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ABSTRACT

The SAGD process has been tested in the field, and 1s now in a commercial stage in
Western Canadian oil sands areas. The Fast-SAGD method can partly solve the drilling
difficulty and reduce costs in a SAGD operation requiring paired parallel wells one above

the other. This method also enhances the thermal efficiency in the reservoir.

In this research, the reservoir parameters and operating conditions for the SAGD and
Fast-SAGD processes are investigated by numerical simulation in the three Alberta oil
sands areas. Scaled physical model experiments, which are operated by an automated
process control system, are conducted under high temperature and high pressure

conditions.

The results of the study indicate that the shallow Athabasca-type reservoir, which is thick
with high permeability (high kxh), is a good candidate for SAGD application, whereas
Cold Lake- and Peace River-type reservoirs, which are thin with low permeability, are

not as good candidates for conventional SAGD implementation.

The simulation results indicate improved energy efficiency and productivity in most
cases for the Fast-SAGD process; in those cases, the project economics were enhanced
compared to the SAGD process. Both Cold Lake- and Peace River-type reservoirs are
good candidates for a Fast-SAGD application rather than a conventional SAGD
application. This new process demonstrates improved efficiency and lower costs for

extracting heavy oil from these important reservoirs.
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A new economic indicator, called simple thermal efficiency parameter (STEP), was
developed and validated to evaluate the performance of a SAGD project. STEP is based
on cumulative steam-oil ratio (CSOR), calendar day oil rate (CDOR) and recovery factor
(RF) for the time prior to the steam-oil ratio (SOR) attaining 4. STEP can be used as a

financial metric quantitatively as well as qualitatively for this type of thermal project.

An automated process control system was set-up and validated, and has the capability of
controlling and handling steam injection processes like the steam-assisted gravity

drainage process.

The results of these preliminary experiments showed the overall cumulative oil
production to be larger in the Fast-SAGD case, but end-point CSOR to be lower in the
SAGD case. History matching results indicated that the steam quality was as low as 0.3
in the SAGD experiments, and even lower in the Fast-SAGD experiments after starting

the CSS.
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NOMENCLATURE

o Thermal diffusivity, L*t"
Vs Kinematic viscosity of oil at steam temperature, Lt
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Parameter which depends on oil viscosity temperature curve Tgr and Tg
P  Pressure drop, ML't?

Flow rate, L°t!

Heat, kJ

Scaling factor

»w ™o e b B AR D F 8 OO C°

=}

Fractional oil saturation

w2
g

Residual oil saturation

So - Sor

= B
w2
<)

Temperature, T

—

Time, t
Dimensionless time

A% Volume, L’

-
*

w Reservoir width, L
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Subscripts

ac accumulated

an annulus

cn contour

gl glass bead

gn generated

L liquid

Is lost

m model

0 oil

P prototype

pd produced

S steam

st stainless steel

\% vapour

w water

Abbreviations

SAGD Steam-Assisted Gravity Drainage
CDOR Calendar Day Oil Rate

C-NPV Compensated-Net Present Value

CSF
CSOR
CSS
NCG
NPV
RF
ROR

Cyclic Steam Flooding
Cumulative Steam-Oil Ratio
Cyclic Steam Stimulation
Non-Condensable Gas

Net Present Value

Recovery Factor

Rate of Return
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SF Steam Flooding

SS Steam Stimulation

STEP Simple Thermal Efficiency Parameter
SOR Steam-Oil Ratio

Vw Vertical Well

HW Horizontal Well
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1 INTRODUCTION

1.1 Overview

Alberta’s oil sands contain the largest crude bitumen resource in the world,
approximately 259 billion cubic meters of initial in-place and 27.7 billion cubic meters of
remaining established reserves (AEUB, 2004). In situ recovery methods have to be used
to recover over 80% of these reserves; therefore research to find more effective in situ

recovery methods is encouraged.

The steam-assisted gravity drainage (SAGD) process has been tested in the field, and is
now in a commercial stage in Western Canadian oil sands areas (Butler, 2001). Recent
research studies have been conducted (Butler, 2002) not only for reducing the steam

production costs but also for enhancing heat efficiency of the SAGD process.

The Fast-SAGD recovery process invented by Polikar et al. (2000), combining the SAGD
and cyclic steam stimulation (CSS) processes, helps to propagate sideways the steam
chamber formed by SAGD. As Fast-SAGD only requires additional single horizontal
wells beside the SAGD well pair, this method can partly solve the difficulty of drilling
two horizontal wells one exactly above the other thereby reducing costs, and also enhance

the thermal efficiency in the reservoir.

1.2 Statement of Problem

The SAGD process is an attractive in-situ recovery method for oil sands development.
The thick and high permeability clean sands are perfect conditions for SAGD application.
Also, the reservoirs with no overburden gas cap, no over/under burden water zone, and a
fining upward depositional environment which may reduce heat losses in the reservoir are
ideal for a SAGD operation. Reservoir heterogeneity will affect negatively the SAGD

performance.
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The SAGD performance can be improved by reducing the number of horizontal wells and
the injected steam quantity or by enhancing the thermal efficiency in the reservoir. The
Fast-SAGD can partly solve the drilling difficulty, reduce costs in a SAGD operation
requiring paired parallel wells one above the other, and also enhance the thermal

efficiency in the reservoir (Polikar et al., 2000).

The success of the SAGD process in the field depends on two main factors: reservoir
parameters and operating conditions. It is very important to find out the most favorable

SAGD conditions under the various reservoir parameters.

Numerical simulation results show that the Fast-SAGD process performance is better
than that of the conventional SAGD (Polikar et al., 2000). Physical model experiments
using suitable scaling procedures are needed for verification of the numerical findings.
Low-pressure models cannot scale high temperature and high pressure phenomena, such
as rock-fluid interaction, fluid properties, and gas solubility; therefore high pressure and

high temperature scaled models are better for explaining the steam injection process.

Conducting high pressure and high temperature scaled model experiments is very
difficult as there are so many variables such as steam quality, injection rate, and pressure
to be controlled. An automated process control system will operate these high

temperature and high pressure experiments safely and in real time.

1.3 Objectives and Scope of Research

This study will investigate the Fast-SAGD process mechanisms both by numerical and
experimental methods. Numerical simulation studies will provide the most favourable
operating conditions by conducting sensitivity analysis. The main objectives of this

research include:

1) Screening of the reservoir parameters and defining the most favourable operating

conditions for the SAGD and the Fast-SAGD processes;
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2) Development of an experimental facility using an automated control system for
the steam injection processes; and
3) Investigation of SAGD and Fast-SAGD recovery mechanisms at high

temperature and high pressure conditions.

For performing the sensitivity studies of the SAGD and Fast-SAGD processes, a simple

economic indicator will be introduced to evaluate SAGD and Fast-SAGD performance.

To develop a high temperature and high pressure experimental apparatus having an
automated process control system, validation experiments will be conducted under high

temperature and high pressure conditions.

Numerical simulation results of a field scale are used to design the scaled physical model,
and the laboratory scale numerical simulation results will be compared with the

experimental results.

1.4 Methodology of Research

To achieve the research objectives, the following methodologies will be used:
1) conduct numerical simulation studies for three oil sands areas in Alberta;
Athabasca, Cold Lake, and Peace River areas. Reservoir parameters as well as

operating conditions will be reviewed.

2) develop a simple economic indicator, STEP, to evaluate SAGD performance.
STEP will be correlated with NPV and calculated based on production
performance data from published studies in which SAGD related simulations

were performed for validation.
3) design an automated process control system and conduct validation experiments

for high temperature and high pressure conditions. Four key features of this new

experimental facility — steam quality measurement, production cooling constraints,
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oil-cut determination, and production pressure control — will be validated by using

this advanced process control system in cylindrical core models.

4) Conduct scaled physical experiments for 2-dimensional SAGD and Fast-SAGD
models. Experimental results will be analyzed, steam chamber shapes will be
generated using thermocouple temperature data, and experimental results for
SAGD and Fast-SAGD will be compared. Thereafter, experimental results will be

compared with numerical simulation results.
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2 LITERATURE REVIEW

2.1 Geological features in Alberta oil sands deposits

There are many reports on the Alberta oil sands geology (Mossop, 1980, Mossop et al.,
1981, Wightman et al., 1989). The Alberta oil sands deposits are mainly contained in the
Lower Cretaceous sands. These deposits are located in three geographic areas: Athabasca,
Cold Lake, and Peace River (Figure 2.1). The bitumen was originally emplaced as a
lighter hydrocarbon which has subsequently undergone significant in situ degradation
following migration from some distant source area. The main features of the Alberta oil
sands are their unconsolidated nature, high permeability, high oil viscosity and the fact

that they are water-wet. Table 2.1 shows geological features in Canadian oil sands areas.

Cold Lake
Edmanten

Calgary m

Figure 2.1: Alberta oil sands areas
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Table 2.1: Geological features in Canadian oil sands areas (modified from Wightman et

al., 1989)
01l Average ‘ Average
Depth Density Depositional
sands Formation thickness porosity ‘
(m) (°API) environment
area (m) (%)
Upper | 200~400 9 8 30 Shoreline
Grand
) Middle | 230~430 5 8 30 and Shallow
Rapids .
Atha- Lower | 270~470 6 8 30 Marine
basca Mine- Continental
Wabiskaw/ 0~120 38 8~10 29
able to
McMurray )
In-situ | 80~750 19 8~10 28 Marine Shelf
Upper | 275~500 6 11~15 30 Continental
Grand to
Rapids Lower | 325~525 12 9~12 31 Marine
Shoreline
Cold
Marine
Lake |Clearwater 375~500 12 10~11 30
Shoreline
Wabiskaw Marine Shelf
/ 425~600 5 10~12 25 /
McMurray Continental
Estuarine to
Peace i
) Bluesky/ Gething 460~760 14 9 24 Shallow
River
Marine
6
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2.1.1 Athabasca area

Athabasca is the largest of the Cretaceous oil sands deposit in Alberta. It is the only
deposit with surface mineable reserves. All of the reserves are contained within the
McMurray formation which averages between 40 and 60 m in thickness. Porosity varies
between 25 and 35 percent, and oil saturations of 10 to 18 weight percent are very

common (Mossop et al., 1981).

The reservoir varies from surface to 750 m in depth. Overall, the vertical
sedimentological succession represents an evolution from predominantly continental,
fluvial, and floodplain environments to a shoreline estuarine complex as a result of rising
sea level. The Grand Rapids formation was deposited in a high-energy, wave-dominated
shoreline setting. Because of the original high-energy depositional environment,
reservoirs tend to be clean and have good permeability and porosity. Bitumen pore-space
saturation ranges from 40~70%, distributed through zones of net pay which vary from 5
to 25 m in thickness and lie at depths of 200 to 470 m (Wightman et al., 1989).

2.1.2 Cold Lake area

The Cold Lake oil sands deposit contains reserves in three formations starting from the
bottom: McMurray, Clearwater, and Grand Rapids. Reservoir depths vary between 275
and 600 m. The McMurray formation consists of very fine to medium grained quartzose
sands with associated shales. Individual reservoirs are of limited lateral extent. In this
area, the McMurray formation is interpreted as being dominantly fluvial in origin. The
Clearwater formation consists of nearshore marine sands and associated marine shales.
Because the marine sands in the Clearwater interval tend to be laterally extensive and
relatively free of internal heterogeneities, they constitute amongst the most attractive
reservoirs for in situ recovery. The Grand Rapids formation at Cold Lake consists of
interbedded sands and shales, deposited in mixed nearshore marine and continental
environments. Despite the fact that the Grand Rapids formation contains the majority of

the reserves at Cold Lake, the various reservoirs are not as continuous or homogenous as
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those in the underlying Clearwater formation, and thus not as amendable to in situ

recovery (Mossop et al., 1981)

2.1.3 Peace River area

Reserves in the Peace River oil sands are contained in the Gething-Bluesky interval,
which is correlative with the McMurray-Wabiskaw zone in the Athabasca area. Bitumen
within this area is trapped in an updip pinchout of the Cretaceous Gething-Bluesky
formations against Mississippian carbonates. These sediments are interpreted to be
dominantly continental in the southeastern area, becoming more marine towards the
northwest. Within the Peace River oil sands deposit, the thickest and most continuous oil
sands are found in tidal channel complexes, but high oil saturations are also found in
widespread shoreline and shallow marine sands. The reservoir varies in depth from 300
to 750 m with zones of net pay up to 30 m thick. Within the oil leg of the reservoir,
hydrocarbon emplacement appears to have halted or inhibited diagenesis relative to the
underlying waterbearing sands in which authigenic clays are much more abundant

(Wightman et al., 1989).

2.1.4 Geological characteristics in oil sands development

More than 90 percent of the Cretaceous oil sands reserves in Alberta are too deeply
buried to be considered potentially recoverable by established surface mining techniques.
Thus, there is a processing need to develop technologies capable of recovering bitumen in
situ. Table 2.2 illustrates the primary bitumen-bearing horizons within the Cretaceous

stratigraphic sequence.

The McMurray formation has had a history of shallow burial, and cementation and other
diagenetic processes have had minimal impact on the sand texture. It is because the
sediment is not consolidated, with no cementing agent to strengthen the material that the

deposits are called oil sands, not sandstones. Another consequence of the sands’
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unconsolidated character is that, in a flowing in situ well, special precautions must be

taken to prevent production of the sand grains along with the oil (Mossop, 1980).

Perhaps the single most characteristic feature of the Alberta oil sands, and almost
certainly the most fortunate, is that the grains are water-wet or hydrophilic (Mossop,
1980). The oil in the pores is not in direct contact with the mineral grains. Rather, each
grain is surrounded by a thin film of water beyond which, in the center of the pore, is the
oil. This hydrophilic tendency of the oil sands is fortunate because the hot water
extraction process used in the mining operation would not work if the grains were other
than water-wet. If the oil sands were oil wet, the interfacial forces between the bitumen
and the quartz would be such that hot water extraction would not be possible (Takamura,

1985)

Table 2.2: Table of formations illustrating the primary oil sands and heavy oil horizons

in Alberta (Wightman et al., 1989)

Age Northwest Aterta Northesst Alberta Tast Central Alberta
Peace River Wabasce Athabasca Cold Lake Lioydminster
Shatesbury LaBicheFm  £=—1 LeBiche Fm = ==
Pslican Fm}: i AEERas
Peace River B I‘\Pf"ﬂi & Viking Fm Viking Fm
a "
& Fn Joli Fou Fm —— Joli Fou Fm - i FouF F
c — w oli Fou Fm ] [—
% Albian £ —— Joli Fou Fm | —
2 Grand ™
s & Rapids F?F :::s Upper
g £ Spirit River Fm caGCa FEn Grend Rapids
5 i & s Ll
2 o =3z
= 3 |Clearwater Fm F—— S | Cloanwater Fm
5 —q5
F o — |- instar
Bluesky Fm Z [wabiskaw Mbr Wabiskaw Mb | Lioydringter |
: Cummings
) a McMurray Fm =
Aption | F|  Gething McMurray McMurrgy [ Dina Fm
and -] Fm Fm
3
Older 2
::; -
Cadamin Fm j3 o
&/ &
Pre-Cretaceous & &
Devonian -
Oit Sands/H Oil Bitumen in
# Sands/ Heavy E Shale @ Carbonates
Barran Sand e, - t Limestone &
Sifisg] -ongomenia Dolomite
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2.2 In-situ recovery methods for oil sands development

The Alberta oil sands have an average density of 10° API, average porosity of 30%, and
favorable reservoir thickness (Table 2.1). The reservoirs in the Athabasca area may be
mineable for shallow depths up to 85 m, but the reservoirs in the other areas must be
recovered only by in-situ recovery methods. Even though there has been bitumen
recovery from primary production (or cold production), it is very popular to inject steam
for recovering high viscosity oil sands like the Canadian oil sands because the native
viscosity of the bitumen at reservoir conditions is in excess of 100,000 cp. Once the
temperature is increased to 200°C, the bitumen viscosity is reduced to several centipoises
(Figure 2.2). At this temperature, the bitumen is mobilized and can flow easily to the
production well. Cyclic Steam Stimulation (CSS) and Steam-Assisted Gravity Drainage

(SAGD) have been used as the main in-situ recovery methods for the Canadian oil sands

development.
—+—AB ~m—CL PR
100000000 +— e e S S —— = e e
1000000 fsz:; N I A - R e
a ﬁf"*’ﬂf ) H _ o _ R S 0 |
L LUV _ -
= DR
‘B 10000 -+ % ——— e
° \ - e - . - T =
Q LIRS
1
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o
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o

Figure 2.2: Typical viscosities of bitumen (sources: AB from Law et al., 2000; CL from
Gong et al., 2002; PR generated from Glandt and Malcolm, 1991)
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According to Batycky (1997), the choice of the in-situ recovery method depends on
reservoir parameters (Table 2.3). CSS could be applied in reservoir qualities with as low
as 1 Darcy permeability and in net sands as thin as 10 m. SAGD needs very clean sands
of greater than 5 Darcy permeability and in reservoirs thicker than 20 m. Cold production,

because of its non-thermal nature, can be applied in clean sands as thin as 2 m.

CSS and SAGD can be applied to recover bitumens with viscosities in excess of 100,000
cp. Cold production can be applied to produce heavy oil with viscosities of up to 10,000
cp. CSS and cold production, being strongly dependent on solution gas drive, favor

higher gas-oil ratios (GOR).
Generally, deeper reservoirs favor CSS. SAGD can be operated in quite shallow depths.
SAGD gives the highest production rate and ultimate recovery compared to CSS and cold

production.

Table 2.3: Comparison of in-situ recovery processes (modified from Batycky, 1997)

CSS SAGD Cold Production
Permeability (D) >1 >5 >2
Net pay (m) 10 20 3
Oil saturation (wt%) 9 12 9
Viscosity (cp) Bitumen Bitumen Heavy oil
yiep ( >100,000) (>100,000) (10,000)
Reservoir depth moderate shallow moderate
GOR High Low High
Thief zone tolerance <5m little little
Production rate
(m’/d/well) 10 100 10
CSOR 4 3~4 -
Recovery factor 20~25% 40~50% 5~15%
Oil sands area to be Athabasca Cold Lake,
s Cold Lake . Athabasca,
applied Peace River* i
Peace River

* Pressure Cycle Steam Drive is included in SAGD category

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




2.3 SAGD application for oil sands development

2.3.1 Mechanisms of the SAGD Process

The birth of SAGD was possible due to the development of horizontal drilling technology
that enhanced productivity. The conventional SAGD, introduced by Butler et al. (1981)
as shown in Figure 2.3, uses two horizontal wells, one injector and one producer. Usually
the producer is placed as low in the reservoir as possible, and the injector is located
several meters above the producer. The injected steam will reduce the bitumen viscosity,
and then the heated bitumen and condensed steam will flow down into the producer by

gravity force.

Figure 2.3: SAGD concept (after Butler et al., 1981)

There are two different kinds of drainage in the SAGD process, one is ceiling drainage
and the other is slope drainage (Edmunds et al., 1988). The ceiling drainage can be seen
during the steam chamber rise period. The injected steam rises to the top of the reservoir
and reduces bitumen viscosity, and the mobile bitumen and condensed water flow down

into the producer. During this process, there will be counter-current flow, which results in

12

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



emulsification of the condensed steam and bitumen, and the emulsification increases the
viscosity of the flowing fluid inside the steam chamber, consequently reducing bitumen
recovery efficiency (Chung and Butler, 1988). The ceiling drainage tends to happen
largely when the steam is injected into the bottom of the reservoir. The slope drainage
will happen during the steam chamber growth period, but mainly at the time when the
steam chamber propagates sideways horizontally. During the slope drainage, the heated
bitumen and condensed steam flow down into the producer along the steam chamber
perimeter. The ceiling drainage plays an important role during the early stages of the
SAGD process, while the slope drainage plays a more important role during the late

stages of the SAGD process.

SAGD can be operated with relatively low pressure, about 400-900 kPa (Edmunds and
Chhina, 2001). Recently Kisman (2003) investigated the lifting of bitumen to the surface
during a low pressure SAGD operation. In his research, a two-stage lift system called
ELift was designed to provide low subcool values at low pressures. The SAGD process,
in which gravity is the main recovery mechanism, is not affected by pressure difference
between injector and producer. A low pressure SAGD operation can reduce the steam-oil
ratio (SOR) due to higher energy efficiency, however this results in lower productivity.
Low pressure operation requires narrower well pattern, but less steam, therefore the
proper operating pressure has to be decided after considering the number of wells and

steam quantity needed in the operation.

2.3.2 Key features in the SAGD process

For successful SAGD performance, two important conditions should be satisfied. One is
the preheating period, and the other is the steam trap control. The preheating period is
needed to establish heat communication between injector and producer. The steam trap

control is one way to enhance thermal efficiency by keeping steam inside of the reservoir

instead of producing live steam along with the bitumen.
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2.3.2.1 Preheating period

It is essential for an effective SAGD operation to reduce the viscosity of the bitumen
between injector and producer. This procedure of establishing heat communication
between two wells at the initial stage of SAGD is called the start-up period, and can be
done by circulating steam into both injector and producer. The wells act as hot fingers in

the reservoir, and heating is by conduction.

There have been other trials to establish communication between the wells, two of which
are given below. The cyclic steam injection method was used to establish heat
communication at the Senlac SAGD project in Saskatchewan (Boyle et al., 2003). Steam
was injected with high pressure for three cycles. The other one is the solvent injection
method used to establish communication between injection and production wells at the
Hilda Lake SAGD project in Cold Lake (Donnelly, 1999). Because there is some initial
injectivity, a solvent can be injected into the formation and followed with steam. It is
therefore not necessary to rely entirely on thermal conduction to establish communication.
The pre-heating period is affected by permeability and the spacing between injector and
producer (I/P spacing). Usually, less than 6 months is reasonable for field SAGD projects.
The I/P spacing of 5~10 m will help establish heat communication in 6 months or less

(Shin and Polikar, 2004).

For a long horizontal well, the heat communication should be established along the entire
length. If the initial heat communication is established partially instead of over the entire
length of the well, it will have a negative effect on SAGD performance (Edmunds and
Gittins, 1993)

2.3.2.2 Steam trap control

SAGD requires that the steam chamber be kept well drained, so that liquid does not

accumulate over the producer, but neither is live steam produced (Edmunds, 2000).

Steam trap control is the way to maintain the producing fluids’ temperature just below the
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saturation temperature of the steam (called sub-cool). It is implemented to prevent or
reduce steam production from the reservoir. This steam trap control should result in
keeping all the latent heat generated by the steam inside the reservoir and producing only
bitumen and condensed hot water. Generally, values in the range of 5~40°C sub-cool are
accepted for a SAGD operation (Edmunds, 2000, Ito and Suzuki, 1996). Ito and Suzuki
(1996) investigated the required sub-cool to minimize steam-oil ratio (SOR), and
suggested that 40°C of sub-cool is proper for a SAGD operation. If the sub-cool is
increased, oil production is decreased but SOR is reduced. When sub-cool exceeds 50°C,

the production is decreased and SOR is also increased.

2.3.3 Overview of SAGD operating facilities

SAGD operating facilities include four major parts: water treatment, steam generation,
production separation, and production treatment (Figure 2.4). The treated water is fed to a
steam generator to produce steam. The steam passes through a separator so that nearly
100 percent quality steam can be injected. The saturated blowdown water is exchanged
for heat recovery and disposed of in a deep well. The produced fluids go to a separator to
produce gas, bitumen, and water. The produced water is treated for recycling or disposal
(Donnelly, 1997, O’Rourke et al., 1997). The following details of process facilities are
for the typical SAGD projects (Gulf Canada, 2001).

2.3.3.1 Water treatment

There are two water sources for feeding the steam generator, one being raw water from
an aquifer and the other recycling produced water from the production wells. During this
treatment, water will be chlorinated, filtered, softened and chemically treated to increase
the pH, remove free oxygen and prevent iron deposition. Such a water treatment system
can provide approximately 90 percent of the water requirements by recycling produced

water.
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2.3.3.2 Steam generation

The steam generation equipment produces the 100 percent quality steam required for
injection into the reservoir. This is achieved by producing 80 percent quality steam from
a once-through steam generator, and removing the free water from the steam in a high-
pressure steam separator to produce 100 percent quality steam. The boiler feed water is
boosted and preheated by the produced water. The high-pressure, feed-water pumps
supply boiler feed water to the steam generators at 13,000 kPa, producing an 80 percent

quality steam at 11,000 kPa.

2.3.3.3 Separation of bitumen, water and gas

A high temperature separator is used in order to achieve the density differential necessary
for a good separation of water and bitumen. Bitumen from the separator, which contains
less than 5 percent water, flows into the desalter. A bitumen product with less than 0.5 %
by weight basic sediment and water is obtained. Water from the inlet separator exchanges
heat with boiler feed water in the produced water trim cooler. Produced gas from the well
site separator is routed to the produced gas recovery system where the entrained steam is

condensed and the gas is recovered for use as fuel gas.

2.3.3.4 Production treatment

The majority of the oil is separated from the water by gravity in the skim tank. The oil
content in the produced water leaving the inlet separator is reduced from 2,000 to 200
ppm in the skim tank. The produced water flows to an induced gas flotation device to

reduce the oil content to about 20 ppm. The oil coalescing filters reduce the remaining

oil contents to approximately 1 ppm, which is suitable for boiler feed water.

16

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



@
Raw Water
Tank

Water Treating

Ground Water (Softening’
Feed Water Water Recycling
Steam Generator Storage
A Steam Productior
_ . 3 Separator Water Treating v
7
oL Gas
‘ E Bitumen
Separator Disposal Well

L_ Injector v
Producer (N—-“

Truck Loading

Figure 2.4: SAGD project facilities schematics (modified from Donnelly, 1997)

2.3.4 Sensitivity study of the SAGD process

The success of the SAGD process in the field depends on two main factors: reservoir

parameters and operating conditions.

2.3.4.1 Reservoir parameters

Reservoir parameters, which can not be controlled, include reservoir thickness, reservoir
permeability, bitumen viscosity, reservoir depth, shale barriers in the reservoir, gas zone

in the overburden, and water zone in the overburden or underburden.

The thicker the reservoir, the better the thermal efficiency (less heat loss) and the larger

the production in the SAGD process (Butler et al., 1981b, Ito et. al., 1998).
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Higher permeability will result in higher ultimate recovery as well as lower CSOR, which
are both favorable for SAGD performance. Sometimes, there may be permeability
changes in the vertical direction depending on the depositional environment, and this may
alter the recovery performance of the process (Venuto, 1989). A previous study showed
that the fining upward depositional environment case gave better SAGD performance
compared to the fining downward case (Shin and Polikar, 2004). During the SAGD
process, the heated bitumen flows down into the producer as steam is injected, and at that
time, more permeable flow paths are required. Therefore, a high permeability near the
producer is better for SAGD performance. Also, the low permeability at the top of the
reservoir can make the steam propagate into the horizontal direction rather than towards

the overburden, therefore, enhancing thermal efficiency.

Water zones in the reservoir result in an inefficient SAGD performance (Singhal et al.,
1996, Sugianto and Butler, 1990). However, the presence of a bottom water layer has less
impact on oil recovery than when an overlying water layer is present (Doan et al., 1999).
Gas cap, which may prevent heat loss to the overburden, is moderately beneficial for the
SAGD performance (Good et al., 1997, Kisman et al., 1995). Also, small size shale
barriers have a small effect on the SAGD process (Edmunds et al., 1988).

2.3.4.2 Operating conditions

The operating conditions, which can be controlled, include preheating period, the spacing
between injector and producer (I/P spacing), steam injection pressure, maximum steam

injection rate, and SAGD well pattern spacing.

The preheating period is affected by reservoir permeability and I/P spacing (Shin and
Polikar, 2004). As the I/P spacing is related to both the preheating period and
permeability, it is important to choose the I/P spacing in such a way that production is
increased and the preheating period reduced. Too close an I/P spacing may cause
difficulty in drilling, and also the injected steam may flow into the producer if the

injected steam pressure is too high, therefore, reducing thermal efficiency.
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Operating pressure (or steam injection pressure) is a very important parameter during the
SAGD process because a higher operating pressure means higher steam temperature,
therefore more energy is required. In a conventional SAGD operation, the maximum

steam injection pressure is usually kept at or slightly above the reservoir pressure.

The SAGD process is operated as a pattern of several parallel horizontal well pairs in the
field. A narrower pattern spacing gives lower SOR; however, it needs more wells (Butler,
1985). Therefore the well pattern spacing has to be chosen considering not only energy

efficiency but also drilling costs.

2.4 Variations of SAGD Process Enhancements

The conventional SAGD process is a steam injection recovery method that uses two
horizontal wells. In the Peace River area, a small pressure differential between adjacent
pattern steam chambers was applied to enhance the SAGD process (Hamm and Ong,
1995). A steam drive process can be applied to the SAGD operation once sufficient
bitumen mobility has been obtained between steam chambers. This is done by lowering
the steam injection pressure in one steam chamber, while maintaining pressure in the

adjacent steam chamber.

In contrast, other research has examined ways of reducing the operating costs by reducing
the number of horizontal wells and the injected steam quantity or by enhancing the

thermal efficiency in the reservoir.

2.4.1 Single Well SAGD

This technology uses a single horizontal well to produce oil instead of two horizontal
wells. Steam is injected into insulated tubing and fluids are produced from the annulus
(Oballa and Buchanan, 1996). This recovery method is effective where the primary
production is high. Even though this method is less economical than conventional SAGD,

single well SAGD can be applied in thin reservoirs less than 15 m thick where the dual
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well SAGD is not effective due to the small thickness of the reservoir (McCormack et al.,

1997, Singhal et al., 2000).

2.4.2 Steam and Gas Push (SAGP)

This recovery method was introduced to enhance SAGD efficiency by adding a small
amount of non-condensable gases (NCG) such as natural gas or nitrogen (Butler et al.,
2000). In laboratory scaled experiments (Butler et al., 2001), it was found that the saving

of steam was less for higher oil viscosities.

2.4.3 Expanding Solvent SAGD (ES-SAGD)

This is one of the modifications of the SAGD process combining the benefits of steam
and solvents in the recovery of heavy oil and bitumen. In this process, the solvent is
injected with steam in a vapour phase, and then the condensed solvent around the
interface of the steam chamber dilutes the oil in conjunction with heat, and reduces its
viscosity. This method has been successfully field tested, and has resulted in improved oil
production and SOR, and lower energy and water requirements as compared to

conventional SAGD (Nasr et al., 2003).

2.4.4 Fast-SAGD

The Fast-SAGD recovery process invented by Polikar et al. (2000), combining the SAGD
and CSS processes, helps propagate the steam chamber formed by SAGD sideways. As
Fast-SAGD only requires an additional well beside the SAGD well pair, this method can
partly solve the challenge of drilling the two horizontal wells one exactly above the other
and reduce costs in a SAGD operation, and also enhance the thermal efficiency in the

reservoir.

2.4.5 SAGD Wind-down

At a certain point during the SAGD process, it is no longer economic to operate SAGD
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with steam injection due to high SOR. However, the reservoir is still hot and the energy
in place can be utilized. The NCG or mixture of NCG and steam injection has been

proposed as a wind-down process, which may maintain reservoir pressure and prolong oil

production (Zhao et al., 2003).

2.5 Fast-SAGD Process

Fast-SAGD, combining the CSS and SAGD processes, uses offset wells, which are
placed horizontally about 50 m away from the SAGD producer (Figure 2.5) and each
offset well. These offset wells are operated alternatively as injector and producer. When
the steam chamber reaches the top of the reservoir after the SAGD operation has begun,
the CSS operation is started at the first offset well. The CSS operation at other offset
wells will be started later with a certain schedule after the CSS operation at the first offset
well. There are at least two cycles of CSS at the offset wells, and each cycle is composed
of three phases: injection period of several months, soak period of a few weeks, and
production period of several months. Steam is injected at higher pressure and rate than
those used in the SAGD operation, but the pressure is below the fracturing pressure of the

formation.

The Fast-SAGD process has the following features (Polikar et al., 2000): a) the CSS
operation from the offset well propagates the SAGD steam chamber sideways and also
speeds up the recovery of bitumen; b) the high pressure steam injection at the offset well
results in enhanced bitumen recovery from the SAGD producer due to steam drive effect
caused by pressure difference between the SAGD injector and the offset well; c) the
additional steam injection into the SAGD injector after finishing the CSS operation is
required to maintain the steam chamber, which has already been expanded by the CSS

operation.

In the SAGD process, which generally is operated near the reservoir pressure, thermal
expansion will affect petrophysical properties, but in the Fast-SAGD process, in which

steam is injected at high pressure, shear dilation can be another important factor (Gong et
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al., 2002). This type of geomechanical effect was previously observed in CSS process

applications in the Cold Lake oil sands (Beattie et al., 1991, Ito and Singhal, 1999).

[
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Figure 2.5: Fast-SAGD concept

2.6 Scaling of Physical Modelling

2.6.1 Scaled Model Studies for Steam Injection Processes

The most widely used scaling criteria were presented by Stegemeier et al. (1980) for low-
pressure models and by Pujol and Boberg (1972) for high-pressure models. High pressure

models use the same fluids as found in the field, so these models may scale the high

temperature, high pressure phenomena such as rock-fluid interactions, fluids properties,
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emulsification, steam distillation, gas solubility, and compressibility effects in a better
manner than low pressure models. Low pressure models are easier to build and operate,
and may give more accurate temperature and velocity distributions due to improved
scaling of the pressure-temperature relationship for saturated steam. These models
usually require a fluid with properties different from those of the fluid in the field to
satisfy all the criteria considered important. In practice, it is difficult to find fluids that

can satisfy these criteria, and compromises must be made as with high-pressure models.

Stegemeier et al. (1980) carried out vacuum model studies for their experiments at
pressures well below atmospheric pressure. The results showed that the quantity of steam

injected was the most important factor affecting the amount of oil recovered.

Pujol and Boberg (1972) examined the scaling accuracy of laboratory steam flooding
models, especially with regard to the scaling of capillary pressure. They found that, for
highly viscous oils, accurate scaling of capillary pressure was not crucial. This is because
the ratio of capillary to viscous forces was so small that unscaled capillary pressures

would have negligible effects on oil recovery.

Farouq Ali and Redford (1977) provided a thorough analysis of notable scaled laboratory
thermal recovery studies. They examined the scaling groups derived for steam injection

and in-situ combustion processes by various investigators.

Chung and Butler (1988) developed two-dimensional scaled reservoir models to test the
SAGD theory. They found approximate agreement with numerical predictions for

recovery from the Underground Test Facility.

Kimber et al. (1988) studied new scaling criteria for steam and steam-additive injection
experiments. In these studies, five different approaches were adopted, with each approach
scaling a selected mechanism of the recovery process while relaxing the remaining
mechanisms. They proposed that Pujol and Boberg’s procedure is effective for steam

only processes where gravity dominates.
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2.6.2 Scaling Procedure for the SAGD Process

For the scaling of SAGD physical modeling, the dimensional number and time were
introduced to scale the model from the SAGD theory development (Butler et al. 1981)
and they were able to achieve good agreement between the theoretical results and
experimental ones. This scaling procedure gives the same result as Pujol and Boberg’s
(1972). The dimensional numbers B3 and t* should be the same for the model as for the

field:

B3:( AJ :( —kgh__] (Equation 2.1)
PAS ,amv Jetd PAS ,amv, o

Since the temperature and pressure will be the same in the model and the field, the only
variables that will differ will be “hgelq” and “hpmedel”. Assuming that porosity, saturation,

and thermal diffusivity will be the same, then

(kh)_ﬁeld = (kh)model (Equation 22)
and the permeability of the sand to be used in the model will be
hﬁeld * .
kg = P ki =R kﬁe,d (Equation 2.3)
mod e/

From the dimensionless time,

po| L | _kex | _[f | _kex (Equation 2.4)
w\ #AS mv h pw AW gAS,mvsh )

Then, the time in the model will be

2
h 1 .
bodel = [%MJ Lot = (Fj * L et (Equation 2.5)

field
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3 NUMERICAL SIMULATIONS FOR THE SAGD PROCESS
3.1 Simulation model

Two-dimensional numerical simulations were performed with CMG’s STARS using the
petrophysical parameters of the three typical major reservoirs as described in the previous
section. The numerical grid size is 1 m in the i and k directions, respectively, and 900 m
along the horizontal well (j direction). The reservoir width (i direction) is assumed to be
five times the size of the reservoir thickness. The total grid number of the base cases are
151 x 1 x 30 (i, j, k) for Athabasca, 101 x 1 x 20 (i, j, k) for Cold Lake, and 125 x 1 x 25
(i, j, k) for Peace River. The producer is located at the bottom of the reservoir and the
injector is 5 to 15 m above the producer (Figure 3.1). No flow boundary but heat loss is
assumed at the overburden. Steam injection pressure was set at 10 kPa higher than the

production pressure, applying steam trap control.

SAGD Well
20~30

1 101 ~ 151

Figure 3.1: Grid system and well location for SAGD base cases
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3.2 Simulation schemes for the SAGD process

Typical reservoir properties of the three oil sands areas have been set up for the proposed
numerical simulations as the base cases (Table 3.1). Athabasca-type (AB) reservoir has
the shallowest depth, the thickest reservoir and the highest permeability with highest
bitumen viscosity. Cold Lake-type (CL) reservoir has the lowest bitumen viscosity and
thinnest reservoir. Peace River-type (PR) reservoir represents the deepest, lowest
permeability with middle range bitumen viscosity. Only Athabasca-type reservoir
represents a dead oil case. The objective of the simulations is to define the best

application of SAGD to each reservoir type.

Simulations were performed to conduct sensitivity analysis for SAGD operating
conditions such as preheating period, I/P spacing, steam injection pressure, maximum
steam injection rate, and well pattern spacing and also reservoir parameters such as
reservoir thickness, reservoir permeability and rock thermal conductivity (Table 3.2).
Steam injection pressure was increased starting at the initial reservoir pressure to ensure
steam injectivity into the reservoir. The I/P spacing was increased from a minimum of 5
m as a lower value would make the drilling difficult and for avoiding the risk of steam
production from the production well. Three cases of rock thermal conductivity were used

within the range of sand thermal conductivities (Butler, 1997).

It is very important to find the proper operating conditions for SAGD application under
various reservoir conditions. The simulation results have been evaluated to have the
lowest cumulative steam-oil ratio (CSOR), highest recovery factor (RF) and highest
calendar day oil rate (CDOR). A case which has low CSOR with high CDOR will give a
favourable economic case; however if a case has high CSOR with high CDOR or low
CSOR with low CDOR, an economic analysis will be required to evaluate the most

favourable operating condition.
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Table 3.1: Reservoir properties for numerical simulation as the base cases

Parameter Athabascz(al—)type Cold Lak(ez-)type Peace Rive(:g)—
(AB) (CL) type (PR)
Reservoir pressure, kPa 1,500 3,100 4,500
Depth to top of reservoir, m 200 400 600
Reservoir thickness, m 30 20 25
Reservoir width, m 151 101 125
I/P spacing, m 5 10 10
Vertical permeability (K,), Darcy 2.5 1.25 0.65
Permeability ratio (Ky/K,) 2 2 3
Porosity 0.35 0.32 0.28
Oil saturation 0.8 0.7 0.8
L . at 12 °C 2,000,000 60,000 200,000
Oil viscosity, cp
at steam temp 10 4 4
Methane gas mole fraction - 0.11 0.15
Capillary pressure 0 kPa
Rock compressibility @ 9.6 x 10° kPa
Formation heat capacity @ 2,350 kJ/m*>-K
Rock thermal conductivity 6.6 x 10° J/m-d-°C
0il thermal conductivity ® 1.15 x 10* J/m-d-°C
Water thermal conductivity @ 5.35 x 10* J/m-d-°C
Gas thermal conductivity ® 1.4 x 10* J/m-d-°C

M Law et al. 2000)  ? : Gong et al. (2002)
). Glandt and Malcolm (1991), Hamm and Ong (1995)

Finally, in order to obtain the most favourable operation conditions, net present value
(NPV) calculations were performed for each simulation case to take the time factor into
account. The economic calculations assume that a project is cost-effective as long as the
instantaneous SOR is below a value of 4, therefore, the CSOR, CDOR and RF in the
simulation results are the values corresponding to the instantaneous SOR. As the main

purpose of this study is to find the most favourable operation condition, a simple
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economic evaluation was introduced instead of full scale economic evaluation. Capital
costs have not been taken into account, assuming that these are similar for all the cases
studied in each reservoir type. However, only drilling costs (assuming three million
dollars for a SAGD well pair and one million dollars for a single well) have been
considered in the comparison of the SAGD and Fast-SAGD cases because they have
different well patterns which will affect the project economics. NPV calculations only
considered the cost of steam ($5/bbl) and the price of bitumen ($20/bbl) at a 10%

discount rate per year.

Table 3.2: Numerical simulation conditions for sensitivity studies of the SAGD process

Parameters Athabasca-type | Cold Lake-type | Peace River-
(AB) (CL) type (PR)
1) Operating conditions
o 1,500 (199) 3,100 (236) 4,500 (258)
Stean(“slt‘g:;“g:npzft‘frz (}‘Cp)a 3,000 (234) 4,500 (258) 6,000 (276)
P ’ 4,500 (258) 6,000 (276) 7,500 (292)
Max. steam injection rate, m>/d 400 ~ 1,400 200 ~ 700 300 ~ 1,000
I/P spacing, m 5~15 5~15 5~15
Well pattern spacing, m 60 ~ 210 60 ~ 150 60 ~ 150
2) Reservoir parameters
Reservoir thickness, m 15, 20, 25, 30
Reservoir permeability (K,), 0.625,1.25,2.5
Darcy
Low 1.4 x10°
Rock thermal . 5
conductivity, J/m-d- °C Middle 3.5 %10
High 6.6 x 10°
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3.3 Simulation results for Athabasca-type reservoirs

The base case simulation conditions for the Athabasca-type reservoirs are: preheating
period of 75 days, I/P spacing of 5 m, operating pressure of 1,500 kPa, maximum steam
injection rate of 700 m’/d, well pattern spacing of 150 m, horizontal well length of 900 m,
reservoir thickness of 30 m, reservoir permeability (K,) of 2.5 Darcy. Table 3.3 shows
the simulation results for the Athabasca-type reservoir cases related to eight operating

conditions and reservoir parameters. Individual results are given below.

3.3.1 Preheating period

The simulation conditions are: operating pressure of 1,500 kPa, maximum steam
injection rate of 700 m*/d, well pattern spacing of 150 m. Simulation results showed that
the proper preheating period is 75 days for an I/P spacing of 5 m, 213 days for an I/P
spacing of 10 m, and 458 days is for an I/P spacing of 15 m (Figure 3.2). There is not
much enhancement in NPV even if the preheating periods are longer than these periods
for each I/P spacing case. The preheating period is related to the oil viscosity and the I/P
spacing. The more viscous the oil and the larger the I/P spacing are, the longer the
preheating period is. A preheating period of 75 days for an I/P spacing of 5 m is

economically adequate for successful SAGD performance.
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Figure 3.2a: Effect of preheating period on NPV

29

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4
3 4 _— —
14
Q2 - —
& *oo 888 A— A —A—a
1 4 — — e
0 ;
0 100 200 300 400 500 600
Preheating period (day)
Figure 3.2b: Effect of preheating period on CSOR
—+—1P5 = P10 —4IP15
400
300 — - e

CDOR (m’/d)
N
S
Q\
|

0 100 200 300 400 500 600
Preheating period (day)

Figure 3.2c: Effect of preheating period on CDOR
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Table 3.3: SAGD simulation results for Athabasca-type reservoirs

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Case Cum. Pro}duction CSOR CD}OR RF NPV
(m) (m'/d) M$)
Preheating period
60d 958,334 1.71 236 0.84 41.1
75d 961,188 1.71 243 0.84 42.8
90d 957,989 1.71 245 0.84 43.0
120d 960,818 1.70 247 0.84 43.5
Injector to Producer (I/P) spacing
5m 961,188 1.71 243 0.84 42.8
10 m 959,971 1.64 213 0.84 39.0
15m 960,603 1.61 187 0.84 323
Operating pressure
1,500 kPa 961,188 1.71 243 0.84 42.8
3,000 kPa 949,378 1.99 359 0.83 43.0
4,500 kPa 931,850 2.18 430 0.82 39.5
Max. steam injection rate
400 m’ 962,856 1.75 196 0.84 31.7
500 m’ 962,974 1.72 223 0.84 38.1
600 m’ 959,957 1.71 239 0.84 41.7
700 m’ 961,188 1.71 243 0.84 42.8
Well pattern spacing
60 m 383,088 1.38 234 0.83 24.9
90 m 577,074 1.51 235 0.84 32.9
120 m 770,144 1.62 240 0.84 39.0
150 m 953,556 1.70 246 0.84 43.4
180 m 1,135,750 1.79 251 0.83 46.5
210 m 1,314,704 1.87 252 0.82 48.7
Reservoir thickness (well pattern spacing 100 m)
15m 282,996 2.17 171 0.74 133
20 m 399,762 1.82 210 0.79 21.5
25m 520,446 1.66 226 0.82 28.6
30m 638,640 1.54 242 0.84 35.1
Reservoir permeability (K.,)
0.625D 356,857 3.24 65 0.31 53
1.25D 907,805 2.06 141 0.80 23.3
25D 961,188 1.71 243 0.84 42.8
Rock thermal conductivity
Low 973,795 1.68 156 0.85 35.6
Middle 970,017 1.69 208 0.85 41.9
High 961,188 1.71 243 0.84 42.8
31




3.3.2 Injector to Producer spacing

The simulation conditions are: preheating period of 75 days, operating pressure of 1,500
kPa, maximum steam injection rate of 700 m’/d, well pattern spacing of 150 m. The
simulations showed that, as the I/P spacing was increased from 5 m to 15 m, the NPV
decreased (Figure 3.3). The CDOR also decreased from 243 m’/d to 187 m’/d, and the
CSOR decrease was very small, from 1.71 to 1.61. The I/P spacing does not affect the
ultimate recovery too much because the recovery factors are 0.84 for all cases. An I/P
spacing of the 5 m gave the best SAGD performance: the highest NPV, highest CDOR,
and lowest CSOR. High viscosity and permeability of the Athabasca-type reservoir will
give more effective SAGD performance with smaller I/P spacing. The narrower the I/P
spacing is, the higher the NPV is. However, it is not only difficult to drill the well pairs
with a small I/P spacing, but also there is the risk that steam will directly flow into the

production well.
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Figure 3.3a: Effect of I/P spacing on NPV
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3.3.3 Steam injection pressure

The simulation conditions are: preheating period of 75 days, I/P spacing of 5 m,
maximum steam injection rate of 700 m’/d, well pattern spacing of 150 m. The
simulation results showed that, as the steam injection pressure was increased from 1,500
to 4,500 kPa, CSOR and CDOR increased (Figure 3.4), but the recovery factor decreased
(Table 3.3). A steam injection pressure of 1,500 and 3,000 kPa gave almost the same
NPV value, however, the 1,500 kPa case had lower CSOR and higher RF (0.84 over
0.83). Therefore, a pressure higher than 3,000 kPa is not good as the steam injection
pressure for Athabasca-type reservoir. The shallow depth of Athabasca-type reservoirs

studied (200 m) would make a low pressure SAGD operation feasible.
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Figure 3.4a: Effect of injection pressure on NPV
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3.3.4 Maximum steam injection rate

The simulation conditions are: preheating period of 75 days, I/P spacing of 5 m, operating
pressure of 1,500 kPa, well pattern spacing of 150 m. As the steam injection rate was
increased, CSOR decreased and CDOR increased slightly. The recovery factor was
constant at 0.84. The NPV was the highest for an injection rate of 700 m’/d (Figure 3.5).
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Figure 3.5a: Effect of steam injection rate on NPV
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3.3.5 SAGD well pattern spacing

The simulation conditions are: preheating period of 75 days, I/P spacing of 5 m, operating
pressure of 1,500 kPa, maximum steam injection rate of 700 m*/d. Simulation results for
an Athabasca-type reservoir, as the well pattern spacing is increased, indicates that the
NPV, CSOR, and CDOR all increase (Figure 3.6), but the ultimate recovery is almost
constant with a value of 0.84 (Table 3.3). The recovery factor is considered a key
parameter in determining the proper well pattern spacing, however, for a thick reservoir
with high permeability like the Athabasca-type, recovery factor does not change as the
well pattern spacing is increased. As a result, a larger than 150 m well pattern spacing can

be applied for the Athabasca-type reservoir.
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Figure 3.6a: Effect of well pattern spacing on NPV
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3.3.6 Reservoir thickness

These simulations were conducted to evaluate the effect of reservoir thickness on SAGD
performance under the following conditions: I/P spacing of 5 m, maximum steam
injection rate of 700 m*/d, operating pressure of 1,500 kPa, well pattern spacing of 150 m,
and permeability (K,) of 2.5 Darcy (Ky/K, = 2). As the thickness is increased, the NPV
and CDOR increase and CSOR decreases (Figure 3.7). If the reservoir thickness is less
than 15 m, the thermal efficiency of the SAGD process becomes lower, as CSOR is
higher and CDOR lower.
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Figure 3.7a: Effect of reservoir thickness on NPV
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3.3.7 Reservoir permeability

The simulation conditions are: preheating period of 75 days, I/P spacing of 5 m, operating
pressure of 1,500 kPa, maximum steam injection rate of 700 m*/d, well pattern spacing of

150 m, reservoir thickness of 30 m.

The simulation results indicated that SAGD performance improved as the permeability
(K,) increased; giving lower CSOR, higher CDOR and recovery factor (Figure 3.8). A
vertical permeability of 0.625 Darcy seems too low for an efficient SAGD process as the
ultimate recovery is less than 0.4. If the vertical permeability is higher than 1.25 Darcy,

all SAGD performance parameters are enhanced enough for a project to be economical.
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Figure 3.8a: Effect of reservoir permeability on NPV
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3.3.8 Rock thermal conductivity

The simulation conditions are: preheating period of 75 days, I/P spacing of 5 m, operating
pressure of 1,500 kPa, maximum steam injection rate of 700 m>/d, well pattern spacing of

150 m, reservoir thickness of 30 m.

Three different cases were simulated to evaluate the effect of rock thermal conductivity
within the range of sand thermal conductivities. The simulation results showed that, as
the rock thermal conductivity is increased, the NPV increases because of the higher
CDOR which resulted from a shorter operation time (Figure 3.9). However, the rock
thermal conductivity does not enhance CSOR. The higher rock thermal conductivity for
the Athabasca-type reservoirs helps the steam chamber to expand faster vertically and

horizontally, therefore reducing the operating time.
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3.3.9 Best SAGD operating conditions

The most favourable SAGD operating conditions for Athabasca-type reservoirs were
derived from the numerical simulations. With the following reservoir parameters:
permeability (K,) of 2.5 Darcy, reservoir thickness of 30 m, reservoir pressure of 1500
kPa, and bitumen viscosity of 1,000,000 cp, the most favourable operating conditions are:
I/P spacing of 5 m, maximum steam injection rate of 700 m’/d at a maximum injection
pressure of 1,500 kPa, and well pattern spacing of 180 m. The simulations conducted
with these best operating conditions gave the following results: CSOR of 1.79, CDOR of
251 m*/d, and RF of 0.83.
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3.4 Simulation results for Cold Lake-type reservoirs

The base case simulation conditions for the Cold Lake-type reservoirs are: preheating
period of 180 days, /P spacing of 10 m, operating pressure of 3,100 kPa, maximum
steam injection rate of 400 m*/d, well pattern spacing of 100 m, reservoir thickness of 20
m, reservoir permeability (K,) of 1.25 Darcy. Table 3.4 shows the simulation results for
the Cold Lake-type reservoir cases related to eight operating conditions and reservoir

parameters. Individual results are given below.

3.4.1 Preheating period

The simulation conditions are: operating pressure of 3,100 kPa, maximum steam
injection rate of 400 m*/d, well pattern spacing of 100 m. Simulation results showed that
the proper preheating period is 50 days for an I/P spacing of 5 m, 180 days for an I/P
spacing of 10 m, and 315 days is for an I/P spacing of 15 m (Figure 3.10). There is not
much enhancement in NPV even if the preheating periods are longer than these periods
for each I/P spacing case. A preheating period of 50 days for an I/P spacing of 5 m is
economically adequate for successful SAGD performance. The preheating periods for
Cold Lake-type is shorter than that for Athabasca-type because the lower viscosity and
porosity of the Cold Lake-type would give an overall higher thermal conductivity due to

the higher thermal conductivity of the rock matrix compared to that of the fluids.
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3.4.2 Injector to Producer spacing

The simulation conditions are: preheating period of 180 days, operating pressure of 3,100
kPa, maximum steam injection rate of 400 m’/d, well pattern spacing of 100 m. The
simulations showed that, as the I/P spacing was increased from 5 m to 15 m, the NPV and
ultimate recovery increased. The CSOR decreased from 2.89 to 2.69, and the CDOR
decreased from 106 m*/d to 96 m*/d (Figure 3.11). An I/P spacing of 15 m resulted in the
best SAGD performance: highest NPV and lowest CSOR. The low permeability of the
Cold Lake-type reservoir will give more effective SAGD performance with larger I/P
spacing. There is not much enhancement in NPV even if the I/P spacing is greater than 10
m. Also, the larger I/P spacing may cause slow thermal communication in the field which
is most likely not homogenous. Therefore, an I/P spacing of 10 m might be feasible for

Cold Lake-type reservoir.

49

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table 3.4: SAGD simulation results for Cold Lake-type reservoir

Case Cum. Pr03duction CSOR CDsOR RF NPV
(m") (m'/d) M$)
Preheating period
90d 189,077 2.75 73 0.46 4.7
120d 183,509 2.73 88 0.45 53
150d 185,523 2.73 98 0.46 5.7
180 d 187,808 2.74 103 0.46 5.8
210d 187,340 2.74 105 0.46 5.9
Injector to Producer (I/P) spacing
5m 172,424 2.89 106 0.42 4.9
10 m 187,808 2.74 103 0.46 5.8
15m 200,751 2.69 96 0.49 6.1
Operating pressure (/P spacing 5 m)
3,100 kPa 172,424 2.89 106 0.42 4.9
4,500 kPa 157,060 3.24 141 0.39 32
6,000 kPa 150,708 3.73 159 0.37 1.0
Max. steam injection rate
200 m’ 287,357 3.63 52 0.71 1.3
300 m’ 274,478 3.11 85 0.67 5.2
400 m’ 189,302 2.75 103 0.47 5.8
500 m’ 187,808 2.74 103 0.46 5.8
Well pattern spacing
60 m 170,231 240 102 0.69 6.6
80 m 219,076 2.80 96 0.67 6.3
100 m 170,433 2.61 100 0.42 59
120 m 172,196 2.61 101 0.35 59
150 m 171,489 2.62 100 0.28 5.8
Reservoir thickness (well pattern spacing 100 m)
15m 76,738 2.76 103 0.25 2.7
20 m 170,433 2.61 100 0.42 5.9
25 m 349,142 2.72 104 0.69 9.9
30 m 448,466 2.49 128 0.73 14.0
Reservoir permeability (K,)
0.625D 155,435 3.45 60 0.38 1.9
125D 187,808 2.74 103 0.46 5.8
25D 291,757 291 132 0.72 8.3
Rock thermal conductivity (I/P spacing 5 m)
Low 127,184 2.39 80 0.31 54
Middle 144,541 2.65 98 0.36 52
High 172,424 2.89 106 0.42 4.9
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3.4.3 Steam injection pressure

The simulation conditions are: preheating period of 180 days, I/P spacing of 5 m,
maximum steam injection rate of 400 m’/d, well pattern spacing of 100 m. The
simulation results showed that, as the steam injection pressure was increased from 3,100
to 6,000 kPa, CSOR and CDOR increased (Figure 3.12). A steam injection pressure of
3,100 kPa gave the highest NPV with the lowest CSOR. Therefore, a steam injection
pressure of 3,100 kPa is the proper SAGD operating pressure for Cold Lake-type
reservoirs. For this type of thin reservoirs, the higher the injection pressure, the higher
the heat loss to the overburden. An operating pressure of 3,100 kPa is the lowest

operating pressure required at the reservoir depth of Cold Lake-type reservoirs (400 m).
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3.4.4 Maximum steam injection rate

The simulation conditions are: preheating period of 180 days, I/P spacing of 10 m,
maximum operating pressure of 3,100 kPa, well pattern spacing of 100 m. As the steam
injection rate was increased, CSOR decreased and CDOR increased. A steam injection
rate of less than 300 m*/d gives high ultimate recovery (Table 3.4), but the CSOR is too
high due to poor thermal efficiency. Also, the CDOR is low because of long project life.

The NPV was the highest for the case of 400 m’/d (Figure 3.13).
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3.4.5 SAGD well pattern spacing

The simulation conditions are: preheating period of 180 days, I/P spacing of 10 m,
operating pressure of 3,100 kPa, maximum steam injection rate of 400 m*/d. Simulation
results for a Cold Lake-type reservoir, as the well pattern spacing is increased, indicate
that the NPV and ultimate recovery decrease (Figure 3.14). The CDOR is almost
constant at a value of 100 m’/d (Table 3.4). The recovery factor is considered a key
parameter in determining the proper well pattern spacing. If the well spacing is larger
than 100 m, the recovery factor drops to 0.4. A narrower well pattern spacing will give a
more economical SAGD operation. A well pattern spacing of about 80 m can be applied

for the thinner Cold Lake-type reservoirs.
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3.4.6 Reservoir thickness

These simulations were conducted to evaluate the effect of reservoir thickness on SAGD
performance under the following conditions: I/P spacing of 5 m, operating pressure of
3,100 kPa, maximum steam injection rate of 400 m>/d, well pattern spacing of 100 m, and
permeability (K,) of 1.25 Darcy (Ki/K, = 2). As the thickness is increased, the NPV and
CDOR increase and CSOR goes through a maximum and decreases (Figure 3.15). If the
reservoir thickness is greater than 20 m, CDOR is larger than 100 m’/d and RF is larger
than 0.4 (Table 3.4). Therefore, a reservoir thickness of 20 m can be considered as the

lower economic limit for the SAGD operation of Cold Lake-type reservoirs.
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3.4.7 Reservoir permeability

The simulation conditions are: preheating period of 180 days, I/P spacing of 10 m,
operating pressure of 3,100 kPa, maximum steam injection rate of 400 m’/d, well pattern

spacing of 100 m, reservoir thickness of 20 m.

The simulation results indicated that SAGD performance improved as the permeability
(K,) increased; giving lower CSOR, higher CDOR and recovery factor (Figure 3.16). A
vertical permeability of 0.625 Darcy seems too low for an efficient SAGD process as the
ultimate recovery is less than 0.4. If the vertical permeability is higher than 1.25 Darcy,
all the SAGD performance parameters become good economic indicators. As a reservoir
thickness of 20 m is the lower economic limit for an efficient SAGD performance, CSOR
increases slightly even if the permeability is as high as 2.5 Darcy. The CSOR is lower in
the 1.25 Darcy case compared to the 2.5 Darcy case because the 2.5 Darcy case produced

more oil for a longer project life until an instantaneous SOR of 4 was reached.
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61

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



200

150 |

CDOR (m’/d)
)
o

50
0
0 0.5 1 1.5 2 2.5 3
Kv (Darcy)
Figure 3.16¢: Effect of reservoir permeability on CDOR
1.0
0.8 - -
06 |—
1
14
0.4
02 - e
0.0
0 0.5 1 1.5 2 2.5

Kv (Darcy)

Figure 3.16d: Effect of reservoir permeability on RF

62

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



3.4.8 Rock thermal conductivity

The simulation conditions are: preheating period of 180 days, I/P spacing of 10 m,
operating pressure of 3,100 kPa, maximum steam injection rate of 400 m’/d, well pattern

spacing of 100 m, reservoir thickness of 25 m, permeability (K,) of 1.25 Darcy.

The simulation results showed that, as the rock thermal conductivity increased, the NPV
decreased slightly due to higher CSOR, which means poor thermal efficiency (Figure
3.17). Ultimate recovery increased, as well as CDOR. Thinner reservoirs like this Cold
Lake-type give inefficient SAGD performance if the rock thermal conductivity is high

because of the rapid heat loss to the overburden.
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Figure 3.17a: Effect of rock thermal conductivity on NPV
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3.4.9 Best SAGD operating conditions

The most favourable SAGD operating conditions for Cold Lake-type reservoirs were
derived from the numerical simulations. With the following reservoir parameters;
permeability (K,) of 1.25 Darcy, reservoir thickness of 20 m, and bitumen viscosity of
60,000 cp, the most favourable operating conditions are: I/P spacing of 10 m, maximum
steam injection rate of 400 m’/d at a maximum injection pressure of 3,100 kPa, and well

pattern spacing of 80 m.

The simulations conducted with these best conditions gave the following results: CSOR
of 2.80, CDOR of 96 m3/d, and RF of 0.67. At least 20 m of reservoir thickness is

required for an economical SAGD process in Cold Lake-type reservoirs.

3.5 Simulation results for Peace River-type reservoirs

The base case simulation conditions for the Peace River-type reservoirs are: preheating
period of 150 days, I/P spacing of 10 m, operating pressure of 4,500 kPa, maximum
steam injection rate of 600 m’/d, well pattern spacing of 125 m, reservoir thickness of 25
m, reservoir permeability (K,) of 0.65 Darcy. Table 3.5 shows the simulation results for
the Peace River-type reservoir cases related to eight operating conditions and reservoir

parameters. Individual results are given below.

3.5.1 Preheating period

The simulation conditions are: operating pressure of 4,500 kPa, maximum steam
injection rate of 600 m*/d, well pattern spacing of 125 m. Simulation results showed that
the proper preheating period for an I/P spacing of 5 m is 50 days, 150 days is for an I/P
spacing of 10 m, and 285 days for an I/P spacing of 15 m (Figure 3.18). There is not
much enhancement in NPV even if the preheating periods are longer than these periods
for each I/P spacing case. A preheating period of 50 days for an I/P spacing of 5 m is

economically adequate for successful SAGD performance. The porosity of Peace River,
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the lowest of the typical three oil sands areas (0.28), may result in the shortest preheating

period, even though the overall economics is lowest in this type reservoir.
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Figure 3.18b: Effect of preheating period on CSOR
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Figure 3.18c: Effect of preheating period on CDOR

3.5.2 Injector to Producer spacing

The simulation conditions for are: operating pressure of 4,500 kPa, maximum steam
injection rate of 600 m>/d, well pattern spacing of 125 m. The simulations showed that, as
the I/P spacing was increased from 5 m to 15 m, the NPV and ultimate recovery
increased (Table 3.5). The CSOR decreased slightly from 3.00 to 2.91, and the CDOR
decreased from 139 m’/d to 123 m*/d (Figure 3.19). An I/P spacing of 15 m gave the best
SAGD performance: highest NPV and lowest CSOR. The low permeability of the Peace
River reservoirs will give more effective SAGD performance with larger I/P spacing.
There is not much enhancement in NPV even if the I/P spacing is greater than 10 m. Also,
the larger I/P spacing may cause slow thermal communication in the field which is most
likely not homogenous. Therefore, an I/P spacing of 10 m is recommended for Peace

River-type reservoir.
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Table 3.5: SAGD simulation results for Peace River- type reservoir

Case Cum. Pr03duction CSOR CD30R RF NPV
(m") (m'/d) M$)
Preheating period
90d 196,955 3.01 124 0.31 4.7
120d 204,757 3.04 133 0.33 4.9
150d 195,942 3.00 139 0.31 4.9
180d 196,269 3.00 142 0.31 5.0
210d 196,792 3.00 145 0.31 5.0
Injector to Producer (I/P) spacing
5m 193,170 3.26 139 0.31 3.6
10 m 195,942 3.00 139 0.31 4.9
15m 217,816 291 123 0.35 55
Operating pressure (I/P spacing 5 m)
4,500 kPa 193,170 3.26 139 0.31 3.6
6,000 kPa 171,008 3.77 165 0.27 1.0
7,500 kPa 65,967 4.44 149 0.11 -0.9
Max. steam injection rate
300 m’ 436,324 3.87 75 0.69 0.5
400 m’ 380,231 3.59 105 0.60 3.8
500 m’® 227,220 3.13 136 0.36 4.9
600 m’ 196,269 3.00 142 0.31 5.0
Well pattern spacing
60 m 206,708 2.66 146 0.67 6.9
80 m 266,922 3.00 131 0.65 6.5
100 m 208,820 3.05 145 041 54
120 m 205,662 3.04 146 0.34 5.1
150 m 196,489 2.99 147 0.26 5.1
Reservoir thickness (well pattern spacing 100 m)
15m 59,701 3.34 109 0.20 1.1
20m 119,382 2.98 125 0.29 33
25 m 324,742 3.33 130 0.64 5.1
30m 410,784 3.03 153 0.67 9.1
Reservoir permeability (K,)
0.65D 196,269 3.00 142 0.31 5.0
125D 234,071 2.81 213 0.37 7.6
25D 449,116 3.12 221 0.71 10.6
Rock thermal conductivity (I/P spacing 5 m)
Low 181,529 2.62 104 0.29 6.2
Middle 188,698 3.02 124 0.30 4.7
High 193,170 3.26 139 0.31 3.6
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Figure 3.19b: Effect of I/P spacing on CSOR
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Figure 3.19c: Effect of I/P spacing on CDOR

3.5.3 Steam injection pressure

The simulation conditions are: preheating period of 150 days, I/P spacing of 10 m,
maximum steam injection rate of 600 m’/d, well pattern spacing of 125 m. The
simulation results showed that, as the steam injection pressure was increased from 4,500
to 7,500 kPa, CSOR and CDOR increased (Figure 3.20), and the recovery factor
decreased (Table 3.5). A steam injection pressure of 4,500 kPa gave the highest NPV
with lowest CSOR. Therefore, a steam injection pressure of 4,500 kPa is the proper
SAGD operating pressure for Peace River-type reservoirs. For this type of low
permeability reservoirs, the higher the injection pressure, the higher the heat loss to the
overburden. An operating pressure of 4,500 kPa is the lowest operating pressure required

at the reservoir depth of Peace River reservoirs (600 m).
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Figure 3.20b: Effect of steam injection pressure on CSOR
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Figure 3.20c: Effect of steam injection pressure on CDOR

3.5.4 Maximum steam injection rate

The simulation conditions are: preheating period of 150 days, I/P spacing of 10 m,
operating pressure of 4,500 kPa, well pattern spacing of 125 m. As the steam injection
rate was increased, CSOR and ultimate recovery decreased, and CDOR increased (Table
3.5). A steam injection rate of less than 400 m>/d gives high ultimate recovery, but the
CSOR is too high due to poor thermal efficiency. Also, the CDOR is low because of
long project life. The NPV was the highest in the case of 600 m’/d (Figure 3.21).
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Figure 3.21c: Effect of steam injection rate on CDOR

3.5.5 SAGD well pattern spacing

The simulation conditions are: preheating period of 150 days, I/P spacing of 10 m,
operating pressure of 4,500 kPa, maximum steam injection rate of 600 m’/d. Simulation
results for a Peace River-type reservoir, as the well pattern spacing is increased, indicate
that the NPV decreases. The CDOR is almost constant at a value of 145 m*/d except for
the 80 m case (Figure 3.22). The recovery factor is considered a key parameter in
determining the proper well pattern spacing. If the well spacing is larger than 100 m, the
recovery factor drops below 0.4. A narrower well pattern spacing will give a more
economical SAGD operation. A well pattern spacing of about 80 m can be applied for

Peace River-type reservoirs.
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Figure 3.22d: Effect of well pattern spacing on RF
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3.5.6 Reservoir thickness

These simulations were conducted to evaluate the effect of reservoir thickness on SAGD
performance under the following conditions: I/P spacing of 5 m, operating pressure of
4,500 kPa, maximum steam injection rate of 600 m’/d, well pattern spacing of 100 m,
permeability (K,) of 0.65 Darcy (Ki/K, = 3). As the thickness is increased, the CDOR
and recovery factor increase and CSOR decreases slightly (Figure 3.23). Even if the
reservoir thickness is greater than 25 m, there is not enough enhancement for a SAGD
project to be economical: low recovery factor and high CSOR. Considering the capital
costs, it is assumed that the NPV value has to be higher than 5 million dollars for an
economic SAGD project. Therefore, it is believed that a low permeability of 0.65 Darcy
1s inefficient for the SAGD application.
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Figure 3.23a: Effect of reservoir thickness on NPV
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Figure 3.23c: Effect of reservoir thickness on CSOR
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3.5.7 Reservoir permeability

The simulation conditions are: preheating period of 150 days, I/P spacing of 10 m,
operating pressure of 4,500 kPa, maximum steam injection rate of 600 m3/d, reservoir

thickness of 25 m.

The simulation results indicated that SAGD performance improved as the permeability
(K,) increased; giving lower CSOR, higher CDOR and recovery factor (Figure 3.24). A
vertical permeability of 0.65 Darcy seems too low for an efficient SAGD process as the
ultimate recovery is less than 0.4. If the vertical permeability is higher than 1.25 Darcy,
all the SAGD performance parameters become good economic indicators. The CSOR is
lower in the 1.25 Darcy case compared to the 2.5 Darcy case because the 2.5 Darcy case

produced more oil for a longer project life until an instantaneous SOR of 4 was reached.
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Figure 3.24a: Effect of reservoir permeability on NPV
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Figure 3.24c: Effect of reservoir permeability on CDOR
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Figure 3.24d: Effect of reservoir permeability on RF

3.5.8 Rock thermal conductivity

The simulation conditions are: preheating period of 150 days, I/P spacing of 10 m,
operating pressure of 4,500 kPa, maximum steam injection rate of 600 m’/d, reservoir

thickness of 25 m.

The simulation results showed that, as the rock thermal conductivity increased, the NPV
decreased because of the higher CSOR which means poor thermal efficiency. Ultimate
recovery increased, as well as CDOR (Figure 3.25). Low rock thermal conductivity gives

better SAGD performance in Peace River-type reservoirs.
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Figure 3.25b: Effect of rock thermal conductivity on CSOR
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Figure 3.25c¢: Effect of rock thermal conductivity on CDOR

3.5.9 Best SAGD operating conditions

The most favourable SAGD operating conditions for Peace River-type reservoirs were
derived from the numerical simulations. With the following reservoir parameters;
permeability (K,) of 0.65 Darcy, reservoir thickness of 25 m, and bitumen viscosity of
200,000 cp, the most favourable operating conditions are: I/P spacing of 10 m, maximum

steam injection rate of 600 m’/d at a maximum injection pressure of 4,500 kPa, and well

pattern spacing of 80 m.

The simulations conducted with these best operating conditions gave the following
results: CSOR of 3.00, CDOR of 130 m’/d, and RF of 0.65. It is believed that
permeability should be greater than 0.65 Darcy for a successful SAGD process.
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4 NUMERICAL SIMULATIONS FOR THE FAST-SAGD PROCESS

The Fast-SAGD process was introduced by Polikar et al. (2000), combining the SAGD
and CSS processes. The CSS helps the steam chamber formed by SAGD to propagate
sideways, and will also enhance the thermal efficiency in the reservoir. The CSS process
from the offset well results in the enhancement of the Fast-SAGD process due to the
higher steam injection pressure which results in geomechanical and steam drive effects
(Gong et al., 2002). Shin and Polikar (2004) investigated the best operating conditions of
Fast-SAGD for a typical reservoir.

In this study, base case simulations of the Fast-SAGD process for the three reservoir

types were conducted, and compared with the SAGD process.

4.1. Simulation model and schemes

The two-dimensional simulation model was designed as a symmetrical grid system,
assuming that an offset well is located on both sides of the SAGD well pair. The total
grid number is 101 x 1 x 20~30 (4, j, k) for the SAGD model and 151 x 1 x 20~30 (i, j, k)
for the Fast-SAGD model (Figures 4.1a, 4.1b). Offset wells were placed 50 m away from
the SAGD producer. The following procedure was used for the Fast-SAGD operation:

1) start the SAGD well pairs in SAGD mode

2) start CSS at the offset well after 1.5 years

3) keep injecting steam into the SAGD well after start of CSS

The CSS at each offset well was operated for two cycles, with the conditions indicated in
Table 4.1. The first cycle was operated with three phases: nine months of injection, two

weeks of soak, and two and half months of production.
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For the second cycle, the operation consisted of six months of injection, two weeks of
soak, and then the production period. In the offset well, steam is injected into the
reservoir at pressures as high as 4,500 to 8,000 kPa, which is lower than reservoir

fracturing pressure, depending on reservoir type (Table 4.1).

It is important to select the proper time to begin the CSS operation at the first offset well.
The startup time of the CSS operation for the base case was selected based on previous
research results of the Fast-SAGD process (Polikar et al., 2000, Gong et al., 2002). In this
study, the initiation time of the CSS at the first offset well was 1.5 years after the
beginning of the SAGD operation. This is the time at which the steam chamber reached

the top of the reservoir and began to propagate sideways.

The CSS operation at the offset well results in the steam chamber expanding sideways
(Figure 4.2). For an effective Fast-SAGD performance, the expanded steam chamber at
the SAGD injector must be maintained after the cyclic steam injection at the offset well

by injecting additional steam.

Table 4.1: Simulation conditions for the Fast-SAGD base cases

Athabasca-type Cold Lake-type Peace River-type
Condition SAGD | Offset | SAGD | Offset | SAGD | Offset
: well pair well well pair well well pair well
Max. injection 1,510 4,500 3,110 8,000 4,510 8,000
pressure (kPa)
Max. injection rate 600 1,600 400 800 400 800
(CWE m’/d)
Production 1,500 1,500 3,100 3,100 4,500 4,500
pressure (kPa)
Extra steam after 600 - 400 - 400 -
CSS (CWE m’/d)
CSS start-up time - 1.5yr - 1.5 yr - 1.5yr
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Figure 4.2b: Fast-SAGD steam chamber temperature profile after 5 years
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4.2 Simulation results for Athabasca-type reservoirs

This reservoir type has the shallowest depth, the thickest pay and the highest permeability
with highest bitumen viscosity. The simulations were conducted under the following
conditions: I/P spacing of 5 m, reservoir permeability (Kv) of 2.5 Darcy, and reservoir
thickness of 30 m. Table 4.2 shows simulation results for the shallow Athabasca-type

reservoir cases related to three operating conditions and reservoir thickness.

Table 4.2: Fast-SAGD simulation results for Athabsca-type reservoirs

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Case Cum. Progduction CSOR CD30R RF NPV
(m) (m’/d) (M$)
1) Offset well location
40 m 755,486 1.49 247 0.83 44.4
50 m 969,052 1.41 234 0.85 55.7
60 m 1,170,032 1.44 227 0.86 61.0
70 m 1,368,452 1.54 237 0.86 66.6
2) CSS startup time at the offset well
1yr 982,530 1.41 187 0.86 51.2
1.5 yrs 969,052 1.41 234 0.85 55.7
2 yrs 953,820 1.51 240 0.84 52.7
2.5 yrs 970,064 1.54 249 0.85 53.0
3) Steam injection pressure at the offset well
3,000 kPa 989,804 1.44 173 0.87 49.8
4,500 kPa 969,052 1.41 234 0.85 55.7
6,000 kPa 961,134 1.46 247 0.84 55.1
4) Reservoir thickness
15m 218,968 2.51 145 0.38 15.6
20 m 619,499 2.03 201 0.81 29.7
25 m 773,204 1.69 240 0.81 41.6
30 m 949,412 1.52 258 0.83 53.9
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4.2.1 Offset Well Location

To choose the most favourable distance between the offset well and the SAGD well pair,
the simulations were conducted with a maximum offset well pressure of 4,500 kPa, a
maximum steam injection rate of 1,600 m’/d at the offset well, and additional steam

injection of 600 m*/d into the SAGD injector.

NPV increased with distance because of larger well configuration. The CSOR has the
lowest value at 50 m offset well distance, and the CDOR the highest value at 40 m offset
well distance (Figure 4.3). The larger offset well distance can be applied in thicker and
high permeable reservoirs, but this distance has to be chosen considering drilling costs.

In this type of reservoir, larger than 50 m of offset well spacing will be economic.

80
Ty //
=
S 40 e -
o
=z

20 - — -

0 il

30 40 50 60 70 80

Offset well spacing (m)

Figure 4.3a: Effect of offset well spacing on NPV
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Figure 4.3c: Effect of offset well spacing on CDOR
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4.2.2 CSS startup time at the Offset Well

The proper CSS startup time at the offset well is important during the Fast-SAGD process.
This startup time will change depending on the offset well distance. Simulations were
conducted with an offset well spacing of 50 m and a steam injection pressure of 4,500

kPa.

The results showed that NPV was highest in the case of 1.5 years with lowest CSOR
(Figure 4.4). The CDOR increased, as the startup time was increased, however there was
no big increase after 1.5 years. The CSS startup time of 1.5 years is the proper one for

this reservoir type.
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Figure 4.4a: Effect of CSS startup time at the offset well on NPV
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Figure 4.4c: Effect of CSS startup time at the offset well on CSOR
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4.2.3 Steam Injection Pressure at the Offset Well

Simulations were conducted to determine the proper steam injection pressure at the offset
well. With the offset well spacing of 50 m, the simulation results showed that NPV value
was highest at 4,500 kPa due to the higher CDOR and lower CSOR (Figure 4.5). Even
though the CDOR was highest at the injection pressure of 6,000 kPa, NPV value was not
highest because of higher CSOR. An injection pressure of 4,500 kPa at the offset well is

adequate in this type reservoir.
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Figure 4.5a: Effect of steam injection pressure at the offset well on NPV
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Figure 4.5b: Effect of steam injection pressure at the offset well on CDOR
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Figure 4.5¢: Effect of steam injection pressure at the offset well on CSOR
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4.2 .4 Reservoir Thickness

The simulations were conducted to evaluate the effect of reservoir thickness on the Fast-
SAGD performance. As the thickness is increased, CSOR decreases and both CDOR and
RF increase (Figure 4.6). RF is higher than 0.8 for a reservoir thicker than 20 m. Even if
the pay thickness is as thin as 15 m for the high permeable Athabasca-type reservoir, the
Fast-SAGD seems to be an economical operation: NPV is higher than 15 M$ (Table 4.2).

4.2.5 Best operating conditions

Simulation results for a shallow Athabasca-type reservoir, which is a thick and highly
permeable reservoir, give the following best operating conditions: offset well spacing of
50 m, CSS startup time of 1.5 years, and steam injection pressure of 4,500 kPa at the

offset well.
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Figure 4.6a: Effect of reservoir thickness on CDOR
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4.3 Simulation results for Cold Lake-type reservoirs

This reservoir type has the thinnest pay and lowest bitumen viscosity. The simulations
were conducted under the following conditions: I/P spacing of 10 m, reservoir
permeability (Kv) of 1.25 Darcy, and reservoir thickness of 20 m. Table 4.3 shows
simulation results for the Cold Lake-type reservoir cases related to three operating

conditions and reservoir thickness.

Table 4.3: Fast-SAGD simulation results for Cold Lake-type reservoirs

Cum. Production CDOR NPV
Case () CSOR (m’/d) RF (M$)
1) Offset well location
40 m 359,424 2.40 121 0.74 13.7
50 m 407,633 2.31 109 0.67 153
60 m 465,272 2.65 96 0.64 12.9
70 m 517,044 2.82 91 0.61 11.8
2) CSS startup time at the offset well
1yr 418,730 2.52 76 0.69 11.6
1.5 yrs 407,633 2.31 109 0.67 15.3
2 yrs 434,422 2.52 111 0.71 14.6
2.5 yrs 443,707 2.69 106 0.73 12.8
3) Steam injection pressure at the offset well
4,500 kPa 394,263 3.07 54 0.65 7.7
6,000 kPa 397,324 2.45 91 0.65 13.2
8,000 kPa 407,633 2.31 109 0.67 15.3
4) Reservoir thickness
15m 276,954 3.03 105 0.61 6.6
20 m 407,633 2.31 109 0.67 15.3
25 m 554,606 2,22 117 0.73 20.8
30 m 685,302 2.09 124 0.75 26.2
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4.3.1 Offset Well Location

To choose the best distance between the offset well and the SAGD well pair, the
simulations were conducted with a maximum offset well pressure of 8,000 kPa, a
maximum steam injection rate of 800 m’/d at the offset well, and additional steam

injection of 400 m’/d into the SAGD injector.

NPV was highest at the offset well spacing of 50 m with lowest CSOR (Figures 4.7a,
4.7b), and CDOR was highest at 40 m offset well distance (Figure 4.7c). It might be said

that less than 50 m of offset well spacing is adequate for the thin reservoirs.
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Figure 4.7a: Effect of offset well spacing on NPV
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4.3.2 CSS startup time at the Offset Well

Simulations were conducted with an offset well spacing of 50 m and a steam injection
pressure of 8,000 kPa. The results showed that NPV was highest in the case of 1.5 years
with the lowest CSOR and high CDOR (Figure 4.8).

The startup time of 1 year seems to be too early for the CSS startup time during the Fast-
SAGD process due to the lower CDOR. The CSS startup time of 1.5 years is the proper

one for this reservoir type.
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Figure 4.8a: Effect of CSS startup time at the offset well on NPV
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Figure 4.8c: Effect of CSS startup time at the offset well on CSOR
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4.3.3 Steam Injection Pressure at the Offset Well

With the offset well spacing of 50 m, the simulation results showed that the NPV value
was highest at 8,000 kPa due to the highest CDOR and lowest CSOR (Figures 4.9a).

As the steam injection pressure is increased, CDOR increases and CSOR decreases
(Figure 4.9b, 4.9¢). An injection pressure of 8,000 kPa at the offset well is adequate in

this reservoir type.
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Figure 4.9a: Effect of steam injection pressure at the offset well on NPV
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Figure 4.9b: Effect of steam injection pressure at the offset well on CDOR
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Figure 4.9¢: Effect of steam injection pressure at the offset well on CSOR
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4.3.4 Reservoir Thickness

The simulations were conducted to evaluate the effect of reservoir thickness on the Fast-
SAGD performance. As the thickness is increased, CSOR decreases and both CDOR and
RF increase (Figures 4.10a, 4.10b, 4.10c). At least the pay thickness should be thicker
than 20 m for an economical Fast-SAGD operation: NPV is higher than 15.3 M$ (Figure
4.10d).

4.3.5 Best operating conditions

Simulation results for a Cold Lake-type reservoir, which is thin and moderately
permeable, give the following most favourable operating conditions: offset well spacing
of 40 m, CSS startup time of 1.5 years, and steam injection pressure of 8,000 kPa at the

offset well.
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Figure 4.10a: Effect of reservoir thickness on CDOR
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Figure 4.10b: Effect of reservoir thickness on CSOR
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Figure 4.10c: Effect of reservoir thickness on RF
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Figure 4.10d: Effect of reservoir thickness on NPV

4.4 Simulation results for Peace River-type reservoirs

This reservoir type represents the deepest, lowest permeability reservoir with middle
range bitumen viscosity in the Alberta oil sands. The simulations were conducted under
the following conditions: I/P spacing of 10 m, reservoir permeability (Kv) of 0.65 Darcy,
and reservoir thickness of 25 m. Table 4.4 shows simulation results for the Peace River-

type reservoir cases related to three operating conditions and reservoir thickness.

4.4.1 Offset Well Location

Simulations were conducted with a maximum offset well pressure of 8,000 kPa, a
maximum steam injection rate of 800 m’/d at the offset well, and additional steam
injection of 400 m*/d into the SAGD injector. NPV was highest at the offset well spacing

of 50 m due to the highest CDOR and lowest CSOR (Figure 4.11). It might be said that

around 50 m of offset well spacing is adequate for this reservoir type.
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Table 4.4: Fast-SAGD simulation results for Peace River-type reservoirs

Cum. Production CDOR NPV
Case (m’) CSOR (m’/d) RF (M$)
1) Offset well location
40 m 408,065 3.00 118 0.67 9.7
50 m 430,507 2.90 124 0.57 10.8
60 m 496,002 3.01 121 0.54 10.6
70 m 571,329 3.25 106 0.54 8.6
2) CSS startup time at the offset well
lyr 474,750 3.02 111 0.62 10.3
1.5 yrs 430,507 2.90 124 0.57 10.8
2 yrs 488,048 3.20 115 0.64 8.9
2.5 yrs 418,814 3.02 124 0.55 9.3
3) Steam injection pressure at the offset well
6,000 kPa 415,521 3.04 107 0.55 9.9
7,000 kPa 428,950 2.97 115 0.56 10.0
8,000 kPa 430,507 2.90 124 0.57 10.8
4) Reservoir thickness
15m 196,083 3.85 95 0.43 -0.3
20 m 299,978 3.27 115 0.49 53
25m 430,507 2.90 124 0.57 10.8
30m 601,432 2.88 119 0.66 14.3
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Figure 4.11a: Effect of offset well spacing on NPV
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Figure 4.11c¢: Effect of offset well spacing on CSOR
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4.4.2 CSS startup time at the Offset Well

Simulations were conducted with an offset well spacing of 50 m and a steam injection
pressure of 8,000 kPa. The results showed that NPV was highest in the case of 1.5 years
with the lowest CSOR (Figure 4.12). CDOR was highest and CSOR was lowest in the

case of 1.5 years CSS startup time.
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Figure 4.12a: Effect of CSS startup time at the offset well on NPV
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Figure 4.12c¢: Effect of CSS startup time at the offset well on CSOR
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4.4.3 Steam Injection Pressure at the Offset Well

With the offset well spacing of 50 m, the simulation results showed that the NPV value
was highest at 8,000 kPa due to the highest CDOR and lowest CSOR (Figure 4.13).

As the steam injection pressure is increased, CDOR increases and CSOR decreases. An

injection pressure of 8,000 kPa at the offset well is adequate in this reservoir type.
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Figure 4.13a: Effect of steam injection pressure at the offset well on NPV
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Figure 4.13b: Effect of steam injection pressure at the offset well on CDOR
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Figure 4.13c¢: Effect of steam injection pressure at the offset well on CSOR
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4.4.4 Reservoir Thickness

The simulations were conducted to evaluate the effect of reservoir thickness on the Fast-
SAGD performance. As the thickness is increased, CSOR decreases and both CDOR and
RF increase (Figures 4.14a, 4.14b, 4.14c). At least the pay thickness should be thicker
than 25 m for an economical Fast-SAGD operation: NPV is higher than 10.8 M$ (Figure
4.14d)

4.4.5 Best operating conditions

Simulation results for a Peace River-type reservoir, which is moderately thick with low
permeability, give the following most favourable operating conditions: offset well
spacing of 40 m, CSS startup time of 1.5 years, and steam injection pressure of 8,000 kPa
at the offset well.
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Figure 4.14a: Effect of reservoir thickness on CDOR
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Figure 4.14c: Effect of reservoir thickness on RF
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Figure 4.14d: Effect of reservoir thickness on NPV

4.5 Comparison of SAGD and Fast-SAGD processes

Table 4.5 shows simulation results for both the SAGD and Fast-SAGD cases. As a
comparison, CDOR was calculated per producer; one producer for SAGD and two
producers for Fast-SAGD. Drilling costs were considered for the NPV calculations,
assuming three million dollars for a SAGD well pair and one million dollars for a single

offset well.

Because of the difference in the well configuration, 101 m well pattern spacing for
SAGD and 151 m well pattern spacing for Fast-SAGD, the economics of the Fast-SAGD
process may be better than the SAGD process. C-NPV, an NPV adjusted for the case of
having the same development area (multiply the SAGD case by 1.5), is introduced to

compensate for this well pattern problem.

4.5.1 Athabasca-type reservoir

The simulation was conducted under the following conditions: I/P spacing of 5 m,

reservoir permeability (K,) of 2.5 Darcy, and reservoir thickness of 30 m. Simulation
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results showed that CSOR decreased slightly from 1.54 to 1.52. CDOR increased and the
ultimate recovery also decreased slightly (Table 4.5). Fast-SAGD reached the economic
production limit (SOR =4) in 5 years, but SAGD in 7 years (Figure 4.15).

Even though the cumulative production of the Fast-SAGD case is higher than SAGD,

applying the Fast-SAGD process seems to have no benefit in this type of reservoir with

well configuration considered assuming the same development area.

Table 4.5: Fast-SAGD simulation results

Cum. Production Operating
(m®) time CDOR NPV*
Case SAGD | ofset | SSOR | (day) myd) | RE | oas)
well well
949 412
Athe | FSAGD oo T aa e 152 1,838 258 083 | 489
basca
SAGD 638,640 1.54 2,636 242 084 | 321
407,633
Cold | FSAGD [ s s 231 1,865 109 067 | 103
Lake | g AGD 170,433 2.61 1,711 100 042 | 29
430,507
peace | F-SAGD [ei oo oss 290 1,730 124 057 | 5.8
River | s AGD 324,742 333 2,493 130 064 | 21

NPV* : drilling costs included
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Figure 4.15b: CSOR curves for SAGD and Fast-SAGD
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Figure 4.15¢: Cumulative oil production curves for SAGD and Fast-SAGD

4.5.2 Cold Lake-type reservoir

The simulation was conducted under the following conditions: I/P spacing of 10 m,
reservoir permeability (K,) of 1.25 Darcy, and reservoir thickness of 20 m. Simulation
results showed that CSOR decreased from 2.61 to 2.31. CDOR and ultimate recovery
both increased (Table 4.5). Fast-SAGD and SAGD both reached the economic production
limit in about 5 years (Figure 4.16). Cold.Lake-type reservoirs are too thin (20 m) to
apply the SAGD process due to its low thermal efficiency. The Fast-SAGD case had
lower CSOR due to higher thermal efficiency and higher CDOR, which means higher
productivity. The overall performance of the Fast-SAGD process was enhanced by 2.4

times based on the C-NPV calculations.
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Figure 4.16b: CSOR curves for SAGD and Fast-SAGD
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Figure 4.16¢: Cumulative oil production curves for SAGD and Fast-SAGD

4.5.3 Peace River-type reservoir

The simulation was conducted under the following conditions: I/P spacing of 10 m,
reservoir permeability (K,) of 0.65 Darcy, and reservoir thickness of 25 m. Simulation
results showed that CSOR decreased from 3.33 to 2.90. CDOR and ultimate recovery
also decreased (Table 4.5). Fast-SAGD reached the economic production limit in 5 years,
but SAGD in 7 years (Figure 4.17). The Fast-SAGD process resulted in enhanced thermal
efficiency (lower CSOR), but lower ultimate recovery. Finally, the overall performance

of the Fast-SAGD process was enhanced by 1.6 times based on the NPV calculations.

120

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



 —+—PR-SAGD % PR-FSAGD |

3 4
0 - -
0] 2 4 6 8 10 12 14 16
Time (year)
Figure 4.17a: C-NPV curves for SAGD and Fast-SAGD
s . TPRSAGD —=-PRFSAGD

CSOR

16

Time (year)

Figure 4.17b: CSOR curves for SAGD and Fast-SAGD
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Figure 4.17¢: Cumulative oil production curves for SAGD and Fast-SAGD

4.5.4 SAGD and Fast-SAGD performances for Alberta oil sands areas

Simulation results (Table 4.5) showed that the Fast-SAGD cases had lower CSOR due to
higher thermal efficiency in all three areas, and higher CDOR per producer, which means
higher productivity, except for the Peace River case (Figures 4.18a and 4.18b). The
ultimate recovery of Fast-SAGD was enhanced in the Cold Lake case, but reduced in the

Peace River case (Figure 4.18c).

The Fast-SAGD process in Cold Lake-type which has the same project life, gave an
additional bitumen production over the SAGD process on the basis of the SAGD
producer only. This is due to the steam drive effect caused by the pressure differential

between the SAGD well pair and the offset well operated in CSS mode.

The NPV was always higher in the Fast-SAGD cases because of the Fast-SAGD process
efficiency and the difference in the well configuration (Figure 4.18d). Finally, the overall
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economics of Fast-SAGD, measured by C-NPV, increased in all three areas (Figure
4.18e). Cold Lake-type reservoirs showed the largest improvement with the Fast-SAGD
process compared to the SAGD process. Peace River-type reservoirs had the second
largest improvement. However, there was not much improvement in Athabasca-type

reservoirs.

Athabasca Cold Lake Peace River

Figure 4.18a: Comparison of CSOR at three areas
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4.6 Multi-offset wells operation for the Fast-SAGD process

In the previous section, Cold Lake type reservoirs showed the largest improvement with
the Fast-SAGD process compared to the SAGD process. Therefore, the multi-offset wells
operation for the Fast-SAGD process was investigated with the Cold Lake-type reservoirs.

The grid system and the position of the wells are shown in Figure 4.19. The offset wells

are located on one side of the SAGD well pair, and each offset well was placed 50 m

away from the SAGD well pair or each offset well.

28 SAGD

Injector
e 8(51.6) . _ SRR
O e e T LTI | T e T O
L L R T D L L R L nypnnEEnIImnBnam

Producer

(51,1)

1 13

Figure 4.19a: Grid system and well position for SAGD
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Figure 4.19b: Grid system and well position for Fast-SAGD

4.6.1 CSS startup times at the offset wells

It is important to select the proper time to begin the CSS operation at the first offset well.
The startup time of the CSS operation was decided based on previous research regarding
the Fast-SAGD process (Polikar et al., 2000, Gong et al., 2002). In this study, the
initiation time of the CSS at the first offset well was 547 days after the beginning of the
SAGD operation. This is the time at which the steam chamber reached the top of the

reservoir and began to propagate sideways.

The startup time for the CSS operation at the second offset well was decided with the
steam-oil ratio (SOR) indicating the economic limit of steam injection recovery. In this
case, it was 1,460 days when SOR is four and at this time most of the bitumen (about 3/4)

between the SAGD well pairs and the first offset well was already recovered (Figure

4.20).

In the case of two offset wells, most of the bitumen between the SAGD well pairs and the
second offset well had been produced around 2,550 days (Figure 4.21). This will be the
startup time for CSS operation at the third offset well. The offset wells are propagating

and expanding the steam chamber laterally after it is formed by the SAGD process.
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Figure 4.21: Oil saturation profile after 2,550 days

128

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4.6.2 Number of offset wells

To know how many offset wells can be located and operated effectively beside a SAGD
well pair for the Fast-SAGD operation, simulations were conducted with increasing the
number of offset wells along one side only. Simulation results (Table 4.6) showed that
the Fast-SAGD cases had lower CSOR due to higher thermal efficiency and higher
CDOR which means higher productivity compared to the SAGD case (Figures 4.22 and

4.23). Fast-SAGD cases always have smaller operating time.

As the number of offset well was increased, CSOR increased and CDOR per well
decreased (Figure 4.24), and NPV increased mainly due to the higher production rate
from larger well configurations. C-NPV, considering the same development area, is

highest in the case of two offset wells’ operation (Figure 4.25).

When three parallel offset wells along one side were operated in the Fast-SAGD mode
(F-SAGD-1P3FP), the results showed similar productivity (CDOR) but higher thermal
efficiency and CSOR reduced by 11%, compared to the SAGD case (SAGD-1P). Finally,
C-NPV of the case of three offset wells is still higher than the SAGD case: 10.0 over 8.5
(M$3.4 multiply by 2.5). Considering that the offset wells can be operated along both
sides of the SAGD well pair in the field, we can expect better results than those in this
study, and the operation of three offset wells might be economical for Fast-SAGD.
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Table 4.6: Fast-SAGD Simulation results for multi-offset well operation

3
Cum.. Operating CDOR (m/d) NPV
Case Production | CSOR . d M
(m’) time (day) | /area fwell M$)
SAGD-1P 293,323 3.13 3,272 90 44.8 3.4
F-SAGD-1P1FP 309,372 2.45 1,840 168 56.0 7.2
F-SAGD-1P2FP 507,166 2.60 2,638 192 48.1 10.1
F-SAGD-1P3FP 626,884 2.78 2,812 223 44.6 10.0
(Well configurations)
SAGD SAGD
O Injector o) offset
O Producer O O
SAGD-1P F-SAGD-1P1FP
SAGD SAGD
o) offset  offset QO  offset offset offset
o 9] 0 0 0 ] o
F-SAGD-1P2FP F-SAGD-1P3FP
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Figure 4.22: Oil production curves for Fast-SAGD
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Figure 4.24: Effect of offset well number on CSOR and CDOR for Fast-SAGD
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Figure 4.25: Effect of offset well number on NPV for Fast-SAGD

132

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



5 ECONOMIC INDICATOR FOR SAGD PERFORMANCE

The steam-assisted gravity drainage (SAGD) process has been tested in the field and has
proven to be an effective recovery method with more than 50% recovery efficiency in the

Alberta oil sands (Athabasca, Cold Lake and Peace River deposits).

Before a SAGD project is implemented in the field, a sensitivity analysis is usually
required for defining the SAGD operating conditions: pre-heating period, steam injection
pressure, steam injection rate and injector to producer spacing (I/P spacing). The
economics of a SAGD project are related to several production performance parameters.
The most significant of those are steam-oil ratio (SOR), ultimate recovery (recovery
factor RF), calendar day oil rate (CDOR), and project life. Our main goal is to maximize

oil production with the least amount of steam and in the shortest time.

There is very little research regarding an economic indicator for thermal recovery.
Kisman and Ruitenbeek (1986) introduced a performance indicator for thermal recovery.
They developed a model for the economic and performance evaluation of thermal

recovery projects including steam stimulation, steam drive and combustion processes.

In this chapter, a new simple economic parameter, named STEP (simple thermal
efficiency parameter, Equation 5-1), was introduced to define SAGD operating

conditions for Athabasca-, Cold Lake-, and Peace River-type reservoirs.

RF x CDOR

STEP = =
CSOR™ (Equation 5.1)

Four operating conditions were analyzed for the SAGD process. They are: preheating

period, I/P spacing, steam injection pressure, and steam injection rate.

The net present value (NPV) of each case is first calculated to evaluate SAGD
performance. Then, STEP is calculated from three performance parameters: CSOR,

CDOR, and RF. Finally, STEP is correlated with NPV for each best-case scenario. If the
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correlation between STEP and NPV is good, STEP can be used as a simple economic

indicator instead of NPV.

5.1 Development of new economic indicator (STEP)

A sensitivity study was performed for the SAGD simulations described in this study to
define the lowest cumulative steam-oil ratio (CSOR), highest RF and highest CDOR in
order to obtain the most favourable operating conditions. If a case has the lowest CSOR
and the highest CDOR and RF, this gives the best operating conditions. However, there
are cases which have low CSOR and low RF or CDOR. In this case, it is difficult to
define the most favourable operating conditions without an economic parameter such as

NPV or rate of return.

5.1.1 STEP as a qualitative indicator

In this study, the economic calculations assume that a project is cost-effective as long as
the instantaneous SOR is below a value of 4. Capital costs have not been taken into
account, assuming that these are similar for all the cases studied because the same well
configurations and development plan are considered. NPV calculations only considered

the cost of steam ($5/bbl) and price of bitumen ($20/bbl), at a 10% discount rate.

STEP, based on CSOR, CDOR and RF for the time corresponding to SOR = 4, was
developed for each simulation case. The economics of a SAGD project are expected to

improve as RF and CDOR increase, and CSOR decreases.

Simulation results showed that NPV has a linear relationship with RF and CDOR, but a
decreasing exponential relationship with CSOR (Figures 5.1a and 5.1b). The magnitudes
of the exponents in the STEP formula have been adjusted to give the highest correlation
coefficient between NPV and STEP. A higher STEP value can be expected for the case
of high RF, high CDOR and low CSOR. CSOR is included to account for thermal
efficiency, and CDOR is for productivity and project life. RF is included to account for
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recovery efficiency because the case of high CDOR with low RF indicates short project
life.

60
y =0.31x-21.98
R*=1.00
45 |- -- - -
&
=
S 30 ——— —— - ———
o
P-4
15 |- -
0
0 100 200 300 400

RF * CDOR

Figure 5.1a: Example of relationship between NPV and RF*CDOR
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Figure 5.1b: Example of relationship between NPV and CSOR
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5.1.2 STEP as a quantitative indicator

STEP was initially introduced to evaluate the performance of a SAGD project under the
sensitivity study. It was proposed as a simple economic indicator during the SAGD

evaluation procedure instead of NPV.

In order to have a quantitative economic criterion, STEP has been modified using the

following equation:

(RF/0.5) x (CDOR/0.111)

STEP = =
(CSOR/3)?

(Equation 5.2)

The economic limit for each SAGD performance parameter is assumed to be 3 for CSOR,
0.111 m*/d/m of horizontal well length for CDOR, and 0.5 for RF. It may be said that
STEP is greater than 1 in the case of an economic SAGD project. This modified STEP

can be used as a quantitative as well as a qualitative economic indicator.
5.2 Validation of STEP as an economic indicator

For validating this new economic indicator, STEP calculations have been performed
using data from two published studies in which SAGD related simulations were
performed. The first study will show a STEP application as a qualitative economic

indicator, and the second one as a quantitative economic indicator.

5.2.1 STEP validation as a qualitative indicator

The first validation study used the data from Gao et al. (2002) in which five different
cases have been investigated through numerical simulations for the extra heavy oil

Liaohe field in China.

This case study, which provides no economic parameters but points out the best case,

shows that most of the cases have the highest STEP values for the best case. The first
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four cases (Figures 5.2, 5.3, 5.4, 5.5) are related to the SAGD operating conditions, and
indicate that STEP always has the highest value when the case is best. Only one case
(Figure 5.6), comparing various operating methods, does not give the highest STEP value
for the best case. The STEP value of the best case has almost the same value as the
highest STEP value (2.2 versus 2.4). The basis for the thermal methods of that study (Gao
et al, 2002) is steam stimulation, either with different well configurations or as a
precursor to other steam flooding processes. As the different operating methods will give
different production profiles, the performance parameters like CSOR, CDOR, and RF
vary broadly (Table 5.1).

Even if STEP has been developed for evaluating SAGD performance, the above shows

that it may be applied to the evaluation of other thermal recovery methods.

best case

STEP
N

Well configuration 1 Well configuration 2 Well configuration 3

Well configuration type

Figure 5.2: Effect of well configuration type on STEP
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Figure 5.4: Effect of non-perforated interval on STEP
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Time before converting SS to SAGD

Figure 5.5: Effect of cyclic steam cycles before converting to SAGD on STEP

best case
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N
|

SS with VWSS with HW SSand SF SSand CSF SS and SAGD

Operating methods

Figure 5.6: Effect of the operating methods on STEP
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Table 5.1: Summary of simulation results (data from Gao et al. (2002))

Case CSOR (n(ig((lffq) RF STEP
1) Well configurations for SAGD
Type 1 4.07 0.384 0.37 1.2
Type 2 3.70 0.435 0.47 2.2
Type 3 3.85 0.414 0.43 1.8
2) Vertical spacing between the wells
10 m 4.78 0.416 0.27 0.7
20 m 4.13 0.483 0.39 1.6
30m 4.82 0.412 0.40 1.0
40 m 5.44 0.366 0.51 0.8
3) Non-perforated thickness
20m 4.65 0.427 0.41 1.1
30 m 4.07 0.488 0.45 1.9
40 m 4.13 0.483 0.39 1.6
50 m 4.20 0.474 0.38 1.4
60 m 4.48 0.443 0.33 1.0
4) Time converting SAGD
6 cycles 431 0.399 0.46 1.4
8 cycles 3.70 0.444 0.53 2.6
10 cycles 3.57 0.444 0.57 3.0
12 cycles 3.65 0.419 0.55 2.6
5) Recovery methods
SS with VW 1.83 0.066 0.18 0.7
SS with HW 1.53 0.133 0.20 2.4
SS and SF 4.67 0.184 0.24 0.3
SS and CSF 2.82 0.172 0.23 0.8
SS and SAGD 3.70 0.435 0.47 2.2

5.2.2 STEP validation as a quantitative indicator

The second validation study used the data from Edmunds and Chhina (2001) in which
SAGD operating pressures have been investigated through numerical simulations for

reservoir thicknesses of 10 and 25 m and permeabilities (K,) of 2.8 and 5.6 Darcies,
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which are representative of high-grade McMurray reservoirs in the Athabasca oil sands
(Table 5.2). In their study, simulations were stopped when RF reached 0.55. Capital costs

were considered for ROR and NPV calculations.

Table 5.2: Summary of simulation results (data from Edmunds and Chhina (2001))

Case CSOR (ggggl) RF 1?(30 ;{ STEP
1) 25 m and 5.6 Darcy
300 kPa 1.52 0.171 0.55 30.7 8.7
400 kPa 1.61 0.207 0.55 32.4 9.1
500 kPa 1.68 0.241 0.55 33.0 9.6
750 kPa 1.83 0.313 0.55 33.5 10.2
1,000 kPa 1.97 0.373 0.55 34.2 10.1
1,500 kPa 2.22 0.472 0.55 29.0 9.4
3,000 kPa 2.85 0.650 0.55 | 269 7.3
2) 25 m and 2.8 Darcy
500 kPa 1.90 0.150 0.55 26.1 4.4
750 kPa 2.04 0.194 0.55 27.1 4.9
1,000 kPa 2.17 0.230 0.55 28.2 5.0
1,500 kPa 2.40 0.288 0.55 27.0 4.9
3,000 kPa 3.02 0.408 0.55 | 24.7 4.0
3) 10 m and 5.6 Darcy
500 kPa 2.67 0.105 0.55 6.8 1.4
750 kPa 2.82 0.133 0.55 9.4 1.5
1,000 kPa 2.96 0.155 0.55 9.9 1.6
1,500 kPa 3.22 0.188 0.55 10.0 1.6
3,000 kPa 3.99 0.245 0.55 8.5 1.2
4) 10 m and 2.8 Darcy
500 kPa 3.25 0.065 0.55 12.9 0.5
750 kPa 3.36 0.084 0.55 14.0 0.6
1,000 kPa 3.50 0.099 0.55 15.2 0.7
1,500 kPa 3.76 0.122 0.55 14.6 0.7
3,000 kPa 4.57 0.161 0.55 11.3 0.6

This case study, which provides economic parameters (ROR and NPV), shows a good
linear relationship between ROR and STEP. In all cases except one (10 m and 5.6

Darcy), the 1000 kPa simulation has the higest ROR and STEP (Table 5.2). The overall
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correlation coefficient for all cases is 0.85 (Figure 5.7). If these cases are categorized
based on permeability, the correlation coefficient is higher than 0.98 for both the 5.6
Darcy and 2.8 Darcy cases (Figures 5.8a and 5.8b); however if these are categorized
based on thickness, the correlation coefficient is 0.80 for the 25 m case (Figures 5.9a) and
0.59 for the 10 m case (Figure 5.9b). Specifically, for the non-economic cases (10 m
cases), the correlation shows a negative linear relationship with a low coefficient. This
implies that reservoir thickness will affect the economics of the project much more than
reservoir permeability even for similar recovery cases during the SAGD process

investigated by Edmunds and Chhina (2001).
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Figure 5.7: Correlation between ROR and STEP for all cases
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Figure 5.8b: Correlation between ROR and STEP for 2.8 Darcy case
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Figure 5.9b: Correlation between ROR and STEP for 10 m case
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STEP is greater than 4 in the case of ROR values higher than 24 %. On the other hand,
STEP is smaller than 2 in the case of ROR values lower than 15 %, which might be
considered as an economic limit for SAGD performance. As these simulations were
stopped at RF of 0.55, no matter what the project economics were, calculated STEP
values should be different from the actual STEP values which should be used as a
quantitative economic indicator in our research where the simulations were stopped at
SOR = 4. Based on full scale economic analysis of these cases, if the STEP value is

higher than 2, it will be an economic SAGD operation.

5.3 Evaluating SAGD operating conditions using STEP

As the same procedure is used for evaluating SAGD performance using STEP for the
three cases, only the Athabasca case will be demonstrated. For the Cold Lake and Peace
River cases, the best SAGD operating conditions will be determined, and a correlation

between NPV and STEP calculated.

5.3.1 Athabasca-type reservoirs

Table 5.3 shows simulation results for the Athabasca-type reservoir cases related to four

operating conditions. Individual results are given below.

5.3.1.1 Preheating period

Simulation results showed that, as the preheating period was increased, CDOR increased
slightly but there was no change in CSOR (Figure 5.10a). A preheating period of 75 days
for an I/P spacing of 5 m is economically adequate for a successful SAGD performance
because there is not much enhancement in NPV even if the preheating period is longer
(Figure 5.10b). Even though both NPV and STEP values varied within a small range, a
linear relationship was found to exist between STEP and NPV, with a correlation

coefficient of 1.00 (Figure 5.10c).
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Table 5.3: SAGD simulation results for Athabasca-type reservoir

Case CSOR ?rlr?f/)dl; RF ?ﬁg) STEP
1) Preheating period
60d 1.71 236 0.84 41.1 54.7
75d 1.71 243 0.84 42.8 56.7
90 d 1.71 245 0.84 43.0 57.1
120d 1.70 247 0.84 43.5 57.8
2) Injector to Producer (I/P) spacin
Sm 1.71 243 0.84 42.8 56.7
10 m 1.64 213 0.84 39.0 54.3
15m 1.61 187 0.84 32.3 50.4
3) Operating pressure
1,500 kPa 1.71 243 0.84 42.8 56.7
3,000 kPa 1.99 359 0.83 43.0 57.7
4,500 kPa 2.18 430 0.82 39.5 54.2
4) Max. steam injection rate
400 m’ 1.75 196 0.84 31.7 433
500 m’ 1.72 223 0.84 38.1 51.3
600 m’ 1.71 239 0.84 41.7 55.6
700 m”’ 1.71 243 0.84 42.8 56.7
4 300
3 ¢ - .
1 200 T
(&) n = - ] o)
1100 8
P
------ - CSOR
—— CDOR
0 0
60 75 92 122

Preheating period (day)

Figure 5.10a: Effect of preheating period on CSOR and CDOR
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Figure 5.10c: Correlation of NPV and STEP
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5.3.1.2 Injector to Producer spacing

The simulation results showed that, as the I/P spacing was increased from 5 m to 15 m,
CDOR, CSOR and NPV decreased (Figures 5.11a and 5.11b). In other words, the
productivity decreases but thermal efficiency increases. The I/P spacing of 5 m case gave
the best SAGD performance: the highest NPV and CDOR. There was a linear
relationship between STEP and NPV, with a correlation coefficient of 1.00 (Figure 5.11¢)
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Figure 5.11a: Effect of I/P spacing on CSOR and CDOR
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Figure 5.11b: Effect of I/P spacing on NPV and STEP
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Figure 5.11¢: Correlation of NPV and STEP

5.3.1.3 Steam injection pressure

The simulation results showed that, as the steam injection pressure was increased from
1,500 to 4,500 kPa, CSOR and CDOR increased (Figure 5.12a); the productivity
increased but thermal efficiency decreased. A steam injection pressure of 3,000 kPa gave
the highest NPV (Figure 5.12b), however, the 1,500 kPa case had the same NPV with
lower CSOR and higher RF (0.84 over 0.83). Therefore, a pressure higher than 3,000 kPa
is not good as the SAGD operating pressure for shallow Athabasca-type reservoirs. The

correlation coefficient between STEP and NPV, was 0.96 (Figure 5.12c¢).
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Figure 5.12c: Correlation of NPV and STEP

5.3.1.4 Maximum steam injection rate

The simulations were conducted with a maximum steam injection pressure of 1,500 kPa.
As the steam injection rate was increased, CSOR decreased slightly and CDOR increased
(Figure 5.13a). The NPV and STEP were the highest for an injection rate of 700 m’/d
(Figure 5.13b). There was a linear relationship between STEP and NPV, with a

correlation coefficient of 1.00 (Figure 5.13¢)
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Figure 5.13a: Effect of injection rate on CSOR and CDOR
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5.3.1.5 Best SAGD operating conditions

The most favourable SAGD operating conditions for the Athabasca-type reservoirs were
determined from the numerical simulations in order to have the highest NPV and STEP.
With reservoir parameters of: permeability (K,) of 2.5 Darcy, reservoir thickness of 30 m,
and bitumen viscosity of 1,000,000 cp, the most favourable operating conditions were
found to be: I/P spacing of 5 m, maximum steam injection rate of 700 m>/d at a maximum

injection pressure of 1,500 kPa.
A linear relationship was found to exist between STEP and NPV with a correlation

coefficient in excess of 0.96 for most of the cases (Table 5.4), and 0.88 overall for the

cases of Athabasca-type reservoirs (Figure 5.14).

Table 5.4: Correlation coefficients between NPV and STEP

Correlation coefficient (R)
Best case

AB CL PR
Preheating period 1.00 0.99 1.00
I/P spacing 1.00 1.00 1.00
Operating pressure 0.96 0.97 0.91
Max. steam injection rate 1.00 1.00 0.99
Overall case 0.88 0.85 0.87
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Figure 5.14: Correlation of NPV and STEP for Athabasca-type

5.3.2 Cold Lake-type reservoirs

Table 5.5 shows the simulation results for the Cold Lake-type reservoir cases related to
the four operating conditions discussed earlier. Detailed individual results are given

below.

The most favourable SAGD operating conditions for Cold Lake-type reservoirs were
determined from the numerical simulation results to have the highest NPV and STEP.
With reservoir parameters of: permeability (K,) of 1.25 Darcy, reservoir thickness of 20
m, and bitumen viscosity of 60,000 cp, the most favourable operating conditions were
found to be: I/P spacing of 15 m and maximum steam injection rate of 400 m’/d at a

maximum injection pressure of 3,100 kPa.

A linear relationship was found to exist between STEP and NPV, with a correlation
coefficient in excess of 0.97 for most of the cases (Table 5.4), and 0.85 overall for the

cases of Cold Lake-type reservoirs (Figure 5.15).
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Table 5.5: SAGD simulation results for Cold Lake-type reservoir

CDOR NPV

Case CSOR (m*/d) RF MS$) STEP
1) Preheating period
90 d 2.75 73 0.46 4.7 3.0
120d 2.73 88 0.45 5.3 3.6
150d 2.73 08 0.46 5.7 4.0
180 d 2.74 103 0.46 5.8 4.2
210d 2.74 105 0.46 5.9 4.3
2) Injector to Producer (I/P) spacing
Sm 2.89 106 0.42 4.9 3.5
10 m 2.74 103 0.46 5.8 4.2
15m 2.69 96 0.49 6.1 4.4
3) Operating pressure (I/P spacing 5 m)
3,100 kPa 2.89 106 0.42 4.9 3.5
4,500 kPa 3.24 141 0.39 3.2 3.2
6,000 kPa 3.73 159 0.37 1.0 2.5
4) Max. steam injection rate
200 m’ 3.63 52 0.71 1.3 1.7
300 m’ 3.11 85 0.67 5.2 3.8
400 m’ 2.75 103 0.47 5.8 4.2
500 m’ 2.74 103 0.46 5.8 4.2
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Figure 5.15: Correlation of NPV and STEP for Cold Lake-type
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5.3.3 Peace River-type reservoirs

Table 5.6 shows the simulation results for the Peace River-type reservoir cases related to

the four operating conditions. Detailed individual results are given below.

The most favourable SAGD operating conditions for Peace River-type reservoirs were
determined from the numerical simulations. With reservoir parameters of: permeability
(K,) of 0.65 Darcy, reservoir thickness of 25 m, and bitumen viscosity of 200,000 cp, the
most favourable operating conditions were found to be: I/P spacing of 15 m and

maximum steam injection rate of 600 m>/d at a maximum injection pressure of 4,500 kPa.

A linear relationship was found to exist between STEP and NPV, with a correlation
coefficient in excess of 0.91 for most of cases (Table 5.4), and 0.87 overall for the cases

of Peace River type reservoirs (Figure 5.16).
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Figure 5.16: Correlation of NPV and STEP for Peace River type
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Table 5.6: SAGD simulation results for Peace River type-reservoir

CDOR NPV

Case CSOR (m/d) RF (M$) STEP
1) Preheating period
90d 3.01 124 0.31 4.7 2.8
120d 3.04 133 0.33 4.9 3.0
150d 3.00 139 0.31 4.9 3.1
180d 3.00 142 0.31 5.0 3.2
210d 3.00 145 0.31 5.0 3.2
2) Injector to Producer (I/P) spacing
S5m 3.26 139 0.31 3.6 2.5
10 m 3.00 139 0.31 4.9 3.1
15m 2.91 123 0.35 5.5 33
3) Operating pressure (I/P spacing 5 m)
4,500 kPa 2.89 106 0.31 3.6 2.5
6,000 kPa 3.77 165 0.27 1.0 1.9
7,500 kPa 4.44 149 0.11 -0.9 0.4
4) Max. steam injection rate
300 m’ 3.87 75 0.69 0.5 2.0
400 m’ 3.59 105 0.60 3.8 3.0
500 m’ 3.13 136 0.36 4.9 3.2
600 m’ 3.00 142 0.31 5.0 3.2

5.3.4 Correlation of NPV and STEP for all three reservoir types

The relationship between NPV and STEP for all three areas has been analyzed.
Athabasca-type reservoirs gives the highest NPV and STEP value, and Peace River-type
gives the lowest NPV and STEP.

There is a linear relationship between NPV and STEP with a correlation coefficient 0.99
(Figure 5.17) for all the cases of three Alberta oil sands areas. Comparing the best cases

for three typical reservoirs, there is a good linear relationship between STEP and NPV

with a correlation coefficient of 1.00 (Figure 5.18).
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Figure 5.18: Correlation of NPV and STEP for the best cases
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5.4 Screening reservoir parameters for SAGD using STEP

STEP was used as a qualitative indicator for evaluating SAGD operating conditions in a
previous section. In this section, STEP has been used for screening two important
reservoir parameters, thickness and permeability, in three typical Alberta oil sands

reservoirs: Athabasca, Cold Lake, and Peace River.

5.4.1 Athabasca-type reservoirs

The reservoir parameters for the base case simulation are: permeability (K,) of 2.5 Darcy,
reservoir thickness of 30 m, and bitumen viscosity of 1,000,000 cp. The operating
conditions are an injector to producer (I/P) spacing of 5 m and a maximum injection
pressure of 1,500 kPa. Table 5.7 shows the sensitivity of the simulation results for
Athabasca-type reservoir cases where two reservoir parameters, thickness and

permeability, are modified.

Table 5.7: SAGD simulation results for Athabasca-type reservoir

Case CSOR (r(rjlg(?rli) RF ?Il\fl)g) STEP
1) Reservoir thickness (well pattern spacing 100 m)
15m 2.63 0.172 0.72 13.5 3.1
20m 2.12 0.222 0.78 25.0 7.1
25m 1.87 0.248 0.82 34.9 11.4
30m 1.71 0.273 0.84 42.8 16.1
2) Reservoir permeability (K,)
0.625D 324 0.072 0.31 53 0.3
125D 2.06 0.157 0.80 233 5.6
25D 1.71 0.270 0.84 42.8 15.9

5.4.1.1 Reservoir thickness

A linear relationship was found to exist between STEP and NPV with a correlation

coefficient of 0.99 (Figure 5.19a). As the reservoir thickness is increased, NPV and
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STEP increase (Figure 5.19b). A 15 m thickness is still economic for this type of
reservoir: the calculated STEP value of 3.1 is higher than 1.
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Figure 5.19a: Correlation of NPV and STEP
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Figure 5.19b: Effect of reservoir thickness on NPV and STEP
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5.4.1.2 Reservoir permeability

A linear relationship was found to exist between STEP and NPV with a correlation
coefficient of 0.97 (Figure 5.20a). As the reservoir permeability is increased, NPV and
STEP increase (Figure 5.20b). A vertical permeability of 0.625 Darcy seems too low for
an efficient SAGD process for this type of reservoir as STEP (0.3) is lower than 1.
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Figure 5.20a: Correlation of NPV and STEP
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Figure 5.20b: Effect of reservoir permeability on NPV and STEP

5.4.2 Cold Lake-type reservoirs

The reservoir parameters for the base case simulation are: permeability (K,) of 1.25

Darcy, reservoir thickness of 20 m, and bitumen viscosity of 60,000 cp. The operating

conditions are an I/P spacing of 10 m and a maximum injection pressure of 3,100 kPa.

Table 5.8 shows the sensitivity of the simulation results for Cold Lake-type reservoir

cases where two reservoir parameters, thickness and permeability, are modified.

Table 5.8: SAGD simulation results for Cold Lake-type reservoir

CDOR NPV
Case CSOR (m’/d/m) RF (M$) STEP

1) Reservoir thickness (well pattern spacing 100 m)

15m 2.76 0.098 0.25 2.7 0.6
20 m 2.61 0.118 0.42 59 1.0
25m 2.72 0.120 0.69 9.9 1.6
30m 2.49 0.137 0.73 14.0 24
2) Reservoir permeability (K,)

0.625D 3.45 0.066 0.38 1.9 0.3
125D 2.74 0.114 0.46 5.8 1.2
25D 291 0.146 0.72 8.3 2.0
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5.4.2.1 Reservoir thickness

A linear relationship was found to exist between STEP and NPV with a correlation
coefficient of 1.00 (Figure 5.21a). As the reservoir thickness is increased, NPV and
STEP increase (Figure 5.21b). At least 20 m of reservoir thickness is required for an
economic SAGD process in Cold Lake resulting in a STEP value of 1.

5.4.2.2 Reservoir permeability

A linear relationship was found to exist between STEP and NPV with a correlation
coefficient of 0.98 (Figure 5.22a). As the reservoir permeability is increased, NPV and
STEP increase (Figure 5.22b). A vertical permeability of 0.625 Darcy seems too low for
an efficient SAGD process for this type of reservoir as STEP (0.3) is lower than 1.
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Figure 5.21a: Correlation of NPV and STEP
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Figure 5.21b: Effect of reservoir thickness on NPV and STEP
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Figure 5.22a: Correlation of NPV and STEP
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Figure 5.22b: Effect of reservoir permeability on NPV and STEP
5.4.3 Peace River-type reservoirs

The reservoir parameters for the base case simulation are: permeability (K,) of 0.65
Darcy, reservoir thickness of 25 m, and bitumen viscosity of 200,000 cp. The operating
conditions are an I/P spacing of 10 m and a maximum injection pressure of 4,500 kPa.
Table 5.9 shows the sensitivity of the simulation results for Peace River-type reservoir

cases where two reservoir parameters, thickness and permeability, are modified.

Table 5.9: SAGD simulation results for Peace River-type reservoir

CDOR NPV
Case CSOR (m*/d/m) RF (MS) STEP

1) Reservoir thickness (well pattern spacing 100 m)

15m 3.34 0.117 0.20 1.1 0.3
20 m 2.98 0.138 0.27 2.1 0.4
25m 3.33 0.154 0.38 3.6 0.7
30m 3.03 0.165 0.51 54 1.0
2) Reservoir permeability (K,)

0.65D 3.00 0.158 0.31 5.0 0.9
1.25D 2.81 0.237 0.37 7.6 1.9
25D 3.12 0.246 0.71 10.6 2.9
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5.4.3.1 Reservoir thickness

A linear relationship was found to exist between STEP and NPV with a correlation
coefficient of 1.00 (Figure 5.23a). As the reservoir thickness is increased, NPV and
STEP increase (Figure 5.23b). The reservoir thickness should be at least thicker than 30
m for an economic SAGD process in Peace River-type reservoir as STEP value is 1 at the

reservoir thickness of 30 m (Table 5.8).

5.4.3.2 Reservoir permeability

A linear relationship was found to exist between STEP and NPV with a correlation
coefficient of 1.00 (Figure 5.24a). As the reservoir permeability is increased, NPV and

STEP increase (Figure 5.24b). A vertical permeability of 0.65 Darcy seems too low for
an efficient SAGD process for this type of reservoir: STEP (0.9) is lower than 1.
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Figure 5.23a: Correlation of NPV and STEP
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Figure 5.24a: Correlation of NPV and STEP
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Figure 5.24b: Effect of reservoir permeability on NPV and STEP

5.4.4 Correlation of NPV and STEP for all three reservoir types

The relationship between NPV and STEP for all three areas has been analyzed. There is a
linear relationship between NPV and STEP with a correlation coefficient 0.97 (Figure

5.25) for all the cases of reservoir parameters studied in the three Alberta oil sands areas.

The reservoir parameters required for an economic SAGD performance leading to a
STEP greater than 1 are different for each oil sands reservoir. Athabasca-type reservoirs,
which can have an average permeability of 2.5 Darcy, show that STEP is greater than 3
for a 15m thick reservoir. On the other hand, Peace River-type reservoirs, which have a
lower permeability such as 0.65 Darcy, show that STEP is 1 for a 30 m thick reservoir.
Cold Lake-type reservoirs, which have a permeability of 1.25 Darcy, show that STEP is
higher than 1 for a 20 m thick reservoir. Reservoir permeability should be higher than

1.25 Darcy for an economic SAGD process in the three typical oil sands.
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This study looked at the most favourable permeability/thickness combination for a given
reservoir for determining the highest STEP value. Although Edmunds and Chhina (2001)
considered much higher permeability values (2.8 and 5.6 Darcies) and different
thicknesses (10 and 25 m) than our study, their results could still be analyzed using the

economic indicator developed here.

In this research, an instantaneous SOR of 4 was assumed as a cut off for an economic
SAGD operation to calculate STEP. However, the magnitude of the SOR value as an
economic criterion will change depending on the bitumen price and steam cost. If SOR =
3 is assumed as an economic cut off, a higher STEP value will be required as an

economic criterion for a successful SAGD process.
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Figure 5.25: Correlation of NPV and STEP for the all cases of reservoir parameters
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5.5 Evaluating Fast-SAGD performance using STEP

The following STEP equation was used for evaluating Fast-SAGD performance

quantitatively as well as qualitatively:

(RF/0.5) x (CDOR/0.111)
(CSOR/3)**

STEP = (Equation 5.2)

It was suggested that STEP should have the highest value when the case is the best and
that the STEP value be higher than 1 for an economical SAGD project in the previous
section. In this section, NPV or C-NPV (only for offset well location case) and STEP

were used for evaluating the Fast-SAGD process.

5.5.1 Athabasca-type reservoir

The simulations were conducted under the following conditions: I/P spacing of 5 m,
reservoir permeability (Kv) of 2.5 Darcy, and reservoir thickness of 30 m. Table 5.10
shows simulation results for the shallow Athabasca-type reservoir cases related to three

operating conditions and a reservoir parameter.

5.5.1.1 Offset Well Location

To choose the proper distance between the offset well and the SAGD well pair, the
simulations were conducted with a maximum offset well pressure of 4,500 kPa, a
maximum steam injection rate of 1,600 m’/d at the offset well, and additional steam
injection of 600 m’/d into the SAGD injector. The economics measured by C-NPV were
best in the case of a distance of 50 m with the CSS startup time of 1.5 years: the STEP
value is also highest (Figure 5.26a). A linear relationship was found to exist between

STEP and C-NPV with a correlation coefficient of 0.89 (Figure 5.26b).
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Table 5.10: Fast-SAGD simulation results for Athabsca-type reservoirs

CDOR NPV
Case CSOR (m*/d/m) RF (MS$) STEP
1) Offset well location
40 m 1.49 0.274 0.83 44.4 22.1
50 m 1.41 0.260 0.85 55.7 24.4
60 m 1.44 0.252 0.86 61.0 225
70 m 1.54 0.263 0.86 66.6 20.1
2) CSS startup time at the offset well
1yr 1.41 0.208 0.86 51.2 19.7
1.5 yrs 1.41 0.260 0.85 55.7 24.4
2 yrs 1.51 0.267 0.84 52.7 20.8
2.5 yrs 1.54 0.277 0.85 53.0 21.0
3) Steam injection pressure at the offset well
3000 kPa 1.44 0.192 0.87 49.8 17.6
4500 kPa 1.41 0.260 0.85 55.7 24.4
6000 kPa 1.46 0.274 0.84 55.1 233
4) Reservoir thickness
15m 2.51 0.161 0.38 15.6 1.7
20 m 2.03 0.224 0.81 29.7 8.4
25 m 1.69 0.267 0.81 41.6 15.4
30 m 1.52 0.287 0.83 53.9 22.0
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Figure 5.26a: Effect of offset well spacing on C-NPV and STEP in Athabasca-type
reservoir
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Figure 5.26b: Correlation of C-NPV and STEP

5.5.1.2 CSS startup time at the Offset Well

The proper CSS startup time at the offset well is important during the Fast-SAGD
process. This startup time will be changed depending on the offset well distance.
Simulations were conducted with the offset well spacing of 50 m and the steam injection
pressure of 4,500 kPa. The results showed that NPV and STEP were highest in the case
of 1.5 years with lowest CSOR (Figure 5.27a). The CSS startup time of 1.5 years is the
proper one for this reservoir type. A linear relationship was found to exist between STEP

and C-NPV with a correlation coefficient of 0.97 (Figure 5.27b).
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Figure 5.27a: Effect of CSS startup time on NPV and STEP in Athabasca-type reservoir
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Figure 5.27b: Correlation of NPV and STEP
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5.5.1.3 Steam Injection Pressure at the Offset Well

Simulations were conducted to determine the proper steam injection pressure at the offset
well. With the offset well spacing of 50 m, the simulation results showed that both NPV
and STEP values were highest at 4,500 kPa due to the highest CDOR (Figure 5.28a). The
injection pressure of 4,500 kPa at the offset well is adequate in this type reservoir. A
linear relationship was found to exist between STEP and C-NPV with a correlation

coefficient of 1.00 (Figure 5.28b).
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Figure 5.28a: Effect of steam injection pressure at the offset well on NPV and STEP in
Athabasca-type reservoir
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Figure 5.28b: Correlation of NPV and STEP

5.5.1.4 Reservoir Thickness

One can definitely predict that the thicker the reservoir, the better the thermal efficiency
and the higher the productivity in the Fast-SAGD process. The simulations were
conducted to evaluate the effect of reservoir thickness on the Fast-SAGD performance.
As the thickness is increased, CSOR decreases and both CDOR and RF increase. Even if
the pay thickness is as thin as 15 m, the Fast-SAGD seems to be an economical operation:

NPV is higher than 10 M$ (Figure 5.29a)

A linear relationship was found to exist between STEP and NPV with a correlation

coefficient of 1.00 (Figure 5.29b).
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Figure 5.29a: Effect of reservoir thickness on NPV and STEP in Athabasca-type reservoir

40
R’ =1.00
30 - e
[« W
W ooy |- : A ]
[72]
0 L
0 20 40 60 80

NPV (MS$)

Figure 5.29b: Correlation of NPV and STEP
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5.5.1.5 Best operating conditions

Simulation results for a shallow Athabasca-type reservoir, which is thick and highly
permeable reservoir, give the following most favourable operating conditions: offset well
spacing of 50 m, CSS startup time of 1.5 years, and steam injection pressure of 4,500 kPa
at the offset well. A linear relationship was found to exist between STEP and NPV with

a correlation coefficient in excess of 0.89 for most of the cases.

5.5.2 Cold Lake-type reservoir

This reservoir type has the thinnest pay and lowest bitumen viscosity. The simulations
were conducted under the following conditions: I/P spacing of 10 m, reservoir
permeability (Kv) of 1.25 Darcy, and reservoir thickness of 20 m. Table 5.11 shows
simulation results for the Cold Lake-type reservoir cases related to three operating

conditions and a reservoir parameter.
5.5.2.1 Oftfset Well Location

To choose the proper distance between the offset well and the SAGD well pair, the
simulations were conducted with a maximum offset well pressure of 8,000 kPa, a
maximum steam injection rate of 800 m’/d at the offset well, and additional steam

injection of 400 m*/d into the SAGD injector.

NPV was highest at the offset well spacing of 50 m (Table 11), however C-NPV was
highest in the case of a distance of 40 m with the CSS startup time of 1.5 years: the STEP
value is also highest (Figure 5.30a). It might be said that less than 50 m of offset well

spacing is adequate for the thin reservoirs.

A linear relationship was found to exist between STEP and C-NPV with a correlation

coefficient of 0.99 (Figure 5.30b).
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Table 5.11: Fast-SAGD simulation results for Cold Lake-type reservoirs

CDOR NPV
Case CSOR (m?/d/m) RF (M$) STEP
1) Offset well location
40 m 2.40 0.135 0.74 13.7 3.1
50 m 2.31 0.121 0.67 15.3 2.7
60 m 2.65 0.106 0.64 12.9 1.7
70 m 2.82 0.102 0.61 11.8 1.3
2) CSS startup time at the offset well
1 year 2.52 0.084 0.69 11.6 1.6
1.5 years 231 0.121 0.67 15.3 2.7
2 years 2.52 0.123 0.71 14.6 24
2.5 years 2.69 0.118 0.73 12.8 2.0
3) Steam injection pressure at the offset well
4500 kPa 3.07 0.060 0.65 7.7 0.7
6000 kPa 2.45 0.101 0.65 13.2 1.9
8000 kPa 2.31 0.121 0.67 15.3 2.7
4) Reservoir thickness
15m 3.03 0.117 0.61 5.6 1.2
20 m 2.31 0.121 0.67 15.3 2.7
25 m 2.22 0.130 0.73 20.8 3.5
30 m 2.09 0.138 0.75 26.2 4.5
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Figure 5.30a: Effect of offset well spacing on C-NPV and STEP in Cold Lake-type
reservoir
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Figure 5.30b: Correlation of C-NPV and STEP

5.5.2.2 CSS startup time at the Offset Well
Simulations were conducted with the offset well spacing of 50 m and the steam injection
pressure of 8,000 kPa. The results showed that NPV and STEP were highest in the case

of 1.5 years with the lowest CSOR and high CDOR (Figure 5.31a).

A linear relationship was found to exist between STEP and NPV with a correlation

coefficient of 0.99 (Figure 5.31b).

5.5.2.3 Steam Injection Pressure at the Offset Well

With the offset well spacing of 50 m, the simulation results showed that the NPV and
STEP values were highest at 8,000 kPa due to the highest CDOR and lowest CSOR

(Figure 5.32a). The injection pressure of 8,000 kPa at the offset well is adequate in this

reservoir type.
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A linear relationship was found to exist between STEP and NPV with a correlation

coefficient of 0.99 (Figure 5.32b).
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Figure 5.31a: Effect of CSS startup time on NPV and STEP in Cold Lake-type reservoir
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Figure 5.31b: Correlation of NPV and STEP
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Figure 5.32a: Effect of steam injection pressure at the offset well on NPV and STEP in
Cold Lake-type reservoir
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5.5.2.4 Reservoir thickness

The simulations were conducted to evaluate the effect of reservoir thickness on the Fast-
SAGD performance. As the thickness is increased, CSOR decreases and both CDOR and
RF increase. At least the pay thickness should be thicker than 20 m for an economical

Fast-SAGD operation: NPV is higher than 10.3 M$ (Figure 5.33a).

A linear relationship was found to exist between STEP and NPV with a correlation

coefficient of 0.99 (Figure 5.33b).
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Figure 5.33a: Effect of reservoir thickness on NPV and STEP in Cold Lake-type reservoir
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Figure 5.33b: Correlation of NPV and STEP

5.5.2.5 Best operating conditions

Simulation results for a Cold Lake-type reservoir, which is thin and moderately
permeable, give the following most favourable operating conditions: offset well spacing
of 40 m, CSS startup time of 1.5 years, and steam injection pressure of 8,000 kPa at the

offset well.

A linear relationship was found to exist between STEP and NPV with a correlation

coefficient in excess of 0.98 for most of the cases.

5.5.3 Peace River-type reservoir

This reservoir type represents the deepest, lowest permeability reservoir with middle
range bitumen viscosity in the Alberta oil sands. The simulations were conducted under
the following conditions: I/P spacing of 10 m, reservoir permeability (Kv) of 0.65 Darcy,
and reservoir thickness of 25 m. Table 5.12 shows simulation results for the Peace River-

type reservoir cases related to three operating conditions and a reservoir parameter.
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Table 5.12: Fast-SAGD simulation results for Peace River-type reservoirs

CDOR NPV

Case CSOR (m’/d/m) RF (M$) STEP
1) Offset well location
40 m 3.00 0.131 0.67 9.7 1.6
50 m 2.90 0.138 0.57 10.8 1.5
60 m 3.01 0.134 0.54 10.6 1.3
70 m 3.25 0.118 0.54 8.5 1.0
2) CSS startup time at the offset well
1 year 3.02 0.123 0.62 10.3 1.4
1.5 years 2.90 0.138 0.57 10.8 1.5
2 years 3.20 0.128 0.64 8.9 1.3
2.5 years 3.02 0.138 0.55 9.3 1.4
3) Steam injection pressure at the offset well
6000 kPa 3.04 0.119 0.55 9.1 1.1
7000 kPa 2.97 0.128 0.56 10.0 1.3
8000 kPa 2.90 0.138 0.57 10.8 1.5
4) Reservoir thickness
15m 3.85 0.106 0.43 -0.3 0.5
20 m 3.27 0.128 0.49 53 0.9
25m 2.90 0.138 0.57 10.8 1.5
30m 2.88 0.132 0.66 14.3 1.7

5.5.3.1 Offset Well Location

Simulations were conducted with a maximum offset well pressure of 8,000 kPa, a
maximum steam injection rate of 800 m’/d at the offset well, and additional steam

injection of 400 m*/d into the SAGD injector.

NPV was highest at the offset well spacing of 50 m (Table 5.12), however C-NPV was
highest in the case of a distance of 40 m with the CSS startup time of 1.5 years: the STEP
value is also highest (Figure 5.34a). It might be said that around 50 m of offset well

spacing is adequate for this reservoir type.

A linear relationship was found to exist between STEP and NPV with a correlation

coefficient of 0.93 (Figure 5.34b).
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Figure 5.34a: Effect of offset well spacing on C-NPV and STEP in Peace River-type
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5.5.3.2 CSS startup time at the Offset Well

Simulations were conducted with the offset well spacing of 50 m and the steam injection
pressure of 8,000 kPa. The results showed that NPV and STEP were highest in the case
of 1.5 years with the lowest CSOR (Figure 5.35a).

A linear relationship was found to exist between STEP and NPV with a correlation

coefficient of 0.79 (Figure 5.35b).

5.5.3.3 Steam Injection Pressure at the Offset Well

With the offset well spacing of 50 m, the simulation results showed that the NPV and
STEP values were highest at 8,000 kPa due to the highest CDOR and lowest CSOR
(Figure 5.36a). The injection pressure of 8,000 kPa at the offset well is adequate in this

reservoir type.

A linear relationship was found to exist between STEP and NPV with a correlation

coefticient of 1.00 (Figure 5.36b).
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Figure 5.35a: Effect of CSS startup time on NPV and STEP in Peace River-type reservoir
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Figure 5.36a: Effect of steam injection pressure at the offset well on NPV and STEP in
Peace River-type reservoir
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Figure 5.36b: Correlation of NPV and STEP

5.5.3.4 Reservoir thickness

The simulations were conducted to evaluate the effect of reservoir thickness on the Fast-
SAGD performance. As the thickness is increased, CSOR decreases and both CDOR and
RF increase. At least the pay thickness should be thicker than 25 m for an economical

Fast-SAGD operation: NPV is higher than 5.8 M$ (Figure 5.37a).

A linear relationship was found to exist between STEP and NPV with a correlation

coefficient of 0.99 (Figure 5.37b).
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Figure 5.37b: Correlation of NPV and STEP
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5.5.3.5 Best operating conditions

Simulation results for a Peace River-type reservoir, which is moderately thick with low
permeability, give the following optimal operating conditions: offset well spacing of 40
m, CSS startup time of 1.5 years, and steam injection pressure of 8,000 kPa at the offset

well.

A linear relationship was found to exist between STEP and NPV with a correlation

coefficient in excess of 0.83 for most of the cases.

5.5.4 STEP as an economic indicator for Fast-SAGD

STEP has already been validated to use as an economic indicator for evaluating SAGD
performance. In this section, STEP was used for evaluating the Fast-SAGD process.
STEP always has the highest value when the case is best. A linear relationship was found
to exist between STEP and NPV, with a correlation coefficient in excess of 0.89 for most

of the individual cases (Table 5.13), and 0.95 overall for all the cases (Figure 5.38).

Table 5.13; Correlation coefficients between NPV and STEP

Correlation coefficient (R?)

Best case
AB CL PR
Offset well location 0.89 0.99 0.98
CSS startup time at the offset well 0.97 0.99 0.79
Steam injection pressure at the offset well 1.00 0.98 1.00
Reservoir thickness 1.00 1.00 0.99

Comparing the best cases for three typical reservoirs, there is a good linear relationship
between STEP and NPV with a correlation coefficient of 1.00 (Figure 5.39). As STEP
values of three best cases are higher than 1, it may be said that Fast-SAGD process is

economical for all three typical cases.
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6 EXPERIMENTAL STUDIES
6.1 Experimental Apparatus using the Automated Process Control System

The high temperature and high pressure SAGD experiments were operated using the
process control software, Emerson’s DeltaV automation system (Emerson.,, 2004). The
DeltaV /O cards are connected to the experimental panel for control and monitoring. The
thermocouple panel, which monitors the model conditions, is connected to the DeltaV
system via Foundation Fieldbus. The DeltaV controller and the ProfessionalPlus
(Engineering) station communicate via redundant ethernet (Figure 6.1). Control system

configuration and data archiving are done at the ProfessionalPlus station.

This new automated process control system controls various parameters such as
temperature, pressure, and flow rate, all at the same time. With this advanced system,
steam quality, and water and oil production can be analyzed. For safety reasons, the
control system is programmed to shut down automatically if any operating condition

exceeds the design range.

Delta V Professiona Delta V Controller
Plus Station and IYO Cards

AT T T
C

[ o —

Lo il
i i \ } P

[ ! !; [T

Thermocouple
modules

Analog and Digital 110
Fieldbus H1 Network

Figure 6.1: Delta V Process Control Architecture
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There are five main interfaces in a SAGD experiment with the DeltaV control system as
shown in Figure 6.2. The panels and the schematic of the experimental apparatus are
shown in Figure 6.3 and Figure 6.4. The SAGD experimental procedures can be
summarized with the following steps:

e the pump feeds demineralized water to the electric heat exchanger

¢ the electric heat exchanger generates the required steam for each experiment

e the steam is injected into the SAGD model through the steam distribution lines

e the produced hot oil and water from the SAGD model pass though a cooler

e the cooled production is measured and collected in production sample cylinders

High pressure and high temperature model experiments are difficult to perform as many
variables such as steam quality, injection rate and pressure need to be controlled
continuously and in a real time. An advanced automated process control system has been
commissioned to overcome operating complexities in steam injection and production
wells for the SAGD process. The automated system will continuously control the most
critical operational parameters during the experiment, which are pressure, temperature,
and flow rate. The system also includes advanced control functions, which allow steam

quality, and water and oil production rates to be analyzed and optimized.

Steam Steam Production Production
Generator Distribution Cooling Recovery
SAGD
Model

Figure 6.2: SAGD Experiment Interfaces
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Figure 6.3: Panels of the experimental apparatus (designed and manufactured by Spartan
Controls Ltd., Edmonton, Canada)
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Figure 6.4: Schematic diagram of the experimental apparatus
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6.1.1 Steam quality measurement

To develop the steam quality measurement system, the heater drive (UY 101, heater net
energy for flashing water, as a percent) is increased, from a low value which is not
enough to generate steam to a high value which is enough to generate superheated steam,
at a rate of 1 % per 10 minutes. There are a total of five locations for measuring the water
or steam temperatures including three locations inside the heater (Figure 6.5). An
electronic heating element is installed inside the tubing and submerged into the fluid

inside the tubing, which gives an efficient heating system.

ImTTTTTToTToToTToToToomoTomoomes PT201
i l . Steam
© OUT
I o U0l oo
: Soft sensor @ --------------opoocoooeoooooooooo b
i TE201 | |
E ¥ P
5 UIC101 TEIS3 v
i Steam quality i E
| ! TE152 | !
; ‘ TE151----¢
g UY101 E
' Heater drive '
! TE101 5
: Feeding water FY 100
i IN 4
5 | FIC100
FI100 Water flow

Figure 6.5: Schematic diagram of the steam quality measurement system
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TE101 measures the feed water temperature and TE201, which measures directly the
fluid temperature inside the tubing, gives the steam temperature leaving the heater. If the
heater drive is increased, temperatures at the four locations above TE101 increase until
steam is generated at TE201. Once steam starts being generated from the heater, this
point represents 0 % steam quality, and the temperature at TE201 has reached a constant
value. The temperatures at TE153 and TE152 will reach this constant value, one after the
other, as shown in Figure 6.6. Finally, the temperature at TE201 will start increasing
again when the steam is superheated. This point is the 100 % steam quality stage and at
this moment TE151 still has not reached the constant steam temperature value. This
feature can be used to calculate the steam quality, because there is a linear increasing
trend of temperature at TE151 throughout the steam generating process, from 0 to 100%

steam quality.

mfsistamp _ ]

Figure 6.6: Main parameter trends of the steam quality measurement system
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As the two steam quality points of O and 100 % depend on the temperature, pressure and
flow rate which all vary during the experiment, it is impossible to measure the steam
quality directly. Another complexity is the possibility for the water in the heater to be in
the two-phase region. Thus, it is difficult to predict the parameters using
thermodynamics. A neural network in the DeltaV system (DeltaV, 2004) makes it
possible to calculate the steam quality by using experimental runs to learn the behavior of
the important monitored parameters at different steam qualities. The neural network uses
a multivariable correlation function resulting from temperature (TE151), flow rate
(FT100), steam pressure (PT201), and heater drive (UY101) to calculate the steam
quality ranging between 0 and 100 %. To apply this system to various flow rates and
injection pressures, it is necessary to generate several data sets of TE151, FT100, PT201
and UY101 from O to 100 % steam quality. Some external manipulation of the data had
to be done to find the 0 and 100 % points based on the TE201 trend.

The flow rate controller (FIC100), using a proportional-integral-derivative (PID) function
block, is a continuous controller which gives a rapid response and exhibits no offset
(Murrill, 1981). It controls the feed water rate as close as possible to a set point value by

adjusting the FV100 valve position.
However, the steam quality measurement system can only predict the steam quality
leaving the heater. Therefore, the steam injection line has to be insulated perfectly and the

heater has to be located close to the experimental model so that heat losses from the

steam to be injected can be minimized.
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6.1.2 Steam distribution line

This kind of steam distribution system is needed for a multi-injection well operation. In
the case of a Fast-SAGD operation, steam needs to be injected into both a SAGD
injection well and an offset well. The flow ratio controller (FIC202-3) controls the
proportion of steam injection into two wells by using PID function blocks (Figure 6.7).
Once the set point for the flow ratio between two injection lines is entered, FIC202-3 tries
to keep controlling the flow ratio as close as possible to a set point value by adjusting the

valve position of PV201A and PV201B.

T1202 ---------- TE202
PI202 ---------- PT202
: Steam by-pass
5 Steam XV205
v
FI202 2-D Model
H PV201A
FIC202-3 ? Injection well
Flow ratio !
controller ',’ 7 | | Cooler 1
Y Production well —
: PV201B
FI203
A
' Offset well —
' V400 Cooler 2
TI203 ---o----- TE203 *
PI203 --------- PT203 &‘

XV206 Steam by-pass

Figure 6.7: Schematic diagram of the steam distribution system
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6.1.3 Production cooling system

The temperature of the production fluid OUT (TE301) is controlled by the controller
TIC301, a PID with feed forward control function block, adjusting the valve position of
TV301. TIC301 will open the cooling water valve (TV301) widely if the production fluid
OUT (TE301) is higher than the set point temperature, and then will partially close the
valve if the TE301 is lower than the set point temperature (Figure 6.8). The feed forward
aspect of the controller allows the temperature controller (typically slow acting) to
respond faster. Here, the cooler inlet stream temperature TE300 allows the controller to
act earlier on a disturbance in the production feed temperature. This greatly facilitates
obtaining better control performance and more stable temperature control, which is

crucial for the steam-to-oil ratio measurement.

Production fluid

A 4

Cooling water
|m——mmmm—m— = IN

TIC 301
Cooling water

FIC301
I mmmmmmmm—mea Water-cut

A

Cooling water <

OuUT TV301

FI301, P1301
DI301, TI301A

TE302

v

AN
Production fluid
OUT FT301

Figure 6.8: Schematic diagram of the production cooling system
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The density difference of the two fluids (water and heavy oil) is dependent on the
temperature of the produced fluids because the densities of these fluids vary with
temperature (Figure 6.9). For heavy oil with a 15° API gravity, a temperature range of 60
to 100 °C gives the maximum density difference. In the validation experiment (described
in chapter 6.2), the production cooling system controls the temperature of the produced

fluids at 60 °C in order to achieve a significant difference in density between water and

heavy oil.
1100
E
()]
=3
2>
@ .. Oi-API8
[«}] A
o Oil-API 10
800 - o e \OiI-APHS
Water
700 ; ‘ ‘

0 50 100 150 200 250 300 350

Temperature (°C)

Figure 6.9: Density curves of water and oils versus temperature

Experiments have been conducted to tune and validate this production cooling system.
Figure 6.10 shows the results of one of the experiments. The temperature of the
production fluid IN (TE300) is 234 °C and the temperature of the cooling water IN
(TE303) is 16 °C. As a result, the production fluid OUT temperature (TE301) and cooling
water OUT (TE302) both show 60 °C. TE301 temperature has a very constant value

around the set point temperature (Figure 6.10).
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Figure 6.10: Main parameter trends of the production cooling system

202

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



6.1.4 Oil-cut determination

As the water and oil densities are known at the controlled temperature, the oil-cut can be
determined by measuring the combined density of the produced fluids (water + heavy oil)

with a coriolis flow meter, FT301 (Figure 6.8).

The coriolis flow meter (FT301) gives information on temperature (TI301A), flow rate
and density of the fluid. Maximum density difference of the production fluids is achieved
as they have already passed through the production cooling system. Calculation

procedures for the oil-cut determination are summarized in Figure 6.11.

Density
of water and oil at TI301A temperature

[

Volume fraction
of water and oil at TI301A temperature

[

Volumetric flow rate
of water-oil mixture at TI301A temperature

]

Volume
of water and oil at TI301A temperature

1

Volume
of water and oil at 15°C

I

Oil-cut Determination

Figure 6.11: Flow chart for oil-cut determination using a coriolis flow meter

203

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



6.1.5 Production pressure control system

As gravity drainage is the main recovery mechanism in the SAGD process, the pressure
difference between the injection and the production wells has to be kept small in order
not to produce live steam. Steam trap control is used to prevent a production well from
producing live steam, which is a very important concept for a successful SAGD
operation. It is therefore very important to control the production cylinder pressure
because this pressure is used as the production well pressure in this facility. The
production fluids temperature and pressure need to be known accurately to properly use

the steam trap control.

In applying the steam trap control to this experimental facility, the production pressure
will be kept 10 kPa lower than the injection pressure. A PID block, PIC350 (Figure 6.12),
will control the production pressure (PT350) by opening and closing two shut-down

valves, XV350A and XV350B so that it remains close to the set point pressure.

Experiments have been conducted to tune and validate this production pressure control
system. Figure 6.13 shows one of the experimental results. The production pressure was
set at 3,100 kPa, which is a typical reservoir pressure for the Cold Lake heavy oil
reservoirs. This loop was tuned using the proportional and integral tuning constants of the
PID controller and a manual needle valve at the pressure vent. The results show that a

PID block at PIC350 controls this production pressure very well (Figure 6.13).
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Figure 6.12: Schematic diagram of the production pressure control system
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Figure 6.13: Main parameter trends of the production pressure control system

206

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



6.2 Validation Experiment for Oil-cut Determination

6.2.1 Cylindrical model experiment

An experiment was conducted using a simple model to validate the oil-cut determination
system. As this experiment was designed for oil-cut determination, the conception of an
experimental model is not as critical. A cylindrical model, 60 cm in length and 7.6 cm in
diameter, was packed with glass beads, 2.8 mm in diameter. The calculated porosity is
about 33%, and the expected permeability calculated from the Kozeny-Carman equation
(Plitt, 2004) is 4,000 Darcy. The model was saturated with Lloydminster oil having a
viscosity of 10,000 cp and a density of 963.6 kg/m’ at 15°C. The initial oil saturation of
the sand pack was 0.98. The experimental apparatus for this model is shown in Figures

6.14 and 6.15.

A thermocouple is installed 10 cm above the injection port inside the model to measure
the steam temperature. Steam is injected through the injection well which is located 10
cm above the bottom of the cylinder. Fluids are produced from the production port at the

center of the base of the cylindrical model (Figure 6.14).

The cylindrical model, steam injection and production lines are wrapped with a wrap
tracer (fiber glass tape) for insulation. All the injection and production lines used in the

experiment are stainless steel tubing having a diameter of 6.35 mm.

Demineralized water was injected with a pump, and the injection rate was set at 3 kg/hr
during the experiment. The steam by-passes the model before it is injected into the
model. The heater generated superheated steam at 270 °C at the heater outlet, and the
steam temperature dropped to around 230 °C inside the model. The steam injection
pressure was between 3,100 and 3,400 kPa, depending on the steam temperature and

quality. The production pressure at the production cylinder was set at 3,100 kPa.
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Figure 6.14: Schematic diagram of the cylindrical model experimental apparatus
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6.2.2 Experimental results for oil-cut determination

The trends of several parameters of the experiment to determine oil-cut during a four-
hour run are shown in Figures 6.16, 6.17 and 6.18. The steam injection rate varied
between 2.5 and 3.5 kg/hr, but was kept close to 3 kg/hr which is the set point (Figure
6.16).

The steam quality changed from 30 to 100 %; however, it was kept as close as possible to
100 % quality (Figure 6.17). The oil-cut fraction shows a range of 0 to 0.33, and the
cumulative oil production reached 900 cm’ after three hours of operation (Figure 6.18).
As the coriolis flow meter gives a systematic error during this experiment, an oil-cut
fraction value of 0.14, which is the reading during the steam by-pass period, was
subtracted from initial data as correction. With this correction, the total oil production

from the cylindrical model matches the amount of oil in the model.

This experiment was designed for investigating a steam injection process. The oil-cut
trend seems to be related to the steam quality: higher steam quality results in higher oil-

cuts (Figure 6.17).
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Figure 6.16: Steam injection rate trend
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Figure 6.18. Oil-cut and cumulative oil production trends
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6.3 High Pressure and High Temperature Scaled Physical Model Experiments

6.3.1 Scaling Parameters

A two-dimensional scaled model can not represent a field reservoir prototype because
there are no perfect scaling methods. The heat loss aspect is different; only over- and
under-burden heat loss in the field, but heat loss to the over- and under-burden and the
sides of the scaled model. The main objective of these experiments is to compare the
SAGD and Fast-SAGD processes, therefore this semi-scaled model would be a valuable

tool. Numerical simulation results of a prototype were used for scaling the model.

The scaled model has been designed according to the Pujol and Boberg criteria (1972),
which are suitable for steam processes, especially if gravitational effects are dominant. In
this scaling procedure, the same fluids and different porous media will be used in the

laboratory as compared to the field.

As the numerical simulations showed that the Fast-SAGD process resulted in enhanced
performance compared to the SAGD process in Cold-Lake-type reservoirs, a
permeability of 1.25 Darcy was chosen for the prototype. Key scaling parameters are

shown in Table 6.1.

Table 6.1: Scaling parameters for Prototype and Model (scaling factor: 150)

Scaling parameters Prototype Model
Reservoir thickness 34 m 22.7cm
Horizontal well length 7.5m 5cm
Reservoir width 131 m 87.4 cm
Permeability 1.25 Darcy 187 Darcy
Injection rate (SAGD injection well) 6.5 m’/d 33 ¢cm’/min
Injector/Producer spacing 8 m 5.3 cm
Time lyr 0.38 hr
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The scaling factor, geometry ratio (R), is the basic parameter used in designing the scaled
model,
R = (prototype reservoir thickness/model reservoir thickness)
= H/Hy,
=34 m/22.7 cm
=150
Permeability in model will be increased by “R”:
Kn=R*K,
= 150 * 1.25 Darcy = 187 Darcy
Time in the model will be decreased by “R*”, therefore 1 yr in the prototype will be:
tm = (I/R%) * ¢,
= (1/150%) * 1 yr = 0.38 hr in the model.

The injection rate will be decreased by “R”: therefore 6 m’/d in the prototype will be:

Jm = (I/R) * dp
= (1/150) * 6.5 m*/d = 33 cm*/min

6.3.2 Two-Dimensional Scaled Model Design

Based on the above scaling parameters, two-dimensional scaled models were designed
(Figures 6.19 and 6.20). The size of these models is 87.4 cm x 22.7 cm x 5 cm (width x
height x thickness). The spacing between injection and production wells is 5.3 cm, and
the production well is located 2.7 cm above the bottom of the model. For a SAGD model,
well pairs are located at the center line of the model, 43.7 cm away from both ends. For a
Fast-SAGD model, the SAGD well pairs are located 27 cm away from one end and an
offset well is located 27 cm away from the other end. The distance between the SAGD
well pairs and the offset well is 33.4 cm. A drain port is located at the very bottom of the
side wall, and two ports are on the top lid for saturating the model. Two O-ring grooves

are located at the top of the model for providing a good seal (Figure D.2).
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A total of forty thermocouple points, five J-type multi thermocouple strings with 8 points

in each string (3.175 mm in OD), are installed inside the model to monitor the steam

chamber shape and its propagation (Figures 6.19 and 6.20).

The distance between

thermocouple strings is 4.4 cm and the distance between thermocouple points is 11 cm.
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Figure 6.19: Well positions in the SAGD model.
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Figure 6.20: Well positions in the Fast-SAGD model.
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The well radius will not be scaled for these two-dimensional physical models, as it is not
a serious problem in a two-dimensional model. Also, the calculated well radius (3 cm for
the model versus 11 cm for the prototype) is too large to use in such a small-scaled model.
Small stainless tubing (6.35 mm OD and 3.175 mm ID) is used for injection and

production wells.

The injection and production wells were designed with holes small enough for preventing
the glass beads’ outflow into the wells (Figure 6.21). For a glass beads size of 0.6 to 0.8
mm (20 to 30 mesh), holes having 0.4 mm diameter were selected. The injection well has
a total of 24 holes (6 holes in each pattern with 4 patterns, 1 cm pattern spacing), and the
production well has 30 holes (6 holes in each pattern with 5 patterns, 1 cm pattern
spacing). To help prevent live steam entering a production well, patterns are located

alternatively between injection well and production well as shown in Figure 6.21.
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o | | |
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1—->,<—>| 0.4 mm holes

A 4

b) Production and offset wells

Figure 6.21: Schematic diagram of injection and production wells
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The pressure vessel, which contains the scaled model described earlier, is designed with
seamless carbon steel pipe (SA 106) for high pressure and high temperature operation
conditions up to 8,200 kPa at 204 °C. The dimensions of the pressure vessel are: an
outside diameter of 45.7 cm, an inside diameter of 43.2 cm and a length of 109 cm
(Figure 6.22). There are five ports at the one end of the vessel for connecting the five
strings of multi-thermocouples, and five pairs of ports on both sides of the vessel walls
for the injection and production wells. There are five ports at the top of the vessel for the
nitrogen gas blanket system; two are for pressure relief valves, one for a pressure gauge,
another for nitrogen gas inlet, and the other for the pressure transmitter (PT250). The
support of the pressure vessel is designed so that the vessel could be used at various

inclinations, from horizontal to vertical.
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Figure 6.22: Pressure vessel (manufactured by ECO Technica, Edmonton, Canada) and
nitrogen gas blanket system
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6.3.3 Preparation of the Experiments

After installing wells and thermocouples, the scaled model is packed with glass beads,
-20 to +30 mesh, to obtain the target design permeability for the experiments. To
minimize the effect of the thermocouple strings and wells, the packing process is carried
on slowly (see Appendix D for details). The calculated porosity is about 33 % for both
the SAGD and Fast-SAGD models. The expected permeability is around 170 Darcy. In
fact, it is difficult to measure exactly the permeability of a rectangular model. In this
study, two indirect methods for calculating and measuring the permeability of a model
were considered: calculation from the Kozeny-Carman equation and measurement with a
cylindrical model. The equation gives a range of permeabilities between 180 and 340
Darcy depending on the average grain size 0.6 to 0.8 mm, but the measured permeability

from a cylindrical model, 30.5 cm in length and 3.8 cm in diameter, gave 170 Darcy.

The model is saturated with Lloydminster oil having a viscosity of 10,000 cp and a
density of 963.6 kg/m’ at 15°C. During the saturation procedure, the heavy oil is heated
up to 50 °C with a banding heater to increase its mobility. The initial oil saturation is
about 0.95. The total oil volume in a model is about 3,100 cm3, but the expected
recoverable oil from these models is about 2,740 cm® because the oil located below the
production well cannot be produced during the conventional SAGD process, in which the

gravity is the main recovery mechanism.

The saturated models are insulated with a mineral fibre board of 2.5 cm thickness except
for the bottom exposure (Figure 6.23). All the steam injection and fluid production lines,
made of stainless steel tubing having a diameter 6.35 mm, are wrapped with a wrap tracer

for insulation.
The scaled model is then installed inside the pressure vessel, and connected to the
thermocouple panel (TC panel), which communicates with the DeltaV controller. Finally,

the nitrogen gas blanket system is connected to the pressure vessel for applying

overburden pressure (Figure 6.24).
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Figure 6.23: Model insulated with a mineral fibre board

DeltaV¥
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Figure 6.24 shows SAGD experiment panel
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6.3.4 Experimental procedures

The SAGD experiments are operated with two programmed Sequential Function Charts:
a startup sequence and a shutdown sequence, as shown in Figures 6.25 and 6.26. The
startup sequence has two options, one for the SAGD operation and the other for the Fast-
SAGD operation, in which the CSS operation from the offset well is included. The
shutdown sequence, designed for a safe shutdown of the experiments, will be activated
automatically when any operating condition exceeds its range. The reason for the

shutdown will be indicated at the shutdown sequence interface.

Once a scaled model is installed inside the pressure vessel and connected to the injection
and production lines, the first step is to pressurize the model and the pressure vessel.
During this procedure, the pressure is increased from 290 to 1,500 kPa, and the
differential pressure between the inside and the outside of model is kept as small as 25
kPa in order not to cause the model to collapse: the overburden pressure always kept
higher than the injection pressure. Flowing water through the production well by opening
XV203 and XV300 will pressurize the inside of the model. The overburden pressure is
set at around 1,700 kPa by the nitrogen gas blanket system.

Demineralized water is injected with a pump, and the injection rate is set at 2 kg/hr
during the SAGD experiment. The heater generates superheated steam at 265 °C at the
heater outlet, and the steam temperature drops to between 205 and 209 °C inside the
model due to heat losses through steam lines and valves. The pressure of the steam
injected into the model is between 1,740 and 1,790 kPa. The stress due to thermal
expansion of a packed model is not considered. The production pressure at the cylinder is
set at 1,700 kPa, corresponding to the overburden pressure, which can not be controlled
during the experiment. If the production pressure were to change during the experiment,

it would be automatically controlled back to its set value of 1,700 kPa.
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The produced oil and water are collected in a production cylinder of 5-litre capacity after

passing through a cooling system. This cylinder is emptied several times during the

experiment.
SET UP
START PUMP SAGD INJECTION
RAMP HEATER
CSS OPERATION
AT OFFSET WELL
1) INJECTION
UIC* TO AUTO
2) SOAK
3) PRODUCTION
STEAM TO MODEL
F-SAGD Mode
SAGD Mode
SAGD INJECTION
WIND DOWN
CLEANUP

UIC*: Steam Quality Controller

Figure 6.25: Startup Sequence for SAGD experiment operation
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HEATER OFF

VENT STEAM

COOL DOWN

SAFE SHUTDOWN

PUMP OFF

Figure 6.26: Shutdown Sequence for SAGD experiment operation
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6.4 Experimental Results

The type of experiments described in the thesis has never been performed before with
such a complex experimental apparatus using an automated process control system. For
that reason, the nature of the experimental work is exploratory, and involves a great deal
of commissioning effort. Therefore, the results of these experiments have to be
considered as preliminary. They will not provide a definitive answer of their performance
and comparison in the laboratory but will serve for determining the conditions required in

order to perform definitive and predictive experiments.

6.4.1 SAGD experimental results

A SAGD experiment was conducted for four hours after steam injection into the model
was started. The main experimental data are shown in Table F.1. Steam was injected into
the SAGD model 40 minutes after starting the steam generation at the heater. While the
steam being generated was reaching the injection conditions, it by-passed the model (it
took 40 minutes in the case of this experiment). The generated steam temperature
(TE201) was between 254 and 276 °C, and controlled to be kept close to 265 °C; the
generated pressure (PT201) was between 1,800 and 1,900 kPa (Figure 6.27). The
pressure inside the SAGD model is expected to be as low as 1,750 kPa, which is an
average value of PT202 (Figure 6.7) and PI301 (Figure 6.8) because of pressure losses in

the steam injection line.

The steam injection rate (FT100) varied between 1.9 and 2.1 kg/hr, but was kept close to
2 kg/hr which is the set point. As a result, the heater drive (UY101) stayed around a value
of 25 % (Figure 6.28). The production pressure, PT350 (Figure 6.12) varied between
1,620 and 1,750 kPa, and was kept close to 1,700 kPa which is the set point (Figure 6.29).
The production pressure was kept 25 kPa lower than overburden pressure applied by the
nitrogen gas blanket system, which can not be controlled. The PI301 trend is expected to
stay as close as possible to the overburden pressure, and the steam injection pressure is

between PT202 (Figure 6.7) and PI301 (Figure 6.8), but closer to PI301.
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Figure 6.27: Steam temperature and pressure trends (SAGD experiment)
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Figure 6.28: Steam injection rate and heater drive trends (SAGD experiment)
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Figure 6.29: Injection and production pressure trends (SAGD experiment)

The temperature of the production fluids IN (TE300) during the SAGD operation was
around 80°C, and the temperature of the cooling water IN (TE303) was 16 °C. As a result,
the production fluid OUT (TE301) was kept around 55 °C, in the range of 45 to 60 °C.
The cooling water OUT (TE302) showed a value between 20 to 45 °C (Figure 6.30). The

TE301 temperature had a very constant value around the set point temperature of 60 °C.

A thermocouple was installed between the scaled model wall and the insulation board
just below the injection well for investigating the temperature trend on the surface of the
model. The model skin temperature (T-skin) increased from 20 °C to 70 °C during the
experiment (Figure 6.31). Considering the steam temperature of 265 °C at the heater
(TE201) and the expected steam temperature of 210 °C inside the scaled model, the
model skin temperature seems to be quite low. Therefore, it is expected that the heat
transfer from the injected steam line to the model wall is small. Furthermore, the heat
transfer from the model wall to the inside of model should be even smaller as the

thermocouple data showed low temperatures in the areas away from the injection well.
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Figure 6.30: Main temperature trends of the production cooling system (SAGD

experiment)
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Figure 6.31: Temperature trends of the steam and the model wall (SAGD experiment)
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The oil-cut trend, as determined with a coriolis flow meter, is shown in Figure 6.32. The
average oil-cut is 0.17, with a maximum value of 0.24. The oil-cut value increased in the
early stages of the SAGD operation and then dropped until the operating time had
reached 100 minutes. After this point, the oil-cut increased again slightly until the
operating time of 200 minutes, and then decreased again for the remaining portion of
experiment. Although the oil-cut trend was mainly related to the SAGD process
mechanism itself, it also seemed to be affected by the steam temperature (or steam

quality): a higher steam temperature resulted in higher oil-cuts (Figure 6.32).
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Figure 6.32: Steam temperature and oil-cut trends (SAGD experiment)

Cumulative oil production was 1,503 cm’ (including 130 cm’ for the 15 minutes wind-
down period), which is close to the 1,530 cm® of oil collected from the production
cylinder. This represented a cumulative steam-oil ratio (CSOR) of 5.99 after four hours
of operation (Figure 6.33). The lowest CSOR was 5.43 at the operating time of 75
minutes. The final recovery factor was 0.55. During the SAGD process, 8,210 cm® of

steam were injected and 8,370 cm® of a mixture of oil and water were produced. A quite
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large pressure difference between injection and production wells was suspected and may
have resulted in additional production. There could be an error in calculating the injected

steam quantity by taking an average flow rate every 5 minutes.
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Figure 6.33: Cumulative oil production and CSOR trends (SAGD experiment)

Thirty-seven thermocouples data points out of forty (three were broken) collected the
temperatures inside the model. They were analyzed using a contour software (Surfer) to
investigate the steam chamber propagation during the SAGD process (Table F.3).
Initially, the steam chamber grew in a vertical direction, and then started to propagate
laterally (Figure 6.34). This was the typical trend expected from a SAGD operation. Due
to the loss of a thermocouple point at the position TC2-6, the steam chamber did not

show exact symmetry (Figure 6.34).
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Figure 6.34: Steam chamber profiles for SAGD experiment
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6.4.2 Fast-SAGD experimental results

A Fast-SAGD experiment was conducted for three hours after steam injection into the
model. The main experimental data are shown in Table F.2. Steam was injected into the
SAGD model 45 minutes after starting steam generation at the heater. The generated
steam temperature (TE201) was between 210 and 255 °C, and depended on the steam
flow rate and pressure. As shown in Figure 6.35, the steam temperature after starting the
CSS operation from the offset well did not reach as high a degree of superheat as that of
the SAGD experiment because the flow rates were increased suddenly from 2 to 6 kg/hr
to meet the CSS operating requirements. The same heater was used for generating the
entire amount of steam required for both wells. A sudden increase of its throughput
associated with a simultaneous splitting of the flow into the SAGD injector (about 2
kg/hr) and the offset well (about 4 kg/hr) caused the steam quality to decrease. This
caused the steam chamber to collapse and affected the overall performance of the Fast-

SAGD operation negatively.

The generated pressure (PT201) was between 1,750 and 2,090 kPa (Figure 6.35). The
pressure inside the Fast-SAGD model was expected to be as low as 1,750 kPa, which is
an average value of PT202 (Figure 6.7) and PI301 (Figure 6.8) because of pressure losses

in the steam injection line.

The steam injection rate (FT100) varied between 1.9 and 6.9 kg/hr, but was kept close to
2 and 6 kg/hr, which are the set points for the SAGD and Fast-SAGD operating periods,
respectively. The steam injection rate was increased from 2 to 6 kg/hr after the CSS
operation at the offset well. The heater drive (UY101) changed between 25 and 40 %
depending on the steam flow rate; if the flow rate was increased, the heater drive would
increase, with a time delay, to keep the steam temperature as close as possible to the set

point value (Figure 6.36).
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Figure 6.35: Steam temperature and pressure trends (Fast-SAGD experiment)
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Figure 6.36: Steam injection rate and heater drive trends (Fast-SAGD experiment)
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Initially, two cycles of the CSS operation were planned. After monitoring the steam
chamber and its collapse during the first two cycles, one more cycle was operated to re-
establish the steam chamber. Three cycles of cyclic steam injection were conducted
during the Fast-SAGD experiment: the first CSS cycle started at the 45 minutes after
steam injection into the model and lasted 20 minutes (12 minutes of injection, 1 minute of
soak, and 7 minutes of production), the second CSS cycle started at the operating time of
60 minutes and lasted 60 minutes (30 minutes of injection, 2 minutes of soak, and 28
minutes of production), and the third CSS cycle started at the operating time of 120

minutes until the end of experiment (25 minutes of injection, 7 minutes of soak).

The production pressure (PT350) varied between 1,600 and 1,740 kPa, and was kept
close to 1,700 kPa, which is the set point (Figure 6.37). The production pressure was kept
25 kPa lower than the overburden pressure applied by the nitrogen gas blanket system,
which can not be controlled. The PI301 trend was expected to stay as close as possible to

the overburden pressure, and the steam injection pressure is between PT201 and PI301,

but closer to PI301.
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Figure 6.37: Injection and production pressure trends (Fast-SAGD experiment)
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The temperature of the production fluids IN (TE300) during the SAGD operating period
varied between 65 to 110 °C, and the temperature of the cooling water IN (TE303) was
22 °C. As a result, the production fluid OUT (TE301) was kept around 55 °C, in the
range of 45 to 60 °C. The cooling water OUT (TE302) showed a value between 25 to 55
°C (Figure 6.38). The TE301 temperature had a very constant value around the set point

temperature of 60°C.

In this experiment and in order to investigate the heat loss, a thermocouple was installed
in the annulus filled with nitrogen gas, on top of the insulation of the scaled model. The
annulus temperature (T-annu) increased from 20 °C to 50 °C during the experiment
(Figure 6.39). Considering the high steam temperature of between 210 and 255 °C at the
heater (TE201) and the expected average steam temperature of 205 °C inside the scaled
model, the annulus temperature is low. This is due to the fact that the insulation board has
a high thermal efficiency of 93 % and the nitrogen gas has a thermal conductivity as low

as 0.02828 W/m-K at 2MPa (Stephan et al., 1987).
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Figure 6.38: Main temperature trends of the production cooling system (Fast-SAGD

experiment)
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Figure 6.39: Temperature trends of the steam and the annulus (Fast-SAGD experiment)

After the first CSS cycle, the offset well production line became obstructed after exiting
the model. Therefore, the oil-cut analysis was done only for the SAGD production well

(UY301).

The oil-cut trend (UY301), as determined with a coriolis flow meter, is shown in Figure
6.40. The average oil-cut is 0.14 with a maximum value of 0.54. The oil-cut value
increased in the early stages and then dropped until the operating time reached 100
minutes, which was the time when the first CSS operation was started at the offset well.
After this point, the oil-cut varied according to the cyclic operation. The oil-cut value
reached a maximum value during the second CSS period. After the third CSS operation,
the oil-cut values dropped for the remaining portion of the experiment. During the SAGD
operating period (45 to 90 minutes), although the oil-cut trend was mainly related to the
SAGD process mechanism itself, it also seemed to be affected by the steam temperature
(or steam quality): a higher steam temperature resulted in higher oil-cuts (Figure 6.40).
However, for the Fast-SAGD period (90 to 230 minutes) the oil-cut seemed to be mainly
related to the CSS operation at the offset well.
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Figure 6.40: Steam temperature and oil-cut trends (Fast-SAGD experiment)

Cumulative oil production was 1,540 cm® (including 30 cm® for the 20 minutes wind-
down period) and the cumulative steam-oil ratio (CSOR) was 8.76 after three hours of
operation (Figure 6.41). The lowest CSOR was 4.87 at the operating time of 75 minutes,
while operating in SAGD mode and before the steam chamber collapsed. The final
recovery factor was 0.56. During the Fast-SAGD process, 13,390 cm’® of steam were
injected and 13,670 cm® of mixture of oil and water was produced. A quite large pressure
difference between the injection and production wells, as well as the CSS operation at the
offset well may have resulted in additional production. There would be an error in

calculating the injected steam quantity by taking an average flow rate every 5 minutes.
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Figure 6.41: Cumulative oil production and CSOR trends (Fast-SAGD experiment)

The steam chamber profiles (Figure 6.45) during the Fast-SAGD process were larger than
those of the SAGD process due to the CSS operation at the offset well. The CSS
operation during the Fast-SAGD process helped the steam chamber expand laterally. The
steam chamber could not propagate to the left side of the offset well: there was no
production from the offset well due to a blockage in the production line outside of the
model. Therefore, one would expect to have more oil produced from the SAGD well due
to the steam drive effect. Figure 6.42 shows the steam chamber collapse at the SAGD
well pair, just after CSS operation at the offset well, because the heater could not provide

enough energy to deal with the increased injection rate in a short time.
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Figure 6.42: Steam chamber profiles during the CSS periods for Fast-SAGD experiment
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6.4.3 Comparison of SAGD and Fast-SAGD experiments

These preliminary experiments were conducted to assess the capability of the facility for
high temperature and high pressure steam injection processes with an automated process
control system. It is valuable to compare the experimental results for understanding these

Processes.

The two experiments were compared with respect to thermal efficiency and productivity.
The overall cumulative oil production was larger in the Fast-SAGD case (Figure 6.43),
but the end-point CSOR was lower in the SAGD case (Figure 6.44). At 60 minutes after
starting steam injection, when SAGD and Fast-SAGD have the same CSOR value of 5.53,
Fast-SAGD gave higher cumulative oil production by 6 % (376 versus 355 cm®). The
SAGD experiment produced 1,370 cm® of oil with a CSOR of 5.99 (excluding wind-
down) in 245 minutes and the Fast-SAGD experiment produced the same amount of oil
in 165 minutes with a CSOR of 8.44. In these experiments, the Fast-SAGD process
produced the same amount of oil in a much shorter time (165 versus 245 minutes) with a
higher CSOR. In all these cases, the CSOR has been calculated with the assumption that

100 % quality steam was injected at all times into the model.
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Figure 6.43: Comparison of cumulative oil production trends for SAGD and Fast-SAGD
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Figure 6.44: Comparison of cumulative steam-oil ratio trends for SAGD and Fast-SAGD

Both experiments were not optimized with respect to the amount of injected steam, and
duration of the injection. Therefore, the results given above should only be looked at

qualitatively, and not quantitatively.

Figure 6.45 shows the steam chamber shapes at the same time for both experiments. The
steam chambers of the Fast-SAGD experiment are larger than the ones of the SAGD
experiment. The heater was not working for a while during the SAGD period of the Fast-
SAGD experiment, so the Fast-SAGD case shows a lower temperature profile in the
steam chamber (Figure 6.45 B-a). During the first two CSS operations at the offset well,
the steam chamber collapsed because the heater could not generate the proper amount
and quality of steam in a short time due to the sudden increase of the flow rate from 2 to

6 kg/hr for the offset well operation.
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Figure 6.45: Comparison of steam chamber profiles for SAGD and Fast-SAGD

experiments
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6.5 Comparison of Experimental and Numerical Results

Numerical simulation results of the scaled physical models for SAGD and Fast-SAGD
are compared with the experimental results. Even though superheated steam was
generated from the heater in the experiments, the steam quality inside the model may be
less than 100 %. For the SAGD case, the injected steam temperature inside model was
between 202 and 209 °C and the pressure was expected as 1,750 kPa. The saturated steam
temperature at this pressure is 206 °C. Then, steam quality could vary from 0 % to 100 %.
In the experiments, steam quality varies depending on the injected steam temperature. An
average steam quality for the SAGD and Fast-SAGD experiments can be predicted based
on history matching. Even though this predicted value might not be the exact value, it is
valuable to compare the average steam qualities of the SAGD and Fast-SAGD

experiments.

Beside steam quality, the relative permeability would be a critical factor for a laboratory
scale numerical simulation because different porous media and fluid properties were used

in the experiment and the simulation.

Two-dimensional numerical simulations were performed with CMG’s STARS based on
the experimental geometry and parameters. The numerical grid size for the scaled model
is 0.67 cm in the i and k directions, respectively, and 5 cm along the horizontal well (j

direction). The total grid number is 131 x 1 x 34 (1, j, k).

6.5.1 SAGD case

A sensitivity analysis was conducted to investigate the effect of steam quality on the
SAGD experiment. As the steam quality increases, cumulative oil production increases
and CSOR decreases (Figures 6.46 and 6.47). A steam quality of 0.3 (NUM-SQ 0.3) was
found to be close to the experimental results in the cumulative oil production case, and
also in the CSOR case. As a result, the case of NUM-SQ 0.3 seems to give the best

history match with the experimental results in both cumulative oil production and CSOR.
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These results imply that the steam quality inside the scaled model was around 0.3, and

that this steam quality information will be very valuable for the heat balance calculation.
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Figure 6.46: Steam quality effect on cumulative oil production for SAGD
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Figure 6.47: Steam quality effect on CSOR for SAGD
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There is a difference in the preheating of the reservoir between the experiment and the
numerical simulation. The electric heater option, which means no steam injection during
the preheating period, is used for STARS, and steam passing through the model for the
experiment. Therefore, the CSOR is higher for the experiment at early times as shown in

Figure 6.47.

Two different types of relative permeability curves (Appendix A) were used for history
matching. One is the Athabasca-type (NUM-AB) for a dead oil case and the other is the
Lloydminster-type (NUM-LM) for a live oil case. These simulations considered a steam
quality of 0.3. The simulation results show that the Athabasca-type curves give a better
match with the experimental results for both cumulative oil production (Figure 6.48) and
the CSOR (Figure 6.49). Relative permeability curves which can represent a dead oil
case had to be used for the simulation of the experimental scaled models because the
Lloydminster-type oil, which is a dead oil at laboratory condition, was used for the
experiments, even though this type of oil is a live oil at field conditions. Beside this, as
the oil saturation and permeability of the experimental modes are different from those of
the field, the relative permeability curves had to be selected properly for a laboratory

scale numerical simulation.
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Figure 6.48: Relative permeability effect on cumulative oil production
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Figure 6.49: Relative permeability effect on CSOR

6.5.2 Fast-SAGD case

The Fast-SAGD experiment, unlike the SAGD one, requires a flexible steam injection
system due to the CSS operation at the offset well. There are two important factors that
can affect the Fast-SAGD experimental results; steam quality and injection rate at both

the SAGD injector and the offset well.

As it is difficult to know the flow rate of steam into both injection wells and as the steam
quality changes during the experiment, the history match for the Fast-SAGD experiment
is more complicated than that of the SAGD experiment. Based on the numerical
simulation results of the field scale case, the Fast-SAGD operating parameters for the

experiment have been set-up as shown in Table 6.2.
For the first two cycles of the CSS operation, a steam chamber could not be developed

because the steam quality of the injected steam decreased due to the splitting of the

injected steam into the SAGD and offset wells. Also, the steam injection rate ratio
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between the SAGD injection well and the offset well could not be controlled as desired.
To overcome these shortcomings for the third cycle, the total injection rate was increased

gradually instead of in one time step.

Table 6.2: Operating parameters for Fast-SAGD experiment

Operating parameter Field scale Scaled model
Injection pressure | SAGD well 1,710 kPa
Offset well 4,500 kPa 1,720 kPa
Production pressure (all wells) 1,700 kPa
Injection rate SAGD well 600 m’/d 2 kg/hr
Offset well 1,200 m’/d 4 kg/hr
CSS start-up time 1.5yr 35 min

CSS cycle period

- Injection 9 month 18 min
- Soak 0.5 month 1 min
- Production 2.5 month 5 min

A sensitivity analysis was conducted to investigate the effect of steam quality on the Fast-
SAGD experiment. As the steam quality increases, cumulative oil production increases
and CSOR decreases (Figures 6.50 and 6.51). A steam quality of 0.2 (NUM-SQ 0.2) is
close to the experimental results, both in the cumulative oil production case and the
CSOR case. The cumulative oil production trends show that there is a good match
between NUM-SQ 0.3 and the experimental results during the early times (SAGD mode).
After that period (after starting the Fast-SAGD mode), the experimental results are close
to NUM-SQ 0.2. This could imply that there might be a change in the steam quality after
the start of the CSS operation at the offset well. During the Fast-SAGD experiment, there
was a temperature drop just after starting the CSS operation at the offset well due to the
sudden increase of steam flow rate. Compared to the SAGD case in which a constant
steam injection rate is applied, the Fast-SAGD case proves more difficult to history

match the steam quality due to the change of the steam flow rate.
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Figure 6.50: Steam quality effect on cumulative oil production for Fast-SAGD
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Figure 6.51: Steam quality effect on CSOR for Fast-SAGD
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For a detailed history match of the Fast-SAGD experiment, follow-up simulations were
conducted by changing the steam quality during the Fast-SAGD mode only. Both of the
NUM-SQ 0.3-0.15 (steam quality is changed from 0.3 to 0.15 after starting the CSS) and
NUM-SQ 0.3-0.2 cases are close to the experimental results of the cumulative oil
production (Figures 6.52), but NUM-SQ 0.3-0.15 provides a closer match in the CSOR
case (Figure 6.53). As a result, the case of NUM-SQ 0.3-1.5 seems to give a better

history match with the experimental results in both cumulative oil production and CSOR.

If the same quality of steam were injected into the Fast-SAGD model as in the SAGD
case, the experimental results of the Fast-SAGD case would be improved as shown in
Figures 6.54 and 6.55. For these simulations, it was assumed that the offset wells worked
properly. Simulation results show that the NUM-SQ 0.3F case increases the cumulative
oil production by 70 % (2,600 cm’ versus 1,490 cm®) and decreases the CSOR by 52 %
(4.29 versus 9.01).
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Figure 6.52: Steam quality change effect on cumulative oil production for Fast-SAGD
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Figure 6.53: Steam quality change effect on CSOR for Fast-SAGD
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Figure 6.54: Steam quality effect on cumulative oil production for Fast-SAGD
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Figure 6.55: Steam quality effect on CSOR for Fast-SAGD

6.5.3 Heat balance for the experiments

The history match results using the numerical simulations give good information for
investigating the heat balance through the experiments. The overall heat balance was
calculated with a simple equation, Qg = Qac + Qpa + Qis, based on the flow rate,
temperature and steam quality of both the injected steam and produced fluids (Appendix

F).

Qgn, the heat generated at the heater, is calculated using the steam temperature (TE201),

steam pressure (PT201), and steam injection rate (FI100).

Qp4, the heat produced from the model, is calculated using the flow rate (FT301) and
temperature (TE301) of the production fluid.

248

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Q.c, the heat accumulated in the model, is calculated using the temperature profile of

thermocouple data (Table F.3) and saturation profile inside model.

Qs is the heat loss through steam injection (Qis.in), production lines (Qis-pa), stainless steel
model (Qjs.md), and annulus between model and pressure vessel (Qjs.an)- Qis-in 1S calculated
from the following relationship, Qis.in= Qgn — Qmd. Qis-pa 18 calculated from the following
relationship, Qis-pda = Qmd - Qis-ms - Qis-an - Qpa. Due to the limitation of thermocouple
availability, Qs.ms is calculated for the SAGD experiment and Qs.an is calculated for the

Fast-SAGD experiment.

Qmg, the heat injected into the model, is calculated using the steam quality estimated from
the numerical history matching results (see Appendix F for detailed calculations). Steam
temperature was assumed as 210 °C and 205 °C for the SAGD and Fast-SAGD
experiments, respectively. The numerical history matching results suggest to use a steam
quality of the injected steam of 0.3 for the SAGD mode and 0.15 for the Fast-SAGD
mode. In other words, for the Fast-SAGD experiment, the steam quality is changed from

0.3 to 0.15 after starting the CSS operation at the offset well.

For the SAGD experiment (Table F.4), the total heat generated is 23,725 kJ, and the heat
loss through the injection line (Qy.in) is 48 % of the generated heat, resulting in 12,243 kJ
of heat injected into the model (Figure 6.56). The produced heat (Qpq) 1s 2,705 kJ, and the
heat accumulated in the model (Q,.) is 1,656 kJ which is 14 % of the heat injected into
the model. The heat loss through stainless steel model (Qi.ms) is 769 kJ which is
overestimated because there is only one thermocouple, which is located just below
injection well and gives a higher temperature of the skin than the average, to measure the
skin temperature on the model wall. As Qys.an is very small in the Fast-SAGD experiment
(0.3 % of heat injected into the model), if the same thermal efficiency is assumed for the
SAGD experiment, then Qi is 35 kJ. Therefore the heat loss through the production
line (Qis-pa) 1s 7,064 KJ.
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For the Fast-SAGD experiment (Table F.5), the total heat generated is 39,016 kJ and the
heat loss through the injection line (Q.in) i1s 54 % of the generated heat, resulting in
17,768 kJ of heat injected into the model (Figure 6.57). The produced heat (Qpq) is 5,812
kJ, and the heat accumulated in the model (Q,c) is 2,185 kJ which is 12 % of the heat
injected into the model. The heat loss through the stainless steel model (Qisms) 1S
estimated to be as high as 1,166 kJ if the same thermal efficiency (6.56% of heat injected
into the model in the SAGD experiment) is assumed. Qy.an 1S 58 kJ, which is 0.3 % of
heat injected into the model. Then the heat loss through the production line (Qjs.pa) is

8,547 kJ.

The heat accumulated in the model is very small for both of experiments; 14 % for
SAGD and 12% for Fast-SAGD. As the pressure and temperature conditions inside the
SAGD model do not vary much and could be quite similar between the injection and
production wells, this may cause direct steam flow into the producer, and may result in

the small heat accumulated inside the model.

For the thermal efficiency evaluation, the injected energy per the unit produced oil
(kJ/cm®) has been calculated. The total heat injected of 12,243 kJ has produced 1,530 cm’
of oil for the SAGD experiment, therefore the energy per unit produced oil is 8.00 kJ/em®.
In the Fast-SAGD experiment case, the total heat injected of 17,768 kJ has produced
1,540 cm® of oil, then the energy per unit produced oil is 11.54 kJ/cm’®. These results are
matched with the CSORs of SAGD and Fast-SAGD; 5.99 for SAGD and 8.76 for Fast-
SAGD experiments.

The SAGD experiment gave a better energy efficiency than Fast-SAGD by 46% in
CSOR and by 44 % in energy per unit produced oil. Therefore, the overall energy balance

calculation including steam quality estimation seems to be reasonable.
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Figure 6.57: Heat distribution trends for the Fast-SAGD experiment
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7 CONCLUSIONS AND RECOMMENDATIONS

7.1 Conclusions

The SAGD process has been tested in the field, and is now in a commercial stage in
Western Canadian oil sands areas. Recent research studies that not only reduce the steam
production costs but also enhance heat efficiency of the SAGD process have been

conducted.

The Fast-SAGD method can partly solve the drilling difficulty and reduce cost in a
SAGD operation requiring paired parallel wells one above the other, and also enhances
the thermal efficiency in the reservoir (Polikar et al., 2000). Simulation results have
shown that the Fast-SAGD process can achieve lower cumulative steam oil ratio (CSOR)
due to higher thermal efficiency (less heat loss), and higher calendar day oil rate (CDOR),
which means higher productivity. In other words, the Fast-SAGD process can produce
the same amount of bitumen with less steam in a shorter time compared to the

conventional SAGD process.

In this research, the reservoir conditions and most suitable operating conditions for the
SAGD and the Fast-SAGD processes are investigated by numerical simulation in the
three oil sands areas. In addition, preliminary scaled physical model experiments, which
are operated by an automated process control system, are conducted under the high
temperature and high pressure conditions. The following conclusions are derived from

this study:

1) shallow Athabasca-type reservoirs show that a net pay thickness of 15 m is still
economic for the SAGD process because of the high permeability of this type of

reservoir.

2) for Cold Lake-type reservoirs, a net pay thickness of at least 20 m is required for

an economic SAGD implementation.
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3) in Peace River-type reservoirs, net pay thicker than 30 m is recommended for a
successful SAGD performance due to the low permeability of this type of

reservoir.

4) the shallow Athabasca-type reservoir, which is thick with high permeability (high
k x h), is a good candidate for SAGD application, whereas Cold Lake- and Peace
River-type reservoirs, which are thin with low permeability, are not as good

candidates for conventional SAGD implementation.

5) the Fast-SAGD process showed better performance than SAGD for reservoirs
having low permeability (1 Darcy or less) and thin pay (25 m or less). Therefore,
both Cold Lake- and Peace River-type reservoirs are good candidates for a Fast-

SAGD application.

6) a new economic indicator, STEP, was developed as a useful economic indicator
qualitatively as well as quantitatively for the evaluation of SAGD and Fast-SAGD
performance. The highest values of NPV and STEP indicated the best SAGD
operating conditions for each simulated case and a linear relationship was found

to exist between STEP and NPV with a high correlation coefficient value.

7) a high temperature and high pressure experimental facility for steam injection
processes was developed and commissioned. Its several features were validated
by using an automated process control system. These are: steam quality
measurement, production cooling system, oil-cut determination, and production

pressure control system.
8) the preliminary experimental results showed the overall cumulative oil production
to be larger in the Fast-SAGD case, but end-point CSOR lower in the SAGD case.

If SAGD and Fast-SAGD would have the same CSOR value, Fast-SAGD would

give higher cumulative oil production by 6 %.
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9) the steam chamber collapsed during the Fast-SAGD operation because the heater
could not generate the proper amount and quality of steam. The steam chamber

was later restored by modifying the experimental procedure.

10) numerical simulation results of the scaled physical model for SAGD showed that
steam quality of 0.3 gave the best history match with experimental results in both
cumulative oil production and CSOR. For the Fast-SAGD case, history matching
results implied that steam quality of 0.3 should be changed to 0.15 after starting
the CSS. This result showed a good match with the fact that the steam chamber

was lost during the Fast-SAGD experiment.

11) if the same quality of steam were injected into the Fast-SAGD model as in the
SAGD case, the experimental results of the Fast-SAGD case would be improved,

cumulative production by 70 % and the CSOR by 52%.

7.2 Recommendations

This study focuses on a sensitivity study of the SAGD and Fast-SAGD processes through
numerical simulations and scaled model experiments of SAGD and Fast-SAGD with an
automated process control system. Based on this preliminary work, more in-depth

investigations are proposed as follows:

7.2.1 Numerical Simulation Aspect

1) investigation of the Fast-SAGD process under the conditions of reservoir

heterogeneity: shale barrier, bottom water, and top gas.

2) multi-offset wells operating strategies in the Fast-SAGD process gave a good
result. This result requires more investigation about various multi-offset well
strategies including non-condensable gas injection strategy as a gas blanket to
reduce heat loss, carbon dioxide injection as a gas blanket as well as for

sequestration purposes.
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3) three-dimensional investigation will provide a better understanding of the Fast-

SAGD process.

7.2.2 Experimental Aspect
1) Measuring the steam temperatures inside the injection tubing, instead of surface
temperature, for the more accurate and better control in automated process control

system.

2) having a thermocouple inside the injection well for providing an exact steam

temperature in the model.

3) for multi-injection scenarios, separate steam generator and steam injection lines

are essential.

4) a water-oil separator after the production line is recommended to improve

operation of the experiment.

5) conducting more experiments to define the most favourable conditions for the
Fast-SAGD process: I/P spacing, offset well spacing, and multi-offset wells

operation.
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APPENDIX A: Relative Permeability Curves
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Figure A.1: Water-oil relative permeability curves of Athabasca-type oil (Law et al.,

2000)
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Figure A.2: Liquid-gas relative permeability curves of Athabasca-type oil (Law et al.,
2000)
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Figure A.3: Water-oil relative permeability curves of Cold Lake-type oil (Gong et al.,

2002)

Figure A.4: Liquid-gas relative permeability curves of Cold Lake-type oil (Gong et al.,

2002)
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Figure A.7: Water-oil relative permeability curves of Lloydminster-type oil (Qi, 2005)
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APPENDIX B: STARS data files for numerical simulations

B.1 Data file for SAGD field scale simulation

*¥¥=z========INPUT/OUTPUT CONTROL
TITLE1 'COLD_LAKE'

TITLE2 '2-D SAGD with Horizontal Wells'
TITLE3 'Data file: CL-SAGD-BASE'
CASEID '10-year'

INUNIT *SI EXCEPT 6 1 **$ darcy instead of md

OUTUNIT *SI EXCEPT 6 1 **$ darcy instead of md

WRST *TIME  **RESTART OPTION FOR FUTURE

OUTPRN *GRID *NONE

OUTPRN *ITER *BRIEF

OUTSRF *WELL *DOWNHOLE *LAYER *ALL

OUTSREF *GRID *PRES *SW *SO *SG *TEMP *X *Y *VPOROS
PRNTORIEN 2 0

##¥=========RESERVOIR DESCRIPTIONS
GRID CART 1011 15

KDIR UP

DICON 1.

DJ CON 900.

DK CON 1.

** Half well along axis of symmetry (Gridblock size = 0.5 m 0.5 m)
VAMOD 20.51.00.50.51.00.50.5 **9p 1.0 1.0 just for ninepoint
VATYPE *CON 1
*MOD 111:15=2
101 11:15=2
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DTOP 101*402.
NINEPOINT IK
POR CON 0.32
PERMI CON 2.5
PERMJ EQUALSI
PERMK CON 1.25
END-GRID
ROCKTYPE 1
PRPOR 3100.
CPOR 9.6E-06
ROCKCP 2.35E+06
THCONR 6.6E+05
THCONW 5.3496E+04
THCONO 1.15E+04
THCONG 139.97
THCONMIX SIMPLE
HLOSST 18.
HLOSSTDIFF 0.1
HLOSSPROP OVERBUR 2.35E+06 1.469E+05
UNDERBUR 2.35E+06 1.469E+05

*¥*z========COMPONENT PROPERTIES
MODEL 3331

** Standard water properties

COMPNAME 'WATER' 'OIL''METHANE'
KV1  0.E+00 0.E+00 3.1914E+04

KV4  0.E+00 0.E+00 -3.3067E+01

KV5  0.E+00 0.E+00 -2.771E+01

CMM  00.50.01604

PCRIT 0.0E+0 1.360E+3 4.600E+3
TCRIT 0.0E+0 6.2465E+2 -8.255E+1
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CPGl  0.0E+0 8.41E+2 3.52E+1
CPL1  0.0E+0 1.060E+3 6.72E+1
HVAPR 01346 1770
SURFLASHW O G

PRSR 101.325

TEMR 20

PSURF 1.01325E+2

TSURF 2.0E+1

MOLDEN 0.0E+0 1.848E+3 1.87509E+4
CP 0.0E+0 5.5E-7 5.5E-7

CT1 0.0E+0 8.0E-4 8.0E-4

CT2  0.0E+0 0.0E+0 0.0E+0

VISCTABLE

**Temp(C) Water Oil CH4 **Live oil

kk
12 0 60590 450
20 0 21540 2113
30 0 7000 46.08
40 0 2261 30
50 0 1153 13.76
60 0 558 8.16
70 0 296.4 4.8
80 0 170.3 4
100 0 68.14 3.4
120 0 33.25 29
140 0 18.83 2.5
160 0 11.94 2.15
180 0 8.256 1.85
200 0 6.106 1.45
220 0 4.761 1.16
240 0 3.815 0.95
260 0 3.257 0.79
280 0 2.815 0.68
300 0 2.488 0.548
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%%

ROCKFLUID
RPT 1

SWT

** Sw Krw

kg

Krow

ROCK-FLUID PROPERTIES

Pcow

0.300000 0.0000000
0.320000 0.0002276
0.340000 0.0007924
0.360000 0.0016441
0.380000 0.0027595
0.400000 0.0041235
0.437500 0.0073149
0.475000 0.0112909
0.512500 0.0160143
0.550000 0.0214563
0.587500 0.0275937
0.625000 0.0344074
0.662500 0.0418810
0.700000 0.0500000
0.737500 0.1050487
0.775000 0.1754919
0.812500 0.2627652
0.850000 0.3682758
0.887500 0.4934058
0.925000 0.6395141
0.962500 0.8079394

0.6000000
0.5470836
0.4963496
0.4478219
0.4015256
0.3574881
0.2811098
0.2129961
0.1534072
0.1026615
0.0611671
0.0294817
0.0084664
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000

6.6102490
5.8107371
5.1559744
4.6196809
4.1803331
3.8202991
3.3106978
2.9585462
2.7137392
2.5414460
24171529
2.3231745
2.2461400
2.1750901
2.0999134
2.0099154
1.8922905
1.7303030
1.5009053
1.1714581
0.6950878

1.000000 1.0000000 0.0000000 0.0000000

*SLT
*% G

Kk

Krg

Krog

Pcgo

0.3800000 0.5470837
0.4100000 0.4963497
0.4400000 0.4478219
0.4700000 0.4015256
0.5000000 0.3574880

0.5288554
0.5577109
0.5865663
0.6154218
0.6442772
0.6731327

0.3172891
0.2792353
0.2433573
0.2096886
0.1782663
0.1491311

0.7019881 0.1223291

0.0012781
0.0051124
0.0115030
0.0204497
0.0319527
0.0454285
0.0612693
0.0794750
0.1000455
0.1229809
0.1482812
0.1759464

7.2870235
6.1564059
5.3175530
4.6943998
4.2304420
3.8950956
3.6399288
3.4435489
3.2894900
3.1648359
3.0591342
2.9635236
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0.7308435
0.7596990
0.7885544
0.8174099
0.8462653
0.8751208
0.9039762
0.9328316
0.9400771
0.9442649
0.9466853
0.9480842
0.9488927
0.9493600

0.0979122
0.0759404
0.0564841
0.0396277
0.0254766
0.0141687
0.0058999
0.0010000
0.0003728
0.0001389
0.0000518
0.0000193
0.0000072
0.0000027

0.2059765
0.2383715
0.2731314
0.3102561
0.3497457
0.3916002
0.4358196
0.4824039
0.4944725
0.5015159
0.5056095
0.5079830
0.5093574
0.5101526

0.9500000 0.0000000 0.5112426
0.9666666 0.0000000 0.5400394
0.9833333 0.0000000 0.5696252
1.0000000 0.0000000 0.6000000 0.0000000

**$§ RESULTS PROP KRTYPE Units: Dimensionless

KRTYPE CON 1.
RESULTS SECTION INIT

Kk

INITIAL

VERTICAL *ON
INITREGION 1
REFDEPTH 417
REFPRES 3100

SW CON 0.3

SO CON 0.7
PRES CON 3100
TEMP CON 18

SG CONO

2.8699872
2.7706833
2.6572852
2.5202856
2.3481982
2.1265948
1.8368946
1.4548093
1.3407885
1.2710992
1.2294959
1.2049950
1.1906799
1.1823543
1.1708897
0.8453855
0.4615968

INITIAL CONDITIONS
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MFRAC_OIL 'OIL' CON 0.89
MFRAC_OIL 'METHANE' CON 0.11

ok NUMERICAL CONTROL
NUMERICAL
CONVERGE *TOTRES *TIGHTER

#¥*==========WELL AND RECURRENT DATA
RUN

TIME O

DTWELL 0.0001

UHTR IIK

I:1  1:16:6 1950000000
I:1 1:11:1 1950000000
101:101 1:1 6:6 1950000000
101:101 1:1 1:1 1950000000
TMPSET UK
I:1 1:16:6 265
;1 1:11:1 265
101:101 1:1 6:6 265
101:101 1:1 1:1 265

WELL 1 'Injectorl' FRAC 0.5
INJECTOR MOBWEIGHT 'Injector!’
TINJW 235.

QUAL 0.95

INCOMP WATER 1.0 0.0 0.0

OPERATE MAX BHP 3110 CONT REPEAT
OPERATE MAX STW 500 CONT REPEAT
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GEOMETRY J 0.11 0.249 1. 0.
PERF GEO 'Injectorl’
1161
WELL 2 'Producerl’ FRAC 0.5
PRODUCER 'Producer!’
OPERATE MIN BHP 3100 CONT REPEAT
OPERATE MIN STEAMTRAP 5 CONT REPEAT
GEOMETRY J 0.11 0.249 1. 0.
PERF GEO 'Producerl’
1111

WELL 3 'Injector2’ FRAC 0.5
INJECTOR MOBWEIGHT 'Injector2’
TINJW 235
QUAL 0.95
INCOMP WATER 1.000
OPERATE MAX BHP 3110 CONT REPEAT
OPERATE MAX STW 500 CONT REPEAT
GEOMETRY J0.110.24910
PERF GEO 'Injector2’

101161

WELL 4 'Producer2’ FRAC 0.5
PRODUCER 'Producer2’
OPERATE MIN BHP 3100 CONT REPEAT
OPERATE MIN STEAMTRAP 5 CONT REPEAT
GEOMETRY J 0.11 0.249 1. 0.
PERF GEO 'Producer2’

101111

271

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



TIME 50
DTWELL 0.001

UHTR CONO
TIME 91.5
TIME 121.5
TIME 151.75
TIME 182.5
TIME 212.75
TIME 243
TIME 273.75
TIME 365
TIME 548
TIME 730
TIME 913
TIME 1095
TIME 1278
TIME 1460
TIME 1643
TIME 1825
TIME 2008
TIME 2190
TIME 2373
TIME 2555
TIME 2738
TIME 2920
TIME 3103
TIME 3285
TIME 3468
TIME 3650
STOP
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B.2 Data file for Fast-SAGD field scale simulation

¥*=z=======[NPUT/OUTPUT CONTROL
TITLE!l 'COLD_LAKE'

TITLE2 '2-D Fast-SAGD with Horizontal Wells'

TITLE3 'Data file: CL-F-SAGD-BASE'

CASEID '10-year'

INUNIT *SI EXCEPT 6 1 **$ darcy instead of md

OUTUNIT *SI EXCEPT 6 1 **$ darcy instead of md

WRST *TIME  **RESTART OPTION FOR FUTURE

OUTPRN *GRID *NONE

OUTPRN *ITER *BRIEF

OUTSRF *WELL *DOWNHOLE *LAYER *ALL

OUTSRF *GRID *PRES *SW *SO *SG *TEMP *X *Y *VPOROS
PRNTORIEN 2 0

*¥=z=======RESERVOIR DESCRIPTIONS
GRID CART 1511 20

KDIR UP

DICON 1.

DJ CON 900.

DK CON 1.

** Half well along axis of symmetry (Gridblock size = 0.5 m 0.5 m)
VAMOD 20.51.00.50.51.00.50.5 **9p 1.0 1.0 just for ninepoint
VATYPE *CON 1
*MOD 111:20=2
15111:20=2
DTOP 151*402.
NINEPOINT IK
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POR CON 0.32
PERMI CON 2.5
PERMJ EQUALSI
PERMK CON 1.25
END-GRID

ROCKTYPE 1
PRPOR 3100
CPOR 9.6E-06
ROCKCP 2.35E+06
THCONR 6.6E+05
THCONW 5.3496E+04
THCONO 1.15E+04
THCONG 139.97
THCONMIX SIMPLE
HLOSST 18
HLOSSTDIFF 0.1
HLOSSPROP OVERBUR 2.35E+06 1.469E+05
UNDERBUR 2.35E+06 1.469E+05

¥*=========COMPONENT PROPERTIES
MODEL 3331

**Standard water properties

COMPNAME 'WATER' 'OIL' ' METHANE'
KVl  0.E+00 0.E+00 3.1914E+04

Kv4  0.E+00 0.E+00 -3.3067E+01

KV5  0.E+00 0.E+00 -2.771E+01

CMM 00.50.01604

PCRIT 0.0E+0 1.360E+3 4.600E+3
TCRIT 0.0E+0 6.2465E+2 -8.255E+1
CPGl1  0.0E+0 8.41E+2 3.52E+1
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CPL1  0.0E+0 1.060E+3 6.72E+1
HVAPR 01346 1770
SURFLASHW O G

PRSR 101.325

TEMR 20

PSURF 1.01325E+2

TSURF 2.0E+1

MOLDEN 0.0E+0 1.848E+3 1.87509E+4

CP 0.0E+0 5.5E-7 5.5E-7
CT1  0.0E+0 8.0E-4 8.0E-4
CT2  0.0E+0 0.0E+0 0.0E+0

*VISCTABLE

**Temp(C) Water Oil CH4  **Live oil

ok
12 0 60590 450
20 0 21540 2113
30 0 7000 46.08
40 0 2261 30
50 0 1153 13.76
60 0 558 8.16
70 0 2964 48
80 0 1703 4
100 0 68.14 34
120 0 3325 29
140 0 1883 2.5
160 0 1194  2.15
180 0 8.256 1.85
200 0 6.106 1.45
220 0 4.761 1.16
240 0 3815  0.95
260 0 3257  0.79
280 0 2815 0.68
300 0 2488  0.548
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ek

ROCKFLUID
RPT 1
SWT

** Qw
%k

Krw

Krow

ROCK-FLUID PROPERTIES

Pcow

0.300000 0.0000000
0.320000 0.0002276
0.340000 0.0007924
0.360000 0.0016441
0.380000 0.0027595
0.400000 0.0041235
0.437500 0.0073149
0.475000 0.0112909
0.512500 0.0160143
0.550000 0.0214563
0.587500 0.0275937
0.625000 0.0344074
0.662500 0.0418810
0.700000 0.0500000
0.737500 0.1050487
0.775000 0.1754919
0.812500 0.2627652
0.850000 0.3682758
0.887500 0.4934058
0.925000 0.6395141
0.962500 0.8079394

0.6000000
0.5470836
0.4963496
0.4478219
0.4015256
0.3574881
0.2811098
0.2129961
0.1534072
0.1026615
0.0611671
0.0294817
0.0084664
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000

6.6102490
5.8107371
5.1559744
4.6196809
4.1803331
3.8202991
3.3106978
2.9585462
2.7137392
2.5414460
24171529
2.3231745
2.2461400
2.1750901
2.0999134
2.0099154
1.8922905
1.7303030
1.5009053
1.1714581
0.6950878

1.000000 1.0000000 0.0000000 0.0000000

*SLT
*% G|

3k

Krg

Krog

Pcgo

0.3800000
0.4100000
0.4400000
0.4700000
0.5000000
0.5288554
0.5577109
0.5865663
0.6154218
0.6442772
0.6731327

0.5470837
0.4963497
0.4478219
0.4015256
0.3574880
0.3172891
0.2792353
0.2433573
0.2096886
0.1782663
0.1491311

0.7019881 0.1223291

0.0012781
0.0051124
0.0115030
0.0204497
0.0319527
0.0454285
0.0612693
0.0794750
0.1000455
0.1229809
0.1482812
0.1759464

7.2870235
6.1564059
5.3175530
4.6943998
4.2304420
3.8950956
3.6399288
3.4435489
3.2894900
3.1648359
3.0591342
2.9635236
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0.7308435
0.7596990
0.7885544
0.8174099
0.8462653
0.8751208
0.9039762
0.9328316
0.9400771
0.9442649
0.9466853
0.9480842
0.9488927
0.9493600
0.9500000
0.9666666
0.9833333

0.0979122
0.0759404
0.0564841
0.0396277
0.0254766
0.0141687
0.0058999
0.0010000
0.0003728
0.0001389
0.0000518
0.0000193
0.0000072
0.0000027
0.0000000
0.0000000
0.0000000

0.2059765
0.2383715
0.2731314
0.3102561
0.3497457
0.3916002
0.4358196
0.4824039
0.4944725
0.5015159
0.5056095
0.5079830
0.5093574
0.5101526
0.5112426
0.5400394
0.5696252

2.8699872
2.7706833
2.6572852
2.5202856
2.3481982
2.1265948
1.8368946
1.4548093
1.3407885
1.2710992
1.2294959
1.2049950
1.1906799
1.1823543
1.1708897
0.8453855
0.4615968

1.0000000 0.0000000 0.6000000 0.000000 0

*#*%$ RESULTS PROP KRTYPE Units: Dimensionless

KRTYPE CON 1.

E33

INITIAL

VERTICAL *ON
INITREGION 1
REFDEPTH 422
REFPRES 3100

SW CON 0.3
PRES CON 3100
SO CON 0.7
TEMP CON 18

SGCONO

MFRAC_OIL 'OIL' CON 0.89
MFRAC_OIL 'METHANE' CON 0.11

INITIAL CONDITIONS
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*% Numerical Control

NUMERICAL

*¥zzz==z==== WELL AND RECURRENT DATA

TIME O
DTWELL 0.0001
UHTR UK
I:1  1:111:11 1950000000
;1 1:11:1 1950000000
151:151 1:1 11:11 1950000000
151:151 1:1 1:1 1950000000
TMPSET UK
1:1 1:111:11 265
I:1 1:11:1 265
151:151 1:1 11:11 265
151:151 1:1 1:1 265

WELL 1 'Injectorl' FRAC 0.5
INJECTOR MOBWEIGHT 'Injector!’
TINJW 235
QUAL 0.95
INCOMP WATER 1.00.00.0
OPERATE MAX BHP 3110 CONT REPEAT
OPERATE MAX STW 500 CONT REPEAT
GEOMETRY J 0.11 0.249 1. 0.
PERF GEO 'Injectorl’
11111.

WELL 2 Producer!' FRAC 0.5
PRODUCER "Producer!’
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OPERATE MIN BHP 3100. CONT REPEAT
OPERATE MIN STEAMTRAP 5. CONT REPEAT
GEOMETRY J0.110.249 1.0
PERF GEO 'Producerl’

1111

WELL 3 'Injector2’ FRAC 0.5
INJECTOR MOBWEIGHT 'Injector2’
TINJW 235.
QUAL 0.95
INCOMP WATER 1.00.0 0.0
OPERATE MAX BHP 3110 CONT REPEAT
OPERATE MAX STW 500 CONT REPEAT
GEOMETRY J 0.110.2491.0
PERF GEO 'Injector2'

1511111

WELL 4 'Producer2’ FRAC 0.5
PRODUCER "Producer2'
OPERATE MIN BHP 3100 CONT REPEAT
OPERATE MIN STEAMTRAP 5 CONT REPEAT
GEOMETRY J0.110.249 1.0
PERF GEO 'Producer2’

151111

WELL 5 'Injector_OFFS1' FRAC 1
INJECTOR MOBWEIGHT 'Injector_OFFST1'
TINJW 295

QUAL 0.95

INCOMP WATER 1.00.00.0

OPERATE MAX BHP 8000 CONT REPEAT
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OPERATE MAX STW 800 CONT REPEAT
GEOMETRY J0.110.2491.0
PERF GEO 'Injector_OFFSI'

51111

WELL 6 Producer_OFFS1' FRAC 1
PRODUCER 'Producer_OFFS1'
OPERATE MIN BHP 3100. CONT REPEAT
OPERATE MIN STEAMTRAP 5 CONT REPEAT
GEOMETRY J 0.110.249 1. 0.
PERF GEO 'Producer_OFFS1'

51111

WELL 7 'Injector_OFFS2' FRAC 1
INJECTOR MOBWEIGHT 'Injector_OFFS2'
TINJW 295.
QUAL 0.95
INCOMP WATER 1.00.0 0.0
OPERATE MAX BHP 8000 CONT REPEAT
OPERATE MAX STW 800 CONT REPEAT
GEOMETRY J0.110.249 1.0
PERF GEO 'Injector_OFFS2’

101111

WELL 8 Producer_OFFS2' FRAC 1
PRODUCER "Producer_OFFS2'
OPERATE MIN BHP 3100. CONT REPEAT
OPERATE MIN STEAMTRAP 5. CONT REPEAT
GEOMETRY J0.110.2491.0
PERF GEO 'Producer OFFS2'

101111
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SHUTIN 5678
TIME 180
DTWELL 0.001
UHTR CON O

TIME 182.5
TIME 212.75
TIME 243
TIME 273.75
TIME 365

TIME 547 **1st OFFSET WELLS (1st CSS)
OPEN 57

TIME 730
TIME 822
SHUTIN 5 7

TIME 836
OPEN 6 8

TIME 912
SHUTIN 6 8

OPEN 57

TIME 1095 **1st Offset WELLS (2nd CSS)
SHUTIN 57

INJECTOR MOBWEIGHT 'Injector!’
INCOMP WATER 1.00.00.0

OPERATE MAX BHP 3110 CONT REPEAT
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OPERATE MAX STW 800 CONT REPEAT

INJECTOR MOBWEIGHT 'Injector2’
INCOMP WATER 1.00.0 0.0

OPERATE MAX BHP 3110 CONT REPEAT
OPERATE MAX STW 800 CONT REPEAT

TIME 1109
OPEN 6 8

TIME 1278
TIME 1460
TIME 1643
TIME 1825
TIME 2008
TIME 2190
TIME 2373
TIME 2555
TIME 2738
TIME 2920
TIME 3103
TIME 3285
TIME 3468
TIME 3650
STOP
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B.3 Data file for SAGD lab scale simulation

*¥*=========INPUT/OUTPUT CONTROL
TITLE!1 'SCALED-MODEL'

TITLE2 '2-D SAGD Lab'

TITLE3 ™Data file: 'SAGD-LAB-BASE'
CASEID '4-hours’

INUNIT *LAB EXCEPT 6 1 **$ darcy instead of md

OUTUNIT *LAB EXCEPT 6 1 **$ darcy instead of md
INTERRUPT *INTERACTIVE

RANGECHECK

WRST *TIME

OUTPRN *GRID *NONE

OUTPRN *ITER *BRIEF

OUTSRF *WELL *DOWNHOLE *LAYER *ALL

OUTSRF *GRID *PRES *SW *SO *SG *TEMP *X *Y *VPOROS
PRNTORIEN 2 0

#*=z========RESERVOIR DESCRIPTIONS
GRID CART 1311 34
KDIR UP
DI CON 0.67
DJ CON 5
DK CON 0.67
DTOP
131*268
NINEPOINT IK

POR CON 0.33
PERMI CON 170

PERMJ EQUALSI
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PERMK CON 170
END-GRID

ROCKTYPE 1
PRPOR 1700.
CPOR 9.6E-06
ROCKCP 2.35
THCONR 4.58333
THCONW 0.3715
THCONO 0.0798611
THCONG 0.000972014
THCONMIX SIMPLE
HLOSST 18.
HLOSSTDIFF 0.1
HLOSSPROP OVERBUR 2.35 1.020139
UNDERBUR 2.35 1.020139

MODEL 3331

** Standard water properties
COMPNAME 'WATER' 'OIL' ' METHANE'
KV1  0.E+00 0.E+00 3.1914E+04
KV4  0.E+00 0.E+00 -3.3067E+01
KV5  0.E+00 0.E+00 -2.771E+01
CMM  00.50.01604

PCRIT 0.0E+0 1.360E+3 4.600E+3
TCRIT  0.0E+0 6.2465E+2 -8.255E+1
CPGl  0.0E+0 8.41E+2 3.52E+1
CPL1  0.0E+0 1.060E+3 6.72E+1
HVAPR 01346 1770

SURFLASHW O G

PRSR  101.325
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TEMR 20
PSURF 1.01325E+2
TSURF 2.0E+1

MOLDEN 0.0E+0 1.848E-3 1.87509E-2
CP 0.0E+0 5.5E-7 5.5E-7

CT1 0.0E+0 8.0E-4 8.0E-4

CT2  0.0E+0 0.0E+0 0.0E+0

VISCTABLE

**Temp(C) Water Oil CH4  **Live oil

kK

12 0 20000 450
20 0 10000 211.3
30 0 3500 46.08
40 0 1200 30
50 0 520 13.76
60 0 350 8.16
70 0 200 4.8
80 0 120 4
100 0 48 34
120 0 24 29
140 0 15.0 2.5
160 0 10.0 2.15
180 0 7.1 1.85
200 0 5.2 1.45
220 0 4.2 1.16
240 0 34 0.95
260 0 3.0 0.79
280 0 2.6 0.68
300 0 2.3 0.548
wox ROCK-FLUID PROPERTIES

ROCKFLUID

RPT 1
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SWT
** Sw Krw Krow Pcow

*3%

0.200000 0.000000 0.994200 0.000000
0.250000 0.001400 0.858200 0.000000
0.300000 0.005200 0.721000 0.000000
0.350000 0.012900 0.588000 0.000000
0.400000 0.025500 0.463400 0.000000
0.450000 0.044100 0.350900 0.000000
0.500000 0.070000 0.252900 0.000000
0.550000 0.104300 0.171300 0.000000
0.600000 0.148400 0.106700 0.000000
0.650000 0.203500 0.059000 0.000000
0.700000 0.270800 0.027100 0.000000
0.750000 0.351700 0.009100 0.000000
0.800000 0.447300 0.000000 0.000000
0.850000 0.558800 0.000000 0.000000
0.900000 0.687400 0.000000 0.000000
0.950000 0.834100 0.000000 0.000000
1.000000 1.000000 0.000000 0.000000

*SLT
% g Krg

%ok

0.200000 0.956700 0.000000 0.000000
0.250000 0.840000 0.001400 0.000000
0.300000 0.714300 0.005500 0.000000
0.350000 0.587200 0.013200 0.000000
0.400000 0.465200 0.025700 0.000000
0.450000 0.353100 0.044100 0.000000
0.500000 0.254900 0.069700 0.000000
0.550000 0.173100 0.103900 0.000000
0.600000 0.109000 0.147900 0.000000
0.650000 0.062600 0.203200 0.000000
0.700000 0.033000 0.270800 0.000000
0.750000 0.017600 0.352100 0.000000
0.800000 0.013000 0.448100 0.000000
0.850000 0.008700 0.559600 0.000000
0.900000 0.004300 0.687300 0.000000
0.950000 0.000000 0.831700 0.000000
1.000000 0.000000 0.994200 0.000000
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KRTYPE CON 1
RESULTS SECTION INIT

ok INITIAL CONDITIONS
INITIAL
VERTICAL *ON

**$ Data for PVT Region 1
**$
INITREGION 1

REFDEPTH 288
REFPRES 1700.

SW CON 0.05

PRES CON 1700

SO CON 0.95

TEMP CON 18.

SG CONO

MFRAC_OIL 'OIL' CON 0.99
MFRAC_OIL 'METHANE' CON 0.01

ok NUMERICAL CONTROL
NUMERICAL
RUN
TIME O
DTWELL 0.001
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**$ RESULTS PROP UHTR Units: J/min-C
UHTR DK

66:66 1:1 12:12 90

66:66 1:1 4:4 90

TMPSET UK
66:66 1:1 12:12 210
66:66 1:1 4:4 210

WELL 1 'InjectorB1' FRAC 1
INJECTOR MOBWEIGHT 'InjectorB1'
TINJW 210
QUAL 0.30
INCOMP WATER 1.0 0.0 0.0
OPERATE MAX BHP 1710 CONT REPEAT
OPERATE MAX STW 32.0 CONT REPEAT
GEOMETRY J 0.12 0.249 1. 0
PERF GEO 'InjectorB1'

661121

WELL 2 'ProducerB1' FRAC 1
PRODUCER 'ProducerB1'
OPERATE MIN BHP 1700. CONT REPEAT
OPERATE MIN STEAMTRAP 0.5 CONT REPEAT
GEOMETRY J 0.120.249 1.0
PERF GEO 'ProducerB1'

6614 1.

TIME 3.328
DTWELL 0.001
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UHTR CON O

TIME 11.648
TIME 23.36
TIME 46.72
TIME 70.08
TIME 93.44
TIME 116.8
TIME 140.16
TIME 163.52
TIME 186.88
TIME 210.24
TIME 233.6
TIME 256.96

STOP
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APPENDIX C: SAGD Experimental Interfaces in the DeltaV control system using
DeltaV software (Emerson,, 2004)

198 I '
-

—_
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i |
L.. i
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L

Figure C.1: Steam Generator Interface

Shutdogm Co&diﬁen'(s} Bypassed

Figure C.2: Steam Distribution Interface
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Shutdovin Cendifionts) Bypassed-

Figure C.3: Production Cooling Interface

Figure C.4: Production Recovery Interface
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APPENDIX D: Scaled Model Packing and Saturation

Glass beads of the sizes between 14 to 50 mesh (300 to 1400 wm) were sieved with 20
and 30 mesh screens to get the range of grain size of 600 to 850 um. A scaled model
required about 15 kg of glass beads for packing. Glass beads were washed several times
before packing, and poured into the model which was already installed with muti-
thermocouples and wells. The scaled model had a hydraulic head hat on the top, and an
air vibrator was attached to help proper packing (Figure D.1). As the glass beads size is
large, round, and homogeneous, it did not take long for the compaction. After two hours
of vibration, glass beads which were on the top of the model were removed (Figure D.2).
The model was then sealed with a lid which has two ports on the top. The water was
drained from the bottom end port for the porosity calculation. For the oil saturation
procedure, heavy oil was heated to 50 °C using a banding heater (Figure D.3). The oil
viscosity is expected to be reduced from 10,000 cp to 500 cp at that temperature.

Figure D.1: A scaled model with an air vibrator
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Figure D.2: Top view of a model before sealing with a lid

Figure D.3: Apparatus for oil saturation procedure
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APPENDIX E: Permeability of the scaled model
E.1 Permeability calculation
The permeability of a model packed with glass beads was calculated by using a modified

Kozeny-Carman equation (Equation E.2). With the assumption of ¢ = 4.16 , the original

Kozeny-Carman equation, Equation E.1, becomes Equation E.2 (Plitt, 2004).

_ 2
D=\/36><c><(1 ) K (Equation E.1)

¢3
where, D = average particle diameter (cm)
¢ = Kozeny constant
¢ = porosity

K = permeability (cm?)

_1013250x ¢’ x D?
10000° [ 1.5% (1- )’ |

(Equation E.2)

where, D = average particle diameter (m)
¢ = porosity
K = permeability (cm?)

In this experiment, the glass beads used for packing the model are between 20 and 30
mesh sizes, which is in the range of between 600 to 850 um. This size of glass beads
gives a permeability of 135 - 390 Darcy depending on the model porosity (Figure E.1). If
the model porosity is 0.33 and the average grain size is 710 um, the model will have a

permeability of about 273 Darcy.
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Figure E.1: Particle size and permeability relationship from Equation E.2

E.2 Permeability measurement

The permeability of a scaled model was estimated by measurement from a cylindrical
model packed with the same glass beads size which was used for a scaled model. A
cylindrical model, having a diameter of 3.1 cm and a length of 16 cm, was saturated with
water. For the measurement of pressure drop, the water flow rate was kept at a constant
value. An absolute permeability can be calculated from the Darcy equation (Equation
E.3). The permeability calculation performed for four different water flow rates gives

around 170 Darcy (Figure E.2). At the range of low water flow rates (less than 30 kg/hr),
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the pressure drop was quite small, which may result in error. Therefore, the higher flow

rate cases were used as they will give more accurate value.

3 4Ukg Thr)x pcp) < AlL(em) (Equation E.3)
A(em™ )X AP(kPa)

K(darcy)=128.1458
where, q = flow rate
W = fluid viscosity
AL= distance between pressure measurement ports
A = cross sectional area

AP = pressure drop

200
~ 150 = /\‘
>
2
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2
= 100 - —
e}
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Flow rate (kg/hr)

Figure E.2: Permeability measurement for different flow rates
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APPENDIX F: Heat Balance Calculations

A heat balance is very important to understand the thermal process. The following
Equation F.1 gives a basic concept for heat balance calculations. Specific equations for

enthalpy, heat capacity, and density are summarized in Butler (1997)

an = Qac + de + Qi (Equation F.1)

Where, Qgn = heat generated at the heater (kJ)
Qpa = heat produced (kJ)
Qis = heat lost (kJ)

Q.= heat accumulated in the model (kJ)

Qgn is the heat generated at the heater, and is calculated using the specific enthalpy of
superheated steam (Spirax Sarco, 2005), with knowledge of steam flow rate, steam

temperature, and steam pressure at the heater.

Qma is the heat injected into the model, and is calculated using Equation F.2, with
knowledge of steam flow rate, steam temperature, and steam quality estimated from the

numerical history matching results.

Qme=qs {H. +f, (H - H)} t (Equation F.2)
H.=-14.54 + 45196 T — 0.002771 T? + 0.00000922 T>
H, =2523.43 + 1.3556 T + 0.003561 T? — 0.00001824 T*

Where, g, = steam injection rate (kg/hr)
H. = enthalpy of water (kJ/kg)
H. = enthalpy of vapor (kJ/kg)
fs = steam quality (ratio)

t = injection time (hr)
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Qpa is the heat produced from the model through production lines, and calculated with

Equation F.3 using the production rates of water and oil.

Qpa=(Vox Cox po+ Vi x Cy X pw) (Tpa—Tm) (Equation F.3)
C, = 1.605 + 0.04361 T — 4.046 x 10 T2

Co=4.182-15x10*T +3.44x 10" T>+4.26 x 10°T*
Po = Pis {1- 0.06285 [(T—15)/100] + 0.001426 [(T—15)/100]*}
Pw=1001.7-0.1616 T — 0.00262 T

Where, V, = produced volume of oil (m3)
V, = produced volume of water (m3 )
C, = heat capacity of oil (kJ/kg °C)
Cy = heat capacity of water (kJ/kg °C)
po = density of oil at temperature T (kg/m°)
p., = density of water at temperature T (kg/m’)
Tpa = temperature of production fluids (°C)

T = initial model temperature (20 °C)

Qac, the heat accumulated in the model, is calculated with Equation F.4 using the volume

of oil, water, and glass beads (Table F.1)

Qac=Ven {0 xSo X Co X Po+ § X Sy X Cuw X pw + (1-0) X Cgi X Pgr} X (Ten—Trm)
(Equation F.4)

Where, V¢, = volume in contour at temperature T, (m3)
¢ = porosity
So= oil saturation in contour at temperature T,
Sw= water saturation in contour at temperature T,

Cg = heat capacity of glass bead (0.8 kJ/kg °C)
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pg = density of glass bead (2,400 kg/m3)
Tcn= temperature in contour (°C)

Ty = initial model temperature (20 °C)

The contour volume, V,, for each temperature range is calculated using thermocouple
data assuming that each thermocouple represents the temperature of the same area inside
the model. The oil saturations of each contour inside the model are estimated based on
the temperature profile and the cumulative production. The calculated oil production
from the oil saturation profile, which is estimated from temperature profile, is compared

to the cumulative production from the experiments (Figure F.1).

2000

1500 | - -

1000 |- T

500 ———§

Calculated cum. oil production (crﬁ)

0 500 1000 1500 2000

Measured cum. oil production (cms)

Figure F.1: Comparison of the calculated and measured cumulative oil productions

Qs is the heat lost through the steam injection (Qs.in) and production lines (Qispa), the
stainless steel model (Qjs-ms), and the annulus between the model and the pressure vessel

(Qis-an) (Equation F.5).

Qis = Qis-in + Qis-pd + Qisms + Qis-an (Equation F.5)
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Qis-in 18 calculated from the following relationship, Qsin = Qgn - Qma. The heat injected
into the model (Qpg) is calculated with Equation F.2 using the steam temperature, which
is estimated from the thermocouple data inside the model, and the steam quality, which is

estimated from history matching results.

Qis-pa 1s calculated from the following relationship, Qis-pd = Qmd - Qis-ms = Qis-an - Qpa. The
heat loss of the model skin, Qjs.ms, is calculated with Equation F.6 using the model skin
temperature (Tgi,). However, as only one thermocouple data was available for the model

skin temperature, the calculated Qjs.ms will be the maximum estimation of heat loss of the

model skin.
Qis-ms = (Vst X Cst X Pst) X (Tskin — Tin) (Equation F.6)

Where, V = volume of stainless steel (m3)
Cy: = heat capacity of stainless steel (0.5 kJ/kg °C)
pst = density of stainless steel (7,990 kg/m3)
Tskin= model skin temperature (°C)

T\ = initial model temperature (20 °C)

The heat loss into the annulus, Q. is calculated with Equation F.7 using the annulus

temperature.

Qis-an = (Van X Cr2 X Pn2) X (Tan — Trn) (Equation F.7)
Where, V., = volume of annulus (0.144 m3)
C.2 = heat capacity of nitrogen gas (kJ/kg °C)
=0.98 + 0.000149 (273 + T)
Pn2 = density of nitrogen gas (kg/m?)
=-0.0512 T + 18.271 (at 1.75 MPa, generated from Jacobsen et al., 1986)
Tan= temperature in annulus (°C)

Ty, = initial model temperature (20 °C)
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Qs is the heat lost mainly through the steam injection and fluid production lines. The
heat loss into the annulus, which is filled with nitrogen gas, is neglected because it will be
very small due to the low thermal conductivity of nitrogen gas as well as the high

efficiency of the insulation board wrapped around the scaled model.
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Table F.1: Main SAGD experimental data

Cumulative

T- oil water
Time* | FT100 TE201 PT201 PT301 PT350 TE300 skin FT301 UY301 | prod inj CSOR

(min) | (kg/hr)  (oC) (kPa) (kPa) (kPa) (oC)  (oC) (kg/hr) (liter)  (liter)
0 2.00 2485 1814 1700 1619  203.7 220 3.1 0.19 0.00 0.00 0.05
5 2.00 276.6 2093 1639 1623 53.7 5.05 0.00 0.01 0.17 21.99
10 200 2732 1787 1655 1639 61.7 219 2.77 0.08 0.03 0.33 13.30
15 1.87 2741 1807 1683 1640 71.9 2.32 0.19 0.06 0.49 8.26
20 2.00 270.6 1817 1700 1638 736 215 2.18 0.23 0.10 0.66 6.79
25 1.91 265.2 1814 1686 1636 73.5 2.36 0.21 0.14 0.82 6.02
30 2.01 265.6 1806 1672 1634 73.8 235 2.94 0.18 0.18 0.98 5.49
35 1.98 264.5 1800 1684 1629 73.5 1.36 0.18 0.21 1.15 5.44
40 1.84 266.4 1783 1662 1627 743 20.3 2.10 0.17 0.24 1.30 5.47
45 2.03 268.1 1805 1686 1648 72.7 2.59 0.16 0.27 1.47 5.52
50 1.93 269.6 1796 1676 1645 745 17.8 217 0.17 0.30 1.63 5.47
55 2.01 266.1 1803 1680 1651 74.3 247 0.17 033 1.80 5.50
60 2.01 264.8 1806 1686 1655 744 294 2.39 0.16 0.36 1.97 5.53
65 2.05 263.6 1808 1687 1658 75.7 2.59 0.17 0.39 2.14 5.50
70 2.04 2588 1803 1675 1659 76.2 33.0 2.70 0.16 0.42 2.31 5.55
75 1.95 257.0 1825 1700 1667 76.9 2.83 0.18 0.45 2.47 5.50
80 2.01 257.9 1824 1693 1664 78.7 36.0 2.63 0.16 0.48 2.64 5.54
85 2.06 258.5 1823 1700 1675 75.0 2.80 0.15 0.50 2.81 5.64
90 2.07 263.0 1804 1689 1668 78,5 39.0 2.15 0.18 0.53 2.98 5.64
95 1.92 268.3 1821 1696 1674 77.5 2.12 0.17 0.56 3.14 5.61
100 1.92 270.6 1822 1701 1676 782 418 1.65 0.20 0.58 3.30 5.66
105 1.97 2700 1824 1701 1678 77.6 2.08 0.19 0.62 3.47 5.63
110 1.93 266.6 1828 1702 1681 78.6 445 2.32 0.18 0.65 3.63 5.56
115 2.04 262.2 1831 1702 1683 78.3 2.07 0.18 0.68 3.80 5.54
120 2.00 255.6 1839 1709 1686 815 471 2.38 0.15 0.71 3.96 5.57
125 2.07 253.8 1842 1709 1688 79.4 2.41 0.17 0.74 4.14 5.58
130 1.98 256.2 1839 1712 1691 80.4 495 1.79 0.17 0.77 4.30 5.57
135 2.03 260.2 1839 1725 1693 81.1 1.46 0.20 0.80 4.47 5.60
140 2.03 266.6 1844 1715 1694 81.3 519 2.37 0.18 0.83 4.64 5.60
145 2.00 270.0 1858 1732 1697 77.2 2.30 0.21 0.85 4.81 5.63
150 2.05 268.5 1855 1722 1698 80.4 54.2 2.39 0.19 0.89 4.98 5.61
155 2.01 267 .1 1859 1723 1701 81.2 2.36 0.15 0.92 5.15 5.59
160 198 2642 1859 1725 1703 81.3 56.3 2.1 0.16 0.95 5.31 5.62
165 2.00 261.7 1853 1746 1705 78.4 0.24 0.24 0.97 5.48 5.66
170 2.13 263.4 1859 1728 1705 827 58.3 2.31 0.16 1.00 5.65 5.66
175 1.95 263.6 1869 1739 1709 75.5 2.42 0.16 1.02 5.82 5.68
180 2.09 263.5 1864 1734 1711 82.8 60.2 1.45 0.18 1.06 5.99 5.66
185 1.99 261.5 1866 1732 1712 83.4 2.08 0.16 1.09 6.16 5.66
190 2.06 259.8 1878 1738 1715 82.2 62.0 2.12 0.18 1.12 6.33 5.67
195 2.09 259.4 1875 1740 1716 82.1 2.05 0.18 1.15 6.50 5.67
200 2.05 262.3 1839 1655 1628 104.2 63.7 4.76 0.13 1.19 6.67 5.63
205 2.06 263.5 1903 1780 1749 69.5 0.00 0.00 1.19 6.85 5.77
210 2.00 271.4 1908 1770 1748 758 65.3 2.27 0.14 1.22 7.01 5.75
215 1.99 269.8 1892 1760 1741 81.8 2.21 0.14 1.24 7.18 5.77
220 2.02 264.4 1892 1756 1734 82.8 66.8 2.25 0.12 1.27 7.35 5.80
225 2.17 256.4 1882 1748 1728 83.7 2.33 0.11 1.29 7.53 5.84
230 2.15 254.2 1880 1743 1721 83.3 68.3 1.78 0.12 1.31 7.70 5.88
235 2.13 257.6 1874 1734 1713 82.3 1.97 0.13 1.33 7.88 5.92
240 2.06 264.2 1881 1762 1742 755 69.7 1.52 0.12 1.35 8.05 5.98
245 1.88 273.5 1894 1755 1734 81.1 2.41 0.12 1.37 8.21 6.00
250 8.84 211.0 1775 1751 1748 102.0 71.0 0.00 0.00 1.40 8.95 6.40
255 8.59 145.3 1995 1834 1805 128.0 7.93 0.05 1.43 9.66 6.75
260 9.98 87.4 2159 1969 1889 1064 71.9 8.34 0.13 1.50 10.49 6.98

* time: after steam injection into the model
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Table F.2: Main Fast-SAGD experimental data

Cumulative
T- oil water
Time* | FT100 TE201 PT201 PT301 PT350 TE300 annu FT301 UY301 | prod  inj | CSOR
(min) | (kg/hr)  (0C)  (kPa) (kPa) (kPa)  (oC) _ (oC)  (kghr) (ter) __(iter)
o| 200 2696 1796 1632 1605 1413 241 330 019 000 000 14.30
5| 199 2734 1933 1687 1610 1177 916 004 002 017 852
10| 203 2435 2292 1666 1605 1069 219 371 028 005 033  7.09
15| 203 2261 2417 1664 1599  95.8 564 009 006 050 7.78
20| 197 2106 1767 1618 1603 644 252 325 012 011 067 593
25| 196 2105 1754 1636 1607 724 267 028 016 083 513
30| 199 2425 1788 1658 1618 732 258 519 011 021 100 485
35| 189 2430 1864 1626 1608  76.9 401 008 023 115 506
40| 198 2136 1847 1636 1613 861 267 406 019 027 132 496
45| 205 2105 1751 1638 1618  79.4 226 025 030 149 492
50 | 203 2549 1750 1642 1621 760 261 268 019 034 166  4.91
55| 642 2246 2103 1655 1626 765 721 009 038 219 583
60 | 697 2146 1913 1672 1625 905 257 559 014 043 278  6.46
65| 695 2169 2001 1671 1625  79.3 622 014 051 335  6.60
70| 217 2121 1816 1667 1628 665 268 023 047 055 354 643
75| 483 2124 1841 1696 1632  51.3 033 054 055 394 7.0
80| 7.02 2165 1982 1668 1634 762 281 534 014 061 452  7.46
85| 663 2165 1990 1680 1638 924 612 014 068 508 7.51
9 | 666 2171 2015 1680 1638 856 292 601 015 074 563 758
95| 471 2181 2049 1750 1716 785 648 011 081 602 7.44
100| 663 2176 2036 1706 1676 817 299 647 013 088 658  7.48
105 | 424 2138 1871 1691 1644  88.1 580 015 096 693 725
110 | 455 2133 1856 1639 1611 658 302 041 026 087 731 750
115 | 352 2144 1894 1681 1654 520 025 025 098 760 7.74
120 | 3.60 2146 1903 1696 1660 80.8 314 387 018 103 790  7.68
125 | 428 2147 1906 1693 1667 103.8 427 011 108 826 7.5
130 | 542 2151 1938 1661 1668 1063 31.8 -392 -005 112 871  7.79
135 | 667 2175 2023 1704 1678 1029 566 010 115 927  8.04
140 | 575 2174 2018 1715 1681 1113 322 647 007 149 974 819
145 | 602 2178 2024 1721 1683 1036 661 010 124 1025 826
150 | 6585 2181 2045 1717 1684 956 342 622 011 129 1082  8.36
155 | 613 2181 1979 1736 1695  79.1 812 006 135 1133 840
160 | 421 2117 1814 1614 1745 1204 355 000 -0.05 138 11.68  8.45
165 | 359 2180 2032 1708 1695 110.4 000 -005 141 1198  8.49
170 | 442 2197 2130 1731 1703 1055 382 405 013 145 1235 851
175 | 391 2172 2009 1732 1707 1140 592  0.09 149 1267 849
180 | 411 2195 2092 1786 1736 1034 408 1448 006 151 13.02 859
185 | 446 2172 2011 1724 1699 116.7 588  0.03 153 1339 876
190 [ 899 2146 1891 1668 1651 739 423 869 006 1.53 1414  9.22
195 | 7.47 2083 1808 1753 1733  105.1 728 003 154 1476  9.60
200 | 950 1211 1821 1739 1717 1102 420 765 _ 0.01 153 1555  10.18
* time: after steam injection into the model
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Table F.3: Temperature data of the scaled model for contouring

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

SAGD Fast-SAGD

CT1 CT2 CT3 CT4 CT1 CT4 CT6 CT7

@0 @150 @210 @280 | @90 @150 @210 @240

min min min min min min min min
TC1-1 21.7 26.6 46.7 68.1 | 23.2 25.2 30.9 41.9
TC1-2 21.5 27.2 47.9 70.0 n/a
TC1-3 37.8 101.9 149.0 166.5| 226 1021 1271 1389
TC1-4 50.9 122.1 159.4 1733 | 227 1373 1348 1413
TC1-5 | 1415 159.6 177.9 1880 | 970 2079 2103  178.3
TC1-6 | 104.8 136.0 164.8 179.9 | 1339 2078 2103  183.7
TC1-7 20.0 31.6 52.7 753 | 1301 1405 1589  187.7
TC1-8 n/a 940 108.3  133.7  183.2
TC2-1 21.1 25.4 39.5 569 | 228 25,1 33.2 44.7
TC2-2 21.0 26.3 425 611 | 227 25.4 35.7 50.2
TC2-3 34.7 80.0 118.1 1372 | 224 385 1272 1155
TC2-4 45.4 97.9 130.4 146.0 | 234 675  159.6  138.4
TC2-5 | 209.4  207.1 208.2  208.4| 1150 1248 2060 171.9
TC2-6 n/a 1441 1509 207.3  176.8
TC2-7 20.7 28.3 44.6 62.7 | 107.8 83.0 1524  163.9
TC2-8 20.9 26.5 40.1 565 | 777 672 1260 1531
TC3-1 21.1 24.5 35.5 494 | 2286 25.0 32.9 41.2
TC3-2 20.9 25.0 37.6 527 | 225 25.6 35.5 45.6
TC3-3 32.1 64.0 93.3 1111 223 646 1556  134.2
TC3-4 40.9 79.4 106.0 121.0| 226 726  161.0  137.8
TC3-5 | 115.0 131.6 145.1 155.3| 950 131.6 1664  142.2
TC3-6 78.9 103.3 122.7 1367 | 129.9 1546 1782 1496
TC3-7 20.7 27.0 39.9 546 | 56.8 77.7 1443  136.2
TC3-8 20.7 25.2 35.9 49.3| 439 629 1172 1224
TC4-1 20.8 23.6 32.2 440| 224 24.9 32.5 39.4
TC4-2 20.8 23.9 33.8 466 | 223 25.6 35.2 435
TC4-3 29.6 54.7 78.0 934 | 225 824 1442 1326
TC4-4 36.5 67.8 89.8 103.3| 229 90.2 1498 1354
TC4-5 | 130.9 144.8 154.0 159.0 | 907 1387 1682  128.2
TC4-6 96.6 116.0 129.7 138.0| 1252  159.7  179.8  133.9
TC4-7 20.6 25.6 35.9 478| 533 721 1057 11241
TC4-8 20.4 24.2 32.8 437| 418 58.5 86.8 99.0
TC5-1 20.9 23.1 30.1 39.9 n/a
TC5-2 20.8 23.4 31.4 420 221 28.6 40.0 48.9
TC5-3 27.2 46.9 65.0 778 | 225 89.1  117.8  128.9
TC5-4 32.0 56.8 74.5 86.0| 228 930 1234 1317
TC5-5 n/a 58.4 1391  119.2 1045
TC5-6 26.7 49.5 66.3 777| 775 1333 1191 1050
TC5-7 20.5 25.2 33.8 435| 480 66.5 84.0 74.3
TC5-8 20.2 23.5 30.7 39.7 n/a
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Table F.4: Heat balance calculation results for the SAGD experiment

Time* an de Qa«:: de le-in le-ms
(min) (kJ) (kJ) (kJ) (kJ) (kJ) (kJ)
0 0 0 0 0 0
10 991 507 110 424 0
20 1976 1013 204 847 45
30 2964 1522 335 1274 90
40 3867 1987 430 1664 141
50 4821 2476 586 528 2073 196
60 5809 2986 637 2501 242
70 6808 3503 763 2936 286
80 7789 4012 889 3365 329
90 8806 4537 991 3805 370
100 9752 5022 1068 4211 408
110 10702 5511 952 1178 4621 445
120 11675 6017 1296 5047 481
130 12638 6518 1383 5469 515
140 13638 7033 1499 5901 547
150 14648 7552 1614 6335 577
160 15619 8053 1719 6756 606
170 16663 8592 1355 1835 7209 632
180 17688 9121 1908 7653 659
190 18694 9643 2013 8092 683
200 19697 10161 2319 8527 706
210 20683 10668 2425 8951 727
220 21672 11179 2541 9380 749
230 22715 11722 2634 9837 769
240 23725 12243 1656 2705 10275 783

* time: after steam injection into the model
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Table F.5: Heat balance calculation results for the Fast-SAGD experiment

Time * an de Qac de le-in le-annu
(min) | (kJ) (kJ) (kJ) (kJ) (kJ) (kJ)

0 0 0 0 0 0
10 952 497 417 429 4
20 1932 995 1107 855 5
30 2896 1504 1446 1116 7
40 3214 1996 1554 1361 8
50 4127 2470 870 1749 1770 9
60 5084 2983 1851 2025 11
70 8128 4294 2197 3144 13
80 11377 5713 2498 4341 15
90 13632 6701 2506 5168 17
100 16740 8055 2850 6311 19
110 18940 9019 1500 3166 7125 21
120 20928 9885 3475 7852 24
130 22578 10603 3482 8456 27
140 24576 11477 3755 9191 30
150 27703 12840 4116 10342 34
160 30532 14071 4542 11381 38
170 33407 15323 2273 4951 12440 42
180 35093 16057 4951 13060 47
190 36926 16857 5372 13735 52
200 39016 17768 2185 5812 14504 58

* time: after steam injection into the model
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Table F.6: Accumulated heat for the SAGD experiment CT4 (at 240 min after steam

injection)
Temp  So volume (cm®) Accumulated heat (kJ)

(°C) contour oil water matrix | inwater inoil  in matrix  total
25 0.95 0 0] 0 0 0 0 0 0
35 0.95 1008 237 12 506 1 6 15 22
45 0.93 2016 541 41 1182 4 24 57 85
55 0.85 1008 283 50 675 7 18 45 70
65 0.70 756 291 125 844 23 24 73 120
75 0.60 1008 200 133 675 30 20 71 121
85 0.50 252 83 83 338 22 10 42 74
95 0.43 252 36 47 169 14 5 24 44
105 0.36 252 30 53 169 18 5 28 51
115 0.32 252 27 57 169 22 5 31 57
125 0.30 252 25 58 169 24 5 34 64
135 0.28 1008 70 180 506 82 16 112 210
145 0.25 252 21 62 169 31 5 41 77
155 0.23 504 38 128 338 68 10 88 166
165 0.22 252 18 65 169 37 5 47 89
175 0.21 504 35 131 338 80 11 100 191
185 0.20 252 17 67 169 43 6 53 102
195 0.20 0 0 0 0 0 0 0 0

205 0.20 252 17 67 169 48 6 60 114

total 10079 1967 1359 6753 555 181 921 1656
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Table F.7: Accumulated heat for the Fast-SAGD experiment CT7 (at 200 min after steam

injection)
Temp  So volume (cm®) Accumulated heat (kJ)

(°C) contour oil water matrix | inwater inoil inmatrix total
25 095 0 0 0 0 0 0 0 0
35 095 1008 316 17 675 1 8 19 29
45 093 1512 464 35 1013 4 20 49 73
55  0.90 0 0 0 0 0 0 0 0
65 0.85 0 0 0 0 0 0 0 0
75 0.75 252 62 21 169 5 6 18 29
85 0.68 252 57 27 169 7 7 21 35
95 0.60 252 50 33 169 10 7 24 41

105  0.55 504 91 75 338 26 15 55 96
115  0.50 504 83 83 338 32 15 62 108
125 045 756 112 137 506 58 23 102 183
135  0.40 2268 299 449 1519 205 68 335 608
145  0.35 756 87 162 506 80 22 122 223
155  0.30 252 25 58 169 31 7 44 82
165 027 252 22 61 169 35 7 47 88
175  0.23 756 57 192 506 117 18 151 285
185  0.21 756 52 197 506 127 18 160 305
195  0.20 0 0 0 0 0 0 0 0
205 0.20 0 0 0 0 0 0 0 0
total 10079 1779 1547 6753 737 240 1209 2185
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