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Abstract

This research was directed towards the investigation of fluid flow around a
horizontal well. Thirty-six experiments were carried out using a physical model. The main
objectives of the steamflood experiments were to study the effect of the horizontal well
length, diameter, and location on the steam injection process. Furthermore, the
experiments investigated the suitability of the horizontal wells as producers or injectors and
examined the effect of the oil viscosity and pressure differential on the oil production

performance during the steam injection process.

The steamflood experiments were divided into three types based on the point where
the steam was injected into the sand pack: radial steam injection from the top or bottom of

the sand pack and steam injection using a horizontal injector.

Based on the experimental results, it was concluded that horizontal wells are more
effectively used as producers than injectors and that long herizontal wells have higher
cumulatve oil recoveries than short wells. Moreover, the effect of horizontal well diameter
is more significant in the case of horizontal producers than in the case for injectors. The
vertical location of the horizontal well in the formation and the oil viscosity significantly

affect the oil production performance during the steam injection process.
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Nomenclature

a Scaling factor length, dimensionless

a, Fraction of peripheral area of the horizontal well open to inflow,
dimensionless

A Area between reservoir and overburden, associated with the reservoir
volume, m?

C Specific heat, kl/kg - °C

C]-j Concentration of component j in phase 1, mass fraction

a Acceleration due to gravity, 9.80665 m/s*

hy Enthalpy of phase i (i = oleic, aqueous, and vapour), kJ/kg

H Thickness of reservoir, m

J Mechanical equivalence of heat energy, dimensionless

k Absolute permeability of porous media, m*

i Saturation of phase i, fraction

T Temperature, °C

U Internal energy, kJ/kg

U; Internal energy of phase i, ki/kg

v Velocity of fluids flowing inside the horizontal well, m/s

Vi Bulk volume of the reservoir, m’

W Work energy done by the fluids flowing inside the well, kJ/s - kg

Wij Mass injection rate of component j in phase i, kg/s

Ty Wellbore radius, m

Subscript:

g Vapour phase

m Mixture of oi! and steam condensate
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sC Standard conditions
reck Symbol;
a Thermal diffusivity (e = kp/pC), m%/s
7] Cylindrical coordinate, degree
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1. Introduction

The trade literature reflects the variety of ways in which horizontal wells are
being used for solving several problems associated with the production of oil and gas.
Even though horizontal wells have been used for secondary recovery (waterflooding) in
a few instances, their main application is in thermal oil recovery, especially
steamflooding, and for primary production, especially that of heavy oil. In thermal oil
recovery, horizontal wells are used in preference to conventional vertical wells for a
number of reasons. In the case of viscous oils, which are receiving a great deal of
attention in Alberta and Saskatchewan, horizontal wells are used to improve the
displacement efficiency and oil recovery efficiency. Horizontal injectors have a
tendency to spread and distribute heat over a large area of the reservoir. The application
of horizontal wells in the recovery of heavy oils and tar sands formations 1s more
widespread than that of conventional wells. Due to their large reservoir contact area,
horizontal wells increase initial injectivity when they are used as injectors. When
horizontal wells are used as producers, their productivity indexes are higher than those
of comparable vertical wells. As well as being effective in thermal recovery, horizontai
wells are used to intersect as many fractures as possible in fractured reservoirs and to

deplete low permeability tight formations.

Because of the lateral extension of horizontal wells into oil-bearing formations,
they are most often used to recover oil from thin reservoirs, especially those with
underlying communicating bottom water zones. Cold Lake and Lloydminster fields are

two of the many examples where horizontal well applications have been successful in
recovering oil from heavy oil formations.

Previously scaled model studies of flow in the vicinity of a horizontal well were
carried out; however that, is not the focus of this study. This study is an attempt to
contribute to the understanding of horizontal well applications in steamflooding. The
study examines the suitability of a horizontal well as an injector or a producer,
investigates the effect of the horizontal well length, diameter and location on oil
production performance and examines the effect of oil viscosity and pressure

differential on oil recovery during the steam injection process.



2. Literature Review
2.1 Thermal Recovery Methods

The known resources of heavy oil and bitumen are as large or larger than those of
conventional crude oil, which makes their efficient and economic recovery an important and
potentially profitable task. In most cases, the volumes of oil produced using conventional
techniques such as primary and secondary recovery methods represent only one-third of
the initial oil in place (JOIP).! This low recovery factor is a result of both unfavorable fluid
and reservoir characteristics, such as high fluid viscosity and reservoir heterogeneity.
These variations in fluids and reservoir properties are responsible for unswept areas and for
poor displacement efficiency. Because of the great variety of reservoir conditions and the
diversity of fluid behaviours, there is no single technigue or method to enhance oil
production; rather, there are a group of techniques aimed at enhancing oil recovery from
different reservoir types. These techniques are referred to as Enhanced Oil Recovery
(EOR) processes.

EOR consists of methods and techniques aimed at increasing the ultimate oil
recovery by reducing the amount of oil remaining trapped after primary and secondary
recovery methods have been used. To achieve this goal, the petroleum industry has
adopted several techniques, such as chemical, microbial and thermal oil recovery methods.
Thermal recovery can take the form of a hot waterflood, steam injection, in-situ combustion
or any combination of the three processes. Steam injection is the most widely used
technique among enhanced oil recovery processes. Seventy-two percent of the total
enhanced oil recovery for the United States in 1988 resulted from steam injection in
California.! Cyclic steam stimulation is one the most common injection methods used for
heavy oil or oil sands reservoirs. It is common practice to steam stimulate prior to
steamflooding or in-situ combustion to improve initial steam or gas injectivity. The use of
cyclic steaming to reduce oil viscosity to aid flow from the reservoir to the production well
has proven to be an effective technique. One advantage of cyclic steam stimulation is that it
centres the heat around the wellbore, where the stream lines converge and the pressure
gradients are highest. A major difference between cyclic steam stimulation and
steamflooding is that, in cyclic steam stimulation, the oil being displaced remains hot as it
flows to the production well, whereas in steamflooding, the oil must contact the cooler
reservoir until the flood becomes mature.?



Steamflooding provides the energy necessary to sweep the oil from the injection site
to the production wells. One of the most important properties of steam is its ability to
transfer heat to reservoir fluids and its adequacy to form a bank upon condensation,
creating a stable displacement front. Field experience' indicates that the residual oil
saturation for steamflooding is far lower than that for waterflooding. One advantage of
steam injection over hot water injection is that much energy can be injected into the
formation and high oil recovery can be attained. Hot waterflooding is a relatively simple
form of thermal recovery and is close to conventional waterflooding in terms of operation.
Extraction of oil using hot water is accomplished by the reduction in residual oil saturation
and oil viscosity at high temperature, thereby making the oil more mobile. Field
applications of hot water drive have been complicated by channeling, severe viscous
fingering and high water production. The Schoonebeek project in Holland"? is one of

many successful field tests where the oil viscosity at reservoir conditions is moderate (i.e.,
180 mPa.s).

Another form of thermal recovery is in-situ combustion: a process where gas,
normally oxygen or air, is injected into the formation to react with the oil. One advantage
of in-situ combustion over steamflooding is that there are no heat losses from in-situ
combustion until the oxygen from the injected gas reacts with the coke at the fire front
transferring heat to the oil. With steamflooding, heat is lost at surface installations and
pipes, tubing and casing, and to the over and underburden. In-situ combustion provides an
economical and efficient method to recover oil from heavy oil reservoirs and oil sands.
There is no need to supply an external energy source because combustion is sustained by
the fuel provided by the residual oil.> Moss and White* described the in-situ combustion
process as one of the best techniques among enhanced oil recovery methods, since it i1s a
combination of several mechanisms: condensing steam drive, miscible drive and gas drive.
However, one disadvantage they described is that most of the heat generated remained
behind the front in the burned-out zone and did not affect oil production. Butler” suggested
that even though it was necessary to provide energy to compress the gas, and, in the case

of oxygen, to separate and compress the gas, the energy required was much less than that
required for steam generation.

2.2 Mechanisms of Qil Displacement by Steam
2.2.1 Otil Viscosity Reduction

The main effect of steam on heavy oil is a steep reduction in viscosity. Because of
the high enthalpy content of stearn, it can reduce the viscosity of the oil from 1,000,000 to
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8 mPa.s for a temperature increase of 25 to 200 °C.? The reduction in oil viscosity plays a
major role in decreasing the flow resistance in the reservoir, thereby decreasing the mobility
ratio and leading to high oil recovery. However, when steam contacts cold crude oil, the
stearn temperature drops, allowing steam to condense and to form a stable front to improve
the displacement efficiency.

Hong® indicated that the change in oil viscosity is a reversible process, which
means that, when the temperature decreases again, the oil viscosity reverts more or less to
its original value. He also concluded that the high production rates and low water-oil ratios
prior to or at the time of steam breakthrough at the production well was a result of the oil
bank formed by the reversibility effect of the oil viscosity. In the reversible viscosity
mechanism, steam increases reservoir temperature ahead of the front, thereby decreasing oil
viscosity. Then oil is displaced from the high temperature region to an area of considerably
lower temperature, causing the oil viscosity in the low temperature region to increase again,
creating resistance to oil flow and forming an oil bank from the accumulation of oil.

2.2.2 Steam Distillation

Steam distillation is the main recovery mechanism in the steam zone behind the
front, where it lowers the boiling point of the reservoir liquid. The effectiveness of steam
distillation in increasing production is greater than the loss in production due to the distillate
removed from the residual oil. As steam condenses and mixes with reservoir oil, it forms a
solvent that reduces the viscosity of the oil beyond the steam zone. In a pioneering
experimental laboratory study, Willman, Valleroy, Runberg, Cornelius and Powers®
conducted a series of hot water and steamflooding experiments. They reasoned that the
increase in the recovery of oil by steam is due to the ability of steam to remove additional
material from the residual oil by steam distillation. They also pointed out that the
incremental oil recovery by steam injection was a result of the solvent dilution caused by
the condensation of the light ends in front of the steam zone. Hong’ concluded that the
recovery by steam distillation was higher for light oil than for heavy oil because steam
preferentially distills the lighter fractions first. The lower the oil viscosity and the higher
the steam quality, the higher the yield of distilled oil. The contribution of the steam
distillation mechanism to overall steamflood recovery is low in the field compared to the
results obtained in the laboratory studies. As much as 60 percent of some light oils can be
collected as overhead products in laboratory steam distillation.
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2.2.3 Changes in Relative Permeability

One phenomenon that plays a role in increasing the effectiveness of oil recovery by
steam is that the relative permeabilities change with temperature. Laboratory studies” show
that an increase in temperature changes the relative permeability curves. Steam introduces
heat to reservoir rocks and fluids, altering the physical properties of the oil and reducing the
oil residual saturation, thereby promoting some increase in the relative permeability to oil.
However, the relative permeability to water seems to be lower under steamflooding
conditions than under normal conditions (i.e., ambient temperature) due to the fact that
some water is trapped in water-oil emulsions during the steam injection process. Butler®
suggested that the reason behind a lower residual oil saturation is that steam has a tendency
to distill the residual oil, forming a solvent that dilutes the oil and reduces its viscosity. The
effect of steamflooding and temperature treatment on reservoir fluid relative permeabilities
is complicated by other reservoir factors. However, it seems apparent that steam does have
a positive effect on increasing oil relative permeability.

2.2.4 Oil Thermal Expansion

Thermal expansion is another important oil recovery mechanism, wherein steam
supplies energy to the reservoir, heats the fluids, and increases the fluids tendency for
thermal expansion. Depending on the type of crude oil, its initial saturation and the
temperature of the heated zone, thermal oil expansion alone can recover 5 to 10 percent of
the initial oil in place.” The amount of oil expansion depends on the type of reservoir and
oil composition and characteristics. Since thermal expansion is higher for light oil than for
heavy oil, this effect is more effective in increasing oil recovery from light oil reservoirs
than from heavy oil deposits.

2.2.5 Compaction

Depending on the type of reservoir, sand characteristics and the depositional
environment, compaction can be an effective mechanism in providing the energy to drive
the oil to a production well during cyclic stearn injection process. Consolidation of the
reservoir sand and fine materials, along with a decrease in the average porosity as the pore
pressure falls, can provide the necessary energy to transport oil to the wellbore. When the
pore pressure is lowered, which reduces the pore volume, the rocks are compacted,
squeezing the oil from the pore space and providing the pressure drive to transport the oil.
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Butler® indicated that the compaction mechanism has been important in oil production from
the Bolivar Coast of Lake Maracaibo in Venezuela.

In the early cycles of steam stimulation in the bitumen reservoir of Cold Lake, a
compaction mechanism was observed following a reservoir expansion as a result of
injecting steam at fracturing pressure. In heavy, low permeability reservoirs, injection at
fracturing pressure is the only means to inject steam at practical rates. Steam injection at
fracturing pressure causes an increase in pore volume. This increase is stored as potential
energy, which is reflected by the rise in the ground surface elevation. As the pore
pressure, or rather the well pressure, drops, oil is squeezed and pushed towards the
production well by the stored potential energy provided by the strata as they subside.

2.2.6 Solution Gas Drive

Soluticn gas drive is not as effective as the drive mechanisms previously mentioned
but still provides a driving force for heavy oil reservoirs containing fair amounts of
dissolved gas. Most heavy oil reservoirs lack dissolved gases so the energy provided by
gas coming out of solution is limited. However, in some cases carbon dioxide can be
generated during a steamflood either from high temperature steam reacting with carbonate
formations or from a reaction with the crude oil itself. As soon as carbon dioxide evolves,
it provides a driving force by swelling the oil and reducing its viscosity, allowing for a
more favourable mobility ratio and better sweep efficiency. Carbon dioxide injection is one
of the most effective mechanisms in enhanced oil recovery, especially for heavy oil
reservoirs, because of the ability of the carbon dioxide to swell the oil and reduce its
viscosity.

2.3 Application of Horizontal Wells in Enhanced QOil Recovery

Horizontal drilling for primary oil recovery has become a routine operation, with
more than 2,700 wells drilled around the world with an average horizontal extension of 456
to 1064 metres’. The vast majority of horizontal wells are drilled in reservoirs having a
high vertical permeability or reservoirs having a substantial number of vertical fractures.
Horizontal wells help reduce pressure drawdown, control coning problems and intersect
many high conductivity fractures. The demand for crude oil and the difficulties and cost of
discovering new reserves, as well as the rapid consumption of conventional oil reserves,
have generated a special interest in the application of horizontal wells in enhanced oil
recovery processes. In EOR applications, especially in thermal oil recovery, horizontal
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wells have been used extensively. A long horizontal well provides a larger reservoir
contact area, increasing the injectivity and reducing the project life time. This is specially
beneficial for heavy oil and oil sands where the initial injectivity is low. The application of
horizontal wells to exploit heavy oil and oil sands reservoirs using thermal recovery
methods has been studied extensively by several authors.”'®

2.3.1 Steam-Assisted Gravity Drainage

Thermal recovery of heavy oil from oil sands formations has received considerable
attention for the past 35 years. Based on their viscosity, heavy oil reservoirs may be
divided into two types: conventional heavy oil, which can be produced using conventional
primary methods, and bitumen, which is immobile at in-situ conditions. Cold Lake, Peace
River, Wabasca and Athabasca in Alberta are good examples of the latter reservoir type.
Steam-assisted gravity drainage is an effective process to enhance the recovery of oil from
such only low pressure Athabasca reservoirs.®

Many authors’!” have made experimental and theoretical efforts to investigate the
effect of horizontal wells on the recovery of oil by gravity. Experimental work by Butler,
McNab and Lo®, using a visual model at atmospheric pressure, showed that a horizontal
well placed at the base of a growing steam chamber provided continuous drainage for the
oil and could be used for low pressure steam. Joshi'? also investigated the gravity drainage
process using a combination of horizontal and vertical wells. He used glass beads packed
in a rectangular steel box with one transparent wall allowing flow visualization. His results
indicated that the maximum oil recovery was obtained by a horizontal well pair. Yang and
Butler!! conducted experimental studies on the effect of reservoir hetrogeneities on the
gravity drainage process. They used a two-dimensional reservoir model with thin shale
layers and a reservoir containing layers with different permeabilities. Their results showed
that production is not greatly affected by a short horizontal barrier. Faster production rates

are observed when the higher permeability layer is on top, rather than if the conditions are
reversed.

An effort was made by Sarkar and Deo'® to compare three thermal EOR processes:
Steam-Assisted Gravity Drainage (SAGD), Heated Annulus Steam Drive (HASD) and
Cyclic Steam Stimulation (CSS). They used a three-dimensional simulator to investigate
the effect of horizontal wells in combination with vertical wells on the performance of
SAGD, HASD and CSS processes. When using SAGD, the movement of oil to the



production well is caused by gravity forces. By using gravity as the main driving force to
move the oil, it is possible to avoid the differential fingering that occurs when highly
viscous oil is pushed by less viscous fluids.

2.3.2 Carbon Dioxide Flooding

All EOR methods should benefit by the use of horizontal wells because of the better
sweep efficiencies and higher injectivities horizontal wells provide. Horizontal wells are
used in carbon dioxide miscible flooding as a means to enhance oil recovery and increase
sweep efficiency. Injection of carbon dioxide into an oil-bearing formation will initiate
many recovery mechanisms that enhance the recovery of oil by carbon dioxide. One
mechanism is swelling of crude oil, because carbon dioxide is more soluble in oil than in
natural gas. As the concentration and pressure of carbon dioxide increases, its solubility
increases leading to swelling of the crude oil. Viscosity reduction of the crude oil is a
result of carbon dioxide solubility in the oil. This effect is more efficient and noticeable in
heavy rather than light oils. When carbon dioxide is injected into a partially depleted
reservoir at high pressure, oil is produced as a vapour along with the gas.!® Surface
tension, gravity reduction and other mechanisms also play a role in the recovery of oil by
carbon dioxide.

A compositional equation-of-state simulator-> has been developed to study the effect
of different reservoir descriptions on carbon dioxide process performance using horizontal
and vertical well combinations. Meszaros, Chakma, and Jha's*! experimental work using a
two-dimensional model suggested that close to 70 percent of the oil in place may be
recovered by injecting gas from the top of 1000 and 4000 mPa.s viscosity reservoirs.
Laboratory scale experiments™ showed that oil recovery of carbon dioxide using horizontal
wells is significantly higher than that of vertical wells.

2.3.3 Steamflooding

Steamflooding has been used for many years for enhanced oil recovery.?
However, the use of a horizontal well as an injector or a producer is a relatively new
application that can improve the process efficiency. Although horizontal well technology
has recently been used in miscible and waterflood projects, the main EOR applications to
date are in steam projects.?*?® Reeves, Strickland and Crawford’ developed an electric
potentiometric model to evaluate areal sweep efficiency for various horizontal well patterns
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and compared it to the sweep efficiency obtained from conventional wells. They observed
that areal sweep efficiencies for the base case of two vertical wells were higher than that for
the case where a horizontal well pointed in the direction of the vertical production well.
However, the highest areal sweep efficiency was obtained using two horizontal injection
and production wells; the improved sweep efficiency approached 100 percent.

In their experimental study, Chang, Farouq Ali, and George®’ investigated the
effect of bottom water formations on steamflooding performance using horizontal-vertical
well combinations. Their results showed that the horizontal-horizontal combination
recovered 68 percent of the oil in the presence of 10 percent thickness of high water
saturation. They also found that a horizontal combination was only slightly better than
vertical wells in the absence of bottom water. Field experience, as well as experimental and
numerical modeling,*** has shown that the productivity improvement of horizontal wells is
a strong function of well length and reservoir lateral extent. The breakthrough time for
horizontal wells is delayed as a result of a horizontal well maintaining a stable displacement
front under gravity dominated flow.

Huang and Hight*® developed a three-dimensional numerical steamflood simulator
to investigate the effect of horizontal wells on steamflood conformance. Simulation results
indicated that horizontal wells can be effective in reducing or preventing steam override.
For a mature field, horizontal wells increased ultimate oil recovery from 63.2 to 74.7
percent of initial oil in place (IOIP). When steam is used at the start of the field life, a
combination of horizontal and vertical wells resulted in a recovery of 72.2 percent of initial
oil in place. Several authors®?%*3 have indicated that horizontal wells in thermal projects
can increase recovery performance due to better sweep efficiency, accelerate production

which improves the oi! steam ratio (OSR), boost project profitability and shorten project
life.

2.4 Advantages of Horizontal Wells
2.4.1 Productivity Index Increase

Horizontal wells are usually drilled parallel to the reservoir extending 456 to
1064 metres along the horizontal section. They have been proven to be more effective in
draining reservoirs, especially thin deposits (i.e., 10-20 metres), at lower drawdown
pressures than comparable vertical wells. Because they penetrate Iong sections in the pay
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zone, horizontal wells provide a larger reservoir contact area as compared to conventional
wells. Elf-Aquitaine® drilled three horizontal wells in Western Europe for research
purposes. Their field experience, along with analytical derivations and numerical reservoir
simulations, confirmed that the productivity of horizontal wells is five times more than that
of vertical wells. They observed an increase in the ultimate oil recovery resulting from a
reduction in water and gas coning or the possible intersection and linking of vertical
fractures. Joshi’! compared the productivity of horizontal and slant wells to that of vertical
wells, He suggested that a horizontal well will always have a higher productivity index
than a slant well in a 30-metre-thick reservoir, even when the ratio of vertical to horizontal
permeability is low. This clearly indicates that drilling a horizontal well in thin reservoirs
(i.e.,<30 metres) is to be preferred.

Recent field experience in the Safah field in Oman®® confirmed that the average
productivity index of horizontal wells is about 10 times more than that of vertical wells.
Occidental of Oman has drilled seven horizontal wells with completion intervals ranging
from 603 to 1434 metres. The performance of the wells indicates no direct correlation
between the initial well productivity index and the length of the horizontal section. The
long-term productivity index is a function of the gas oil-ratio of the well. Use of horizontal
wells in the Safah field is expected to increase the overall recovery and shorten the
production life of the field.

2.4.2 Low Pressure Drawdown

Horizontal wells are becoming an established method for the recovery of oil and
gas, especially in heavy oil and oil sand reservoirs. In heavy oil reservoirs with low
permeability and thin pay zones, horizontal wells provide a means to increase the initial
injectivity for steam injection. Larger contact areas allow lower pressure drawdown,
increase production rate, and reduce the potential of gas or water coning problems. These
facts imply that a horizontal well should be as long as possible to recover the highest
possible amount of oil. Because of advances in horizontal well technology, long horizontal
wells are common industry practice. However, there is the disadvantage of pressure drop
due to wellbore frictional losses as a result of greater horizontal well length, Most of the
time, when performing pressure test analysis or reservoir simulations for horizontal wells,
the wellbore pressure drop is assumed to be constant or negligible. In practice, some
pressure drop between the production and injection end of the horizontal well is necessary
to maintain fluid flow inside the well. Thus the pressure drop inside the horizontal well
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cannot be ignored, especially when two-phase flow, including compressible gas flow, is
encountered in the wellbore.

Several experimental and theoretical studies have been reported; Novy*® developed
a single-phase model which incorporates well length, production rate, hole diameter, and
roughness of the wellbore, to compute the length of a well that has a 10 percent loss of
productivity caused by friction. Dikken®’ presented a simple analytical method that links
single-phase turbulent well flow to the stabilized reservoir flow. He analyzed in detail the
pressure gradient ignored in most treatments of horizontal wells. Folefac, Archer, Issa,
and Arshad*® developed a mathematical model to calculate the pressure drop and flow in a
horizontal wellbore based on the drift flux. They applied a numerical procedure to solve
the one-dimensional differential equation governing the wellbore flow. In their conclusions
they pointed out that a high productivity index, a small well radius, a long perforated
interval and two-phase flow can have a significant effect on the pressure drop inside a
horizontal wellbore.

Thara, Brill and Shoham® conducted experimental and theoretical investi gations of
the flow behaviour in and around the vicinity of horizontal wells, Their test facility
consisted of a 2.54 centimetre inside diameter, 8 metre-long horizontal test section flowing
into a 2.8 metre-high vertical section. The model used the inflow performance relationship
(IPR) approach, a black oil model and mechanistic models for wellbore hydraulics. They
performed a sensitivity analysis using the models for field operations and obtained good
agreement between the experimental model and the preliminary experimental data. The
effect of the accelerational pressure drop in a horizontal wellbore was also studied by Thara
and Shimizu*® who improved an initial mechanistic model by includin g the accelerational
pressure drop in the wellbore. From their comparison of the experimental data with the

model, they found that the improved model described more rigorously the flow behaviour
in a horizontal wellbore.

Piaxton*! developed a scaled model to study, for the first time, the effect of influx
into a two-phase system. He used a closed-loop pipe flow model to carry out experiments
using turbulent oil-water flow and influx flow rates. He examined many pipe flow
correlations and modified the Asheim, Kolnes and Qudeman model. Plaxton concluded
that the pipe flow correlation method examined adequately predicts the oil-water flow
pressure gradient and a constriction-disruption, or venturi-type, effect is the dominant
factor determining the pressure drop across a single perforation in a horizontal wellbore.



2.4.3 Alleviating Water and Gas Coning

Production of water or gas from oil wells is not desirable in reservoirs having a
gas-cap expansion or water drive mechanism. Inefficient use of water and gas-cap gas
influences surface production facilities and subsurface recovery mechanisms. Undesirable
water and gas production have a negative effect on the cost of oil production and the
efficient depletion of the reservoir. Coning of water or gas into a producing well is caused
by the pressure gradients around the wellbore established by the fluid flowing into the well.
These pressure gradients are more influential in the vicinity of the wellbore and the
perforations than anywhere else. Since fluid is being drawn into the wellbore by pressure
drops, these pressure gradients tend to depress the gas-oil contact and elevate the water-oil
contact in the immediate vicinity of the well. In horizontal wells, because of their larger
reserveir contact area in comparison to vertical wells, the effect of gas or water coning is

less severe.

Development of horizontal well technology offers a partial solution by providing a
new approach to reducing the gas and water coning effect but not a complete elimination of
the problem during oil production. Even though the effect of the water and gas coning
problem is less deterimental for horizontal wells compared to their vertical counterparts,
further improvement of the oil production rate of horizontal wells is still limited by the
encroachment of the water or gas cone when bottom water or a gas-cap exists.

A number of authors*>*? have addressed water and gas coning problems in vertical
and horizontal wells with the objective of determining the critical rate which would allow
water-free oil production. Guo and Lee* provided a theoretical and numerical analysis of
water coning behaviour in horizontal wells. They analytically estimated the critical oil
production rate and the location of the water crest under critical conditions. Guo and Lee
built a numerical reservoir simulator to validate their analytical solution. Their numerical
model confirmed the analytical solution and proved that the critical rate per unit length was
proportional to the conductivity and thickness of the oil reservoir, the contrast between
water and oil density and was related to the critical crest height and to the wellbore location.

Chaperon® studied the behaviour of cresting towards horizontal and vertical wells
in anisotropic formations under steady-state and pseudo-steady state conditions. Her
approach is similar to that used by Muskat,*® except that she neglected the flow restriction
caused by the immobile water in the cone. Her analysis gives an optimistic estimate of the
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critical rate. The outcome of her comparison between vertical and horizontal wells showed

that horizontal wells allow a higher critical rate than vertical wells which decreases as the

anisotropy increases. She also pointed out that critical cones are closer to horizontal wells
than to vertical wells.

Yang and Wattenbarger®® also analyzed water coning for vertical and horizontal
wells and addressed the issue of water-oil ratio (WOR). Their studies aimed at developing
a method to predict critical rate, breakthrough :/me and water-oil ratio after breakthrough in
both vertical and horizontal wells. They used a numerical simulator to perform an
extensive sensitivity analysis of water coning to develop an empirical coning correlation
based on flow equations and regression analysis. Empirical correlations were also
developed by Schols® from his laboratory experiments and by Héyland, Papatzacos and
Skjaf‘:veland‘q‘7 from their computer simulation runs. For onshore oil operations, the Abu-
Dhabi Co.3! developed a finite element model to predict the performance of horizontal
wells and their effectiveness in reducing or eliminating water coning. Their results showed

a reduction of water cuts from 40 to 1 percent and a significant increase in well
productivity.

2.4.4 High Performance in Low Permeability and Fractured Reservoirs

The development of horizontal well technology provides an efficient means to
recover oil and gas from naturally fractured and tight reservoirs. Due to their extended
length, horizontal wells provide a high probability of intersecting many fractures.
Horizontal wells also provide a viable approach for tapping a low permeability reservoir
that may have been considered noncommercial due to low production rates.’** Because of
the importance of horizontal wells to the petroleum industry, many studies, research
projects and field tests™>* have been conducted to investigate their performance and predict
their production, as well as the financial risks and challenges.

Guo and Evans™ developed analytical single and multiphase pseudo-steady state
inflow performance equations to predict the future production performance for a horizontal
wellbore intersecting a multiple hydraulic fracture system. In their development, Guo and
Evans considered the effect of permeability variations, wellbore location eccentricity and
fracture characteristics. They also accounted for non-Darcy flow phenomena in the inflow
equation associated with flow of the gas phase. Steadv-state and pseudo-steady state
inflow performance equations for horizontal wells in nonfractured reservoirs have been
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derived by several authors.’*>® Moreover, several authors’*¢! have analytically or
numerically investigated the effect of natural and induced fractures on horizontal well
productivity and performance. A computer program® was developed to perform the
production forecasting and economical evaluation of a naturally fractured reservoir for any
natural fracture characteristics, horizontal well configuration and reservoir fluid properties.

2.5 Previous Work Performed Using this Model

Doan® and Doan, Farouq Ali and George® studied the effects of wellbore geometry
and completion (open well versus cased well) on steam recovery performance using a
combination of horizontal and vertical wells. A scaled model was developed based on
scaling criteria derived using basic flow equations, viz continuity, momentum and heat
balance equations, along with the Darcy law. Scaling criteria governing pressure, gravity,
viscous and capillary forces, along with the scaling criteria describing heat wansfer,
permeability, porosity and geometrical factors, were used to produce 2 10.2-cm diameter
and 61-cm long scaled cylindrical model. This scaled model, along with another partially
scaled model, was used to study the flow behavior in and around a horizontal wellbore
surrounded by a steam envelope.

In Doan's study, 22 experiments were carried out using both the partially scaled
and the scaled model. Table 2.1 provides a summary of the 22 experiments conducted.
Experiments carried out using the scaled model satisfy the scaling criteria more than the
experiments conduc:cd in the partially scaled model, especially for scaling groups involving
permeabilitv and porosity. This is due to the fact that the scaled model was equipped with a
hydrauli~ compacting system which produced a tight sand pack that satisfied the scaling
criteria more than the partially scaled model.

In all of the nine experiments carried out using the partially scaled model, the
injector was a vertical well and the producer was a horizontal well, taking different
completion forms, such as a constant diameter horizontal producer with no casing, a
variable diameter horizontal producer with no casing, a constant diameter horizontal
producer cased in a perforated casing, and a variable diameter horizontal producer cased in
a perforated casing. The experiments were conducted at an injection pressure of 448 kPa
(65 psig) and the production pressure was set at 241 kPa (35 psig). The primary motive
for these experiments was to investigate the effects of horizontal producer geometry and
completion on oil recovery performance.
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The remaining 13 experiments were conducted using the scaled model. They were
also intended to investigate the effects of wellbore geomciry and completion and to study
the effectiveness of a horizontal injector when used in combination with either a horizontal
or a vertical producer. The steam injection pressure for scaled the model experiments was
set at 207 kPa (30 psig) and the production pressure was varied between 0 - 103 kPa (0 -
15 psig). Doan, from his experimental results, observed that the scaled model sand pack
porosity and permeability were lower than that of the partially scaled model. He suggested
that the primary reason for a lower permeability and porosity in the scaled model was due
to the incorporation of the hydraulic press in the design of the scaled model which provided
highly compacted sand packs.

Doan investigated the recovery performance of a horizontal producer versus that of
a horizontal injector in combination with a vertical well. He also studied the recovery
performance of a vertical injector versus a vertical producer in combination with a
horizontal well. He observed that the production performance of a horizontal well is much
higher than that of a vertical well. Horizontal producers outperform vertical producers in
all aspects: lower water-oil ratio, higher cumulative oil-steam ratio, fluid production rate
and cumulative oil recovery. The effect of wellbore geometry was also investigated in this
work using a variable diameter horizontal producer.

The results showed that a variable diameter horizontal well, with a narrow inlet end
and a wider production end, could effectively reduce the axial well pressure gradient and
affect the recovery performance of the steamflood process significantly, yielding a higher
oil recovery and oil-steam ratio than a constant diameter well. The recovery performance
obtained using an open hole completion was compared to that obtained using a cased hele
completion. Perforated casing decreased the production performance of the cased
horizontal well. In most cases, it had a lower cumulative oil recovery, production rate, oil-
steam ratio and thermal efficiency, which led to an inefficient recovery performance
cornpared to that of an open hole completion.



3. Objectives

Horizontal wells are increasingly being used in steamflood projects. In nearly
all cases, horizontal wells in Cold Lake and LIoydminster have been used as producers.
Only in a few cases were they used as injectors. This experimental research was
directed towards an investigation of fluid flow in the vicinity of a horizontal producer or
injector, te study mechanisms governing flow during the steam injection process. The
main objectives for the steam injection experiments can be summarized as follows:

1. To modify arn existing scaled model to be used in the steam injection
experiments, equipped for a horizontal steam injector or producer.

2. To design and fabricate new horizontal wells.

3. To investigate the effect of the horizontal producer and injector length, diameter
and location on oil production performance.

4. To examine the effect of pressure differential between the horizontal injector and
producer on the effectiveness of the steam injection process.

5. To study the effect of oil viscosity on oil recovery performance during
steamflooding.

6. To observe the temperature distribution profile around the horizontal producer
and injector to study the shape and size of steam zone and their effect on steam
zone growth.

7. To expiore and analyze scaling criteria for flow around a horizontal well.



4. Experimental Apparatus and Procedure
4.1 Experimental Apparatus
4.1.1 Physical Model

The physical model used in this work consisted of a 61.0 cm (24 in) by 10.2
cm (4 in) diameter stainless steel cylinder with two end caps as shown in Figure 4.1. A
sintered metal jacket was fitted into the inside wall of the cylinder to act as a distributing
phase for radial steam injection. For the purpose of sensing the steam front and
detecting steam zone growth sixteen thermocouples ports were drilled through the wall
of the cylinder. Since the model was placed in the horizontal direction during steam
injection experiments, eight thermocouples were installed 5.72 ¢m (2.25 in) apart at
different depths at the top of the model and another eight were installed at the bottom of
the model exactly opposite to the top thermocouples. Two openings having a 1.6 cm
(5/8 in) diameter were drilled at the top of the model and another two were drilled at the
bottomn at offset positions from those on the top. These holes could be used as injection
or production ports, to simulate injection from the top, bottom, middle, or from one
side of the core. The two end caps shown in Figure 4.2 were used to seal the model
and provide a saturation face (saturation cap) and a production end to accommodate a
horizontal well and a pressure port for pressure drop measurement inside the horizontal
well (production cap). The physical model was placed inside a hydraulic press frame,
shown in Plate 4.1, in the vertical direction to produce a highly representative
permeability of the prototype. The hydraulic press was used to apply a force on the
saturation end cap of the model simulating overburden pressure.

4.1.2 Porous Media and Fluids

Ottawa sand with a US mesh size of 70-140 was used in all of the experiments.
The sand pack porosity produced using this sand ranged between 34 percent and 37
percent and the average absolute permeability was 6.4 x 10-'* m? (6.5 darcies), close to
the prototype porosity and permeability.

Three types of oil were used to investigate the effect of oil viscosity on steam
performance. Faxam-100 having a viscosity of 290 mPa.s was used for all
experiments except those experiments aimed at investigating the effect of oil viscosity
on the steam process performance, in which Wainwright oils having viscosities of 975

18
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The Model Inside a Hydraulic Press Frame

Plate 4.1



and 1809 mPa.s were used. Table 4.1 lists the API gravity, density and viscosity for
the three types of oil used in this work,

Table 4.1: Properties of Oil Used

Qi API@ 24 °C Viscosity @ 24 °C | Density @ 24 °C and
Type and 101.325 kPa and 101.325 kPa 101.325 kPa
Faxam-100 30 290 mPa.s (.88 g/cc
Wainwright 18 975 mPa.s 0.95 g/cc
Wainwright 14 1800 mPa.s (.97 g/cc

4.1.3 Horizontal Wells

One objective of this study was to investigate the effect of horizontal
producer/injector length and diameter on steam process performance. Five wells were
fabricated to simulate the horizontal producer/injector with different lengths and
diameters. Wells having diameters of 0.32 cm (1/8 in), 0.64 cm (1/4 in) and 0.95 cm
(3/8 in) were used to study the effect of the producer/injector diameter, and horizontal
wells having lengths of 25, 50, 75 and 100% of the sand pack length were used to
investigate the effect of producer/injector length on oil production performance during
the steam injection process. Figure 4.3 shows a schematic representation of the
horizontal wells used in this work.

4.1.4 Injection System

Good control of experimental conditions, i.e. injection pressure and
temperature, is crifical to any successful steam operation, whether it is in the laboratory
or in the field. Injection temperature, to ensure that dry steam was injected, was
maintained above the saturated steam temperature by means of a stearn generator
capable of producing steam up to a maximum temperature and pressure of 200 °C (392
°F) and 3.4 MPa (494 psi), respectively. A constant-rate Milroyal pump was used to
pump water from the feedwater vessel into the steam generator and then steam from the
steam generator into the injection tubing. The injection tubing was coupled with a
thermocouple, a back pressure regulator, and a bypass valve to control injection
temperature, pressure and direct steam overflow away from the sand pack.
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4.1.5 Production System

The collection system consisted of two cells made of temperature resistant
glass. Each cell was capable of handling 250 ¢m® of produced fluid. The two cells
were connected to a back pressure regulator regulated by nitrogen gas, to introduce a
constant back pressure on the producer when needed. Another reason to have a
pressurized production system was because produced fluids have high viscosity in the
early stages of the experiment which reduces their flow out of the collection devices.
Thus a back pressure was introduced to push the fluids out of the collection cells.
However, towards the end of the experiment, produced fluid temperatures were very
high (around steam saturation temperature), so a cooling system was installed to lower
produced fluid temperatures and reduce the vapour lost through flashing.

4,.1.6 Data Acquisition System

The data acquisition system used consisted of hardware and software systems.
The hardware include 18 thermocouples connected into four EXP-16 boards and a
pressure transducer connected into one 10-channel Validyne board. The temperature
data were read using thermocouples and then transferred to the EXP-16 boards as
electrical signals in millivolts. Unlike temperature, pressure data were read using
pressure transducers, fed into the Validyne board, and then wansferred to the EXP-16
boards in millivolts. The EXP-16 boards which were controlled by the Labtech
Notebook software converted the pressure and temperature raw data from millivolts to
values of pressure in Pascals and temperature in degrees Celsius, and then fed it into
the IBM computer through a Das-8 card. The Labtech Notebook scanned each pressure
and temperature channel every thirty seconds. Scanned temperature and pressure data
were stored in an ASCII file format which allowed it to be analyzed in LOTUS 123 or
Microsoft Excel.

4.2 Model Preparation

The type of experiment, experimental conditions (i.e. injection pressure and
temperature), and experimental parameters to be investigated were determined before
packing the model. Thermocouples and pressure transducers were calibrated and
checked for any fault or unreliable readings. Also, quick connects, connections, tubing
and production and saturation end caps were cleaned and tested for any blockage.
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4.2.1 Packing Procedure

After a decision was made on the type of experiment to be carried out, the
model, with its production cap and horizontal well installed, was positioned vertically
in the core holder. The model was filled with water and then the saturation cap was
installed. The volume of water inside the model, corrected for water volume inside the
well, thermocouples, connections and quick connects, was the bulk volume. After the
bulk volume was determined, the saturation end cap and some of the water was
removed from the model and a mechanical vibrator was strapped onto the core. The
vibrator was turned on to start vibrating the model while it was filled with Ottawa sand.
The reason for vibrating and using water in the model while filling it with sand was to
create a well sorted uniform packing. It was believed that using water and vibration
helped sand particles settle and distribute evenly,

The model was vibrated for several hours, then the saturation end cap was
installed and the model was positioned inside a hydraulic press designed to
mechanically apply a 3500-1b force on the saturation end cap to create a tight sand pack.
The sand pack was dried for 16 hours by passing high pressure (0.5 MPa/75 psig) air
through the core. Then a vacuum was drawn for five hours to further remove any
moisture remaining in the sand by means of evaporation and to prepare the core for a
pore volume measurement. For a pore volume measurement, the core was positioned
vertically, water was introduced into the bottom of the core and pulled upward towards
the saturation end cap by means of a vacuum. The volume of water imbibed by the
sand pack was the pore volume. Water was introduced at the bottom of the sand pack

and sucked upward against gravity, to create a stable and uniform water saturation and
accurate pore volume measurement.

Unlike the pore volume measurement, in the permeability measurement, the
core was positioned horizontally and water was injected at the saturation phase and
produced from the production end cap. A stream of water was injected into the sand
pack at several pressure differentials, left to stabilize, and then a corresponding flow
rate reading was taken for each pressure differential. The Darcy law for linear flow
was rearranged and used to calculate absolute permeability for each pressure drop.

*h
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Given that
L =0.483 m (Length of the sand pack)
p = 1.0 mPa.s (Water viscosity at 24°C and 101.325 kPa)
A = 0.0082 m* (Cross-sectional area of the sand pack)
q =m’/s (Water flow rate)
Ap = kPa (Pressure difference)
k = m? (Axial permeability)

then,

K = 58.9204 q
Ap

The absolute axial permeability of the sand pack for a particular run, was the
arithmetic average of all permeability readings obtained for different pressure settings.
A point to note is that the axial permeability of the sand pack is different from the radial
permeability. The difference in permeabilities is a result of the 3500 1b compression
force applied on the saturation end cap of the sand pack. Because the model was used
for radial flow, it would be worth the effort to measure the radial permeability rather
than the axial permeability,

In this work the permeability was measured only for the first nine runs. Since
the same force, (3500 1bf), was applied to each sand pack, it was thought that more or
less the same permeability values would be obtained. For this reason an average
permeability of the nine runs was used for the rest of the experiments.

4.2.2 Saturation Process

Special care was taken during the saturation of the sand pack with oil. The
model was positioned in the vertical direction; the oil vessel and saturation lines were
air free and full of oil, and the pump was turned on and oil circulated for at least 15
minutes to purge any gas trapped in the system. Then the saturation line was connected
to the saturation face at the top of the sand pack, and water was drained from the
bottom of the sand pack at atmospheric pressure. During the saturation process, oil
was injected at a low rate at the top of the sand pack to displace water downward in a



uniform and stable displacement achieving as high oil saturation as possible. The
saturation process was terminated after oil breakthrough at the production end. The
volume of oil injected into the sand pack at the end of the saturation process was the
initial oil in place (IOIP). The initial water saturation was determined simply by
dividing the volume of water which remained in the sand pack afier it was flooded with
oil by the pore volume. At the end of the saturation process the sand pack was at
atmospheric pressure. However, to conduct an experiment, the sand pack had to be
pressurized to the experimental pressure. Thus, the sand pack pressure was raised
from zero to 345 kPa (50 psig) for experiments where a horizontal injector was used
and to 276 kPa (40 psig) where a horizontal injector was used.

Water was used to pressurize the sand pack and minimize the effect of
pressurizing the model on the initial sand pack oil and water saturations. In addition, a
simple calculation (Appendix A) was made to determine the volume of water injected to
pressurize the sand pack up to the experimental pressure. The compressibility of the
water, sand and the cylinder is assumed to be negligible. To be on the conservative
side, even though water was injected into the sand pack to raise the pressure, a
compressibility of 3.626 x 10'® kPa™! for high gravity oil was used to calculate the
volume of water injected to pressurize the system. From the calculation, the volume of
water injected to increase the sand pack pressure was calculated to be 1.79 cm®, which
was even less than the amount of water in the end caps. From this simple calculation, it
was proved that using water to pressurize the sand pack to the experimental pressure
has a minimal effect on the initial oil and water saturations of the sand pack. The sand
pack pressure was increased to experimental pressure for the run to commence.

4.3 Typical Run Procedure

After the sand pack bulk and pore volumes, initial oil and water saturations and
permeavpility were determined and recorded, the model was positioned in the horizontal
direction, as shown in Plate 4.2. The production system was connected to the sand
pack, and the model was pressurized to experimental pressure and checked for leaks.
At the injection end, the stearmn generator and the feedwater pump were turned on. The
injection pressure was set to the desired injection pressure by means of a back pressure
regulator and monitored by a pressure gauge. The injection temperature was set to the
desired temperature and monitored, along with model temperatures, by the data
acquisition system. The steam generator had to be turned on at least 60 minutes before
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starting the experiment to produce stable steam pressure and temperature. The
feedwater vessel was filled, and the initial volume was recorded, the data acquisition
system was restarted, the injection tubing was connected to the sand pack, and the
production valve was opened marking the start of the experiment.

Depending on the type of experiment, either the injection pressure or the
injection rate was maintained constant. Production pressure was always constant. The
steam injection temperature is a function of the steam injection pressure. During
constant pressure experiments, the injection pressure was regulated using a back
pressure regulator and the injection temperature was almost constant. However during
constant rate experiments, the injection pressure decreased as the experiment
progressed. For experiments where a horizontal producer was used steam was radially
injected either from the top or bottom of the sazd pack and for those where a horizontal
injector was used steam was injected via the horizontal well.

A typical time for an experiment was about 120 minutes, except for those
experiments with high fluid viscosity which lasted for 180 minutes. Production fluids
were collected at a predetermined volume (i.e. 200 ¢cm®) interval, and an emulsion
breaker was added to speed separation of produced water from the oil. The experiment
was terminated after injecting at least one pore volume of steam (CWE). The produced
fluids were stored in 250 cm? cylinders and left over a 40 hour period for the water to

settle and separate from the oil. A schematic overview of the experimental apparatus is
shown in Figure 4.4.

4.3.1 Data Analysis

Upon completion of an experiment, the temperature data were stored in a binary
file using a Labtech Notebook program, then processed using LOTUS 123 and
Microsoft Excel. A commercial contouring package (SURFER) was used to produce
the temperature distribution profile for steam inside the sand pack using temperature
data gathered from different thermocouples at various locations and times to sense heat
front movement through the sand pack.

Produced fluids were analyzed by recording the volume of oil and water
produced, along with the elapsed time for each sample and the total volume of steam
injected. Volume data were input on a spreadsheet and manipulated for graphical
presentation. The following variables were then plotted as a function of the cumulative
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steam volume injected (PV); the cumulative oil recovery, the cumulative oil-steam ratio
(OSR), the water-oil ratio (WOR) and the oil rate.

4.3.2 Experimental Errors

Experimental errors are important factors in evaluating the reliability and
accuracy of experimental data. Instrument accuracy and operational errors, depending
on their magnitude, not only cause undesirable disturbances during the data gathering
process, but may lead to an unexpected conclusion.

Most of the experimental errors in this study are a result of instrument accuracy
range. Some errors are introduced to pore volume measurement, injection pressure and
temperature, production pressure and temperature and permeability readings. A HEISE
pressure gauge with £ 0.1% of full range accuracy was used to measure the injection
pressure. Errors are introduced to pore volume measurement. It was difficult to
accurately measure the amount of water stored in the model end caps, horizontal well
and quick connects. J type thermocouples with + 3 °C accuracy were installed at top
and bottom of the sand pack to sense the steam front movement inside the sand pack.

Another source of error that may affect the properties of the sand pack is the
thermocouples. Sand packing around thermocouples is looser and not like the rest of

the pack. Uneven particle distribution may affect the sand pack porosity and
permeability.

An effort was made to predict approximately steam breakthrough using
production pressure and temperature. Due to production thermocouple accuracy, thirty
second time gaps in scanning the data and most important the location of the
thermocouple being out side the horizontal well, steam breakthrough prediction using
pressure and temperature at the production end cap is not very reliable.



5. Discussion of Results

This study was directed towards an investigation of fluid flow in the vicinity of
a horizontal injection or production well during steam injection. The study was divided
into two phases: theoretical and experimental. The theoretical phase was aimed at the
dimensionless group analysis which describes different mechanisms taking place
during steam injection processes. The experimental phase of the study investigated the
effect of horizontal producer or injector length, diameter, and vertical location in the
sand pack on oil production performance. The effect of fluid properties such as oil
viscosity along with the pressure drawdown on oil recovery process was also
investigated in this phase.

5.1 Presentation of Results

Steam injection experiments for this research were conducted using a 61.0 by
10.2 cm diameter cylindrical model. The experiments were divided into three types
based on the steam injection point. For experiments aimed at studying the effect of a
horizontal producer on oil recovery performance, steam was injected radially from the
top of the sand pack for top injection and from the bottom for bottom injection
experiments; and oil was produced through the horizontal producer. For those
experiments aimed at studying the effect of a horizontal injector, steam was injected
using a horizontal injector, and oil was produced radially from the bottom of the sand
pack. Thirty-six experiments were conducted using a volumetrically scaled model and
horizontal wells.

Figures 5.1 and 5.2 schematically illustrate the steamflooding experiments
performed in this research. Table 5.1 summarizes the oil recovery results and the
pertinent sand pack initial properties, such as porosity and saturation for oil and water
for the experiments conducted in this work. In all experiments, steam was injected into
the sand pack for more than one pore volume, but data for only one pore volume was
used in the analysis. The experimental results are discussed for each run by analyzing
both the production data and the temperature profiles for the steam inside the sand pack.
Production data for each experiment were compared with the results of a base case
experiment to examine the effects of the recovery strategy under investigation.
Temperature data were collected from different thermocouples during the steam

injection experiment and used to generate a contour map of the temperature profile
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inside the sand pack. The temperature distribution contours generated using a
contouring software package (SURFER) enabled visual inspection of the steam zone
growth and steam front advance during an experiment. The following sections will
discuss in detail the objectives of each run.

5.2 Horizontal Producer and Radial Injection from Top

In this set of experiments, steam was injected radially from the top of the sand
pack into the sintered metal jacket used as a distributor for the injected steam to enter the
sand pack radially, and oil was produced through the horizontal well. The main
objective of these experiments was to study the horizontal producer length, diameter
and vertical location effect on steam drive performance. Moreover, some experiments
were directed to investigate the effect of pressure drop between the injector and

producer and to examine the oil viscosity effect on the oil recovery process using a
horizontal producer.

5.2.1 Production History of a Typical Run

The main objective of this set of experiments was to study oil production
performance using a horizontal producer during steam injection. Twelve experiments
were carried out to investigate the effect of the horizontal producer length, diameter and
location on steam injection performance. Run 16 was the base case for all steamflood
experiments in which the horizontal producer was used; thus, it will be discussed and
analyzed in detail. The experiment was conducted using a horizontal producer
positioned at the center and penetrating 100% of the sand pack length. It was carried
out in a homogenous and anisotropic sand pack with an average axial permeability of
6.4 x102 m®(6.5 darcies), a measured porosity of 35.4% and an initial oil saturation
of 95.9% . Steam was injected radially from the top of the sand pack at a constant rate
of 0.34 cc/s of steam (CWE) and the injection pressure and temperature were 276 kPa
(40 psig) and 142 °C (288 °F), respectively. Since most of the sand pack was at steam
saturation temperature after the injection of approximately one PV of steam (CWE), this
experiment, as with most other experiments, was terminated at that point. Moreover, at
this point, the water cut was becoming very high, and the production data did not show
any significant changes to warrant continuation,

Table 5.2 presents the experimental and production data used to draw
Figure 5.3, which graphically illustrates the production history of Run 16. In this

3
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Figure 5.3 - Production History of Run 16: Cumulative Oil
Recovery, Cumulative Qil-Steam Ratio, Water-Qi! Ratio and
Qil Rate vs. Cumulative Steam Injected Using a Horizontal
Producer Penetrating 100% of the Sand Pack Length
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figure, cumulative oil recovery (%I0IP), cumulative oil-steam ratio (OSR), oil rate and
water-oil ratio (WOR) were plotted against cumulative steam injected (PV) (CWE).
There was no production the instant the injection started. That was because steam is a
condensable fluid and it took some time to heat and mobilize the oil. Furthermore, at
the beginning of the experiment, most of the steam energy was dissipated in heating the
sand pack and oil around the injection port and only a small portion of the steam was
used to push the oil toward the producer. A close examination of the water-oil ratio
curve shows that water was produced shortly after the start of the experiment.

In some experiments, the water-oil ratio was high at the beginning of the
experiment, then next decreased and remained constant as the experiment progressed,
and then increased after steam breakthrough. This behaviour in the water-oil ratio
curve was caused by the oil saturation process during preparation of the sand pack.
When the sand pack was saturated with oil, it was positioned vertically, oil was injected
at the upper end of the sand pack, and water was drawn at atmospheric pressure from
the bottom end (production end). However, water was not completely swept out of the
sand pack by the end of the oil saturation process, so that the remaining water
concentrated near the production end, and, as the experiment started, a high volume of
water was produced initially. Since most of the unswept water left from the saturation
process concentrated around the production end, it was produced before the oil, giving
a high initial water-oil ratio which decreased and stabilized as the experiment
progressed until it reached the breakthrough point, at which time the water-oil ratio
increased sharply due to the incursion of steam condensate. The oil rate curve followed
an expected trend, starting with a positive slope and decreasing shortly after steam
breakthrough.

One observation is that, when the oil rate started decreasing, the water-oil ratio
started increasing to a point at which the water-oil ratio was high, indicating a high
production of water. The oil-steam ratio was always less than one; it reached a
maximum at about 0.66 PV. At the beginning of the experiment, most of the steam
was consumed in generating the steam zone and heating the oil ahead of the steam
front, and only a minute amount was spent mobilizing and producing the oil. That was
one reason the oil-steam ratio was low at the start of the experiment. However, as the
experiment progressed, the steam zone started growing, transporting the heat that
mobilized and produced the oil.
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Figure 5.4 shows the injection/production temperature and pressure profiles of
Run 16. The experiment was conducted at a constant production pressure in which a
back pressure regulator was used to maintain a constant pressure of 138 kPa (20 psig)
at the production end. The injection pressure was set at 276 kPa (40 psig) at the
beginning of the experiment. However, during the injection of the first 0.4 PV, the
injection pressure declined steeply to 173 kPa (25 psig) and stabilized at this level
during the experiment. The sharp decline in the injection pressure was caused by the
fact that steam was injected radially through the sintered metal jacket surrounding the
sand pack and by steam channeling into the sand pack. The injection and production
ternperature were also plotted on Figure 5.4. The injection temperature was always
maintained above steam saturation temperature 1o ensure that steam and not hot water
was injected. The injection temperature fluctuated as injection pressure increased or
decreased but always remained around the steam saturation temperature.

For the injection of the first 0.18 PV, the production temperature increases
slightly until the steam front moved toward the horizontal producer, allowing the steam
zone to grow and heat the oil, reducing its viscosity. After 0.18 PV of steam CWE was
injected into the sand pack, the production temperature started to increase steadily
because hot fluid arrived at the horizontal producer. At steam breakthrough, a sharp
jump in production temperature occurred, indicating that the stable interface separating
the cold fluid ahead of the front from the hot fluid behind the front was ruptured and
steam propagated straight through to the horizontal producer. By the time one PV was
injected, the sand pack temperature was almost at steam saturation temperature and

steam was already being produced at the production well marking experiment
termination.

For the purpose of sensing the steam front and steam zone growth, 16
thermocouples were installed in the model at different locations. These thermocouples
were installed at different depths in the sand pack to sense steam front movement. In
addition, two thermocouples were also installed at the injection and production ports to
monitor and trace the steam path from the injector to the horizontal producer.
Temperature data were collected through the experiment using thermocouples and were
plotted on a contour map using the SURFER program.

Figure 5.5 shows a cross-sectional views of the temperature distribution profile
inside the sand pack for Run 16 after the injection of A) 0.25, B) 0.50, C) 0.75 and D)
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Fig 5.4 - Production History of Run 16: Injection/Production
Temperature and Injection Pressure vs. Cumulative Steam
Injected Using a Horizontal Producer Penetrating 100% of
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1.00 PV CWE. The letters D and L in the figure refers to the sand pack diameter and
length, respectively. Steam was radially injected at the mid-point of the top of the sand
pack, and oil was produced through the horizontal producer situated at the center of the
sand pack. Even though steam was injected radially around the sand pack, it did not
enter the sand pack in a symmetrical fashion. However, most of the steam was coming
from the upper half of the sand pack, sweeping the oil down towards the horizontal
producer. After steam injection was staried, steam was at the upper boundary forcing
the steam zone to expand and grow laterally. As injection continued, the steam front
moved in both the vertical and the horizontal directions efficiently sweeping the oil. By
the time 0.75 PV was injected into the sand pack, the steam front had already reached
the producer, leaving the area away from the produced fluid path unswept. The
unswept region left behind the steam front resulted because the steam was directed
towards the production end by pressure drawdown, which accelerated steam movement

towards that end.

The experiment was terminated after the injection of 1.07 PV of steam, and it
can be seen from the 1.00 PV CWE temperature distribution profile that the sand pack
temperature was already at 125 °C, and that steam was produced at the production end
making the continuation of the steam injection process unattractive. This experiment
was the base experiment for horizontal producer experiments, It gave the highest
cumulative oil recovery and oil-steam ratio of 81% IOIP and 0.87 respectively at
1.07 PV.

5.2.2 Effect of Horizontal Producer Length

Four well lengths were used to investigate the horizontal producer length effect
on oil production performance. The four lengths of the horizontal producer used
represented 25, 50, 75 and 100% of the sand pack length. Steam was radially injected
from the top of the sand pack, and oil was produced through the horizontal producer
located at the center of the cylindrical sand pack. Figure 5.6 compares cumulative oil
recovery obtained using horizontal producer lengths of 25, 50, 75 and 100% of the
sand pack length. The longest horizontal producer penetrated the entire length of the
sand pack and had the highest cumulative oil recovery of 81% IOIP. The 75% and
50% of the sand pack length producers did not show an appreciable difference between
them; the cumulative oil recoveries were 61 and 62% IOIP, respectively, which were
less than those obtained from the 100% length producer.
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Figure 5.6 - Runs 11, 12, 16 and 18: Effect of
Well Length on Oil Recovery for L, /L Ratio of 1.0, 0.75,

0.5 and 0.25 Using a Horizontal Producer
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The cumulative oil recovery curve for the 25% producer started with a low
cumulative oil recovery up to 0.75 PV injected, then crossed over the 50 and 75%
producer recovery curves to obtain a curmnulative oil recovery of 77% IOIP. The reason
that the 25% producer had an initially low cumnulative oil recovery was because most of
the steam was consumed in heating the large sand pack volume between the injection
point and the 25% producer. The highest cumulative oil recovery was obtained using a
horizontal producer penetrating the full length of the sand pack because, in this case,
the entire sand pack length was open to flow. The sand pack contact area provided by
the 100% producer was larger than that of the area provided by the 25, 50 and 75%
producers. In the case of the 25% producer, recovery started slowly because steam had
to travel a longer distance and heat a larger volume than those of the 50, 75 and 100%
producers. Since most of the steamn was initially consumed in heating the large volume
between the injector and producer and mobilizing the oil ahead of the steam front, the
25% producer recovery was initially much less than that of the 50, 75 and 100%
producers.

Figures 5.7 and 5.8 show the oil-steam ratio and water-oil ratio vs. cumulative
steam injected. The 25% producer had the lowest cumulative oil-steam ratio and the
lowest water-oil ratio, while the 100% producer had the highest cumulative oil-steam
ratio and Jowest water-oil ratio and the 50 and 75% producers had values in between.
As already explained, the highest cumulative oil steam ratio was obtained using the
100% producer as a result of the large sand pack contact area provided by the full
length horizontal producer. Water-oil ratio curves for the 25 and 75% producers started
at high values because of the production of the remaining unswept water left after
saturation of the sand pack with oil. The remaining water from the saturation process
was concentrated around the production end and was produced as soon as the steam
injection process started.

Cross sectional views of the temperature distribution profile inside the sand
pack after the injection of A) 0.25, B) 0.50, C) 0.75 and D) 1.00 PY CWE of steam are
shown in Figures 5.5, 5.9 and 5.10 for the 100, 50 and 25% horizontal producers. A
close examination of the temperature of the steam front for the 25 and 100% producers
shows that the steam front reached the 100% producer before it reached the 25%
producer. Since the distance the steam had to travel to reach the producer was longer in
the 25% producer than in the 100% producer, early steam breakthrough in the 100%
horizontal producer was expected. However, at this time most of the oil was produced
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Figure 5.7 - Run 11, 12, 16 and 18: Effect of Horizontal
Well Length on Qil-Steam Ratio for L /L Ratio of 1.0, 0.75,

0.5 and 0.25 Using a Horizontal Producer
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Water-Qil Ratio

Figure 5.8 - Runs 11, 12, 16 and 18: Effect of Horizontal
Well Length on Water-Oil Ratio for Lw/L Ratio of 1.0, 0.75,

0.5 and 0.25 Using a Horizontal Producer
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from the sand pack. Moreover, in almost all cases when steam was injected from the
top of the sand pack, the steam zone grew laterally and vertically toward the horizontal
producer as shown by the temperature contours in Figures 5.5, 5.9 and 5.10.

The moment steam injection was started, steamn was at the upper boundary of
the sand pack and spread in the horizontal direction to the right and left of the injection
port. The lateral spread created a more or less stable horizontal front pushing the oil
down towards the producer and efficiently sweeping the sand pack portion located
closer to the production end. As previously mentioned, because the drawdown caused
steam to flow towards the production end, the sand pack located between the injection

and production ends was more efficiently swept than the sand pack located away from
the production end.

This set of experiments provided insight into the horizontal producer length
effect on oil production performance during steamflooding. A longer horizontal
producer, because of its large reservoir contact area, accelerates oil recovery and
produces higher cumulative oil recovery than a shorter horizontal producer. However,
due to the extent of the length, early steam breakthrough was often associated with oil
production using longer horizontal producers in this research.

5.2.3 Effect of Horizontal Producer Vertical Location

Three experiments were conducted to investigate the effect of horizontal
producer vertical location on steam recovery performance. The horizontal producer
penetrating the {ull length of the sand pack was placed at different positions along the

diameter of the cylindrical sand pack to study the well location effect on oil production
performance.

Experiments 16, 19, and 20 were carried out with horizontal producers located
at 25, 50, and 75% along the sand pack diameter taking the upper boundary of the sand
pack to be the datum. Steam was injected from the top of the sand pack at a constant
rate, and oil was produced through the horizontal producer. The 50%-diameter
producer had a higher steam injection rate than the 25 and 75% -diameter producers.
Cumulative oil recovery curves for the 25, 50 and 75%-diameter horizontal producers
are shown in Figure 5.11. The highest cumulative oil recovery was obtained when the
horizontal producer was positioned at the center of the sand pack. Cumulative oil
recoveries ranged from 81% IOIP for the 50%-diameter producer to 52% for the 75%-
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Figure 5.11 - Runs 16, 19 and 20: Effect of Horizontal
Well Location on Oil Recovery for 0.25D, 0.50D and
0.75D Using a Horizontal Producer
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d'ameter producer and 59% for the 25%-diameter producer. When the horizontal
producer was placed at 25%-diameter from the sand pack upper boundary or the
injection port, the production process was complicated by an early steam breakthrough.

Figures 5.12, 5.13 and 5.14 show ternperature distribution profiles inside the
sand pack after the injection of A) 0.25, B) 0.50, C) 0.75, and D) 1.00 PV CWE for
horizontal producers located 50, 25, and 75%-diameter from the sand pack upper
boundary. The temperature distribution profiles for the three experiments indicate that
the 25%-diameter producer had the earliest steam breakthrough, the 75%-diameter
producer had the latest and the 50%-diameter producer had a breakthrough time in
between. Since oil production performance using the 25%-diameter producer was
complicated by early steam breakthrough, oil was not efficiently swept by the time one
PV of steam (CWE) was injected.

Figure 5.12 shows a low temperature region in the upper left corner of the
0.50, 0.75 and 1.00 PV profiles. This is because the horizontal producer is perforated
through its entire length. Another reason that the steam is drawn towards the
production end leaving the oil in the left side of the core unswept resulting in Jow
temperature readings.

The 1.0 PV CWE temperature profile in Figure 5.13 shows how steam
channeled and propagated straight through to the producer, leaving unproduced oil
behind on both sides of the sand pack. In the case of the 75%-diameter producer, the
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cumulative oil recovery was less than that for the 50%-diameter producer because the
75%-diameter producer performance suspected to be complicated by the non uniform
water saturation resulted from not injecting sufficient amount of oil to ensure a uniform
irreducible water saturation. Figure 5.15 compares water-oil ratios for the three
producer locations; the 75%-diameter producer had the highest water-oil ratio, and the
50%-diameter producer had the lowest which indeed supports the fact that the 75%-
diameter producer was placed too close to the water zone and the steam injection
process was not as efficient in sweeping the oil due to high water production.

Moreover, placing the horizontal producer 75%-diameter from the sand pack
upper boundary increased the volume that steam had to heat, which delayed
establishing an early communication between the injector and producer which, in wrn,
produced a low oil recovery by the time one PV of steam (CWE) was injected.
However, the 50%-diameter producer, because it was positioned at an optimum
location, at the center of the sand pack, gave the highest cumulative oil recovery. Its
production performance was not significantly affected by early steam or water
breakthrough, as can be seen in Figures 5.15 and 5.16.

Based on the results obtained from the three experiments carried out to
investigate the effect of the horizontal producer vertical location on the steam injection
process, the oil production performance of the 25%-diameter producer was complicated
by early steam breakthrough and that of the 75%-diameter producer was affected by a
high production of water. Furthermore, the highest oil recovery was obtained using a
horizontal producer placed at the center of the cylindrical sand pack.

5.2.4 Effect of Horizontal Producer Diameter

This set of experiments investigated the horizontal producer diameter effect on
pressure drop inside a horizontal well and studied stearn production performance using
different horizontal producer diameters. The measurement of pressure drop inside the
horizontal producer was complicated by several mechanical problems.

Since the pressure drop inside the horizontal producer was extremely small (fess
than 1.0 psig), a very sensitive transducer was used. The use of so sensitive a
transducer was problematic in terms of both calibration and operation. A calibration
device that would accurately calibrate a one psi pressure plate was not available.
Operationally, the use of the transducer was affected by the temperature changes across
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Figure 5.15 - Runs 16, 19 and 20: Effect of Horizontal
Well Location on Water-Oil Ratio for 0.25D, 0.50D and
0.75D Using a Horizental Producer
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Figure 5.16 - Runs 16, 19 and 20: Effect of Horizontal
Weli Location on Qil-Steam Ratio for 0.25D, 0.50D and
0.75D Using a Horizontal Producer
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the transducer and by the entrapment of gas inside the small tube connected to the
transducer outlets. Despite many attempts 10 measure the pressure drop inside the
horizontal producer, no reliabie results were obtained. After several unsuccessful
measurements of the pressure drop inside the producer, the study was directed to
investigate the effect of the producer diameter on oil production performance.

Three well diameters (0.32 cm (1/8 in), 0.64 cm (1/4 in) and 0.95 cm (3/8 in))
were used to study the horizontal producer diameter effect on the behaviour of the
steam injection process. Runs 33 and 34 were carried out using horizontal producer
diameters of 0.64 cm and 0.95 cm, respectively, and were compared with the base
experiment, Run 16, in which a 0.32-cm diameter well was used.

Figures 5.17 and 5.18 show the cumulative oil recovery and the cumulative oil-
steam ratio vs. cumulative steam injected for the 0.32, 0.64 and 0.95-cm producers,
respectively. The highest cumulative oil recovery of 81% IOIP was obtained using the
0.32-cm horizontal producer, while the 0.64-cm and the 0.95-cm producers both gave
lower cumulative oil recoveries than the 0.32-cm producer. The cumulative oil
recovery for the 0.64-cm producer was 63% and that for the 0.95-cm producer was
58% IOIP by the time one PV of steam (CWE) was injected. Even though the 0.64-cm
and 0.95-cm producers had about the same oil recovery by the time one PV was
injected, they showed some differences in cumulative oil recovery at the beginning of
the experiment. Up to 0.2 PV injected, the 0.95-cm producer had the same recovery as
that of 0.32-cm producer. However, after 0.2 PV injected, the cumulative oil recovery
curve for the 0.95-cm producer declined and stabilized at a level even lower than that of
the 0.64-cm producer.

The same was observed from the cumulative oil-steam ratio curves for the three
producer diameters in Figure 5.18. The highest cumulative oil-steam ratio was
obtained using the 0.32-cm producer, while the 0.64-cm and 0.95-cm producers had
the lowest cumulative oil-steam ratios. Because the 0.32-cm producer diameter is
smaller, its steam production performance was not complicated by water production
compared to that for the 0.64-cm and 0.95-cm producers. Both the 0.64-cm and
the 0.95-cm producers had higher water-oil ratios than that of the 0.32-cm producer
during the experiment as can be seen from Figure 5.19 which shows water-oil ratio vs.
curmnulative steam injected for the three producer diameters.
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Figure 5.17 - Runs 16, 33 and 34: Effect of Horizontal
Well Diamter on Oil Recovery for Well Diameter of 0.32,
0.64 and 0.95 cm Using a Horizontal Producer
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Figure 5.18 - Runs 16, 33 and 34: Effect of Well Diameter
on Qil-Steam Ratio for Well Diameter of 0.32, 0.64 and
0.95 cm Using a Horizontal Producer
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Figure 5.19 - Runs 16, 33 and 34: Effect Well Diameter
on Water-Oil Ratio for Well Diameter of 0.32, 0.64 and

0.95 em Using a Horizontal Producer
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Temperature djstribution profiles inside the sand pack after the injection of A)
0.25, B) 0.50, C) 0.75 and D) 1.00 PV CWE for 0.32-cm, 0.64-cm and 0.95-cm
horizontal producers are presented in Figures 5.20, 5.21 and 5.22, respectively.
Temperature distribution profiles for the 0.32 cm producer show that early steam
breakthrough occurred. However, the steam breakthrough for the 0.64-cm and 0.95-
cm producers did not occur until later in the experiment, indicating that, by the time one
PV was injected, some parts of the sand pack were left unheated and oil was not
efficiently swept throughout the sand pack. The abrupt increase in WOR in the case of
the 0.32-cm well, Figure 5.19, indicates that the steam zone was well-defined and
preceded by a condensate zone. Higher oil recovery, in this case (Figure 5.17),

supports this view.

In summary, several unsuccessful attempts were made to measure pressure
drop inside the horizontal producer. Due to calibration difficulties and operational
problems in using too sensitive a pressure transducer, the experiments were directed to
study the effect of producer diameters on oil production performance during steam
injection. Three well diameters were used, and the highest cumulative oil recovery was
obtained using the smallest diameter.

5.2.5 Effect of Oil Viscosity Using a Horizontal Producer

The effect of oil viscosity on steam production performance was investigated
using three oil viscosities. Run 16 was carried out using Faxam-100 oil with a
viscosity of 290 mPa.s at 101.325 kPa and 24 °C, while Runs 35 and 36 were
conducted using Wainwright oils with viscosities of 975 and 1800 mPa.s, respectively.
Runs 35 and 36 had lower injection rates than that for Run 16; for this reason the
experimental times for Runs 35 and 36 were longer than that for Run 16. Both Runs
35 and 36 were complicated by the production of cold oil. Due to fluctuations in the
injection pressure when a high viscosity oil was used, sluggish production dominated
the production mechanism in Runs 35 and 36, affecting the cumulative oil recoveries.
The cumulative oil recoveries for Runs 16, 35 and 36 are plotted in Figure 5.23.

The cumulative oil recovery for Run 16, obtained using an oil viscosity of 290
mPa.s, was higher than the cumulative oil recovery for Runs 35 and 36, conducted
using oil viscosities of 975 and 1800 mPa.s, respectively. The highest cumulative oil
recovery obtained using 290 mPa.s viscosity oil was due to the fact that the steam
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Figure 5.23 - Runs 16, 35 and 36: Effect of Oil Viscosity
Oil Recovery for Oil of Viscosity 290, 975 and 1800 mPa.

Using a Horizontal Producer
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injection process was more stable and effective in sweeping the lighter 290 mPa.s
viscosity oil than in sweeping the high viscosity 1800 mPa.s oil. Furthermore, when
high viscosity oil was used in Runs 35 and 36, as can be seen from the temperature
distribution profiles in Figure 5.24 and 5.25, steam was slowly spreading and moving
down towards the horizontal producer. Runs 35 and 36 oil production performance
was complicated by steam channeling through the high viscosity oil, while that of Run
16 was more or less stable and uniform.

Figure 5.26 depicts the temperature distribution profile inside the sand pack for
Run 16; it can be seen that at the end of one PV injection, oil was efficiently and
uniformly swept and the sand pack was at the injection temperature. However, after
the injection of one PV when high viscosity oil was used, steam fingered through the
oil and was produced at the production end without uniformly sweeping the oil, as can
be seen from Figures 5.24 and 5.25. Run 36 produced the lowest cumulative oil
recovery of the three runs due to the high viscosity oil used and the high water
production from the start of the experiment.

Figures 5.27 and 5.28 show the water-oil ratio and the cumulative oil-steam
ratio vs. cumulative steam injected for the three runs. Both the water oil-ratio and the
cumulative oil-steam ratio figures show that, when the high viscosity oil,
(1800 mPa.s), was used, a high volume of water was produced almost as soon as the
experiment started. The cil-steam ratios obtained using the 290 and 975 mPa.s

viscosity oils, Runs 16 and 35, were higher than that obtained using the 1800 mPa.s
viscosity oil in Run 36.

The main objective of Runs 16, 35 and 36 was to study the effect of oil
viscosity on the oil production performance using different viscosity oils. Run 16 was
conducted using Faxam-100 oil with a viscosity of 290 mPa.s and had a cumulative o1l
recovery of 81% IOIP, while experiments 35 and 36 conducted using Wainwnght oils

with viscosities of 975 and 1800 mPa.s, respectively, had cumulative oil recoveries of

66 and 44% IOIP, respectively. Due to the viscosity contrast and its effect on mobility
ratio, oil recovery efficiency decreased as oil viscosity increased. When a heavy oil
was used, steam tended to finger and channel through the oil, producing an unstable
displacement and low sweep efficiency which resulted in a low cumulative oil recovery.
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Water-Qil Ratio

Figure 5.27 - Runs 16, 35 and 36: Effect of Oil Viscosity on
Water-Oil Ratic for Qil of Viscosity 290, 975 and 1800 mPa.s
Using a Horizontal Producer
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Figure 5.28 - Buns 16, 35 and 36: Effect of Oil Viscosity
on Oil-Steam Ratio tor Oil of Viscosity 290, 975 and 1800
mPa.s Using a Horizontal Producer
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5.2.6 Effect of Pressure Differential Using a Horizontal Producer

The main objective of this set of experiments was to study the effect of pressure
differential between the injector and horizontal producer on oil production performance
during the steam injection process. Runs 13, 15, 16 and 17 were carried out at
pressure differeniials of 55 kPa (8 psig), 104 kPa (15 psig), 138 kPa (20 psig) and 172
kPa (25 prig), respectively, to investigate the pressure differential effect on the oil
recovery process. Since the pressure drops inside the horizontal producer and the
production line were very small, they were not included in the overall pressure
differential. Thus, when the term "pressure differential” is used, it means the pressure
differential between the injection point and the point of entry to the horizontal producer.

One difficulty encountered in conducting this set of experiments was keeping
the injection pressure constant. To overcome this problem, a back pressure regulator
monitored the steam injection pressure; that is, to increase or decrease the injection
pressure accordingly. Moreover, a pressure reading was taken for each sample, and
the steam injection pressure was taken to be the arithmetic average of all readings
during the course of the experiment. Since the steam injection rate was fluctuating to
sustain a constant injection pressure, an average injection rate was also estimated
(Appendix B). Overall, the steam injection rate for the four experiments increased as
the pressure drop between the injector and the producer increased. The pressure
differential of 138 kPa (20 psig) gave the highest cumulative oil recovery of §1% IOIP,
and the pressure differential of 55 kPa (8 psig) gave the lowest cumulative oil recovery
of 62% I0IP.

Figure 5.29 shows the cumulative oil recoveries as a functions of cumulative
steam injected for 55, 104, 138 and 172 kPa (gauge) pressure differentials. The figure
clearly shows that cumulative oil recovery increased as the pressure drop increased to
an optimum pressure differential. From the pressure drop of 55 to 138 kPa, the
cumulative oil recovery increased; however, when the highest pressure differential was
used, (172 kPa), the cumulative oil recovery decreased to a level even below that
obtained using the 104 and 138 kPa pressure differentials. One reason that the lowest
and highest pressure differentials gave low recoveries was because when the low
pressure differential of 55 kPa was used, the steam injection rate was very low. A low
steam injection rate in the case of a low pressure differential prolonged the experimental
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Figure 5.29 - Runs 13, 15, 16 and 17: Effect of Pressure
Differential on Qil Recovery for 55, 104, 138 and 172 kPa
Pressure Differential Using a Horizontal Producer
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time for that particular run and resulted in high amount of heat loss (A heat loss

calculation is shown Appendix A ).

Figure 5.30 shows the temperature distribution profile inside the sand pack for
the 55 kPa pressure differential case and it clearly demonstrates how slowly steam was
moving inside the sand pack. After the injection of 0.5 PV in the case of the 55 kPa
pressure differential the temperature in the sand pack parts around the horizontal
producer was 90 °C when that for the 172 kPa case was 115 °C. By the time one PV
was injected, the sand pack was still not at steam injection temperature, and steam did
not efficiently sweep the oil thrcughout the entire sand pack. However, when the high
pressure differential of 172 kPa was used, a high steam injection rate was obtained
which resulted in a shorter experimental time than that obtained using a low pressure
differential.

Furthermore, the oil production performance for the 172 kPa pressure
differential case was complicated by early steam breakthrongh as shown in Figure
5.31, which shows the temperature profile inside the sand pack. Run 16 was the base
case conducted at a 138 kPa (20 psig) pressure differential. This experiment produced
the most stable displacement and the highest sweep efficiency of the four runs, which
in turn gave the highest cumulative oil recovery and cumulative oil-steam ratio. Figures
5.32 and 5.33 present the cumulative oil-steam ratios and water-oil ratios vs. steam
injected into the sand pack for the four pressure differentials. There was no variation
in the water-oil ratio curves between the different pressure differentials, but the
cumulative oil steam ratio curves show some differences, especially between the base
case and the low and high pressure differential cases.

In this set of experiments, the effect of pressure differential on steam production
performance was investigated. Both high 172 kPa (25 psig) and low 55 kPa (8 psig)
pressure differentials resulted in a lower cumulative oil recovery than that obtained
using a pressure differential of 138 kPa (20 psig). The oil production performance for
the 172 kPa pressure differential case was adversely affected by early steam
breakthrough, and that for the 55 kPa pressure differential case was complicated by
high heat loss, while the pressure differential of 138 kPa produced the highest
cumulative oil recovery of §1% I0OIP.
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Cumulative Oil-Steam Ratio
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Figure 5.32 - Rups 13, 15, 16 and 17: Effect of Pressure
Ditferential on Oil-Steam Ratio for 55, 104, 138 and 172 kPa
Pressure Differential Using a Horizontal Producer
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Figure 5.33 - Runs 13, 15, 16 and 17: Effect of Pressure
Ditferential on Water-Qil Ratio for 55, 104, 138 and 172 kPa
Pressure Differential Using a Horizontal Producer
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5.3 Horizontal Producer and Radial Injection from Boitom

This sei of experimenis was directed towards the investigation of the oil
production performance using a horizontal producer in combination with radial steam
injection from the bottom of the cylindrical sand pack. In addition, some experiments,
such as Runs 7 and 3, were repeated to evaluate the reproducibility of the results. In
this set of experiments, steam was injected from the bottom of the sand pack, and oil
was produced using a horizontal well located at the center of the sand pack. Since this
set was carried out at the beginning of the research, Runs 1, 2 and 5 were preliminary
runs conducted for the researcher to get used to different experimental apparatus and
their components. The foliowing sections discuss the results obtained from eight
experiments conducted using a horizontal producer in combination with radial steam
injection from the bottom of the sand pack.

5.3.1 Production History of a Typical Run

Run 7 had the highest cumulative oil recovery and the fewest experimental and
operational problems; thus, it was taken as the base run for the bottom injection
experiments and will be discussed in detail. The experiment was performed using a
horizontal producer penetrating the full length of a homogenous cylindrical sand pack.
The sand pack was anisotropic with an average permeability of 6.4 x 10" m*
(6.5 darcies) and measured porosity and initial oil saturation of 33.1 and 92.4%,
respectively. Steam was injected from the bottom of the sand pack with an average
injection rate of 0.18 cc/s (CWE). Table 5.3 lists the experimental and production data
used to construct Figure 5.34 which shows cumulative oil recovery, cumulative oil-
steam ratio, water-oil ratio and oil rate vs. cumulative steam injected for Run 7.

A cumulative oil recovery of 67% was obtained by the time 1.04 PV of steam
(CWE) was injected into the sand pack. The water-oil ratio curve shows rather unusual
behaviour; it started with a high water-oil ratio, decreased and stabilized, and then
increased after breakthrougi. The high water-oil ratio at the start was caused by the
production of unswept water left behind during the saturation process of the sand pack
with oil. The oil-steam ratio curve shows rather a typical behaviour for a steamflood
experiment in this research. In this experiment, as in other experiments, the
temperature data were collected throughout the experiment using thermocouples located
at different points along the length and diameter of the sand pack. To detect and track
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ure 5.34 - Production History of Run 7: Cumulative Oil
Cumulative Oil-Steam Ratio, Water-Oi! Ratio and
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steamn zone growth and the steamn front, temperature data were plotted on a contour map
using the SURFER program.

Figure 5.35 presents the temperature distribution profiles inside the sand pack
after the injection of A) (.25, B) 0.50 C) 0.75 and D) 1.00 PV CWE for Run 7. Afier
the injection of one PV of steam (CWE) into the sand pack, the temperature profile
shows that steam had not yet advanced through the entire sand pack, and, as a result,
some parts of the sand pack, especially at the top half, were not completely swept.
Since steam was injected from the bottom of the sand pack, there was a tendency for it
to channel through the oil, producing an unstable displacement and low sweep
efficiency. Run 7 was carried out at a constant injection rate using a constant rate
pump. The injection temperature was always maintained above the steam saturation
temperature. The production pressure was kept constant throughout the experiment by
means of a back pressure regulator. Figure 5.36 shows the injection and production
temperatures and the injection pressure vs. cumulative steam injected for the run. The
sudden decline in the injection pressure at the start of the experiment was caused by the
steam channeling inside the sand pack. This experiment, as the case with other
experiments, was terminated after one pore volume of steam (CWE) was injected into
the sand pack.

5.3.2 Top versus Bottom Radial Injection Using a Horizontal Producer

Steam injection from the top or bottom of the sand pack affects oil production
performance during the steam injection process. Two experiments, Run 16 (injection
from the top) and Run 7 (injection from the bottom) were conducted using horizontal
producers penetrating the full length and located at the center of the sand pack to
investigate top and bottom steam injection on the oil production performance. Both
experiments were carried out in a homogeneous and anisotropic sand pack with an
average permeability of 6.4 x 102 m? (6.5 darcies), and average porosity and initial oil
saturation of 34 and 94%, respectively. Run 16 had a higher steam injection rate of
0.34 cc/s (CWE) than that of 0.18 cc/s (CWE) for Run 7. Moreover, the cumulative oil
recovery obtained when steam was injected from the top was higher than that obtained
when steam was injected from the bottom of the sand pack, as can be seen from Figure
5.37.
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Fig 5.36 - Production History of Run 7: Injection/Production
Temperature and [njection Pressure vs. Cumulative Steam
Injected Using a Horizontal Producer and Injection from Bottom
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Figure 5.37 - Runs 7 and 16: Effect of Steam Injection
from Top or Bottom of the Sand Pack on Qil Recovery
Using a Horizontal Producer
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Figure 5.37 shows that after one PV of steam (CWE) was injected in the sand
pack, cumulative oil recovery was 81% IOIP for top injection and 66% for bottom
injection. One reason injection from the top produced higher recovery than bottom
steam injection was steam gravity override. The gravity effect was more pronounced
during bottom steam injection than during top injection. This effect may be observed in
Figures 5.5 and 5.35, which show temperature distribution profiles inside the sand
pack for both top and bottom steam injection. Wnen steam was injected from the top of
the sand pack, the steam displacement was stable and efficient in displacing the oil.
After the injection of one PV, the entire sand pack was at injection temperature and
most of the oil was efficiently produced.

However, when steam was injected from the bottom of the sand pack, the steam
injection process was complicated by steam gravity override, fingering and early
breakthrough. Because of the tendency for steam to rise, before the injection of one
PV, steam quickly fingered and propagated to the horizontal producer leaving unswept
oil particularly in the upper half of the sand pack. Gravity override and viscous
fingering complicated the steam production process, making steam injection, in this
case from the bottom of the sand pack, an unattractive alternative. In addition to gravity
override, steam injection from the bottom of the sand pack was also complicated by
high production of water at the start of the experiment, as shown in Figure 5.38. The
oil-steam ratios for top and bottom steam injection were plotted in Figure 5.39, and,
again, the highest cumulative oil-steam ratio was obtained during steam injection from
the top of the sand pack. The major reason that steam injection from the bottom of the
sand pack produced lower cumulative oil recovery than steam injection from the top, is
the high heat loss resulting from the low injection rate when steam was injected from
bottom.

Based on the experimental results obtained from Run 16 (top injection) and
Run 7 (bottom injection)}, it can be concluded that the steam injection process was more
stable and efficient when steam was injected from the top of the sand pack. For bottom
injection, the steam injection process was complicated by steam gravity override and
viscous fingering, which made oil displacement by steam an unstable process and
unattractive alternative to produce oil. Higher injection rate was obtained when steam
was injected from the top than from the bottom of the sand pack resulting in a high
cumulative oil recovery.
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5.3.3 Reproducibility of Experimental Results

Repeatability of experiments and reproducibility of results are some of the
important elements in evaluating experimental data reliability and accuracy.
Reproducibility of experimental results was checked at the beginning of this research to
ensure reliable and accurate experimental results. Four experiments-Run 4 which was a
repeat of Run 3 and Run 9 which was a repeat of Run 7-were carried out to investigate
experimental results repreducibility. In this section, Runs 7 and 9 will be compared
and discussed to show the similarities and differences, if any. The results for Runs 3
and 4 are given in Appendices B and C.

Both Runs 7 and 9 were conducted using a homogeneous sand pack with an
average permeability of 6.4 x 1012 m® (6.5 darcies) and a measured porosity of 33.1%
for Run 7 and 37.7% for Run 9. Steam was injected from the bottom, and oil was
produced using a horizontal producer penetrating the full length of the sand pack. The
initial oil saturations for Runs 7 and 9 were 92.4 % and 90.9%, respectively, using
Faxam-100 oil with a viscosity of 290 mPa.s. The two runs had the same experimental
settings, i.e. the same injection pressure of 276 kPa (40 psig), temperature of 142 °C
(288 °F) and the same back pressure of 138 kPa (20 psig) at the production end. After
the injection of one PV of steam (CWE), as shown in Figure 5.40, the absolute
difference in cumulative oil recovery between the two runs was approximately 3
percent. The water-oil ratio and cumulative oil-steam ratio for Runs 9 and 7 are plotted
in Figures 5.41 and 5.42 and have very similar trends.

Moreover, a close agreement was observed in the temperature distribution
profiles of the steam inside the sand pack for Runs 7 and 9, as shown in Figures 5.35
and 5.43. Cumulative oil recoveries, cumulative oil-steam ratios, water-oil ratios, and
temperature distribution profiles for both runs were in a close agreement with a modest
absolute difference of 3 percentage points. It was felt that a 3% difference or less in
the experimental data should be considered as experimsntal discrepancy. Overall,
results reproducibility was satisfactory.

5.4 Horizontal Injector and Radial Production from Bottom

Earlier in this chapter, steam injection performance using a horizontal producer
was discussed. In the following sections, steam injection performance using a
horizontal injector will be discussed. Sixteen experiments were conducted in which
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Figure 5.41: Reproducibility of Experimental Results,
Water-Oil Ratic vs. Cumulative Steam iInjected Using

a Horizontal Producer ( Run 9 Repeat of Run 7)
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Figure 5.42: Reproducibility of Experimental Results,
Cumulative Oil-Steam Ratio vs. Cumulative Steam
Injected Using a Horizontal Producer
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steam was injected using a horizontal injector and in which oil was radially produced
from the bottom of the sand pack. The main objective of these experiments was to
investigate horizontal injector length, diameter and vertical location on the oil
production performance during the steam injection process. In addition, the effect of
oil viscosity and pressure differential between the injector and producer on oil
production performance were studied.

5.4.1 Production History of a Typical Run

Run 21 was chosen to be the base case for the horizontal injector experiments.
It was conducted using a horizontal injector penetrating the full length of the sand pack.
The sand pack was assumed to be homogeneous and anisotropic with a measured
porosity of 35.6% and an average permeability of 6.4 x 1012 m? (6.5 darcies). Steam
was injected at a rate of 0.40 cc/s (CWE) using a horizontal injector located at the center
of the sand pack in which the initial oil and water saturations were §9.7% and 10.3%,
respectively. The production data, along with the sand pack properties, are given in
Tzble 5.4. Usually steam was injected for more than one pore volume. In this
particular experiment, 1.24 PV of steam (CWE) was injected into the sand pack.
However, data for only one pore volume were used for the analysis

Figure 5.44 shows the cumulative oil recovery, cumulative oil-steam ratio,
water-oil ratio and oil rate vs. cumulative steam injected for Run 21. The cumulative oil
recovery obtained in this experiment was 64% IOIP, which was one of the highest
cumulative oil recoveries obtained in the experiments conducted using the horizontal
injector, The water-oil ratio and cumulative oil-steam ratio curves exhibit a typical
behaviour; the curmulative oil-sieam ratio, as vsual, was less than 1.0 and was maximal
at about 0.5 PV, while the water-oil ratio started with a low value, steadily increased
and then increased drastically around 0.95 PV due to steam condensate breakthrough to
the producer. The oil rate started with a low value, increased as the experiment
progressed, and reached its maximum at about 0.43 PV. The injection and production
pressures for this experiment were set at 345 kPa (50 psig) and 207 kPa (30 psig),
respectively, and regulated using two back pressure regulators. The injection
temperature was maintuined above steam saturation temperature and monitored using
thermocouples to ensure that steam and not hot water was injected into the sand pack,
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Figure 5.44 - Production History of Run 21: Cumulative Oil

Cumulative Oil-Steam Ratio, Water-Oil Ratio and
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Oil Rate vs. Cumulative Steam Injected Using a Horizontal
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Injection and production temperatures, along with the injection pressures are
plotted in Figure 5.45. As can be seen in Figure 5.45, despite the fluctuations in the
injection pressure, injection temperature was stable and remained around the steam
saturation temperature. Moreover, the production temperature steadily increased,
indicating that the steam zone was growing and that the steam front was advancing
towards the producer. After 0.75 PV of steam (CWE) was injected into the sand pack,
most of the oil was produced, and the sand pack temperature was almost at steam
injection temperature. Temperature distribution profiles of the steam inside the sand
pack after the injection of A) 0.25, B) 0.50, C) 0.75 and D) 1.00 PV CWE are shown
in Figure 5.46. The 0.25 PV CWE temperature profile shows that steam was coming
from the right top corner of the sand pack rather than from the center through the
horizontal injector. This was because as soon as steam injection was started, steam

segregated to the top, heating the oil in the upper half faster than that in the lower half
of the sand pack.

By the time 0.75 PV was injected, oil was already heated and most of the sand
pack was at the injection temperature as can be seen in the (.75 PV CWE temperature
profile. Despite the minimal gain in cumulative oil recovery after the injection of 0.75
of steam (CWE) PV CWE, the experiment was continued until 1.24 PV of steam
(CWE) was injected into the sand pack simply to sweep any oil left behind. At this
point, steam had already broken through at the production end and a large volume of
water was produced. The experiment was terminated after the injection of 1.24 PV,
and production and temperature data were recorded and prepared for analysis.

5.4.2 Effect of Horizontal Injector Length

This set of experiments was directed towards an investigation of the horizontal
injector length on the steam production performance. Steam was injected at the centre
of the sand pack using horizontal injectors penetrating 25, 50, and 100% of the sand
pack length, and oil was radially produced from the bottom of the sand pack.
Horizontal injector lengths of 25, 50, and 100% of the sand pack length were,
respectively, used in Runs 21, 22, and 23 to study the effect of horizontal injector
lengih on steam production performance. Cumulative oil recoveries obtained using 25,
50, and 100%- horizontal injectors are plotted in Figure 5.47. The highest cumulative
oil recovery was obtained using a horizontal injector penetrating 100% of the sand pack
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Figure 5.45 - Production History of Run 21: Injection/Productio
Temperature and Injection Pressure vs. Cumulative Steam
Injected Using a Horizontal Injector Penetrating 100% of

the Sand Pack length
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Figure 5.47 - Runs 21, 22, and 23: Effect of Horizontal Well
Length on Oil Recovery for L /L Ratio of 1.0, 0.5 and 0.25

Using a Horizontal Injector
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length, while the lowest cumulative oil recovery was obtained using an injector
penetrating 25% of the sand pack length.

When a 50%-horizontal injector was used, as expected, it gave a higher
recovery than that obtained using the 25%-injector and moderately lower than that
obtained using the 100%-injector. One reason the 100%-injector gave the highest
cumulative oil recovery was due to its large sand pack contact area. Another reason
was the early communication between the injector and the producer. The 100%-injector
provided a large sand pack contact area for the steam zone to grow laterally and evenly,
heating the entire sand pack oil. The 25%-injector sand pack contacted area was one
fourth of the 100%-injector and the 25%-injector steam production performance was
complicated by early steam breakthrough and high water production. Relatively high
water production was encountered when the 25%-injector was used compared to water
production when the 50% and 100%-injectors were used, as shown in Figure 5.48
which shows the water-oil ratio curves for the three injectors.

Qil-steam ratios for the 50% and 100%-injectors, plotted in Figure 5.49, have a
similar trend, while those for the 25% injector have low values simply due to an
inefficient steam injection process when the 25%-horizontal injector was used. For
visual inspection of steam zone growth and steam front movement, temperature data
were gathered throughout the experiments using thermocouples located at different
positions along the length and diameter of the cylindrical sand pack. Temperature
distribution profiles for steam inside the sand pack for the 25% and 100%-injectors are
shown in Figures 5.50 and 5.46. By the time 1.00 PV was injected, the area swept by
the steam was greater for the 100%-injector than for the 25%-injector, as may clearly
be seen in the 1.0 PV CWE temperature profile.

Runs 21, 22, and 23 were carried out to investigate the effect of horizontal
injector length on oil production performance. Steam was injected at the center of the
sand pack using 25, 50, and 100% of the sand pack length horizontal injectors. The
longest horizontal injector (100%) gave the highest cumulative oil recovery of 64%
IOIP, while the shortest (25%) injector gave the lowest cumulative oil recovery of 52%
IOIP. Furthermore, the oil production performance of the longest horizontal injector
was more stable and efficient in displacing the oil than that of the shortest injector, in
which steam performance was complicated by high water production and early steam
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Figure 5.48 - Runs 21, 22, and 23: Effect of Horizontal Well
Length on Water-Oil Ratio for L /L Ratio of 1.0, 0.5 and 0.25

Using a Horizontal Injector
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Figure 5.49 - Runs 21, 22, and 23: Effect of Horizontal Wel!
Length on Oil-Steam Ratio for L /L Ratio of 1.0, 0.5 and 0.25

Using a Horizontal Injector
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breakthrough. Due to their large sand pack contact area longer horizontal injectors are
more attractive than shorter injectors during steam injection.

5.4.3 Effect of Horizontal Injector Vertical Location

This set of experiments investigated the horizontal injector vertical location
effect on oil production performance. The horizontal injector vertical location was
varied along the diameter of the sand pack taking the upper boundary to be the datum.

[
¥}
Nl
Q B2
S~
o
[
Q Y
Q Y

_ Y

Three experiments, 21, 24 and 25, were conducted using a horizontal injector
penetrating the full length and located at 25, 50 and 75% diameter from the sand pack
upper boundary. Steam was injected using a horizontal injector at an average steam
injection rate of 0.38 cc/s (CWE), and oil was radially produced through the sintered
metal jacket from the bottom of the sand pack. The sand pack was assumed to be
homogeneous and anisotropic with 35% porosity and 6.4 x 102 m? (6.5 darcies)

permeability. The sand pack reservoir was initially saturated with 90.1% Faxam-100
oil and 9.9% water.

The 25, 50 and 75%-diameter horizonta!l injector experiments were conducted
with injection and production pressures of 345 kPa (50 psig) and 207 kPa (30 psig),
respectively. Cumulative oil recoveries for 23, 50 and 75%-diameter horizontal
injectors are shown in Figure 5.51. The highest cumulative oil recovery of 64% IOIP
was obtained using a horizontal injector situated at the center of the sand pack, and the
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Figure 5.51 - Runs 21, 24 and 25: Effect of Horizontal Well
Location on Oil Recovery for 0.25D, 0.50D and 0.75D
Using a Horizontal Injector
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lowest cumulative oil recovery of 46% IOIP was obtained using an injector located
25%-diameter from the sand pack upper boundary. However, the horizontal injector
located 75%-diameter from the sand pack upper boundary gave a 49% IOIP cumulative
oil recovery. The reason the 25%-diameter and 75%-diameter injector cumulative oil
recoveries were lower than that of the 50%-diameter injector was that the 25%-diameter
oil production performance was complicated by high water production and that of the
75%-diameter injector was affected by early steam breakthrough.

Figures 5.52, 5.53 and 5.54 show temperature distribution profiles for steam
inside the sand pack after the injection of A) 0.25, B) 0.50, C) 0.75 and D) 1.00 PV
CWE for the three injectors. When steam was injected using a horizontal injector
located close to the bottom boundary of the sand pack, (the 75%-diameter injector
Figure 5.53), steam advanced towards the upper sand pack boundary, heating the oil
in the thick sand pack portion above the injector. Heated oil and condensed steam were
drained by gravity and radially produced through the sintered metal jacket. However,
when steam was injected using a horizontal injector located close to the sand pack upper
boundary, (the 25%-diameter injector Figure 5.54), due to the short distance and thin
sand pack between injector and the metal jacket, the steam immediately rose out of the
sand pack into the hollow metal jacket surrounding it. Aflter rising into the sintered
metal jacket, the steamn condensed and was produced at the bottom through the metal
jacket surrounding the sand pack.

Steam used in the 25%-diameter injector followed a shortcut to the producer
through the sintered jacket production and for this reason performance of the 25%-
diameter injector, as shown in Figure 5.55, was complicated by high water production.
Another reason the 25%-diameter injector had low cumulative oil recovery was because
the lateral separation between the injector and producer was too large for the steam to
establish early communication with the producer. Since the 50%-diameter injector was
located at the center of the sand pack, its oil production performance was neither
complicated by early steam breakthrough nor was it affected by high water production.
Figure 5.56, which shows cumulative oil-steam ratio vs. cumulative steam injected into
the sand pack for 25, 50, and 75%-diameter horizontal injectors, shows that the 50%
injector had the highest cumulative oil-steam ratio.

It can be concluded that the oil production performance of a horizontal injector
located too close to the producer may be complicated by an early steam breakthrough
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Figure 5.55 - Runs 21, 24 and 25: Effect of Horizontal Well
Location on Water-Oii Ratio for 0.25D, 0.50D and 0.75D
Using a Horizontal Injector
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Figure 5.56 - Runs 21, 24 and 25: Effect of Horizontal Well
Location on Qil-Steam Ratio for 0.25D, 0.50D and 0.75D
Using a Horizontal Injector
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and high water production while that of an injector located far from the producer may
be affected by delay in steam communication. When the horizontal injector was
located close to the upper boundary of the sand pack, steam was produced through the
sintered metal jacket surrounding the sand pack. However, when the horizontal
injector was at the center of the sand pack, its production performance was not
complicated by early steam breakthrough or high water production.

5.4.4 Effect of Horizontal Injector Diameter

One study objective was to investigate horizontal producer or injector diameter
on steam production performance. This section discusses the effect of a horizontal
injector on the oil recovery process during steamflooding. Three horizontal injectors
sized 0.32 cm (1/8 in), 0.64 cm (1/4-in), and 0.95 c¢m (3/8 in) were used to investigate
the injector diameter effect on steam production performance. Runs 21, 29, and 30
were carried out using 0.32-cm, 0.64-cm, and 0.95-cm horizontal injectors located at
the center of the sand pack in which the initial oil and water saturations were 90.1% and
9.9%, respectively.

A homogeneous and anisotropic sand pack with a measured porosity of 35.3%
and an average permeability of 6.4 x 1012 m? (6.5 darcies) was used to carry out Runs
21, 29, and 30. Steam was injected into the sand pack through the horizontal injector at
an average injection rate of 0.39 cc/s (CWE), and oil was produced from the bottom of
the sand pack through the sintered metal jacket surrounding the sand pack. Injection
and production pressures for the three experiments were maintained at 345 kPa (50
psig) and 207 kPa (30 psig), respectively, using back pressure regulators. The
cumulative oil recovery, cumulative oil-steam ratio and water-oil ratio curves are
presented in Figures 5.57, 5.58 and 5.59. Unlike the horizontal producer diameter, the
horizontal injector diameter has almost no effect on the steam production performance.
Cumulative oil recoveries of 64, 63, and 67 %, respectively, were obtained using 0.32-
cm, 0.64-cm, and 0.95-cm horizontal injectors. The water-oil ratio and oil-steam ratio
curves have the same trends for the three injectors.

However, the steam temperature profiles in Figures 5.60, 5.61 and 5.62 are
different for each run for early times (0.25 and 0.50 PV). The same volume of steam
was introduced into the sand pack using the 0.32-cm, 0.64-cm, and 0.95-cm injectors.
However, due to its larger diameter, the 0.95-cm injector provided a larger sand pack
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Figure 5.57 - Runs 21, 29 and 30: Effect of Horizontal Well
Diameter on Qil Recovery for Well Diameter of 0.32, 0.64
and 0.95 cm Using a Horizontal Injector
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Figure 5.58 - Runs 21, 29 and 30: Effect of Horizontal Well
Diameter on OQil-Steam Ratio for Well Diameter of 0.32, 0.64

and 0.95 cm Using a Horizontal Injector
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Figure 5.59 - Runs 21, 29 and 30: Effect of Horizontal Well
Diameter on Water-Qil Ratio for Well Diameter of 0.32, 0.64
and 0.95 cm Using a Horizontal Injector
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contact area. The volume of steam introduced using the 0.95-cm injector extended over
the entire area of the sand pack, heating the oil and producing a higher cumulative oil
recovery than the 0.32-cm and 0.64-cm injectors. By the time one PV was injected
using the 0.95-cm injector, as shown in the 1.0 PV CWE temperature profile, the entire
sand pack was at injection temperature and possibly most of the recoverable oil was
already produced.

Based on the experimental results obtained from Runs 21, 29, and 30, it may be
said that the effect of the horizontal injector diameter on steam production performance
is not as pronounced as that for the diameter of the horizontal producer.

5.4.5 Effect of Qil Viscosity Using a Horizontal Injector

One research objective was to investigate the oil viscosity effect on the oil
production performance during the stearm injection process using a horizontal injector.
Runs 21, 31, and 32 were carried out in a homogeneous and anisotropic sand pack
with average initial oil and water saturations of 87.8% and 12.2%, respectively, and an
absolute permeability of 6.4 x 1012 m? (6.5 darcies). Runs 21, 31 and 32 were
conducted using Faxam-100 oil with a viscosity of 290 mPa.s and Wainwright oils
with viscosities of 975 and 1800 mPa.s, respectively, at 24°C and 101.325 kPa. Steam
was injected at a constant rate of 0.35 cc/s (CWE) through a horizontal injector located
at the center of the sand pack, and oil was produced radially from the bottom. During
Run 32, which used a high viscosity oil of 1800 mPa.s, the injection pressure was not
as stable as when a low viscosity oil of 290 mPa.s was used.

The cumulative oil recoveries and oil-steam ratios for 290, 975 and 1800 mPa.s
viscosity oils are plotted in Figures 5.63 and 5.64. The 290 and 975 mPa.s oils have
very similar trends and gave higher cumulative oil recoveries than the 1800 oil. The
lowest cumulative oil recovery was obtained using the 1800 mPa.s viscosity oil
because, the steam injection process was not stable and was complicated by high water
production in the experiment, as shown in Figures 5.65 and 5.66 in which the
temperature distribution profiles for the steam inside the sand pack and a plot of water-
oil ratio vs. steam injected are shown. After 0.5 PV of steam (CWE) had been injected,
the steam zone growth was more noticeable in the sand pack with the lighter oil,
(290 mPa.s), than in the sand pack with the heavier oil, (1800 mPa.s, viscosity).
Furthermore, during the experiment in which the 1800 oil was used, the fluid
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Figure 5.63 - Runs 21, 31 and 32: Effect of Oil Viscosity on
0Oil Recovery for Oil of Viscosity 290, 975 and 1800 mPa.s
Using a Horizontal Injector
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Figure 5.64 - Runs 21, 31 and 32: Effect of Qil Viscosity on
0il-Steam Ratio for Oil of Viscosity 290, 975 and 1800 mPa.s
Using a Horizontal Injector
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Water-Qil Ratio
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Figure 5.66 - Runs 21, 31 and 32: Effect of Oil Viscosity on
Water-Qil Ratio for Oil of Viscosity 290, 975 and 1800 mPa.s

Using a Horizontal Injector
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production was associated with high pressure surges and sluggish production. This
was due to the relatively cold high viscosity oil swept by stearn from different parts of
the sand pack.

Figures 5.67 and 5.68 show temperature distribution profiles for steam inside
the sand pack after the injection of A) 0.25, B) 0.50, C) 0.75 and D) 1.00 PV CWE for
975 mPa.s and 290 mPa.s viscosity oils. Initially the cumulative oil recovery for the
290 mPa.s viscosity oil was higher than that of the 975 mPa.s oil, as shown in Figure
5.63. However, by the time approximately 0.8 PV of steam (CWE) had been injected,
the 975 mPa.s oil cumulative o0il recovery became higher than that of the 290 mPa.s oil
because the heat at the start of the steam injection process was consumed heating the
sand pack and mobilizing the oil around the injector. However, towards the end of the
steam injection process, the 975 mPa.s oil was heated and its viscosity was decreased.
This decrease improved the mobility ratio promoting a better and stable sweep
efficiency.

Three experiments were conducted using 290, 975, and 1800 mPa.s viscosity
oils to investigate the oil viscosity effect on oil production performance. The steam
recovery performance for the 1800 mPa.s oil was adversely affected by high water
production and unstable steam displacement which, as a consequence, produced 36.6%
IOIP cumulative oil recovery. The 290 and 975 mPa.s oils showed the same behaviour

in production performance and recovered 64% and 74% of the initial oil in place,
respectively.

5.4.6 Effect of Pressure Differential Using a Horizontal Injector

Experiments 21, 26, 27 and 28 investigated the effect of pressure differential
between the injector and the producer on oil recovery during the steam injection
process. Steam was injected at the center using a horizontal injector penetrating the full
length of a homogeneous sand pack. The sand pack initial oil and water saturations
were 90% and 10%, respectively, and the average permeability was 6.4 x 10?2 m? (6.5
darcies). Runs 21, 26, 27 and 28 were conducted at 138 kPa (20 psig), 207 kPa (30
psig), 69 kPa (10 psig) and 276 kPa (40 psig) pressure differentials, respectively, to
investigate the effect of pressure differential on oil recovery performance. Due to
mechanical and operational problems encountered using too sensitive pressure
transducers, the pressure drop inside the horizontal injector was ignored, and the
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overall pressure differential was taken to be the pressure differential inside the sand

pack only.

The production pressure was varied for each run by a back pressure regulator to
create different pressure differentials between the injector and producer. However, to
ensure that these experiments were conducted at the same experimental conditions, the
injection pressure was kept constant at 345 kPa (50 psig) in the entire set of
experiments. The injection pressure in these experiments was kept constant using a
back pressure regulator which was adjusted to maintain the desired injection pressure
throughout each particular run. Both production and temperature data for pressure
differentials of 69, 207 and 276 kPa were analyzed and compared with that of the base
pressure differential of 138 kPa. Figures 5.69 and 5.70, which show cumulative oil
recoveries and cumulative oil-steam ratios vs. cumulative steam injected for 69, 138,
207, and 276 kPa pressure differentials, clearly show that the cumulative oil recovery
and oil-steam ratios increased as the pressure differential increased, reaching the highest
cumulative oil recovery at 207 kPa pressure differential and then decreased to reach the
lowest value at 276 kPa.

The highest, (276 kPx), and lowest, (69 kPa), pressure differentials produced
the lowest cumulative oil recoveries and cumnulative oil-steam ratios. This was because
for the 69 kPa pressure differential steam production performance was complicated by
high heat loss and for the 276 kPa pressure differential performance was complicated
by early steam breakthrough and high water production. For visual inspection of the
steam zone growth and steam front movement, temperature profiles of the steam inside
the sand pack after the injection of A) 0.25, B) 0.50, C) 0.75 and D) 1.00 PV CWE for
69, 138 and 276 kPa pressure differentials are shown in Figures 5.71, 5.72 and 5.73.
When the lowest, (69 kPa), pressure differential was used, the steam injection process
was very slow, and the oil production performance was complicated by the highest heat
loss encountered in this set of experiments.

The heat loss for Run 27, (69 kPa differential pressure), was 135 W and that
for Run 28, (276 kPa differential pressure), was 95 W. Heat balance calculations are
given in Appendix A. However, an unstable steam process and early steam
breakthrough complicated the steam production performance when the 276 kPa
pressure differential was used. The steam production performance for the 276 kPa
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Fi?ure 5.69 - Runs 21, 26, 27 and 28: Effect of Pressure
Differential on Oil Recovery for 69, 138, 207 and 276 kPa
Pressure Differential Using a Horizontal Injector
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Fiqure 5.70 - Runs 21, 26, 27 and 28: Efiect of Pressure
Differential on Qil-Steam Ratio for 69, 138, 207 and 276 kPa
Pressure Differential Using a Horizonta! Injector
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pressure differential was also complicated, as shown in Figure 5.74, by high water
production almost from the start of the experiment.

In stmmary, Runs 21, 26, 27, and 28 were carried out at 69, 138, 207 and 276
kPa pressure differentials to study the effect of pressure differential between the
horizontal injector and the producer on oil production performance. Cumulative oil
recovery increased as the pressure differential increased to an optimum 207 kPa
pressure differential for which the highest, (65% 10IP), cumulative oil recovery was
obtained.

Moreover, oil production performance of the lowest 69 kPa (10 psig) pressure
differential was complicated by high heat loss and that of the highest 276 kPa (40 psig)
pressure differential was complicated by unstable steam displacement and early steam
breakthrough. Unstable steam displacement and early steam breakthrough produced
low cumulative oil recoveries and made the steam injection process unattractive at both
the low, (69 kPa), and the high, (276 kPa), pressure differentials.

5.5 Horizontal Well Performance as Injector or Producer

In this work, the effect of horizontal well type, i.e. producer vs. injector, on oil
displacement by steam was investigated. When oil was produced using a horizontal
producer, steam was radially injected into the sand pack through the sintered metal
jacket which acted as a distributor for the injected steam. However, when a horizontal
injector was used, steam was injected into the sand pack via the horizontal injector, and
oil was radially produced through the sintered metal jacket and collected at the bottom
of the sand pack. Thirty six experiments were conducted during this work to study the
effects of horizontal well injector or producer length, diameter and vertical location on
steam recovery performance. Moreover, the effects of oil viscosity and pressure
differential between the injector and the producer on the steam injection process were
also investigated using a horizontal well as injector or producer.

Figures 5.75, 5.76 and 5.77 show cumulative oil recoveries for horizontal
injectors and producers penetrating 25% and 100%, located 0.50 and 0.75 diameter
from the sand pack upper boundary and having 0.32-cm and 0.95-cm diameters.
Figures 5.78 and 5.79 show the cumulative oil recoveries obtained using horizontal
wells with oil viscosities of 290 and 1800 mPa.s and a pressure differential of 138 kPa.
The cumulative oil recoveries obtained using a horizontal well as the producer were
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Figure 5.74 - Runs 21, 26, 27 and 28: Effect of Pressure
Differential on Water-Qil Ratio for 69, 138, 207 and 276 kPa
Pressure Differential Using a Horizontal Injector
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Figure 5.75 - Runs 12, 16, 21 and 22: Effect of Horizontal
Well Type {Producer vs. Injector) and Length on Oil
Production Performance Using a Horizontal Well
Penetrating 25% and 100% of Sand Pack Length
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Cumulative Qil Recovery (%IOIP)

Figure 5.76 - Runs 16, 20, 21 and 24: Effect of Horizontal
Well Type (Producer vs. Injector} and Location on QOil
Production Performance Using a Horizontal Well Located
0.50D and 0.75D from the Sand Pack Upper Boundary

3 1 ¢ 1} S R I L T S A NN N AL B I A A
| Average Data for
Runs 16, 20, 21 and 24
2=0.355
r S =0.901 a
| 8,;=0.0903 . 0.50D
k=6.4 x 107" m* D
80 -u =220 mPa.s - .
~.lisp-.-1E’:BkPr:i 7
4
|/
Ve
60 [ '/ |
/
0.50D / /
/
/
”
40 :
/'
/ -
rd
) -~
' 0.75D
; T
20 1 ‘ 0.75D i
/ ' , ‘
7 Injector |
' — - ~-Producer
/ -+
‘d
011a|11||;1|||r1|[z||1
0 .2 0.4 0.6 0.8 1.0

Cumulative Steam Injected (PV)

140



Cumulative Qil Recavery (%lOIP)

141

Figure 5.77 - Runs 16, 21, 30 and 34: Effect of Horizontal Well

Type (Producer vs. Injector) and Diameter on Oil Production
Performance Using 0.32 and 0.95-cm Diameter Horizontal Well
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Figure 5.78 - Runs 16, 21, 31 and 36: Effect of Horizontal
Well Type (Producer vs. Injector) and Oil Viscosity on Qil
Production Performance Using Oil of Viscosity 290 and
1800 mPa.s
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Figure 5.79 - Runs 16, and 21: Effect of Horizontal Well

Type (Producer vs. Injector) on Qil Production
Performance for Pressure Differential of 138 kPa

T T T | T T T i I T T i T T I | ] T 1 | T
| Average Data for L
Runs 16 and 21 e >|
- §=063§g1 L
_ 5. =0.099 L - —>]
_k=6.4 X 10-'2 m2 ¢Ap .
”
”~
7
7/
Ve
i ’/
/
/
| /
/
- /
_/
/
/,
/ Injector
/ - = = Producer
”
/ol
1 | | | i 1 I ! 1 1 | N ! | l | | | I
0 0.2 0.4 0.6 0.8 1.0

Cumulative Steam Injected (PV)

143



more than those obtained using & horizontal well as the injector. Furthermore, when
the horizontal injector diameter was increased from 0.32 cm to 0.95 cm, there was

hardly any effect on the cumulative oil recovery.

However, when the producer diameter was increased from 0.32 cm to 0.95 em,
the cumulative oil recovery decreased from 81% to 58% IOIP. The high cumulative oil
recovery obtained in the case of the horizontal producer was because the steam was
radially injected and distributed around the sand pack via the sintered metal jacket which
covered the entire surface area of the sand pack. However, when a horizontal well was
used as the injector, steam was injected via the horizontal well and the sand pack
contact area was much less than when steam was radially injected into the sand pack.
When a horizontal well was used as a producer in combination with radial injection, the
horizontal well attained a higher cumulative oil recovery than when it was used as an
injector in combination with radial oil production. Actually if we were to compare the
oil recoveries at different pore volumes injected the difference would be large at small
pore volumes injected and not that large at higher pore volumes injected.

In conclusion, based on the experimental results obtained from using a
horizontal well as injector or producer, use of a horizontal well as a producer rather
than an injector is more effective. Radial steam injection provides a larger steam contact
area and higher cumulative oil recovery than steam injection using a horizontal injector.

5.6 Marx and Langenheim Model®

Marx and Langenheim's model is useful for highlighting some features of
reservoir heating. In their development, Marx and Langenheim suggested that the
steamn injected must heat the newly invaded formation as well as make up for the heat
loss to adjacent formations. They assumed that steam was injected at a constant rate
and constant temperature. Even though they recognized a radial temperature transition
zone, they treated the temperature inside the steam zone to be a constant temperature
equivalent to the sand face injection temperature, and the temperature outside of the
stearn zone to be equivalent to the initial reservoir temperature. In their analysis, Marx
and Langenheim neglected the effect of gravity and assumed no vertical or horizontal
temperature variations within the heated zone. To match Marx and Langenheim's
results, their assumption of increasing heat loss with time, as the steam zone grows,
was modified for a constant heat loss. An overall heat balance on the sand pack gives
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Qin = Qacum + Jloss

where
9, = Heat input = 682 W (Calculations are give in Appendix A)
Qyoss = Heat loss = 145 W (Calculations are give in  Appendix A)
Qycum = The amount of heat required to bring the sand pack to 142 °C

above the initial temperature of 19 °C = 537 W (Calculations are
give in Appendix A)

Heat accumulated in the sand pack is given by

Qacum = Myes AT dgf - (1)

where

Mres = Reservoir volumetric heat capacity

=2.55 Jjem’® °C
AT = Steam Injection Temperature - Initial Sand Pack Temperature
= T".U - Tres = 142 - 19 = 123 OC

dV/dt = Steam zone volume growth, cm’/s
The rate of steam volume growth can be deterinined using Equation (1)

dv _ _ Qecom  _ 537 =1.71 cm/s
dt Mres AT ( 255)(123)

Total (water and oil) production rate is given by

Qt:‘dd% O (I~ Sgorst ~ Swr)
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where

Lo} = Porosity = 0.354

Sy = Imreducible water saturation (assumed to be equal to the sand
pack initial water saturation, Swi) =0.041

Seorst = Residual steam oil saturation (assumed to be equal to the sand
pack final oil saturation, Sof)

Sof = Sei {1 - RF} = 0.959 (1- 0.81) = 0.18
RF = Recovery factor = .81

Soi = Initial sand pack oil saturation = 0.959

Q,=(1.73) (0.354) (1 - 0.18 - 0.041) = 0.48 em?/s
This can be compared with the experimental value Qexp

From Table 5.2 average production rate is

Q- UM gt D 055

In the above calculations the Marx and Langenheim Model was modified for
constant heat loss. A heat balance approach similar to that of Marx and Langenheim
was used to estimate approximately the experimental rate. The experimental rate of
0.55 cm’/s is higher than the 0.48 cm®/s predicted using Marx and Langenheim Model.
The reason that the experimental and predicted rates do not match is because the Marx
and Langenheim Model assumes that the steam zone is growing and the heat loss is
increasing as the steam zone area increases where in the present model the steam zone
growth and heat loss is assumed to be constant.



6. Summary and Conclusions

The primary objective of this study was to examine flow in the vicinity
of a horizontal production well, or steam injection well, and study the impact of
selected variables on oil recovery. An experimental model was designed for
examining the steam/oil-water flow in the vicinity of and inside a horizontal
well. The following conclusions were based on the experimental results
obtained in this work:

The oil recovery performance strongly depends on whether a horizontal well is
used as an injector or as a producer. The latter gave higher oil recovery
(i.e., 81% in Run 16 vs. 64% in Run 21).

Steamn override plays an important role in the process, as judged from the
temperature distributions at various times. The extent of this effect depends on
the location of the horizontal well in the vertical plane.

Qil viscosity is important, with oil recovery decreasing with an increase in oil
viscosity. The effect was more pronounced when the horizontal well was used
as a producer.

The length, diameter and vertical location of a horizontal well are important
variables.

(i) In the case of a horizontal producer, a smaller diameter, a greater length and
a location near the centre of the porous pack were most effective.

(i) In the case of a horizontal injector, the recovery was insensitive to well
diameter; a greater length and a location near the centre were most effective.
Even for the complex experiments conducted, a Marx-Langenheim calculation
gave results close to the experimentally observed values.
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7. Recommendations

The following recommendations are offered to extend the scope of the research
and improve the experimental techniques.

Investigate the effect of gravity vs. pressure drawdown on oil production
performance during steamflooding by plugging the bottom perforations of the
horizontal producer.

Study the effect of steam blow-down on the incremental oil recovery.

Incorporate pressure transducers to measure the magnitude of the pressure drop
inside the horizontal well and to examine the effect of the horizontal well
diameter and length on the pressure drop inside the horizontal well.

Add more thermocouples to the existing model to better map the steam zone
growth inside the sand pack.

Examine the perforated interval location along the horizontal well (ie.,
perforated interval location at the heel, toe, or the middle of the horizontal well).

Investigate the effect of pre-injection vs. co-injection of solvents or steam
additives on the steam process efficiency.

Compare oil production performance using a steam-slug process vs. continuous
steam injection.

Study the effect of heating and cooling of the sand pack on absolute
permeability.

Investigate the effect of oil viscosity and steam quality on the steam residual oil
saturation.
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Appendix A: Sample Calculations



1. Effect of Pressurizing the Sand Pack
on Initial Oil and Water Saturations

Thirty-six experiments were conducted in this research, in each of which a new
sand pack was used. The model was packed with Ottawa sand, and then the sand pack
pore volume and the initial oil and water saturations were determined at atmospheric
pressure. However, the steam injection pressure was 276 kPa (40 psig) for those
experiments in which a horizontal producer was used, and was 345 kPa (50 psig) for
those in which a horizontal injector was used. In order to have an equally pressurized
system, the sand pack was pressurized to the steam injection pressure by means of
injecting water prior to steam injection process. The reason water was used 10
pressurize the sand pack was because of its compressibility was lower than that of the
Faxam-100 oil used to saturate the sand pack with oil. The following sample
calculations were performed to determine the volume of water which had to be injected
to pressurize the sand pack to 345 kPa, and the effect of that volume on the sand pack
initial oil and water saturations.

Assumptions:

1) Isothermal oil compressibility.

2) Incompressible sand pack with a constant pore volume.

3) Faxam-100 being the most compressible fluid in the system.
4) Negligible water and cylinder compressibility.

5) Isothermal compressibility equation is valid

To describe the volume reduction it is more convenient to express it in the form
dV, = ¢ Vo Ap

where,
¢o  Oil compressibility, 3.626 x 10¢ kPa
Voi  Initial il volume in the sand pack, cm?
Ap  Pressure difference, kPa
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Sample Calculation:

Using Equation A-2 and data from Run 21 (Highest injection pressure)
Vo = 1435 cm®
Ap  =345-0=345 kPa (gauge),

we have dV, = 1.79 cm?
o Frror = (M) % 100

oiold

Error=(&%§9-6)x 100 =0.11%

In the above calculations, a higher compressibility than that of the water and
Faxam-100 was used to produce a conservative estimate of fluid volume reduction
induced by pressurizing the sand pack to the injection pressure i.e., 345 kPa (50 psig).
Although, a conservative estimate was made to calculate the volume of water introduced
into the sand pack, the volume of water injected was calculated to be 1.79 cm? which
introduced a minimal change to initial oil saturation.

2. Heat Balance

Some experiments in this research investigated the effect of the pressure drop
between the injector and producer on oil production performance during the steam
injection process. The experimental results obtained indicated that cumulative oil
recovery increased as the pressure differential increased to an optimum value, and then
decreases thereafter. One of the reasons for low cumulative oil recovery at low
pressure differential was due to high heat loss. The following is an example of the heat
balance calculation for Run 16.

Assumptions:

1 The film temperature was used for the boundary temperatures; this takes into
account the fact that fluid properties vary with temperature across the boundary
layer.

Tfilm = TSUﬁ;Tamb ............................ A-3

Teyrf and T,y are surface and ambient temperatures
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2} Surface teinperature of the sand pack was taken to be
T Tm.i';Tprod ____________________________________ A

Tinj and Tproa are injection and production temperatures

Equations for free cenvections on a horizontal cylinder®’

€ B (Tsurt - Tamp) L3

Rayleigh number = Ra = e T A-5
where,

g Gravitational acceleration, m/s?

B Volumetric thermal expansion coefficient, K™

L Model length, m

v Kinematic viscosity, m?/s

o Thermal diffusivity, m?%/s
Values for B, v and o are evaluated at the film temperature

0.1667 2
Nusselt number = Nu = !0.60 + 0.387 (Ra) —-A-6

\ [1 + (Qm%?g)o.sezsl().z%g

Pr Prandd number

Equation A-6 is valid for 10”° < Ra < 10'% all values for Ra in each run were within
this range

Convection coefficient=h = % ................................ AT

Kair is the thermal conductivity of air evaluated at the film temperature
Convective coefficient can also be determined from the relation given in Perry’s
Chemical Engineering Handbook® (pg. 10-13) Equation 10-54

h=b{aT)" L™ (A-8)
where values for b and m are given in Table 10-1
Percent difference between using Equations A-7 and A-8 was 7%. This

difference was a result of using b and m values which were experimentally
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determined, where as for Equation A-5 values only relevant to the runs were

used .
Heat Balance for Run 1

Steam injection rate = 0.34 cc/s (CWE)

Injection temperature = 142 °C

Production temperature = 138 °C

Ambient temperature = 24 °C

Using Equations A-3 and A-4

Film temperature = §2 °C = 355 K

Surface temperature = 140 °C =413 K
Air properties interpolated at film temperature

B=282x107K"

L=061Im

v=2.15 x 10° m%/s

o =3.1x 10" mYs

k=3.38x10?W/mK

Pr=0.7

Water properties interpolated at surface temperature

P,y = Water density = 941 kg/m®
h,, = Latent heat of vaporization = 2132 kJ/kg

Using Equations A-5, A-6 and A-7;

Ra=9:81x000282x 116 x 0.613 _; 9
a 2.15E-5x 3.1 E-5 L.1x 10

0.387 (1.1 E9)*-1667 |2

[1 . (%%2]0.5625]0.2963 I -

h ZJ&S%TQ&L =6.54 W/m2X

Nu = J0.60 +

Qloss = hA (Tsurf - Tamb) ------==m-mmm = A9

Qloss = 6.54 x © x 0.1 x 0.61 (140 - 24) =145 W
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Qin = My X hy =ommmemmr oo A-10
where my, is mas flow rate input to the system, kg/s
My = Qinj X Pw
my = 3.4x 107 x 941 =3.2x 10* kg/s
Using Equations A-8
Qin=3.2x 107 x 2132 =682 W

Heat Loss for other Runs (W)

Run No Heat loss Run No Heat loss
1 N/A 21 130
2 N/A 22 128
3 108 23 123
4 91 24 135
5 N/A 25 123
6 120 26 119
7 95 27 135
8 102 28 95
g 108 20 131
10 112 30 128
11 110 31 101
12 116 32 116
13 05 33 112
14 98 34 08
15 115 35 99
16 110 36 127
17 122
i8 89
19 81
20 110

3. Steam Performance Prediction Using
Marx and Langenheim Mode]®5:69.70

In the following calculations the Marx and Langenheim Model was used to
predict the steam performance for Run 16. The assumptions Marx and Langenheim



161

used in developing their model are not applicable to the model used in this work; the
predicted theoretical results did not match the experimental results.

Steam Zone Volume
For time equivalentto 1.00 PV = 1.3 hr

H?MresQst

V, = P (A-11)
* ™ {4 knob Map (Tin - Tres)]

where,
= Steam zone volume, ft°

H = Sand pack thickness = 1.58 ft
M, = Overburden volumetric heat capacity, BTU/ ft> °F

Mp = Ppsteel x cpsteel = 488 x 0.12 = 58.56 BTU/ fts °F
kpop = Overburden thermal conductivity = 8.73 BTU/ hr ft °F

Tinj = Steam injection temperature = 288 °F
Tres =Sand pack temperature = 66 °F
Qst = Steam injection rate, BTU/hr
Qsl = (12‘1—0) st {( hinj - hres) + fslv } """""""" (A-12)
g = steam injection rate = 2.54 lby/hr
fo = Steam quality = 0.90
L, = Latent heat of vaporization evaluated at 288 °F =919 BTU/lbm,
hinj = Water enthalpy evaluated at 288 °F = 257 BTU/Ibm
hes =Waterenthalpy evaluated at reservoir temperature 66 °F

=34 BTU/lbm

Qo =(239) 2.54 {(257-34) + 0.9 x 919} = 31500
BTU/hr

Mo = Reservoir volumetric heat capacity, BTU/ fi °F

Myes = $S0iPoCpo + ¢Swapr + (1 - ¢)PsandCpsand ----=--------- (A-13)



where,

= (.354

= (0.959

= 0.041

Por = Oil density 54.8 lbmy/ft® evaluated at 60 °F

Po = Oil density 44.9 lbpy/ft’ evaluated at 177 °F
Cpo = Oil heat capacity estimated as the arithmetic average heat

v »n G

capacities

0.388 + 0.00045 ((M))

2
Cpp=————————o————  —ermrrrmammemmm e A-14)
po v-,?; (
0.388 + 0.00045 ((55+TZ&&)) 3
Cpo = =0.499 , BTU/ft’ °F
po Y0878
pw = Water density = 60.8 lbpy/ft’ evaluated at 177 °F
Cow = Water heat capacity over the temperature range

- hwinj‘ Nures _257-34
¥ - Tres 288 - 66

= 1.0045, BTU/ i} °F

using Equation (A-13)

Mpes = (0.354 x 0.959 x 44.9 x 0.499)
+(0.354 x 0.041 x 60.8 x 1.0045)
+(1-0.354)34 = 38.1

F = — D SO A-15
11+ 0.85Vip (A-1%)
o= 4Mob Knob t

M25H2
tD=_4_(_58.56)(8.73)(1.3) 07336

(38.17 (1.58)F

using Equation (A-15)

Fooo 07336 _ga04
117 0.35V0.7336 >
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using Equation (A-11)

(1.58)2(38.1)(31500)
4(8.73)(58.56){288 - 66)

Va =( )0.4245 = 2.80 fi*

_ 3
V= 00793 m

rforman iction
hoil
Va o ‘—H_" Soi - Sorsl'
N. =
P 5.615
where,

o = Capture efficiency assumed to be 0.81

(hoilli-l) = Ratio of oil thickness to sand pack thickness = 1.0
Sort = Steam residual oil saturation (assumed to be equal to the sand
pack final oil saturation Sof) =30i (1-RF) = 0.18

thus,

(2.8){0.354)(0.81)( 0.959- 0.18)
5615

Np = =0.11, ft’

_ 3
V= 0.00311 m

In the above calculation an effort was made to predict the steam performance
and steam zone volume. The Marx and Langenheim Model was used without any
modification. The steam zone volume predicted using Marx and Langenheim Model is
rather high compared to the experimental steam zone size. However, since the model
assumes an increasing steam zone growth and variable heat loss, such results are
expected.

4. Final oil Saturation

The sand pack final oil saturation was calculated at the end of all the steam

injection experiments. The calculated final oil saturation was compared with the steam
residual oil saturation (S ) obtained from the literature™. The sand pack final ol

saturations listed below were calculated using Equation (A-16),
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St=8,i(l - RF)
where,

RF = Recovery factor

Soi = Initial sand pack oil saturation
Run No S__f Run No 'S‘i_‘_

1 0.47 21 0.30
2 0.38 22 0.41
3 0.40 23 0.35
4 0.42 24 0.40
5 0.30 25 0.36
6 0.27 26 (.29
7 0.30 27 0.29
8 0.24 28 0.37
9 .29 29 0.32
10 0.42 30 0.22
11 0.32 31 0.48
12 . 0.21 32 0.21
13 0.25 33 0.35
14 0.23 34 0.28
15 0.24 35 0.25
16 0.18 36 0.48
17 0.21

18 0.23

19 0.29

20 0.35



Appendix B: Tables of Experimental Results



166

98’0 $6°T AN £os SSL 8¢ 90¢ £8°0 I+l 008 6
090 181 81°0 Cor L69 (43 c0C Lo FSIT £9°9 B
£9°0 8E°1 (44 L1y 5§79 8 4017 290 666 £L9 L
t9'0 L 0e0 09t 0%s 96 80¢ ¢S50 158 e's 9
190 0Tl 6£'0 0'6Z 1444 06 861 Sv0 Lzl [4: 2% s
€50 1£71 0z’0 9'¢T 123” 16 01¢ or'o 8L9 05°L 4
L0 A i7A)) SLl £92 [4:) 80¢ 6270 (4244 £8L £
19°0 91t 610 Fil IL1 L6 01z L10 6LE 8E'8 [
68°0 9Ll S0 6F 17 yL 1[4 §0°0 t8 6SE I
HMD) 40M §/30 dIO1%  Koo) paanpoyd| 9jdwieg/od ordweg/a3 (HMD) Ad =EMD) 2 SANUIN | "ON
dsO 'wns Paonpolq a1y 10|29y rQ'WnD |  IO"WND  [pAonpold (10| PIONPoId PN [ fuf weagTungy “[u] weagwn) swnj, [opdwes
N IrEl :payalu] weag fejo ], %E0s 14134003y 10 1PN
B 81 pInssaLg uonanpold (F1AD) SO0 6€°0  :91Ry U0iI(UT weang afuioay
IdVo 0 BdY [Q1PUR D, 7 @ ANARID [V (SIIIEP G'Q) ZyUl Z]-yX T'§ : AN[IQEOLLIdd AN[OsqY ageIdAy
S Bduw 06T ‘BdY TQIPUE D, ¥T @ ANSOISIA 10 %9CE :A1so1od
00 -wexe| pas[) 1O Jo adA], 220061 DuNoA aod DH
Ad% L I uUOnBINIES IANBA Tentu] 292191 ISWNOA A0d
Ad% £6 -uoneimeg 110 [enIu] N Covy SQWNOA Ry

J3DNPO.J [RJUGZLIOH € YJias UOHRUIGUIO.) US W03)0g Wod) uondafuy jerpey ] uny - 14 dqelL




167

650 Sy 80°0 €09 0c6 oF 90¢ 960 1561 00’8 01
£9°0 6T'¢ 1A%0; LS 038 9 F0¢ L8°0 gocl CL 6
90 681 0T0 ER%Y 818 (45 20T L0 6rcl 009 8
990 651 ¥Z°0 6'8¥ orL 8L {174 0L0 0Tt 1339 L
C90 SE'l £eo gy 899 68 602 #9°0 ¥ol L9 9
¥9'0) 60 870 08¢ 6LE <01 $0T 950 668 YA S
1970 1870 £T0 I'le Ly L11 [2Y4 8v'0 SLL 9L 4
L0 £8°0 Lo ¥ee LSE [41! c0T 680 ¥o wL £
1570 9L0 ¥4 191 8 74 Lel £el 0e0 15137 2001 [
7o L0 ¥1°0 LL 81T 8L 907 810 L8T 0s'vl I
(ImD) HOM 520 dIOi%  (00) paonposd| ddueg/od ojdwies/od (AMD) Ad (HMD) 20 sonuiiA { ON
ASO wn) poInpoId ey 10|99y rorwny | porwn)  |poanpoid (10 |paonpoi PN | fup wedrgTum) fup wengwn) | owny |9jdweg
22 §SST :paydfuf weasg B0 2% €09 :£194009Y HO N
ey 8¢ 1 12118821 ] UONISNPOS] (FIMD) 520 €670 oy uondafu] wiedl§ odrIdAyY
1V, 06 BdX 101PUR Do $T @ ANARID [V (Sa1018p §°Q) Tyl T -vX 6°G ¢ ANJIGEAULI] AN[0SqY aferaay
5 eqW 06T “BdY [01PUR Do ¥T @ ANSODSIA IO %BY'TE :Ansolod
00 1 -wexe] :pasy 11O Jo adA], 20 §761 awnjoA 2104 DH
Ad% €6 | UOTIRINING IABA [BTIU] 220191 IDUINOA 210d
Ad%b L'v6 :uoneInieg 110 fenid] 2 oYy QUINJOA Ny

J0DPOU] [BIUOZIIOY

e duwisn) (f1sd (7) BdA SET JO [BHUIJIJ IINSSIL] PUL ULD)OY WO uondlug feipey

wguny - 7d dKItL




168

650 St SO0 795 9F8 oy T 6670 191 szel | Ol
A 00'€ 80°0 9'€s 908 r4s 80T 680 Syl Al 6
6570 05T 60°0 1'0S vSL 09 012 18°0 LI1El €L11 8
0970 66'1 010 1'ot 769 69 90z Lo 9Ll 79°11 L
190 8l 1o Sy §Z9 cL €1z #9°0 LEOT 0011 9
09°0 91 €10 $'9¢ 0SS 6 80T 960 06 LY11 S
€50 060 LY 08 85t £11 1z L¥0 9L getn v
LY0 €L°0 9I°0 67T ST 911 80T 6£°0 1£9 681t £
vE0 LLO 10 TSl 672 ozl Ak 0£'0 68% SEvl z
060 LO0 L 601 601 L0T 61°0 LIE 9T I
e HOM §/23 diOI%  [20) poouposgl oidwes/oo | ojdweg/ [ (IMO) Ad (@mD) 2 sanaty | "ON
SO "wn) poonpotg |y po |00 rorwn) [ mowny  pasnpoid (1o peonpord ping | fup weaigrwny | Clupweaigrwny | outlL opduseg
D191 "ﬁu«u&_.—: weals§ iejo], %798 "\m.—u;.cuu% 1O 19N
B4 LOT 12In§8aI ] uononpold (FMD) §/92 070 iy uonodsluf weag adeiany

IdVe 0F Bdd 101PUE D, ¥T @ ANtARIO [dV

S ' e Q6T ey 101PUE Do $T @ KNSOISIA IO
00T -exe.] pasn 110 Jo adAy,
Ad% LL D UONBINIES INepy [BNIUf
Ad% £7T6 uoneRIMES 10 [BRIU]

(Sa1008P €°G) TV TT-vX 6'C

WbOEL
2 6061
2 0e91
D Tovy

: Aujigesuuag 2Injosqy dgeloAy

:Ansciog

:BWNoA 204 DH

DWNOA 3104
:BWN[OA Nq[ng

1200POIg [EIU0ZLIOH € Suisn) (3154 8) BJN S§ JO 18NUIa)J1(] 24NSSAIJ PUE Wojjog woaj uondfuy [BIpey if umy - €41 dIGEL




164

¥ 0 £ee 110 1599 A B st 80T €1l 9081 SOL 1]}
0 85T o 8’16 99L 9 [4es or'1 oTLl 89°6 6
a Al £O'C IARY] oLy FOL 9¢ £0C €01 9151 8.9 8
wo L6'1 €ro gy 89 YL 0tc 86’0 6¢s1 L1°6 L
A 961 10 8'3¢L PLS 08 =44 16°0 tevrl 798 9
LEQ 4! 1o ¥'Ee vov 76 £l ¢80 9t S0l <
IANE £o'l or'o LT Tor G6 LET 8L°0 61Tl cT's1 4
0eo oyl €00 'le 7it €6 rad L90 G0l 05°6¢C t
[£°0 780 900 84! 61T €1l 607 Y0 60L LLTE 4
[£0 CIr't 900 0L 0L P01 ¥lT 120 cte 86T !
(amD) HOM 5/30 dI01% (22} padnpoid| ojdwieg/od odureg/an (FMD) Ad (M) 20 sonuipy | "ON
USO 'wn) poonpold {91 11O [o%y po'wny | porwny  |pIdNpoLd [0 [PAINpOId pinid fup weagrwn) | Cfupweagwny | swry  |opdwes
22 9081 :pajafuf wex§ jEoL, %0°SS :A13A033Y 11O N
edy LOT 12INSSAL] UONONPOIg (AMD) $/9 61°0  :=1Ey uonsalu] wealg aduioay

IdVo 0€ ®d¥ 101PUE Do $T @ ANNARID [dV
§ B 06T *BdX T0TPUE D, ¥T @ ANSOISIA 11O
:pas() 110 Jo 2dAL,
! uonuImes 1B AN [raiu]
woneInes (10 [emuf

Q01 -wexe]
Ad% LS
Ad% €16

(Sa101Ep C'Q) Tyl TL-vX €9 : A1jIqeead Anjosqy adrloay

%8 1E
22 08vl
N OLST
N TovY

:fnsorod

amnjoA a0d DH

2DUINJOA U0
JDWNOA Ying

1200po.] [ejuoziioy & Suisn) (31sd §) BAY SS JO [BHUIIIJI(] AINSSIAJ puk WOJJOgH Wof uosoafuyf [eipey p uny - ¢ Qe




170

1870 Il ¥1°0 0L9 166 19 (444 9.0 L7T1 STL o1
¥8°0 85’1 61°0 879 0L6 78 (444 690 o111 [ANA 6
€80 051 ¥7°0 gL 8r8 08 90¢ 190 §66 rASY 8
€80 £t XA 6’15 89L 88 0ze Ge0 906 LT9 L
C80 ort ¥Z°0 6'Sy 089 L8 t0Z 050 #08 86'G 9
¥80 ¥8°C 1770 1oy £65 So1L 0zT 0 LoL 1 XA S
$80 LLO [€0 0te a8y 148! 01T £e0 PLS LO'9 14
6L°0 £L0 9z°0 £'5e PLE 0el 0tZ 620 9Ly 87’8 £
(YA LLQ 170 91 1474 9l 10T 120 e 01’6 [
99°0 810 9'8 871 8¢l 97¢ [4 K\ g6l so¢l I
(IMD) HOM §f00 dIO1%  o%) poonpoid| oldwes/oo | oidweg/ps | (HMOI) Ad (EMD) 20 SaInUIy | ON
USO "wnD noonporg  |awey 110 {00 orwny | porwn)  [poonpoid 110 [peonpoid prmyd [ fup weargwn) [ fu weaigwn) | ouny | opdures
I3 LTTE :pajpafuy wealg (ejo], »%O°LY 14394003 [10) PN
edy el ‘2Inssald uonosnpold (AMD) §/90 £7°0 oIy uonosluf ureal§ 23eIoAy

1dVo 0€ BdX 101PUE Do +T ® AIARID [V
§ * Bqu 06T B 101PUE D, T @ KNSOISIA 110
:pas() 110 Jo adA L
T uOnNeINIRS JAIRAA JERITUL
TUonRIMES 10 [BRIUf

00 1-wexe.y
Ad%b 9’8
Ad% ¥ 16

(§31DIEP §'Q) Tyl T1-vX §'C : AN[IGEIWISJ AN[OSQY IFRIAY
:Al1so1og
:awnjoA 2104 DH
:DUWIN[OA 2104
:owIn[oA Jing

%8 TE
20 08vl
DRI
13 TO¥Y

JINPOL] {EJUOZIIOF] B YA UOLEUIQLIO)) Ul WC)og woty uondafuf [eipey S uny - 5 ajqe],




171

L0 12083 010 90L 8601 98 9Te 66°0 91 06 ¢l
0L0 €81 Lo 0L9 [434)] L 3174 060 gorl ETL 11
L0 AN Lo v’ 0L6 18 9¢e €80 6Lel 00’8 01
L0 68’1 12°0 LS 688 (43 80¢ £Lo 174 £8'¢ 6
(Lo 661 [SR] LAY L18 L8 Y4 0L’0 1234 LS°6 8
£L0 9g'1 o 6'5¥ 0t 2] 861 90 666 Y L
L0 9T'1 120 <y 99 L6 61t ¥5°0 968 t8L 9
1L°0 801 0z0 Y 149 86 1204 9%'0 69L £Z'8 "
1L0 001 ran 06t §97 (41 ¢ (444 8€0 9¢9 EL6 ¥
aL'o 80 tZ0 6'1¢ 1123 [48! +HZ 6270 4:14 (A t
€90 £6°0 070 L'y 8ZT ¥l (444 120 (4% £c'6 4
860 180 91°0 gL 144! 148 90¢ o L6l FANA 1
aEMD) qOM §/99 dIOI%  [99) poonpoig] opdureso | opduresd | (IMD) Ad (AMD) 2 soIuI | ON
SO "Wy poonpoig  |awy 110 |oeu norwns | porwny  fpaonpoad 1ofpaonpoid prad [ fup weaigwny | fup weaigiung | QWL odureg
M PN :pagafug wexs [2jo], %9'0L :£134009Y 1O PN
ed 8¢€1 :9INssalg uononpold (AMD) $/20 £2°0 =Yy uor1osfu] wealg 9FeINAY
IdVo, 05 Bdd [01PU Do ¥T @ ANARID [dV (SARIEP 6°9) TVl TT-vX §°9 : ANIquautIad 3njosay oferoay
s BJu 067 ‘B [01PUE D, T @ ANSOISIA 11O %9°€E :Anisoiod
00 [ -wexe.| :pasn 10 Jo 2dL L, 33 GGG WNOA 3104 DH
Ad% €9 D UOTIRINIES JAIBAN Teniu] 2 (0991 DWNOA 04
Ad% V'E6 uonenies [0 fentuf 0 oYY oA ying

1350po. [BjuozLiol & duis() (3isd Of) B LOT JO [ENUAIR}JI( IINSSIL] PUE LIOJIOF WO uorpafuf jeIpey 19 uny - 94 dqeL




172

090 AN 00 1'L9 €101 8¢ 0rT V'l 691 €L | T
£9°0 oE't 900 919 §L6 (A7 (YA §6'0 1651 (ANAS i
99°0 96'1 S1°0 8§19 ££6 cL 7T L8O \rA 4l 87°8 01
¥9°0 LT'T 61°0 895 868 96 80T 18°0 1£€1 L¥'8 6
190 611 L0 08 oL 701 €7 9L°0 1174 7001 8
850 Lo'l 81°0 L'ey 099 801 7T 690 TEll 0ro1 L
¥$°0 88°0 ANY 9'9¢ 439 L1l 0Tt £9°0 €201 SI'11 9
8¥°0 760 S1'0 8'87 SEY 901 0T 650 £06 SAE S
A0 vl 110 81T 62€ 6 (A4 4 8Y°0 6LL gepl ¥
8€°0 Tl 600 LSt LET 8L (A4 8¢°0 v29 85"¥1 3
pE0 T 90°0 ¢t 651 69 e 62°0 99t 06°LI T
£E0 vT1 90°0 09 06 06 70T LU0 €LT LTSt I
(@MD) oM 522 dIOI%  Koo) poanpoxd| odwes/oo | oidures/oa | (HMD) Ad (IMD) 2 soiulpy | ON
ASO "Wy i poonpoid  |oleyd 10|05 o' WD | Q'wWND  [pIdnpord [1O|padnpoid PINLd | fur wexg wngy Tu weaig'wn) | ounl [opdweg
2 $691 :payafuy wedl§ oL, %I°LY :£134003Y 110 BN
edy 8¢€1 :2INSS31J UONINPOL] (AMD) 8/2981°0 oy uoudsfu] wealg s8eIoAY

IdVo 0€ "BdY 101PUE D, T @ ANARIO [dV

§* TQW 6T edY 10TPUE D, $T @ AUSOSIA 11O
:pasn) 11O Jo 2dA L

T uoneInies I3eAp Jeiliug
JUoLRIMES [1() (B1IU]

001 -luexeg
Ad% 9L
Ad%b v'T6

(SII0IEP §'9) Tyl T T-vX 9 ¢ ANIqEAULIRg AINOSY STRIdAY

%1ee
D OIS
SREM A
P oy

:Aisolod

BWnoA od JH

13INPO1J [EJUOZLIOH B Yjias UOHEUIGUIO)) Ul WoTjog wodj uonadluf jeipey L uny - L4 21q8L

JPUWNOA 310d
QUIN[OA (NG




173

£5°0 80'L 900 L'vL SLol 9¢ 01Z vl 1061 t0L 14!
09°0 819 900 L 6¥01 ®C 10¢ 3! oLl 008 tl
£9°0 L9 L00 A 120t 6T ¥l 101 6091 to'L Tl
L90 16°¢C gto #'89 766 LS 00¢ £6°0 vivl or9 11
69°0 8L YAl 198 5 GE6 [44 00T €80 LGEL [ 4 01
69°0 0oLl YA L'68 £98 18 617 6L°0 8621} 0s'c 6
89°0 6%l L0 6°¢€S 8L £8 Lot L0 caltl Lig 8
990 1250 YA (414 669 L3 122 990 €501 LRS L
c90 101 1£0 (A (ALY L6 g6l 650 (03437 8L°¢ 9
19°0 9t°l 9Z'0 §5e gls L6 62T £5°0 L¥8 92’9 S
850 14! YA 88¢ 8lv €6 80¢ £¥0 02l L9 ¥
#5°0 AN 20 ¥t Y4 901 97e RE0 209 gL £
Ly0 660 €20 I'6l 61T SOl 60z 620 l9¥ LLL [4
LEO 960 (AN, 6L 1l p11 {44 0z0 gt S 9l 1
EMD) qom §/22 dIOI%  [(9) poonpoig| oidwegfos | opdwesd | (3MD) Ad (@amd) » SOIUIN | ON
SO W) paonpoyg  |oved O {00y to'wnD | o'Wy [pa3npoid [10{peonpoIg piny [lup ueaigwn)y [ Cfup weaisTwng | Wiy opdurzg
22 1061 :padaluf weng jejo L AR ) 11340033 110 PN
edy 8C1 12In8sard ucloONpold (IAD) $/93 7€' a1ey uonasful weag aderoay

1dVo 0€ ®d¥ [01PUE D, $T @ AARID [dY
§ ' R JW 06T B 101PUR D, T @ AISOSIA 110
:pas(y 11O jo 9dAL
I UONRINIEG B AN TRIIU]
:uonesmIes 10 [eHIu]

001 -wexe
Ad% 88
Ad% T16

(una peg) Ydua yoed pues ay) Jo 2,001 FunLLIUJ J3INPOI] [RIUOZLION] :g Uy - 84 I1YEL

($21212P C'Q) Tyl TI-yX L9 1 AN[IQEaULIag AIN[0SqY 9TLINAY

%S PE
2205l
20651
1 Tovy

:Ansolod

BWN[OA 2304 DH

WN[OA 2104
WA qIng




174

IdVo, 0 ‘Bd¥ 1G1PUE D, $T @ K1ARID [dV
$ - edW 06T BdY 1Q1PUE D, $T @ ANSOISIA 10
pasn 110 Jo 2dA L
T ueneInieg IAeM (eIl
uonulmes 110 [euiu]

00 1-Wexe
AdD 16
Ad% 606

(sa1orep G'9) ZVW ZI-vX L'L

BHL'LE
N OPSI
0 6691
RN Ai147

ts’o £6’s 80°0 1'89 6F01 8 #61 811 £6ol £8¢ ¥l
550 o't L0 £'99 1201 4% HT orl 098l 8T°¢ £l
950 61 9z'0 79 LLG 99 g6l £0'1 ovLl 8I't Al
6¢0 161 XA 768 116 99 61 L6'0 SOl oLy Lt
550 v6'1 €20 6'vS St8 L9 L61 160 8ES! 1487 01
550 08l £T0 §'os 8LL oL 961 ¥8°0 LTpl So's 6
T 120 99'1 £T0 09y 80L tL 1] LL0 zIEl Les 8
£5°0 05’1 174y (AN %) 9L 061 0L0 611 YA L
0 6tl 174\ €9¢ 655 8 961 £9°0 zL01 cLs 9
150 0t'1 ¥ZT'0 o1e LLy 98 861 950 16 LO9 S
6v'0 BO'1 9z'0 Vel 16€ 96 00Z FAAY £08 §T9 14
§+'0 L8°0 0€0 61 $62 Lot 00z 6£0 099 €09 €
9t'0 £6'0 070 el 881 201 661 1£°0 1 XAY £C'8 [4
90 €Ll 010 9¢ 98 98 002 61°0 T4 LEPI I
(IMD) AOM 8/9 diOI%  [29) paonpoyd| odweg/oo | odwes/oo | (IMD) Ad (3MD) 2 sonu | "ON
USO "wn) poonpory  |ovey o |-ovu powny | porwny  [peanpoid pofpesnpord pmi | fup weagwny | fupweagrwn) | awng | opdwes
I E661 :pajdalug weals [elo L %1°89 14134003y 110 BN
tdy 8¢l lamssard uolonpold (MD) /20 8¢ ey vonoalu] wealg 99eIAyY

: Al[IqeauLg 21njosqy 3e1oay

:fisorod

wnjoA 2a0d OH

120NPOI [BJUOZLIOK] B |)IM UOIEUIGLIO)) Ul wo)jog wo.ay uondaluy [Bipey 6 uny - 6 3YEL

2DWNOA 210d
QUIN[OA jINgG



175

L0 0011 €00 £vs 0¢8] 91 761 01 0LLL £L°L 1
050 09°'8 H0'0 Tes 078 174 261 96'0 1£91 8L'L 11
vS0 ov's 500 615 008 0z 881 8870 T6v1 €L 01
LS50 00y Zro 908 08L or 00T 080 ¥oEl 89°C 6
650 L'l 1£0 '8y 0vL (1 961 vL0 7971 06'¢ 8
950 €51 9z'0 ey 899 LL 6l 0L'0 611 LYY L
¥$°0 §T'1 870 '8¢ 165 88 861 90 #OT1 81'¢ 9
0S0 or'y LT0 L'ZE £05 L6 0T 09°0 1101 6°S S
S0 88°0 6270 92 90¥ S0l L61 £5°0 706 009 4
8¢0 L8O 0z'0 $'6l 10€ 011 90T L0 96L 816 £
0E0 SOl 110 Tl 161 6 g6l LED 1£9 Lyl z
9z°0 90'1 80°G 9 96 96 861 0 99¢ gE07 I
(AMD) AOM 820 dIOi%  (09) poonpoyg| odweg/od [ oidweg/ed | (HMD) Ad (HMD) 20 soinuipy [ "ON
ASO "wn)) poonpory  |ovey 1o [0y porwny | orwny  [peonpord 10 [peonpolg pinid| fu weagrwn) | Cfuf wengrwny Ui opdweg
D OLLT “ﬁoﬁuu._.c— weajs [8)o], aeps "h._@.rcuowm 11[§) 19N
B RET 1210§8314 UonNINpoId (FIAD) §/200¢°0 ey uonodfuf wearg J5RIDAY

[dVo 0F B 101PUE Do vT @ ANARID IV
§ * BJUI 067 ‘BdA 101PUE D, pT @ ANSOISIA IO
:pasn 11O Jo 2d4L,
I UONRIMES I31B M [BHIU]
uoneIneg ([0 [eniu]

001-wexeq
Ad% 1'6
Ad% 606

(una peg) Yi8uary OB pues ay} Jo 957 3uneapudd 1oNpodd [BJUOZLIOH 0T uny - 0T AYEL

(SA121RP $'Q) Tyl Z1-vX #'9 : AN[IGEIULIA] AN[OSqY a8elaay

%BLLE
99 051
99 G691
0 Z6¥Y

:A11s010d

JBWN[OA 2104 DH

JBUWN[OA A0
:BwnjoA jing




176

yidua] yaeg pues ayi Jo % (s Sunea)pudg J200po |BIU0ZLIOH (TT uny - TT 4 d1qEL

w50 ea'e Ly0 8¢9 6t01 £t 06t L'l £861 05°L 2!
950 oLy 80°0 L'E9 5001 9t rol Lol 7181 0¢'L £l
650 99t (AR 19 0L6 1t 161 L6°0 9901 (SAY A
790 ST 0Z'0 8'8¢ 626 €9 861 880 yorl LES 11
£9°0 e8I €20 Y #98 oL 861 18°0 LEl Sre 01
£9°0 i6'l 120 t'0s FoL 69 102 ¥LO (SYA| Ly'S 6
90 Ll [4AY 394 STL il L6l LoG Ottl Le'S 8
90 85°L tT0 1t #S9 oL 961 650 8001 LS L
£9°0 16°1 0 99¢ 8LS 6L 861 50 988 3’6 9
990 el A 91¢ 66% 8 661 S0 194 0e's s
B 90 BI'1 8T0 VA4 Ly 06 961 8¢0 ov9 £es 14
£9°0 860 120 Loz LTE 00t 861 €0 8Is or's £
LSO 6L°0 1£0 A4 LTz 31! 661 £Z°0 €6E £6°S [4
SY0 (AR, Lo 'L 911 911 00T cro 09¢ orIl I
@amm AOM $/90 dio1%  [25) paonpoid| ojdweg/od ) odwes/>d | (AMD) Ad (HMD) 2 SOIMUIN | "ON
SO wn) poonporg  |oww o |'oea norwny | porwny  [poonposd tofpasnporg pintd {fug weaigwn)y | fup weagrwn) | owry, | adures
22 €861 :03)09(u weds [ejo], %8°S9 :£19A009) 10O PN
B 8C1 :2INS$8alJ UO1ONpoId (HAD) §/22 8¢°0 21y uondalu] weang 3eIny
IdV, 0€ edy 101PUe D, vT & ANARID IdV (SS101BP €'9) Ty T[-vX $79 ¢ ANIqEAULIad AIN[OSQY TLIAY
SR 06T edF 101PUE Do vT @ KUSOISIA [IO %L LE :A1s0104
Qo1 -wexey 1pas) O Jo 2dA L 22 (O8SI BuIN[OA 104 DH
Ad% 89 ! UOTIRINES IABAN [RUIU] 22 G691 JQUINJOA 2104
Ad% T't6 ‘uonuInes 10 [eniu] 20 Tovy AWNOA ANy




177

(90 €L SO0 $9L €911 v 007 Sl L¥61 4 1
£9°0 8Ly 60°0 6'%L 6€11 9¢ 80T Lol 0081 LE9 £1
99°0 01z £20 9TL £011 £9 61 660 #L91 8¢} tl
99°0 w 970 '89 0¥01 L 961 60 €851 9'F 1
§9°0 69'1 9z°0 L'E9 896 vl 661 £8°0 611 4.2 ol
790 1t LZ0 885 68 8 861 £8°0 L6ET £0°S 6
£9°0 060 £2°0 p€s ZI8 P01 861 LLO L671 81°¢ 8
650 LLO 8€°0 99y 80L 101 L61 1L0 v6l1 06t L
50 99°0 £V°0 £6€ L6S 44| 707 $9'0 L601 wy 9
LYo 08°0 0r0 £1€ Ly 011 861 650 P0G1 LS'Y S
0r'0 06'0 §2°0 0T S9¢ 01 002 ¥$'0 P16 €L v
ve0 I 1] UL 09Z 06 061 9v°0 £LL 8L'6 £
62°0 68 010 A oLl 8 961 YED 6LS EC°El 4
87°0 Tl 010 8¢ 88 88 861 610 I rANY 1
(HMD) _OM §/00 diOI% (93} paonposdl opdures/oo | oidwiesd [ (IMD) Ad (M) 2 sOINUA | "ON
SO "wnd poonpoid  [oley 10739y QWD [IGTWND  [PAdNpoId Q| pRonpold pind {fuj wesgwn) | fup wemgwny | owly |ojdwes
22 L6 :pajafu] ureayg (ejo, 2,594, :K19A039Y 11O 19N
vdq 8E1 12108831 UONINPOL] (AMD) §/25 €60 ey uondsfug wedlg a3eldAy
1dV, 0€ BdY [Q1PUR D, $T @ Al1ARID [V (Sa100EP G°G) Zylll Z1-yX $'9 T ANIQESULID] AN[OSqY FLINY
5 " 2JW (6T B TOTPUE D $T @ ANSOISIA (10 %9°LE :Ki1so10d
OO [-wexe] [pasf] 1O Jo adAy, 09 0ZST uIoA 9104 DH
Ad%101 D UOTIRIMES IAB AL jELIU] 22 0691 L[UINOA 04
Ad%H6°68 ‘uoneIieg 110 jeniu] R Tovy PWInjoA ying

)3ud7] }IBJ PUBS Y] JO 3,67 SUNIBAIDUIG I2INPOI] [EIUOZLIOL] :ZT uny - Z1d 2IqeL




178

£SO we £ro Tl 134 B {14 L6l 171 L60T 59 14!
5e0 69T L1T'0 0'69 801 123 661 vl 9L61 LTAY €l
.y} 12 910 9'<9 0t01 Y r61 LO'E (1941 L3S 71
950 0ET L1T0 6’19 Lo 09 861 o'l 0SLT §L’S Il
950 861 610 186 Clo 99 Lol €60 (41 L8 o1
650 L6'1 0z0 6ES 9%8 99 961 6870 1A%y | A9 6
S L'l 0z0 L6y 08L L 961 £8°0 0epl 88°C 8
60 £yl o I'ey 80L 18 L6l 9L’0 IZel (43" L
50 1€°1 €0 668 L79 ¥8 P61 0L°0 LOT1 9 9
0570 o'l 0co 9v¢ 134 06 861 £9°0 1601 0S°L S
80 60 170 6'8¢ £sy 01 961 g¢0 156 6L ¥
1AL £L0 o ¥e ISE eIl Sol 970 £08 L98 £
LE0 L80 ¥1°0 Y 8¢C S01 R61 LE0 (A% 1A 7
FANY 050 0o b8 AR (A% 861 +2°0 Eiv eie 1
@EMD) dOM 893 dI01%  |(09) poonposg| ojdwreg/on | oidweg/sd | (HMD) Ad (MDD} 2 somuiy | "ON
4SO wn) poanpord o 0|00y oMWy | oWy [poonpoid 110 [poonposd pini [ fup wedigwn) | fup wengwnyy | owi), | opdwes
22 160C :pajralu wed)s ejo, T IL :£19A003)Y 110 19N
e 122 1210553l J UONONPOI] (M) /22 1€°0 210y uondalug a8eroay

1dVo 0f “edA 101PUE D, $7 & ANARID) [V

§ * BW 06T ‘BdY 101PUR D, HT @ ANSOISIA [IO
'pasn) 10 Jo adA L

D UONRINIRG IJBAA [BUIUL
uoneImeg 110 (i

001 -Wexe.[
Ad% T6
Ad2% 806

(S310IBP Q) ZyWl TI-vX ¥'0 : Al[IqeauLag AN[0sqy afenAy

%6 8t
23 0LST
M 0Ll
D Tovy

:ANS010]

:2Wn[oA A0d DH

132Np0oig [BJUOZLICH & Buis) [enjudtaji danssad (Jisd g) B4 SS 1 ¢ uny - €14 AqEL

:BUWINJOA 2104
PwnoA g




179

650 68°9 90 o'tL 0611 Le CIe o'l LT £ 1
€90 EE'S 900 il £911 0t 061 00l 96L1 CL'L el
1L Ev'e 10 POL £C11 9s gol 68°0 9661 L9 cl
9L°0 L) €eo 699 LLol [ L6l 6L’0 12yl £e 11
RLO 1A 2N $2°0 (SAY 9001 LL 881 Lo 98¢C1 TS o1
1870 9v’L 820 L'Ls 626 6L P61 +9°0 1611 L9t 6
80 AN LZ0 LAY 058 6L 661 860 1€01 t6v 8
¢80 gy’ 920 6Ly 1L 6L 961 050 06 0's L
680 ve'l 670 Oty 269 L8 Sol £v0 viL [4%% S
¥60) ELL £e0 9Le coe 1%5) Xe 9¢'0 L¥9 wy €
L6’ 880 GL'0 FANEY 1S YOI 961 6270 T4Y s 14
o't £6°0 Ly 0 £'6T Loy 9z1 861 [AA\ Cot 0s'y €
10°1 LE°0 19°0 Ll 182 [A2! rol 910 6LC 06'€ [4
L0 15 0] $£°0 98 6Ll 6Ll 661 oo 8L1 889 1
EmD) JOM §/20 dlO1%  [(0) poonpoxd] ojdureg/od | odwes/od | (MDY Ad (EMD) SOIMUI | ON
MSO wn) poaonpold ey O "o porwn) | rorwn  {paonpold [1QPIdNPOI] pInfy Tup weagrwn) | Ty wesgwn) oun] {ojdweg
3 £00T :pajoofuy wed)§ [ejog, %6 tL :AA003Y 1) PN
By 69 12Inssald uonanpold (AMD) 822 €0 o1y uonosfuf aderday

IdVo 0F “BdX 101PUR 3, $7 @ ANARID [V
§ " BJUW Q6T By 101PUE D T @ KUSOISIA 1IQ
'pasn 10 Jo adA L,
D UORINIEG ISIZAA [BDIU]
:uoneanieg 110 [entuy

001-wexe]
Ad% 101
Ad% 668

JDNPOLJ [CIUOZIIOH & Swis)) [EHUIdfi( 21nssdag (3i1sd Of) edN L0T *#T uny

($91018p G'Q) ZyW Z1-vOTX ¥°9 : ANjIqEauLIdg 3injosqy adeIoay

%66t
00191
N TOLI
N Lovy

:A1180104

:2WIN[oA 104 DH

- pLd ?1uel,

SQAUUNJOA 2104

JDUWNOA ¥y




180

190 17¢ P10 £'yL 6511 8 0L Tl 9831 (A5 il
£9°0 96T P1°0 TIL 840! 0s 861 H0'1 €511 LG £l
$9°0 (e 8¥°0 0'89 1901 £9 961 96°0 1791 Lre Z1
99°0 0£T 810 09 866 09 861 680 £0ST 85 11
89°0 70T 070 109 8€6 9 961 80 9LET £e's 01
0L'0 88'1 70 0'9¢ £L8 89 961 SLO STl 0TS 6
120 Tl §T°0 916 08 (4 961 890 SEll 88y 8
oo 91 §7°0 0Ly £EL L 61 190 ¥Z01 6’ L
[4AY 'l §T0 T 659 8 861 50 z16 8Y'C 9
£L°0 171 LT0 0LE LLS 6 80T L¥O L8L SLS g
vL0 80°1 870 o'1E €8y £6 £61 6£0 959 79°¢ 4
ZAY 190 ¥E0 0'Sz 06€ 0T1 00z 1£°0 T4 78°¢ €
89°0 6v°0 9¢°0 A 0L 0El v61 ¥Z0 6€ £0'9 z
¥s'0 €0 12°0 06 ovl orl 00z S1°0 86T 011 1
(AMD) AOM 820 dIOI%  |(99) psonpoid| ordwg/oo | oidweg/oo | (HMD) Ad (IMD) 00 somurp | "ON
USO "wn) poonpold  |oe IO |09y norwnD | porwn)  [pasupold 10|paonpold piat | fup weaigrwny | fup weaigrwng | dwil, odweg
3 98481 :pajdafug weds jejo L %EPL LI2AGIY 1O 1IN
AN TLI :2Inss2a1d uondNpoId (M) §/99 €0 218y uonoalug a5eIoay

IdVo 0F Bd¥ [0TPUE D, vT @ AARID) AV
§ " edW (06T “Bdd 101PUL D, $T @ KUSOISIA 110
1pas] 10 Jo adA L
T UONEINIES IEAN [BHIU]
JuonBINES {10 (RO

(01 -wexe
Ad%b 1L
Ad%b 6'T6

300NP0JJ [EIUOZLIO} © SUis() [enuatagji(] danssaid (3i1sd Sp) edy $0T ST uny

(SIL0IRP §'9) Tl Z1-v01X 19 : AN[IGRAULIA] ANOSY d8eIAY

%YLE
22 (0951
2 (891
20 Tovy

:A11s0104

:BWN[oA 31od DH

- STU 2UEL

:2WN[OA 3104
DWN[OA YIng




181

tL0 STL 500 0’18 Leel ¥ 861 JAtR £0L1 8C'L it
8L0 Le 148¢ ¥6L RTA 9% Zal 860 133 349 £l
180 ¥'T 10 voL L9TI 65 16l 16°0 (444 LLY [
80 LET o 9TL 8011 65 661 +8°0 SPEl €Sy i1
v8'0 917¢ 170 L'89 601 29 961 6L0 £6el 407 0t
980 85°1 9z'0 99 L86 9L 961 Lo el LoV 6
L8O 0Ll L0 L'6S 116 88 [dira 990 £co1 LY 8
98°0 £l £e’0 6'LS £Z8 6 00T 050 556 Ly L
$80 L60 £E0 Ly 6TL 101 661 1294 868 Zrs 9
£8°0 L0 ce0 'y 879 9l 861 L¥0 1242 L5S ¢
08°0 190 9€'0 % [ASS £zl 861 or'e or9 oL's ¥
¥L0 50 0¥ 144 68¢ £el 102 Leo vis Y £
w90 090 34 89l 952 91 (48[4 9z'0 iy L89 [4
8¥'0 vs0 910 &8 0tl 0Ll 00T L0 LT LTEl 1
(EMD) d0M 5/22 dIO1%  [20) paonpoyg| ordwes/oo | 9jdweg/oo {HMD) Ad (3mD) SABUTA | "ON
¥SOwn) | poonporg  [a1ed 10|00 powm) | po'wnD  [poonposd 1O [padnpod i | fur weaigwn) | fup weaigrun) | owiy  fodwes
2 ¢OLT :pa)aaluy weag 810, 2%0°18 :£134009Y 110 1IN
BJHq 8¢ 1 TINSSAUJ RONINPOIg (M) §/20 p¢°)  eley uonosluf weals AFBIAY

IdVe 0 edX 101PUR D, vT @ ANARID [V
§ " BdW 06T edY 101PUR D ¥Z @ ANSOISIA 1O
pasn 10 Jo adA ],
: UOTIBIMIES JOIBAA JEDIUL
UOLRINIES [10) [eOIU]

(O [-wexeq
AdB t'Y
Ad% 656

(SO10IBP §'9) TuLt* 710 [X 19 T AN[IGEAULD] 20J0SqY 9FLIAY

%Y SE
LTSI
N T6S1
N Tovy

P13udr] yord pues ayl Jo 2] SulBIBUI JINPOL] BPIOZLIOY (9] uny - 91 AqL]L,

:A1150104

AawnjoA aod DH

JBUIN[OA 0]
DWIN[OA YN




182

0570 99 90°0 1'9L 2601 9z vol 9I1°l 7981 00°L Pl
290 oLe 810 £rL 9901 9¢ 861 90°[ L1LT 1A% 2 £l
£9°0 (A 120 ['1L 0701 6% 0T 'L L191 wy Z1
£9°0 61T ST0 0'Lo 196 79 861 60 G161 o'y I
£9°0 96'1 ZT0 979 668 LS 801 880 bl B80S 01
£9°0 6571 120 0'8% L8 8L 0T w80 FIET 819 6
¥9°0 el 20 £'zs 1292 8L 861 £L0 1811 88°¢ 8
1220 ov'l 80 'Ly 9L9 £ 661 £9°0 P01 LIVRY L
£9°0 'l £Tu 138 4 £6S 06 007 650 197 or'9 9
790 901 L70 1'se £0S 96 8ol 050 L08 88°C S
090 660 1€0 782 Loy £01 102 fA Y] 089 [4*8Y ¥
S0 vL'0 ceo (A 0t Gl T ce0 656 AR 1
tF0 1270 £e0 (A 081 L1 00T LG ovv c8’s Z
£C0 81 80°0 0¢ L [45 00e 0z’0 1483 SCvl 1
HMD) dOM §/30 diQ1%  Ko0) paonpoyg] ojdwes/sd 9[dures/ao (FMD) Ad (3mD) 20 SInUIAL | TON
AUSO "wn) paonpord  |owed po| oo norwnpy| powny  |poanpoid 10 [peonpord pmpd | fuy weagrwn) [ fupuraigrwnd | oowiy | ordwes
33 7981 :papalu] wexs ejo), %1'9L :£134003Y 10 1N
edd €01 :2IN$SaL g uonanpold BIN 9.7 :aInssald uonoafuf s8eioay
IdVe 0€ ¥d¥ 101PUE D, vT @ AN1ARID [V (S310IBP §'9) TyW T1-vO1X $°9 : A[IquanLog JIN[0Sqy SBBISAY
S udui Q6T “edy [Q1PUE Do vT @ ANSOISIA IO %8'GCE :Ausorod
001 -WEXE] pasn 1O Jo adA L 22 el :PWN[oA 0d DH
Ad% 601 D UonRINES INBA TeNIU] 220191 SQUIN[OA 310
Ad% 1768 “uonEImIES 110 BRI 0 T6hY awn[oA Y[ng

1220p0ag [EIU0ZIIOH & Suis) [enudIdyfi( ddnssaad (3isd §7) edq LT (LT uny - L19 AqeL




183

750 68T 60°0 0'SL gL11 S 0lc €8l QLT L6 <l
% A 600 9IL vell cp 061 S rliT SL'8 ¥l
€50 0Lt 600 L'89 6L01 S 00z 81°1 1202 §9°6 £l
#5°0 Ly 01’0 £69 5201 65 S0z ol'l 8881 $col Pa
550 w6l 010 ¢19 996 89 002 IOR! LrLl 0911 11
LSO 98’1 1o LS 868 0L 002 £6°0 L851 011 01
850 16'1 010 L'Zs 38 69 107 ¥8°0 cevl SL11 6
090 £9°1 1o 34 6SL 9L 002 ¥L°0 €Lzl S8 8
790 €51 o SEy £89 08 702 $9°0 6011 €611 L
¥9'0 LET 710 '8¢ £09 98 POz SS'0 rr6 8911 9
99'0 LO'T 91'0 6'CE LIS 86 €07 9+'0 £8L 7501 S
99°0 80 €20 L9 61y o1L 0T LED 8£9 T8 v
650 SLO 770 L61 60€ Il 102 1€°0 9z¢ 68 £
850 Lo 61 A 761 911 00z ¥Z'0 80% LZ01 4
620 51 LO0 06 8L 8L 861 91’0 99z 8761 l
(3MO) oM /32 dIOI%  [00)ypeonpoyd| ojdwes/oo | oidweg/oa | (AMD) Ad (AMD) 22 SAIRUIN | "ON
USO "wn) poonpoig | o |oon norwnp | nortwn  {poonpord 110 {peonpord pinLd | fup wealgwn) | Cfup weagrwng | UL odwes
229427 :padaluf wed)s (B0 ], %0°SL :£394033Y 110 1N
edy 9¢1 :INSSAI] UONoNpoig (MDY 80 €70 ey uonaaluf weas s8eIAY
idVo 05 B 101PUE Do T @ Airaein) 1AV (SS10IEP G°9) Zulll Z1-yX 9 ¢ AN[IqRAULIS] AN[0SQY S8eIAY
§ " B4u 06T ‘Bd 101PUE Do bT @ ANSOSIA 11O %b1°8E :Asorod
00 1-wexed 'Pas) 110 0o adA Y, 20461 unjoA a0d DH
Ad% T8 : :OEE:EW I21B AN TBTIIUT 30 Oahﬂ SQUINJOA 2104
Ad% 815 JuoneIMES 110 [B1Hu] 22 Tovr SRUWNJOA Aqing

YISuaT] yorg PUES ) 19 %S Burjeajauag 1dnpold [BJUOZLIOL] (g1 umy - 814 dI4CL




184

80 C8T 80°0 969 1501 %Y 0L ce'l 0L1T 85701 14!
6v°0 €L 600 199 866 ¢S 50T LTl £H0T ol | gl
610 L9 800 $'Z9 £v6 cS 0T 61°1 SI61 s6'IL | Tl
050 1ne L00 8'8S 888 £9 20T or'l TLLL sgvl | Il
50 L6’ 80°0 $HS €28 89 0T 660 651 seel | o
£5°0 9¢'¢c 60’0 oS SCL 79 Fatra 680 1EF1 LOTE 6
£5°0 8l 1o 6y £69 i 50Z 18°0 8671 [AGT 8
£5°0 71 o iy 19 LL 0t L0 Gotl L9111 L
£6°0 6¢1 010 0'9¢ vrs 58 £0C €9°0 8101 89°v1 9
560 1571 110 oL 65y £8 70T 750 or8 Ay ¢
50 1z [0 67T 9LE 6 807 €70 769 £9°El ¥
950 9L'0 £1°0 L'81 8¢ 911 0T 1£°0 ¥0S or'st 3
50 0T €10 011 991 001 07 070 61¢ €LT1 z
0F0 60T 800 vy 99 99 YL ot'o 991 L8ET 1
=HMD) UOM §/20 diOI% K0y peonpoid| ojdweg/oo | odwes/d | (IMD) Ad (FMD) 22 somuiy | "ON
ASO "Wwn) poonpold e no{o9d orwn)| ro'wn)  {paonpoid 10 [peonpoid pinld [fuy wedgwny | Cfupuedigrwny | ULy odweg
2 (LIT :pajdafu] wea)s |ejog, %969 1A134029Y 10 BN
BdY ’¢1 :21N5821 ] uonanpold (MD) §/20 070 ey uonosafu] wens adeIay
1dV, 0F Ed¥ 101PUE D, vT @ ANARID [V (SO1DIEP §'Q) Tyl T[-yX #'9 * ANJIQROUWId 9INJ0SqY ZRIAY
§ ° edW 06T edA 101PUR D, pT B ANSOISIA [0 %8°S¢ :Aiso1od
Q0 -wexeg :pasn O JoadA g, 201681 sawmnjoA a1ed JH
Ad9% 79 T UONEIMTS IS1EAA JenIU] 20191 DWNoA U0
Ad% 8E6 ruoneImeg 10 [eniuf 23 T6hY IaWN[oA A[ng

Laepunog Jadd() ¥org pues 3y} Woay (ST PRI 13INPOIJ [LIU0ZIIGH 6] Uny - 614 2IqEL




9p'() 97T 0o 1’9 16 79 70t 611 ££0C soot | €1
9r0 1€ 1o I'LS olL8 19 20T 1l 9061 06'8 I
910 18T 010 1€ 818 €5 S0¢T SO'1 v6L1 L8 1
SH0 187 010 Ley gL 4 861 860 891 06 | o1
§¥'0 pLT 600 £op €IL S 70T 760 0LST L6'6 6
940 8T 800 8Ty 659 86 (Air4 ¥8°0 vyl LLT1 8
95" ] 4 80°0 0°6€ 109 9 0L 9L0 9671 LU L
850 €T 80°0 6t LES 9 00T $9'0 LI11 ¢eEl 9
050 L8’ L0°0 $°0¢ SLy oL 107 550 6v6 L091 S
$5°0 6¢1 800 £9z SOb <8 €07 50 L¥L L8LT v
190 LI'T 1o 80 (1743 b6 0T 1£°0 T8 85b1 £
L9°0 L8O S1°0 L'yl 9zZ 801 0T 020 8E€ 8¢°Tl rA
€90 690 v10 L'L 811 811 00z 1o 781 £p ¥l |
("EMD) AOM §/92 dIOI%  [o0) paanpoxg| apdureg/oa | apdures/d | (HMD) Ad (amD) 2 sainuipy | "ON
USO "wn poonpold  |eed po sy pown) | oW [pednpoid 50 Padnpoid pintyfuf uredis wng fup weaig'win) | owy }ojdures
PARXY T4 :pajoafu] weds ejoL %119 143340034 1O BN
BdH RET 12INSS3I uonoNpold (FIMD) §/0 1770 2y uonosluf uealg ageiony

IdV, 0F BdY 101PUE D, b7 @ ANARID 1AV
$ " BJW Q6T B 101PUE Do vT @ KNSOISIA 11O
:pasn) 10 Jo adA4],
: UOIIRINIEG B M [eHIU]
:uoneInies 10 [enu]

001-Wwexeq
Ad% 6’6
Ad% 1°06

A1epunog Jadd() 3ord PUES Y} WO (ISL( PIILIOT 13INPOIJ [EJUOZLIOH )T Uty - 074 JNeL

($21018p C'Q) Zyll T[-vX 1°9 : AfIqeantidg AN[0sqy o8eI1aay

%1°8¢
2 OPST
NDOILT
D THYY

:Ansood

:awnoA 204 DH

BUIN[OA 2104
DWNjoA g




186

870 0£'9 LO0 £'99 756 Lz L61 vl g6l 09 | 2l
050 08'81 w0 S'P9 §Z6 ol 861 ST pESI 06701 | IT
85°0 0£°¢ 610 R'€9 SL6 9% 861 86°0 zLst gy | ot
650 ST 10 9'09 698 8¢S 00T 760 €LVI cL'9 6
79'0 1Ll 61°0 $95 118 oL 907 780 LIEL 0L9 8
¥9°0 621 o (At SEL 6 e (74 0S11 769 L
§9°0 CE'l £2°0 8 by £¥9 <8 00T 790 86 €1'9 9
L9'0 L'l 92'0 68 86 98 0T 750 LE8 (A g
£9°0 76'0 0€'0 6'T¢ Ly P01 00T 144" SOL LS v
§9°0 68°0 82°0 96T 89¢ 901 00T SE0 L9 0z'9 £
£9°0 9L°0 92'0 £'81 79 Al L6l 52°0 8% 0g'L 4
790 €0 $T0 01 0s1 0SI1 20T S1°0 g4 £1'01 [
=EMD) JoM §/90 dIO1%  [99) paonpoid| sdwes/oo | 9jdwres/od | (AMD) Ad (M) 2 somufy [ "ON
USO "wn) posnpord  |orey o ood norwnp | morwny  [peonposd po[paonpoid piny [ fug weagrwny | fu weagwny | sy, | ojdureg
32 6861 :papoluf wed)s [ejoL, %¢€'99 :K49A003Y 10 1IN
edy LOT 13INSsaIg uonanpold (MD) §/00p'0 ey uonodafu] wealg ofesony
IdVo 0E ed T0TPUE D, $T @ ANIARID [dV ($31012P §'9) Ty ZI-VOLX #'9 * AI[IqRaULIdg AINJOSqY 3LIAY
S " eqtu 067 ¥d [01PUE Do $T @ ANSOISIA (10 b9y HKatsosog
001 -wexe] :pasy 10 Jo adAL, W gevl PUNIOA 310 OH
Ad% £°01 T UGHEINIES J3IBA [BHIU] 23 0091 PDWN[OA A10d
Ad% L'68 ‘uoneImes 10 [enu] 22 T6hY ownoA Ing

yjdua yorg pues 3y} Jo o ([ Sune.audd 10303lu] [ejuoZiIol] fZ uny - 1¢d 3Aqel




187

170 59'S LO'0 1S 08 23 9T Tl 0861 s Tl
€50 £8°C 900 L'z 0LL 0€¢ 507 i 88L1 oEg | 1
90 LEY 60°0 L'0S oL 8¢ 07 660 6651 199 | ot
65°0 Lre 100 18y oL 8 00T 060 Libl L 6
150 192 £1°0 8'vy 59 95 207 080 $871 £0'L 8
£5°0 Ly'T zro 01y 865 65 502 0L'0 STl 0£'8 L
85°0 €07 L0 6'9€ 6€S 69 602 8570 9¢6 0L9 9
09°0 0T 91°0 TE 0Ly L9 H0T 6+°0 £8L 00'L 3
$9°0 66'T LE0 9LT £0r 89 €02 6€°0 £29 059 v
1£°0 wt LT0 677 43 €6 90T 0£0 SLY sL'§ £
0L°0 89°0 €0 991 e 811 861 120 be S1'9 z
190 Y90 £2°0 5’8 bl ZAl €02 €10 0T $6'8 i
HMD) JOM 5/20 dIO1%  foo) poonpoig| sidwes/a | epdures/2d | (AMD) Ad (HMD) somuriNl | "ON
wso-wny | poonpoig  |owey po|oou norwny| morwnd  [poonpoid 1o |paonpord pingd [fup weagrwny | fuf weaigwnd | ownl, | ojdures
2 (861 pajoafu] weds [ejo), %I'SS :A194003Y 11O BN
ed LOZ :2INSSIIJ UOIONPOIL] (FMD) §/20 €0 918y uonsdluf weang s8eIoAy

IdVo 0F BdY 101PUR D, 2 @ Al1avI1D [V
§ " BJW 06T ‘Bl 101PUR Dy T @ ANSOISIA IO
:pas() 1O Jo 2dAL
I uoneInleg Ik A\ [eniu]
ruoneIneg [10 [eniu]

001 -Wwexeq
Ad% £'6
Ad% LQ6

(sa1018p G°9) TYW TT-vX 9

%8St
2 09v1
10191
N TeYY

: AN[igeawag 9Injosqy 28e1dAY

:Aiso10d

BunoA 204 DH

ISua Yarg pUES 3Y) JO 967 Suneajpua 10190(uf {BIU0ZLIOY 17T Uy - 774 A498L

JQUINOA 2104
2PWIN[OA Jing




188

€70 8’8 'O 0’19 098 (4 91¢ AN £00T 89°'8 (4!
9r°0 LSHi 700 65 8¢8 al 81T Il 0181 SITL | 11
£5°0 IS oo '8¢ ¥Z8 4 0T 660 7961 XA oL
S ] tL's €00 9% 6L 0t 0T 760 9t LL6 6
790 9Ty 1o 0¥ oL 6€ 50T 8L°0 6221 88°C 8
99°0 £ c1'o £is £TL 89 90T oL0 8601 Sl L
0L'0 65'1 120 5'9p 59 6L 502 66°0 £€6 7’9 9
£L°0 w 620 6'0F 9L§ £6 90T 150 p6L LE'S S
Lo 680 L0 €'pe £8F L1 0T €50 5L9 £5°9 ¥
1L°0 760 €20 Loz 9LE 901 #0T vE'0 0gs 09'L £
SL'0 £9°0 87°0 1'61 0LT ¥Zl 70T £2°0 19¢ 0S'L z
LN 1¥0 8C0 0L orl arl 90z TI'o Pol CL'8 I
(HMD) q0M 532 dIOl%  [22) posnposd) odwes/od | opdureg/oo (AMD) Ad (@EMD) 20 sonuiy | "oN
ASO "wn) poonpory  [o1ey 10 |20y norwn) | porwny  |paonpord pO |paonposd pingd | fuy weagwn) [ fup weaigrwn) | owry | sidueg
2 €00T :pajoafuf wedls ejo L, 2%0°19 :AJ3A003Y 110 19N
BN L0 12INSSALT UCNINPOL] (HAD) 822 L0 a1y uonoalu] wiealg agerany
1dVo 0F td) [Q1PUE DobT @ ANARID) [V (S21D1EP §°G) Tyl Z1-vOIX 1’9 : AI[IQUAULI] 10[0SqY dFRIIAY
§* edu 06T ed 101PUE DobT @ ANSOISIA [10 %0°SE :Ausorog
001 -tuexe] Pasn 10 Jo 2dA Y, 9 01¥1 -OUR[OA 210d DH
Ad% 201 D UOHEINES ISIEAA [BLITU] 23 (0LS] PWN[oA 204
Ad% 868 :uoneInIES 110 [euiuf 2 Z6YY IOWNJOA Y[ng

Y13ua] ¥R pues 3y} Jo o (S funeLaudg 10303(uf JEJUOZLIOY €z uny - €74 dqeL




189

8L0 LAY Lo £9¢ 66L £y 90C 9¢71 6C1C Lyl cl
6£°0 e 500 6'tc 99L A £0T 174 reol 98 11
[A 4\ 89't 60'0 (A4S §72 44 90T FAN| Z5L1 w's 01
1AV 06 ¢ (ARt I'6¥ L69 FAY 90T 001 1259 809 6
9r°0 LB'T [AR1; 'Sy §59 £s t1T 160 (244! 08'L 8
8¥°0 9ra [ANY 1A 009 8¢ 90¢ 6L’Q 6tTl LLL L
[5°0 Loe L10 (412 s 69 [A ¥4 L50 £S01 LL9 9
£5°0 6l c1°0 LEE eLy 69 AV LSO 668 05°L g
960 8L°1 [ARY} 14 15414 ¥L 90T 9r'o tel. rL 14
650 vo'l Lo ee 0ce 0L 90T ceo 9¢¢ £6'9 €
990 80 Lo £'81 092 [t #HZ §T0 £ot 089 [4
#9°0 6£°0 §T0 €01 6¥1 orl 10T ST 12X 0001 1
@Emo) AOM $/32 dIOI%  [99) paonpoid| ojdwes/od | ojdwes/ao (FMD) Ad (amo) o sonuipy | ON
ASO W) poonpoid oy 10|00y porwnn | pro-wnD  [poonposd piofpeonpoxd pingd [fur weagwnd | Cfupweaigwny | ouny | odwes
1 6ZITC :pajoalug wieag fejo, %E9S 1413200y 1O 1N
B4y L0Z 12108831 BONONPoId (FAD) S22 6£°0 191y uondafu] weal§ d3eIAy
IdVe 0F “Bd¥ LOIPUR D, $T @ ANARID) [V (SI1DIBP §'Q) Tyl 71-vX £'9 1 AN[IQRSULI] AMNOSQY AFLIAY
S * edW 06T ‘BdX [QTPUB Do $T @ ANSOISIA IO %O SE :Aisor0d
00 1-wexe,] pasn (10 Jo adL L, I TA A WnoA 204 DH
Ad% 96 : HONBINIEG JAIEM [enIU] 22 QLT DUINOA 310d
Ad% 06 :uoneries (10 [enuy N Tovy RQUNOA qng

£aepunog Jadd) yoeq pues ay) wody (JS7°() PAILI07] 10)33[U] [RIUOZLIOH HZ uny - p74 Sl4EL




190

r0 00'L 00 109 Az Lz 91¢ 671 €007 g0l | Tl
ov0 LS 600 88 I8 (43 LT 91'1 I6L1 86'S 11
A 8E'C LO°0 6'6S £8L [4) 0T 801 6991 0EL ot
650 98t 90°0 9°€S 1SL cE 0z 860 0781 SS°6 6
#$°0 Le'T v1°0 ' 91L 89 67T 680 sTEl XA 8
95°0 Sl SI'0 €9 89 8 90T §L0 LS1E 0£'6 L
850 05'1 7o £or 95 8 0T 790 196 £0'11 9
59°0 86°1 61°0 vvE 8% 08 90T 850 ThL 76'9 9
L9°0 971 AV L'8¢C 0v 16 90T 6£'0 109 £8'9 v
L9'0 ¥9'1 £20 e g LL €07 0€0 9% Ly'S €
£9°0 erl §T0 L9t YT 6 70T €20 0S¢ 8E9 4
£9°0 L¥0 120 6'6 6¢1 6¢1 S0T P10 07T 8L°01 I
EMD) AOM §/20 dIOI%  {20) paonpord| ojdwes/d | oidwes/d | (HMD) Ad EMD) 2 soui | "ON
SO 'wn) poonpoid  |oweyd to |09y o' wnD | orwn)  poonposd 1o[paonpoid pinid [ fuf weaig'wn) [ fup weaigrwiny | oun | djdures
22 €00C :papoaluy wea)g (ejo g, 2,109 tAJPA0Y |10 N
edy L0T 13I0§SaL] UoLINPOI] (AMD) $/90 $§°(  -o1ey uonoafuf wieal§ adeIdAy

1dVo, 0€ B 101PUE D, #T @ ANARID [dY
S * Bqul 067 Bdd 101PUE D, $T @ ANSODSIA 1O
'pes() 1O Jo adL
Juonemes I1A1eA feniug
IUonRINIeg 110 [eniug

001 -wexe.
Ad% L6
Ad% £°06

Arepunog 13dd() yoeJ pueg ay) woky (1S40 Pa3edo| Jo1dalu] [eJuozlaoy g7 uny - s7d AYBL

(sarorep §°9) TV Z1-vX 179

BETE
22 00v1
M 0Lst
3 Tovy

: AN[IqeauLIad 2AN[OSQY 93IOAY

:A1180104
DUIR[OA 2104 DH
JQUWIN[OA U0
WO yng




191

£SO 0L's L00 c'LY °Lé te BOT FI'1 9¢81 8¢ 7l
95’0 00's L0710 59 6L6 9% 01g 01 LLSE 08°L 1t
090 L1'8 Hro 879 06 £z e +6'0 6061 €501 ]
690 60°¢ LTO 19 188 (43 861 080 1821 8le 6
0L'o 68°C o 068 618 Ls [#44 SLO zizl £8'8 8
B8L0 IL1 61°0 0ss ZoL L8 9¢L £9°0 1701 08L L
€80 TA [£AY) 0'6¥ SOL L8 L6l £6°0 £68 L9 9
L8O 911 0 6y 819 g6 S0T 70 BOL §TL ¢
£6°0 00’1 LED £9¢ £es 24]| 80 0 [£93 £y 4
t6'0 69°0 SN I'6c 184 Izt 0T 820 1§97 oL's £
160 8£°0 $E0 L0 86T 8l $0T 0z'0 RTE 69 [4
¥8'0 LE0 0g'0 vol 0st o€t 90¢ o 8L1 T8 1
(HMD) JoM §/22 diO1%  [09) paonpoyd oidwes/oo | adwes/d § (MD) Ad amd) 2 sanuiy | "ON
SO "wn) poonpoid 21eY 10094 11O'WAD porwn)  [paonpoid ropaonpoid pinffuy weagrwn) | fup weagwn) | ouny, | odweg
9 9¢8] 1payafuy wed)g |8)o], %TLY 1124009y 1O PN
B RET :2Inssald uononpold (AMD) §/929€°0 :91ey uonoaluf a8duIsAy
1dV, 0€ :BdY 101PUE Do ¥T @ ANARID IV (S31DIRP Q) Tyl Z1-vX 9 * KN[IqeaULISd AN[OSqY 9FeIdAy
§ " BqW 06T ‘BdY [01PUE Do 1T @ AUSOISIA 1O %8¢E :K1150104
001 -wWwexe] pesn O Jo adL |, 2 QP :BunoA 10 DH
Ad% 901 uonemnieg Iate A jeniuf 00191 SWIN[OA 2104
Ad% ¥'68 ‘uoneinieg {10 [entu] N Tovy BUNOA g

102[u] [EJuoZIIOF] € Juls() [eRuaIa)I(] dnssaad (S1sd 0f) BdM LOT 19T uny - 974 AqEL




192

s 9L’y 00 {'89 086 (44 90T STA Osot 8T8 7l
£5°0 069 900 £99 866 9C 90¢ 911 96L1 (A 11
950 o't oro L9 [A%: |84 t0Z LO'1 9591 269 01
8670 96T £Ero 6’19 168 [AY 90T 66’0 Lgst 69 6
090 18¢ £1°0 €8S 6t8 129 90¢ 060 36t! 89 8
290 gl 810 158 29 C8L (43 €0z 780 1LT1 859 L
290 L8'1 0z0 S6r ¢IL 1L 1[4 L0 6rit L6'S 9
o0 £E°1 0T'0 9'by (4% 88 50¢ L90 8€01 8I'L g
19°0 180 81°0 '8t 123 £l 12014 850 #6 Lot L4
90 165G 610 90t vy ott 90T 90 £iL 88°I1 £
290 9¢°0 610 [ 4 S0 05t 13414 (AN 6y z6'tTl [4
290 (AR 61°0 801 Sel1 99| coT 910 [AY# Soel i
@Emo) dOM §/30 diO1%  [(99) paonpoid| sidweg/so | ojdwes/od (HMD) Ad (@amD) 2 SOIMUTAL L "ON
SO "wn) poonpoid |y 10 ]00d rorwnp | ro'wn)  [poonpord 1o [peonpoid pingd|fup wemgwny{  fuy weaigrwn) | ouny, fodues
23 (561 :pajaafu] wed)s |10, %189 1134009 110 19N
edA 9/ 12INSSAIJ UOHINPOL] (AMD) $/22 1£°0 1911y uonoafuy sdelaay
1dVo 08 BdY 101PUR D, T @ ANARID [dV (S3101BP §°9) Tyl ZT-vX $'9 AN[IqRAULA] AIN05qY FBIAY
§ " BqW 06T BN [Q1PUE Do T @ ANSOSIA 11O BEVE :Aso10g
00 1-wexe.J :pasn 1O Jo adA L 2 0Pl WNJOA 04 DH
Ad% '8 : UONIRINIES 191E A [BDIU] 32 06CT DWR[OA AO0J
Ad% 916 UoLEImES 10 jeU] D Tovy JQWTOA H[ng]

10)afu] [ejuoz1s0f] € Suisn) [EHUI I 34nssasd (F1sd OF) edY 69 127 uny - LTd d14BL




193

Fr () 589 SO0 109 98 (z ¥ £C1 L161 8 |
LYo 08's %00 z'8s 608 0¢ 0T 1 Ll L6'L i
150 LL'Y SO0 095 6LL 9z 20T 660 951 89'8 01
950 9"y 60°0 TS £SL Lg 0T 98°0 £egl w9 6
190 A 0 §1s 91L 8¢ 0T 9.0 9LI1 £9°9 8
59°0 €E'T cro 18P 899 19 €07 99°0 1201 0L’ L
nLo 981 910 L'ep L09 1L €07 95°0 98 Ly'L 9
8L'0 1€°1 970 9'8¢ 9£¢ 16 01e v70 689 06'S S
180 60'1 i 0'zE Sty 86 50T ce0 15§ 00 v
9L'0 Lo’ AN 0’52 LYE 66 £0¢ 620 LS LTS £
PL°0 L8O 620 gLl 8T 601 T 770 9 LE9 Z
PLO 050 6770 001 6€1 6E1 80T ANY L81 00'8 I
@amo) qOM §/20 dIOI%  )92) paonposg) aqdwes/sd | ojdweg/od (FMD) Ad "EHMD) 2 sy | "ON
ASO "wn) peonpord |9y 1000y IO'WN) | QWD) [podnpoid (10| PRONpoXd pinkd | fup wengwe) | Cfupwengwn) foowil | ojdwes
IV LI6T :papalug weasg 12j0 aLT'8sS 1AJIA09Y 1O 1IN
B 69 12INSSAIF UONIONPOL] (HAD) 5/22 6€°0 121y uondalug afelaay

IdVe 0 ‘edd 101PUR D, b7 @ ANARIO [V
§ "2 )6 ‘edX 101PUE D, T @ ANSOISIA IO

00 1-Wexe]
Ad% 9701
Ad% 168

pPesn

O Jo =d4],

: UOHIBINIES ISJEAA [ROIU]
uoNeINIRS [10) [BHIU]

(S31018P §'9) ZyW Z[-yX 9 1 AN[IqeatIag ANjosqy 2TeIoAy

%I Ve
2 06l
29 CELT
I ToVY

:Auso1od

oA Ao DH

10123{uj [e)uozLIOY © Suisn [EUIKI 2082 (31sd Op) BAY 9L 18T UNY - 874 dqEL

2DWNOA AU0d
PUNJOA YIng




194

670 87’9 90°0 £69 ve6 6T e Tl Z161 £L'L Al
750 BL'Y 00 £€9 06 9¢ 80T orl TELY rAR: I
95°0 8L'C 1o 8709 698 S 0T 86°0 %51 0T'8 ]
09°0 A4 ST0 0'LS <18 9 81T 98°0 6vEl LIy 6
090 Sl 61°0 L8 £6L 8 80T 08°0 1521 £0'L 8
790 £9'1 1zo 69 1£9 LL #T 69°0 9801 009 L
£9°0 et 70 Sy 65 08 0T 09°0 96 09 9
790 or'1 120 6'S¢ P1s ¥8 707 150 08 §5°9 <
99°'0 (AN LT 1°0¢ 0Ly 88 H0T w0 759 or's v
59°0 LTl 920 6'€T A4 16 Loz vE0 T4 8L €
¥9°0 0L'0 LZo oLl 162 611 w0 $T0 16€ eL (4
090 S0 €20 6 A% zZEl 0T P10 077 (A4S 1
HMD) HOM 530 dIOI%  [o9)poonpoid| ojdweg/on | oaidwes/d | (HMD) Ad (amD) 2 sy | "ON
SO "wn) poonpoig  |owey 110 |90 rorwnn | porwny  jpoonpord pofpaonpord proka [ fu wengwny | fup weagrwny ¢ oown, | opdwreg
7161 :paidafuy Wea)s [BoL, %E'S9 :£124009Y 110 BN
edY 20T :2I0S$21J UONINPOIL] (AMD) /29 60 ey uonoalu] weag aderday

1dV, 0¢ ‘BdX 101PUE D, ¥T @ A11aRID 1AV
§ - vdW Q6T “ed’t 101PUT Do $T @ ANSOISIA 1O
:pas) [10 Jo adAL
L uoneImeg I3jep 180Ul
wuonueImug (10 [enu]

001 -wexeJ
Ad% 68
Ad%b 1°16

(sa1058p GQ) TW T]-vX '

%0'Se
0 0l
D 0LST
N TOvY

: Apiqeatiad AN[0sqy 95RIAY

:K1isoI0q

1DWNROA 210d DH

10)03{u] |EJUOZLIOH J3jdwel( (Ul-p/1) WI-+9°) SuIS(} :67 UMy - 674 AGEL

2DWN[OA 0]
22WN[OA ¥




5

10

LSO £5e 10 65 8L01 8% coL 61°1 £681 0L9 <l
650 12083 91'Q giL 0Z01 [AY 01¢ 601 9¢L1 S¥'S il
090 18°C S 789 896 129 90T 101 ROSIT L8 01
790 62T 61°0 ¥'+9 ri6 £9 LT £6°0 ¥R 4 [A2Y 6
£9°0 96°'1 0z'0 6'65 158 0L Loc ¢80 el S6°S 8
59'0 (AN VTAY 0'ss 18L L AHT 9L°0 A (44 Lt
90 ort YA 6°6¥ 80L L6 T L90 6501 oy’ 9
L9°0 180 970 (1894 9 ¥il 0L LSO 606 CE'L Y
£9°0 0L0 970 HESY Loty oct 0T 9%’ LeL £9'L 14
890 09°0 620 9 LLE 9¢1 707 (SN 86¢S (A2 £
S9°0 Sv0 1£°0 ULl §4 6tl 0T ¥Z'0 L8t L¥'L [4
£5°0 PRO 1¢0 oL Z11 (44 90T ero [4%/ 06 4
(3MD) HOM 5/3 di01% (00) poonpord| ojdwes/a | 9jdureg/od (3MD) Ad amo)» solnui | ON
»SO wn) poonpolg  jow 110 |[00u morwnp | porwny  [peonpord nopaonposd prpd| fuy weaigrwny | fup wesigtung | QWi opdwes
20 €681 :pajdafuy wedls B0, %6°SL :£194003Y 110 PN
edy LOZ 1210883l UONONpold (AMD) $/20 6£°0 ey uonosfuf weag ageiaay
1dVo, 05 B 101PUE D, T @ ANARID [dV (SO121EP §'9) Tyl T1-vX £'9 + AN[IQEAULIA] N[OSQY IBLIAAY
s * B 06T *Bd¥ [OIPUE D, YT @ AUSOISIA {10 %BESE :Apsoiod
00T -Wexeq :pasn 110 o 2dAL 23 (OTrl uIN[oA 2104 DH
Ad% 01 : :O_.E._an RN jenug 22 [RCT QUNOA A10d
Ad% S'68 ‘uonuRIMES [10 [EHIU] 2 T6Y JoWnOA HINg

103U [EJUOZLIOY] JajoUIBI(] (UI-§/E) WA-S6'( BUIS) :0E Uy - 0EF AqEL




196

67°0 80 S0°0 £S5 129 ze 9¢T LT 9pIT oot |
0£°0 98'C S0°0 0cr 685 6T 661 XA E61 §8'6 | 11
70 8L'Z AN 6'0F 09§ 9 we 18 ovLl 98 | o1
80 ¥ 600 T9€E 961 £ L0T 00°1 8961 JAR: 6
760 9I'¢ 10 %3 397 6% 0T 060 90v1 $T'L 8
ZE0 Pt 10 §'6C Oy 1s 90T 080 7921 oL'L L
780 88'C ¥1°0 86T £5¢ 43 07 1L0 (1] 041 8¢9 9
1£°0 S £€°0 07T 10€ 5S 61 £9°0 86 SLT g
920 LTy 01°0 0'81 94T LE 61 650 0£6 50’9 v
920 1€ LO°0 €SI 60T Ly 861 %0 018 €801 | €
Lz L8 1o 811 791 oL 102 80 965 co0r | ¢
v2'0 el 80°0 L9 76 26 81T YA £8¢ Tr61 I
EMmD} q0M $/22 dIOI%  {2d)poonpoig| oidweg/oo | odwessd | (AMD) Ad (@Emo) » sONuIA;| ON
USO "W poonporg  lovey nolsox norwmn|  orwny  [poonposg nolpesnposd propa| fuy weagwny [ fup weagwny | owny, |ojdures
AR d :papdalug wed)s jes g, 9, ¢S :AI9A023Y 1O 1N
Bdy 102 10INSSAL] uondNpoId (IAD) §/92 €€°0 918y uonasfu] wealg agesony

1dVo ¥1 BdY 10TPUR D, $7 @ ANARID 1V
$ " vquw 00§ 1 edy [01PUR Dy $T @ AUSOISIA IO
:pasN) 10 Jo 2d4 L
T UONIEINIES ID1BAA {RIIUT
‘uoneIneg {0 [enug

WILIMUTE AL
Ad% LT
Ad% ©L8

($31052P €°9) ZVW TT-v¥* ¥'0

%0°SE
NV 0LET
D OLGE
2 TovY

: Aniqeouisag 2IN[osqy d3vIGAY

:K31S0104

:swnjoA Aaod DH

10pafuf |ejuoziiol € Suisy S"eJut Q81 ANS0ISIA JO () :{E uny - Ted 2HEL

:QWN[OA 2104
SWNOA N[Ng




197

86°0 8L'E 60°0 1oL $901 9% 07T Pl Ly81 £9°8 A
09°0 or'T 910 8L 6101 59 172 #0°'1 9891 £8'9 1
19'0 A% £2°0 1'89 56 56 0z 96'0 6551 £6'9 ot
09°0 Le <o v'19 658 09 061 880 0g¥1 £9°9 6
19°0 0g'l ¥9'0 1'LS 66L 6 AL 18°0 LOET or'e 8
950 88l ARy $'08 LoL 89 961 8L°0 0921 5v'6 L
65°0 0t 82°0 9'Sy 6£9 €01 e L9°0 PRO1 80'9 9
50 b6l 770 €8¢ 9 L9 L61 09°0 1L6 50°S S
£5°0 A 120 CEE 69% 6L £61 ¥6°0 LL8 97’9 v
150 £8°0 61°0 6'LT 06€ 801 861 Ly'0 9L L6 £
8’0 ¥$°0 910 10T 8z O£l 00T 9¢°0 685 £5€l z
Syo €60 v1°0 601 81 st we 170 LEE AR l
(HMD) HOM §/22 dIOI%  [00) peonpoid| odueg/od | odweg/so | (HMD) Ad (AMD) sonuriy | ON
SO "wn) poonpolg (a1 10 |0ou norwna | porwiny  [poonpord 110 peonpoid pingd | fur wedgwa) | fup weaigwny | auny | Jdwies
3 LPET :pajaaluf weag (810, %1°9L :£194033Y 110 PN
e 107 13Inssalg uonanpold (HAMD) S99 1€°0 9By Uonosfuf wedl§ 9FeIdny
IdVo 81 B TOTPU? Do T @ ANARID IV (SSI0IEP $'9) Tyl TI-vX +°9 ¢ AN[IGEOUL] AN[OSQY 33BIIAY
S*BdW GL6 B TOTPUR D, $T @ ANSOISIA TIO %1°9¢ -Anisorod
WILMUIE AL 1pas) KO Jo adA L, 20 Q0T PUNOA 2104 DH
Ad% 9'C1 T uoneinies IajeA [eniuf 22 (791 2[URJOA 3104
Ad% 98 :uoneinieg [10 [eDuf D Z6hY :BWNoA H{[nyg

10)92[uj [eIUOZIMO} & SuIS) S'BJut §L6 ANS0ISIA JO 1O g uny - 7€d UL




198

550 £0'T v1°0 £'€9 896 89 907 60'T 69L1 g1y | 1
950 0v'e 510 8’85 006 09 0T 660 091 889 | II
150 e 61°0 6'vS 0v8 9 90T 160 141 zes | or
L§0 151 Y20 L0S 9LL 8L 961 p8°0 Z9¢1 SE'S 6
950 €9'T 0z'0 95 869 9L 00T 8L°0 95Z1 €09 8
550 0’1 €20 Loy 729 86 102 0L°0 ECII L69 L
£5°0 760 €20 TvE s 801 07 190 566 L8'L 9
05°0 00T 0z'0 i 91y 01 vozZ 50 6£8 758 S
LY0 L0’ 720 $0Z Vg 96 661 170 0L9 0E'L v
0 LUl 81°0 Tl 817 ¥6 0L €0 58 55°8 g
SE°0 9’1 91°0 g Tl 8 0T 0 95 £9°8 z
£2°0 18 80°0 LT w 2 w0 1o 58l €6 I
EMD) J0M §/29 dIOI%  [09) paonpasg ojdwesfd | adweg/d | (AMD) Ad (HMD) 20 oWy | ON
ASO "wn) poonpoid |01y 1o | 00w orwn| orumy  |poonposd no [poonpord pinga | fup weagwnd | fupurengrwn) | owiy, | odureg
2 69LI :paafuy W |80 L %BEEY 1134099y 110 19N
BdY RET 12INs8$Al1J UONINPOIJ (AMD) $/20 €70 21y uondfu] wedls o3eidny

1dV. 0¢ BdY 101PUR D, T @ ANARID [dY
§ " edW (6T ‘B 101PUE D, $T @ ANSOISIA 110
:pas 110 Jo adA L,
D uoneImeS I3jB AN [BOIU]
UONRINES 10 [BUIM]

001 -wexe.J
Ad% 9
Ad% V'v6

(S91DIEP §9) Tyl T[-vX $°9 * AN[IqRAULIS] AIN[OSQY AFRIIAY
:Auso1og
;WMo alod DH
DWN[OA U0
PunoA g

%19t
2 0ESI
3 (791

N covy

13INPoJJ [BIUOZLIOH Jajawei] (Ul-p/[) Wa-p9°( Buls(} :£¢ uny - €€ 3qeL




199

950 $TT 070 6'69 101 £9 0T 91°1 618t 0TS Al
960 06'1 [zo 9'69 (S6 L 907 60'1 LOL1 89°¢ 11
950 L8l 720 L09 088 1L 0T 10°1 851 ws 0t
S0 86°t vZ'0 866 608 08 907 £6'0 Lo¥1 L9's 6
S0 791 970 £0S 6L 8L 0T 980 SYEL L6Y 8
£5°0 6¥°1 0 %44 159 78 07 6L0 8¢Z1 019 L
150 96t £2°0 T'6¢ 695 6L 0z 0L0 9011 8¢S Q
05°0 6L1 61°0 8EE 06t €L 0T 790 086 %9 S
050 991 LI 8'8Z LIt 91 02 £6°0 6£8 8T'L v
050 d! 81°0 $'eT 1+€ ¥8 0T €70 789 L €
050 60 Lo LLl LSt 901 907 £€°0 LIS 0£°0I A
IS0 9¢'0 81°0 70l 151 161 0z 610 6T 89°¢1 [
aEmD) YOM 829 dIOl%  [09) peonpoug| ardwes/od | odures/d | (AMD) Ad (HMD) 2 soInuIN | "ON
SO "wn) poonpoxg  Jorey 1o }osu poruma|  porwny  [pesnpord o poonpoid pmid | fup wealgrwny | fup weaigwny | ouny, | ajdures
6181 :payalfuf wexng [ejog, %669 :£33A023Y 110 PN
B4 QE T 12UN1Ssar g uononpold (FMD) §/209¢°0 91y uondafuy wealg Jdeiaay

1dV, 0F ed 101PUE D, ¥T @ K11ARID [dV
$ " edW Q6T ‘B 101PUE D, $T @ ANSOSIA (IO
'pasn 11O Jo odA L,
D uonRINIeg I91BAN [RUIU]
‘uoneIneg 1) jen|

001-wexeq
AdD 9L
Ad% V76

(sa1o1ep §'9) ZW TI-vX 1’9

%0°6t
0 0&p1
N OLGT
N Tovy

: K1[Iqeauad ANJosqy AGeIAyY

JIINPO.IJ {BIUOZIIOF] IRl {Ul-§/¢) WI-S6'( SWIS) (Fg ury - pEY d14EL

:Anso104
wnoA a0d DH
DUIN[OA A0
IPDUIN[OA Y0g




200

95°0 £0'9 #0'0 ovL sTLt 8T 861 6T 1 810T 0L°01 Al
090 '€ 800 L L601 0S 0T L1’} 8E8I L8°6 I
£9°0 sT'E o 6'89 LYO1 8y 14174 LO'T 7491 09°'L, o1
90 00'¢ LO0 LS9 666 0 00z 660 423! SHII 6
0L0 97T 600 ¥'79 6¥6 79 20T 980 (433! LT 8
LLO 8¢’ FANY 7’86 L88 18 102 vL'O 9511 vLL L
6L0 or't 70 0'€s 908 Ol 812 99°0 9701 vLL 9
8L°0 AN Lo (414 oL 86 802 LS°0 968 9L'6 S
£8°0 00°1 61°0 L'6E 09 801 912 LY0 TEL LY'6 1
L8°0 790 670 9'ZE 96% 621 60T LEO €L £E°L €
780 74\, ANY 1874 L9€ 691 50T 670 oSt €L°8 4
L9°90 00 61°0 £el 4114 702 71T 61°0 £0g 7081 1
(HMD) oM $/20 dIO1%  [20) paonpoyd| opdwes/oo | spdweg/sd | (IMD) Ad @Emo) sonuiN | ON
SO "wn) poonporg  |a1ey oo norwn) | porwny  pasnpoig o) pednpord ping | fuf wengrwny | fup weagwny | eunp | odureg
M R10T :pasdaluf wed)s [ejog, %0"PL :£334029Y 110 BN
edy 8€1 12IN$8314 uouINPoid (HMD) $/00 870 :9iey uonoalu] wes§ 93e1aay
IdVo 81 :BdY 101PUE D, $T @ ANARID [dV (sa1218p §'9) ZyW TI-OIX F°9 : AIIGEIULIA] AN[OSqY FRIAY
S edW L6 ‘Bdd 10TPUE D, ¥T @ ANSOSIA IO %8 ¥E :Knsolod
WIumuep pas NO JoadAL 29 0ZST :BWNPA 2104 DH
Ad% 6°'C T uoneINeS JAJBAA JeNIUT 22 COCT PDUWNOA U0
Ad% 1°L6 Juonelnieg 1) [eHIu] 22 ey PUINOA §[nYg

J3DNPOJJ [BJUOZLIOL] B SUIS[) S"BJU §L6 ANSOISIA JO 1)

Sguny - sed3qelL




2011

SE0 a8 00 8Ly Lit LE LTt 97’1 43174 go¢L |zl
6£0 00°L 900 €Sy 089 §T 00T 60'1 €91 €69 | 11
0r'0 00'y 60°0 L'EY 69 6t 61 00'1 7791 €69 | 01
A0 00°¢ 1o 'y 919 8 61 60 18%1 00'L 6
o 458" Z1ro 6'LE 89¢ 0s 97 £8°0 8EEl 00L | 8
£r'0 67°€ 600 SvE 8IS 9¢ 0 vL°0 611 801 | L
LY0 9T 110 80t 9v 9 61 090 vLE geg | 9
050 L6l €20 'L %0¥ 99 961 050 08 egsy | S
8¥'0 £5°1 1o L'ee ove 9L 61 0 oL £6°8 4
050 0s'1 7A 9Ll 927 08 00T £E°0 1€S 96 | €
70 STl 1z0 €I 81 68 161 9Z'0 9l 1L | ¢
E0 9r't o £9 $6 56 50T Lo 0LT gzer | 1
(HMD) AOM §/39 diOI%  [90) paonpoid| odwes/d [ opdwes/od | (IMO) Ad (#HMD) 2 soInuiy| "ON
4SO "wn) paonpold  |otey no 0oy porwn) | orwm)  padnpoid nojpeanpord pingd | fup wedigwny (- ClupuweaigTwny | WL opdureg
2 0T :pajaafu] weg [eloL %8 LY :A13A003Y 10O PN
BJY 8¢ T 13IN8SAIJ UonINpoid (IAD) §/20 50 ey uondafu] wealg oTeIaAy
IdVo 1 Bd¥ 10TPUE Do vT @ ANARID [V ($9101P 6°9) ZWW TI-vO1X ¥'9: ATjiqesiad AN[osqy afeIaAy
S edW QO8I B 101PUE D, #T @ KISOOSIA IO BO9E :Anso10d
wIumue :pasn) 10 Jo 3dAL 99 00§ T :aumjoA 210d DH
Ad% 1°L D uoneInIES I91BAA TBNIUf 20 Q191 PUNjoA 0]
Ad% 6'T6 ‘uwonermme§ [1Q [BRW] 2 Tovy P[UWNCA j[ng

129npoay [EWUOZLIOL] B Suis) S"eJus QKT ANS0ISIA JO 110 19€ Uy - 9¢4 AGEL




202

Appendix C: Production History of Experiments Conducted



Figure C1 - Production History of Run 1: Cumulative Oil
Recovery, Cumulative Oil-Steamn Ratio, Water-Oil Ratio and
Oil Rate vs. Cumulative Steam Injected Bottom Steam
Injection Using a Horizontal Producer
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Figure C2 - Production History of Run 2: Cumulative Oil

Recovery, Cumulative OQil-Steam Ratio, Water-Oil Ratio and

Oil Rate vs. Cumulative Steam Injected Bottom Steam
injection and Ap of138 kPa Using a Horizontal Producer
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Figure C3 - Production History of Run 3: Cumulative Qil

Recovery, Cumulative Oil-Steam Ratio, Water-Oil Ratio and

Oil Rate vs. Cumulative Steam Injected Bottom Steam
Injection and Ap of 69 kPa Using a Horizontal Producer
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Figure C4 - Production History of Run 4: Cumulative Oil

Recovery, Cumulative Oil-Steam Ratio, Water-Oil Ratio and

Oil Rate vs. Cumulative Steam Injected
(Repeat of Run 3 for Results Reproducibility)
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Figure C5 - Production History of Run 5: Cumulative Oil
Recovery, Cumulative 0Qil-Steam Ratio, Water-0il Ratio and
Oil Rate vs. Cumulative Steam Injected Bottom Steam
Injection Using a Horizontal Producer
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Figure C6 - Production History of Run 6: Cumulative Oil

Recovery, Cumulative Oil-Steam Ratio, Water-0il Ratio and

Oil Rate vs. Cumulative Steam Injected Bottom Steam
Injection and Ap of 207 kPa Using a Horizontal Producer
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Figure C7 - Production History of Run 7: Cumulative Qil

Recovery, Cumulative Oil-Steam Ratio, Water-Oil Ratio and

Qil Rate vs. Cumulative Steam Injected Bottom Steam
Injection Using a Horizontal Producer
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Figure C8
Recovery,
Qil Rate vs.

- Production History of Run 8: Cumulative QOil
Cumulative Oil-Steam Ratio, Water-Qil Ratio and
Cumulative Steam Injected Using a Horizontal
Producer Penetrating 100% of the Sand Pack Length
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Figure C9 -Production History of Run 9: Cumulative Qil
Recovery, Cumulative Oil-Steam Ratio, Water-Oil Ratio and
Qil Rate vs. Cumulative Steam Injected

(Repeat of Run 7 for Reproducibility Results)
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Figure C10 - Production History of Run 10: Cumuiative Oil
Recovery, Cumulative Qil-Steam Ratio, Water-Oil Ratio an
Oil Rate vs. Cumulative Steam Injected Using a Horizontai
Producer Penetrating 25% of the Sand Pack Length

d

100 S N L L L A B B A T 12
| L, /L=0.25
®=0.377 L ’
S, =0.909 I‘ ;
" 8,,=0.091 !
- k=6.4 x 1072 m? Prod. Fluid '
u°.=290 mPa.s i 410
80 [4p=138kPa H
Q,,,,=0.30 cc/s (CWE) :
L Injaction from Top 4
TSteamT T o
)
: 18 =
' 8
z 60 ®
= =)
Xo Q
0
> £
03 76 3
= £
e =
e o g
- w40
ot 2
95 1a?
=t =]
o e
E [}
3
20
12
0 0

Cumulative Steam Injected (PV)



10

80

[a2]
o

and Oil Rate X 100 (cc/s)
<3
o

Cumuiative OQi! Recovery (%I10IP}

n
o

Figure C11 -

Production History of Run 11: Cumulative Qil

Recovery, Cumulative 0Qil-Steam Ratio, Water-Cil Ratio and
Oil Rate vs. Cumulative Steam Injected Using a Horizontal
Producer Penetrating 50% of the Sand Pack Length
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Figure C12 - Production History of Run 12: Cumulative Qil

Recovery, Cumulative Oil-Steam Ratio, Water-Oil Ratio and

Oil Rate vs. Cumulative Steam Injected Using a Horizontal
Producer Penetrating 25% of the Sand Pack Length
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Figure C13 - Production History of Run 13: Cumuiative Qil
Recovery, Cumulative Oil-Steam Ratio, Water-Oil Ratio and
Oil Rate vs. Cumulative Steam Injected for Pressure
Differential of 55 kPa Using a Horizontal Producer
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Figure C14 - Production History of Run 14: Cumulative Oil

Recovery, Cumulative Oil-Steam Ratio, Water-Oil Ratio and

Oi! Rate vs. Cumulative Steam Injected for 207 kPa
Pressure Differential Using a Horizontal Producer
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Figure C15 - Production History of Run 15: Cumulative Qil
Recovery, Cumulative Oil-Steam Ratio, Water-Oil Ratio and
0Qil Rate vs. Cumulative Steam Injected fori04 kPa
Pressure Differential Using a Horizontal Producer
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Figure C16 - Production History of Run 16: Cumulative Oil
Recovery, Cumulative Oil-Steam Ratio, Water-Oil Ratio and
Oil Rate vs. Cumulative Steam Injected Using a Horizontal
Producer Penetrating 100% of the Sand Pack Length
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Figure C17 - Production History of Run 17: Cumulative Qil
Recovery, Cumulative Qil-Steam Ratio, Water-0Oii Ratio and

Qil Rate vs. Cumulative Steam Injected for 172 kPa
Pressure Differential Using a Horizontal Producer

80

1 0 U T T T ! T T T | T T T | T T T 1 T T T T—T T

Ap=172 kPa (25 psig)

- $-0.358 L )

S,=0.891 < g -

S, =0.109 Steam P

k=6.4 x 10" m? . L P

L h_290 mPa.s Prod. Fluid ¢ w ﬂ .; |

_Injection from Top ~— 7]

IAp P

m
[==)

40

Cumulative Qil Recovery (%I0IP)
and Oil Rate X 100 (cc/s)

N
o

Cum. Oil Recovery

il Rate —
s
e N

\OSR |
------------- J-—-_\., :
\ |

| i | i | | ! | | 1
0.0 0.2 0.4 0.6 0.8 1.0 1

Cumulative Steam Injected (PV)

219

HSO AlEBINWND pue HOM



Figure C18 - Production History of Run 18: Cumulative Oil
Recovery, Cumulative Qil-Steam Ratio, Water-Oil Ratio and
Qil Rate vs. Cumulative Steam !njected Using a Horizontal

b2

Producer Penetrating 75% of the Sand Pack Length
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Figure C19 - Production History of Run 19: Cumulative Qil
Recovery, Cumulative Oil-Steam Ratio, Water-Qil Ratic and
Oil Rate vs. Cumulative Steam Injected Usin% a Horizontai
Producer 0.25D from the Sand Pack Upper Boundary
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Figure C20 - Production History of Run 20: Cumulative Qi
Recovery, Cumulative Oil-Steam Ratio, Water-Oil Ratio and
Qil Rate vs. Cumulative Steam Injected Using a Horizontal
Producer 0.75D from the Sand Pack Upper Boundary
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Figure C21 - Production History of Run 21: Cumulative Qil
Recovery, Cumulative Oil-Steam Ratio, Water-Oi! Ratio and
Qii Rate vs. Cumulative Steam Injected Using a Horizontal

Injector Penetrating 100% of the Sand Pack Length
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Figure €22 - Production History of Run 22: Cumulative QOil
Recovery, Cumulative Qil-Steam Ratio, Water-Oil Ratio and
Oil Rate vs. Cumulative Steam Iéected Using a Horizontal
Injector Penetrating 25% of the Sand Pack Length
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Figure C23 - Production History of Run 23: Cumulative Qil
Recovery, Cumulative Oil-Steam Ratio, Water-Oil Ratio and

a Horizontal
Injector Penetrating 50% of the Sand Pack Length

Qil Rate vs. Cumulative Steam Injected Usin
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Figure C24 - Production History of Run 24: Cumulative Oil
Recovery, Cumulative Oil-Steam Ratio, Water-Oil Ratio and
Oil Rate vs. Cumulative Steam Injected Using a Horizontal

Injector 0.25D from the Sand Pack Upper Boundary
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Figure C25 - Production History of Run 25: Cumulative Oil

Recovery, Cumulative Qil-Steam Ratio, Water-Oi! Ratio and

Oil Rate vs. Cumulative Steam Injecied Using a Horizontal

Injector 0.75D from the Sand Pack Upper Boundary
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Figure C26 - Production History of Run 26: Cumulative Qil
Recovery, Cumulative Oil-Steam Ratio, Water-Oil Ratio and

Oil Rate vs. Cumulative Steam Injected for 207 kPa
Pressure Differential Using a Horizontal Injector
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Figure C27 - Production History of Run 27: Cumuiative Oil

‘1‘\()

Recovery, Cumulative 0Qiil-Steam Ratio, Water-Qil Ratio and

Qil Rate vs. Cumulative Steam Injected for 69 kPa
Pressure Differential Using a Horizontal injector
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Figure C28 - Production History of Run 28: Cumulative Oil
Recovery, Cumulative Qil-Steam Ratio, Water-Oil Ratio and
Oil Rate vs. Cumulative Steam Injected for 276 kPa
Pressure Differential Using a Horizontal Injector
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Figure C29 - Production History of Run 29: Cumulative Oil
Recovery, Cumulative Qil-Steam Ratio, Water-Oil Ratio and
Qil Rate vs. Cumulative Steam Injected Using 0.64-cm
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Figure C30 - Production History of Run 30: Cumulative Oil
Recovery, Cumulative Oil-Steam Ratio, Water-Oil Ratio and
Oil Rate vs. Cumulative Steam Injected Using 0.95-cm
Diameter Horizontal Injector
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Figure C31 - Production History of Run 31: Cumulative Oil
Recovery, Cumulative Oil-Steam Ratio, Water-Oil Ratio and
Oil Rate vs. Cumulative Steam Injected for Oil of Viscosity

1800 mPa.s Using a Horizontal Injector
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Figure C32 - Production History of Run 32: Cumulative Oil

Recovery, Cumulative Oil-Steam Ratio, Water-Oi! Ratio and

Oil Rate vs. Cumulative Steam Injected for Oil of Viscosity
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Figure C33 - Production History of Run 33: Cumulative Qil
Recovery, Cumulative Oil-Steam Ratio, Water-Oil Ratio and
Oil Rate vs. Cumulative Steam Injected Using 0.64-cm
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Figure C34 - Production History of Run 34: Cumulative Oil
Recovery, Cumulative Qil-Steam Ratio, Water-Qil Ratio and
Oil Rate vs. Cumulative Steam Injected Using 0.95-cm
Diameter Horizontal Producer
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Figure C35 - Production History of Run 35: Cumulative Oil

Recovery, Cumulative Oil-Steam Ratio, Water-Oil Ratio and

Qil Rate vs. Cumulative Steam Injected for Oil of Viscosity
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Figure C36 - Production History of Run 36: Cumulative Oil
Recovery, Cumulative Qil-Steam Ratio, Water-0il Ratio and
Oil Rate vs. Cumulative Steam Injected for Oil of Viscosity
1800 mPa.s Using a Horizontal Producer
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Appendix D: Scaling Parameters and Calculations
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The experiments and work outlined in this research are not scaled. However,
an existing scaled model was used to carry out the experiments. Some modifications,
such as installing new horizontal wells and choosing a suitable geometrical factor, were
introduced into the model. This chapter provides information on the original design
and purpose for which the model was constructed.

1 Scaling Techniques

1.1 Dimensional and Inspectional Analyses

Laboratory displacement experiments are used widely to investigate, directly or
indirectly, the production behaviour of petroleum reservoirs. Such experiments are
representative of the reservoir behaviour only if carried out with properly scaled
models. The performance of a specific reservoir is governed by the value of a number
of variables, which can be mathematically combined and manipulated into different sets
of dimensionless groups.

Two general methods, inspectional analysis and dimensional analysis, are
available for derivation of dimensionless groups. Inspectional and dimensional
analyses’ are techniques for expressing the behavior of a physical system, in this case
petroleum reservoirs, in terms of the minimum number of independent variables,
arranged in the form of dimensionless groups, of the physical quantity defining the
system. In dimensional analysis, the combination of variables is done using
Buckingham's Pi-Theorem. Its successful application requires a complete knowledge
of the variables in a particular process. It produces a large number of similarity criteria
if many variables are considered.

Inspectional analysis, atributed to Stokes,” is applied to the differential
equations defining the physical process involved. However, in inspectional analysis,
the derivation of dimensionless groups is accomplished by normalizing the differential
equations, i.e. making the independent variables dimensionless and carrying out a
judicious inspectional analysis of the variables. This leads to a dimensionless
differential equation, with the variables appearing as groups, which can be identified
with, or modified to be identified with, well-known dimensionless groups.

A characteristic feature of this method is the existence of a mathematically
expressible concept of the phenomenon. This entails introduction of any approximation



to enhance and stabilize the analytical or numerical solution to the equation if one 1s
sought. Moreover, dimensionless groups derived by inspectional analysis have a more
apparent meaning than that of the groups derived by dimensional analysis. Inspectional
analysis is a desirable procedure for obtaining scaling groups for constructing a
physical model or a mathematical expression for an analytical or numerical model.
Details of this procedure are given in Reference 74.

2 Scaling Procedures

Scaled models of the steam process have contributed significantly to the design
and implementation of field projects. Scaling groups used to scale petroleum reservoirs
are derived from the equations describing flow phenomena in porous media using
dimensional or inspectional analysis. Equations describing flow phenomena in porous
media can be classified as follows: those describing conservation of mass, momentum
and heat; those describing properties of the components, such as density (equation of
state) and viscosity; and those describing the mutual interaction of the components,
such as diffusion of two miscible liquids into each other, capillary phenomena at the
interface between phases and relative permeabilities. Furthermore, some similarity
states such as geometrical, kinematics, dynamic, thermal and chemical similarity may

have to be satisfied by models to simulate a petroleum reservoir process.

2.1 Physical Model

The first step in modeling the steam process is the development of scaling
groups or scaling criteria. The scaling groups for the physical model, horizontal wells,
steam drive process, and steamn assisted gravity process presented in this work were
obtained by putting the governing equations into dimensionless form, determining
similarity parameters by inspectional analysis, and then combining and modifying these
similarity parameters using engineering judgment to obtain a set of scaling groups
which can generally be matched between the scaled model and the field prototype.
Flow processes simulated in this work did not account for dispersion and diffusion of
steam-additives in the oil, water or vapour.

Additional assumptions were needed to simplify the complex nature of the
steam process, including that the porous medium was homogenous and isotropic; rock
compressibility and thermal expansion were negligible; mass transfer took place solely
due 1o convection; water condensed out of or vaporized into the steam; the system was
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always in local thermodynamic equilibriumn; kinetic, potential and viscous energies were
negligible compared to thermal energy; and dispersive and diffusive heat losses were
small compared to conductive heat flux. In addition, Darcy and Fourier's laws were
assumed to be valid, that the fluids under consideration behaved according to Newton's
model for a viscous fluid and their properties were functions of pressure, temperature
and concentration. Scaling groups for flow in the reservoir are given in Table D1.
These scaling groups were used to construct a physical model in an effort to simulate
steam processes in the prototype field whose properties are given in Table D2.

Table D1: Physical Meaning of the Scaling Criteria for Flow in the
Reservoir (after Doan, 1991)%

OR Porosity factor
H
2L Geometrical factor
PorsinBrHgR Ratio of gravitational forces to pressure drawdown
PoR
o H? .
KMEKLLLR Ratio of viscous force to pressure drawdown
PoRKKraRPoR
Pwr
PoR Ratio of aqueous and oleic phase densities
PgR_
PoR Ratio of vapour and oleic phase densities
}I))% Ratio of oleic and aqueous phase pressures
ELE Ratio of oleic and vapour phase pressures
8
SR

SoR Ratio of vapour and oleic phase saturation

D
)
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Table D1- Continued
CRardeR , .
_E'c—sc Ratio of produced steam-additive in vapour and oleic phases
CoardoR

kihRTRMoR
PoRkKroR hoRPoR

Ratio of conductive heat to oleic phase convective heat

¢’RSORH21—10R

Time scale factor
4kkroR PoRIR

hwR

Ratio of aqueous and oleic phase enthalpies
hor Ratio of vapour and oleic phase enthalpies

Ratio of rate of heat injected/produced to oleic phase enthalpy
~ Ratio of rate of heat injected/produced to rate of heat loss

PorM ok Ratio of reservoir rock energy to oleic phase enthalpy
Ratio of aqueous phase internal energy and its enthalpy

Ratio of aqueous phase internal energy to oleic phase enthalpy

—&= Ratio of vapour phase internal energy to oleic phase enthalpy

Ratio of gas-oil capillary pressure to oleic phase pressure
PoR Ratio of water-oil capillary pressure to oleic phase pressure
o]

Ratio of initial and instantaneous oleic phase saturation



Table D1- Continued

Tir
Tr

PoiR
PoR
PoRkkroR

ORSoRHOROGBR

Cyr2
grH
4kpobRTobR

5C
Jor
5C
qu
ARKhobRTobR
VbrRLAR
hiniRWinjR
5
QhinjrR
5C
hs injR

sSC
hinjr

5¢
(IoprodR

sC SC
CngdequrodR
kroRMwR
lErwR HoR

KrorH gR
I'ErgR HoR

krwRUgR

lErgR HwR

Wgth gwinjR
wR NwiniR

Wle-le
pwr kkrwrHpwr

Ratio of inital and instantaneous temperatres

Ratio of initial and instantaneous oleic phase pressures
Ratio of oleic phase produced and thermal diffusion to

overburden

Ratio of heat loss and overburden thermal capacity

Ratio of oleic and vapour phase production rates

Ratio of overburden thermal conductivity to heat loss rate

Ratio of production aqueous phase enthalpy to heat injected

Ratio of injected steam-additive enthalpy to injected aqueous

enthalpy

Ratio of produced oleic phase and produced steam-additive in

vapour

Mobility ratio between oleic and aqueous phases

Mobility ratio between oleic and vapour phases

Mobility ratio between aqueous and vapour phases

Ratio of injected water enthalpy to injected aqueous enthalpy

Ratio of aqueous injection rate 10 reservoir storage capacity



Table D2: Prototype Reservoir Data (after Doan, 1991)%*

Pattern spacing
Patiern type
Pay thickness
Porosity

Permeability

Initial reservoir temperature

Initial reservoir pressure

Steam injection pressure

Steam injection rate

Steam quality @ sand face (assumned)
Oil viscosity @ 19 °C

API gravity @ 19 °C

Wells

Two vertical steamn injectors

One horizontal producer

Length
Diameter

Completion

5.0 ha
Isolated
18 m
0.325

3.95x 10" m*
(4.0 darcies)

19°C

4.2 MPa
7.0 MPa
200 m*/d
1.0

4400 mPa.s
13 °API

404 m
i7.78 cm

Slotted Liner
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An element of symmetry was selected to represent the prototype reservoir
shown in Figure D1. Using a geometrical factor a of 430 and the smallest elemental
length of 202 m, the horizontal well length was determined to be 47 cm.

a = Length of element of symmetry/Length of the model

The sand pack length was chosen to be 48.3 cm long to account for the
prototype end effect. Furthermore, the total length of the model was selected to be 61
cm to make room for the end caps to seal off the model. Since the prototype was
rectangular in shape, to produce a linear and cylindrically shaped model, the prototype
and the mode] bulk volumes were used to calculate the diameter of the model.

a3 = YbF
VoM

or

:(202mx124mx18m)
4303

VoM =0.00567 m3

Gives

-YQM-] 03 = [Q-M] 05 _ 5.4 cm

TwM = LrLM 7 x 0.61

where Vi and Vi are the field and model pore volume, respectively.

Thus, the linear, high pressure physical model is a cylinder with a diameter of
10.2 cm (4 in) and a total length of 61 cm (24 in). The reason that a 10.2-cm (4-in)
instead of a 10.8-cm (4.3-in) diameter model size was used is that pipes come in
standard sizes. For the purpose of radial steam injection, the inside wall of the cylinder
was lined with a rolled sheet of sintered metal to act as a distributing boundary for the
injected steam.

2.2 Horizontal Wells

It was assumed that incompressible and immiscible heated bitumen and
condensate are the only fluids flowing inside the horizontal well. To further simplify
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the derivation of the scaling criteria, the flow was considered to be single-phase steady-
state flow and the volume of inflow into the horizontal well was a function of the
potential gradient between the reservoir and the horizontal well. Table D3 lists the
scaling criteria for flow inside the horizontal well; for a detailed denvation. see
Reference 63. The length of the horizontal well was scaled down by a factor of 430;
however, some problems were encountered in satisfying the scaling criteria to scale
down the diameter of the horizontal well. Using the pressure drawdown scaling group

shown below;

] _{r%v,F(mekkMR)M.} o
WM a (prKKrmRJF |

CGiven,
(kkrmr)M = 6.4 x 1012 m? (Single-phase flow assumption)
(kkrmr)E = 3.95 x 1012 m2 (Single-phase flow assumption)
(Prr)M = 0.138 MPa (Experimental pressure drawdown)
(PmprJF = 2.8 MPa (Field pressure drawdown)
ry F = 0.1778 m (Horizontal well radius in the ficld)

Gives rym=0.24cm

In practice, it was difficult to satisfy the group for horizontal well scaling
criteria, simply because the scaled horizontal well diameter was too small (0.24 cm
(0.094 in)). For these and other reasons, five horizontal wells (three having 0.32 cm
(1/8 in) diameter and the other two having 0.64 ¢cm (1/4 in) and 0.95 cm (3/8 in)
diameters) were fabricated.



Table D3: Physical Meaning of the Scaling Criteria for Flow inside
the Horizontal Well (after Doan, 1991)%

T . .
_wiinlet Geometrical factor for horizontal well
I'w outlet

L Geometrical factor for horizontal well
T'w outlet

pmrHggrsin Og

PR Ratio of gravitational force to pressure drawdown
m

2vouRUouR :
Wil Ratio of total energy at outlet to total work done

C% Ratio of work done to the energy of the fluid inside the well

JRUmrAPR Ratio of energy loss to energy of fluid stream

2
PmRUR'R

2
T ApR
% Ratio of pressure drop across the well to fluid flow velocity

3}-lmR1%¢,in]cthUR
8kkrmRPmRIRLUmR

Ratio of energy of inside-well flow to energy of inflow

2.3 Steam Drive Process

For the steam drive process, the effect of gravity in providing the driving force
necessary to move the steam zone and mobilized oil bank forward toward the producer
was assumed to be negligible compared to the force provided by the pressure drop
between the injector and producer. Thus, to better represent the effect of pressure drop
between the injector and producer, some modifications included removing the gravity
terms contributing to the flow in the porous medium and the flow inside the horizontal
well. Table D4 shows a list of the reservoir flow scaling criteria modified for the steam
drive process.
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Table D4: Scaling Criteria for Steam Drive Process (after Doan, 1991)%

1) Flow in the Reservoir:

SC 112
H _9rHMHoR o WwREWR  Sur. SiR
A" Apor meoR,u,QgB,,Po_R , PoR , , QwR, JgR

PoR  PoR PwR PR pwrkkrwRHPwWR  Sor Sor

CXrO5r  knrRTRHoR 0rSoRH?loR hyr heR th GhR
C%—s&c s poRhoRPoRkkroR ’ 4kko RPoRIR ’ h\:]}; iR (DR
oaRAoR 1{¢] qu hoR qIR

PRUR Ugr Uwr YgR pCEOR PcowR SoiR PoiR TiR PorkXroR
PoRMGR’ hiorR” Tor * MoR” PoR ~ PoR * SoR” PoR” TR’ ¢ SorHOROLGHR

2 sC
qirH e hwm,RCIwCian ARknobRTobR DsinR GoprodR
) » SC ] e ] sC sC ?
4khobR TobR qffR qhm iR VprLAR hWian ngprodRQgprodR

KorMwR ~ KroRHgR  KrwRMgr  WawRNgwinjR
kewR HorR' krgR HoR™ KrgR HwR' WwR NwinjR

2) Flow inside the Horizontal Well:

L 2VoulRUoulR J RUmRApR WRtR r%v outletAPR 3l~lmRr2 jnletVRUR
Twoutlet * ~ WgliL ¥ v2 CHRIR® LpmrvR ° 87kkimRPmRIRLUmr
PmRUR'R

2.4 Steam Assisted Gravity Drainage Process

In the case of the steam assisted gravity drainage process, the effect of the
pressure drop between the injector and producer in providing the driving force to drive
the steam zone and mobilize the oil bank is assumed to be negligible compared to the
driving force provided by gravity. So, the modification in this case was to dismiss all
the pressure drop terms contributing to flow in the porous medium as well as inside the

horizontal well. The modified reservoir and horizontal well flow scaling criteria are

listed in Table D5.
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Table D5: Scaling Criteria for Thermal-Aided Gravity Drainage Process
(after Doan, 1991)%

1) Flow in the Reservoir:

2 s
Hpor CRHBoR  pur per CeaRUER Sur S huk
2L2pRgrsin Or  2p%ikkroRgRsin OR  PoR PoR ~ Coardag SeR’ Sor ~ hok’

her knrR TRUOR drSoRHMoR Gr 9hR oR PrRUIR

hoR ’ pngkahoRgRsin QR, ZPORkkagRSin QRIR, quR hoR’ Q?]C{ ’ poRhuR’
2

UoR UwR YUgR PcgoR PeowkR SoiR PoiR TiR __ PorKKroR qirH

boR" for " hor’ PoR * PoR * Sor’ PoR’ TR” ¢pS criopoopr  4KhobRTobR ’

0% h¥inRA%inR  AfknobRTobR MeinjR QorodR KroRMgR  KewRHgR
dwR  ShinR VeRLGIR * h¥inR ChwprodRdomrodr K18R HoR' KrgR Hwr’
kroRMwR WE‘.WRthiHjR WurHwWR
KwR HoR” WwR hwinjR* PwRkkrwrHPwR
2) Flow inside the Horizontal Well:

L 2voutRUoutR ~ WRIR ra,outlctApR 3umRr’\lv,inlclvRUR
Twoutlet ° Wgrlgl CurTR’ Lumrver 8kkrwrPmrHgRIRSIN Bk ’
JRUmrAPR

2
PmRURYR
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