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Abstract

In this study, a visual model and a subatmospheric scaled physical model were used to
perform the various experiments of the Steam-Assisted Gravity Drainage (SAGD)
process. The visual model experiments were conducted to visualize the growth of the
steam chamber and the oil drainage process. Using the scaled physical model, SAGD
experiments were conducted to test the performance of three different well
configurations. Also, experiments in which hot water was injected were performed to

determine the influence of intermittent steam injection on oil recovery.

Theoretical analyses including heat balance calculations, and steam zone volumes were

performed on one of the base case experiments.

The well configuration in which the injector is in the upper position and the producer is
in the lower position gave the highest oil recovery and highest cumulative oil-steam

ratio.

The breakthrough time was a function of the volume of the reservoir lying above the

horizontal producer; the larger the volume, the later the breakthrough time.

The vertical position of the horizontal injector has an effect on the recovery
performance when implementing a hot waterflood either before or after the SAGD

process.
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The heat balance calculations revealed that the heat lost to the overburden and the

underburden was much less than had been thought, and represents only 20% of the total

heat injected.
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Nomenclature

Specific heat, [L’t"’l‘"]

the amount of the injected heat that has been produced, dimensionless
the steam quality downhole, dimensionless
steam quality, dimensionless
acceleration due to gravity, [Lt”]
enthalpy per unit mass, 2t"]

steam injection rate [L’s"
permeability, [L?]

thermal conductivity, MLt~T"
relative permeability, dimensionless
length, [L]

latent enthalpy per unit mass, [L’t"]
arbitrary variable,

volumetric heat capacity, MLt T
pressure, [ML™'t?

heat, [kJ]

conductive heat flux, [M/ t"]
saturation, mass fraction

Temperature, [T]

time, [t]

volumetric flux (Darcy velocity), [L / t]
mass flow rate,

Greek Symbols

40':-9-%9

thermal diffusivity, [Lt"']
pressure drop, [ML"t"]
porosity, dﬁ:'nsioxiless
viscosity, [ML't™
density, [ML"]

del operator



Subscripts
D dimensionless
Form formation

inj  injected

J phase (oil, water or steam)
loss loss to the cap and base rock
o oleic phase

ob  overburden

P prototype

prod production

R reference variable used to obtain a dimensionless quantity
res  reservoir

8 steam

w water (unless otherwise specified)



1. Introduction

For more than two decades (since 1980), the SAGD process has been
investigated using theoretical, numerical, and experimental studies. Most of these
studies have concentrated on the application of the SAGD process to the oil sand
reservoirs. In these reservoirs the bitumen has a very high viscosity (in the range of
100,000 centipoise (cp)) and is immobile at the reservoir conditions. Unlike bitumen,
heavy oils have viscosity (in the range of 1000-10,000 cp) and are mobile at the
reservoir conditions. Thus a study, which is specifically focused on the application of
the SAGD process to the conventional heavy oil reservoirs, needed to be conducted.

Due to the limitation on the grid size, the majority of the numerical studies of
SAGD Process were 2-dimensional ones. In addition, most of the experimental
investigations on the SAGD process have used 2-Dimensional physical models. In this
study a 3-dimensional physical scaled model was used to study the performance of the
SAGD process in the conventional heavy oil reservoirs. Using a 3-dimensional model
will be helpful in seeing the 3-dimensional phenomena like the variation of the steam
quality along the horizontal injector.

Thermal projects reach a stage where the recovered oil would not cover the cost
of the injected steam, and as a consequence, these projects will be shut-in. Heat
scavenging techniques could recover additional oil and extend the life of the project.
Testing the viability of scavenging the available heat after 8 SAGD process needed to
be conducted.



2. Statement of the Problem

The broad aim of this study was to test the performance of the SAGD process in
conventional heavy oil reservoirs. In order to understand the performance of the SAGD
process, experiments using a 2-dimensional visual model and a 3-dimensional scaled
physical model were carried out. Prior to conducting the planned experiments, the
following modifications were made to the visual model and the scaled model.

i. Modifying the wells configuration in the visual model into a SAGD
configuration.

ii. Placing thermocouples into the visual model, in an attempt to obtain
better understanding of steam chamber growth.

iii.  Redistributing the thermocouple positions of the scaled physical model
in order to make more effective use of temperature distribution in
following the growth of the steam chamber.

In this research there were experimental as well as theoretical objectives, as listed in the
following:

2.1 Experimental Objectives

1) Testing saturating the model with oil from the updip end to maintain density and
gravity saturation front.

2) Conducting a series of base case experiments, which could be used to compare with
other experiments.

3) Investigating the performance of various wells configuration in SAGD.

4) Examining the effectiveness of implementing a hot waterflood prior to SAGD
process.

5) Testing the effectiveness of having hot waterflood after SAGD process.
2.2 Theoretical Objectives
1) Performing the model heat balance calculations.

2) Confirming the experimental steam chamber volumes by comparing it to those
obtained from Marx-Langenhiem frontal model and Neuman’s override model.



3. Literature Review

3.1 Overview

Basically, there are two classes of thermal recovery processes: displacement (or
drive) processes and stimulation processes. In a drive process, a fluid is injected to dis-
place reservoir fluids to an adjacent well, as in waterflood. In thermal drive processes,
heat is injected to reduce oil viscosity, thus enhancing the efficiency of the displace-
ment process. The fluid may carry heat generated at the surface, as in the case of steam
and hot water, or the heat may be generated within the reservoir, as with in situ com-
bustion. In thermal stimulation process, only a limited region around a producing well
is heated to reduce oil viscosity and to improve near-wellbore permeability. Steam
stimulation involves periodic injection of steam into a producing well (Boberg, 1988.)

3.2 Thermal Drive Processes

The simplest of the all thermal drive processes and the closest to a conventional
waterflood is the hot water injection. In this process hot water is injected into the reser-
voir to raise the temperature of the oil, and as a consequence, improving its mobility
relative to that for water. (Boberg, 1988.) Implementation of hot water injection to re-
cover heavy oils has been limited. Hot water is not as effective in displacing oil as
steam, because steam can lose all the latent heat and does not suffer a drop in its tem-
perature (Farouq Ali, 1976.) The most widely used thermal drive process is the steam-
flooding. In the flooding process, steam is injected continuously into one or more wells
to drive the oil to separate production wells. Another advantage of using steam as the
injected fluid rather than hot water is that more energy can be injected into the forma-
tion, and high oil recovery can be obtained. Producing reservoirs with very viscous oils
usually require the implementation of steam stimulation prior to the steamflooding.
This is to create flow communication between the injector and the producer (Butler,
1991.)

Several steamflood projects that originally started with the attention of displac-
ing oil horizontally have ended up with more attention being paid to the importance of
the gravity forces in providing drive. It was recognized that displacing the oil down-
wards in dipping reservoirs by injecting steam into the top of the reservoir results in
high production rates. Recoveries of the order of 50% are achievable using steam-
flooding (Butler, 1991.)

3.3 Application of Horizontal Wells to Heavy Oil Recovery

One of the prospective areas of using horizontal wells lies in the field of heavy
oil recovery, particularly thermal recovery using steam (Butler, 1994). The increase in
the direct contact between the wellbores and the formation is an advantage of the hori-
zontal over the vertical ones (Hauang et. al., 1986.) In the case of very thin pay zone
areas, vertical drilling would be uneconomical due to insufficient wellbore openings for
production. Using horizontal wells in certain thin formations with bottom water table
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could defer and reduce water coning due to the low-pressure drop area over a long
wellbore.

Thermal recovery usually requires close well spacing. Typically projects have a
spacing of 1 to 2 hectares (2.5 to 5 acres) per well and in many cases, these are later
filled in to improve recovery. In such circumstances, a single horizontal well can re-
place a row of as many as ten or more conventional wells. Another important advantage
of using horizontal wells in thermal recovery is the possibility of obtaining a high re-
covery with little steam production (Butler, 1994.)

3.4 Steam-Assisted Gravity Drainage (SAGD)

In the SAGD process, two horizontal wells are implemented; these wells are
drilled parallel to each other. The injector is in the upper position while the producer is
in the lower position, usually as close as possible to the bottom of the reservoir. The
purpose of developing the SAGD process was to take advantage of the gravity, already
available in the reservoir, in producing the heavy oil or bitumen in a systematic manner
avoiding the differential fingering that occurs when viscous oils are pushed with a less
viscous fluid. In this process steam is introduced near the bottom of the reservoir and
tends to rise, forming a steam chamber above the horizontal injector; inside the steam
chamber the steam flows through the sand within the chamber to the interface and con-
denses. The heat released due to condensation is conducted into the colder oil sand.
This heats the oil near the condensation front, lowering its viscosity and making it more
mobile; the heated oil and the condensate drain by gravity to the production well, which
is positioned parallel to and below the injection well. As the oil is removed from the
reservoir through the producer, the steam chamber grows upwards and sideways. The
horizontal injector can be replaced by a number of vertical injectors. In cases where the
reservoir oil is mobile, the injector can be placed higher in the reservoir in order to take
advantage of the higher drawdown (Butler, 1991.)

3.4.1 Theoretical Studies of SAGD Process

Butler, McNab, aud Lo (1981) introduced the theory for SAGD process. In their
derivation of an expression for the oil drainage rate, they had assumed that the heat re-
leased due to condensation is transferred into the colder oil sand by conduction only,
thus the whole process was localized at the steam-oil interface. In deriving the theory, a
material balance was performed on the oil being heated at the interface and the oil be-
ing drained by gravity. The authors had arrived at an expression for the total oil drain-
age rate; this rate was a function of the height of the steam chamber, the viscosity of the
oil at the steam temperature, the difference between the initial oil saturation and the re-
sidual one, and the thermal diffusivity. Expressions for the X-coordinate and Y-
coordinate of the steam chamber interface were developed. Experimental work was
conducted for the purpose of testing the derived theory. In this experimental work, a
scaled visual model working at atmospheric pressure and a scaled physical model
working at high pressures had been used. An expression for the dimensional similarity
was established. A comparison between the theoretical rate and the experimental rate
from the scaled visual model experiments and the scaled physical model experiments



revealed that the experimental rate was of the same order as that predicted, but slightly
lower. It was concluded that the slightly lower experimental rate was due to factors that
had not been considered in the derivation of the theory.

Butler and Stephens (1981) modified the above-mentioned theory by eliminat-
ing the movement of the interface away from the producer. In addition to that, they
generalized the theory of the oil drainage rate by including a series of parallel well pairs
instead of only one pair. The authors had developed an expression for determining the
time needed for the steam chamber to move horizontally to the no-flow plane between
the patterns. The theory does not predict the oil drainage rate during the vertical growth
of the steam chamber, because in its derivation it was assumed that from the beginning
the steam chamber extends for the whole vertical height. However, the theory predicts a
maximum production rate that is close to the one found experimentally. It matched the
declining drainage rate during the depletion reasonably well.

Butler, Stephens, and Weiss (1981) performed a study in which they have con-
sidered the rising-chamber period, which has not been considered in the above men-
tioned studies. This assumption had led to a discrepancy in the theoretical oil drainage
rate during the rising period of the steam chamber. The authors took in consideration
the vertical growth rate and the lateral growth rate while the chamber was moving up-
wards. It was assumed that the steam chamber has a circular shape with the horizontal
well at its center. The rate of growth of the steam chamber was taken as the rate of in-
crease in its radius. An expression representing the height of the steam chamber as a
function of time was developed. There was good agreement between the theoretical
steam chamber heights calculated using the derived equation and the heights resulted
from a scaled experiment.

Butler (1985) took a new approach in modeling the SAGD process by treating
the interface of the steam chamber as a number of segments. The main concern with the
original theory of oil drainage in the SAGD process was the assumption that the tem-
perature distribution corresponds to the steady state. While this was a reasonable ap-
proximation in the central part of the interface, it was not true at the ends. In the new
theory, it was assumed that the interface is consisted of a number of straight segments.
These segments can move and extend or contract in length as the drainage process pro-
ceeds. Oil drainage for each segment is calculated for successive time steps and these
rates are used to calculate the displacement of the interface. An approximate differen-
tial equation was used for calculating the change in the accumulated heat penetration.
Based on the results of the new theory, it was concluded that the new method predicts
drainage rates of the same order as those obtained from the earlier methods.

Butler (1987) developed an approximate expression, which predicts the rate of
the rise of a steam chamber in a reservoir. In developing this theory, the problem was
considered as a 2-D problem. The theoretical analysis in this study is concerned mainly
with the material, pressure, and heat balances in the region where the steam fingers ad-
vance into the cooler reservoir. It was found that the upper boundary of the steam fin-
gers has a parabola shape and that the rise rates of the fingers are proportional to the

5
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permeability of the reservoir, and are strong functions of the steam temperature and oil
viscosity.

Ferguson and Butler (1988) developed a new calculation procedure by which
the effects of varying steam injection rates, pressures, and the duration of injection cy-
cles on the recovery of heavy oil can be determined. The model used an approximate
mathematical method to determine the heat transferred to the receding oil bank and to
the cap and base rock. The pressure and the temperature of the steam chamber were
changed based on the surplus or deficiencies of the balancing of the total heat injected
against the total losses from the system. The new method had been used to test the ef-
fect of steam cycle duration, the effect of injection pressure, and the effect of multiple
injection cycles on three types of reservoirs. It was found that a considerable increase in
the cumulative oil-steam ratio could be gained when the steam injection is stopped be-
fore the recoverable reserves have been completely produced. In addition, it was found
that higher injection pressures and rates accelerate the production and do not reduce the
cumulative oil-steam ratio significantly.

Vikas and Kamath (1992) developed a 2-dimensional analytical model for the
process. The effect of porosity, effective permeability, pay zone thickness, well spac-
ing, and the length of the horizontal well on the production performance has been
studied. The 2-Dimensional model developed in this study build upon the original con-
cept derived by Butler (1981). In deriving the model, heat balance and fluid flow equa-
tions were solved to determine the growth of the chamber, the position of the steam in-
terface and the rate of gravity drainage of oil. The model calculations were divided into
two stages: a rising steam chamber stage during which the chamber grows upwards and
reaches the top of the reservoir, and a spreading chamber stage during which the cham-
ber grows sideways. The derived model was tested against the results of scaled experi-
ments and numerical simulation results obtained by Chung and Butler (1988.) It was
concluded that the model predictions were in good agreement with scaled physical
model experiments and numerical simulation results for the Cold Lake oil sand reser-
vorr.

Reis (1992) developed a predictive method for the SAGD process in linear ge-
ometry. In developing the new model, the author assumed that the steam chamber has a
shape of an inverted triangle with its lower vertex fixed at the producer. He also as-
sumed that the temperature profile declines exponentially with distance away from the
interface, independently of the position on the interface. An energy balance approach
was used to determine the latent heat injection rate of the steam to expand the steam
chamber, preheat the reservoir ahead of the chamber, and supply the heat losses to the
overburden. The model was validated by testing it against the experimental data of
Chung and Butler (1988). A good agreement was found when the effect of the relative
permeability considered. In addition, the author compared his model to the other pub-
lished models and found that his model gave the closest match the experimental data.

Butler (1997) has showed that it is not necessary that the entire steam chamber
to be at a uniform high temperature. In conventional SAGD process large steam quan-
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tities are needed to maintain the whole steam chamber at the saturation temperature
corresponding to the reservoir pressure, and to supply the heat losses to the overburden
and the underburden. High temperatures in the upper part of the reservoir are crucial to
the viability of the SAGD process, especially in thin reservoirs due to the high heat
losses to the overburden. In this study, a modification of the original SAGD process
was proposed in which a non-condensable gas is injected with the steam; the gas will
accumulate in the chamber above the injector, and lower the temperature in the upper
part of the chamber. In one example, it has been shown that heat stored in the chamber
per cubic meter of produced oil was only 62% of that of conventional SAGD.

3.4.2 Experimental Studies of SAGD Process

Butler, McNab and Lo (1981) carried out the earliest experiments on SAGD
process, in Esso Canada’s Laboratory. These experiments were carried out in a low-
pressure scaled visual model, and in a high pressure scaled model. These experiments
were scaled based on scaling criteria developed by the authors. The purpose of this ex-
perimental work was to test their SAGD theory. The various stages of the growth of the
steam chamber were photographed from the visual model experiments. It was found
that the experimental oil drainage rate was of the same order as the one predicted by the
theory.

Griffin and Trofimenkoff (1984) performed an experimental study to test sev-
eral factors, including oil viscosity, and injection temperature on oil production in
SAGD as observed in scaled laboratory experiments and to extend the SAGD theory to
examine steam injection from a vertical well situated above the horizontal producer. In
this study two types of models were used: 1) atmospheric pressure, 2-dimensional vis-
ual model, and 2) 3 dimensional high-pressure model. Two configurations of the visual
model were used; one, which had a horizontal injector and a horizontal producer and
the other, had a vertical injector and a horizontal producer. From the visual model ex-
periments, good agreement between the theoretical and the experimental oil production
rates was found, and it was found that the highest oil rate occurred when the steam
chamber reached the top of the reservoir. The results of both the visual model and the
physical model agreed well with the theory. The authors concluded that steam override
and subsequent overburden heat loss was not as large as had been expected by the
SAGD theory, and that the oil rate increased as the injection pressure increased, due to
temperature increase and oil viscosity decrease.

Joshi and Threlkeld (1985) conducted an experimental study to compare the
production performance of the following three SAGD configurations: 1) a horizontal
well pair, 2) a vertical injector and a horizontal producer, and 3) a vertical well pair. In
addition, the effect of the existence of different configurations of fractures in the reser-
voir on the production performance had been tested. Most of the experiments were
conducted using light oil, while bitumen was used in some experiments. It was found
that the horizontal well pair recovered more oil than the other two configurations. The
horizontal well pair configuration heated and drained the reservoir more effectively. It
was also found that vertical fractures improve the performance of the SAGD process,



especially at the beginning when the fracture scheme gave a higher oil-steam ratio than
the uniform permeability pack.

Chung and Butler (1988) conducted an experimental study to investigate the in
situ emulsification of oil and water during the SAGD process. The authors investigated
how the change in well configuration in the SAGD process effects the amount of water-
oil emulsion in the produced fluids. The well configurations tested were: 1) a steam in-
jector slightly above a producer, 2) a producer at the base of the formation and a verti-
cal circulating steam injector which was perforated near the top of the formation. The
results showed that the water-oil emulsion in the produced fluids was higher during the
upward growing stage than during the sideways growing stage of the steam chamber.
This is because during the upward growing stage of the chamber there was a meander-
ing and counter-current flow of steam and heated oil, while during the sideways grow-
ing stage the flow was a two-phase (oil and steam).

Sugianto and Butler (1990) tested the performance of the SAGD process in res-
ervoirs containing a bottom water. Experiments were conducted in a scaled, 2-
dimensional reservoir model containing an active aquifer system. The study investi-
gated the mechanism, the process, and the effect of steam injection pressure, bottom
water thickness and the location of the production well. It was found that the SAGD
process could economically produce heavy oils from reservoirs having bottom water
aquifers. The ultimate oil recovery varied from 87% for the no bottom water case to
48% where the bottom water aquifer represented 41% of the total reservoir volume. It
was desirable that the steam injection pressure to be comparable to the aquifer pressure
in reservoirs having a bottom water aquifer. Although in most of the conducted experi-
ments the producer was above the water-oil contact, it was found that excellent recov-
ery could be obtained with the producer was located below the water-oil contact.

Sasaki, et al (1996) carried out experiments on the initial stage of the SAGD
process. The main aim of this study was to shorten the leading time to generate a steam
chamber in near breakthrough conditions between two horizontal wells. A 2-
dimensional physical model was used. The steam chamber was visualized using video
and thermal-video cameras. In order to modify the initial stage of the original SAGD
process, the authors decided to study the effect of some factors on this process. It was
found that the time of the steam breakthrough increased as the drawdown decreased.
Also, it was noticed that the width of the steam chamber at the steam breakthrough de-
creased as the drawdown increased; however, the difference in the chamber shape be-
came gradually small during the rising stage of the chamber. The authors noticed that
the larger the distance between the injector and the producer the better the rate of re-
covery especially after the breakthrough time. Based on the above results, it has been
decided that the initial stage of the original SAGD process can be modified by injecting
steam intermittently from the producer in addition to the continuously steam injection
from the injector.

Nasr, et al (1996) performed an experimental and numerical study of the SAGD
process. The experiments were conducted to verifir the numerical model. Four experi-
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ments were conducted in this study. The first and the second experiments were per-
formed using paraffinic wax, and designed to investigate the effect of enthalpy control
on the SAGD process (the first experiment was injection controlled and the second one
was enthalpy controlled). In the third experiment, Cold Lake oil was used and enthalpy
control was applied, this experiment was used to validate the numerical model. The
fourth experiment was used to evaluate the effect of wellbore dynamics on the devel-
opment of the steam chamber. In addition, the effect of permeability on the source/sink
simulation was investigated. The size of the steam chamber was larger in the case of the
enthalpy controlled than in case of the rate controlled. It was also found that the dura-
tion of the initialization phase of the SAGD process increased as the permeability de-
creased.

3.4.3 Numerical Studies of the SAGD Process

Kamath, et al (1993) performed a simulation study of SAGD process in Ugnu
Tar Sand Reservoir. Because the SAGD analytical models were developed for a homo-
geneous, isotropic reservoirs, the authors decided to develop a 2-dimensional numerical
model in which the effect of heterogeneity and anisotropy on the performance of the
SAGD Process were considered. The effect of heterogeneity was considered by imple-
menting a model, which was consisted of N layers, with each layer having different po-
rosity, permeability, initial oil and water saturations, but same relative permeability. A
base case run was established for comparison in which the reservoir was considered
homogeneous, and an average value for each reservoir property was selected. The
tested parameters were the porosity, absolute permeability, initial mobile water satura-
tion, Dykstra Parsons permeability variation, ratio of vertical to horizontal permeabil-
ity, steam temperature, steam quality, steam injection rate, horizontal well length, in-
jector-producer spacing, lateral well spacing, and shale barriers. The performance of the
SAGD process improves significantly with high steam injectivities, higher steam qual-
ity, low mobile water saturation near the producer, absence of continuous shale barri-
ers, high vertical to horizontal permeability ratio and optimum injector-producer verti-
cal spacing.

Kisman and Yeung (1995) tested the performance of the SAGD process in the
Bumt Lake Oil Sands Lease using a 2-dimensional numerical model. Due to the limita-
tions on the grid size, each 100-m of the 500 m long well pair was represented by a
separate 2-dimensional model, and then the performance of the entire well was deter-
mined by combining resuits of all the 2-dimensional models. A base case model was
prepared for comparison. These parameters were not known accurately. The compari-
son was done by comparing the recovery performance after 4 and 8 years of each sen-
sitivity run to the base case run. The tested parameters were: vertical permeability, live
oil viscosity as a function of temperature, flow barriers, thermal conductivity, solution
gas, relative permeability, well placement, and operating pressure. The base case model
predicted a favorable recovery performance, and that the oil viscosity and the relative
permeability in the region surrounding the steam chamber had more effect on recovery
performance than corresponding properties within the steam chamber. It was also found
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that placing the producer at the base of the reservoir where the permeability was poor
had a significant effect on the SAGD performance in Burnt Lake Oil Sands Lease.

Ito and Suzuki (1996) performed a simulation study of the SAGD process ap-
plied to the Hanginstone Oil Sands Reservoir. The study was conducted to forecast the
recovery performance and to further understand the oil production mechanism. Thus,
the authors decided to review in detail the flow behavior of steam, water, and oil as
well as the mechanism by which heat is transferred from the steam chamber to the sur-
rounding reservoir. It was found that the peak oil flow appeared to be at 2 to 3 meters
away from the steam chamber interface; this area was between the temperature con-
tours of 160°C and 210°C, which was 50-100°C lower than the steam saturation tem-
perature. Steam condensate therefore played a role in displacing the oil from the reser-
voir. This disagrees with what had been believed about the mechanism of oil displace-
ment of the SAGD process.

3.4.4 Field Pilots of the SAGD Process

Phase A of the UTF project was the first field pilot of the SAGD process. The
purpose of this pilot was to test the performance of the SAGD process in the field.
Phase A project consisted of three pairs of horizontal wells, each pair had a producer
completed low in the pay zone and an injector located parallel to and 5 meters above
the producer. The well pairs were spaced 25 meters apart, and the effective length of
the completion was 55 meters. The pattern also contained 26 observation wells, to
monitor temperature, pressure and geotechnical effects. The production was controlled
by setting the wellhead temperature at a value below the boiling point of water on the
basis of the wellhead flowing pressure. This steam-trap control maintains correct draw-
downs because no steam can be produced and production cannot be accumulated at the
chamber bottom. Based on the performance of Phase A of the UTF Project, the original
SAGD concepts had been confirmed, and that the conventional numerical models accu-
rately predicted the process performance, with sufficient knowledge of formation per-
meability and sufficient grid resolution. It was also concluded that a commercially vi-
able combination of recovery, production rate, and steam-oil ratio would be obtained
from full-scale operations, and that significant advances in completions design and pro-
duction engineering were demonstrated (Edmunds et al., 1994.)

Edmunds and Gittins (1993) reviewed the effective application of SAGD proc-
ess of bitumen to long horizontal well pairs. After the success of Phase A of the UTF
project it was decided to design Phase B in which 500-m wells (commercial length)
will be implemented. Based on the review, it was concluded that the start up of the
SAGD process could be achieved with thermal conduction and gravity alone.

The main objectives of Phase B of the UTF Project were to demonstrate that the
encouraging Phase A productivities can be scaled up in proportion to the lengths of the
wells, and can be sustained for a producing life proportional to the pattern spacing.
Thirty-one wells were implemented for the purpose of monitoring the temperature,
pressure, and geotechnical effects in Phase B project. Prior to the start of the Phase B
project, a simulation study was performed to predict the performance. These forecasts
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were used later on for comparison with the actual performance of the project after one-
third of the pattern life has elapsed. It was concluded that the overall Phase B perform-
ance was very close to the predicted one and that SAGD performance can be scaled di-
rectly to the lengths of the horizontal wells when the wellbore hydraulic effects are
small (Mukherjee et al., 1995.)

3.5 Predictive Models for Steam Zone Volumes

Over the years many predictive models have been developed for the purpose of
predicting the growth of the steam zone during a steamflooding. Each model has its
limitations. In this study two different theoretical models have been used to confirm the
experimental steam zone volumes. These two models will be discussed here in detail.

3.5.1 Marx-Langenheim Model

Marx and Langenheim (1959) considered the ideal situation of steamflooding
where the steam is introduced at a constant rate into a steam zone, which spreads later-
ally over the entire thickness of the reservoir, i.e., there is no gravity segregation. The
model assumes that the steam zone is at a constant temperature, T,, extending from the

injection end to the point where the temperature abruptly drops from T, to T, the res-

ervoir temperature (Farouq Ali, 1976). Heat is transferred from the steam zone to its
surroundings, including the overburden and the underburden by conduction. There is no
heat flow from the steam zone into liquid zone ahead of the condensation front. This
assumption is realistic if the latent heat supplied in the injected steam is enough to sup-
ply all the heat losses, i.e., there is still latent heat arriving at the front (Butler, 1990).
The following expression was derived for the steam zone volume:

QMR
" dkpgpMep (Tg —TR)

F, can be defined by the following expression:

F, = e® erfeql; +2,/'% T (32)

F, can be determined from a plot of F, vs. t,, or can be approximated using the fol-
lowing expression:

t
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3.5.2 Neuman’s Model

Neuman (1985) developed a model for predicting the steam zone volume; in
this model the gravity override of the steam had been taken into consideration. In de-
riving this model it was assumed that: the steam rises quickly to the top of the reservoir,
the vertical pressure gradient is much higher than the horizontal pressure gradient, and
the water and oil saturations remain constant throughout the steam zone. Once the
steam 2one risen to the top of the reservoir, which happens in a short time compared to
the time needed to heat the whole reservoir, the steam zone starts in growing down-
wards, from the top to the bottom of the reservoir. Expressions were developed for cal-
culating the steam zone thickness, the areal growth of the steam zone, the volume of the
steam zone. The following expression were derived for determining the steam zone
thickness:

4k.C AT, |(t-x
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The areal growth of the steam zone can be calculated using the following equation:
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The volume of the steam 2one can be determined using the following equation:
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4. Scaling Parameters and Calculations

Physical models have been widely used to study fluid flow through porous me-
dia phenomena, especially those not well described mathematically, they also have
been used to design or assist in the operation of steamflooding projects. From scaling
point of view, physical models can be described by three categories: unscaled, partially
scaled, and fully scaled models. Depending on the type of the study, one of the three
categories will be chosen. In order to apply the laboratory results to the field, the model
must be scaled using scaling groups. The scaling criteria proposed by Stegemeier et al.
(1980) have been used in this study to scale-up the physical model to the prototype res-
ervoir (Kem “A” reservoir). In this study the implementation of the above mentionsd
scaling criteria is illustrated, including example calculations.

4.1 Development of Scaling Parameters for the Low Pressure Model
4.1.1 Unscaled Parameters

In reality it’s not possible to satisfy all the scaling groups due to the unavail-
ability of materials and fluids having physical properties that satisfy all the scaling re-
quirements and also because several of the scaling groups are not compatible with each
other. Thus some approximations and simplifications have to be made, which will lead
to a reduced number of scaling parameters. In this study, the following parameters were
unscaled between the model and the prototype reservoir.

Capillary pressure and relative permeability.

Thermal expansion and compression of the reservoir fluids and matrix.

Steam distillation of the crude oil.

The extent of emulsification and its mechanism.

Asphaltene flocculation.

Specifications corresponding to the injection and production of a horizontal weil
such as: pressure drop in the vicinity of and within the well-bore, skin factor, and
perforations interval.

Although the above mentioned parameters were not scaled, the success of vac-
uum model studies in simulating the prototype reservoirs performance implies that
these parameters have only a second order effect on the process of producing heavy oils
using steam injection.

4.1.2 Scaling Procedure

In this study the procedure introduced by Stegemeier et al. (1980) has been used
to scale the physical model used in this study. The scaling parameters that have been
used in this study are listed in Table 4.1. The first step in the development of the scal-
ing parameters is to drive the governing equations of fluid flow and heat transfer. The
governing equations should then be made dimensionless by dividing the dimensional
variable (m) by a characteristic reference quantity (m , ).

Thus:

AN B LN~



Table 4.1-Scaling Parameters for Steam Processes (Modified from
Stegemeier et al 1980)

Number Scaling Parameter f Scaling P r
I - :*L Poiseuille Number divided by
ROR*™R
Stokes Number
I (%I,'r"" + l] xA’ Modified Jacob Number +1
R*R
m f"—u:ﬁ Ratio of steam pressure
KrPx
gradient
to oil pressure gradient
v Kinty ~A’ Fourier Number or Peclet
¢RSRPRCRLg
Number !
\' %ST";—"‘% Stokes Number
RFROR'R
VI %st}._" Poiseuille Number Divided by
PrPrOrLy
Modified Poiseuille Number

* When ¢AS is not matched, A takes on a value between unity and

b Sp (Pnca /pckcdl)
- If reservoir heating or heat production predominates, use unity.
- If cap and base rock heating predominates, use ¢S, (PxCy /P2Ccn)-
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Once the governing equations had been dimensionlized, the inspectional analy-
sis was then used to obtain the similarity parameters. Satisfying all of these similarity
parameters is almost impossible in most of the physical models due to the reason that
has been mentioned above. Therefore these parameters are combined and modified us-
ing engineering judgement to generate new set of similarity parameters, which could be
matched between the model and the prototype reservoir.

The following assumptions has been made by Stegemeier et al. (1980) in order to drive
the scaling criteria for the subatmospheric pressure model:

1. Three phases may exist, and these are the oleic phase, the aqueous phase, and the

vapor phase (no volatile hydrocarbon) may exist.

There is no partitioning into or out of the oil phase (dead oil assumption).

Rock compressibility and thermal expansion are negligible.

Darcy’s and Fourier’s laws are valid.

The system is in local thermodynamic equilibrium.

Capillary pressure effects are negligible.

Kinetic energy, and potential energy, are negligible compared with thermal energy.

The enthalpy and internal energy are essentially equal for the oleic phase and aque-

ous phase, and are linear functions of temperature.

9. The difference between the steam enthalpy and internal energy can be neglected

10. The time rate of change of the specific steam enthalpy in the steam zone is negligi-
ble.

11. The internal energy of the rock is linear function of temperature.

12. The saturated témperature is the maximum temperature at any location.

13. Relative permeability depends exclusively on the saturations.

14. S_ and S__ are constant and uniform throughout the model.

15. Critical saturation for steam flow is assumed to be zero.
16. The change in density of the immobile water and residual oil are negligible.

Taking the above mentioned assumptions into consideration, and applying the conser-
vation of mass balance to the oil phase yields,

4,"(P;gts_ol+v.(ooﬁo)=o ................................................................ 42)

NN D WN

where the subscript ‘o’ denotes oil phase.

Applying the conservation of mass to the water phases (liquid and vapor) results in,
¢a("5’S')+v (o, ,)+¢a(”= ')+v (p,i8,)=0 . 43)

where the subscript ‘w’ signifies the water in the liquid phase and ‘s’ signifies the water
in the vapor phase.
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Based on the assumption that Darcy’s equation applies, thus the following equation can
be written for any phase j, where j=o, w, or s,

]

The conservation of the energy of the reservoir can be written as follows,

(6-90.C, +#p.C.8,+p.CS NG+ 1428519 |
+[p,C.u, +p.C.i,} VT +pg, - Vh, +V-G=0

Assuming that the conductive heat influx from the model to the overburden and the un-
derburden is expressed by Fourier’s equation,

-
o= -
-
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Because it was assumed that there is only three phases, thus the saturation identity be-
comes, :

(4.5)

The Clausius-Claperyron relationship, which relates the pressure and the temperature at
the saturation conditions, is as follows,

The rest of the relationships needed to describe the system are the constitutive equa-
tions, which express the dependence of the reservoir material properties on the thermo-
dynamic-state variables. These equations can be expressed in the functional form,

=
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Vs Z) ettt tat s e s et .
By = B8] e s (4.12)
K, ,u,.(T ) e sess s et (4.13)
h = h(T 4.14
A AT ) e s
L, = Li(T) oottt en e (4.15)
k,= k(xy:z2 4.16
= R (X, J,2) et
= p,(x,),2 4.17
= P, D52) b

where s denotes dependence on the phase saturation.

The above mentioned equations constitute a complete set for describing the reservoir
behavior.



A fewer number of equations are required in the cap and the base rock due to the fact
that there are no movable fluids in these regions. The equations of significance in these
regions are the energy equation, which is:

oT

-
Z+V-G= 4.18
e e otV G =0 e .

and the heat-flux equation, which is given by equation (4.6).

In addition to the above equation the initial and boundary conditions had been
formulated and then dimensionlized by dividing each variable, parameter, and operator
in these equations by a characteristic reference quantity, m - Once the goveming
equations had been put in a dimensionless form, the next step was determining which
of these equations are independent. This can be accomplished either by observations or
by using the Buckingham Pi theorem. Due to the impossibility of satisfying all of the
similarity parameters some of these parameters will be relaxed depending on the mate-
rials, fluids, and the working conditions of the model and the prototype reservoir. Ap-
pendix A of Stegemier et al. (1980) has a detailed derivation of the scaling parameters.

4.2 Designing the Low Pressure Model of the Kern “A” Resevoir

One-quarter of an imaginary 2-ha (5.4-acre), five-spot steam-displacement pat-
tern was selected in the Kern “A” project (Kem “A” Reservoir) as the prototype for the
physical model. The first step in the design of the physical model is selecting the pro-
totype values that would be representative of typical field values of the Kern “A” reser-
voir (Kern River field). The reservoir properties that have to be specified for the scaling
calculations (Table 4.2) were net pay thickness, porosity, permeability, thermal con-
ductivity, heat capacity, movable saturation, oil density, oil viscosity as a function of
temperature, injection pressure, and the initial reservoir pressure and temperature.

4.2.1 Length Scaling

Although the length scale of the model is somewhat arbitrary, there are factors,
which should be considered in the determination of the length scale, and these are: the
physical size of the model, and the temperature-pressure relationships. Stegemeier et al.
(1980) suggested in order to match the temperature-pressure relationship for saturated
steam while our prototype production pressure is 689 kPa or less, the model should be
as large as possible, i.e., the length scale, g(L), should be as small as possible taking
into considerations the constraints of space available, leaking, time required to prepare
for and to run the experiment.

The prototype length, L ,, for the element of symmetry was 65.5 m (214.9 ft). The

model length, L, was 0.38 m (15 inches). Therefore, the length scale factor is 172,
that is,

17
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Table 4.2- Scaling Parameters of the Prototype Reservoir

Field Property
Well Spacing

Length

Net Pay Thickness
Porosity

Permeability

Thermal Conductivity
Heat Capacity

Initial Fluid Saturations

Residual oil Saturation
Oil Density
Qil Viscosity

Water Viscosity
25.8°C

Initial Reservoir Temperature

Initial Reservoir pressure

(absolute)

Steam Injection Pressure

(absolute)
Steam Injection Rate

Steam Quality

Prototype Value

% of 2.7 acre, 5-spot pattern

65.5m

22.56 m

0.35

2.1 darcies
0.00277 kW/m.K
2.1803 klkg K

S, =4425%

S, =56.1%

S, =17.0%

961.11 kg/m*

3000 mPa. s at 23.9°C
740 mPa. s at 37.8°C
107 mPas at 65.6°C
24 mPas at93.3°C

0.891 m Pa s at 25.8°C

35°C

0.345 MPa (absolute)
4.24 MPa (absolute)

20m’/D

0.7

Model Value

SAGD Configuration
038 m

0.305m

0.36

1294 darcies
0.003266 kW/m.K
2.3824 kji’kgK

S, =94.7%

S, =55%

S =6.0%

879 kg/m’

270 mPa.s at 22.9°C
238 mPa s at 25.0°C
137 mPa s at 35.0°C
123 mPa s at 37.0°C

0.89ImPasat

3°C

0.088 MPa

0.052 MPa

180 ml/min

0.1



4.2.2 Model Production Pressure Scaling

The selection of the model production pressure is some how arbitrary in that the
scaling does not dictate the value that has to be chosen. However, scaling the tempera-
ture in the model when there is an appreciable pressure drop in the steam zone dictates
that the temperature-pressure relationship for saturated steam must be scaled. For pro-
totype pressure as low as SO Psia and typical length scale of 100 to 200, the temperature
pressure relationship at saturation can be matched best if the model production pressure
was selected as low as possible (Stegemeier et al 1980). In this study, from the prelimi-
nary experiments experience, and due to the dynamics of the experiments the produc-
tion pressure was 42 kPa (absolute).

Once the model production pressure has been chosen, model pressure scaling is deter-
mined from the first scaling parameter in table 4.1 as:
(P ) _ P8l
y(AP)= P ) 9
( ) (P P ) Pre8rlr

Since the length scale had been calculated previously from Eq. 4.19, the ratio of
Py

M
Since the production pressure of the model and the prototype are 42 kPa, and 99.9 kPa

respectively, therefore based on equation 4.20 the relationship between the model pro-
duction pressure and the prototype production pressure is as follows:

Py =0.00531P, +0.0415 ...ttt (4.21)

-------------------------------------------------------- (4-20)

the gravitational accelerations is essentially unity, and the density ratio, , is 1.09.

where P, and p, arein MPa.

Based on the above equation Table 4.3 was created, which contains several
prototype and model pressures covering the range of scaling along with their corre-
sponding saturated steam temperatures, 7,, the enthalpy of water at steam temperature,

and the effective C_AT', where AT is the difference between steam temperature and
the initial reservoir temperature.

4.2.3 Model Temperature Scaling

The best match between the model and the prototype oil-viscosity can be ob-
tained by having the largest possible temperature range. Having this constraint, the
temperature lower limit was set at 3°C, which is slightly above the freezing point of
water.

Because that most of the oil will be produced when the temperature is high and
due to the difficulty in matching the lower region of the Clausisus-Clapeyron relation
for saturated steam. Stegemeier et al. (1980) suggested that it is best to take a value
from the middle or the upper regions of the pressure range for finding the temperature

19
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difference ratio. From the preliminary experiments, it was found that the steady-state
injection temperature and pressure of the model were 83°C and 52 kPa, respectively.
The corresponding values of the injection pressure and the injection temperature of the
prototype from Table 4.3 are 214.1°C and 2.07 MP4, respectively. With the above tem-
peratures, the temperature ratio can be calculated as follows:

(AT), =(7:-,’-7;)= (Tm—Tl)p (422)
(AT)M (TW-I;) (Tm-TI)“ ..................................................... .

From table 4.3, the steam saturation temperature of the model and the prototype
are 82.6°C, and 214.1°C, respectively, while the initial temperature of the model and
the prototype are 3°C, and 35°C, respectively. Substituting these values in the above
equation yields:

(AT), (2144-35)

(aT),,  (®26-3)

Because the above ratio must be constant over the whole temperature range, thus,

- 4
- 2.25 ............................................................. ( -23)

Therefore the relationship between the model temperature and the reservoir temperature
is,

Ty =0.444T, =12.555 ...oooenereeereeececeesne oo (4.25)

4.2.4 Calculation of the Required Steam Quality

When the temperature distribution is more significant in the cap and the base
rock than in the reservoir, which frequently is the case in steam drives where the ther-
mal efficiencies are less than 0.5 (Stegemeier et al. 1980). The model steam quality was
calculated from parameter Il in table 4.1. Assuming that the heating of the cap and base
rock predominates, therefore term A in the scaling parameter II is replaced by
#2Sr(PaCr ! p2Cos). Thus the model steam quality could be calculated using the fol-

lowing equation.

f __.(C-AT) (fnLv +l)x (¢,AS, I P,C, Ipcucc.ur) -1
u L w {(\C,AT $. 88, A PuCu A\ PcrCop
.............................. vevrereecnenssssensssnsneeress ($.26)

By substituting the appropriate values of ratios at steady-state steam injection pressure,
equation 4.26 yields,

335.8 )[(0.7x1881.5 0.345x0.67
N +1 ~1}=013(4.
foe (2302.5){( 774 )"[( 037x089 )(1)(1)] 1} 0.13 (4.27)
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Column 14 in Table 4.3 constitutes the model steam quality for the whole scaling
range.

4.2.5 Scaling of the Model oil viscosity

In order to match the pressure gradient in the steam zone and oil zone, the vis-
cosity of the model oil must be scaled according to parameter IIl in table 4.1, thus:

_-(_I_I_I_) .................................................... @28)
Hep

The values of the variables of equation 4.28 were inserted to yield the corresponding
model oil viscosities which,

et~ (0 0981 > 0“14X 1.068 X l )=2.53 ....................... (4.29)
e 0.015773 A 0.30105 A 0.915

Column 17 in table 4.2 contains the viscosity ratio of the whole scaling range.
4.2.6 Calculation of the Time Scale Factor

The time scale factor was calculated using parameter IV in table 4.1. Due to the
carlier mentioned assumption that the heat in the cap and base rock predominates,
therefore the constant A in parameter IV should be equal to @S, (0,C/ £4C.). Thus

the time scale factor will be on the following form:

be - (k» IpaCaI ) ....................... (430)

where
k, =0.003266 kW/m-K

k, =0.002769 kW/m-K
PaCa, =23824 kI/kg-K

Substituting the above values into equation 4.30, thus the time scale factor can be de-
termined as follows:

2
5‘-:(0‘002769I2'3824I L ) =3.06X10™ oo @31)
t, \0003266 21803 \172

If we take the lab time, ¢,,, in minutes and the field time, ¢,, in years. Thus the he

’P
will yield:

LY :
=16.1 min/ 32
I YT ot 4.

te
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Thus 16.1 minutes of the experiment time is equivalent to one year of the field time.

4.2.7 Calculation of the Permeability of the Model
The model permeability is scaled according to parameter V in table 4.1, which is:

ky [¢MASM ILA( Il‘u IPap I‘r )
MO IM M M TM Y el ] eeeererreesaeenesneerees (4.33)
ke $pA5p A Lp A\ 2p A\ Pae Alu

It is obvious from Equation 4.33 that k,, / k, is dependent on the temperature as
a result of the dependency of the viscosity ratio, u,,/u; , on the temperature. How-
ever, the scaling of ratio, k,,/k, , is not possible if the temperature dependency has
been considered, therefore a single value of the viscosity ratio, u,, /4, , must be cho-

sen. Stegemeier et al. suggested that this value should be chosen after the steam break-
through when the steam pressures tend to be low and as a consequence this value is
significant after that time (Stegemeier et al. 1980). Thus the viscosity ratio was taken at
the prototype injection pressure of 0.69 MPa. Substituting the value of the ratios in
Equation 4.33 yields:

-"-‘-‘-:(°’36"°'86I ! )(2.21(L ——1—_?)=615.968 .......... (434)
k, \035x067A172)" "~ \09A3.06x10

Since the prototype permeability is 2.1 darcy, and based on the above equation the
model permeability will be:

ky, =615.968x2.1=1293.53 QAICIES ...ooccerevnrrrenrrenserissrsesrsin (4.35)

4.2.8 Calculation of the Model Injection and Production Rates

The model injection and production rates is calculated based on parameter VI in table
4.1, which is:

ﬂ:(”_-uILA $ulSy _‘P-) .................................................. 436)
W P NLp \ $:45, Aty

Substituting the appropriate values in the above equation yields:
Wy _( 1Yl )3(0.366x0.86 1 110 cm /min
Wp (09172 (0.345%067\3.06x1075 | 0.15899 m*/D

3, .
=6.125 3’ e eeeess e (437)
m” /D




24

Since the range of the injection rate for the element of symmetry in the five-spot
pattern was between 20 m’/ D, thus the range of the injection rate of the model should
be 130 ml/min.
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S. Experimental Apparatus and Procedure

5.1 Experimental Apparatus

The following chapter describes the apparatus, materials, and procedures used
in this study. Detailed discussion of the experimental procedures involved in packing
and saturating the models, as well as those involved in conducting the experiments is
also included. Figure 5.1 gives a schematic illustration of the apparatus used in con-
ducting the experiments of this study. The essential components of the apparatus are:
the scaled physical model, steam injection system, model cart and rail system, cold

storage unit, produced fluids collection system, data acquisition system, and the visual
model.

S.1.1 Scaled Physical Model

The scaled physical model used in this study represents one-quarter of an
imaginary two-hectare (5.4-acre) five-spot pattern having the dimensions of 65.5 m
x65.5 mx52.5 m (thick). The model is made of aluminum. The model is open at the
top and the bottom in order for two granite blocks, which represent the overburden and
the underburden to be in a direct contact with the reservoir. Styrofoam plates are at-
tached to the four sides to prevent heat losses through these sides. The scaled physical
model has the following dimensions: 0.38 mx0.38 mx0.305 m (thick). Three positions
(the upper position, middle position, and lower position) are available for mounting the
wells in different vertical levels. Altogether, 36 thermocouples were placed at different
positions inside the model to monitor the reservoir temperature during the experiment.
The thermocouples were divided into groups; each group is placed along certain verti-
cal level of the sides of the model. Two pressure transducers and two thermocouples
were used to monitor the temperature and the pressure at the injection and the produc-
tion wells.

5.1.2 Visual Model

A visual model, which had been used in previous studies for different purposes,
was utilized in this study to visualize the growth of the steam chamber and the mecha-
nism of oil drainage in the SAGD process. In addition, these experiments were meant to
be a helpful tool in designing the experiments in the scaled physical model. This visual
model is made from Lucite, and its dimensions are: 40.32 cmx 14.61 cmx40.32 cm
(thick).

The visual model has three openings for mounting the wells: one near the top of
the model, and one in the middle, while the other near to the bottom of the model.
Having three openings was helpful in representing various configurations of the SAGD
process. The model can be opened from the top and the bottom for packing and clean-



] -Apms siy ], e pasn) snpeaeddy pyuamsadxy IYL-1°S aandiy
ppunlk) Suydureg
{ ) _C—3
| \ yserd wISAg ey pue ue)
_ _ uonII[0 UoKIMPOId
T dAfeA
—== -
SIAIEA Sy P Y4k
Aem-z ERND: A vy
o e
4— X001d onuerD)
dung wnnoep of,
101RIU0) WIEdS

2

dung em
paeog EEp 0)
SUOII3UL0)) SIONPSURL], pue s3|dnoocuLIny ],

|
[95SIA I91BM syjonuo) amerndwo |,

/ 192908y
u-qeM

spreog

h/ﬂ-«ﬁ sva

1ndwo) Kdl



27

ing. Six thermocouples were inserted in pre-existed openings for the purpose of ac-
quiring thermal data.

§.1.3 Porous Media

Based on the scaling criteria the model permeability should be 1293 darcies. To
satisfy the scaling requirement, three different sizes of glass beads were used as the po-
rous media in the all experiments of this study, these sizes are listed in Table 5.1.

8.1.4 Model Fluids

Figure 5.2 shows the viscosity-temperature relationship for the model oil
(Faxam-100) and the prototype oil. The viscosity-temperature relationship for the
model oil was obtained from Matthias (1993), while the viscosity-temperature data for
the prototype was obtained from Chu (1975.) It was found that Faxam-100 oil behavior
matches closely to that of the prototype oil, and it was selected to represent the proto-

type oil.

In the visual model experiments, using Faxam-100 oil, which had a yellowish
color, did not give a good contrast in visualizing the oil-steam interface. In solving this
problem, a blue dye was used to make the oil dark in order to have a sharp contrast
between the oil-steam interface. Using the same oil in the visual model experiments as
the one used in the scaled physical model was necessary.

5.1.5 Model Cart, Rail System, and Cold Storage Compartment

The scaling criteria dictate that the initial temperature of the scaled physical
model had to be 3°C, to accomplish this, a castor-equipped support cart and a rail sys-
tem were needed. The cart and the rail system made it easy to transport the scaled
physical model from the refrigerator to a location near the production system. The sup-
port cart was equipped with a gearbox and a rack and pinion system, which allowed the
scaled physical model to be tilted to about 45°. This system made it possible to run the
experiments, simulating dipping reservoirs, although this subject was not part of this
research. Placement, lifting and lowering of the upper granite block from above and
onto the top of the scaled physical model was accomplished using a hydraulic hoist
system.

5.1.6 Production System

The production collection system consisted of a vacuum pump, a mercury ma-
nometer, two plastic vacuum trap collection containers equipped with a fluid level indi-
cator tube, and a pressurized discharge system, to evacuate the produced fluids from the
traps. The two traps were designed in a certain way to allow each one to operate inde-
pendently from the other. The pressurized discharge line was used to inject air into the
collection traps in order to shorten the time needed to drain each collection trap.
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Figure 5.2 -Viscosity-Temperature Relationships for the
Prototype Oil and the Model Oil.
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5.1.7 Injection System

One of the most important factors in the success of steam injection projects is
good control of the injected steam. The steam injection system consisted of one 20-litre
vessel containing feed water, one Milroyal controlled volume pumps, a low-pressure
boiler. The pump transported room temperature water from the 20-litre vessel to the
steam generator, the generated steam moved along the insulated line to the injection
point and into the model.

5.1.8 Data Acquisition System

The data acquisition system consisted of a personal computer equipped with a
Das-8 card, eight EXP-16 multiplexers, one ten-channe! Validyne board and the Lab-
tech Notebook Software. The thermocouples were connected directly into four of the
EXP-16 boards. The pressure transducers were connected to a Validyne board. All the
EXP-16 boards were connected to the Das-8 card in the computer. The Labtech Note-
book Software processed all raw thermocouples and pressure transducers data in milli-
volts and converted them to a real values of temperatures in (°C), pressure data in
(kPa), and time in (seconds). The sampling rate of the raw temperature and the pressure
data was every 30 seconds, in order to monitor the change in the temperature profile
over a short period of time. The acquired experimental data were stored in ASCII file

format, which was read by Lotus 1-2-3, and then analyzed using Surfer ™ .
5.2 Preparation of the Scaled Physical Model for an Experiment
5.2.1 Packing Procedure

Due to the large size of the model, it took two weeks to prepare forand toruna
single run. At the end of each experiment, the upper granite block was lifted and the
unpacking of the model began. All the glass beads had been taken out of the model into
the perforated plastic containers. In order to make the cleaning process easier, the
model was flipped over and taken aside to clean the bottom granite block. Following
this, the O-rings were placed in the grooves along the bottom four flanges, and vacuum
grease was spread over them (to help in the sealing).

Then the model was placed on the surface of the bottom granite block. Prior to
the start of the packing process, the horizontal wells were mounted in the right posi-
tions according to the well configuration of the experiment to be conducted. At this
stage the model was ready to be packed. Due to the shape, size, and weight of the
model, it was not possible to use either a vibrator or a particle distributor to uniformly
and tightly pack the glass beads inside the model. Once the model was filled with glass
beads to the top, the extra beads were scraped off until the beads pack was leveled with
the sides of the model. Then the O-rings were placed into the grooves of the upper
wings and the vacuum grease was spread over them. Finally the upper granite block
was lowered on the top of the model.



5.2.2 Saturation Process

Once the model had been packed and the upper granite block lowered on the top
of the model, a vacuum was applied to the model. This vacuum was maintained during
the whole duration of the saturation, cooling, and conducting the experiments proc-
esses. Once we felt a good seal had been established across the contact surface between
the model and the granite blocks, a vacuum was applied in order to evacuate the air
trapped inside the model.

Water, which was at the atmospheric pressure, was imbibed into the pore spaces
inside the model. The pore volume was determined by the difference between the initial
volume of the container water and the volume remained.

After finishing saturating the model with water, Faxam-100 oil was injected
from the top of the model at a low rate in order to have a stable front, ensuring that all
the water but the irreducible be displaced out of the model. The oil displacement con-
tinued until a continuous oil phase appeared out of the lower port of the model; at this
point, the oil injection was stopped.

In the saturation process, the oil was considered incompressible; therefore the
amount of oil in the model was equal to the amount of the displaced water. By knowing
the pore volume and irreducible water volume inside the model, the initial oil and water
saturations can be determined. Finally, the saturated model was pushed into the cooler
and left there for 24 hours in order to lower its temperature to 3°C as dictated by the
scaling criteria.

5.2.3 Packing and Saturating the Visual Model

The first step prior to packing the visual model, involved mounting the hori-
zontal wells in the right position as required by the type of the experiment to be con-
ducted. The top cover of the visual model was removed and the glass beads, of the
same size of those used in packing the scaled physical model, poured into the model
manually. Once the model had been filled to the top, it was shaken carefully in order to
have a tight pack. Then the extra glass beads were scrapped off and leveled with the top
of the model.

Due to the unavailability of saturation ports in this model and due to the purpose
of these experiments, a simpler procedure was used to saturate the model. This was
done by vacuuming the model through one of the wells, then the oil was imbibed into
the model through the same well from a known-volume container.

5.3 Conducting the Experiments

Once the temperature of all the thermocouples of the model were checked and
were 3 °C, some preparations had to be done prior to the start of the experiment. The
water vessels were filled with water, and the Milroyal pump should set at the injection
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rate required by the scaling criteria, the steam generator had to be set at the required
temperature and left running at that temperature for an hour. This was done to stabilize
the steam generator output and to let the heat losses, through the injection line, to reach
steady-state. Then the model was wheeled out of the cooler, and the connections of the
thermocouples and pressure transducers were made. The pressure transducers were
calibrated; at the same time the data acquisition program (Labtech Notebook Software)
was activated in order to check the consistency of the readings of the temperatures and
the pressures. In case there was any inconsistency in the pressure and the temperature
readings, changes in the connections had to be made. Once all the readings were con-
sistent, the vacuum production pump was turned on, and the two production traps and
the production line were evacuated. When the vacuum pressure of the production pump
had reached about 13.8 kPa, the production line was connected to the production well,
at the same time the steam injection line was connected to the injection well and the
data acquisition program was reactivated. Production sample was collected every 7
minutes.

In the hot water injection experiments the procedure was slightly different. In
those experiments, which had a hot water injection at the beginning, the steam genera-
tor was set at a low temperature (60°C) in order to have only hot water entering the
model. After 0.5 PV of steam (CWE) had been injected, the steam generator setting is
raised to the required steam temperature.

In those experiments, which had a hot water injection towards the end, the pro-
duction and the injection lines were disconnected from the model. Then the steam gen-
erator was turned off, and the water feed pump was set at a high rate in order to accel-
erate the cooling of the steam generator to the required temperature of the hot water.
Once the temperature of the steam generator had declined to the hot water temperature,
it was turned on again and the production and the injection lines were reconnected to
the model, and the experiment was resumed again.

5.4 Data Analysis

The collected samples of oil-water emulsions were left for one week after each
experiment to separate. Once the oil and water had been separated, the volumes of each
were recorded and copied to a spreadsheet to be used in the production history analysis.
The following variables were then plotted as a function of the pore volume injected:
cumulative oil recovery as a percent of the original cil in place (OOIP), instantaneous
oil production rate, cumulative oil-steam ratio (COSR), and instantaneous water-oil ra-
tio (WOR). :

The acquired temperature data during the various experiments were analyzed
using a contouring package (SURFER). The SURFER package has powerful features
like gridding, contouring, imaging, volume calculations. The first step in creating a
contour map is to form a regular spaced grid out of the irregular spaced data using the
grid menu of the SURFER Package. Once a grid file had been created, then either a
contour map or an image could be formed out of the same grid file using the MAP
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Menu in the SURFER Package. SURFER has other useful menus like the VOLUME
MENU, which can be used in calculating the volumes of a contoured surface. The vol-
ume determination was useful in the heat balance calculations.



6. Experimental Results and Discussion

The objectives of this study were: (1) testing the performance of the different
configurations of the SAGD process in conventional heavy oil reservoirs (2) investi-
gating the effectiveness of implementing a hot waterflood either before and/or after a
SAGD process (3) testing the suitability of the SAGD process specifically to Kern “A”
Reservoir (Kern-River Field). The following experiments were analyzed and discussed:
SAGD experiments, experiments in which a hot waterflood was implemented prior to
the SAGD, and experiments in which hot waterflood was implemented after the SAGD.
Figure 6.1 shows the wells configuration used for the SAGD experiments and they
were: injector/producer configurations: injector in the upper position and producer in
the middle position, injector in the upper position and the producer in the lower posi-
tion, and injector in the middle position and producer in the lower position. Those ex-
periments in which a hot waterflood was implemented either at the begging or toward
the end of the experiment were conducted only for the first two well configurations.

6.1 Presentation of Results

In this study seventeen experiments were conducted. Three of these runs were
conducted in a visual unscaled model, to visualize the growing of the steam chamber
and the oil displacement process in the SAGD process and to be as a guidance tool in
designing the experiments, to be conducted in a scaled physical model. Three prelimi-
nary runs were conducted in the scaled physical model for the purpose of testing the
apparatus and to ensure that the operating conditions were according to the ones dic-
tated by the scaling criteria. The rest of the experiments were conducted to test the
above mentioned objectives. Figure 6.1 illustrates schematically the experiments per-
formed in this study. Table 6.1 presents a summary of the experimental results and the
pertinent initial model properties, such as porosity and initial fluid saturations.

The discussion of the experimental results was based on the analysis of the pro-
duction and injection data, as well as the thermal data. The data analysis of each run
included the preparation of a table showing all of the important experimental parame-
ters and a listing of the production as a function of the volume of the steam (CWE) in-
jected. Plots of the cumulative oil recovery as a percent of the original oil in place
(OOIP), the instantaneous oil percent, the cumulative oil-steam ratio (COSR), and the
water-oil ratio (WOR) versus the cumulative pore volume of steam (CWE) injected.
The thermal data from the thermocouples were used to generate contour maps of the
temperature distribution inside the model. Because some of the thermocouples have the
same (X, Y) coordinates, they were divided into two groups. Each group was used to
generate a contour map for the temperature distribution of the front view of one half of
the model (one for the first half and the other for the second half). These contour maps
were generated at 0.25, 0.50, 1.00, and 1.50 PV of steam (CWE) injected. The gener-
ated contour maps were used to monitor the size and the shape of the steam chamber at
various times of the experiment.
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6. Experimental Results and Discussion

The objectives of this study were: (1) testing the performance of the different
configurations of the SAGD process in conventional heavy oil reservoirs (2) investi-
gating the effectiveness of implementing a hot waterflood either before and/or after a
SAGD process (3) testing the suitability of the SAGD process specifically to Kern “A”
Reservoir (Kern-River Field). The following experiments were analyzed and discussed:
SAGD experiments, experiments in which a hot waterflood was implemented prior to
the SAGD, and experiments in which hot waterflood was implemented after the SAGD.
Figure 6.1 shows the wells configuration used for the SAGD experiments and they
were: injector/producer configurations: injector in the upper position and producer in
the middle position, injector in the upper position and the producer in the lower posi-
tion, and injector in the middle position and producer in the lower position. Those ex-
periments in which a hot waterflood was implemented either at the begging or toward
the end of the experiment were conducted only for the first two well configurations.

6.1 Presentation of Results

In this study seventeen experiments were conducted. Three of these runs were
conducted in a visual unscaled model, to visualize the growing of the steam chamber
and the oil displacement process in the SAGD process and to be as a guidance tool in
designing the experiments, to be conducted in a scaled physical model. Three prelimi-
nary runs were conducted in the scaled physical model for the purpose of testing the
apparatus and to ensure that the operating conditions were according to the ones dic-
tated by the scaling criteria. The rest of the experiments were conducted to test the
above mentioned objectives. Figure 6.1 illustrates schematically the experiments per-
formed in this study. Table 6.1 presents a summary of the experimental results and the
pertinent initial model properties, such as porosity and initial fluid saturations.

The discussion of the experimental results was based on the analysis of the pro-
duction and injection data, as well as the thermal data. The data analysis of each run
included the preparation of a table showing all of the important experimental parame-
ters and a listing of the production as a function of the volume of the steam (CWE) in-
jected. Plots of the cumulative oil recovery as a percent of the original oil in place
(OOIP), the instantaneous oil percent, the cumulative oil-steam ratio (COSR), and the
water-oil ratio (WOR) versus the cumulative pore volume of steam (CWE) injected.
The thermal data from the thermocouples were used to generate contour maps of the
temperature distribution inside the model. Because some of the thermocouples have the
same (X, Y) coordinates, they were divided into two groups. Each group was used to
generate a contour map for the temperature distribution of the front view of one half of
the model (one for the first half and the other for the second half). These contour maps
were generated at 0.25, 0.50, 1.00, and 1.50 PV of steam (CWE) injected. The gener-
ated contour maps were used to monitor the size and the shape of the steam chamber at
various times of the experiment.
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6.2 Steam Chamber Volumes

The pressure inside the model was not known with a high degree of certainty; as
consequence, the limits of the steam chamber cannot be exactly determined. In Appen-
dix B steam zone calculations using Marx-Langenheim model and Neuman’s model are
presented. The steam zone volumes resulting from the above models were compared
with the experimental steam chamber volumes for confirmation. The Marx-
Langenheim model is based on frontal displacement, while Neuman’s model is a grav-
ity override model.

The volumes of the various isotherms, as determined by Surfer ™ (contouring package)
based on assumption of pressure distribution inside the reservoir, were compared with
the volumes calculated using Marx-Langenheim’s model and Neuman’s model. Results
from Marx-langenheim’s model showed a large discrepancy with those obtained ex-
perimentally. This difference is believed to be due to the gravity override of the steam.
On the other hand, Neuman’s model gave comparable results to the experimental vol-
umes. Figure 6.2 shows a comparison between the theoretical volumes and the experi-
mental ones. It was found that the volume enclosed by the 70°'C temperature contour
gave the best match to the Neuman’s model, as a consequence, the volume enclosed by
the 70'C isotherm was considered the steam chamber limits.

6.3 Heat Balance

Knowledge of where does the heat injected went is crucial in analyzing the eco-
nomic feasibility of any thermal recovery project. Heat balance calculations help to
determine the heat distribution inside the model along with the heat lost to the overbur-
den and the underburden, as well as the heat carried out of the model in the produced
fluids. The overall heat balance equation at any time, t, is given by:

Qi = Quootuion T Quom + Qo —+eeereereeeevmremmearsensanmamsnsssenensscssssss 6.1)
Q,; = Amount of Energy Injected, (kJ)
Qposnia = Amountof Energy Pr oduced, (kJ)

Qioss = Amount of Energy Lost to the Overburden
and the Underburden, (kJ)

Qpm = Amountof energy accumulated in the mod el; the matrix
and reservoir fluids, (kJ)

Run 115 (a base case run) was chosen for sample heat balance calculations. An
instant in time during the experiment was chosen for the heat balance calculations. The
instant chosen was at 1.00 PV of steam (CWE) injected. This time was chosen on pur-
pose, because it was prior to the steam breakthrough time. It is hard to apply the heat
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balance calculations after steam breakthrough, due to the difficulty of determining the
energy produced. A detailed illustration of the heat balance calculations is presented in
Appendix A. The following results of the heat calculations were obtained,

Qproduced =3495 kI

Qs  =2078 kI
Qform =4618kJ
Qinj = Qproduced * Qoss + Aorm

= 3495 +2078 + 4527 =10,191 kJ

This value of 10,191 kJ of injected heat compared favorably with the value of 9761.5
kJ, calculated using equation A1 (Appendix A). It can be seen that the percentage of the
heat lost to the overburden and underburden was 20% of the total heat injected, this is
much lower than had been expected (50%).

6.4 Base Case Experiments

Runs 107, 108, and 115 were the base case experiments in this study. In these
experiments, 10% quality steam was injected at a rate of 180 cc/min for the whole du-
ration of the run, unlike the other experiments in which a hot waterflood had been im-
plemented either at the beginning of the run or toward the end. These runs were con-
ducted to examine the performance of the different well configurations of SAGD, and
to serve as base case for the other experiments. The only major difference between
these runs was the well configurations (the positions of the producer and the injector.)
In Run 107, the injector was in the upper position and the producer in the middle posi-
tion. In Run 108; the injector was in the upper position and the producer in the lower
position. In Run 115, the injector was in the middle position and the producer was in
the lower position.

6.4.1 A Base Case Experiment

Because the general trend of the production performance of the base case ex-
periments was similar, the results of only one run are discussed in detail. A comparison
between the base case experiments will be presented later in this chapter. The base case
run (Run 115) was chosen to be discussed in detail. The porosity of the pack was
37.2%, and the initial oil saturation was 91.9%. Figure 6.3 shows the production history
of this run and Table 6.2 presents the production and the injection data. The oil cut in
the production sample started at a relatively high value (41%), dropped to 23% at about
0.15 PV of steam (CWE) injected. It then, started to increase and reached the 30%
range at about 0.23 PV of steam (CWE) injected. It remained fluctuating at this range
up to the steam breakthrough time (at about 1.48 PV of steam (CWE) injected), at this
point it started to decline, and was 14% at the end of the experiment (about 2.0 PV of
steam CWE injected). The relatively high oil production at the beginning of the ex-
periment was probably due to the more contact the steam had with the reservoir. Once
the steam chamber had formed, it started to grow side ways, consistent advancing of the
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chamber occurred; as consequence, almost constant oil production rate took place up to
the time of the steam breakthrough. Once steam breakthrough occurred, the oil rate de-
clined due to the escape of the steam.

The cumulative oil-steam ratio (COSR) started at about 0.6, declined to 0.4 at
about 0.15 PV of steam (CWE) injected. It stabilized around this value until about 0.7
PV of steam (CWE) injected. It then started to rise, reached 0.44 at about 1.48 PV of
steam (CWE) injected. At that time the steam breakthrough occurred and the COSR
started to decline and was 0.38 at the end of the experiment. It was noticed that the drop
in the COSR after the steam breakthrough was not as sharp as the drop in the oil rate;
this was due to the relatively high production rate prior to the happening of the steam
breakthrough. The water-oil ratio started at 1.43, rose to 3.28 at about 0.15 PV of steam
(CWE) injected. It remained around 2.0 until steam breakthrough, when it started to
increase and reached 6.0 by the end of the run.

Figure 6.4 shows the production and injection temperatures (on the left axis)
and the production and the injection pressures (on the right axis) vs. the cumulative
pore volume (CWE) injected. The injection pressure started at a relatively high pressure
of 96.5 kPa, then the pressure dropped to 52 kPa, this happened at 0.06 PV of steam
(CWE) injected, because once the fluid created its path through the reservoir, there was
less resistance to the fluid injectivty. The injection pressure remained at this level up to
the steam breakthrough time (1.48 PV of steam (CWE) injected) when it declined to 48
kPa and remained around that value to the end of the experiment. The production pres-
sure has a similar trend to the injection pressure, it started relatively high at 90.3 kPa,
then at 0.06 PV of steam (CWE) injected, it dropped to 42 kPa. At steam breakthrough
it dropped to 37 kPa and stayed there to the end of the run. The behavior of the injec-
tion and the production pressures indicated that, once the steam chamber had reached
the sideways growth stage, the pressures tead to stabilize.

The injection temperature was 85.4 'C at the very beginning of the run, then
dropped to 83°C and continued at this temperature to the breakthrough time. At the
breakthrough time, it dropped to 78°C and remained at this value to the end of the ex-
periment. The production temperature started at 12 'C at the beginning of the experi-
ment and then rose gradually. It reached 40 'C after 0.1 PV of steam (CWE) injected
and reached 53°C at steam breakthrough and remained there to the end of the run. &
was noted that although steam breakthrough had occurred, the produced fluid tempera-
ture was still below the steam temperature. This is due to the mixing of the live steam
with colder fluids.

6.4.2 Comparison of the Base Case Experiments

Figure 6.5 shows the cumulative oil recovery profile for the three base case ex-
periments (Run 107, Run108, and Run 115). Figures 6.6 and 6.7 illustrate the produc-
tion history of Runs 107 and 108; Tables 6.3 and 6.4, present the production data of the
same runs, are provided here for comparison. It can be seen that Run 108 had the high-
est oil recovery (85%), followed by Run 115 with 83% recovery, while Run 107 had
the lowest recovery (61%). The low oil recovery in Run 107 was due to the smaller res-
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ervoir volume lying above the horizontal producer; as a result the area available for
steam chamber growth prior to reaching the producer, was reduced leading to an early
breakthrough and as consequence, a low production rate after breakthrough.

Figure 6.8 shows the cumulative oil-steam ratio (COSR) vs. cumulative pore
volume (CWE) injected for the base case runs. It can be seen that Run 108 had COSR
around 0.6 at the beginning of the experiment and then started to decline gradually and
it was about 0.4 by the end of the run. In Run 107, the COSR started around 0.6 and
then begun to decline up to the end of the experiment when it was around 0.3. The
COSR of Run 115 started at 0.6 and then declined to around 0.4 and remained at that
range up to the steam breakthrough time. At that time it started to drop slightly.

It can be concluded that steam breakthrough time in conventional heavy oil res-
ervoirs undergoing a SAGD process is a function of the amount of the volume of the
reservoir above the producer; the smaller the volume, the earlier the breakthrough. It
could be concluded that the wells configuration of Run 108 gave the highest oil recov-
ery and best performance, of the cumulative oil-steam ratio.

6.5 A Hot Waterflood Prior to the SAGD Process

In Runs 110 and 116, a hot waterflood was implemented prior to SAGD. In
these runs, the hot waterflood had been implemented for the first 0.50 PV of steam
(CWE) injected; after this time the SAGD process began and continued to the end of
the experiment. The steam quality (10%) and the injection rate (180 cc/min) were the
same as those used in the base case experiments. Run 110 corresponded to the base
case Run 108, i.e., the injector in the upper position and the producer in the middle po-
sition. In Run 110, the porosity of the pack was 36.3%, and the initial oil saturation was
96.6%. Figure 6.9 shows the production history of Run 110, and Table 6.5 presents the
production data. In this run the oil percent in the production sample started at 32%, then
dropped gradually to the 15% range at about 0.32 PV of steam (CWE) injected. This
was probably due to the availability of the oil around the producer at the beginning of
the experiment. As the oil becomes less available around the producer the rate declines.
The oil percentage in the production sample remained at the 15% range up to the end of
the hot waterflood (at 0.50 PV of steam (CWE) injected.) After the start of the SAGD
process the oil percentage remained around the 15% range up to the time of 0.87 PV of
steam (CWE) injected. Then it rose up to the 30% range and remained there to the end
of the experiment (at about 1.58 PV of steam (CWE) injected). The oil percent in the
production sample did not rise immediately after the start of the SAGD, because the
steam generator took time to reach the required steam temperature. The oil recovery
due to the hot waterflood was 12% and that due to the SAGD was 43%. Figure 6.10
shows the production profile of Run 110 and the corresponding base case run (Run
108). In comparing their production performance, it was noticed that the cumulative oil
recovery of Run 110 at 1.58 PV of steam (CWE) injected (the end of the experiment)
was 56%, while in Run 108 was 77% at the same time. This was due to the low oil rate
during the hot waterflood period in Run 110. Up to the end of Run 110, steam break-
through did not occur, while in Run 108 the steam breakthrough occurred at about 1.2
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Figure 6.10-Cumulative Oil Recovery vs. Cumulative PV
(CWE) Injected; for Runs 108 (SAGD), 110 (Hot
Waterflood/SAGD); Injector/Producer in Upper/Lower
Position.
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PV of steam (CWE) injected. It was not possible to confirm that the steam break-
through had been delayed in Run 110, because the oil recovery at the steam break-
through time of Run 108 (about 65%) was higher than the oil recovery at the end of
Run 110 (about 56%).

The production performance of Run 116 was generally similar to that of Run
110, thus, the production performance of Run 116 will not be discussed in detail. Only
a comparison of the production performance of Run 116 with the production perform-
ance of Runs 115 and 110 will be mentioned here. Figure 6.11 and Table 6.6 present
the production history of Run 116. Figure 6.13 shows the production profiles of Run
116 and its corresponding base case experiment (Run 115). It can be seen from Figure
6.13 that the cumulative oil recovery as % OOIP of Run 116 was 58% at the end of the
experiment (at about 1.54 PV of steam CWE injected), while it was 73% in Run 115 at
the same time. The difference in recovery was due to the low oil rate during the hot
waterflood. From the production history of Run 116, it was noticed that the steam
breakthrough did not occur. It was difficult to say that the steam breakthrough had been
delayed in Run 116, because the cumulative oil recovery at the end of Run 116 (59%)
was less than the cumulative oil recovery of Run 115 at the time of steam breakthrough
(71%).

Figure 6.12 shows the production profile of Runs 116 and 110, It can seen that
the effect of the steam injection (SAGD) was felt earlier in Run 116 than in Run 110. In
Run 116 the oil percentage in the production sample reached the 30% range at 0.69 PV
of steam (CWE) injected, while in Run 110 it reached that range at 0.87 PV of steam
(CWE) injected. This was attributed to the location of the injection well in both runs. In
Run 116 the injector (in the middle position) was closer to the bottom of the model, i.e.,
it was closer to the hottest region in the model during the hot waterflood period. Thus a
steam chamber was formed earlier in Run 116, as a consequence, the oil recovery was
higher in Run 116 (59%) than in Run 110 (56%).

In conclusion, a hot waterflood prior to the SAGD process may have delayed
the occurrence of the steam breakthrough. This could not be confirmed unless an ex-
periment, in which oil recovery higher than the one obtained at the steam breakthrough
time of the base case runs, was available. In implementing a hot waterflood prior to
SAGD, the injector should be as close as possible to the bottom of the reservoir. This
will ensure the early formation of the steam chamber after the start of the SAGD, and
as a consequence a higher oil recovery will be obtained than in the case where the in-
jector is high in the reservoir.

6.6 SAGD Followed by a Hot Waterflood

In Runs 114 and 117, the SAGD process was followed by a hot waterflood. In
these two runs the SAGD process was implemented from the beginning of the experi-
ment up to 1.0 PV of steam (CWE) injected, followed by a hot waterflood to the end of
the experiment (about 1.50 PV of steam CWE injected). The steam quality and the rate
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were the same as those used in the base case experiment (10% steam quality and 180
cc/min).

Run 114 corresponded to the base case Run 108. The porosity was 37.1%, and
the initial oil saturation was 92%. Figure 6.14 and Table 6.7 present the production
history of Run 114, the oil percentage in the production sample started at 46%, then it
dropped to the 30% range at about 0.23 PV of steam (CWE) injected. It remained at the
30% range to the end of the SAGD process. Once the hot waterflood started, the oil
percentage in the production sample declined and it was 12% by the end of the experi-
ment. The cumulative oil recovery was 64% by the end of the run, with 54% due to the
SAGD process and 10% due to the hot waterflood. Figure 6.15 shows the production
profile of Run 114 and its corresponding base case run (Run 108). The cumulative oil
recovery of Run 114 was 64% at 1.62 PV of steam (CWE) injected, while that for Run
108 was 79% for the same time. The lower recovery in Run 114 was due to the low
production rate during the hot waterflood period.

Because the production performance of Run 117 is generally similar to the pro-
duction performance of Run 114, thus only a comparison between this run and Runs
115 and 114 will be mentioned here. Run 117 corresponded to the base case of Run
115, i.e,, the injector was in the middle position and the producer was in the lower po-
sition. In Run 117, porosity was 36%, and initial oil saturation was 92.9%. It can be
seen from Figure 6.16 and Table 6.8 that Run 117 started with 35% oil in the produc-
tion sample, then dropped to the 30% range and remained there to the end of the SAGD
period. Once the hot waterflood started, the percentage of oil in the production sample
declined to 12%, and remained in that range to the end of the experiment (about 1.59
PV of steam (CWE) injected). The cumulative oil recovery due to SAGD process was
53% and that due to the hot waterflood was 8%.

Figure 6.17 shows the production profile of Run 117 and its corresponding base
case run (Run 115). In Run 117 the cumulative oil recovery was 61% at the end of the
experiment (at 1.59 PV of steam (CWE) injected), while in Run 115 was 74.5% for the
same time. This difference was due to the low production rate during the hot waterflood
period. The oil production rate may have been higher during the hot waterflood period
if it had been implemented directly after the SAGD, thus most of the heat available
would have been scavenged instead of being lost to the overburden and the underbur-
den. This was not possible, because the steam generator had to be cooled to the hot
waterflood temperature (this cooling down of the steam generator took about half an
hour).

Runs 117 and 114 both had a hot waterflood after the SAGD process. The posi-
tion of the injector was in the middle position in Run 117, while it was in the upper po-
sition in Run 114. From Figure 6.18, it can be seen that Run 117 had a slightly lower
oil recovery, 61% at 1.59 PV of steam (CWE) injected (the end of the run) than Run
114, 63%, although the oil recovery was the same up to the end of the SAGD process
period. The difference in the oil recovery happened during the hot waterflood period,
this was probably due to the larger area that could be swept by the hot water in Run 114

$9
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Figure 6.15-Cumulative Oil Recovery vs. Cumulative PV
(CWE) Injected; for Runs 108 (SAGD), 114 (SAGD/Hot
Waterflood); Injector/Producer in Upper/Lower Position.
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and to the injector being in the hottest region in the model (the injector was in the upper
position).

In conclusion, although the hot waterflood did not started immediately after the
SAGD process, the cumulative oil recovery of a SAGD process followed by a hot wa-
terflood was comparable to the base case runs. Taking into account the amount of heat
that had been scavenged, this production scheme could become attractive. Implementa-
tion of the wells configuration of Run 114 (i.e., having the injector high in the reser-
voir, in a SAGD process followed by a hot waterflood gave higher oil recovery than the
configuration of Run 117 (injector in the middle position). This was due to the larger
area that could be swept by the hot waterflood and also due to the injector being in the
upper position (i.e., in the region of the highest temperature.)

6.7 The Visual Model Experiments

Three experiments were conducted in the visual model for the purpose of visu-
alizing the steam chamber growth and the oil dlsplacement mechanism. In the first and
the last experiments, Faxam-100 oil, which has a viscosity of 270 mPa.s at 23 °C was
used. In the second experiment Wainwright crude, which has a viscosity of 975 mPa.s
at 23'C was used. Oils having different viscosities were used for the purpose of seeing
the effect of oil viscosity on the development of the steam chamber. In the first run
there was a good contrast due to the adding of a dye to the oil. In the second run no dye
was added to the oil, because it was thought that the dark color of Wainwright crude oil
would have given a good contrast. In the third run a dye was added to the oil but it did
not provide a good contrast, because the added amount was not the right proportion. In
all these experiments steam at the atmospheric pressure and 100 'C was used. These ex-
periments were recorded using an 8-mm video camera.

The good contrast between the oil and the steam in the first run was helpful in
visualizing the development of the steam chamber. At the beginning of the experiment,
the steam was rising to the top of the model as fingers. Once the steam reached the top,
it continued to accumulate there, forming a steam zone. Because in this run the injector
was in the upper position, the steam zone was like a gas cap in an oil reservoir rather
than a steam chamber, which had a mushroom-like shape. Once the steam had spread
across the top of the model, then it started moving down until it reached the producer.
Once the steam had reached the producer, the steam breakthrough occurred, and the
movement of the steam toward the bottom of the reservoir proceeded very slowly due
to the escape of the steam through the producer.

In the second run, Wainwright crude was used, which had a higher viscosity
than Faxam-100 oil. Although there was not much contrast between the crude oil and
the steam, it was possible to monitor (to a certain extent) the growth of the steam
chamber. It was noted that it took the steam chamber a longer time to reach the top of
the model and to expand side ways than in the first run. This was due to the higher vis-
cosity of Wainwright crude.
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In the third run the contrast was poor, as a consequence, it was difficult to dis-
tinguish between the oil and the steam.

6.8 The Development of the Steam Chamber

Figures 6.19A, 6.20A, 6.21A present the contour maps of the first half of the
model for the base case runs (107,108,115). The contour maps were drawn at 0.25,
0.50, 1.00, and 1.50 PV of steam (CWE) injected. At the begging of the three the steam
chamber started as steam fingers, with some of them travelling up toward the ceiling of
the reservoir and some travelling down due to the pulling force of the vacuum through
the producer. These fingers will form two separate steam chambers on at the top of the
reservoir and the other just above the horizontal well. This is clear from the contour
map of the temperature distribution of the three runs at 0.25 PV of steam (CWE) in-
jected. From the contour maps of the temperature distribution at 0.50 PV of steam
(CWE) injected of the three runs, it was noticed that there was a difference between the
temperature distributions of Runs 107 and 108 and Run 115. In Runs 107 and 108 the
upper steam chamber has expanded and formed a steam zone similar to a gas cap in
conventional oil reservoirs, while the lower steam chamber did not expand. On the
other hand the in Run 115 the situation were different, the upper and lower steam
chambers have expanded the same size. This difference is attributable to the position of
the injector in these runs. In Runs 107 and 108 the injector was in the upper position
which cause the steam to travel fast to the top of the reservoir forming steam zone. in
Run 115 the injector was in the middle position, as a consequence it took the steam
more time to travel to the top of the reservoir, causing the lower steam chamber to ex-
pand almost the same size as the upper one. From the contour maps of the temperature
distribution of the three runs at 1.00 PV of steam (CWE) injected, it can be noticed that
the two steam chambers joined together and formed one steam chamber, which ex-
tended from the top to the middle of the reservoir. Once steam breakthrough had hap-
pened, the pressure inside the model declined, as a consequence, more hot water
flashed into steam. This clear from the contour maps of the temperature distribution of
the three runs at 1.50 PV of steam (CWE) injected.

Comparing the contour maps of the temperature distribution of the first and the
second half of the model of Run 107 (Figures 6.19A and 6.19B), it was noticed that the
growth rate of the steam chamber was faster in the first half of the model than in the
second half. This is applicable to Runs 108 and 115 too. This difference in size was as a
result of the variability of the steam quality along the horizontal injector. This had hap-
pened because most of the steam found its way out of the perforations of the first half
of the horizontal injector, as a consequence, a smaller amount of the steam reached the
second half of the model. This phenomenon needed to be studied in detail to determine
the effective well length.

6.9 The Dominant Driving Force in the Reservoir

It is very important to know the dominant driving force in the reservoir in order
to improve its efficiency in driving the oil toward the producers, thus maximizing the
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Figure 6.19 A- Front View of the Temperature Distribution for the First Half of the Model
after the Injection of: a) 0.25, b) 0.50, ¢) 1.00, and d) 1.50 PV CWE of Steam,
Run 107: SAGD, the Injector in the Upper Position and the Producer
in the Middle Position.
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Figure 6.19B- Front View of the Temperature Distribution for the Second Half of the Model
after the Injection of: a) 0.25, b) 0.50, ¢) 1.00, d) 1.50 PV CWE of Steam,
Run 107:SAGD, the Injector in the Upper Position and the Producer
in the Middle Position.
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Figure 6.20A - Front View of the Temperature Distribution for the First Half of the Model
after the Injection of: a) 0.25, b) 0.50, ¢)1.00, and d) 1.50 PV CWE of Steam,
Run 108: SAGD, the Injector in the Upper Position and the Producer
in the lower Position.



72

b) 0.50 PV (CWE) Inj.

4 8 12 16 20 24 28 32 36
¢) 1.00 PV (CWE) Inj. d) 1.50 PV (CWE) Inj.

Figure 20B- Front View of the Temperature Distribution for the Second Half of the Model
after the Injection of: a) 0.25, b) 0.50, c) 1.00, d) 1.50 PV CWE of Steam,
Run 108: SAGD, the Injector in the Upper Position and the Producer
in the Lower Position.
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Figure 6.21A- Front View of the Temperature Distribution for the First Half of the Model
after the Injection of: a) 0.25, b) 0.50, ¢)1.00, and d) 1.50 PV CWE of Steam,
Run 115; SAGD, the Injector in the Middle Position amd the Producer
in the Lower Position.
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Figure 6.21B- Front View of the Temperature Distribution for the Second Half of the Model
after the Injection of: a) 0.25, b) 0.50, c) 1.00, and d) 1.50 PV CWE of Steam,
Run 118: SAGD, the Injector in the Middle Position and the Producer
in the Lower Position.
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recovery. Run 115 was chosen to investigate the dominant driving force behind the oil
production. In order to do that, the step thing was to calculate the pressure gradient for
the consecutive times of the experiment by dividing the difference in pressure between
the injection and the production pressure by the distance separating them. Then calcu-
lating the gravity gradient by multiplying the difference in density of the steam and the
oil by the gravity. Figure 22 shows the pressure gradient and the gravity gradient as a
function of the PV of steam (CWE) injected, it can be seen that the average pressure
gradient is 10 times the gravity gradient, thus the pressure gradient was the dominant
driving force behind the oil production.

6.10 Scaling Up of the Experimental Results to the Prototype

In order to apply the experimental results to the prototype reservoir, these re-
sults have to be scaled up. Because Run 115 was the one that have been chosen to be
discussed in detail out of the base case experiments, thus the results of this run were
chosen to be scaled up to the prototype reservoir. The experimental oil rate was scaled
up to the oil rate of the prototype reservoir using Equation 4.37, then the cumulative oil
production of the prototype reservoir was calculated and plotted as function of the cu-
mulative pore volume (CWE) injected (Figure 23.) From Figure 23 it can be noticed
that the rate of increase of the cumulative oil production as percent of the QOIP of the
prototype reservoir at 0.74 PV of steam (CWE) injected started to slowdown to the rate
of 2% per 0.1 PV of steam (CWE) injected. After this time the rate of increase of the
cumulative oil production will probably either slowdown more or at the best continue
to increase at the same rate. Therefore the expected cumulative oil production of the
prototype reservoir after 2.00 PV of Steam (CWE) injected will be between 50 to 60%
of the OOIP.
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Figure 22 - A Comparison Between the Pressure Gradient and
the Gravity Gradient; Run 115, Base Case Experiment, Injector
in the Middle Position and Producer in the Lower Position.
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7. Conclusions

In this study, a number of experimental as well as theoretical studies were conducted.
Based on the analysis of the results of these studies, the following conclusions were
reached:

1. The well configuration of injector in the upper position and producer in the lower
position gave the highest recovery (85%), and highest cumulative oil-steam ratio of
the various tested well configurations.

2 Based on the scaling-up of the experimental results, it was found that the ultimate
oil recovery for the prototype reservoir would be around 50% of the QOIP.

3 The breakthrough time was a function of the volume of the reservoir lying above
the horizontal producer; the larger the volume, the later the breakthrough time. It is
also a function of the pressure drawdown.

4 Based on the heat balance calculations, it was found that the heat lost to the over-
burden and the underburden was much less than had been thought, and represents
only 20% of the total heat injected.

5 In implementing a hot waterflood prior to the SAGD process, the injector should be
as close as possible to the bottom of the reservoir.

6 Inimplementing a hot waterflood after the SAGD process, the injector should be as
high as possible in reservoir.

7 There was a variation in the steam quality along the horizontal injector this has led
to a variation in the size of the steam chamber along the horizontal injector.
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8. Recommendations

1) The phenomena of the variation in the steam chamber growth along the horizontal
injector should be studied in order to determine the effective well length.

2) An experimental study should be conducted to test the performance of SAGD in dip
reservoirs, this is can be accomplished with the available apparatus.

3) A study of the effect of varying steam quality on the oil recovery in SAGD should
be conducted.
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Appendix A: Steam Zone Volume Calculations

Steam Zone Volumes - Marx-Langenheim Model

Marx and Langenheim considered the situation where steam is introduced at a
constant rate into a steam zone that is spreading laterally and covering the whole thick-
ness of the reservoir. Marx and Langenheim assumed that the whole steam zone is at

T,, steam temperature, and it extends to the point where the temperature abruptly
changes from T, to the reservoir temperature, T , . This assumption means that there is
no heat transferred ahead of the condensation front; this is usually not valid unless the

injected latent heat is sufficient to supply all the losses. Marx and Langenheim arrived

at the following equation for determining the steam zone volume:
QM b/F,

- 4kN M* (T' Tn) -------------------------------------------

v, (A1)

In calculating the steam zone volume using equation Al, the following procedure was
applied:

1) Calculate the dimensionless time, t ,, using the following equation,

2) Determine the function F,, where F, is defined as follows:

t
F, =e' erfcyt, +2J?"-1 .............................................................. (A3)

F, can be determined from the plot of F, vs. t, or can be calculated using the follow-
ing approximation:

.....

Once F, had been calculated, the values of the variables of equation A1 are inserted to
find the steam zone volume.

In this study, the Marx-Langenheim model was used to calculate the steam zone vol-
umes at consecutive times of the base case Run 115. The steam zone volumes were cal-
culated since the beginning of the run and up to 1.20 PV of steam injected at a time in-
terval of 420 sec, which was the same time interval used for the collection of the pro-
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duction samples. This was done because at those intervals the fluids volumes inside the
model are known. Table Al contains the steam zone volumes predicted using Marx-
Langenheim model for the times of the run.

Steam Zone Volume ~ Neuman’s Model

Unlike Marx-Langenheim model, Neuman’s model considers the steam override due to
the density difference between the steam and the oil, i.e., it does not assume that steam
covers the whole thickness of the reservoir. The assumptions underlying Neuman's
model are: 1) the injected steam rise to the top of the reservoir in a negligible time
compared to the time needed to heat the whole reservoir. 2) oil and water saturations
are constant throughout the steam zone. 3) the pressure gradient in the horizontal direc-
tion is much smaller than the pressure gradient in the vertical direction (Neumans,
1985). Neuman derived the following equation for describing the volume of the steam
zone:

\'A M (AS)
where:

f, = the downhole steam quality, (dimensionless)

£, = the fraction of injected heat that is produced, (dimensionless)

i =the steam (CWE) injection rate, (mZec)

p,  =the density of water, (kg/m’)
C, =the specific heat capacity of water, (kJ/kg K)
M,  =the heat capacity of the formation, (kJ/kg K)

= (l - ¢)pmcm + ¢p-SmC\v + ¢posmco
t = injection time, sec

Equation AS was used to calculate the theoretical steam zone volumes for the
consecutive times of Run 115; these volumes were calculated at time interval of 420
seconds, as has been done with the volumes calculated using the Marx-Langenheim
model. Table Al shows the steam zone volumes calculated using Neuman’s model.

Because the pressure inside the model was not known with a high degree of
certainty, thus there was a necessity to compare the theoretical volumes calculated us-
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ing Marx-Langenheim model and Neuman’s model with the experimental volumes en-
closed by the isotherms. These isotherms were the 75°C isotherm, the 70°C isotherm,
and the 65°C isotherm. The experimental volumes were calculated using the volume
menu in the SURFER™, these volumes are listed in Table Al. Figure Al shows a
comparison between the theoretical volumes calculated using Max-Langenheim model
and Neuman’s model with the experimental volumes of the three above mentioned
isotherms. It can be seen that there is a discrepancy between the volumes calculated
using Marx-Langenheim’s model and the experimental model, this is probably because
Marx-Langenheim’s model assumes that the steam zone covers the whole thickness of
the reservoir and does not consider the effect of the steam override. On the other hand,
the steam zone volumes calculated using Neuman’s model are comparable with the ex-
perimental volumes; this is because Neuman’s model takes in consideration the steam
override effect. The volumes enclosed by the isotherm 70°C gave the best match to the
steam zone volumes calculated using Neuman’s model. Therefore the contour of the
70°C isotherm was considered the boundary of the steam chamber.
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Appendix B: Heat Balance

This appendix examines the distribution of the heat injected into the model. As-
suming that there is no heat flows out of the model, thus part of the heat injected is pro-
duced with the fluids, flowing out of the model, part is lost to the overburden and the
underburden, and part is accumulated in the model. Knowing the amount of each part to
a high degree of certainty is a crucial factor in determining the economic viability of
the thermal projects.

Q. = energy injected int othereservoir, kJ
Quuacim = energy carried outof the reservoir by producedfluids, kJ

Quu =energy lost to the overburden and theunderburden, kJ
Qoersin = energy accumulated in the reservoir fluids and reservoir matrix, kJ

A base case run was selected to apply the heat balance calculations on, and this
was Run 115. The cumulative heat balance is determined at the time of 1.00 PV of
steam (CWE) injected.
Cumulative Heat Injected, Qinj

The experiments performed in this study had a constant steam (CWE) injection
rate. Assuming that the situation was ideal, i.c., the pump kept the same rate (180
cc/min) throughout the whole experiment and the steam quality (10%) was also con-
stant from the beginning to the end of the run. As such the cumulative heat injected at
any time is:

Q, =i,(hi,,,- RN ) L S (B2)

where:
Q,; = energyinjected int o the reservoir, kJ
i, =massflow rateof thesteam, (kg/sec)
h,; =theenthalpy of saturated water, (kJ / kg)

h_, = theenthalpy of wateratthe reservoir temperature, (kJ/kg)
f, = thequality of thesteam, (ratio)

L, =thelatent heat of vaporization, (kJ/kg)



t =thecumulativeinjection time, (sec)
Therefore at 1.00 PV of steam (CWE) injected, the cumulative heat injected is:

Q. =0.03[343.922-12.68 +0.1*2646.988]* 5460 = 9,761.5kJ

Heat Lost to the Overburden and the Underburden, ( ,,.)

Calculating the amount of the heat lost to the overburden and the underburden
starts with the mapping of the temperature distribution in the neighbourhood of the cap
and base rock at the time of 1.00 PV of steam (CWE) injected. For simplicity, it was
assumed that the distribution of the temperature at 1.00 PV of steam (CWE) injected
had prevailed since the beginning of the experiment. Once the contour maps of the
temperature distributions were created, the area of each contour was determined using
the volume menu in the contouring package (SURFER). Then the heat lost through
each contour is calculated using the following equation:

where:
Q :Heat lost through the overburden or the underburden, kJ
k, :Heat conductivity, kW/m.sec K
AT :Temperature difference between the upper and the lower surfaces of the
graniteblocks, K
t :Time elapsed, sec.

o ‘Thermal diffusivity, ™/joc

Equation B3 is for an infinite cap rock that has its lower boundary temperature raised
an amount, AT . Tables B1 and B2 present the heat lost through each isothermal area
and the total heat lost through the overburden and the underburden.

Cumulative Heat Produced, Q, .

The accuracy of the calculations of the cumulative heat produced is depending
on the accuracy of the gathered data of the produced fluids volumes and their tempera-
tures. It was fortunate that the temperature of the produced fluids prior to the steam
breakthrough in the steam injection (SAGD process) experiments was constant except
that of the fluids of the first two samples, which had fluctuated slightly during the col-
lecting period of these samples. Thus the calculations of the produced heat were di-
vided into four stages. The first three stages were chosen on the basis; that the tem-
perature of the produced fluids do not vary that much during that period, thus an aver-
age temperature would be representative of the actual temperature. In the fourth stage
the temperature was constant at 40°C. The following equation was used for the calcu-
lations of the heat produced.



9

1 €851 = TIPINGIIAQ W 0} 150 I [WI0L,

618’8 [zsv000] 08
19€05€ | €62200 ] SL
ssrovz | 1eLio0] oL
Zev S8l | 600100 |  S9
s vrl | s6t00] 09
seL el | zeiioo]  sS
terent [#eiioo | oS
€z6 Lot [ tizioo} st
11968 | 1v1100] oOF
vLv'1S | 85L000] SE
906y | 6vL000]| OF
8ovLT | 885000 ] ST
o6¥ 61 | ¥5000 | 0T
79¢7 |680000] i
™ | @ | O
07 | sy | dwap
193 |4n0jwo)) | AN0JWOD)

‘S11 uny ¢ (AMD) WS Jo Ad 00°1 JO uoyfu 3y) 1))V UIPINGIIAQ 3Y) Y3noayy, 1507 19K 16 JqeL



92

M S6F = WPINGIIPU() IY 0} 1507 18I [¥I0],

9060'c | 820000 S
$008'91 | 891000 oS
1€89°C¢ | L9€000 | s¥
9426'¢S | £89000 | OF
L793'39 | v10100] €
€81s'Ls | voo100 | o€
£L50°'s9 | e6c100 | sz
9789'€9 | S9L100| 0OZ
9oLI'v9 | 61sZ00| SI
oTvL¥9 | Lsevoo | o1
Legsy |ectioo]

™m | @uw) | Do)

poy | way | ‘dumy
g |anojwo) | anoyme)

‘SIT uny (AMD) WeAs Jo Ad 00°1 Jo uoidfu] 3y} 1)V UIPINQIIPU() AP Y3noay ], 150 JeIH 79 dqw],



93

Quu = Y[V, xCuy xPu, + Vi XCo, ST ) | [ (B4)
isl
where:
i = any production sample
N = the total number of production samples

AT= the difference between the temperature of the production sample and the
initial reservoir temperature
C,= the specific heat capacity of water, (kJ/kg K)
= 43245-3.696 E-3 T+2.482E-5 T*
C,= the specific heat capacity of oil, (kJ/kg K)
= 1.7915+0.00361T
p,= the density of water, kg/m’
— 1 il
l0:001+1.436 E - 6~ 4.8872+0.134186T + 0.002128687* |

p, = the density of oil, kg/m’
= 8799kgm’

The specific heat and density relationships for the water were obtained from
correlations introduced by Tortike and Farouq Ali (1989). The specific heat and density
of oil (Faxam-100) were provided by Imperial Oil Resources Limited. Table B3 pres-
ents the heat produced during each stage and the total heat produced.

Cumulative Heat Accumulated in the Model, Q...

The accumulated heat in the model consisted of the heat contained in the reser-
voir fluids (aqueous phase, and oleic phase), and the heat contained in the matrix. The
first step in determining the heat accumulated in the reservoir was to find the tempera-
ture distribution inside the model. This was done by mapping the isothermal areas at
1.00 PV of steam (CWE) injected. In order to calculate the heat in each phase, the fluid
saturations in each contour had to be determined. The first step in determining the fluid
saturations inside the model was to establish the boundaries of the steam chamber. Be-
cause there were no pressure measurements inside the model, the pressure distribution
inside the model was not known with a high degree of certainty, as a consequence, the
exact steam chamber boundaries were not known. The experimental steam zone vol-
umes were calculated using the Volume menu in the SURFER™ . Figure Al shows a
comparison between the experimental volumes and the volumes calculated using Marx-
Langenhiem model and Neuman's model.

The residual oil saturation in the steam zone was taken as 6%, this was based on
the results of the preliminary runs. Because the total volume of each phase inside the
model was known, a spreadsheet was established taking into consideration the interde-
pendence of the volumes of the different phases. The oil saturation and the water satu-
ration in the other isothermal areas were assigned using the experience gained from the
experiments and engineering judgment. Assuming that each volume was in thermal
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equilibrium, the following equation was used for the calculations of the heat accumu-
lated in the model:

Q rsion ""Zvu xbso,kpo.kco.k +0S,4xPusCui +8,,PuxCax +(1 "¢)’M.hcmx}

k=l

m =the number of the temperature contours.
K  =the k™ temperature contour
Vo, =the volume corresponding to the k™ contour, (m*)

¢ =the porosity of the glass beads pack, (dimensionless)

S,... =the  saturation of oil, water, and steam for the
k! contour,(dimensionless)

Powss =the density of oil, water, and steam for the k* Contour, (kg/m’)

C,...» =the heat capacity of oil, water, and steam of the k™ contour, (kl/kg.K)

Pux =the density of the matrix, (kg/m*)

C, =the heat capacity of the matrix, (kJ/kg.K)

Table B4 presents the calculated heat accumulated in each fluid phase, the calculated

heat accumulated in the glass beads as well as the total heat accumulated in the model
for Run 115.
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