentric Tubing

80 -

=—=(ase 2 - Concentric Tubing
70 \
60 &

g <
é:'; 50 —
£
[
[
% 40 \\\\

30 —

20

Heel
10
0
0 100 200 300 400 500

Measured Depth (m)

Figure 2.18 Steam Quality Profile along Long Tubing in Cases 1 and 2 (Late Circulation).
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Figure 2.19 Energy Rate Profile along Long Tubing in Cases 1 and 2 (Late Circulation).
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Figure 2.20° Pressure Profile from the Heel of the Well to Surface along the Return Flow Path
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Figure 2.211 Steam Quality Profile from thideel of the Well to Surface along the Return Flow
Path Cases 1 and 2 (Early Circulation).
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Figure 2.22° Pressure Profile from the Heel of the Well to Surface along the Return Flow Path
Cases 1 and 2 (Late Circulation).
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Figure 2.24 1-Tubing, courtesy of Majus Ltd.
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Figure2.2517 Steam Quality Profile along Long Tubing in Cases 2, 3 and 4 (Late Circulation).
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Chapter Three: Importance of Proper Design and Well Pair Candidate Selection for FCDs

3.1lIntroduction

Over the past decade, SAGD has become the stamdaitth method to extract the heagy and
bitumen from Albertan ib sang reservoirs. However, SAGD performance is directly based on
proper development afsteam chamber. The most efficient SAGD projects are the ones where steam
chamber growth is unifan, even with the inherent reservoir heterogeneity. However, conventional
SAGD well designgend toconcentrate thanjected steanm certain portions of the wells, thereby

leading to a nowniform steam chamber.

A lot of work has been done in developaatyanced wellboreompletions FCDs being one of them
thatpromote uniform steam chambagvelopment in the reservofturrently, there are thregpes
of FCDs being used ithermal processes and specifically in SAGD projextifice or nozzle based
restrictive FCDs,frictional FCDs and autonomous FCDs. Each of theS®$-is similar in basic
functionality and mechanisnisut varies from the other in its design and field applicabilitye

FCDs can béubingdeployed or liner deployed

After the installatio of theliner deployedfictional type FCD in the Surmont SAGD project and
seeingits success in improving SAGD well pair performance, interest in the use of FCDs was

sparked across the Canadian heavy oil indefstry

The FCDs can be installed as part of the initial completion of the wells and beforastartmay
be installed some time after SAGD operations. After monitoring the performance of a well pair, it

may be found out that by running tubing deployed FCDs, thn®neance of the well pair may
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improve. The level otinderstanding of the reservoir and completions performance is much more

after the SAGD wells have been on circulation or SAGD operations for months. In the design process

of FCDs, the following informadin should be reviewed:

1 Expected production and injection volumes. These may be obtained from performance modeling
and/or actual field performance.

1 Reservoir quality and heterogeneity along the SAGD wells and between well pairs. Core, log
and seismic datailgive a better understanding the reservoir parameters along the wells,
between the wells and above and below the wells. Performing 3D geomodeling will help to better
understand and predict the steam chamber dprednt and how to influence it.

1 Tempeature, pressure and fluid saturation at the SAGD and the observation wells. Temperature
fall-off tests are a great source of information in identifying hot spots along the proddaer
et al?’ pointed out the significance of the number of temperatuietgpalong the horizontal
section in faHoff tests. Figure 3.1 displays the fiber optic temperatures for a 46 hoofffadbt
performed in a SAGD production well in LeisrieiThe fiber optic log was run in parallel with
the thermocouples in the wekRigure 3.2 displays the thermocouple temperatures during the
same faHloff test. The temperatures from both sources match quite well along the well
reassuring the quality of the d&taHowever,a steep change in temperature data between the
last two themocouples close to the toe of the well was not capturdédgure 3.2 because no
thermocouple was placed in that part of the viRalinning high resolution fiber optic temperature
data, the temperature change was captured.

1 Tubing, casing and liner sizeajectoriegwellbore proximity)and thermal properties.

1 Artificial lift.

1 Sand control methodpluggingand scale deposition.
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The design ofa FCD configuration and type is critical faptimum field performance. It costs
hundreds of thousands of dollars to recomplete wells with tubing deployed FCDs. Therefore, it is
very important to follow a solid workflow in the design process of the FCDs. Reviewing public
information and technical paeps, one cannot find much information on the real life FCD design case
history. The following are some examples of FCD installations found on the AER reports and
technical papers. The FCD installations are discussed in two categories, the cases wherer&CDs
installed before any thermal operations (warm up/start up or SAGD) and the cases where FCDs were

installed as part of a recompletion or completion optimization in a pad or field.

3.2 PreStart up/SAGD FCD Installation

One of the wetknown, if not he most welknown, FCD applications was the one reported by
Stadler(ConocoPhillips). Stadlerreported on a well pair in tHead 102N of th&urmontSAGD
projectwhich was completed with liner dimyed helical (frictional) FCDg~igures 3.3, 3.4 and 3.5
compare the cumulative bitumen production, cumulative SOR and steam chamber growth with
seismic data for the Pad 102N of the Surmont. As one can condladeell pair 6 completed with

the FCDsputperformed albtherwell pairs inthepad and has a me uniform steam chamber. No

details are reported on the heterogeneity and FCD design in the Pad. However, it has been reported
that the well pair 1086 has similar geological characteristicste well pairs 1004 and 10205.

This has been regardedasuccessful trial of FCDs in the Surmont field by ConocoPhillips.

Accordi ng t m-situ pregresS epolt toisthe Kirby SAGD operations, dated October
2014, with the exception of Well pai rithbyal al |

eccentric tubing. The well pair 16s injector
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orifice based FCDs. Figure 3.6 compares the cumulative bitumen production and cumulative SOR
of the well pair 1 with the average of the other fivelwelirs. As the figure shows, for a similar
cumulative SOR, the well pair 1 produced 34% more oil than the average of the other five well pairs

within the first 13 months of thermal operations.

3.3 Post-Start up/SAGD FCD Installation

Devon Canada Coras reported on their4situ progress for their Jackfish SAGD operations that
they recompleted a couple of their producers (CC1 and DD2) with tubing deployed’FTiis

FCDs were installed during the August 2013 turnaround. No details have been repdrted the
designs were done and what criteria were used to identify these wells as candidates for FCD
application and recompletion. It is expected that the purpose was to eliminate/limit hot spot(s) in the

producer well.

Figure 3.7 compares the cumuatbitumen production and cumulative SOR of the well pair DD2

with its neighboring well pairs DD1 and DD3 before and after the FCD installation in 2013. The
figure suggests that the well pair DD2 ther oduc
middle of 2012 when its oil production started to drop significantly. As one can see, installation of

the FCD in August/September 2013 helped the well to recover. The well pair produced bitumen at
higher rate and lower SOR after the recompletion efgtoducer with FCDs. Extrapolating the
cumulative bitumen production before the FCD installation, it is estimated that the FCD helped to

increase the oil production by 36%, fourteen months after the FCD installation.
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Figure 3.8 compares the cumulativeubien production and cumulative SOR of the well pair CC1
with its neighboring well pair CC2 before and after the FCDs installation in 2013. The figure
suggests that installing the FCD did not make difference on the performance of the CC1 well pair.
The wel continued to produce at a similar oil production rate and instantaneous SOR after the FCD

was installed.

Figures 3.9 and 3.10 compare the CC1 and DD2
SOR (iISOR), respectively. As one can see, theidrtye oil rate and increase in iISOR before FCDs
were installed were much more sever in DD2 compared with CC1. As the oil rate dropped at the
DD2, iSOR increased significantly. These were followed by a decrease in the oil rate and iISOR. One
explanation caibe that due to steam breakthrough into the DD2 producer, the emulsion production
was slowed down to limit/eliminate the hot spot(s) in the production wellbore. The increase in iISOR
suggests lower thermal efficiency for the SAGD process that may havechesed by steam
production in the producer. Recompleting the production well with FCDs aiming at choking steam

production helped the well to recover and perform much better thaGidedeployment.

It is evident that installation of FCDs at the DD2 hasrba success. The other FCD installation at

the CC1 was described by Devon as ufmforming and caused by a generic inflow design that

did not account for geolog§y Comparing the pr€CD performance of these two well pairs suggests

that a sudden dease in the oil rate and an increase in iISOR can be used as candidate selection
criteria for recompleting SAGD wellbores with FCDs. It also signifies the importance and
significance of wunderstanding a wel lellsmadior 6s b

the importance of a solid workflow in identifying candidates and design of FCDs. A powerful
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reservoir simulation model coupled with a wellbore model can be key in identifying recompletion

candidates, FCD design and evaluation of the upsidetmtafter recompleting with FCDs.

Southern Pacific Resource Cor(STP) provided more detail;n their AER reportson the
performance of thewo producers that they recompleted with FCDs and abielpackers®. They
recompleted the wells 2P1 and 1P5 in January 2014. Figure 3.11 displays the STP McKay River pad

layout and the wells with tubindeployed FCDs.

Figure 3.12 displays the liquid production and steam injection rates for the well 2P1. Figure 3.13
displays the subcools calculated from thermocouple temperatures for the producer. Examining the
data before and after the FCD installation suggests that oil production and steam injection demand
increased significantly for the well pair. The calculated subsmgest a much more uniform steam
chamber posECD installation. The figures also suggest that by installing the FCDs, the well could
be operated at much higher pressure differential and much lower subcool and still maintain

conformance along the well.

Figure 3.14 displays the liquid production and steam injection rates for the well 1P5. Figure 3.15
displays the subcools calculated from the thermocouple temperatures for the producer. Examining
the figures suggest that the improvement in SAGD performamtetaam chamber conformance

was not as significant as it was in the case of 2P1. Geological and completion data are required to
further analyze the results. It is important to note that the FCDs are not designed to change the

reservoir qualityputto influence the reservoir behavior so that more oil at lower costs is produced.
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3.4Where arethe FCDs Applicable?

Due to wellbore hydraulics and reservoir heterogeneities, almost every SAGD well pair benefits
from FCDs, even a SAGD well pair in a clean homagsnreservoir. However, the installation of

FCDs should be economically feasible. In a typical dual tubing SAGD completion, the highest
pressure in the injector wellbore and the lowest pressure in the producer wellbore are at the heel and
toe (Figures 3.1@nd 3.17). This results in higher pressure differential at the toe and heel of the
wellbores. The high pressure differential causes a reservoir to be drained faster at the heel and toe
resulting in a dogpone shape of a SAGD chamber. The high presstiezatitial also increases the
potential of steam breakthrough at the heel and toe. Proper installation of FCDs in the horizontal
section of the producer and/or injector will result in a more uniform steam chamber development

(Figures 3.18).

After a wellpair has been converted to SAGD, the completions, pressure, temperature, production,
injection and geological information should be reviewed to determine whether the well pair is a
candidate for FCDor not Application of FCDs at the producer and injectoaly improve the
performance of an undg@erforming well pair significantly. The focus should be on determining
how FCDs can improve the SAGD chamber development, eliminating/limiting hot spots and

promoting flow at colder and high potential segments albagvell pair.

After discussions with several well experienced engineers, the application of FCDs has shown

i mprovement in the SAGD well sdé performance 1in
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1 Injector and producer wellbore proximitWellbores in a typical SAGD well pair are drilleeb4
meters apart. A key factor in SAGD performance is maintaining a column of liquid above the
producer by choking back the flugtoduction at the producer. This prohibits steam from short
circuiting intothe producer and keeps the injected energy in the reservoir. The undulation in the
wellbore trajectories, the reservoir heterogeneity and the wellbore hydraulics make maintaining a
uniform liquid column on the producer wellbore very difficult, if not irmpible. In cases, weay
see steam breakthrough into the producer which may result in danadgiegand long tubing.

Figure 3.D displays a schematic of a SAGD well paineret he wel | sé proxi mity
of the lateral section causes a hot $pdie created. In order to control the hot spot and avoid liner

and tubing damage, in practice the production from the well is slowed down. This results in the
slowdown of steam injection and emulsion production, andumiiorm steam chamber growth.
Comgeting or recompletion thimjector and/or producevith FCDs has proven the effectiveness

of the FCDs idimiting/eliminating the hot spot (s) along the producer

1 Low reservoir ceiling Figures 3.20 and 3.21 display the possible reservoir low ceilingagos.
The low ceiling along the wellbores can cause steam breakthrough from the injector into the
producer. Using tubing deployed FCDs later on, during the SAGD life of the well pair, may help
to eliminate/restrict the steam breakthrough and assist #flepair to perform at its higher

potential.
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9 Mud channes in the middle of a SAGD well paithis refers to Figure 3.22. In this case, the mud
in the middle divides the well into two sections; each will develop its own steam chamber. By
proper design aihe FCDs in this situation, we may be able to operate two SAGD chambers along
a SAGD well pair. Improper operations and completions design might cause steam breakthrough

and liner damage in the mud channel neighborhood.

1 Shale barrier between SAGD welllear Presence ahterbeddedhaleact asabarrier br steam
flow in the reservoir antlindesthe progression afsteam chambeBRepending on how extensive
the barriers are, they may impact the SAGD performance significantly. The geological description
of the reservoir is based on seismic, log and core datadetimeationwells and strip logs from
drilling the SAGD wells. The dettion of interbedded shale may be beyond the accuracy of all
the data except core data. SAGD operations and monitoring, especially temperature monitoring,
help to better understand the reservoir heterogeneity between the SAGD wellbores and above the
injector. Figure 3.23 shows how the presence of shale can cause steam breakthrough along a SAGD

well pair. Such a well pair is a candidate for recompletions and installing tubing deployed FCDs.

1 Bottom water ankbr lean zoneif the producer is drilled too close to the bottom water or a lean
zone in the reservaoir, this will cause significant heat/steam loss during a warmup period. Extensive
and detailed knowledge of the reservoir is key in proper well placement. High wai@tieat
will act like a thief zone for the injected steam during start up. This will cause the steam chamber
to grow more in the areas where water saturation is higher. Due to the very high viscosity of
bitumen, the fluid/reservoir mobility depends veryahnwn the water saturation. The higher the

water saturation, the higher the reservoir mobility. A steam chamber grows mostly in the areas
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with high mobility. A proper start up strategy, along with cautious operation practices bothin start
up and SAGD angroper application of FCDs, can significantly influence the performance of a
SAGD well pair in such a reservoir. This may apply to the presence of top water in the reservoir
and top gas in the reservoir as well. Figures 3.24 and 3.25 display the imghaottoim water/lean

zone and top gas on the steam chamber shape and growth.

3.5 Summary andConclusions

1 For a FCDs application to be economically feasible, it is critical to properly evaluate how much
FCDs i mprove SAGD wel l p ia A sobdorkflem whiohrincladesc e i n
economic evaluation and modeling the reservoir behaviour and wellbore dynamics in a coupled
fashion is required to properly estimate the impact of FCD application.

91 Candidates for recompletion with FCDs should be choseefully. In the candidate selection
process, the dynamic and static data, dbeeeriorationin the well pair performance and the
performance of the surrounding well pairs and pads should be considered.

1 FCD designs should be aimed at creating more uni®@@D chambers and eliminating/limiting
hot spots in the production wellbore. The FCDs are designed to influence the SAGD performance

and not to change the reservoir quality.
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Figure 34-Cum Steam Oil Ratio versus synchronized time for Surmont Pad 102 welP.pairs

74



0:

0’0
J R
; q7 Sep 2008

o]

First wells
started SAGD
in July 2007

102-06 has no
toe tubing but
has excellent
conformance

‘ Oct. 2010 H Apr. 2011 F“a__/

Figure3.5-4D seismic interpretation of steam affected regions for Pad*t02N

CNRL KIRBY E PAD AVERAGE CUM OIL & CSOR
35,000 S 21
Voo
Vo /
50,000 Y cum SOR (cSOR 18
\ /
25,000 15
E . cum oil / /
5' 20,000 ——E1 Well Pair Y L~ = E
5 ——E2-5 Well Pairs \l/ / g
515.000 — P g =
10,000 // 6
5,000 et 21 9 et 3
0 0
0 50 100 150 200 250 300 350 400
NORMALIZED TIME {DAYS)
Figure36-Cumul ati ve SOR and Bi

tumen Product.i
E Pad.

on

v er



DEVON JACKFISH DD PAD CUM OIL & CSOR

[—DD2—DD1 —0DD 3

120,000 | | 12
110000 cum SOR (cSOR H
10

100,000

N //
X / ///‘ R

oo 1 iy o -

A
80,000 4+4—% .
N L~ 36% increase
— : [ /
'E 70,000 45 LI = — 7
— : !I ‘i /"/ - - ]
g e0000 11—} = — 6 @
[=] [ U il — a
= ! N / -
2 50,000 4+ A\ - 5
=] " H T -
H ‘\\'.‘ /,-/
40,000 44 LN - e 4
, : Sk _ﬁ,,_..;—'-*..p—-"""" — R ——
o g, T i it et S - g et
30,000 : e = - Jp— o [ ———“ T 3
H
{
[
d

20,000
10,000 /\ cum oil FCD installed 1
| | R

O " T T
May-11 MNov-11 Jun-12 Dec-12 Jul-13 lan-14 Aug-14 Mar-15
DATE

Figure 3.7Cumul ati ve SOR and Bitumen Production
neighboring Well Pairs DD1 and DD3.

DEVON JACKFISH CC PAD CUM OIL & C50R

—(CCl —CCc2

120,000 ! | | 1
]

108,000 i— cum SOR (cSOR - F
[}

- 10

HE

:h I
gl

"

HO D

CUM OIL (m3)
35 s
.r"
/
N
™\
IL
i
:
i
M i
I'
:
]
]
[}
:
]
1
L]
:
L}
L]
:
1
¥
:

24,000

0 ///’  cum oil FCD installed 1
o — T | o
May-11 Now-11 Jun-12 Dec-12 Juk13 Jan-14 Aug-14 Mar-15

DATE

Figure3.8Cumul ati ve SOR and BitumenCQwithdsucti on
neighboring Well Pair CC2.

76



DEVON JACKFISH DD2 & CC1 Oil RATE

—DD2 —CC1

250 =

§e)

@

a

5

f\

200 &

ie]

c

©

xe]

c

g 2

.E‘ 150 =

£ =

o =

5 /\. :
3 100 ~ j \/‘\ S~ ,_/\J A\ ,mt

o
May-11 Nowv-11 Jun-12 Dec-12 Jul-13 Jan-14 Aug-14
DATE

Mar-15

Figure 3.90il production rate for CC1 and DD2 before and after FCD installation.

DEVON JACKFISH DD2 & CC1iSOR

—DD2 —CC1

10 l
=]

iSOR
u
——

v
/ Turnarpundand Reompletion

/
4 b, ,// u/\f\ /'—"'/\
AN [N
[ —F—
May-11 Nov-11 Jun-12 Dec-12 Jul-13 lan-14 Aug-14
DATE

Mar-15

Figure 3.10 Instantaneous SOR for CC1 and DD2 before and after FCD installation

77




R1E5 R14W4

_¢_ '¢' 09/10-18 Wabiskaw observation well
lies above the 15t wellpair on Pad 101

&

_..'
o
.

=

>

2P1
g
=.
*

>

-

5
&

41

e
> <
e

< [ & &>

Pad 102 Pad 101
e & S & P
R15 R14W4

Figure3.11-STP McKay RiveiPads layout and Wells with tubirtieployed ICDEmodified)8.

2 P 1 Raw Welltest Data

500.0
| 2P1 restarted January 21 |
4500
Calculated inventory fully produced.
400.0

350.0
2000
250.0 g

200.0 +—

150.0 -

Praduction rates (O, Steam, and Water|, m3/d

10000 -

50.0

—_—— N

S

b R - B T B R L S

030

S50

S o=z 3043 oS

-10-08 01111
-10-15 13171

107082021

05/08/2003 132
N13406-15125310
H1308-1913330
2013-09-26 124571

Ni4031
HA403-14 00544

2013
3.

=s=Taotal Steam Inj., t/d

Figure3.12-Production and injection rates for the w21 before and after FCD installattén

78




102-1 Temperature and Differential Pressure
120

Well shut in for Temperature — - 600
Log.

-
(=]
(=]

400

I Well shut in for ICD Installation. i

80 200

Differential Pressure (kPa)

Subcool at each T/C Point (deg C)

0
60

-200
40

-400
20

-600

0 -800

——=TC2 -—TC3 =—TC4 e—TC5 =——TCE =—=TC7 TC & wmDifferential Pressure

Figure3.13 Thermocouple data and differential pressure between injector and producer for the
well pair 2P1 before and after FCD installaffon

1P 5 Raw Welltest Data

2000

Well Restarted
on February 14

250.0

2000 -

150.0

1000

Production rates Oil, Steam, and Water), m3/d

il
T

I
I ““

e‘m RS ERe ‘\s&%g? 5 s psg,,@ ORI RO

1

&*‘,\4,&\"&“‘:‘-"5 r‘”h“'ﬁ’ é‘

|

L
\‘9'9‘ %

6\ x "’ d” R R d’g& & ,.;9,‘—\) NS 5 \ x“ RS 6\ e\ P S e 0\ ‘ &
R \dz\,@}, S \g}»ﬁ%)q\%\?}x Qa RS _»@J@j@a?&?&“ﬁ%%‘.’w SRR S S ,U'Rv.o X s*'A*;_o\,c-' N ;.8"»’\‘_& ﬂé@“
°\ Qx O e A A PO A A QS,QS ) Q\,pS_Q'S AEACASALAERARR AR AR AR LA ,px

m Total Oil, m2/d s Total Water m2/d =—s—Total Steam Inj., t/d

Figure3.14-Production and injection rates for the well 1P5 befand after FCD installatié

79



101-5 Temperature and Differential Pressure

200
150 Well shut in for ICD - 1000
Installation and Fiber
160 Replacement.
2\
140 o

Subcool at each T/C Point (Deg C)

Fiber beginning to
degrade and provide false
subcools.

TP5 ==mTP7 ===TP10 ===TP12 ===TP13

I/

TP16 TP 18 =ssmDifferential Pressure

Differential Pressure (kPa)

Figure3.15Thermocouple data and differential pressure between injector and producer for the

well pair 1P5 before and after FCD installaffon

A
SHeeI
[9)]
n
Q Toe
o
Figure316Pr essure profile
AN
5
(2}
(%]
g
o
Heel
Figure317-Pr essur e profil e

80

AN

5

(7))

(7]

o
&w
in the injectoro
oM

5

[7)]

(7]

o

o

Heel FCD FCD

in the producer6

S

S

hori

hori

z

zZ



Figure 318-Steam chamber shape in a homogenous reservoir before and after installing FCDs.
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Chapter Four: A New Approach for Designing Flow Control Devices for the
SAGD Process

The classical SAGD involves drilling wells in parallel horizontal pairs. Steam is injected into the
upper well (injector) to heat the reservoir and mobilize bitumen so that it doaihe tower well
(producer) and can be lifted to the surface. In this process, steam distribution in the injector and a
sustainable liquid level above the producer are key to achieve steam chamber conformance. The
completion designs of these wells areicaitin order to achieve optimal bitumen recovery and steam

chamber development.

Orifice based FCDs are being used in the injector and producer SAGD wellbore completions to
customize steam distribution in the injector, and develop a uniform inflow atengdrizontal
wellbore in the producer. This chapter presents a method for determining the size and position of the
orifice based FCDs in the producer and injector. This method can be used for both simple and
complex reservoirs containing heterogeneousloggoand hydraulic barriers and baffles. The

method can also be modified to be used for the design of other types of FCDs.

4.1 Introduction

Orifice based FCDs oaninjector, also known as Steam Splitters, are configured to distribute a
customizedsteam rate at selected locations into a reservoir. These allow for multiple injection points
within a single tubing along the horizontal liner section of a steam injector well. Using steam splitters
reduces operating expenditures (OpEXx) by improving thieeffeciency and reducing surface
injection pressure requirements. Furthermore, steam splitters enhance production by helping to

create uniform steam chamber growth and mitigating hydraulic barriers and baffles.

84



Application of orifice based FCDs, also knoas production ports, is aimed at developing a uniform

inflow along the horizontal wellbore. It aids in managing the interface between the injector and
producer wellbores for efficient reservoir drainage, while reducing the tendency for steam
breakthroughUsing production ports reduces OpEx by assisting in impeding steam breakthrough

and creating uniform or intentional pressure profile along the liner to maximize conformance.

Both steam splitters and production ports reduce capital expenditures (CapEx) by simplifying

wellhead design which allows for smaller wellbores and less tubing requirements.

The size and number of orifices within steam splitters and production pordgtarenined from
wellbore flow simulation. Numerical modelling for the steam splitters is required to optimize the
placement of steam injection points and the steam rates to achieve a balanced energy influx into the
reservoir. Moreover, for the case of pustion ports, wellbore flow modelling is completed to
optimize the placement and inflow rates of FCDs to inhibit large pressure differentials along the

production tubing.

The physical difference between the steam splitters and production ports is a $hesabroud is
an outer casing aasteam splitter which deflects steam and prevents it from damaging the liner. The

production ports do not have a shroud.

Both steamsplitters and production ports are denoted as a Gravity Drainage Accessory (GDA) by

Weaherford. Asteamsplitter is denoted as amjection GDA and similarly, a production FCD,
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Production GDAFor simplicity, these termaill be usedrom here on. A schematic of these GDAs

are provided in Figure 4.1a.

The SuperShiftabl' GDAs are an impneement of the standard GDAs with the functionality to
operateetan O Open or Cl osed©6 s tbarelb. Thenhalebeemspecificalla i ni r
designed for multiple device deployment on a single injection or production string with the ¢apabili

to selectively engage and operate any device located on the tubing. With this ability multiple devices
can be operated O00Opened or Closed6é (or in con

displays the SuperShiftaB¥eGDAs.

4.2 Senlac SASD Project

Southern Pacific Resource Cohas owned and operated this SAGD project since November 2009;
prior to this time it was owned by EnCana. One pad consisting of 2 to 3 SAGD well pairs is drilled
every year. Southern Pacific Resource Caras opeating Phases G, H and J at the time of this

study. This study was completed for Phase J, well pair J1.

Figure 4.2 displays the wellbore schematics for Senlac J1 well pair. All the wellbores in Phase J
were compl eted with 706d& sl iannedr s1,. 546.05 Gi 6n stt ur bui megnst

Submersible Pumps (ESPs) are used in the producers.

4.3Model Description
A Cartesian gridding method was used to generate a 1,225 mx71 mx24 m (ixjxk) volumetric region

represented by a model discretizatidr86x71x24 gridblocks, a total of 61,344 active cells. The
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dimensioning in the horizontal plane consisted of 35 m by 1 m grid sizékeforand j cells
respectively. The vertical plane was represented by 1 m thick k Iaye¥sgrid block sizes were
chosen based ogrid block sizesensitivity runs and recommendations received from CM@tal

of 5 formations (Shale, Cummings, Dirty Channel, Dina and Devonian) aresegped in the
reservoir model.The Shale and Devonian formations are overburden umu®rburden strata
respectivelyfor the oil bearing formations of Cummings, Dirty Channel and Dina%inithe Dina
formation is more prolific and has higher reservoir deliverability than the Cummings and Dirty
Channel strata. The poorer reservoir gyadf Dirty Channel acts as a barrier for steam and liquid
flow in the reservoir. Figure 4.3 displays the formations distribution along the well pair. Table 4.1
summarizes the reservoir properties for the five formations in the simulation mbddbrmaton

properties were obtained from a number of core floods

The current reservoir pressure in the J phase is estimated at 2,600 kPa. The reservoir is about 750 m
deep with a temperature of29. The dead oil viscosity versus tperature data in Table 42 gas

specific gravity of (65, anda solution gas oil ratio of 5.4%m? at the bubble poirgressure of 2,500

kPa were usetb generate PVT properties for oil and gas compaent ng CMGO6s PVT s«
WinProp Table 4.3 shows thgateroil andgasoil relative perneability data used in the simulation

modelsCMGO6s t her mal Mj wasiulsea to oun the n®deS.R S

Since this reservoir has a high initial reservoir deliverability, steam is injected for approximately
three weeks into the prader wellbore (bullheading). After one week of shuto install ESP,
SAGD operations start by injecting steam into the injector and producing from the produéer. Tab

4.5lists the operating constraints used for the producer and injector wellboreg thaibullhead
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and SAGD periods. All the constraints were assigned to the first grid block/perforation of the

producer and injector tubings.

Figure 4.4a displays how the total oil production potentiascribed in Chapter Onegries across

the well pair According to the plot, 50% of the oil production potential is on the first 38% of the
well pair length and 35% of the oil production potential is on the last 26% of the well pair length.
The remaining 15% oil production potential is on the middle 36&eoivell pair length. Overlaying

the initial oil production potential on the well pair, one can observe the close correlation between
the oil production potential and reservoir quality. The initial oil production potential is higher where

Dina, the formatin with better reservoir quality, is thicker.

4.4 Simulation Runs

The design was performed in three steps. Biegolves investigating the impact of using Injection
GDA and Production GDA on SAGD performance as well as the position and quantity of the GDAs
required for the production and injection tubing strings. Furthermore, 8tepsl Il involved

determining lhe number of ports for the injector and producer GDéspectively.

Step I: Investigating the Quantity and Impact of GDAs on SAGD Performance

In this step, nine models having different combination of Production and ImeGi®As were
simulated (Table 4). The location of the Production and Injection GDAs are shown in Figure 4.3b.
For scenarios with 1 Injection GDA, the GDA was located at 193 m from the ICP (Intermediate
Casing Point), and contained 8 ports/holes, each with 10 mm diameter (or 8x10 ts)mHoorthe

cases with 2 Injection GDAs, the 193 m location GDA had 6x10 mm ports and the other located at
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858 m from the ICP had 8x10 mm ports. For the cases with 1 Production GDA, the GDA was located
at 368 m from the ICP, and contained 4x10 mm poitsil&ly, for the cases with 2 Production
GDAs, the first GDA had 4x10 mm ports and the second port at 858 m from the ICP had 3x5 mm
ports. These GDA locations and the number of ports were determined by the production team, based

on modelling and operatiahexperience.

Table 4.4summarizes the production and injection data for the first year of SAGD performance.
Figure 4.5 demonstratébat the largest impact of GDAs occurs in the first year of operation. A
typical life time for these well pairs is 3 ysafmhe computational run time for 1 year forecast was 4
times shorter than the 3 year forecast runs and hence the GDA design was determined based on the

first year forecast.

Observations in Table 4.4

1. In Cases 1, 4 and 5 where there is 1 Injector GDA, dbfhte steam exits the tubing through the
GDA and the remaining 55% reaches the toe.

2. Adding the second Injection GDA (Cases 287 ) decreases the first G
decreases the toe share to 43%. The share of the second injection GDAoistRé ¥6tal steam
in those cases.

3. Having 1 Production GDA (Cases 1la@d6), depending on the number of Injection GDAs, 60
67% of the fluid will enter the production tubing through the GDA and the remainid§%3
will enter through the toe. In thesesea having 1 Injection GDA increased the total liquid

production through the single GDA only by 3% of the total liquid compared to the cases where
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there is no Injection GDA. The total liquid production increased by 7% of the total liquid in the
case of usig 2 Injection GDAs.

4. Adding the second production GDA, -18% of the produced liquid will enter the production
tubing through the GDA; 586% of the liquid will enter the production tubing through the first

GDA.

5. Comparing Cases dnd2, Cases &nd4 andCases @and7 shows that using 1 Injector GDA
provides a better performance when compared to the case with 2 Injection &iofgldo for
cases with production GDAnd3% for cases without any production GDA). This is because a
larger portion of the oil production potential is on the heel half of the well pairth&no
conclusion would be: & can achieve the optimum wellbore dynamics in the injector wellbore
using 1 Ingction GDA. A second injection GDA was not required.

6. Comparing Cases &d5, having only 1 injection GDA with no production GDA increases oll
production by about 38%. Conversely, having 2 injection GDAs with no production ports
(comparing Cases#&nd7) decreases oil production to 34% in the first year.

7. Comparing Cases 8nd 6 indicates that having 1 production GDA with no injection GDAs
increases oil production by 11.5%. Adding the second production GDA (comparing Gemsks 6
8) marginally reduces produeh (less than 1%) as there is more oil production potential at the
heel half of the well pair. Comparing Cases 2 & 3 and 1 & 4 shows that having only 1 production
GDA provides slightly (less than 1%) better performance. Another conclusibatigie can
achieve the optimum wellbore dynamics in the producer wellbore using 1 production GDA. A

second production GDA is not required.
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As it is shown in Figure 4.3b, the injector wellbore passes through the Dirty Channel which has poor
reservoir quality anéunctions as a barrier to steam flalereby inhibiting oil production from this
portion of the well pair. About 15% of the oil production potential at the middle 36% of the well
pair length is likely not producible. By normalizing the oil production pi&é on the first 38% of

the well pair length and last 26% of the well pair length, 59% of the producible oil is on the first
38% and 41% of the producible oil is on the last 26%hefwell pair length. Table 4displays the
average convective heatrnsder distribution after 6 and 12 months. Ranking the models based on
how close the models are in terms of convective energy distribution to the normalized oil production
potential, Cases 1, 2, 3 and 4 are the closest distribution. Taking Case 0 as ttasbéa€ases 1, 2,

3 and 4 have the highest incremental oil production in the first year of SAGD operations. After these
four cases, Cases 5, 7, 6, and 8 (from highest to lowest order) have the closest convective heat
distribution to the normalized oil pduction potential distribution. The same order is seen in the

incremental oil production column.

Figure 4.6 demonstrates the initial oil production potential along the well pair versus the convection
heat transfer along the injector after 6 and 12 momhsking the plots in terms of convective heat
transfer distribution versus initial oil production potential follows the same ranking in terms of

incremental oil production.

Figure 4.7 demonstrates the lateral view of steam chamber growth after oriehge@ew is along
layer 12 on the cross section in Figure 4.4b. The green area is the drained area/steam chamber, the
red area is the Dina formation and the orange area is the Dirty Channel formation. As Figure 4.7

shows, in terms of uniformity in steachamber growth, the models follow the same ranking in oil
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production. Therefore, injecting steam in proportion to the oil production potential across the well

pairs will result in optimum steam distribution and oil production.

Conclusions from Step I

1. Using GDAs in the injectors and producers in this particular part of the reservoir with this
particular well pair configuration is beneficial. In the first year of SAGD operations, having 1
production GDA with no injection GDA increases the production by%1l.Using only 1
injection GDA with no production GDA increases oil production by 38%. Using both production
and injection GDAs increases the oil production by 45% in the first year.

2. Achieving optimum wellbore dynamics with one GDA in each of the prodaodrinjector
wellbores is possible.

3. Optimizing steam distribution results in optimum oil recovery from the drainage area of a well
pair. Optimum steam distribution can be defined as injecting steam proportion to where oll

production potential is.

Step II: Determining the Number of Ports for the Injector GDA

Step | demonstrated that optimum wellbore dynamics can be achieved in the wellbores with one
production GDA and one injection GDA. In this step, the number of injection ports was increased
to 20 from 8in the Base Case 1 using six more runs (Cases 9, 10, 11, 12, 13 and 14). The models
were also run for a steam injection rate of 158dmThis is the minimum steam injection rate
expected for this well pair. The simulation resultsck are summarized ihable 4.6 demonstrate

that increasing the number of injector GDA ports did not provide any significant changes in oil

production/performance.
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The number of producer ports for Casesahil 12 was increased to 6 and 8 to see if the lack of
production impregement was due to the limited number of production ports. The simulatiotsresul
summary is shown in Table 46These runs confirm that the number of production ports did not
impede oil production. The conclusion is that using 8 to 20 injection portsndbesgnificantly

impact the first year production. Therefore, the convective heat transfer distribution and the change
in the oil production potential distribution change in time should be used to find the optimal number

of injection ports.

Figure 4.8 the initial oil production potential along the well pair versus the convection heat transfer
along the injector after 6 and 12 months for a maximum steam injection rate of/@85Ume results
shownin this figure are similar suggesting that using itiggt GDAs with 8 to 20 ports provides

similar convective heat transfer distribution in the first year.

The initial oil production potential and the oil production potential after 6 and 12 months for both
models with steam injection rates of 150 and 35@Irare overlaid in Figure 4.9. Case 11 with 14
injection ports provides slightly better conformance than other GDAs. Furthermore, in this case, the
oil production potential distribution along the well pair after 6 and 12 months better matches with

the intial oil production potential. Therefore, an injection GDA with 14 ports is recommended.

Step Ill: Determining the Number of Ports for the Producer GDA

Step Il demonstrated that the optimum wellbore dynamics can be achieved using a GDA with 14

injection ports. For Step lll, the number of injection ports remained constant 14, and the number of
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producer ports asincreased from 0 to 8. The simulation resditir St Il are presented in Table

4.7.

These simulation results indicate thatincrease in the number of production GDA ports from O to
8 does not significantly change the overall oil production and well pair performance. Therefore, the
oil production potential change in time and convective heat distribution should be used e find t

optimum producer GDA design.

Figure 4.10 illustrates the initial oil production potential along the well pair versus the convection
heat transfer along the injector after 6 and 12 months for Step Il runs for a maximum steam injection
rate of 350 r/d. The results shown in this figure are generally similar; however, Case 19 containing

4 production ports provides slightly better conformance than other GDAs.

The initial oil production potential and the oil production potential after 6 and 12 monthatifor b
models withthesteam injection rates of 150 and 358 drare overlaid in Figure 4.11. Case 19 with

4 production ports provides slightly better conformance than other GDAs for a steam rate of 350
m3/d, while Case 20 containing 5 production ports destrates slightly better performance for a
steam rate of 150 ¥u. Since it is expected that the operational steam ratesateckser to the

higher steam rate for most of the well pair life, a production GDA with 4 ports is recommended.

45 Investigation of the Benefits of using Injection and Production GDAs
The well bore model i nY FlexavellM, cannbe @R&IGd invesiR)atel tReS

benefits of using injection and production GDAs. In order to show these benefiBagdb€ase
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model where n&DA is used was compared to the optimal case containing an injection GDA with

14 ports and a production GDA with 4 ports.

Figure 4.12 compares the steam injection rates and pressure at the heel of the injection tubing
between the Base Case model withGDAs and theoptimum case. As this figure shows, using
injection GDAs, steam can be injected at higher rates with lower bottomhole pressures (BHPS). This
is important for wells constrained by pressure. Moreover, using injection GDAs reduces surface

pressue requirement, as lower BHPs translate to lower wellhead pressures.

Figure 4.13 compares the pressure profile for the same pressure and steam quality at the heel of the
injection tubing between the Base Case model notiDAs and th@ptimum case. As shn in

this figure, for the same pressure, temperature and steam quality at the heel of injection tubing, the
cases without GDAs and with GDAs report the steam rates of 241 and®@b@espectively. Using

an injection GDA, higher steam injection rates tenattained witha less pressure drop in the
horizontal wellbore. In this cas200 n¥/d of steam exits the tubing through the injection GDA and

the remaining 150 #d of steam flows through the toe. Therefore, there is a lower friction pressure
drop fromthe GDA to the toe (slower slope). This results in thermal efficiency improvement, and
the annulus in the case with an injection GDA will have a higher and more uniform temperature

(Figure 4.14).

Figure 4.15 compares the pressure profile in the produsléyore after one year of SAGD between
the Base Case model witto GDAs and the optimum case. The pressure difference along the

producer annulus in the Base Case is 54 kPa, while this difference éptithemcase witha GDA
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is 7 kPa. Using a producticGDA results in more uniform pressure in the producer annulus. This

helps to avoid steam productiandshortcircuiting.

Using a production GDA, 56% of the produced liquid enters the production tubing/scab liner through
the GDA. Hence the pressure difopm the toe to the GDA location is much less in the case of using

the production GDA compared with the case with no production GDA.

4.6 Summary and Conclusions

1 A workflow for designingprifice based FCDs for the SAGD wellss presented. The OPP based
approach includes both reseiw and wellbore flow modelling. The workflow is applicable to
other types of FCDsThis methodalso can be used for both simple and complex reservoirs
containing heterogeneous geology and hydraulic baraied baffles.

1 The regrvoir simulation results suggest that the optimum design is achieved when the injected
energy is distributed iproporton to OPP along the horizontal section of the SAGD wells and
the pressure profiles in the wells annuli minimize the risk of steam threaigh into the
producer.

1 The benefits of usingrifice based FCDs in improving chamlmenformance ashoil production
was explored using a reservoir model coupled with a wellbore model. The coupling is key in

guantifying the impact FCDs make in improvi8§GD performance.
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kh kv a Sw
[mD] | [mD] | [%] [%]

Shale 0 0 0 100
Cummings 1,000 800 0.24 35
Dirty Channel 100 80 0.2 35
Dina 4,000 | 3,200 | 0.33 15

Devonian 0 0 0 100

Table4.1- Reservoir properties for the five formations in the model.

Temperature | Dead oil Viscosity
[°C] [cp]
29 5,243.13
49.6 1,066.78
76 252.06
102.4 89.92
128.8 41.02
155.2 21.69
208 7.94
247.6 4.68
300.4 2.84
326.8 2.36
340 2.17

Table4.2- Dead oil viscosity versus temperature
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Sw Krw K row S krg krog
0.15 | 0.0000| 1.0000 0.15 | 1.0000| 0.0000
0.20 | 0.0002| 0.9500 0.20 | 0.9500| 0.0000
0.25 | 0.0016| 0.8400 0.25 | 0.8400| 0.0000
0.30 | 0.0055]| 0.7200 0.30 | 0.7200| 0.0000
0.35 | 0.0130| 0.6000 0.35 | 0.6000| 0.0130
0.40 | 0.0254| 0.4700 0.40 | 0.4700| 0.0254
0.45 | 0.0440| 0.3500 0.45 | 0.3500| 0.0440
0.50 | 0.0698| 0.2400 0.50 | 0.2400| 0.0698
0.55 | 0.1040| 0.1650 0.55 | 0.1650| 0.1040
0.60 | 0.1480| 0.1066 0.60 | 0.1096| 0.1480
0.65 | 0.2040| 0.0700 0.65 | 0.0750| 0.2040
0.70 | 0.2710| 0.0400 0.70 | 0.0450| 0.2710
0.75 | 0.3520| 0.0150 0.75 | 0.0270| 0.3520
0.80 | 0.4470| 0.0000 0.80 | 0.0200| 0.4470
0.85 | 0.5590| 0.0000 0.85 | 0.0100| 0.5590
0.90 | 0.6870| 0.0000 0.90 | 0.0050| 0.6870
0.95 | 0.8340| 0.0000 0.95 | 0.0000| 0.8340
1.00 | 1.0000| 0.0000 1.00 | 0.0000| 1.0000
Table4.3- Relative permeabilityables.

0il Potential Distribution
First 38% Middle 36%  Last 26%

50% 15% 35%
Normalized 50% 0% 4%
001P= 3066405 m3

Simulation Model Results Convection Energy Distribution Performance after 1 Year

Steam Injection Contribution Liquid Production Share Cum il CumSteam Cum SOR. Ins. SOR after 12 Months Ol Rate After 12 Months Recovery Factor Inc. Oil Production

#of Injector GDAs & of Producer GDAs GDA1 GDA2 Toe GDAL  GDA2 Toe [m3] | [m3CWE] [m3/m3] [m3/m3] [m3/d] [94] %]
Case 0 0 0 - - 0% - 100% 32% 0% 68% 47 084 204 253 100 1459 0% [BASE]
Case1 1 1 a5 ) 63% - s 54% 0% a6% 64821 121766 188 238 147 2119 4525
Case2 2 1 % 2% 4% 67% - 3% 53% 0% a7% 64314 121265 189 241 145 102 4411
Case 3 2 2 3/ 2% 43% S 6% 28% 534 0% am 64125 120850 188 240 146 203 4369
Case4 1 2 a5% - 5% 2% 1% 3% 54% 0% a6% 64603 121010 187 240 146 a1 4476
Case5 1 0 a5y - sy - 100% 51% 0% a0 1471 120674 196 231 149 2009 E
Case6 0 1 - ] £0% - A 0% 0% £0% 4760 %6741 184 260 105 1626 1150
Case7 2 0 % 2% 4% - - 00w 51% 0% a9 59808 1773 197 233 145 1355 3402
Casc 8 0 2 - - 0% S 1% 348 37% 0% 63% 48407 %17 19 258 105 1615 1071
Ranking 1234,5,7,6,3 4 D anking 1234,5,7,6,8

Theyfollow the same order

Injector Ports: 1 GDA: 8x10 mm 2 GDAs: 6x10 mm & 8x10 mm
Producer Ports: 1GDA: 4x10 mm 2 GDAs: 4x10 mm & 3x5 mm

Table4.4- Simulation results summary for Step | (Case 0

98



Producer Constraints During Bullhead
Producer: Max Steam Injection Rate=400 m3/d CWE
Max BHP=8,500 kPaa

Producer and Injector Constraints During SAGD

Producer: Min BHP=2,200 kPaa
Max Steam Production Rate Allowed in the Wellbore= 0.5 m3/d CWE
Max Liquid Rate=900 m3/d

Injector: Max BHP=3,500 kPaa
Max Steam Injection Rate=350 m3/d CWE

Table4.5- Producer and injector constraints

Qil Potential Distribution
First3s% Middle3ss  Last26%
0% 15% 35%
Normalized 59% 0% a1%
Performance after 1 Year
InjectionGDA  Production GDA Steam Injection Contribution Liquid Production Share Convection Energy Distribution CumQil  CumSteam  CumSOR Ins.SOR after 12 Months Ol Rate After 12 Months Recovery Factor Inc. Oil Production
Steam Rate=350 m3/d GDAL GDA2  Toe GDA1 GDAZ  Toe [m3] | [m3CWE]  [m3m3] [m3/m3] [m3/d] 3] [
Case 1 810mmGDA  4x10mmGDA 45% ] 63% - 37% 6% 0% 4% 64821 121766 188 238 147 2119 0% [BASE]
Case 9 1010mmGDA  4x10mm GDA 51% ] 60% - 0% 56% 0% % 64875 121977 188 240 146 120 008
Case 10 110mmGDA  4x10mm GDA 55% i 3 - a% 7% 0% 3% 54910 1219% 188 136 169 nn 014
Case 11 14x10mmGDA  4x10mm GDA 58% ] 0% - 0% 58% 0% % 64898 121830 188 238 147 na 012
Case 12 1610mmGDA  4x10mm GDA 61% -] 36% - 64% 58% 0% % 65262 122231 187 136 148 133 068
Case 13 1810mmGDA  4x10mm GDA 3% R ] 7% - 3% 9% 0% a1% 65154 122133 187 23t 149 130 051
Case 14 20x10mmGDA  4x10mm GDA 6% ] 37% - 63% 60% 0% 4% 65130 121823 187 239 146 129 048
Steam Rate=150 m3/d
Case 1B 810mmGDA  dx10mmGDA 47% ] 0% - 60% 57% 0% 3% 43316 57363 132 186 81 1416 0% [BASE]
Case 9B 1x10mmGDA  4x10mm GDA 2% ] 3 - 60% 9% 0% a1% #5529 133 185 81 1408 046
Case 108 1x10mmGDA  4x10mm GDA 5% ] % - 60% 60% 0% 4% 43068 57287 133 185 81 1408 057
Case 118 1610mmGDA  4x10mm GDA 5% ] 4% 5%% 61% 0% a% 2550 51 134 183 82 1381 77
Case 128 1610mmGDA  4x10mm GDA 61% -] 1% 9% 3% 0% 7% 090 57373 13 186 81 1403 088
Case 138 18x10mmGDA  4¢10 mm GDA 65% - 35% 4% 5%% 64% 0% 3% 4687 57311 134 184 81 1395 145
Case 148 00mmGDA  4x10mm GDA 67% ] 1% 59% 60% 0% 36% 48 57183 133 185 81 1400 108
Performance after 1 Year
Steam Injection Contribution Liquid Production Share Convection Energy Distrbution ~~ Cum il Cum Steam  Cum SR Ins. SOR after 12 Months 0l Rate After 12 Months Recovery Factor Inc. il Production
Steam Rate=350 ma/d GDAL  GDAZ  Tee GDAL GDAZ  Tee [m3]  [m3CWE] [m3jm] [m3/m3] [m3jfd] 1% £l
(ase 110 1x10mmGDA  6x0mm GDA 8% - 2% 4 - 4% B Ok 4% 64476 121397 188 138 1w no 15
(ase 11D 1410mmGDA  Bxl0mm GDA 8% - 42 8% - 2% B8 iz} 4% 64590 121528 188 137 148 ni 13
(ase 120 16x10mmEDA  6xl0mm GDA 6% - 3 1% - 52 9% 0% ik BAd 1S 1 236 143 JARE: {01
(ase 120 16x10mmGDA  BxI0mm GDA 6l% - A % - 3 9 Ok ik 64611 12198 188 137 148 nn 32

Tables4.6aand4.6b- Simulation results summary for Step Il
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0il Potential Distribution
First38% Middle 36%  Last 26%

50% 15% 35%
Normalized 59% 0% 1%
001P= 2.06£+05 m3
Simulation Model Results Convection Energy Distribution Performance after 1 Year
Steam Injection Contribution Liquid Production Share Cum Oil  Cum Steam Cum SOR  Ins, SOR after 12 Months Ol Rate After 12 Months Recovery Factor | Inc. Oil Production
Production GDA GDA1 GDA2  Toe GDA1 Toe [m3]  [m3CWE] [m3/m3] [m3/m3] [m3/d] 1] (5]
14x10 mm GDA  No Production GDA 58% - 4% 100% 55% 0% 5% 64875 122,327 189 2.28 154 21.20 0% [BASE]
14x10mmGDA  1x10mm GDA 58% - a2% 2% 76% 57% 0% a3% 64939 122008 188 235 143 2123 0.10
14x10mmGDA  2x10mm GDA 58% - 2% 38% 62% 57% 0% 3% 64953 121,710 187 235 149 2123 o
14x10mmGDA  3x10mm GDA 58% - 2% 56% 4% 58% 0% 2% 65052 122172 188 237 148 21.26 0.27
14x10mmGDA  dxl0mm GDA 58% - a2% 56% aa% 58% 0% a2% 65050 121,853 187 237 148 21.26 0.27
14x10mmGDA  Sxl0mm GDA 58% - a2% 61% 39% 58% 0% 2% 64,989 121,874 188 238 147 21.24 018
14x10mmGDA  6x10mm GDA 58% - 2% 65% 35% 58% 0% 2% 64618 121,638 188 241 145 21.12 0.40
14x10mmGDA  7x10mm GDA 59% - a1% 68% 32% 59% 0% a1% 64761 121,369 187 238 147 2117 20.18
14x10mmGDA  8x10mm GDA 59% - a1% 71% 29% 59% 0% 1% 64602 121450 188 238 147 2112 0.42
50m3/d
14x10 mm GDA  No Production GDA 58% - a2% 100% 54% 0% 6% 41385 57614 139 195 7 13.53 0% [BASE]
14x10mmGDA  1x10mm GDA 58% - 2% 22% 8% 61% 0% 39% 41654 57,336 138 186 81 13.61 0.65
14x10mmGDA  2x10mm GDA 59% - a1% 37% 63% 62% 0% 38% 41737 57159 137 187 80 13.64 0.85
14x10mmGDA  3x10mm GDA 59% - a1% 5% 5% 62% 0% 38% 41971 57341 137 186 81 13.72 142
14x10mmGDA  4x10mm GDA 59% - a1% 52% 48% 62% 0% 38% 4238 57218 135 186 81 13.83 2.28
14x10mmGDA  5xl0mm GDA 59% - a1% 61% 39% 62% 0% 38% 42483 57222 135 191 7 13.89 265
14x10mmGDA  6x10mm GDA 59% - a1% 65% 35% 62% 0% 38% 42459 57114 135 191 79 13.88 2.60
14x10mmGDA  7x10mm GDA 59% - 1% 68% 32% 63% 0% 37% 42237 5695 135 19 7 13.81 206
14x10mm GDA  8x10 mm GDA 59% - 41% 70% 30% 65% 0% 35% 41941 57,04 136 188 80 13.71 135

Table4.7- Simulation results summary for Step 1lI
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)

Hole Size - 444.5 mm
Casing Size - 339.7 mm, 81.105 kg/m, )-55, ERW, BTC @ 155.0 mK8 MD
Injection String:

- 139.7 mm TKC 4040 HOI tubing hanger x 139.7 mm 8rd LT&C lift thread.
=12t 139.7 mm 25.3 kg/m JSS, TKC 4040 HOI tubing.
- 139.7 mm 25.3 kg/m 155, TKC 4040 HOI BOX x Hydril 511 PIN crossover.

\RRRARRRRRANY

|4

P
~139.7 mm Hydril 511 BOX x 114.3 mm Hydril 511 PIN crossover.
- 114.3mm 15.63 Kg/m JS5 Hydril 511 tubing as required to
- 88.9 mm Weatherford GDA c/w crossovers to 114.3 mm Hydril 511 BOX x PIN.

Hol 222 mm @ 2,098 mKB MD
Slotted Liner Size - 177.8mm @ 2,088.0 mKB MD

Hole Size - 311 mm
Casing Size - 244.5mm, 59.53 ka/m,
180, Tenaris Blue @ 1,003.0 mK8 MD

GDA

- 139.7 mm 25.3 Kg/m J5S Hydril 511 tubing as required to approximately 974 mKB MD.

place the Steam Splitter (GDA).

- 114.3 mm, 15.63 Kg/m, J-55, Hydril 511 tubing as required to land the injection string at ~ 2,078 mKB MD.
- 114.3 mm 15.63 Kg/m )55 Hydril 511 Mule Shoe. Lengths 1,103.25 m of 114.3 mm, 975 m of 139.7 mm

Instrumentation String:
3.1 mm coiled tubing instrumentation string

| HoleSize-4445mm

Casing Size - 339.7 mm, 101.95 kg/m, J-55, ERW, STC @ 154.0 mKB MO

~179.4 mm ESP dual ported tubing hanger with 73 mm EUE Iift threads.
= 73.0 mm, 9.67 Kg/m, J-55, EVE pup joint.

+ 73.0 mm EVE Box x 114.3 mm TKC 4040 Pin crossover.

- 1143 mm, 18.75 Kg/m, J-55, TKC 4040 tubing

~ Baker Centrilift Series 538 pump discharge ¢/w 114.3 mm TKC 4040 threads.
| - Baker Centrilft Series 538 47 stage pump.

- Baker Centrift Series 538 9 stage pump.

- Baker Centrilft Series 513 Gen I Gas Avoider pump intake.

- 2 Baker Centrilft Series 538 seal protectors,

- Baker Centrilft Series S62MXPW 216 HP motor.

+ 149,86 mm Baker 4 fin centrakizer quide landed at 985.97 mKB MD.

=N

- 177.8mm, 38.69 Kg/m x 244.5 mm, 59.53 Kg/m Long Reach Hydrauiic Set Liner Top Packer sek at 994,68 mKB MD.
- 13t 114.3mm 15.63 Kg/m J55 Hydril 511 tubing with two soid rigid bar centraizers installed o stop collars.

- 114.3 mm 15,63 Kg/m J-55 Hydri tubing s required to place the GDA.

- 88.9mm Weatherford Strouded GDA c/w crossovers to 114.3 mm Hydril 511 BOX x PIN.

- 114.3 mm 15.63 Kg/m 1-55 Hydril 511 tubing as required to land the bottom of the liner at ~ 1997 mKB MD.

- 114.3mm 15,63 Kg/m J55 Hycril 511 Mude Shoe. Total scab liner length 1,002.32 m.

Hole Size - 222 mm @ 2,117 mK8 MD
Slotted Liner Size - 177.8mm @ 2,107.0 mKB MD

Hole Size - 311 mm

Casing Size - 244.5mm, 58,53 ka/m, l
180, BTRC @ 1,035.5 mK8 MD

Figure4.2-Senlac J1 injector (left) and producer (right) wellbore schematics

b)

Inj GDA 1@193 m ICP
Inj GDA 2@858 m ICP

Prod GDA 1@368 m ICP

Prod GDA 2@683 m ICP

Figure4.3-Model dimensions (a) and formation distribution in the model (b)
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Figure4.6- Initial oil production potential along the well pair and convection heastea along
the injector for Step | runs
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Case 1[1 Inj GDA with 8 Ports & 1 Prod GDA with 4 Ports] Case 91 Inj GDA with 10 Ports & 1 Prod GDAwith4 Ports] ‘ Case 101 Inj GDA with 12 Ports & 1 Prod GDA with 4 Ports]
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Figure4 8- Initial oil production potential along the well pair and convection heat transfer along
the injector for Step Il runs
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Figure4.9- Initial oil production potential overlaid on Oil Production Potential after 6 and 12
Months for Step Il runs
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Figure4.10- Initial oil production potential along the well pair and convection treatfer along
the injector forStep Il runs

Figure4.11- Initial oil production potential overlaid on Oil Production Potential aftan©12
Months for Step Il runs
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