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Abstract

This study focused on experimental and theoretical modeling of horizontal wells in steam-
flooding recovery of oil from marginal heavy oil reservoirs. Scaled experiments were
performed to evaluate the effectiveness of a variety of recovery strategies for a
homogeneous reservoir, and one with bottom water. Also included in this study were the

effects of well shut-in, dipping reservoir and pattern inversions; that is, cross pattern
flooding.

For the base case run, the theoretical analysis included calculations for the saturation profile
and for the steam zone volume in the reservoir, and a heat balance calculation during the
steamflood. Results of these eiperiméﬁts were then scaled-up to prcc'i\ict field operations
and to determine the optimistic recovery. In addition, experiments were carried out also in
an unscaled visual model. These experiments were intended to provide insight into the oil
recovery mechanisms. "

H

Based on experimental results and data analysis, the following were found: the dominant
displacement mechanism in a thin, permeable and homogeneous heavy oil reservoir was the
downward expansion of the steam at the top of the formation. The location of the horizon-
tal wells affected the cumulative recovery significantly. The presence of a Neoprene sealant

sheet resulted in an optimistic prediction of approximately 7.6%, after 0.8 PV of steam had

been injected. o

R
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Nomenclature

a thickness of the Neoprene sheet, {L]

b thickness of the cap rock, [L]

C specific heat, [L2t-2T-1)

fp the amount of injected heat which is produced, dimensionless
) steam quality, [MM-1]

g acceleration due to gravity, [Lt2]

h enthalpy per unit mass, [L2t-2], or convection constant, [Mt-3T-1]
J mechanical equivalence of heat energy, dimensionless
k permeability, [L?)

kn  thermal conductivity, [MLt3T-1]

ke relative permeability, dimensionless

k.,  thermal conductivity of atmosphere, [MLt3T-1]

L length or distance, [L]

Ly  Latententhalpy per unit mass, [L2t-2]

M volumetric heat capacity, [ML-1¢2T-1]

m mass, (kg

p pressure, [ML-11-2]

Q heat, [ML2t2)

0  rateof heat flow, [ML2t3] - B
q flow rate, [L3t-1]

Ty effective wellbore radius, [L]

) saturation, mass fraction

T temperature, [T)

t time, [t]

v velocity, [Lt-1]

Vs steam zone volume, [M3]

w mass flow rate, [Mt-!]

X coordinate, [L]

Greek Symbols

o thermal diffusivity, [L2t-1)

Ap  pressure difference between two point, [ML-1¢-2]

AN  difference in the oil production interval, [ml]
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AW  difference in the water production interval, [ml]
B cigenvalues

¢ porosity, dimensionless

U viscosity, [ML-1t-1]

P density, [ML-3]

(] slit width, [L]

v del. operator.

Subscripts

1,2,3__the zone containing steam, oil and condensate, respectively.
D :{{f dimensionless '
form formation

inj.~ injected
j phase (oil, water or steam)

loss  refers to the heat loss to the cap and base rock
o oleic phase

ob.  overburden

P prototype

prod. produced

R reference variable used to obtain a dimensionless quantity
s steam

w water (unless otherwise specified)
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INTRODUCTION

Canada’s heavy oil and oil sands deposits are estimated to contain as much oil as the
conventional oil resources of the entire world. Heavy oil deposits, in particular those in
southwestern Saskatchewan and southeastern Alberta, represent an attractive target for
exploitation as the in-place heavy oils are mobile under reservoir conditions. These
reservoirs are thin (5-10 meters of pay) and often in communication with an underlying
water zone ("bottom water”). Primary recovery in these reservoirs typically amounts to
less than 5% of the initial oil in place (I0IP). In a few cases, where the conditions are
more favourable, the use of horizontal wells has increased primary recovery to 15-20%
prior to water coning. This still leaves up to 80% of the oil in place unrecovered.

Steam injection has been tested in these reservoirs, but the combination of thin net pay and
the existence of a bottom-water zone leads to excessive heat loss, as well as low sweep
efficiency due to the diversion of injected steam away from the oil zone into the bottom
water zone. Conventional steam injection recovery processes (such as cyclic steam
stimulation and steamflooding using vertical wells) have proven to be unsuitable for the
large majority of these reservoirs. Horizontal wells, on the other hand, hold promise to
improve the recovery efficiency of the steam injection processes. One of the biggest

advantages of horizontal wells is their extended contact with the reservoir, leading to a large
increase in the flow rate.

R _;7 -

In steamflooding thin heavy oil reservoirs, many factors such as shut-in, cross pattern
flooding, thickness of the bottom water layer, and dip affect the recovery process. This
study attempts to provide insight into the performance prediction of steamflooding a
marginal heavy oil reservoir using horizontal wells, and looks at different steamflooding
strategies for improving the recovery. These objectives are achieved experimentally using it
scaled physical model. Interpretation of the experimental results includes a calculation for
the saturation profiles, and steam zone volumes in the reservoir, and a heat balance
calculation for the steamflood. Subsequently, the results from these experiments are scaled
up, using the same set of scaling criteria, to predict field performance.



Chapter 2
STATEMENT of the PROBLEM

The application of horizontal well technologies to enhanced oil recovery processes has
increased significantly in recent years. To understand fully the effectiveness of horizontal
wells in thermal recovery processes, experiments using a scaled physical model are carried
out. There were five main objectives of this experimental study.

1) Examine different steamflooding strategies for improving ﬂle‘s:exg{yery;

2) Determine the effect of shut-in, dip and bottom water thickness on recovery;
2) Investigate the dominant oil recovery mechanisms in the reservoir;

3) Estimate the distribution of reservoir fluids; that is, the saturation of steam,
condensate and oil; and

4) Investigate the effect of the Neoprene sealant sheet on the heat loss.

The above objectives were achieved using experimental and theoretical methods outlined
below.

2.1 Experimental Objectives

1. Experimental Apparatus Development
" a) Modification of horizontal wells used in previous studies;
b) Modification to the injection and production ports to allow for a pattern
inversion study;
¢) Modification to the scaled physical model for active bottom experiments; and
d) Modification of an existing visua! model to allow for steam injection,

2. Experimental Strategies
a) Investigate the effect of shut-in, well locations and pattern inversion on
the cumulative oil recovery;
b) Investigate the effect of steamflooding steeply dipping homogeneous
and bottomn water reservoirs; P
) Examine the dominant d15p]acemcn£ méchanism; and
d) Examine the effect of injecting gas during 4 steamflood to increase
recovery



2.2 Theoretical Objectives
a) Interpret experimental results. .
b) Calculate the oil saturations in each zone of a reservoir along with steam and
water saturations.
c) Compare the steam zone volume obtained from experimental data with Neurnan's
steam override model, and Mandl and Volek's frontal drive model.

d) Develop a mathematical model to study the heat distribution for a typical
experiment.

i



Chapter 3
REVIEW of the LITERATURE
3.1 Introduction

The use of horizontal wells for primary and scconda}y recovery of petroleum fluids (oil
and/or gas) is becoming more widespread. The largely favourable responses obtained from
various existing projects, coupled with the constant improvement in horizontal drilling
technology an{_g}_}]g\).f'corresponding reduction in horizontal drilling and completion costs,
have encoura’gecf incrensing utilization of horizontal wells in the recovery of fluids from
petroleum reservoirs. |

The idea of drilling wells horizontally into a réservoir to increase the reservoir-wellbore
contact area is not new. As early as 1919, attempts were made to drill horizontal drainholes
from an existing vertical wellbore. Most of the early projects involving horizontal
drainholes were unsuccessful, mainly because of the high cost and unreliability of drilling
equipment. In the last 15 years, the depletion of the oil reserves in the United States and
Canada has led to the introduction of new recovery technologies, including in particular
horizontal well based technologies. In recent years, innovations in lateral drilling
technology and tools have lowered the cost of horizontal wells, contributing directl},r to the
widespread application of horizontal well technology.
3

Compared to a vertical well, a horizontal well enjoys several advantages including a higher
productivity index, the ability to delay the breakthrough of unwanted fluids (that is, water
and/or gas coning), and a higher probability of intersecting fracture networks in naturally
fractured reservoirs. These advantages are discussed briefly in the next sections.

3.2 Productivity Index Increase due to Horizontal Wells

Vertical wells usually have only a small portion of their total length open to reservoir fluid
flow. As the fluids move radially toward a vertical well, the area available for flow
decreases; this leads to high flow velocities and pressure gradients. Most of the pressure
drop occurs in the vicinity of the vertical wellbore. A horizontal wéll, on the other hand,
provides a much larger area for the inflow of reservoir fluids due to its extended contact
(through increased length) with the reservoir. Consequently, for identical flow rates, the



pressure drop in a horizontal well is lower. Therefore, the productivity index, which is
defined to be the flow rate divided by the pressure drop, is much higher for a horizontal
well as compare to a vcmrm well. This is illustrated in Figure 3.1.

Horizontal Well Vertical Wall
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Figure 3.1: Horizontal well has more contact with the reservoir than vertical well in thin reservoirs,

Perrinel reported experimental data, using an electrolytic model, on productivity gains for a
vertical well due to the presence of short horizontal drainholes connected with the vertical
well. Several parameters were investigated including drainhole length, number and pattern
of drainholes and well damage. Based on the experimental results, it was concluded that
the drainhole length was most important in productivity gain, The increase in productivity
was found to be directly proportional to the increase in the drainhole length. It was more
effective in improving the productivity index than increasing the number of drainholes.
The number and pattern of drainholes were found to have a lesser impact on the
productivity gain than the length of each drainhole.

Giger, Reiss and Jourdan? provided mathematical equations for evaluating the productivity
and water coning of horizontal welis. For a homogeneous and isotropic reservoir, an
equation was formulated to compare the productivity indices of a.horizontal well of length
L and a fully penetrating vertical well of the same length. The horizontal well production
rate was determined to be strongly influenced by vertical anisotropy, with higher rates
achieved in the case of favourable anisotropy (as in reservoirs having vertical fractures).
The authors also provided a formula to determine the critical production rate for a horizontal
well. For multiphase flow, the authors determined that a horizontal well offers two
advantages over a conventional vertical well: a smaller drawdown is required for identical
flow rates, and the horizontal well can be placed optimally away from the oil-water contact.

Joshi3 derived an analytical expression to calculate the steady state oil production rate for
horizontal wells draining an elliptical drainage area. The influences of reservoir anisotropy,
thickness, well drainage area and well eccentricity (that is, the well being positioned other



than at the centre of the reservoir) on horizontal well productivity were investigated. Water
and gas coning tendencies of horizontal wells were also examined. Reservoir thickness,
horizontal well length and reservoir anisotropy were found to be important parameters
affecting the productivity of the horizontal well.

Karcher, Giger and Combe? reviewed previously derived formulas for horizontal well
productivity. The authors also presented results obtained from a numerical model studying
the areal sweep é-r)hdcncy of horizontal wells in pattern floods. It was found that a
horizontal well behaved like an artificial fracture when drilled along the lines of producers
in a line drive-like pattern. As such, an areal sweep efficiency close to one was obtained.

Giger> developed equations for the pressure distribution and for steady-state flow into a
given horizontal well using the theory of complex functions. By calculating the replace-
ment ratio (the number of vertical wells required to drain the same area as a horizontal
well), and by determining the ratio of areal productivity (ratio of productivity of same
drainage area developed in one case by vertical wells, and in the other by horizontal wells),
the author concluded that horizontal wells were highly suited for thin reservoirs. Also
included in this study was a method for determining the optimum spacing of horizontal
wells.

Ozkan and Raghavan© studied the performance of horizontal wells in bottom-water drive
reservoirs. Analytical solutions were developed to study the pressure distribution in these
reservoirs, The horizontal wellbore was represented mathematically by a line source,
subject to either an infinite-conductivity or a uniform-flux boundary condition. It was
concluded that the influence of anisotropy on horizontal well productivity was less

i

significant than on vertical well productivity. Y

Babu and Odeh? developed an equation for determining the pseudo-steady state flow into a
horizontal well. Two parameters were required in this equation: one to account for the
effect of permeability anisotropy, location of the horizontal well and the relative dimensions
of the drainage volume; and the other to consider the skin factor due to the restricted entry
problem (the horizontal well length being less than the length of the drainage area). The
authors concluded that the length of a horizontal well and its location in a drainage volume
were the two most significant factors influencing well productivity.



Production forecasting methods were developed by Joshi® for four different types of
reservoirs: homogeneous, naturally fractured, solution-gas drive and bottom-water drive.
The methods were based on analytical solutions and correlations of numerical model
results. Horizontal well performance was compared to that of stimulated vertical wells.
Two conclusions were drawn: the use of a horizontal well was extremely effective for thin
reservoirs and reservoirs with a high vertical permeability, and the productivity of a
horizontal well exceeded that of a stimulated vertical well.

3.3 Suppression of Coning by a Horizontal Well

It has been determined that the use of horizontal wells often, improves the recovery
performance for reservoirs prone to water and/or gas coning by delaying the coning
tendency. Horizontal wells, as explained above, reduce the pressure gradients in the
vicinity of the wellbore, and consequently enable fluid production rates similar to those in
the vertical well case for lower drawdown. Conversely, for a given drawdown a horizontal
well could provide a much higher fluid production rate prior to coning than a vertical well.
Another important reason is the capability of current lateral drilling technology to place a

horizontal well at optimal horizons away from the oil-water contact and/or gas-oil contact.

This is illustrated in Figure 3.2.
Horizontal Well

Vertical Well

Figure 3.2: Water crests in horizontal well case, and water cones in vertical well case in reservoirs
with water and/or gas coning tendency,

Chaperon? developed an equation to estimate the critical production rate of horizontal wells
in anisotropic formations, The analysis, based on the work of Muskat!0, was for static and
stable cones. By considering only flow in the plane perpendicular to the horizontal well
axis, and by using static and dynamic equilibrium conditions the author derived an equation
for calculating the critical fluid production rate per unit length of a horizontal well. The
critical production rate per unit length of a horizontal well was found to be larger than that
of a vertical well, and a function mainly of the horizontal transmissibility of the oil layer,
and the distance between the horizontal well and the oil-water contact, In addition, the



critical production rate for horizontal wells was found to be not as susceptible to vertical
permeability variation as that for vertical wells.

A semi-analytical approach to calculate cone breakthrough time for horizontal wells was
developed by Papatzacos, Herring, Martinsen and Skjaeveland!l. The oil-water contact
and the gas-oil contact were treated as moving boundaries. Consequently, the shape and
size of the cones became functions of both distance and time. An analytical solution for the
standard Laplacian potential flow equation with a moving boundary was not possible;
therefore, the resulting boundary-value problem was solved numerically, Three different
cases were investigated: water coning, gas coning and simultaneous gas and water coning
(two cones), The effects of water and gas viscosities, and different anisotropy ratios on the
cone breakthrough time were also examined. Results generated compared closely with data
obtained for the Helder field in the North Sea,

3.4 Intersection of Fracture Networks by a Horizontal Well

Naturally fractured reservoirs are usually medeled as composed of the matrix (which has
large storativity but little or no permeability) and fracture networks (which, in contrast,
have a small volume but very high permeability). As such, the fracture network serves as
conduits for fluid flow from the matrix to the wellbore. In such a situation the productivity
of a well is directly controlled by its intersection with the fracture network. In theory, a
horizontal well can intersect several vertical fractures due to its horizontal orientation and
length. A vertical well, on the other hand, can intersect at most one vertical fracture.
Horizontal wells, as a result, have been employed extensively to exploit naturally fractured
reservoirs worldwide, This is illustrated in Figure 3.3.
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Figure 3.3; Horizontal well intersects multiple vertical fractures, vertical well intersects one
veriical fracture,

According to a study by Sheikholeslami, Schlottman, Seidel and Button!2 horizontal wells
drilled in the naturally fractured Austin Chalk reservoirs in Texas, depending on the length



of their horizontal interval, achieved productivities 2.5 to 7 times that of a typical vertical
well. Bosio and Reiss!3 detailed the costs and productivity gains due to horizontal wells
drilled in the Rospo Mare field. Typically, a Rospo Mare horizontal well costs about 50%
more than a vertical well, and yet it achieved 4-6 times the productivity of the vertical well,

An extension of the above application of horizontal well technology is enhancement of the
productivity of wells draining tight reservoirs by artificially creating vertical fractures
around horizontal wells. Damgaard, Bangert, Murray, Rubbo and Stout!4 reported a
project in the Danish Chalk, offshore Denmark, which utilized such artificially fractured
horizontal wells. These fractured horizontal wells, about 40-50% more expensive than
previously employed fractured vertical wells, attained productivities 4-6 times those of
nearby fractured vertical wells,

]
i)

3.5 Application of Horizontal Wells for Thermal Oil Recovery v )

Many heavy oil reservoirs in southeastern Alberta and Saskatchewan are thin (5-10 me"tcr‘;
of pay), and are often in communication with a bottom-water zone. The heavy oiisin’ thesc
reservoirs are mobile under initial reservoir conditions, but the primary recovery typlcally
amounts to approximately 5% of the initial oil in place (IOIP) before water breakthrough,
In a few cases where conditions are more favourable the use of horizontal wells has
increased the primary recovery io 15-20% prior to water coning. Conventional steam
injection recovery processes, such as cyclic steam stimulation and steamflooding using
vertical wells, have proven to be unsuitable for these reservoirs. The main reasons include.
excessive heat loss to the cap rock, and diversion of injected steam into the bottom water
zone.

Horizontal wells, on the other hand, hold great promise for the recovery of heavy oils
remaining in these marginal reservoirs. This is due primarily to the extended contact
between the reservoir and a horizontal well, leading to higher productivity and sweep
efficiency. In addition, horizontal wells can be placed optimally to delay gravity
segregation and/or minimize heat loss to unproductive zones such as cap rock and bottom
water zones. In Fort McMurray and Peace River, horizontal wells are drilled into the oil
sand deposits to provide the initial communication channels necessary for steam injection
into the reservoirs. Their extended contact area with the reservoirs enables accelerated
heating of the reservoir, and mobilization of the bitumen.



The required well spacing in California heavy oil reservoirs often is very small (2-5 acres)
in order to achieve reasonably high efficiency for conventional steam recovery processes
such as cyclic steam stimulation and steamflooding. The small well spacing requirement is
expensive, leading to high drilling costs as well as high operating and maintenance costs.
Horizontal wells, on the other hand, can increase significantly the contact area with the
reservoir; this leads to accelerated mobilization of the heavy oils, and hence a higher oil
production rate. As a result, the economics of these operations can be improved
substantially due to lower investment and accelerated payouts.

3.5.1 Steam Assisted Gravity Drainage (SAGD)

In the Steam Assisted Gravity Drainage (SAGD) process, as presented by Butler, McNab
and Lol3, two parallel horizontal wells were used in an oil sand pack. The upper
horizontal well was the steam injector, while the bottom horizontal well was the producer.
Steam was injected continuously into the sand, leading to the formation of a steam zone,
As the steam moved upwards (by gravity) and sideways it condensed at the steam-oil
interface, leading to heat transfer by conduction to the sand, and the oil mobilization ahead
of the steam front. The mobilized oil and the condensate were drained by gravity
downwards into the horizontal producer below the injector. The path of flow for the oil
and condensate was along the edge of the steamn zone interface, and opposite in direction to
that of steam.

Material balances inside the steam zone were not considered. Rather, material balance was
performed on the oil being heated at the interface and the oil being drained by gravity. Due
to the high viscosity of bitumen, incompressible fluid flow was assumed. Jtis important to
note that the model assumed conduction as the dominant mode of heat transfer, and the
entire process was localized at the interface. Convective heat transfer ahead of the steam
zone interface was not considered, and the mobility of the bitunen ahead of the interface
was assumed to be zero. Of these assumptions the latter was acceptable, but the former
was not. The rate of heating (melting) the bitumen in front of the interface at a later time
was obviously smaller, due to the fact that heat had conducted into this region previously.

Butler and Stephens!6 modified the above model to eliminate movement of the interface
away from the production well with time. The authors also extended the original theory to
account for drainage into a series of parallel wells, An equation was derived to
approximate the time required for the steam zone to move horizontally to the no-flow plane
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between patterns, each of which included a horizontal steam injector and producer.
Photographs of the steam zone, taken at different times during an experiment, illustrated the
growth of the steam zone, as well as the gravity drainage of oil and condensate into the
horizontal producer. Experimental results were found to be in reasonable agreement with
those predicted from the modified theory.,

In the above studies!5-16, the growth of the steam chamber in the vertical direction (that is,
from the base to the top of the reservoir) was not considered. This led to some discrepancy
between experimental and-iseoretical results in initial production periods during which the
steam zone grew predominantly ii the vertical direction, rather than sideways. Butler,
Stevens and Weiss!? considered botll the vertical growth rate and the lateral growth rate of
the steam zone as it gradually moved upwards. The authors assumed that the steam zone
was circular in shape, with the horizontal well at its centre. The rate of growth of the steam
zone was then postulated to be the rate of increase in its radius. An equation predicting the
height of the steamn zone as a function of time was derived. The agreement between scaled
laboratory experimental results and this analytical model was reported to be good.

Griffin and Trofimenkoff!8 performed experimental studies of the SAGD process to
support Esso Resources Canada LTD's Cold Lake horizontal well pilot. Experiments in
scaled physical models, including both visual low-pressure models and high-pressure
models, were designed according to the scaling group reported by Butler et al.15, Results
from the visual-model experiments showed little steam override at the top of the reservoir.
Production rates from the high-pressure model were substantially higher than the
theoretically calculated values. The extra production was believed to have been due to
displacement from end regions of the steam zone.

Edmunds, Haston and Best!9 reported results obtained in the SAGD pilot at the AOSTRA
Underground Testing Facility (UTF) in Fort McMurray. The effects of anisotropy,
heterogeneities, solution gas and capillary pressure on steam zone growth rate were
examined. The stearn zone growth rate was analyzed in terms of ceiling drainage (taking
place at the top of the rising steam zone) and slope drainage (occurring at the sides of the
sideway-spreading steam zone). A description was also given of the drilling and
completion of the three pairs of horizontal injector-producer wells.

Butler and Petela0 studied the steam zone expansion during the SAGD process. The
steam zone was observed to grow, initially, downward between the horizontal injector and
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producer, with the growth rate controlied by the pressure gradient and the thiymal
properties of the reservoir. Based on the assumption of single-phase flow for cil and steam
condensate, the authors developed an analytical expression for the breakthrough time, In
addition, several analytical expressions were developed to determine the advancement of
the steam zone in a two-dimensional system.

Sugianto and Butler2! attempted to study the effectiveness of the SAGD process in a
bottom-water reservoir using a scaled visual model. The scaling groups used to build the
model were similar to those established previously by Butler et al.15, The optimal recovery
strategy determined from the experiments was to place the horizontal producer near the oil-
water contact to ensure maximum drainage, and hence recovery of oil. To prevent water
coning, the production pressure was kept approximately identical to or slightly higher than
the pressure in the aquifer. The authors also noted that the thickness of the bottom water
zone had a significant effect on cumulative recovery .

3.5.2 Steamflood

3.5.2.1 Scaled Physical Model Studies

Huygen and Black?? investigated the effectiveness of different injection and production
strategies using vertical and horizontal well combinations for steamflooding Athabasca oil
sand. The investigation, based on scaled-model experiments, showed steamflood recovery
performance being significantly dependent on geometry and communication between the
injection and production well. The authors concluded that in the case of oil sands,
communication between wells was necessary to provide initial injectivity. Horizontal wells
were judged to be an effective means for providing this communication in the reservoir.
Experimental recovery results were believed to be optimistic, as oil saturations in the model
were higher than in the field. On the other hand, oil recovery results obtained from the
experiments were deemed to be conservative, given the fact that the model horizontal
permeability (relative to its vertical permeability) was lower than in the field.

Chang, Farouq Ali and George23 reported results of scaled, low-pressure model
experiments designed to study the effectiveness of different horizontal and vertical well
combinations in steamflooding a bottom-water heavy oil reservoir. It was determined that
the combination of a horizontal injector and a horizontal producer achieved the highest oil
recovery in a homogeneous reservoir as well as in a reservoir with bottom water. In the
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case of a reservoir having a thick bottom-water zone (bottom-water zone thickness being

50% of total pay) a horizontal steam injector was more effecuve than a vertical injector in
preventing steam from going into the water zone. 2

“ Mathias, Doan, Farouq Ali and George2* examined different strategies for steamflooding a
reservoir having a thick bottom water layer (bottom water thickness of 50% of total pay).
It was determined that there was an optimal horizontal well length beyond which oil

recovery did not increase with horizontal well length. Strategies for steamflooding

unfavirable and favourable stratxﬁed reservoirs were also investigated. In these cases
horizontal well placement proved to be an important ¢ factor affecting sweep efficiency and

oil recovery. Experimental production rates were scaled up using scaling criteria to predict
field performance.

3.5.2.2 Numerical Simulation Studies

Dietrich25 described a Kem River pilot in which eight ultra-short radius horizontal wells of
varying lengths were drilled radiaily, in a spoke -like fashion, from a common vertical
shaft. The horizontal wells were arranged in a spoke-like fashion, 45° apart from each
other, and used for production. Poor oil response in the initial periods was attributed to the
placement of the horizontal wells in a highly unfavourable reservoir environment. The
termination of the pilots was followed by numerical studies to develop better operating
strategies and to predict future potential. The main conclusion derived from the simulation
studies was that horizontal wells can be effective for reducing steamn override.

"=Rial2€ developed a simulator to examine the effectiveness of utilizing a horizontal steam
injector in steamflooding a heavy-oil reservoir. The simulator was three-dimensional and
three-phase. The distillation effect, temperature-dependent relative permeabilities and
gravitational as well as with viscous and capillary forces were included in the simulator,
The data used as input for the runs were representative of the Kern River field. A
horizontal injection well was seen to achieve better areal sweep efficiency, as compared to a
vertical injector. In addition, more heat swept through the grid system in the horizontal
well case than in the vertical well case. For the Kern River prototype, up to 71% of the
initial oil in place was recovered with the horizontal steam injector, compared to only 58%
with the vertical steam injector for the same period of steam injection,
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Jain and KhoslaZ? examined the recovéry ;icrfonnance of three combinations of vertical and
horizontal wells in steamflooding Athal\);\s'ca bitumen. The first combination had two 150-
m long parallel horizontal wells separated by a distance of 60 m, the second combination
had a 300 m-long horizontal steam injector in communication with a vertical producer,
while the last combination had a 400 m-long horizontal producer positioned below two
vertical steam injectors in communication with one another to create a heatec\l\p!ane over the
horizontal well. In the first two configurations the stearn drive process was modeled, while
the SAGD process was modeled in the last configuration. The simulation results, obtained
from a commercial simulator, showed that the last well combination achieved the highest oil
production rates and the highest cumulative oil recovery.

The effectiveness of horizontal wells to reduce steam override in a mature steamflood, and
prevent steam override in new operations was examined by Huang and Hight?8, A
thermal, three-dimenéional, three-phase simulator accounting for gravitational, viscous and
capillary forces, and temperature-dependent relative permeabilities was used. Both
conductive and convective heat transfer were modeled. Reservoir properties for a typical
California unconsolidated, heavy oil reservoir were used for the runs. For mature
steamflood operations, horizontal wells were found to be effective in recovering oil in areas
bypassed by steam. In new steamflood projects, horizontal wells not only improved but
also accelerated oil recovery. In addition, they led to a reduction in oil saturation in blind
spots from 60% to 30%.

Combe, Burger, Renard and Valentin2? numerically investigated the steamflood
performance improvements due to horizontal wells, Parameters studied included a wide
range of fluid and reservoir properties, injection strategies, reservoir heterogeneity (that is,
layered reservoirs) and spatial distributions of vertical and horizontal wells. It was
concluded that the optimal strategy in layered reservoirs was to drill horizontal wells in
different layers, rather than drill all wells in one layer. Also, horizontal wells were more
effective in thin heavy oil reservoirs with low oil mobility.

In conclusion, horizontal wells can improve the recovery performance of conventional
thermal recovery methods. Their most important contribution is to reduce steam override
(gravity segregation) which results in better steam sweep efficiency. In addition, they offer
high oii production rates, accelerated recovery and an improved oil-steam ratio.
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3.6 Predictive Models for Steamflooding Performance

Over the years many models have been developed to determine the expansion of the steam

zone volume, and hence the oil production rate. A discussion of several models is
provided below.

3.6.1 Frontal Drive Models

Marx and Langenheim30 presented the first study (1959) of ol recovery by steam injection.
In this study, a relationship between the steam zone growth rate and the heat loss rate to the
overburden and base rock was established. The front separating the steam zone and the
unheated reservoir was assumed to be vertical. Heat transfer between the steam zone and
its surroundings, including the cap and base rock, was by conduction. Heat flow from the

steam zone into the liquid zone ahead of the condensation front was, however, not
considered.

Mandl and Volek3! , in 1969, modified Marx and Langenheim’s model30 to account for
heat transport from the steam zone into the condensate zone ahead of the front, which
affects both the flow of condensate and the growth of the steam zone. Changes in the
- shape of the front as a function of time, and viscosity and density contrasts between the
fluids were not incorporated into the model, due to their complexities. The heat balance,
along with the mass balance equations, were applied to regions behind and ahead of the
interface leading to a critical time, tg. The critical time depended on reservoir thickness,
temperature, steam quality, volumetric heat capacity, thermal conductivity and heat capacity
of the overburden. It signified an important change in the mode of heat transfer across the
condensation front. For time 0 <t < t¢, the mode of heat transfer was predominantly
conductive, while for t 2 tc the transfer of heat was predominantly convective,

Correspondingly, two expressions were given for calculation of the steam zone volume
(Vs). -
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where F|, and F3 were defined as,
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In the above definition, the dimensionless time is given by,
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For t < t; , Mandl and Volek31 determined that the steam zone volumes for both models
(that is, Marx and Langenheim’s and Mandl and Volek's) were identical.

In 1978, Myhill and Stegemeier32 developed a third frontal-drive model. The following
assumptions were made. There was no vertical temperature gradient in the reservoir, the
steam injection pressure and steam quality were constant, the heat losses from the steam
zone to the overburden and base rock were conduction-dominated and the heat transfer
inside the reservoir was by convection. A parameter for thermal efficiency, Ers, was
combined with expressions given by Mandl and Volek3! to give the thermal efficiency of
the steam injection process prior to steam breakthrough. The volume of steam required to
be injected was then calculated from these parameters: Epg, the heat contained in the steam

zone, and the energy content of the steam.
3.6.2 Gravity Override Models

Van Lookeren33 , in 1977, presented a gravity override model derived from segregated
flow principles. He developed formulas for approximating the steam zone volume in both
linear and radial steam drives, and found the shape of the steam zone to be dependent on
the steam injection rate, pressure and effective formation permeability to steam. From
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segregated flow principles, an expression describing the tilt of the interface; that is, the
relationship between the height of the steam zone versus horizontal distance, ohgy/dx, was
obtained.

Ohy Hyp - Wy (X, .
—_—= (1=-M V+1ga
o (pa"P:l)gh'knp:t'bcosa( ) ’

where M is the pseudo-mobility ratio, defined by the following

' Hoksy Pr¥o(x,)
H:tka powﬂ(xb) i

This pseudo-mcnﬁility ratio was obtained from a combination of the flow and material
balance equations. It was noted that as the fluid viscosity increased, the interface became
more vertical. Two dimensionless groups (Arp and Agrp) were also defined to characterize
the shape of the interface. The dimensionless groups were found to depend on steam
injection rate, quality, density of fluids and steam viscosity. An expression for calculating
the oil displaced from the steam zone was also given,

Neuman34 presented a comprehensive gravity override model for a steam drive process. In
this model, two important assumptions were made: steam rose quickly to the top of a
permeable reservoir, and the horizontal pressure gradient in the steam zone was much less
than the vertical pressure gradient of liquids which resulted from density variations. The
time required for the steam to rise to the reservoir top was much less than the time required
to heat the entire reservoir area. Continuing steam injection eventually led to the downward
areal expansion of the steam zone, from the reservoir top towards the reservoir base.
Parameters such as velocity of the steam-liquid interface, steam zone thickness, volume of
oil displaced from the steam zone, steam injection rate required to sustain the growth of the

steam zone and the additional oil displaced after termination of steam injection were
calculated successively.

In the model presented by Miller and Leung35 complete vertical overlay of steam zone, that
is, 100% areal coverage, was assumed, In developing the model, the authors purposefully
left out certain features to keep it simple. The production of oil from the reservoir was
assumed to be dominated by conductive heating, and the production was propom?nal to the
depth integral of 1/iq in the oil zone. The temperature distribution of the condensate and



the oil zone beneath was determined using a one-dimensional, unsteady state heat
conduction equation.

Kumar, Patel and Denbina36 presented a model to predict the height of the steam zone.
This model was a variation of Miller and Leung's35 model. Two important assumptions
were made: the injected steam rose to the top of the reservoir from the outset of a
steamflood, and conductive heat transfer was the principal mechanism by which the oil
underneath was hcatc_'{_!.J As heat propagated downwards into the oil column, oil viscosity
was no longer a function of temperature alone; rather, it also became a function of distance
and time of exposure to the heat flux. This model was different from Miller and Leung's35
model in its consideration of the temperature distribution as a moving heat source, as well
as the fact that there was no need to specify an oil production rate prior to steam injection.
For cases of immediate steam override from the beginning of the steamflood the effect of
convective heat transfer was considered minimal, due to counteracting gravitational and
viscous forces. As such, conductive heat transfer remained the principal mechanism by
which oil was mobilized. "

3.6.3 Combined Frental-Gravity Override Models

Jones37 developed a semi-analytical model to predict the growth of the steam zone for a
personal programmable calculator. This model was based on published studies bly van
Lookeren33 and Myhill and Stegemeier32, The model considered all three production
stages normally observed in the life of a steam drive project. The model achieved good
prediction of the production rate for various reported field data. On the other hand, the
model had to rely on several empirical equations to obtain a good match for the
displacement process.

Farouq Ali38, in 1982, presented a semi-analytical model for predicting the performance of
a steamflood. Both frontal displacement and vertical dispiacemcnt of steam during a
stearnflood were accounted for in this model which combined van Lookeren's33 equation to
estimate the reservoir thickness swept by steam with Mandl and Volek's3! equation to
determine the steam zone volume. Knowledge of these parameters enabled the average
temperature ahead of the steam front, the oil viscosity and the oil production rate to be
determined from material balance considerations. Empirical correlations were used for the
relative permeability functions. The calculation was repeated iteratively to advance the
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solution up to the time of steam breakthrough. This model accurately predicted the
production rate for the Kem A River pilot project.

Chen and Sylvester3? modified Farouq Ali's model38 by incorporating fractional-flow
theory to determine the oil saturation in the unswept zone. These authors compared their
model with those of Jones37, and Miller and Leung35, and found good prediction for the
oil production rate without requiring any empirical factors or adjustable par‘émetcrs. The
predictive capability of this model was found to be strongly dependent on the relative

permeability relationships. As such, appropriate expressions for the relative permeabilities
(kro.krw) were important for obtaisung a good history match,

In conclusion, knowledge of the displacement mechanism in the reservoir is very important

to the performance prediction of a steamflood. Inability to recognize this fact can lead to
improper application of the predictive models presented above,

3.6.4 Material-Balance Application for a Steamflood

Peake40 presented a simple steamflood material balance for both a two-zone and a three-
zone reservoir model. The presence of an initial hydrocarbon gas saturation in the
reservoir, pore volume change due to compressibility and a material balance for steam,
condensate and oil were included in the analysis. Symmetric fluid flow between the
injection and production wells, no steam flow from the control volume and insignificant
steam production after steam brcaktﬂrough were assumed.

The material balance equations, derived by Peaked0, predict the oil and water production
when fluid (oil, water and steam) saturations are known. In the reverse sense, the same
material balance equations can be used to determine the fluid saturations — when accurate
injection and production data are available - by solving a system of equations.

3.7 Steamflooding Dipping Reservoirs

As noted above, recovery strategies are highly dependent on reservoir geology. This is
particularly true in the case of steam injection recovery processes. A brief discussion of the
effects of reservoir geology on the steam injection recovery process is given below.

i

!
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Steamflooding strategies for a steeply dipping reservoir are different from those for
reservoirs having little or no dip. Repeated patterns, such as the inverted nine-spot or five-
spot are commonly used in non-dipping reservoirs. In steeply dipping reservoirs, the
location and elevation of the injectors and producers is often selected to take advantage of
natural gravity segregation to improve sweep efficiency and thus oil recovery. From a
physical and mathematical viewpoint the assumption of no-flow boundaries between
patterns is not valid in the case of steeply dipping reservoirs. As such, allowance for fluid
movement due to gravity has to be incorporated into the mathematical models.

Moughamian, Woo, Dakessian and Fitzgerald4! used a three-dimensional, finite-difference
steam injection simulator to study steamflooding a steeply dipping (53°) heavy oil reservoir
in California. Sensitivity studies were made to select the best operating parameters, Based
on the simulation results, the authors concluded that the most important parameter affecting
cumulative oil recovery was the areal sweep efficiency. In addition, low oil recovery was
obtained when the producers were aligned in a direct line-drive pattern with respect to the
injectors. The sweep efficiency in this case was much less than when the rows of injectors
and producers were staggered, with a row of injectors up-dip, and a row of producers
down-dip.

An energy balance, including heat loss to the cap rock as a result of injecting steam up-dip,
was not considered in_this work. In addition, some inconsistencies arose in the
comparison of results for the different patterns, and the calculated oil recovery was affected
by the discretization schemes (11-point and 7-point).

Hong?2 used a compositional steamflood simulator to study steamflooding strategies in a
steeply dipping reservoir, and to examine the recovery mechanisms in effect during a
steamflood. The strategies studied included shutting in up-dip producers after steam
breakthrough or occurrence of high steam-oil ratio (SOR), switching injectors and
producers during drainage to maximize oil recovery and injecting a non-condensable gas
(for example, nitrogen) to prevent steam cycling in the up-dip portions of the reservoir, It
was determined that gravity drainage of the heated oil was the main production mechanism
in steeply dipping reservoirs. As such, the location of the injectors and producers must be
carefully chosen in order for oil production to be maximized. The following strategy was
recommended: initiate the steamflood (in a line-drive configuration) with the injection of
stearn into the middle or lower portion of the reservoir, to be followed by shutting in the
up-dip producers to prevent heat loss due to steam breakthrough or a high SOR, reducing
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the steam injection rate to lower the SOR and finally injecting a non-condensable gas into
the up-dip portions of the reservoir to prevent or reduce steam cycling effects.

3.8 Scaling Criteria

The experiments in this study were performed in a scaled physical model. Thus, a review
of scaling principles in experimental studies of oil recovery processes is in order. Leverett,
Lewis and True3 were among the first investigators who applied scaling laws (viz.
dimensional analysis) to model fluid flow in petroleum reservoirs. The dimensionless
groups governing the water drive process were derived. Rapoport and Leas%! examined
the various parameters, through the use of scaling groups, involved in the displacement of
light oil by cold water. Offeringa and van der Poel45 also used dimensional analysis to
obtain scaling criteria for their models designed to study oil recovery by solvent injection.

Geertsma, Croes, and Schwarz?® pointed out that in general the set of dimensionless
similarity groups obtained from dimensional analysis is larger than that obtained from
inspectional analysis. However, the physical meaning of the similarity groups derived by
dimensional analysis is generally less apparent than those derived by inspectional analysis.
Rojas and Faroug Ali*7 combined dimensional analysis and inspectional analysis to derive

all of the scaling groups governing the carbon dioxide/brine immiscible flooding of heavy
oils.

Work dealing specifically with scaling of steam injection processes has been carried out by
a number of researchers. Pujol and Boberg?8 found that accurate scaling of the capillary
pressure was not crucial for recovery performance prediction for highly viscous oils. In
these instances the ratio of capillary to viscous forces was so small that unscaled capillary
pressures had little effect on oil recovery. On the other hand, capillary pressure had an
important effect when the oil viscosity was less than 1000 mPa.s; not scaling the capillary
pressure resulted in optimistic oil recovery. The heat input per unit volume of reservoir
sand was determined to have the most significant influence on ultimate oil recovery.

Faroug Ali and Redford4? examined scaling groups derived by various investigators for
stearn injection and in-situ combustion processes. They presented a comprehensive review
of notable scaled laboratory thermal recovery studies. Kimber, Farouq Ali and
Puttagunta’0 employed both dimensional analysis and inspectional analysis to obtain
dimensionless similarity groups for steam and steam-additive injection processes. As a



result of the impossibility of satisfying all scaling criteria, sub-sets of scaling criteria were
derived by the authors to scale individual mechanisms involved in the process, while
neglecting others. In this work, geometric similarities were distorted (length, height and
width ratios were different from each other) in order to satisfy the scaling criteria for
reservoir fluids and porous medium properties.

Stegemeier, Laumbach and Volek>! developed scaling criteria for low pressure models —
which have been used by many investigators — to study the Mt. Poso and Midway Sunset
steamflood projects. The authors used inspectional analysis to obtain the dimensionless
similarity parameters. The steamflood experiments were carried out in these models at
pressures below atmospheric pressure. The quantity of steam injected was found by these
authors to be the most important factor affecting oil recovery performance.

Using a low pressure model — design based on the scaling criteria developed by
Steigemeier et al.51 — Kristoff>2 made experimental studies along with numerical studies of
the Tangleflags steamflood. He found that the experimental results were in close agreement
with field observations. However, numerical simulation results were different despite
many adjustments of the reservoir description.

A model similar to the one used in this investigation was first designed by Proctor33, He
applied the low pressure scaling criteria presented by Stegemneier et al.5! and built the three-
dimensional model that represented one-quarter of a five-spot in the Aberfeldy reservoir.
This work was followed by Oracheski54, Chang35 and Matthias36. Oracheskis4 studied
the effect of injecting a small solvent slug prior to steamflooding a bottom water reservoir.
Chang33 studied various strategies for steamflooding bottom water reservoirs having
different thicknesses. Matthias0 changed the injection system used in previous studies¥3-
33 and studied the application of horizontal wells to steamflooding bottom water reservoirs.

Doan, Farouq Ali and GeorgeS7 presented scaling criteria for flow in the vicinity and inside
a horizontal well. Two criteria were derived: one for the flow from the reservoir into the
horizontal well, and the other for the flow inside the horizontal well. Different types of
horizontal well and horizontal well completion types were determined experimentally, with
the results showing wellbore geometry having an influence on steam distribution and oil
recovery.
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Chapter 4
SCALING PARAMETERS and EXPERIMENTAL DESIGN

The use of physical models to study various transport phenomena and displacement
processes has received considerable use in the petroleum industry. The models are often
classified into three groups: partially scaled, fully scaled and unscaled. All “scaled" models
are really partially scaled. Which group is not satisfied depends on practical considerations
and on the desired modeling criteria, Perfectly scaled models are almost impossible to
design and are also unnecessary, Unscaled models serve to observe phcnoménon which

may occur during a displacement process. The results are qualitative only; that is, they
cannot be scaled up.

4.1  Attributes of Scaled Models

The use of scaled steamflood models have contributed significantly to the design,
implementation and operation of many fields projects. They are one of the tools often used
by engineers to determine: injection rate(s), pattern size and type, sensitivity studies for
bottom water and performance prediction for a steamflood.

Conducting scaled model experiments to predict different injection and production
strategies is not the only reasons why scaled model studies are important. They are also
important because scaled physical models have the ability to retain the interaction between
different physicﬁ processes and phenomena in the reservoir. As a result, one can gain
insight into processes for which relationships are not known or are difficult to formulate.

Stegemier, Laumbach, and Volek3! indicated that the Clausius-Clapeyron relation is one of
the most important, and most difficult, relations to match precisely in a scaled steamflood
model. When this relationship is not properly matched, the temperature and pressure in the
steam zone will not correspond to each other. If this is the case, then the flow rates will not
be scaled after steam breakthrcugh. The authors suggested that with sub-atmospheric
pressures, the approximation is greatly improved.

-
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 within the well-bore, skin factor, and perforation intervals).

4.2  Development of Scaling Parameters for the Low Pressure iviodel

A fully scaled model is usually difficult to design. This is atributed to the availability of
materials and fluids having physical properties that satisfy all scaling requirements. Also,
knowledge relating to reservoir description is often lacking. As a result, a compromise is
made by using what is available and by seeing which parameters need to be scaled and
which parameters can be relaxed. Now-a-days, most models used in laboratories are
partially scaled. From here onwards, the use of the term "scaled model” implies a partially
scaled model.

The design of the present low pressure steamflood model was based on the work published
by Stegemier et al.31, The scaling of the horizontal well was developed by Doan et al.57,
In the sections below, the technique for obtaining the dimensionless similarity groups is

described briefly. The application of these groups to the scaled model is discussed in °

detail. Saraple calculations for scaling up or down are illustrated also.

4.2.1 Unscaled Parameters

As mentioned earlier, complete scaling of different aspects of the steamflood process is not
possible. In this study, the factors which were unscaled between the model and prototype
were: 1) steam distillation of the crude oil, 2) capillary pressure and relative permeability,
3) thermal expansion and compression of the reservoir. fluids and the matrix, 4)
emulsification, 5) asphaltene flocculation and 6) specifications corresponding to the
injection and production of a horizontal well (such as: pwacure drop in the vicinity of and

4.2.2 Scaling Procedure

24

The scaling parameters are obtained by the following procedure. The derivation of the5;

scaling groups starts with the derivation of the governing equation for fluid flow and heat
transfer, in its most complete form. Next, they are put into a dimensionless form by
dividing the dimensional variables m by a suitable reference quantity (mg). Once, the
dimensionless equations are completed, inspectional analysis is used to obtain the similarity
parameters. For the majority of the physical models, it is almost impossible to satisfy all of
the similarity parameters. Therefore, these groups are combined and/or modified, based on
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engineering judgment, to obtain a new set of scaling parameters. These are generally
matched between the model and the field prototype.

In the derivation of scaling criteria for the low pressure steamflood model, Stegemeier et
al.5! made the following assumptions:

1) Three phases may exist consisting of: an oleic phase, an aqueous phase, af'\d a
steam vapour phase (no volatile hydrocarbons).

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

3) Rock compressibility and thermal expansion are negligible.

4) Darcy's and Fourier's equations are valid.

5) Capillary pressure effects are negligible.

6) The systemn is in local thermodynamic equilibrium.

7) Kinetic energy, potential energy and viscous dissipation energy are negligible
compared with the thermal energy.

8) The enthalpy and internal energy are essentially equal for the oleic phase and for
the aqueous phase, and are linear functions of the temperature.

9) The difference between the steam enthalpy and internal energy can be neglected.
10) The time rate of change of the specific steam enthalpy in the steam zone is
negligible.

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

12) The saturated steam temperature is the maximum temperature at any location.
13) Relative permeabilities depend exclusively on the saturations,

14) Sorsy and Sy are constant and uniform throughout the model,

15) Critical gas saturation for steam flow is assumed to be zero.

16) Changes in the density of the immovable water and residual oil are negligible.

From the list of assumptions made above, assumption 13 is the most serious. Relative per-
meabilities have been found to be temperature dependent. As a result of this assumption,
the shape of the relative permeability curves based on the movable saturation between the
model! and the prototype further deviate from each other.

The formulation for the conservation of mass for oil and water (in both the liguid and
vapour phase), the conservation of energy for the reservoir, Darcy's equation and Fourier's
equation, the heat conduction in the cap and base rock and the constraints on the boundary

25
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and initial conditions were given in Appendix A of Stegemeier et al.51, The dimensionless
form of these equations is obtained as followsS!

the conservation of mass for the oleic phase is:

(¢RSRLR )¢D a(paDSOMD) + VD ° [poD 1§D. J = 0 ----- (4. 1)

Valp o

the conservation of mass for the liquid and vapour phase of water:

SeL d - Sm +p0, SJ —_— -—
[¢’:,H;RRJ¢D (pD aDtD 2 D)-{-Vp.[pwpva +pvaDJ=O ..... (42)

the combined energy equation and Fourier's equation:

d,

c aT,
(—-—-——p“R <R ][(l —¢)pRCR + qb(p,C,Sm + pr S )]D atD + ¢D(pgDCaDSomD + waChDSan)-a'r_

PxSPrChr

Lp ] PuSip) | Vil o Vel L o
+H =2 L0 + Voep,V BR_[_E 41 Y
[CRT,, "{ D oy oSy 0 PPV (Yo \ G T [Pe VsD

y t — ———
.VD (LvD + cwDTD ) + ( - IpaDCoD oD + puDCnD va) VDTD

¢RSRLR
—Hule ) g2 _g (4.3)
PxSePrCali e .
Darcy's equation:
HRVRLRJ;_’ Ld‘lrf v (pkgk R)
Po—-|——=P, n| ... 4.4)
( kpPy = Hip ? Pr Po 8D

the heat conduction in the cap rock and base rock:

i

I, | kgt
PoCep == %, (ﬁ}%v},n ..... (4.5)

the:upper and lower boundary conditions:

D
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the mass injection rate:
Wp Ip
=1y | "= {PupVew> + PoVep Iy e .
[an L J D'L cose(p""""’” * PuoVao 25 4.0
and the energy injection rate:
Wp - V[ faLin 3
+C AT,
(pRvRLZR J|:[ CRTR }f.‘rﬂ vD wh D]
10 l h
=y [" = [""D woBTp + (CRTR )p,pv,whw]qu ..... (4.8)

Having established the dimensionless form of all pertinent equations and conditions relating
to the steam injection process, the dimensionless parameters were simply the coefficients
appearing in round brackets of these terms. Next, the independent dimensionless
parameters were identified either from observation or by using the Buckingham Pi
Theorem. With the independent parameters known, the scaling process can begin.
However, as stated before, it was not possible to match all of these similarity parameters in
a physical model, Therefore, based on engineering judgment, these parameters were
modified and/or combined to form a number of reduced parameters, known as scaling
groups (or parameters). The scaling parameters for the steam process are given in Table
4.1. Table 4.z shows the scaling parameters for the prototype reservoir along with the
Ieservoir properties.

4.3  Example of Scaling Prototype to Model Conditions

The prototype for the physical model represented one quarter of an 8-ha (20-acre), five-
spot pattern of a typical moderately viscous oil deposit of the Aberfeldy field in
Lloydminster, Saskatchewan. Currently, the prototype reservoir is being produced using
vertical production wells only. Table 4.2 contains data for the prototype reservoir, and
some of the more important data of the model reservoir.
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In scaling, a single value of a quantity is often used to represent the whole field. This
single value may not be characteristic of the whole field or the element of symmetry to be
modeled as in the case of permeability. The permeability will vary throughout the field, but
a single permeability was needed in the scaling calculations.

Table 4.1: Scaling Parameter for Stearn Processes (Modified from Ref. 51)

I —Pr Poiseuille Number divided by Stokes Number.
Pr8rlz

II

III

( frLn + IJ % A° Modified Jacob Number + 1.

Cali
Sl Ratio of steam pressure gradient to oil pressure
HpPip gradient.
_khﬂfﬂ_z x 4°  Fourier Number or Peclet Number.
OxSxPxCrlr
PeSeHiln Stokes Number,
krPr8rl
Jﬂ{”—;- Poiseuille Number divided by Modified Poiseuille
PafeSLa Number.

The subscript 'R’ denotes the reference variable used to obtain a dimensionless term

When ¢AS is not matched, A* takes on a value between unity and ¢RSR( P:C J

- If reservoir heating or heat production predominates, use unity.

- If cap and base rock heating predominates, then use chSR[-—&gﬁ-J.

P
=
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Table 4.2: Scaling Parameters for the Protoiype Reservoir

Field Property
Well Spacing
Length
Net Pay Thickness
Porosity
Permeability
Thermal Conductivity
Heat Capacity
Initial Fluid Saturations

Steamflood Residual Qil
Saturation
;, Oil Density

Gil Viscosity

Water Viscosity

Initial Reservoir
Temperature

Initial Reservoir Pressure
Production Pressure
Steam Injection Pressure
Steam Injection Rate
Steam Quality
Horizontal Wells
Lengih

Short
Medium
Long

Outside Diameter

Prototype Value
1/4 of 20 acre, S-spot
1414 m
l1m
031
4.0 darcies
0.002077 XW/m-X
2.1803 kI/kg-K

So=0.73
Sw=025
Sg = 0.02

Sor= 0.15 (estimarcd)

993 kg/m
1275 mPass at 23.9°C
865 mPass at 32.2°C
220 mPass at 65.6°C
26 mPass at 135.0°C
1.3 mPa-s at 301.7°C

0.891mPa-s at 25.8°C
23.3°C

3.45MPa
0.345 MPa (gaugpe)
3.345 MPa (gauge)
100 - 150 m3/D
0.70-

35.4 m (116 f1)
53.1m (174 1)
70.7 m (232 ft)

8.89 em (3.5 inch)

Model Value
1/4 of S-spot
0.8128 m
0.0632 m
0.34 (average value)
4498.5 darcies (scaled value)
0.003266 kW/m+K
2.3824 xJ/kgK

So =092
Sg = 0,005

Sor = 0.25 (estimated)

879.9 kg/m?3
270 mPass at 22.9°C
238 mPass at 25.0°C
137 mPa-s at 35.0°C
123 mPa-s at 37.0°C
57.1 mPa-s at 52.0°C

0.891mPa+s at 25.8°C
3.0°C

0.0267 MPa
0.01397 MPa (abs.)
0.068 MPa (abs.) (scaled value)
212.0 m}/min (scaled valuc)
0.11

20.3 cm (8 inch)
30.5 cm (12 inch)
40.6 cm (16 inch)

4.75 mm (0.187 inch)
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4.3.1 Length Scale

Although the selection of the length scale for the model was somewhat arbitrary, it was
found that this factor was determined by the temperature-pressure relations and by the
physical model size considerations. Stegemeier et al.3! indicated that a successful match
between the pressure-temperature relation for saturated steam was achieved if the size of the
model was made as 'large’ as possible. The question of how 'large’ was determined by the
practicairconstraints of cost and time necessary to pack, saturate, cool, clean and maintain
the model.

The prototype length, Lp, for the element of symmetry was 141.4 m (463.9 ft). The length
of the mode! was 0.813 m (32 inches). Hence, a length scale factor of 174 was used; that is,
L,

=L=yL)=174 .. 4.9
LH

4.3.2 Model Production Pressure

In steamflooding, the pressure gradient (difference) between the steam zone and the
reservoir was observed to be appreciable. Therefore the temperature-pressure relation for
saturated steam must be scaled properly. It was suggested that when prototype pressures
as low as 50 psia and typical length scales of 100 to 200 were present, the best match can
be achieved by selecting the lowest possible production pressure. From a physical stand-
point, the lowest pressure that can be maintained was about 1 psia (33 cm of mercury).
With this limitation, the production pressure for the model was taken to be 13.79 kPa.

The scaling of the model pressure is given by the first scaling parameter in Table 4.1 as

= (p-pP)P _ PpBple
v(p)= (P‘ PP)M B Pu8ulay

where the length scale was found previously, The ratio of the gravitational acceleration,

_g_,.,‘ was essentially unity. The density ratio, -Ef—, was assumed to be 0.9, With the value

8n Py

(pp),, chosen at 13.79 kPa, and the production pressure of the prototype known to be 50
psia, a relationship between the model pressure and the field pressure was established.



Py =0.011567 +0.006387p,

In carrying out the pressure scaling calculations, Table 4.3 was created. Several prototype
pressures covering the range of scaling were tabulated along with their corresponding
saturated steaim temperatures T, and the enthalpy of water at steam temperature, The table
also contains the calculated model pressures with corresponding steam saturation
temperatures and other quantities yet to be determined.

4.3.3 Model Temperature

In order to obtain the best match between the model and prototype oil-viscosity, the model
temperature should have the largest range of scaled values possible. With this in mind,

along with the practical limitations, the lower limit was set at 3°C which is slightly above
the freezing point of water. ‘

To obtain a relationship between the model temperature and the temperature of the
prototype, a corresponding temperature at one other point was required. Stegemeier et
al.31 suggested that it was best to take a value from the middle and the upper parts of the
pressure-temperature relation for finding the temperature difference ratio. The reason cited
was that most of the oil is produced when these temperatures were high.

Following this, the steady state injection temperature and pressure, 74°C and 45 kPa, were
chosen. With the injection pressure of the prototype known to be 1.9 MPa, the

corresponding steam temperature was found, from steam tables, to be 198.320C, The
criteria for scaling temperature is

The ratio of the left hand side yields:

(AT), _198.32-23.3
= = 2.9918
(AT),  61.5-3.0
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T, =0.3342T, - 4.7879 4.13)

-----

4.3.4 Steam Quality

The steam quality inside the model is given by parameter II in Table 4.1. If reservoir

heating or heat production predominates, Stegemeier et al.3! suggested that the variable A*
be ¢xSp(PrCr/ PaC.r)- Hence, foy is given by

_[ c.AT fa ¢pAS, PeyCon
() () e o e ) oo

Upon substituting the values for the steam quality at steady state steam injection conditions,
the above expression yields

205.9k)/kg \ [{0.7x2149.7kI/kg (0 31x0. 62) ]
=| === +1 11 =0.149
Ju [2377.6kJ/kg)M{( 485.48Kk)/kg )[ 0340385/

4.3.5 Model Viscosity

In scaling the viscosity for the model, it was important that the oil production after steam
breakthrough matches, as well as possible, with the prototype. It was found that in order
to match the pressure gradient in the steam zone and the oil zone, the oil viscosity must be
scaled according to parameter IIl in Table 4.1 as

How _ ( ](ﬂmIPsP I&J ..... (4.15)
Hop LP Hip Por

Upon substitution, the ratio of the viscosity becomes

Py =[o.149J(0.01024 1.966 J 2,845
1, \0.70 A0.01346 A0.092 A 0.9

The actual oil viscosity using physical viscosity measurements and reported field data was
correlated using Andrade's equation. This resulted in the following equations:
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4239.8

(1,), =0.00080869 x ¢7+77315 . (4.17)
(1,), =0.0000007782x eT3m38 ... (4.18)

4.3.6 'fime Scale Factor

The time scale factor is giizen as parameter IV in Table 4.1. If the heating of the cap rock
and base rock were assumed to predominate, then the dimensionless scaling group is given
by: :

by o .k_r_I J ..... 4.19
I [km PerCep @.19)

where kM = Kgranite = 0.0030 kW/mK

knp = ksnndstone = 0.002077 kW/mK
PyCary = 2.3824K)/kgK

P.+C.p = 2.1803k)/keK

Substituting the above data into the time ratio yields

by _ (0.002077)(2400

1Y =
=2.4572X10
&\ 00030 ) 2.4572x

2242 \174

The parameter ty is the lab time and has units of minute, ‘The parameter tp is the time used
in the field and it has units of years. By converting the appropriate units,

) I o 24572x10“5x365——--x24— 60—

= 12.92-—— ..... (4.20)
’P yr

The above time ratio implies that for every 12.92 minutes of experimerital time, the field
equivalent ume was one year. In other words, if the injection of steam or production of oil
in the model was made for 12.92 minutes, the field equivalent time of injection or
produ’ tion would be 1 year, /7

i
it
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4.3.7 Model Permeability

The scaling criteria for the permeability in the model is given as parameter V in Table 4.1.

Itis
b (08 Y Ly Y it Y £ Y 22 421
) vl ) B

As can be seen from the above, the ratio ky/kp is dependent on temperature because the
ratio {m/pp is a function of temperature. However, it is impossible to scale the ratio kp/kp
if the temperature dependence is considered. As a consequence, a single value for the
permeability must be chosen, which implies that a single value for the ratio pm/pp must
also be used. The viscosity ratio was found to be most significant when steam
breakthrough occurred. The deviation in this ratio was also found around the vicinity of
the production well as the viscosity of oil was high compared to that of the displacing fluid.
For these reasons, the viscosity ratio was taken at the prototype steam injection temperature
of 240° C using equations 4.17 and 4.18. Upon substituting various ratios into equations
4.21, the permeability ratio yields:

5_,=(0.34x0.65)(1 11.38)(1)( I _5)___1124.48
k»  \0.31x0.60 A\174 A 3.16 A0.89 \2.4572x10

Since the prototype has a permeability of 4 darcies, the permeability of the model is

kym = 4497.9 darcies

4.3.8 Horizontal Well

The scaling criterion for scaling down the size of a horizontal well was given by Doan et
al.’7 as

[ﬁ%} [Jfk(Ap)] ..... 4.22)

Rearranging the above expression for the radius of the horizontal well to be used in the
model gives:



05
Ly = ,.:P Hop LM’ Vp k.u APM _____ (4.23)
Hoy Lp vy kp App

By assuming that the ﬂo-r: velocity in the prototype was one-tenth of that in the model, and
that the horizontal producer of the prototype had an OD. of 8.89 cm (3.5 inch), then:

23.16 1 1 4497.90.05459
11417410 4.0 3.0

0.5
=444 | =02stem

In this study, an aluminum tubing of 4.75 mm OD. was used for the horizontal well (either
producer or injector), since 5.08 mm OD. tubing is not a standard size. This resulted in a
6.5% difference between the actual well size and the value determined by the scaling
criterion, Asa conseqifénce, this led to a 12.6% difference in the assumed velocity ratio
between prototype and model conditions. The scaling of the horizontal well length was
straightforward as it was chosen similar to the model length ratio of 174. The length of the
w~horizontal well used in the model was 18 inches long, which corresponds to a horizontal
“well that would be 79.553 m long in the field.

4.3.9 Steam Injection Rate

The ratio of the sicam injection rates is given as parameter VI in Table 4.1. It is

3
Wit _ Do Ly | (¢AS),, 1 4.24
W pp (Lp) @as)y t, T @24

Substituting the appropriate values in/tc'tﬁé expression above leads to:

=0.00817

W, =0.89( 1 )’ 0.34 % 0.65 1
W, 1.0\174/ 0.31x0.60 2.4572x10

Since the steam injection rates in the prototype were between 100 - 150 m3/D, the injection
rates for the model were between 0.817 - 1.2255 m3/D, for the entire field. This model
represented one-quarter of a five-spot pattern; therefore, the rates were between 0.20425 -
0.306375 m3/D, or 141.8 - 212.7 ml/min.
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Chapter 5§
EXPERIMENTAL APPARATUS and PROCEDURE

5.1  Experimental Apparatus

In this study, two low pressure models were used. One was a scaled physical model, the
other was a visual unscaled model. From the scaled physical model, the injection and
production data were obtained after every 0.1 PV of steam had been injected. With the
temperature and pressure recorded during the experiment, the temperature contours were
generated. In the visual model, the oil recovery mechanism, and the dominant
displacement mechanism that were speculated to occur in the physical model were carefuily
studied. The analysis included in this thesis is based on the data obtained from the physical
scaled model combined with the insight obtained from the visual model. These two models
were found to complement each other.

The experimental set-up for the scaled physical model is shown in Figure 5.1 Ascan be
seen, the experimental apparatus consisted of four important sub systems: the scaled
physical model and the injection, production and data acquisition systems, In the visual
model, data acquisition was not used due to the sensitivity of Lucite to thermal stress. As
such, holes on the walls of the mocel - required to hold the thermocouple in place — may

lead to cracks; therefore, it was avoided. Instead, video recordings of the experiments
were made.

5.1.1 Scaled Physical Model

The scaled physical model consisted of a fiberglass tray with dimensions: length - 81.28
cm (32 inches), width —~ 81.28 cm (32 inches) and height — 6.35 cm (2.5 inches). The
prototype has the dimensions: length — 281.55 m, width — 281.55 m and height — 11 m, It
represented one quarter of an eight hectare (20 acre) five-spot pattern. The scaling factor
used between the model and the prototype was 174,

In order to locate precisely the position of the interface and the size of the steam zone, a
total of 36 thermocouples were used to measure the temperatures inside the model, and four
pressure transducers were used to monitor the injcction/ and production pressures.: Of the
36 thermocouples, four were placed at the four ports in conjunction with the four pressure

LT
iy 3!
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transducers. The remaining 32 thermocouples, of which 16 were placed on the top layer
and 16 on the bottom layer, were located strategically inside the reservoir to monitor the
advancement of the steam zone.

The selection of fiberglass material to represent the model had sévera! advantages. These
included: low thermal conductivity, strength and inexpensive to build. The low thermal
conductivity of the material satisfied the external /outer boundary conditions; that is, no heat
flow across the boundary of the model and no heat transfer within the walls of the model.
However, this fiberglass tray, due to its insulating nature, prevented heat loss to the
underburden. The top and bottom granite blocks were used to simulate the overburden and
underburden of the prototype. Granite was chosen because its properties, namely the
thermal diffusivity, satisfied the scaling groups. Figure 5.2 shows the schematic overview
of the physical model and one layer of thermocouples.

The total weight of the model and the granite blocks was about two and a half tons.
Therefore a cart system, carrying the granite blocks and the scaled model on tracks, was
designed to move the model from the refrigerating chamber to a location near the production
system, where the experiment was carried out. The cart could also be tilted to about 450 10
allow the even distribution of fluids during saturation. This also permitted experimental
studies on steamflooding inclined reservoirs. The refrigerating chamber was required to
fulfill the scaling criteria for the initial temperature condition of the model, which was 3°C

512 The Visual Model

A visual model, that was used to study radial flow patterns of hot water into vertical wells,
was re-designed to allow study of the displacement mechanism during a steamflood
experiment. This visual model was made from Lucite, and it had the following
dimensions: length (outer) 40.32 cm, (inner) 33.02 cm; height (outer) 40.32 cm, (inner)
33.02 cm; width (outer) 14.61 cm, (inner) 7.30 cm. Along with this model, two horizontal
wells, one injector and one producer, were fabricated. The wells were made from sintered
stainless steel material. The horizontal well had the following dimensions: inner radius -
4.76 mm, outer radius - 9.53 mm and length - 7.30 cm. The bulk volume of this visual
model was found to be 8135 cm? (8.135 liter),

Lucite was very sensitive to physical and thermal stresses; therefore, care had to be taken in
selecting a range of suitable operating conditions that were ideal for this material. The
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temperature of the injected fluid was set at 779C, while the injection rate was set at 22.5
cc/min. Lucite was a good insulator. As such, the heat stored inside the model was

allowed to accumulate. This created some concerns about the thermal stresses on the inner
walls of the model.

In the visual model, the following effects were observed from the condensation of steam on
the inner walls: the dominant displacing mechanisms, the stability of the interface, the

direction in which the steamn zone was moving and the formation of a steam zone around
the horizontal injection well,

5.1.3 Horizontal Wells Fabrication

A total of four identical horizontal wells, two injection wells and two production wells,
were fabricated according to the scaling criteria derived by Doan et al.57. The wells were
made from aluminum. Aluminum ‘as chosen for the fabrication of the horizontal wells
because it was inexpensive to purchase and easy to machine. The length of each horizontal
well was approximately 45.7 ¢m, and the inner diameter was approximately 5 mm. The
horizontal wells were perforated at 2 cm intervals, and the perforations were plrced on both
sides of the horizontal wells. Each perforation was 0.5 mm in diameter.

5.1.4 Injection System

From previous experimental studies, Matthias>6 indicated that a non-mixing system has a
smaller steam quality range over the same boiler temperature range, thus giving a much

better control of the steam quality. Following this _?dvice, a non-mixing system was used
/
in this study. ‘

,"/

The injection system consisted of two-20 litre bottles containing water, two Nfi‘!‘r‘oyal
pumps, a boiler and an insulated line. It was noted that the maximum capacity of one
Milroyal pump was 200 ml/min. Thereforg: to achieve a constant injection rate of 210
ml/min., two pumps were used.g'lf{t}__c;;atcﬁ://ttings on the pumps were: 130 ml/min. and 80
ml/min. The pumps, connected to the 40 liter aquifer, fed water to the boiler, which was
set to generate steam at a temperature of 160°C. The line that was used to connect the
boiler to the point of injection was heavily insulated to prevent heat loss in the line.
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5.1.5 Production-Collection System

The production-collection system consisted of a 'vacuum pump, a pressurized discharge
system and two traps. The efficiency of the vacuum pump, under experimental conditions,
varied in accordance to the atmospheric pressure. However, this variation was minimal.
In order to obtain proper experimental data, the proper use of the two traps along with the
pressurized discharge system was cxtx‘emely':important. When this system was handled
improperly, back pressures may be introduced into the model, and or reduce the 'strength’
of the vacuum. The presence of the two traps allowed the collection of oil samples one at a
time, and the pressurized discharged line allowed the collection of the samples from one of
the traps. -

5.1.6 Data Acquisition System

The data acquisition system consisted of a 486/66 personal computer equipped with a
DAS-8 card, eight Exp—16 multiplexers, one ten-channel Validyne board and the Labtech
Notebook™ Software package. The DAS-8 card served as an interface card to process
data obtained from both the Exp—16 multiplexers and the Validyne board. The Exp-16
cards were connected to the thermocouples, which measured the temperature at various
locations in the model. On the other hand, the Validyne board was connected to the
pressure transducers, which monitored the pressure at the four ports. The software
package recorded and processed all raw thermocouple and pressure transducer data in milli
volts and converted them to real values of temperature (in °C), pressure (in kPa), and time
(in seconds). The Labtech NotebookT™ Software also controlled the sampling rate of
pressures and temperatures; data was taken every 30 seconds. The experimental data were
stored in ASCII file format which was later read by Microsoft Excel™, and analyzed (in
terms of temperature contour plots) by SURFERTM,

In the visual model, experiments were recorded using an 8 mm camcorder. Subsequently,
the displacement mechanisms were studied by watching a television screen. Pictures of the
circular steam zone formed around the horizental injector, during the experiment, were also
recorded.
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5.1.7 Model Fluids

The vigcosity-tempcramre. relationship for the refined oil used in the study and the
prototype oil was given by Matthias6. It was found that the Faxam-100 oil gave the best

match to the prototype oil in the low temperature range and hence it was selected to
"= represent the prototype oil in the experiments,

In the visual model, the interface between the steam zone and the oil bank was difficult to
locate because of the lack of contrast in color between the Faxam 100 oil and the steam.
Therefore, the oil used in the experiment must be dark in color. Using the crude oil, that
was available in the lab, was not a good idea because it left stain marks on the Lucite walls
despite cleaning thoroughly with soap water. Since Lucite was sensitive to solvents like
acetone and varsol, the stain marks were found toflbe embedded on the walls of the riodel.
This led to the selection of transmission fluid for the displaced fluid. The ‘dark red' color
of the transmission fluid provided a sharp contrast at the interface; hence, the location and
the stability of the displacement could be studied, and the movement of the front could be

easily tracked. However, the disadvantage of using transmission fluid was its density; that
is, it is a light oil.

Recently, a dye was found to change the color of the Faxam 100 oil from a light orange to a
dark blue color. This color was found to provide excellent contrast between the oil bank
and the steam front. The ability to use the same oil between the scaled physical model and
the visual model was extremely important and advantageous. The reason was the

establishment of a link between what was observed in the visual model to that which was
thought to occur in the physical model.

5.1.8 Porous Media

The high absolute permeability of the scaled reservoir, as required by scaling criteria, was
achieved with the use of glass beads having an average diameter of 3 mm (size 6-8 US.
mesh). These beads were used for each of the experiments reported in this thesis.
Subsequent to every experiment, these glass beads were thoroughly cleaned and reused for
other experiments, as they were expensive.
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5.2  Preparation of the Experimental Model
5.2.1 Packing Procedure

The size, weight, and shape of the model restricted the use of a vibrator to tightly and
uniformly pack the glass beads inside the reservoir. The need for uniform properties
throughout the pack was achieved with the use of a particle distributor. The application of
the particle distributor concept to construct homogeneous reservoirs was introduced by
Wygal®. He indicated that the particle distributor produced mechanically stable packs with
uniform properties throughout, and often these packs were accurately reproduced.

In packing the model, the particle distributor was first carefully placed over the fiberglass
tray, so that the sides were parallel to each other. Next, approximately four (4) pails of
glass beads were poured through it. Once the beads completely filled the top of the
modeled reservoir, the particle distributor was taken off and the remaining beads were
scraped off.

5.2.2 Saturation Process

Once the model had been packed and sealed with the Neoprene sheet, the upper granite
‘lg,g{ock was lowered to simulate the overburden. The two clamps were then tightened to the
upper and lower granite blocks to prevent lifting of the model and cap rock during the
experiment.

Before the saturation of the fluids was undertaken, the model was tilted to approximately
450 from the horizontal position to provide a stable gravity saturation front. Next, a
vacuum was exerted on the entire model. This was essential if an even distribution of
fluids in the model was to be obtained. In this model, there were separate injection and
production ports that were used explicitly for saturation purposes. Again, this was
necessary to provide an even distribution of fluids throughout the reservoir. Since this was
a water wet system, the water was allowed to enter the model first. Once water entered the
production system, a quick-connect was released to prevent water from encroaching
farther. After the water sample was collected, the pore volume of the pack was determined.
The pore volume was the amount of water accumulated in the model during the
aforementioned process. Subsequently, oil was allowed to enter the model. Once oil was
observed at the production end of the system, the saturation process was complete and the



encroachment of oil at the injection ports stopped. In the sawration process, it was
assumed that the oil was incompressible. As such the amount of oil in the model was
determined by the amount of water displaced. With the amount of water displaced being
collected, the initial hydrocarbon saturation of the model could be found. Finally, the
saturated reservoir was pushed into the cooler with a setting of 3°C. Approximately 24

hours later, when the reservoir was at approximately 30 C, the steam injection experiments
began.

5.2.3 Packing and Saturating the Visual Model

Before packing the visual model, the type of steam injection experiment was first
determined, and the horizontal wells were put in place. With the same glass beads used in
the scaled physical model, the visual model was packed. Here a particle distributor was not
necessary. The beads were slowly and simply poured into the visual model. Once
completed, slight vibrations were made to the model to ensure the pack was tight and firm.
Next, the model was evacuated, and then saturated with water. With water seen in the
production system, a quick connect at the lower plate was released to prevent further
encroachment. Qil was then allowed to enter the model the same way water did. Again,
once oil was seen at the production-collection system, the saturation process was
completed. Since the purpose of these experiments was for studying the displacement
mechanism, it was not necessary to satisfy the scaling criteria for the initial temperature
condition in the model.

5.2.4 Preparation of a Bottom Water Model

The packing sequence in these bottom water experiments was quite different as compared

to packing the homogeneous model. A solution of 5% (by weight) sodium chloride (NaCl)
having 20% of the pore volume, was first mixed. With the model cleaned, the solution

was poured directly onto the fiberglass tray. Next, the glass beads were packed on top of
the bottom water layer. Once finished, the model was sealed and pushed into the freezer,
set to operate at -17°C, After the bottom water layer had frozen solidly, which was
approximately 24 hours later, saturation of the model began. This saturation step was done
in a similar manner to the saturation of the homogeneous model. Finally, the model was
pushed back into the cooler with a temperature setting of 3°C. The experiment began when
the temperature inside the model was uniformly 3°C, k
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5.3 Conducting Experiments

Once the temperature inside the model was at a uniform 3°C, the boiler was turned on
along with the i 1n_|ccnon pumps. The injection rate was checked several times to ensure that
it was in the range of : 10 212 ml/min. Approximately fifteen minutes after the boiler
reached 160°C, the moEEl was rolled out of the freezer, and connections of the
thermocouples and pressure transducers were made. The data acquisition program was
then activated, and read for approximately one minute. If the temperature readings were
inconsistent, the change in the connection(s) was made. The vacuum pump was then
turned on and the collection system, which consisted of the two traps, was evacuated along
with the production line. With the injection and production ports selected, steam was
introduced into the model by way of a quick connect. At the same time, the production
system was activated along with the data acquisition system.

After every 0.1 PV of steam injected (CWE), the collection of fluids (oil and water) was
switched from the first trap to the second one. Depending on the type of investigation,
pattern inversions were often made during the experiment, and this required another person
to help change the injection or production ports. The experiment ended after 2.1 PV of
steam had been injected (CWE), unless specified otherwise.

5.4  Data Analysis

After an experiment, the collected éz;nples of oil, water and emulsions were allowed to
separate overnight. The volumes were then recorded, and the production history was
analyzed. Analysis was based on four different curves : % of oil cut, % of cumulative oil
recovery (% OOIP), instantaneous WOR and cumulative OSR versus the pore volumes of
steam injected (CWE).

A commercial contouring package, known as SURFER, was used to analyze the
temperature data. The SURFER™ gridding and viewing programs were used to generate
the temperature contours. The gridding program had a sophisticated feature that can take
irregularly spaced data and create a regularly spaced grid of any desired density. Once the
data had been interpolated and gridded, its component was saved to a .GRD file. The
program TOPO provided different options for a user to look at the content of the .GRD file,
and to create the contour maps that were needed. A plotting subroutine was then called to
print the contour map, which was stored as a .PLT file. SURFER™ also provides users

P
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with a sub program called UTIL. This subroutine was extremely useful for determining the
volume of a contoured surface, the cut and fill area, or a volume of a sliced contour,
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Chapter 6
DISCUSSION of EXPERIMENTAL RESULTS

The objective of this study was to seek the optimal oil recovery from two different types of
reservoirs: a homogenous reservoir, and a reservoir with a bottom water zone, using
several steamflooding strategies in a scaled physical model. The effects of stiut-in and dip
on steamflooding performance were also studied. The results of these experiments were
then scaled up to obtain insight into the displacement process in the field and to predict the
performance of an actual steamflood. The following types of steamflooding experiments
will be discussed: shutting-in the horizontal injectors and producers, injection into dipping
reservoirs with bottom water, injection and production strategies to increase the volumetric
sweep and gas injection with steam. This chapter also looks at the oil saturation profiles,
calculated from the material balance equations (MBESs), along with the heat balance
calculations during a steamflood. The discussion will be grouped according to the type of
investigation, and where appropriate, comparisons will be made between appropriate
experiments,

6.1  Presentation of Results
H

In this study thirty five runs were completed to study the displacement process together
with the effects mentioned above. Of the thirty five runs, twenty five were done using the
scaled physical model, while the remaining ten runs were conducted using a visual
unscaled model. Figure 6.1 illustrates schematically the steamflooding and hot water
flooding experiments performed. Table 6.1 summarizes the pertinent initial model
properties, such as porosity and the initial fluid saturations, along with the oil recovery
results. Both the production data and temperatures and pressures recorded during the run
were used for analyzing the experiment. The injection and production data were used to
generate the following curves: cumulative oil recovery, instantaneous water-oil ratio
(WOR), oil cut and instantaneous steam-oil ratio (SOR) at various pore volumes of steam
injected (CWE). The temperature and pressure data recorded during the experiment were
used to draw temperature contours at various stages of the steamflood.
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6.2  Fluid Injected: Steam versus Hot Water

There are two methods of determining whether the fluid injected is steam or hot water, in
the case of a homogeneous reservoir. In the first method, the pressure and temperature
data obtained during the experiment are used to determine whether steam or hot water was
present. This is done by first generating a temperature contour plot at some specified
period, then assuming that the pressure distribution between the injector and producer is
linear. The temperature, and the corresponding pressure, at various locations inside the
reservoir, are then checked with the steam tables to determine the nature of the injected
fluid. In the second method, a plot of the cumulative injection — measured in cold water
equivalents (CWE) — divided by the cumulative production (i.e. the ratio of CI/CP) versus
pore volumes of steam injected is constructed. From the graph, observations are made to
see whether the ratio is greater or less than one. When the ratio is less than one, that is the
cumulative injection is less than the cumulative production, it is inferred that the injected
fluid is expanding; hence, steam is present. When the ratio is equal to one, it is inferred
that most of the stean has condensed, and the hot waterflooding is taking place. When the
ratio is greater than one, the injected fluid is a compressible fluid, and the cumulative
production is greater than the cumulative injection.

6.3  Stability of Steam Fronts

In waterflooding a heavy oil reservoir, water will breakthrough at the producer quite early.
Hence, many pore volumes of water must be injected to lower the oil saturation to Sgr, the
residual oil saturation. The low displacement efficiency and volumetric sweep efficiency,
“obtained from waterflooding a heavy oil reservoir, are attributed to mobility ratio and
viscous instabilities. The above effects are even more pronounced for the displacement of
heavy oils by gas because the viscosity ratio of the displaced fluid to the displacing fluid is
even larger,
The use of heat to reduce the viscosity of the heavy oil, and hence increase its mobility, has
been widely accepted by the petroleum industry for many years. Among the different
thermal! recovery methods, steam injeétion is the most successful to date. This success is
attributed to the unique steam properties. The steam displacement process has been found
“to be more stable, that is one that is not conducive to the formation and growth of viscous
fingers, than the hot water displacement process. Small steam fingers, if formed, tend to
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lose heat at relatively high rates, ultimately resulting in condensation and disappearance of
the steam fingers®0.

6.4  Pattern Inversions, Cyclic Pattern, Parallel and Diagonal Injection
- Production Strategy.

In this section, four different terminologies used for injection and production strategies —
pattern inversions, cyclic pattern inversion and parallel and diagonal injection-production —
are defined. Pattern inversion (also known as cross pattern flooding) is defined as a change

in either the injection and/or production port(s) and henice pattern during a steamflood. The™

concept of pattern inversion is quite simple; however, a clear understanding of the
mechanism involved is important. The idea behind pattern inversion is to expose as much,
and as long as possible, the area where oil lies in the reservoir to steam displacement.
Hence, the selection of a certain pattern, that is, injection-production strategy, and the time
when a different pattern is used, becomes important. This strategy, together with the idea
of re-saturating the flow channel/path of the fluids previously produced, is the basis of
quick pattern inversion, and will be discussed later.

The diagonal injection-production strategy, and the parallel injection-production strategy are
defined with the aid of the diagram below, Figure 6.2. The diagonal injection-production
strategy refers to the location of the injector and producer on the diagonal and opposite to
each other. The parallel injection-production strategy refers to having the injector and
producer on parallel sides and opposite to each other,

Examples of a diagonal injection-production strategy include: injection at Port 1 and
production at Port 4, or injection at Port 2 and production at Port 3, Examples of a parallel
injecﬁon-production strategy include: injection at Port 1 and production at Port 3, or
injection at Port 2 and production at Port 4
* Cyclic pittern inversion (CPI) is defined as all possible sequential combinations that exist
betweeli{ one injector and one producer. This is illustrated in Figure 6.3. In the existing
experimental set up, Ports 1 and 2 are the injection ports, while Ports 3 and 4 are the
production ports. Therefore an example of a single pattemn inversion cycle is shown in the
diagram below. This sequence is:

i) Injection at Port 2, and production at Port 3;

ii) Injection at Port 1, and production at Port 3;
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jii)
iv)

Injection at Port 1, and production at Port 4;
Injection at Port 2, and production at Port 4;

The sequence of the above injection/production strategies may not. necessarily be in that
order. The order may be different than the one suggested above.

Figure 6.2;

Tl;igurc 6.3

Port 4 Fand Producers
Port 1 ponz  lnjectors
Diagonal Injection-Production Strategy
Port 3 _Port4
l ; Producers
Ini
Port 1 Portz  JSCLOrS

Parallel Injection-Production Strategy
Dlustrates the definition of parallel and diagonal injection-production strategy

Port 3 Port 3
1

|
_g F [ | Production
Pent ont 1
Port Port 4
| N | Injection

| |yl

Port 1 Port2

£ b2
o

Illustrates the use of cyclic pattern inversions

6.5 A Homogeneous Qil Reservoir, Base Case Experiment

This was a base case steamflood experiment with pattern inversions made using pairs of
horizontal injectors and producers in a homogeneous horizontal reservoir. In this
experiment, the glass bead pack representing the prototype had 2 porosity of 30.4% (pore



volume was 12755 ml), the initial oil saturation was 90.3% (or 11520 ml of oil), the steam
injection rate was 210 ml/min. and the ultimate oil recovery was 56.5% of the initial oil in

place (IOIP). Steam injection was utilized for 2.1 PV, and pattern inversions were made
after 0.8, 1.2 and 1.6 PV of steam injection.

Figure 6.4 shows the production history of the experiment. From this figure, it was noted
that the OSR curve decreased steadidily between the production period 0.5 to 0.8 PV. The
use of pattern inversion was found beneficial as a stabilizing trend in the cumulative OSR
curve was observed,that is, the decrement of the negative slope of this curve was less. The
oil cut, at 0.1 PV subsequent to pattern inversion, was seen to increase also. It was noted
that a higher oil cut was not seen instantaneously after pattern inversions because time was
needed first to heat the oil in the vicinity of the injection port to make the oil mobile. The
propagation of oil toward the producer resulted from both frontal displacémcnt and vertical
drive of segregated steam at the top of the formation. Figure 6.5 shows the temperature
contours after 0.5, 0.85, 1.0, and 1.2 PV of steam had been injected. Figure 6.5 (a)
shows a large volume of virgin oil located at the opposite diagonal, that is, at Ports 1 and 4.
After 0.5 PV of steam was injected, the temperature contours showed the following: 1)
steam breakthrough had almost occurred (the temperature of the fluids at the production
was approaching steam saturation temperature), 2) steam override was evident (the upper
temperature contours, T 2 60°C, traversed further inside the reservoir than the lower
temperature contours) and 3) little interference (communication) between the injection and
production wells was observed. To observe the interference effects and interference
patterns, please refer to the temperature contours of Run 10, Figure 6. 20 (a),

On the top left~hand corner of the production history plot, Figure 6. 4, is an inset graph
showing the ratio CI/CP versus the pore volume injected. As discussed earlier — in Section
6.2 ~ the graph provided another method of determining the state of the injected fluid for a
specified injection period. On this graph, the ratio CI/CP was greater than one between the
injection period 0-0.2 PV, implying that the injected fluid was hot water. After0.2 PV of

fluid had been injected, this ratio decreased to less than one, implying the presence of
steam.

Theoretical analysis of the base run includes: a calculation for oil saturations — based on
material balance equations, comparisons of experimental steam zone volumes with several
steamflood models, and calculation of cumulative heat distribution during a steamflood.
These three analyses are interrelated to each other; therefore, a precise knowledge of the
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c) 1.00 PV (CWE) Inj.

d) 1.20 PV (CWE) Ini.

Legend: —— Upper Model Temperature, °C
— — — Lower Model Temperature, *C

Port 3 Port 4 Legend:
Inj. for 0.8 PV using ports 2 and 3
04 PV land3
04 PV land4
- 0.5PV 2and3
Port1™ ~ Port2 Base Case Experiment

Figure 6.5: Plan view of the temperature distribution inside the model along
with injection and production strategy for Run 12,
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fluids (oil, water and steam) saturations in the reservoir allows accurate determination of
the steamn zone, which leads to an accurate heat distribution (heat accumulation and heat
loss) calculation. However, prior to making these analyses, knowledge of the dominant
displacement mechanisms in the reservoir is important because it allows the heat loss
process to be modeled in one dimension. These analyses are discussed in the next section.

6.5.1 Displacement Mechanisms

In interpreting the data to determine the dominant type of displacement mechanism, two
questions were posed. They were as follows: if the reservoir was homogeneous,
containing a connate or irreducible water saturation (Swi) and an oil saturation, So;, then

1) why was a water cut present in the first sample collected, that is, after 0.1 PV of
steam was injected, and

2) what did this fact tell us about the type of displacement, shape, or position of the
steam interface inside the model ?

If a frontal drive model can be assumed, then according to the theory given by Mandl and
Volek31, steam condensate should not be present at the producer in the early stages of a
steamflood experiment. The reason is that an oil bank is produced first, with condensate
breakthrough occurring subsequently. After breakthrough, the water cut continues to
increase, and in some cases steam breakthrough may occur,

From the discussion in the previous paragraph, it is obvious that the frontal drive mode}
proposed by Mandl and Volek3! cannot be assumed in these experiments. Therefore, a
gravity override model, proposed by Neuman34, is assumed. This assumption is
supported by conducting experiments in the visual model, and from analyzing the
temperature contours.

The visual experiments showed the segregation of steam resulting from density differences
during a steamflood, thus contributing to a steam zone overlying the oil zone. From the
temperature contours on Figure 6.5, it can be seen that vertical displacement of oil and
condensate from the steam zone toward the horizontal production well was dominant in the
recovery process. As mentioned in the previous section, prior to approximately 0.20 PV of
steam injected, the state of the displacing fluid was hot water. During this stage, the shape
of the interface appeared relatively vertical. After 0.2 PV had been injected, the formation
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of a steam zone became evident. In the next 0.1 PV injection period, the interface between
the steam—condensate remained relatively vertical, signifying a frontal drive. However, as
injection continued, steam override became more pronounced, and the shape of the
interfaces between the steam-condensate—oil was greatly tilted, as illustrated in Figures 6.5
(b) and (c). Eventually, as the flood matured, the energy present was more than enough to
overcome the heat loss to the overburden. The result was an increase in temperature and
advancement of the steam zone. At this stage, the interface appeared horizontal, and the
production of the fluids resulted from the expansion of steamn from the top of the reservoir.

This was supported by the observation made subsequent to the completion of the
experiment, during the cleaning phase. In remoi?ing the Neoprene sealant sheet, the top of
the modeled reservoir was observed to be 'clean’, while the middle portion of the lower
layer of the reservoir contained a large amount of residual oil along with the steam
condensate. It was also observed that residual oil was present in the lower part of the
porous pack near the two horizontal injectors. This implied the presence of frontal
displacement. However, the vertical drive as a result of steam expanding from the top
played a more dominant role. The temperature contours for the homogeneous base case
experiment, Figure 6.5 (a), clearly illustrates the above observation. After 0.5 PV of steam
had been injected (CWE), the lower temperature contour, T = 5° C, still remained at a
distance less than 4 inches from the injector.

At this point, it is important to be aware of two factors that influence the resulting type of
displacement (whether it is a frontal drive or gravity override). The two factors are
permeability and heat loss. The vertical and horizontal permeabilities, ky and ky, in a
formation will determine the dominant displacement mechanism, In this homogeneous
model, as a result of the scaling criteria, the permeability of the glass beads pack was
approximately 4500 darcies. This implied ky = ky = 4500 darcies. With the high
permeability of the scaled porous medium, steam overriding the top of the reservoir was
promoted. Equally important was the amount of heat accumulated in the model. The heat
loss to the overburden was minimal due to the low thermal conductivity of the Neoprene
sealant sheet. With the fiberglass tray representing the scaled model, the heat loss to the
underburden was further restricted, due to the low conductivity of fiberglass. The low heat
loss to- the overburden and underburden increased the amount of heat stored in the
formation. This effect, coupled with the high absolute permeability of the reservoir,
created a condition where vertical displacement of fluids tecome more dominant as
compared to frontal displacement. If the heat loss to the overburden were excessive, a
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vertical drive would no longer be dominant, and the contribution of the frontal drive would
have been more pronounced. In view of the above fac;prs. the oil recovery is likely to be
optimistic when this result is scaled up to a field project.” -

6.5.2 Fluid Saturation Profiles

With the aid of the temperature contour plots along with the pressure and production data,
material balance equations (MBEs) were used to construct the saturation profiles of the
fluids (steam, condensate and oil) present in the reservoir. In this procedure, a material
balance for three zones was considered. These were; the steam zone (Zone 1), the hot
water or condensate zone (Zone 3) and the virgin oil reservoir (Zone 2). Following
., Peake40, two material balance equations (MBEs) were derived for the three zone reservoir.
The first MBE was for the oil component, while the second MBE was for steam and water.
In the MBE for the oil component, there were three unknowns: So1, So2 and So3. Hence,
to obtain the oil saturations in each zone, two extra equations were needed. In this work,
the assumption that Sq) equals Sqrg; was made. As such, the three unknown saturations
have been reduced to two. A second equation, required for the determination of Sy and
So3, was then formulated. It described the oil saturation inside the reservoir at any
injection-production time. Having two equations, the two unknowns Sgp and So3 were
calculated. The water saturations for Zones 1, 2 and 3 were found by using the identity
that the saturations in each zone added up to one. The full derivations and assumptions are
shown in Appendix A.

From the production data along with the temperature contours and pressure data, it was
observed that every steamflood experiment initially started as a hot water drive. Hence, the
above MBEs were simplified to satisfy the two-zone hot water drive model. The derivation
is presented in Appendix A. In this model, the first zone implies a hot water region, while
the second zone signifies the virgin oil reservoir. The saturations So1 and Sy were
obtained in a similar fashion, as described above,

With the oil saturations (So1, So2 and So3) and steam saturation (Sg) known at various
injection periods, the overall water saturation (Sy) is obtained and plotted. This
information was valuable in determining the theoretical steam zone volume, the heat
accumulation inside the model, along with the injection-production strategy; that is, pattern
inversion and well combinations used.

i
/4/
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A detailed calculation showing the construction of the saturation profile — for the oil ﬁfﬁl:tse -
is presented in Appendix A. Figure 6.6 illustrates the graph of oil saturation profiles for
Zones 1, 2 and 3. Initially, the oil saturation, Soj, was 0.9031. For the first 0.2 PV of
steam injected, the steam zone was not present. At this stage, the production of oil resulted
from hot waterflooding. Therefore, there were two zones (Zone 1 — water and Zone 2 —
oil) present in the reservoir. After 0.2 PV of steam was injected, the oil saturation in the oil
zone decreased to 58.7%, and the oil saturation in water zone, So1, slightly increased to
25.1%. Physically, the increase in So7 is expected because the advancement of the flood
front exposed a larger volume of oil to steam. Since the sweep efficiency and displacement
efficiency of a flood in a pattern are less than one, some oil is bypassed. This led to an
increase in the oil saturation in the waterflooded zone. When the injection of steamn
continued beyond 0.2 PV, a steamflood was in operation. There were three distinct zones
in the reservoir. These zones were the steam zone, the condensate zone and the oil zone.
Figure 6.6 shows the oil saturation in the oil zone decreased most significantly, which was
desirable, and the use of pattern inversions at 0.8 and 1.2 PV reduced the oil saturation in
the condensate zone.. . "‘

Figure 6.7 shows the saturations of the phases (oil, water and steam) at various injection
times. In discussing this graph, it is important to recognize tha: the inversions in the
pattern did not collapse the steam zone as illustrated at 0.9 and 1.3 PV. To clearly
understand this effect, it was important t¢'understand how the saturation of steam was
obtained experimentally. As mentioned previously, the steam zone volume was taken as
the difference between the cumulative amount of fluids produced and the cumulative
amount of steam injected. This argument is valid if the reservoir is homogeneous a-d no
gas saturation is present in the model. These two conditions are satisfied in this ba-
experiment. When pattern inversion was used, the volume of cold oil exposex.
pattern increased. As a result of the unfavourable mobility of the oil in the vicinity of the
producer, the production of oil and water decreased. Hence, the cumulative production
was misrepresented, and so.was the steam zone volume,

6.5.3 Steam Zone Volumes

In Appendix B, steam zone calculations using both the Mand] and Volek3! model and the
Neuman34 model are presented. The reason for the selection of these two models is the
different representation of the dominant driving mechanism. As mentioned earlier, the
Mandl and Volek3! model was for a frontal displacement, while the Neuman34 model was
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a gravity override model. In the frontal model, the critical time was first calculated to serve
as a reference for determining the steam zone formula (expression) used. In the gravity
override model, the height of the steam zone and the area covered by steam were calculated
first. The steam zone volume was obtained by summing the area originally heated during
each time increment multiplied by the steam zone thickness beneath an areal increment
heated at that time. The graph of the Steam Zone Volume versus the Cumulative Pore
Volume Injected for the Mandl and Volek3!'s frontal displacement model, Neuman34's
gravity override model, and the experimental data is shown on Figure 6.8.

The calculation and comparison of steam zone volumes were done prior to pattern inversion
as it was difficult to obtain these volumes subsequent to an inversion of pattern both
experimentally and theoretically. Experimentally, the difficulties in determining the steam
zone volume - as mentioned earlier — are attributed to the unfavourable mobility of cold oil
exposed to the sweep pattern. This led to the misconception that the steam zone inside the
reservoir collapsed. Theoretically, the equations given by Neuman to predict the steam
zone volume could not be used because of the dependence of the parameter fp;i on the
amount of heat injected, and produced. Also, the problem with resaturation of fluids,

which was apparent with pattern inversions, were not considered by Mandl and Volek and
Neuman for their work. ¢

Figure 6.8 shows the experimental steam zone volumes matches weill with Neuman34's
steamflood model. The accuracy of the prediction is atiributed to the precise injection and
production data, which implied the accurate use of the parameter fpj in Neuman's steam
zone expression. The differences in the steam zone volumes between experimental data
and Neuman34's model is attributed to the sweep efficiency of a pattern steam drive in.the
scaled physical experiment. On the other hand, the steam zone volume predicted by Mandl
and Volek3! showed a large discrepancy with those obtained experimentally. This
difference was attributed to a single parameter, the thermal conductivity of the overburden,

Knob. The value knob used in the calculation of the steam zone volume was that for the
Neoprene sheet.

6.5.4 Heat Balance

Heat balance calculations are probably the most important 'step in analyzing the economics
of a steamflood. These calculations allow knowledge of the heat distribution inside the
model along with the heat loss to the overburden and underburden, and the heat produced.
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In the following discussion, the term heat balance shall be referred to as the cul/r'lulativt? heat
balance, not the ir:'S@@geQu;r heat balance, The overall (cumulative) heat balance equation
at any time, t, is given by: " =

Qinj = Qproduction + Qloss + Qtorm 6.1
where '

Qinj - Amount of energy injected, (kJ)

Qproduction . Amount of energy produced, (kJ)

Qloss - Amount of energy loss to the cap and base rock, (kJ)

Qform - Energy accumulated in the formation, including the

matrix (glass beads), and the fluids (oleic, aqueous,
vapour), (kI)=

In this work, the amounts of heat injected and produced were obtained from the injection
and production data. The heat injected at the end of any time t is given by the equation

Qa'nj. = i:! (hn'nj - hre: + fnL\-) o . (62)
where

igt = the mass flow rate of steam (kg/s),
hinj = the enthalpy of saturated water (kJ/kg),

hres = the enthalpy of water at the initial reservoir temperature (kJ/kg),

fo = the quality of steam (dimensionless), e
Ly = the latent heat of vaporization (kJ/kg),

t = the injection time (sec),

The cumulative heat contained in the fluids produced is given by

Qproa = DA (Viri XCoi X Pus+ Vi X Cu X po )% AT} L, (6.3)
i=] "
where
i = any production sample of oil and condensate.
n = total number of samples.
AT  =the temperature difference between the initial reservoir temperature

and the average temperature of production sample i.
Cw  =the specific heat of water, kJ/kgK.
Co  =the specific heat of oil, ki/kgK.



Pw,o- = The density of the water and oil, kg/m3.

The amount of heat accumulated in the model required a precise knowledge of the fluid
saturations inside the reservoir, along with the steam zone volume and the condensate
volume, The heat accumulated in the reservoir at any time t is given by

Qfomun'an = z VR..I: X {ﬁo,kpa.kco.k + Mw.kpw.kcw.k + wu.tp:f.kcn.k + (1 - ¢)pmrrix.tcma:rix.k}

ka)

..... 6.4)
where
m = the number of temperature contours
k = an incremental represematidn' for any temperature contour,
VR k = the volume corresponding to a temperature contour, (m3) _
) = the porosity of the glass beads reservoir, (dimensionless)
So.w.s.k = the saturations for oil, water and steam for a given
temperature contour k, (dimensionless)
Powsk = the density of the oil, water and steam for a given
' temperature contour k, (kg/m3)
Co,w.sk = the heat capacity of the oil, water and steam for a given
‘ temperature contour k, (kJ/kgK)
- Pmatrix.k = the density of the matrix, (kg/m3),

Cratrix k = the heat capacity of the matrix, (kJ/kgK).

The heat loss to the overburden and underburden is therefore found by rearranging
Equation 6.1.

An analytical model, representing the cumulative heat loss, is also developed to verify the
heat loss calculation made based on experimental data. As described in Section 5.2.1, a
Neoprene sheet was used in this experimental set-up to prevent fluid leakage. As a
consequence, the heat loss to the overburden is modeled by a composite heat transfer
problem having two mediums: medium one (i=1) represents the Neoprene sheet and
medium two (i=2) represents the granite cap rock. The temperature distribution in the
Neoprene sheet and cap rock, as derived in Appendix C, are given by:

R i B ~kh
T,(.x.r)—?-:{coe_fj",.l_ sm[ Ja‘,x}[k;k,«uh,klmh,a(kl-k,)](ﬁox)ﬂc““ (6.5)

&
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and

T,(x,1)= i coeffy, * |:Az,‘ sin(%x] +B,, cos(% .r):l

khy b
+[I¢;k, ¥ kb — hya(k, - k,)]“cg(—'x+ o aTJJr o

..... (6.6)
Therefore the cumulative heat loss is given by
08PV aT
Qla” - i Mz;df ----- (6 7)

Figure 6.9 shows the temperature distribution at various penetrating distances and times
*  inside both the Neoprene sheet and the cap rock. At times t = 100 and 600 seconds, the
i instability of the temperature distribution in the cap rock is observed. This implied that the
solutions are not valid early in a steamflood. Appendix C presents the procedure and
formula required to obtain the amount of heat injected, produced and accumulated. A
derivation of the analytical solution to the heat loss problem, and sample calculations of the
heat lost for the base case steamflood experiment are also illustrated in Appendix C,

In Run 12, after 0.8 PV of steam had been injected, the cumulative heat injected was
5367.3 kJ; the cumulative heat produced was 1583.9 kJ; and the heat stored in the
formation was 3337.5 k]J. Therefore, the heat loss was found to be 595.6 kJ. From the
analytical model, the heat loss was found to be 643.4 kJ. The difference in the two values
of heat loss was approximately 7.4%. The small difference between these two values was
attributed to the proper modeling of the heat loss process. Apparently, this also implied the
proper calculation for the heat stored in the formation, and verified the dominating mode of
displacement was gravity override.

6.6 Steeply Dipping Reservoir

Different strategies for steamflooding a steeply dipping reservoir were studied by Hong42,
who used a compositional steamflood simulator. The reservoir was represented by two-
dimensional and three-dimensional grid models. The steamflooding strategies included: 1)
Shutting-in the producer locating up-dip once steam breakthrough or a high steam to oil
ratio (SOR) occurred, 2) Reducing the injection rate to meet economic constraints,
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3) Switching the injectors and producers during drainage to obtain maximum recovery, and

4) Injecting a non-condensable gas, such as nitrogen, to prevent steam cycling in the up dip
portions of the reservoir.

There are several important differences between the work in this thesis, and the work
reported by Hong#2 . In the study made by Hong#2, the reservoir was 30.5 m thick, the
injection of steam was from vertical wells, and there were several rows of vertical wells at
different elevations on the incline — hence covering several planes. In contrast, this study
consisted of a prototype reservoir that was 11 m thick (the thickness of the scaled model
was 2.5 inches) and the injection of steam and production of fluids were from horizontal
wells. The location of the horizontal wells used in these experiments is illustrated, as a
subset, on the temperature contour plots.

In several reported cases of steeply dipping reservoirs, steam cycling was observed. Steam
cycling is defined as the phenomenon where the injected steam rises to the top of the
reservoir, then condenses due to cooling, and subsequently, the condensed water falls
toward the bottom of the reservoir as a result of gravity. In the present experimental set-
up, the movement of condensed water towards the bottom of the reservoir could not be
observed; hence, definite conclusions cannot be made. However, in conducting experi-
ments using the visual model for a homogeneous resen)oir, this effect was observed only
when the injection rate was sufficiently low. With the low injection rate, the rate of heat
injected required for the formation and maintenance of the steam zone was insufficient. As
a result, steamn condensed and segregated.

6.7  Shut~-In Experiments for Steeply Dipping Reservoirs

Due to economic or strategic reasons, andfor due to operational problems, some
steamflooding projects are being shut-in. In doing so, the operators are concerned about
the effect on recovery performance when steam injection is resumed. Hence, questions of
how to properly manage the oil reservoir prior to, and subsequent to shut-in arise.

In studying the effects of shut-in, two experiments were carried out. The collapse of the
steam zone which led to an increasing WOR was carefully studied. The time of continuous
injection prior to shut-in was an important parameter as the mechanism of the displacement
process was observed to vary depending on whether it was made before or after steam
breakthrough. In these two experiments, the injector was shut-in prior fo breakthrough. In
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doing so, the steamn zone volumes prior to shut-in and re-injection were monitored easily
“and the data were manipulated more accurately.

The current experimental set-up made it extremely difficult to monitor the steam zone
volume when the flood was shut-in after steam breakthrough. The reason was with only
one pressure transducer and one thermocouple at the production port, it was not possible to
observe steam condensing in the vicinity of the horizontal production well,

6.7.1 Shut-In and Pattern Inversions in a Dipping Reservoir

Experiment'5 involved the use of horizontal wells at the injection and production ports to
study the effects of shut-in in steeply dipping (inclined) reservoirs. The porosity of the
glass bead pack was 34.1%, the initial oil saturation was 90.0% and the rate of injection
was 210 ml/min. with steam injection down-dip. In the experiment, steam was first
injected for 0.7 PV. It was followed by a period of shut-in, equivalent to 1.0 PV of
injection time, then steam injection was resumed. Pattern inversions were made after 1.1
PV, 1.5 PV and 2.0 PV of steam had been injected. Pattern inversions were made in an
attempt to increase the areal and vertical sweep, thus increasing oil production. Figure 6.10
shows the production history of Run 5. From the inset graph of the ratio CI/CP versus the
pore volume injected, it was observed that within the injection period 0-0.3 PV, the flood
was a hot water drive. After this period, a steamflood was evident in the reservoir. The
production history also shows that subsequent to re-injection, relatively high oil production
was obtained. This was a result of the oil present prior to shut-in. Subsequent to re-
injecting 0.1 PV of steam, the instantaneous water-oil ratio (WOR) increased by one order
of magnitude. This increase was a result of the production of the steam condensate present
in the reservoir during the shut-in period. The oil cut was also observed to increase as the
injected steam supplied enough heat to overcome the heat loss and advance the steam front.

With the temperature data acquired during the experiment, the effect of shut-in was
observed by constructing temperature contours at various tiraes during the steamflood.
Figure 6.11 shows the temperature contours for Run 5. Prior to making further
discussion, it is important to note that the injected steam has two main purposes: 1) to
supply the heat loss to the overburden and underburden occurring behind the steam front,
and 2) to raise the temperature of the condensate zone to a new value of Ts.
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c¢) End of Shut in d) 1.30 PV (CWE) Inj.
Legend: Upper Model Temperature, ® C
— — — Lower Model Temperature,® C
Port 3 Port4  Homogeneous Model Legend:
R Inj, for 0.6 PV using ports 1 and 4
Shut on time equivalent to 1.0 PV of injection
0.5PV land4
04 PV 2and3
0.5PV 2and4
Port 1 Port2
Injection down dip 04 PV land3

Figure 6.11:  Plan view of the temperature distribution inside the model along
with injection and production strategy for Run 5,
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When the injector was shut-in, the production rate was observed to decrease sharply. This
was due to the reduction of both pressure and heat in the reservoir. The reduction in
injection pressure resulted in a small driving force between the steam zone ard the
horizontal producér. The reduction in the injected heat contributed to the collapse of the
steam zone, which reduced the amount of heat transferred into the oil zone ahead of the
moving front, and consequently led to unfavourable mobility.

Shortly after shut-in, a small amount of fluid was produced over a short interval of time.
There are two possible explanations. The first explanation is: as the injector is shut-in, the
temperature and heat in the steam zone decreased leading to condensation. As a result of
condensation, the pressure slightly increased giving rise to some fluid production.
However, not long after, the pressure gradient between the reservoir and production well
was so small that no production was observed. The second explanation is based on the
production mechanism. In this low pressure model, the presence of a vacuum pump
served two functions. The first function was as a pressure sink point where fluids were
produced. The second function was to keep the pressure inside the model less than the
atmospheric pressure. In using the vacuum pump, there was a tendency for fluids to be
produced by the force of suction.

From observing the temperature contours, Figures 6.11 (b) and (¢}, that is, the period
between the start of shut-in and re-injection, the steam zone volume was clearly seen to
collapse which resulted in a larger volume of condensate, as compared with the base case

run. The steam zone prior to shut-in was approximately 0.000534 m3. Based on

engineering judgment, the steam zone volume afier shut-in was approximately 0.000209
m3. Hence, as a result of shut-in, the steam zone collapsed by approximately 60%.

The experimental set up of Run 6 was similar to that of Run 5. The objectives of this
experiniént were to establish the repeatability of results obtained in Run 5, and to pin point
the injection-production pattern giving the highest recovery. The porosity of the glass bead
pack was 30.3%, the initial oil saturation was 90.8% and the injection rate was 210
ml/min. with steam injection down-dip. Steam was injected for 0.8 PV, followed by a
period of shut-in, equivalent to an injection time of 1.0 PV. Pattern inversions were then
made after 1.0 PV, 1.4 PV, and 1.8 PV of steam injected. The production data for this
experiment (Run 6) is shown on Figure 6.12. while the temperature contour plots are
shown on Figure 6.13.
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c) End of Shut in d) 1.30 PV (CWE) Inj.
Legend: Upper Model Temperature, * C
— — ~— Lower Model Temperature,® C
Port 3 Port4  Homogeneous Model Legend:
Inj, for 0.7 PV using ports 1 and 4
Shut on time equivalent to 1.0 PV of injection
03PV land 4
04 PV land3
- 04 PV 2and 4
Port 1 Port2 .
Injection down dip 03PV 2and3

Figure 6.13: ‘Plan view of the temperature distribution inside the model along
with injection'and production strategy for Run 6.
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The inset graph of the ratio CI/CP versus pore vbiume injected for both Runs 5 and 6 show

that the steam zone preseni in Run 6 was larger than the steam zone in Run 5. This is the -

case because for identical injection period, the lower CI/CP ratio in Run 6 implied larger
cumulative production which resulted from the expansion of the steam zone. Also, the
formation of the steam zone occurred 0.1 PV earlier in Run 6. This was attributed to a
lower initial pressure and higher initial temperature in the reservoir, and a tighter pack.

In Run 6, prior to shut-in, at 0.7 PV, the cumulative injection was 8904 ml. The
cumulative production, on the other hand, was 10060 ml. The difference between the two
is 1156 ml, and is attributed to the expansion of the steamn zone. Therefore, the steam zone
volume was approximately 0.001156 m3 prior to shut-in. Based on engineering judgment,
the steam zone volume prior to re-injection was approximately 0.0004314 m3. Hence, as a
result of shut-in, the steam zone collapsed approximately 63%.

Based on the heat loss calculation completed for the base case experiment, it was concluded
that the heat loss in this model was much less than in the prototype (field). As such, a long
duration of shut-in did not completely cause the steam zone to collapse. With large
amounts of heat accumulated in the reservoir, the oil cut in Runs 5 and 6 reached a
maximum value at approximately 0.4 PV after re-injection, that is, injection of steam after
shut-in. This is evident from the inset graph of the ratio of CI/CP versus pore volume of
steam injected, and from looking at the temperature contours on Figures 6.11 - 6.13 (b)

and (c). Further discussion on the heat loss calculations and models is given in Appendix
C.

The scaled up values corresponding to 0.4 PV, after re-injection, for Runs 5 and 6 are 2.11
years and 1.87 years, respectively. In field operations, such a long period of shut-in
would have caused the steam zone to collapse completely because of larger heat loss to the
overburden and underburden. Consequently, greater amount of heat, that is, a longer
period of re-injection, would be required before oil production could be seen from the re-
establishment of the steam zone. '

Due to the storage of heat in the reservoir, the use of pattern inversions — subsequent to
shut-in ~ for Runs 5 and 6 was found beneficial as the oil cut increased, and the cumulative
OSR curve changed from a negative to a positive slope (trend).

78



; \\\

6.7.2 Effect of Shut-in and Pattern Inversions on the Cumulative Oil
Recovery

Figure 6.14 shows the cumulative oil recovery, and the oil cut per sample for Runs § and
6. It is interesting to note that the difference in the ultimate recovery for these two
experiments was only 0.5%, in spite of the different times of pattern inversion, and
different injection and production strategies used. The reason is the similar volumetric
sweep efficiency in both runs.

In Run 5, the injection period between 1.1 and 1.5 PV of steam, with injection at Port 2
and production at Port 3, resulted in 6.7% incremental recovery. Subsequently, the
injectibn of another 0.5 PV of steam with injection at Port 2, and production at Port 4,
resulted in approximately 15.7% incremental oil recovery. The large difference in the
cumulative recovery between the two patterns is attributed to two factors. The first factor is

the depletion of oil in this pattern. The second factor is the existence of the steam .

condensate establiched in the middle part of the reservoir during shut-in, and the location of
this condensate behind the oil bank. Asa result, injection of steam in the diagonal pattern
first displaced the oil present in the vicinity of the production port, then larger amounts of
condensate were produced as the steam expanded. In Run 6, the use of a paralle! pattern,
viz. injection at Port 1 and production at Port 3, resulted in 10.3% incremental recovery,
for 0.4 PV of steam injected. Subsequent injection of another 0.4 PV of steam, using a

diagonal pattern, viz. injection at Port 2 and production at Port 4, resulted in 12, 5% in
incremental recovery.

Based on the discussion above, ii-was concluded that — subsequent to shut-in — the best
strategy for steamflooding a reservoir would be.to first use paralle! then diagonal
combinations of injectors and producers, provided a diagonal injection-production strategy
was previously used. The reason, as can be seen from the cumulativz recovery curve on
Figure 6.14, is that it offered a more stable and balanced approach (the recovery for each
pattern using the suggested strategy resulted in similar values). Also, by using this
strategy, the production of the large volume of steam condensate in the middle of the
reservoir, due to the collapse of the steam zone, was avoided partially.
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6.8  Waell Locations in Steeply Dibping Reservoirs

In this research, several effects which may lead to an increase in the cumulative oil recovery
were examined. These included: 1) Well locations in a steeply dipping reservoir, 2) Dip,
and 3) Pattern inversions in both the inclined and horizontal reservoirs. Two experiments,
Runs 7 and 8, were carried out to study the effects of well location in a steeply dipping
reservoir, Run 10 was carried out to study the effects of dip. This experiment — in every
respect — was similar to Run 7, except for the inclination of the reservoir. In Run 10, the
reservoir was in a horizontal position. Finally, the effectiveness of pattern inversions in
either a horizontal or steeply dipping reservoir was analyzed based on the amount of oil
recovered for a particular pattern.

6.8.1 Effect of Well Location and Dip on Cumulative Qil Recovery

The porosity of the glass bead pack, in Run 7, was 34.1%. The initial oil saturation was
91.8% and the rate of injection was 210 ml/min. Steam was injected down-dip for 2.1 PV,
and pattern inversions were made after 0.7 PV, 1.2 PV, 1.5 PV and 1.9 PV of steam
injected. In Run 8, the porosity was 34.8%, the initial oil saturation was 91.2% and the
injection rate was identical to that of Run 7. The injection of steam was for 1.8 PV down-
dip, with pattern inversions made after 0.6 PV, 1.3 PV and 1.7 PV of steam injected. The
horizontal injection and production well configurations for Runs 7 and 8 are shown in
Figures 6.16 and 6.18 along with the temperature contours, respectively. Figures 6.15 and
6.17 show the production histories for Runs 7 and 8, respectively.

From Runs 7 and 8, which were done for an inclined reservoir, it was found that the
location of the pairs of horizontal injectors and producers was undesirable in two ways.
First, the short distance between the tip of the injector and the producer caused the injected
steam to channel rapidly to the producing well. Second, the horizontal producer and
injector configuration did not expose as much of the reservoir to the steam front, as
compared to other cases. Interference effects between the injection and production wells
were appreciable and visible from looking at the temperature contours on Figures 6.16 and
6.18 (a). The interference effect is indicated by the circular region near the tip of the
horizontal wells. The difference between this pattern and the pattern previously used
resulted in a loss of approximately 5% in ultimate oil recovery, for the sarne pore volume of
steam injected. From an economic standpoint, this horizontal injection-production
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Figure 6.16:  Plan view of the temperature distribution inside the model along
with injection and production strategy for Run 7.
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well configuration was undesirable as a larger volume of steam was required to achieve a
similar cumulative oil recovery for the base case experiment, Run 12.

Figures 6.15 and 6.17 sl:ow that Run 8 initially had a higher cumulative OSR and lower
instantaneous WOR when compared to Run 7. The inset graph of CI/CP versus pore
volume of steam injected, for Run 7, shows the flood was a hot water drive for the first 0.4
PV of steam injected. After this period, steam was present. In comparison, Run 8 started
with a hot water drive for the first 0.2 PV of steam injected, and steam was present within
the injection period of 0.2 to 1.5 PV. After 1.6 PV of steam was injected, both
experiments indicated that the cumulative injected volume was larger than cumulative
production. This was necessary to fill the voidage present, which resulted from the
condensation of the previous steam zone expausion.

In Run 7, after 1.3 PV of steam had been injected, the total production was 2080 ml, of
which 755 ml was oil. These two values greatly exceeded any of those observed
previously. In the experiments conducted in an inclined reservoir, it was observed that
after a pattern inversion was made, the maximum oil cut was obtained after a period of
additional injection. However, in this experiment, a large amount of fluids werc collected
immediately after an inversion. The injection and production were at Ports 2 and 4,
respectively, It was speculated that the oil in the vicinity of Port 4 was not being produced
alone because time was required for the steam front to advance and displaced the oil. Most

of the oil recovered in this sample probably resulted from the movable oil in the middle of

the reservoir where the mobility of the fluids (steam, condensate and oil) are high. As a
result, a diagonal pattern inversion caused the dispiacement of movable oil into the
production path.

The above hypothesis is supported by the fact that the velocity of fluids was greatest in the
diagonal direction from the injector to the producer. As can be seen from Figure 6.16, the
temperature contours in the middle of ihe reservoir is observed to expand both areally, and
vertically. The pressure data shows that a large pressure difference occurred between the
injector and producer as the production port was switched from Port 4 to Port 3, while the
injection was kept at Port 2. As a result of this large pressure gradient between the injector
and producer, a high oil production rate, 305 ml/min., was obtained at the production well,
whereas the injection rate, at Port 2, was at 210 ml/min. The reason for this regional
pressure gradient was uncertain. Possibly the perforations of the horizontal production
well were temporary plugged restricting the flow. Thus the pressure resulting from the
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steam injection process was allowed to build up inside the model. Upon the re-opening of
these perforations, restriction to flow was no longer present, and this led to a high rate of
production,

In Run 10, the effect of dip on oil recovery was studied. The experimental set-up was
similar to that of Runs 7 and 8, except that the reservoir was horizontal. Steam injection
was utilized for 2.1 PV with pattern inversion made after 0.7 PV, 1.2 PV, 1.5PV and 1.9
PV of steam injected. The porosity of the pack was 32.9%, the initial oil saturation was
02,2% and the injection rate was again similar to that in the previous experiments. Figure
6.19 shows the production history of Run 10. Figure 6.20 shows the temperature
contours for this experiment.

Figure 6.21 shows the oil recovery curve for Runs 7, 8 and 10. After 1.8 PV of steam had
been injected, the recovery of the initial oil in place (IOIP) for these three experiments was
50.4, 49.4 and 49.1%, respectively, The difference between the oil recovery for Runs. 7
and 8 was 1%, in spite of the different times of pattern inversion, and different injection
and production strategies used. The reason for the similar oil recoveries was, once again,
atributed to the equal volumetric sweep in these three experiments.

The difference in the displacement mechanism between the horizontal reservoir and the

steeply dipping reservoir can be observed from the temperature contours. Based on the

two figures, Figures 6.16 (a) and 6.20 (a), the degree of steam override was observed to

have greater significance in a horizontal reservoir, This indicates that the frontal

displacement of fluids from the injector to the producer played a greater role in the inclined
TeSErvoir.

The difference in the recoveries for the three experiments was less than 1%, after 1.8 PV of
steam had been injected, despite the different pattern inversions and durations used, and
despite reservoir dip. Therefore, it is concluded that the effect of well location-
configuration is more important in the cumulative recovery of oil than the effect of dip for a
thin and homogeneous reservoir having high permeability.
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6.8.2 Effectiveness of Pattern Inversions in Horizontal and Steeply
Dipping Reservoirs

In Run 7, it was found that both the time when pattern inversion is made, and the use of the
parallel injection production strategy were undesirable. In this experiment, after injecting
0.7 PV of steam at Port 1 and production at Port 4, an additional 0.5 PV of steam was
injected at Port 2 with production at Port 4 resulting in a recovery of 33.9%. In Run 8, the
injection of 0.6 PV of steam using the same well pattern as Run 7, with an additional 0.6
PV of steam using the diagonal injection/production strategy, that is, injection at Port 2 and
production at Port 3, resulted in a recovery of 36.1%. After injecting 1.2 PV of steam, the
cumulative oil recovery in Run 8 was 2.2% more. The reasons for the higher cumulative
recovery in Run 8 were: 1) a larger distance of separation between the tip of the injector and
producer, which reduced steam channeling between the two, and 2) the area exposed to the
sweep was considerably larger. Hence, the strategy of Run 8 was considered to be more
desirable.

As mentioned above, cumulative oil recovery curves for the three experiments were very
similar. However, the oil cut curve for Run 10 was different from the other two runs. The
oil cut in Run 10 was initially high, then it decreased gradually. After pattern inversions,
the oil cut increased once again. In Runs 7 and 8, the oil cut was initially lIow, and
gradually increased to the maximum value, then decreased. The use of pattern inversions
to increase the area exposed to the steam front was found beneficial for all three runs. In
Runs 7 and 8, pattem inversions changed the negative slope of the OSR curve to a positive
trend. While in Run 10, pattern inversions made the negative slope of the OSR curve
decrease less.

Based on the OSR curves, the use of pattern inversions was more significant — on the
performance of a steamflood — for an inclined reservoir than it was for the horizontal
reservoir. One explanation for this was in the inclined model, the steam volume advanced
at a slower rate, due to the work against gravity, compared to the horizontal reservoir, This
led to a better sweep, and a later breakthrough time. In the horizontal model, the steam
front traveled at a greater velocity, therefore earlier breakthrough occurred, and hence the
sweep efficiency was less.

From Runs 7 and 8, it was observed that the cumulative recovery, and the oil cut for both
experiments were similar, when one cyclic pattern inversion was made after 1.8 PV of
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steam was injected. In general, for any given set of experiments having similar set-up and
horizontal well configurations, the ultimate oil recovery will be similar afier injecting for
one cycle - with no repeat in pattern — utilizing all possible horizontal injection/production
well combinations. However, the correct sequence of injection and production strategy
used enabled higher recovery for a shorter injection time, that is, quicker recovery. A
shorter period of injection implies a lower operating cost,

It was found that if a different injection port, but the same production port was used after
pattern inversion, the oil cut was high. This was true if the interference between wells, that
is, communication between injector and producer, were minimal, and the reservoir was
homogeneous. For example, if the first sequence utilized injection at Port 1 and production
at Port 4, then injection at Port 2 and production at Port 4 should be used in the second
sequence. This resulted in an increase in cumulative recovery. When this procedure was
applied to the last two pattern inversion sequences in any experiment, higher recovery was
obtained, provided that the oil available in the given pattern had not yet been produced.

In comparing the effectiveness of parallel and diagonal injection-production strategy, @
question was posed: if identical injection periods were allowed, which injection-production
strategy, that is, parallel or diagonal, will provide higher oil recovery., The answer was
found to depend on the location of injectors and producers in a reservoir. If the horizontal
injectors and producers were assumed to be located parallel to the pattern (quarter of a five-
spot pattern) boundary then based on experimental results, the following conclusion was
reached: If the injection period was short, for example, 0.2 or 0.3 PV, then the parallel
injection and production strategy should be used because it provided a quicker production
response. If the injection period was longer, for example, 0.6 or 0.7 PV, then the diagonal
injection and production strategy should be used. The reason is it allowed a larger
volumetric sweep of oil but on the other hand a slower oil production response.

6.9  Steamflooding a Reservoir Having a Static Bottom Water Layer
In this research, steamflooding of a reservoir with a static bottom water layer was studied

by conducting three scaled physical experiments, where the thickness of the bottom water
layer was 20% of the net pay. In tine first of these experiments, the strategy for

steamflooding a steeply dipping reservoir containing a static bottom water layer was’

studied. In the second experiment, a steamnflood was carried cut for a horizontal reservoir
underlain by a bottom water layer. In both experiments, the horizontal injectors and
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producers were located in the middle of the formation (near the oil water contact). In the
third or final experiment, a steamflood was carried out with horizontal injectors and
producers elevated further from the oil-water contact, that is, increased stand-off.

6.9.1 Stééply Dipping Reservoir - Horizontal Wells Located Near the
Oil-Water Contaci

In Run 9, attempts were made to study different steamflooding strategies on a thin, inclined
reservoir underlain by bottom water. For this experiment, a steamflood was carried out
with pattern inversions using horizontal injectors aad producers for an inclined reservoir
having 20% net-pay bottom water, The porosity of the glass beads pack was 26,5% and
the initial oil saturation was 83.0%. The injection rate was 220 ml/rnin. and pattern
inversions were made after 0.8 PV and 1.8 PV of fluids had been injecied. Oil recovery
began after 0.3 PV of s:eam had been injected. The instantaneous oil production and oil cut
reached a maximum value of 440 ml and 27.9% at 0.5 PV, respectively. The overall
recovery, after 2.1 PV of steam had been injected, was 52.4%.

Figure 6.22 shows the experimental set-up, along with the location of the reservoir fluids
(oil and bottom water), in the inclined reservoir, prior to the start of this experiment.
Figure 6.23 gives cumulative oil recovery, instantaneous WOR and oil cut versus the pore

volume of steam injected (CWE). Figures 6.24 (a) to (d) show the temperature profile of.

the reservoir after 0.5 PV, 0.8 PV, 1.0 PV and 1.5 PV of steam had been injected.

Oil Saturated Marrix

Horizontal Injector

Bottom Water

Figure 6.22:  Position and location of the bottom water layer along with the
horizontal injector in an oil saturated model representing Run 9,

Figure 6.22 shows the horizontal injection wells submerged in the bottom water layer from
the start of steam injection. Initially, formation of the steam zone was suppressed as most
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of the injected heat went into heating the bottom water formation. This was verified by
observing the temperature contours, shown in Figures 6.24 (a) and (b). After .5 PV of
steam had been injected, the temperature and pressure at Port 1 were 79.80C and 62.1 kPa,
respectively. From steam tables, these values indicate that hot water was the state of the
fluid injected, and also the state of the displacing fluid in the model, This is so because the
pressure distribution — which was assumed to be linear between the injector and producer ~
and the corresponding temperature contours were checked with values from steam tables.
After 0.8 PV of steam had been injected, the pressure and temperature at the injection port
were 22.1 kPa and 82.49C, respectively. These values implied the presence of steam at the
injector. However, after checking the pressures and corresponding temperature contours,
it was determined that steam was not yet present inside the model. Hence, the flood — up to
this point — was still a hot bottom water drive. After 1.0 PV of steam had been injected, the
temperature and pressure at Port 2 were 78.3°C and 30.8 kPa, respectively. These values
implied the presence of steam at the injector. From Figure 6.24 (c), the upper temperature
contour, T = 65°C, was observed to traverse farther inside the formation (glass bead pack)
as compared to the lower ternperature contour, implying steam override.

In the early stages of the flood, the lower temperature contour, T = 650C, was seen to
advance farther inside the reservoir than the upper temperature contour. In this process, the
injected heat first heated the bottom water, and subsequently heat was transferred from the
bottom water to the lower portion of the oil layer by conduction, This increased the
temnperature of the oil, reducing its viscosity. As a result, the mobility ratio became more
favourable and the hot water displaced the oil toward the producer. After 1.0 PV of steam
had been injected, the amount of energy present in the reservoir became sufficient for the
establishment of a steam 2one, as illustrated in Figure 6.24 (c). Beyond this stage, the
recovery of oil was greatly contributed by the expansion of the steam zone.

In thin reservoirs, the presence of thick bottom water, for example, above 20% net pay,
was found to be undesirable. Properties of water, when compared to oil, include higher
specific heat and higher mobility. A high mobility water layer provided a flow channel
between the horizontal injector and producer. With the least resistive flow path present, the
injected stearn — which carries energy — channeled into the bottom water layer. Since the
specific heat capacity of water (Cy) is higher than the specific heat capacity of oil (Cy),
larger amounts of heat were stored in the bottom water zone. As a result, the oil at the top
of the reservoir remained immobile (as the viscosity of oil is still high), and the oil cut at the
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producer for the first 0.2 PV of steam injected was zero. This, consequently, led to lower
cumulative oil recovery as compared to the base case run,

From looking at the cumulative oil recovery and the oil cut curves, in Figure 6.23, pattern
inversions were beneficial. The cumulative oil recovery curve increased after pattern
inversion was made at 0.8 PV. Subsequently, after 1.1 PV of fluids was injected, the oil
cut for this pattern reached a maximum. At this stage, it was noted that the oil cut did not
instantaneously increase the oil cut after a pattern inversion. The time required to first heat
the bottom water layer was the reason.

As mentioned earlier, most of the injected heat initially channeled into the bottom water
zone, and a steam zone formed only at later stages. Considering these factors, the
horizontal wells should be located away from the oil-water contact. As such, the time and
the distance the injected steam — which carries heat — has to traverse into the bottom water
zone are delayed (prolonged).

6.9.2 Horizontal Reservoir with Horizontal Wells Located Near the
Oil-Water Contact

In Run 11, attempts were made to study the effects of bottom water on the performance of
a steamflood in a horizontal reservoir. The porosity of the glass bead pack was 25.1%, the
initial oil saturation was 74.8% and the injection rate was 198 mi/min. In this experiment,
pattern inversions, using pairs of horizontal injectors and producers, were made after 1.1
PV and 1.6 PV of steam injected. The reservoir was underlain by a 20% net pay bottom
water layer. The injection of the first 0.5 PV of steamn produced no oil. The cumulative oil
recovery was 36.6%, after 2.1 PV of steam had been injected. Figure 6.25 shows the
production history of tl}is experiment.

Figure 6.26 shows the temperature contours for Run 11, indicating only a small steam zone
was formed. A major portion of the heat injected channeled into the bottom water layer.
The remaining thermal energy carried by the overriding steam to the top of the reservoir
was not sufficient to promote further growth of the steam zone volume. This is evident
from the upper and lower temperature profiles of Figure 6.26 (a). Since the injected energy
can neither promote the growth of the steam zone nor maintain the temperature of the steam
zone at T, condensation occurred. This is indicated by the small width between the
contours for T = 65°C and T = 5°C. From Figures 6.26 (a) and (b), the following was
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oobserved: the upper temperature contour, T = 650C, remained virtually at the same location
during the injection of 0.5 to 1.0 PV of steam. However, the bottom temperature contour,
T = 650C, traversed further inside the reservoir during the same injection period. This
observation showed that a large amount of steam was used for heating the bottom water
layer, with large amounts of condensate being formed. Because of the high conductivity of
the bottom water layer, oil was bypassed and a large volume of steam condensate
continuously flowed towards the producer. This resulted in a higher percentage of oil
remaining inside the reservoir; that is Sor = 0.634. Also, as can be seen from the

production history plot, the water oil ratio (WOR) was higher, and the OSR was lower than
the base case run.

For an oil reservoir with static bottom water, the stand-off of the horizontal injectors and
producers from the oil-water contact is important. In this experiment, the position of the
horizontal injection and production wells was located just above the oil-water contact. Asa
consequence, the injected steam — which carries heat — channeled into the bottom water
layer. Since the specific heat capacity of water is higher than the specific heat capacity of
oil, larger amounts of heat are stored in the bottom water layer. This led to zero oil
production during the first 0.5 PV of steam injected.

Figure 6.27 shows the graph of cumulative oil recovery for Runs 9, 11 and 13. A
comparison of Run 9 with Run 11 showed remarkable differences in the cumulative oil
recovery and also in the trend of the oil cut, and instantaneous WOR. The ultimate
recovery, after 2.1 PV of steam had bzen injected, for the two experiments, differed by
approximately 16%. The oil cut was much less in Run 11, and there was essentially no
peak in the oil cut curve. Upon pattern inversion, the percentage of oil cut decreased in
Run 11, while in Run 9, the oil cut increased.

In the context of the above discussion concerning the location of the horizontal producers
and injectors with respect to the oil-water contact, four experiments were carried out using
an unscaled visual model. From these expe:iments, an effective cylindrical steam zone
volume — around the horizontal injector — was observed. Therefore, in thin oil reservoirs,
where a thick bottom water (above 20 % net pay) layer is present, raising the horizontal
injectors and producers may not be feasible because in trying to avoid wasting heat to the
bottom water layer, the problem of heat loss to the overburden will be encountered.
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The presence of a thick bottom-water layer was detrimental to cumulative oil recovery, as
was evident in this experiment (Run 11). The Neoprene sealant sheet and the fiberglass
tray are good insulators, therefore the heat loss to the overburden and underburden was
small. As a result, heat was allowed to accumulate in the reservoir to promote further
growth of the steam zone. Yel, in this experiment, the formation of the steam zone was
minimal for reasons mentioned above. In field operations, the steam zone volume and
hence oil recovery are expected to be lower than the scaled-up values because of greater

heat loss to the cap rock and base rock. Therefore, the economics of this type of reservoir
may not be promising.

Production data showed that using djagonél pattern inversions in a thin horizontal reservoir
with more than 20% of bottom water present was undesirable for three reasons. First, the
steam zone, although not large, was already present. Any attempts to change the pattern
would expose new cold water zones which will have to be heated, resulting in a waste of
energy. Second, the use of a diagonal pattern would result in the cold oil being displaced
into the path where favourable mobility already exists, temporarily blocking the pore space.
Finally, the mobility of the oil and water mixture was favourable in the middle and in the
vicinity of the production ports.

6.9.3 Horizontal Reservoir - Horizonta! Wells Elevated Above the Oil-
Water Contact

In Run 13, the effect of raising the horizontal injectors and producers in a 20 % net pay
bottom-water layer was studied. The horizontal injectors at Ports 1 and 2 were 5.5 cm and
5.4 cm, respectively, from the bottom of the reservoir, While the horizonta! producers at
Ports 3 and 4 were located at a distance of 4.5 cm and 5.2 cm from the bottom of the
reservoir, respectively, The first pattern inversion was made quite late in the experiment,
after 1.6 PV of steam had been injected. Subsequently, various quick pattern inversions
were made at 0.1 PV intervals. The porosity of the glass bead pack was approximately
26%, the initial oil saturation was 83.1% and the injection rate was at 210 ml/min. . The
production history of this experiment is shown in Figure 6.28. Figure 6.29 shows the
temperature contours for Run 13. From the production history plot, the peak oil cut was
observed betwecn 1.1 and 1.2 PV of steam injected, and the slope of the cumulative oil
recovery curve was observed to increase after 1.0 PV of steam injected.
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Based on the temperature contours, Figures 6.26 (a) and 6.29 (a) show that the elevation of
the horizontal injectors and producers reduced the amount of heat entering the bottom water
layer. The overall recovery, after 2.1 PV of steam injected, for Runs 13 and 11 was
41.18% and 36.6%, respectively. Yet, the recovery between these two experiments was
essentially the same after 1.1 PV of steam was injected. The higher cumulative recovery,
obtained from Run 13, was attributed to the elevation of both the horizontal injectors and
the producers, that is increased stand-off, along with the delay in inverting the pattern.
Figure 6.29 (a) shows that initially the majority of the energy injected went into the bottom
water zone. Only a small portion of the injected heat was carried by steam override to the
upper oil formation, As heat was continuously injected into the reservoir, the growth of the
stearn zone increased significantly after 1.0 PV of steam had been injected, as seen from
Figure 6.29 (b). While in Run 11, the temperature contour plots, Figures 6.26 (a) and (b),
showed the steam—condensate interface, indicated by T = 60°C, remained at approximately
the same location during the injection of 0.5 to 1.0 PV of steam. As mentioned earlier, it is
believed that pattern inversion was not appropriate for Run 11, In this experiment, the
delay in pattern inversion allowed the build-up and propagation of the oil bank toward the
producer,

The production data for Run 11 shows that the increase in cumulative oil recovery was
small. Before pattern inversions, the increment was only about 1.7%. The production data
for Run 13, where pattern inversions were not made until 1.6 PV of steam had been
injected, shows the incremental recovery is increasing steadily, Figure 6.27 shows that the
cumulative oil recovery in Run 13 exceeded the recovery obtained from Run 11 after 1.2
PV of steam had been injected. Hence, by delaying the use of pattern inversions, the
overall recovery for Run 13 turned out to be 4.6% higher than for Run 11.

In the later stages of Run 13, quick pattern inversions — defined as rapid changes in
injection and/or production strategies, typically 0.1 to 0.2 PV per pattern — were attempted
after 1.6 PV of steam was injected. The idea in utilizing quick pattern inversions was to re-
saturate the flow channels, that were previously established, with movable oil from outside
of the original sweep pattern. This was accomplished by using a different pattern in the
subsequent inversion for 0.1 or 0.2 PV injected, then changing back to the original pattern.
An illustration of quick pattern inversion is as follows: if the existing injection and
production patterns are at Ports 2 and 3, then the next pattern could either be injection at
Port 1 and production at Port 4, or injection at Port 2 and production at Port 4. After
injecting another 0.1 or 0.2 PV of steam using either one of the two patterns, the original
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pattern is again used to take advantage of the fluids (oil and condensate) that re-saturate the
flow channels.

Quick pattern inversions were seen to have some effect on the incremental recovery of Run
13. This can be observed from the production history plot, as the total production was
1695 ml, of which 250 m! was oil, after 1.8 PV of steam had been injected. Comparing

this value with the average value from other experiments, after the same injection periods,
showed the difference was approximately 25% higher.

Runs 11 and 13 led to the conclusion that pattern inversions in a horizontal reservoir with a
thick bottom water layer should be avoided. The use of pattern inversions was found to be
best suited for a homogeneous formation where an oil bank is present in the flow path
between the injector and producer, or for steeply dipping reservoirs.

In Run 13, the increase in the elevation of both horizontal injection and productiot: wellg, =+ )

that is, increasing the stand-off, and delaying pattern inversions did lead to the formation of
a larger steam zone. However, another factor caused the growth of the steam zone — the
Neoprene sealant sheet. The good insulating properties of the material reduced heat loss to
the overburden. As a result, more heat was stored at the top of the reservoir, and the
growth of the steam zone was promoted. Therefore, it is concluded that the results of this
experiment would be rather optimistic wher scaled-up to field conditions.

In previous studies made by Chang et al.23, it was found that for reservoirs with a bottom
water layer that was about 10% of the net pay, steam injection into the bottom water was
beneficial as an increase in oil production was obtained. In this strategy, stearn was first
injected into the bottom water layer to heat the formation from below. Heat conduction
from the heated zone caused the oil near the oil-water contact zone to become rnobile.
Subsequent steam injection into the oil zone resulted in better displacement and sweep
efficiency. The above procedure works well when the heat loss to the underburden was
small. If the heat capacity (Mop) of the surrounding rocks is large, energy may be wasted
because of the heat loss to the underburden.

From the three bottom water experiments — Runs 9, 11 and 13, it was concluded that
steamflooding a steeply dipping heavy oil reservoir with 20 % net pay bottom water is a
viable option, provided that the heat loss to the underburden is not large. With the use of
horizontal injectors and producers, attempts were made to first heat the bottom water layer.
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As the injection time increased, the temperature of the bottom water layer also increased.
This led to the conduction of heat into the heavy oil formation. With the viscosity of the oil
lowered, the mobility of the condensate carried the mobile oil along to the producing
horizontal well. After a longer period of injection, the formation of a steam zone was
observed as more heat accumulated in the reservoir. At this stage, oil production was a
result of downward steam zone expansion from the top of the formation.

6.10 The Effect of Gas Injection on Cumulative Recovery

The effect of injecting gas into a reservoir, during a steamflood to increase recovery was
studied. In the first experiment, a steamflood was temporarily interrupted for injecting
slugs of gas into the model. After a period of time, the injection of gas stopped, and the
steamflood resumed. In the second experiment, simultaneous injection of gas with steam
was made for a short period of time during a steamflood.

In previous work, Matthias56 also attempted to study the effect of gas injection on
steamflooding. In this work, the injection rate for the nitrogen gas was 2060 cc/min.
From this study, Matthias36 found that due to the high permeability of the glass bead pack,
the injected gas was quickly observed at the production well. Therefore, he concluded that
it was not feasible to inject gas into a thin reservoir having high permeability.

6.10.1 The Injection of Gas {Slugs) During a Steamflood

In Run 14, the effect of gas injection (slugs) on oil recovery by a steamflood was studied.
The porosity of the glass bead pack was 29.0%, the initial oil saturation was 89.6% and the
steam injection rate was 205 ml/min. This run started with the injection of steam at Port 2,
and production at Port 3 for 1.0 PV. The steamflood was then temporarily interrupted for
gas injection, Next, using the same injection and production strategy, a slug of nitrogen
gas (N2) was injected for the next 0.5 PV. Subsequently, the steamflood was resumed
with the same pattern, for the next 0.3 PV. Then, injection of steam using Port 1 and
production at Port 3 for 0.4 PV, and injection at Port 2 and production at Port 4 followed
for another 0.1 PV. The final pattern inversion utilized injection at Port 1 and production at
Port 4 for 0.2 PV, The rate of flow for nitrogen gas was 544 ml/min.

The injection rate for the nitrogen gas, unlike the injection rate of steam, was unscaled. A
bubble meter was used for measuring the injection rate. With the gas line connected to the
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bottom of a glass cylinder, a soap bubble was formed by slightly squeezing the bulb, As
the bubble was formed, the gas displaced the bubble towards the top of the glass cylinder,
and the rate was measured by tracking and timing the distance traveled by the bubble, Due
to the unstable flow rate of gas, ten measurements were made and the average value was
used. The collection and measurement of the nitrogen gas at the producer proved to be &
difficult task. As a result, the amount of gas remaining in the model, and the amount of gas
produced were not known,

In this experiment, Run 14, the ﬁG‘a'-ra_tqqf gas was approximately 2.5 times the injection
rate of wet steam; therefore, the perioc_rlﬁafv\ti\mc for gas to traverse 0.5 PV was short
compared to that for wet steam. In this run, 'it took approximately 11 minutes and 10
seconds for gas to traverse 0.5 PV. During the injection of the gas slugs, production
samples were taken at 0.25 PV (considering gas flow). In other words, the two samples
were collected at 5 minutes and 35 seconds apart. The total volume of gas injected was
5065 cu ft, and the gas injection pressure varied between 2.6 psi (18 kPa) and 2.9 psi (20
kPa), gauge.

Figure 6.30 shows the production history, and Figure 6.31 shows the temperature profiles
for Run 14, The cumulative oil recovery was 62.6% IOIP, after 1.9 PV of steam and 0.5
PV of nitrogen gas had been injected. Many similarities in the trend of the oil cut, the
cumulative recovery and the cumulative OSR for this run and Run 12 (base case
experiment) can be observed. However, the oil cut, the cumulative OSR and the cumu-
lative recovery were higher in this experiment.

A comparison of the two experiments showed that injection of gas did not lead to higher oil
recovery. If the oil cut and instantaneous oil production in the two experiments, for
periods of time after gas injection, were to be compared, a different conclusion would be
reached. The oil produced for periods after gas injection — for Run 12 — was found to be
265 ml more than for Run 14. Yet the overall recovery in Run 14 was higher. This clearly
contradicted the conclusion made on the basis of the ultimate oil recovery. The gain in the
overall recovery, for Run 14, was reflected from the injection period between 0.1 PV and
1.0 PV. In supporting the above view, a simple material balance for both experiments was
done to calculate the steam zone volume. In Run 12, after 0.8 PV of steam had been
injected, the volume occupied by steam was found to be 0.001441 m3, and the ratio of
cumulative injection to cumulative production, CI/CP, was 0.876. In Run 14, after a

108



' I I B I |

T v [ 1

80 Y] T

o0 (1 100 130 200
Pore Yoluma Ihjected

Qii Cut per Sample

T T [ PT T TTI1

Cumulative OSR

t v L g e x|
T 1 1

lllH

Oil Cut per Sample (% Volume), Cumulative Oil Recovery (% IOIP), Instantaneous WOR (ml/mil)

0.0 0.5 1.0 1.5 2.0
Steam Volume Injected, (P.V, CWE)

Figure 6.30: Production History of Run 14,
Steamflood and nitrogen gas injection (slugs) with pattern
inversions using pairs of horizontal injectors and producers in
a homogeneous, horizontal reservoir.

1.0

0.8

0.6

0.4

0.2

0.0

(TAD IW/fur) YSO aAneumy)

109



¢) 1.20 PV (CWE) Inj. d) 1.50 PV (CWE) Inj.

Upper Mode! Temperature, ° C

Legend:
~— — — Lower Model Temperature, * C
Port3 Port 4 Homo gcncous Model Legend:
‘ o Inj. for 1.0 PV using poris 2 and 3
Gas Inj., Using the Same Pauen, for 0.5 PV
Inj. for 0.3 PV using ports 2 and 3

04 PV land3
Nitrogen Gas Injection (Slugs 0.1PV 2and 4
Fort 1 Port2 g J ( g ) 02 PV land4

Figure 6.31:  Planview of the temperature distribution inside the model along
with injection and production strategy for Run 14,

110



[

I
similar period of injection, the steam zone voluime was 0.002262 m3 , and the ratio of
CI/CP was 0.811.

The difference in the oil cut and cumulative oil recovery were probably due to the location
and the height of the horizontal injection and production wells, The horizontal wells were
located at an angle that had a larger exposure to the reservoir. As a result, the area exposed

to the steam front was larger. Also the horizontal injection and production wells were
perhaps located lower in the formation. As a result, the oil column exposed to the steam
front was larger. Based on the complete set of data, it was concluded that the higher
cumulative recovery, and the higher cumulative OSR in Run 14, compared to the base case
experiment — Run 12 — were due to better volumetric sweep and not because of gas
injection.

6.10.2 Co-injection of Gas and Steam

In Run 16, the performance of the reservoir subjected to simultaneous injection of gas and
steam for a short period of time during a steamflood was studied. The horizontal well
configurations and well pattern were similar to those used in Run 14. The porosity of the
glass bead pack was 30.3% and the initial oil saturation was 91.0%. The injection rate of
steam was 213 ml/min., while the flow of gas was approximately 498 ml/min. Steam was
first injected for 1.0 PV, with injection at Port 2 and production at Port 3. Simultaneous
injection of gas and steam was followed for the next 0.4 PV, using the same pattern. Gas
injection was then stopped, and the steamflood was allowed to proceed, using the same
pattern, for the another 0.2 PV. After 1.6 PV of steam had been injected, quick pattern
inversions were made to study how resaturation contributed to incremental oil recovery.
Figures 6.32 and 6.33 show the production history and temperature contours for this ex-
periment, respectively,

The simultaneous injection of gas and steam into the model was problematic because steam
entered the gas injection line. The reason for steam entering the gas injection line was the
existence of a pressure gradient between the steam injection point and the gas line. To
overcome this problem, the pressure of the gas being injected into the model had to be set
to 10 psi (69 kPa) gauge. In measuring the rate of gas injection, a gas meter was used.
This instrument allowed good control for both measuring and controlling the gas flow rate.
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Based on the production data, the oil recovery in this run was 2.8% higher than the base
case run, after 1.0 PV of steam had been injected, that is, prior to the simultancons
injection of steam and gas into the reservoir. This difference showed up in the ultimate oil
recovery after 2.1 PV of steam had been injected, where the gain was 2.5%. The tempera-
ture contours, illustrated on Figure 6.33, showed similarities to those from Run 12.
However, the path of the fluid was more direct between the injector and producer, the
steam zone area was larger and the width of the condensate zone was also larger in Run 16.
Based on the production data, the volume occupied by the steam — after 1.0 PV of steam
had been injected — was 0.001602 m3, and the CI/CP was 0.864. Again, the difference in
the steam zone volume and hence oil recovery between this run and the base case
experiment, Run 12, was attributed to improved sweep efficiency.

It is concluded that the injection of gas into a thin and homogeneous reservoir, having high
permeability, did not increase oil recovery. The main reason is the high mobility of the
gas, and its preference to traverse the most conductive (or least resistive) path between the
injector and the producer. Also, the effect of gas in lowering heat loss to the overburden
was not seen in this experiment. The presence of the Neoprene sealant sheet was observed
to play a more effective role in preventing heat loss to the overburden than gas.

6.11 Optimistic Scale up

In the present experimental set-up, a Neoprene sheet is used to prevent fluid leakage. As
previously mentioned, one of the properties inherent in the Neoprene sheet is its insulating
ability. As a result, reservoir heating and heat production predominates. With this set-up,
experiments conducted with the absence of the Neoprene sheet led to fluids (oil, water and
steam) leakage. Therefore, experimental data for experiments where the modeled reservoir
was in direct contact with the overburden and underburden (cap and base rock) were not
available. Hence, the task of determining the optimistic prediction of previous experimental
results is made more difficult.

To predict the oil recovery of a steamflood for a homogeneous reservoir, correlations
established by Gomaabl were used. The procedures for estimating (predicting) the
recovery — as a percentage of the initial oil in place — are illustrated in Appendix D. The

correlation provided on Figure 14 of GomaaS!'s paper showed the maximum initial mobile

oil saturation (Som) — defined as the difference between the initial oil saturation prior to the
steamflood and the residual oil saturation after the steamflood — was 60%. In this study,
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Som was approximately 78%. Therefore, the recovery for a homogenous oil reservoir was
extrapolated to approximately 15% of the original oil in place (OQIP), after 0.8 PV of
steam had been injected. From Run 12 (base case experiment), the recovery was found to
be 25.1%, after an identical period of injection had been made.

In the base case run, horizontal injection and production wells were used for steamflooding
a homogeneous reservoir. But, the correlations provided by Gomaa®! were for vertical
injection and production wells. Eznce a correlation for recovery between vertical injection
and production wells with horizontal injection and production wells is needed. From
Chang35, the cumulative recovery of a steamflood using a vertical injector and producer
was approximately 28.5%, after 0.8 PV of steam had been injected. The recovery using a
horizontal injector and producer was approximately 31%, after a similar injection period.
The difference in the recovery between the two cases was 2.5%. In view of Chang35's
experimental results, it was concluded that the recovery for the base case run without the
Neoprene sheet is approximately 17.5%, after 0.8 PV of steam had been injected. In other
words, the presence of the Neoprene sheet resulted in an optimistic prediction of
approximately 7.6%, after 0.8 PV of steam was injected.

In order to validate the prediction made above, a model to represent the temperature
distribution through the cap rock was proposed to obtain the cumulative heat loss. The
development of the model is shown in Appendix D. From Equation (D12), the heat loss
was dependent on the areal steam coverage (A). By assuming that the areal steam
coverage, after 0.8 PV of steam had been injected, was approximately 75%, the heat loss

was found to be 1284.11 kJ. Upon knowing the heat loss to the overburden (cap rock),
the net heat injected per unit volume (Q;,; ) — defined as the difference between the heat

injected and heat loss for a unit volume ~ was calculated, The value of Q;;. for the model
was 98.056 MJ/m3. Next, by assuming that the net heat injected per unit volume was
directly proportional to the volumetric scale ratio, the value of @;; for the prototype was
determined to be 114.7 MM Btu/ac-ft. Having found @;, attempts were made to predict
the recovery. Unfortunately, the cross parameter present with the correlation charts did not
match with the prototype. Hence, the recovery cannot be approximated directly.
However, it was noted that @;,; , obtained from the analytical model, was close to the value
133.5 MM Btu/ac-ft, which was predicted using Gomaa$!'s correlation procedures. This
validated the prediction made above. To obtain a better prediction of the recovery of a
steamflood and to accurately determine the optimistic recovery of experimental results, a
thermal simulator is needed.
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Chapter 7
CONCLUSIONS

A number of experimental and theoretical studies were carried out in this research.
Echrimental objectives of this study were carried out using both a scaled physica! model
and an unscaled visual model. Steamflooding experiments, on the scaled physical model,
were performed for a homogeneous reservoir, and for a teserveir with a 20% net pay
bottom water layer. The use of the unscaled visual model allowed insight into the oil
recovery mechanism. Theoretical objectivcs included the calculations to obtain the fluid
saturations and steam zone volume in the reservoir, and the heat balance for a steamflood.

Based on the experiments conducted and the analysis made, the following conclusions are
reached:

1) With the high permeability of the glass bead pack, steam was found to segregate
quickly and migrate to the top of the formation. As a result, the dominant displace-
ment mechanism in this type of reservoir was the downward expansion of steam at
the top of the formation.

2) Pattern inversions were found beneficial for homogenous reservoirs, as larger
volumes of oil were exposed to the steam front. However, pattern inversion is not
recommended for a marginal horizontal reservoir with a thick (> 20% net pay)
bottom water layer.

3) The location of the horizontal wells — in a thin homogeneous heavy oil reservoir
~ affected the cumulative oil recovery significantly. On the other hand, reservoir
dip had little effect on recovery.

. 4) For experiments having similar well configurations and locations, regardless of
the different sequences of pattern inversions, the recovery was found to be similar
when one cyclic pattern inversion was made. This conclusion is valid if the reser-
voir is homogeneous and the flood time for each pattern is sufficiently long.
However, the use of the right sequence enabled the recovery of oil more quickly,
and with a lesser amount of steam injected.
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5) The expression given by Neuman to estimate the steam zone volume accurately
predicted experimental results.

6) The presence of the Neoprene sealant sheet and fiberglass tray reduced the
heat loss to the cap and base rock. The heat loss accounted for approximately 12%
of the heat injected, after 0.8 PV of steamn was injected.

7) The Neoprene sheet created conditions favourable for the formation and growth
of the steam zone and hence optimistic recovery. Using GomaaS!'s correlation and
experimental results obtained by Chang35, the presence of the Neoprene sheet re-
sulted in an optimistic prediction of approximately 7.6%, after 0.8 PV of steam

was injected.
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Chapter 8

RECOMMENDATIONS for FURTHER STUDIES

On the basis of the results obtained in this study, the following recommendations are
proposed to extend the scope of the research. The recommendations include experimental
modifications and theoretical studies as follows:

A. Experimental
1) Steam is currently injected — at constant rate — into the modeled reservoir.
Changing the present set up to a constant pressure injection system would be more
representative of field operations.
2) Variation in the steam quality should be allowed and incorporated into the
injection system.
3) The Neoprene sealant sheet, and the fiberglass tray greatly reduced the heat loss
to the cap and base rock. To properly represent the prototype, the modeled
reservoir should be in direct contact with both the cap and base rock.
4) There should be several pressure transducers inside the model to monitor the
reservoir pressure closely. There should also be more than two layers of
thermocouples to allow the tracking of the steam front.
5) A thicker model should be used for active bottom water experiments,
6) The elevation in the height of the horizontal wells should be aliowed to vary and
should be controlled with greater precision.
7) A scaled visual model should also be designed to study the steam zone volume
generated around a horizontal injection well.

B. Theoretical
1) The effect of heat loss to adjacent formation on oil recovery.
2) The steam zone volumes and the heat loss should be calculated in the absence of
the fiberglass tray and the Neoprene sheet.
3) Models should be developed to study the following: a) the conditions under
which counterflow of oil-water and steam will occur in the case of a light oil, a
heavy oil, and a tar sand, and b) the conditions when steam override occurs for
steam injection from vertical or horizontal wells.
4) Practical correlations for predicting vertical conformance should be developed.
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Appendix A
SATURATION CALCULATIONS
Two Zones Material Balance Equations: Steam and Qil Zones

The following assumptions are made in the derivation of the material balance equations
(MBEs) for the oil and the steam zones,

1) There is no water influx into the reservoir (model).
2) The pore space in the reservoir remains constant; i.e. the porosity is constant,
3) The reservoir is incompressible; that is, ¢, = 0.
4) There is no initial gas saturation.

- §) The injected steam remains in the reservoir; that is, steam does not travel toward
the producer.

Consider Figure A1 below as the starting point.

Nd + Wd

Gross Displacement
Ws

Steam Injection

Total Volume, Vi
Figure Al: Simplified Two Zone Material Balance Reservoir Model

From the diagram, the incremental oil displaced, ANy, between any two time periods
during which the steam zone changes by AV, is given by

ANg=OT@D2-@uIav; .. (A1

and the corresponding incremental volume of water displaced , AWy, is
TR

PR
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AWy = ¢[( )2 ( +—~)1]AV1 +AWs (A2)
Where Bo,w = Formation volume factor for oil and water
Bg = Formation volume factor for steam
So,w.s = The saturations of oil, water, and steam
AV, = Steam zone volume
AW = Incremental stearn injected

Adding Equations (A1} and (A2) gives:

ANg +AWq = AWs + O 1@+ G- G1- G+ TN 1AV

Three Zones Material Balance Equations: Steam - Hot Water - Oil Zones

Material balance equations for the three zones (steam-condensate-and oil) reservoir are
developed in the same fashion as that for two zones.

Hot Water

Nd +Wd
Gross Displncemcm'

Ws

Steam Injection

Total Volume, Vi

Figure A2: Simplified Three Zone Material Balance Reservoir Model.

As seen from Figure A2, the incremental volume of oil displaced, ANy, is givenby .-~



Sov.  Soy. Soy. S
ANg=Q [(F2- GN1AVI+O[E2- G314V ... (Ad)
and the corresponding incremental volume of water displaced, AWy, is

AWy = ¢[( )2( +—5)1]AV1+¢[( )2( )3]AV3+AW~.

..... (A5)
Adding Equations (A4) and (AS5) gives:
ANg+AWg = AWs+9 [(—Q+JL)2 B2+ 3 + 591 14Vy
So . Swy _ Sq §:.v_
+O1 B2+ B @2+ F001AVs ... (46)

The above equations were used to determine oil and water saturations in different zones, as
shown in the following for the base case experiment (Experiment 12), Examining the
CI/CP inset sraph of Figure 6.4 it was seen that oil production between 0.0 and 0.2 PV of
stearn injected into the reservoir was due mostly to a hot water flood, as the steam zone was
not yet formed. Given the existence of two zones in the reservoir, the two-zone material
balance equations were used. Equation (A2) was modified to reflect the absence of steam
in Zone 1, as shown in the following,

AWa=0TGhe- GINIAVI+&Ws (A7

To determine the oil saturation profile in Zones 1 and 2, the material balance for the oil
phase, Equation (A1) was modified slightly by introducing the following assumption: Bg2
=Bg) = 1, giving

ANg=0[Se2-S11AV, .. (A8)

In order to obtain a unique solution for these two unknowns, Sp1 and Sg2, in Equation
(A8), the following constraint is invoked,

So = Sol + 802 ..... (Ag)

where S, represents the overall oil saturation remaining in the model at any time t. It was
determined by the following formula,
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S, = Initial hydrocarbon volume - Volume of oil produced
0 Pore volume

Equations (A8) and (A9) were used in conjunction with Kramer's Rule to determine Sp
and Sg2. The water saturation in each zone was then obtained by invoking the overall
saturation constraL.it in each zone. For example, for Zone 1: Sp1 + Sw1 + Swir=1.

Referring to the CI/CP inset graph of Figure 6.4, it appears that a steam zone formed after
0.2 PV of steam had been injected into the model. As such, the three-zone material balance
model becomes applicable. Equation (A4) which described the material balance for the oil
phase was modified slightly by introducing the assumption : Bo1 = Bg2 = Bg3 =1, giving

ANg=0(So2-So1) AV +9 (Se2-Se3)AVZ ..., (A1)

Thus there are three unknowns: Sgp, Sp1, and So3 in the above equation. Qil saturation in
the steam zone was next assumed to be equal to steamflood residual oil saturation, that is,
So1=Sorst. The residual oil saturation in the steam zone was assumed to be 0.12 for this
study. This value was chosen as it was within the range of values typical of
unconsolidated sandstone, California reservoirs62, This assumption reduced the number of
unknowns in Equation (A11) from three to two. Finally, Equation (A12) which describes
the constraint of the overall oil saturation in all three zones of the reservoir was introduced.
It enabled the two saturations (Sq2 and Sg3) to be determined.

Sorst+ 802+ S03=8 L (Al12)

The steam zone volume in Equation (A11), AV3, was determined using the SurferTM
program which generated isotherms from thermocouple readings, and integrated the
volumes enclosed between different isotherms. Based on engineering judgment, the
condensate volume was assumed to be the volume enclosed between the 40°C and the
659C temperature contours. Table Al shows the steam zone volume, the condensate
volume, steam saturation, water saturation and the oil saturations in Zones 1, 2 and 3 at
different times. Figure Al shows the saturations of oil in Zones 1, 2 and 3 for various
periods of steam injection. Figure A2 illustrates the overall oil, water and steam
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Figure A3 The Saturations of oil in the oil, condensate and steam flooded
zones at various cumulative injection periods, for the base case run.
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Figure A4; The saturations of steam, condensate and oil in the reservoir
at various cumulative injection periods, for the base case run.
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saturations at various periods of steam injection. Experimentally, the overall steam
saturation was determined by the difference between the cumulative injected and cumulative
produced volumes. As seen in Figure Al, it was important to recognize the fact that
subsequent to pattern inversions, the steam zones did not collapse, as shown at 0.9 PV and
1.3 PV. The steam zone was still present in the reservoir. However, due to the change in
the pattern, the area exposed to the steamflood increased, and cold oil was produced.

In developing a two zone (hot water and oil) and a three zone (steam, condensate and oil)
model reservoir, to allow the construction of the oil saturations in each zone, two impor-
tant assumptions were made. In the first assumption, the amount of oil displaced (ANy) in
the reservoir - as given by Equations (A8) and (A11) - is assumed to be produced (ANp).
The second assumption implied the saturations in the reservoir at a given time — as given by
Equations (A9) and (A12) - are independent of the changes in the individual volumes.

It is important to understand that the oil saturation profiles of the three zones (steam,
condensate and oil) in the reservoir cannot be constructed based solely on the MBEs for the
oil and water phase. An equation describing the variation in the saturations with distance
(that is, moving saturation boundaries) is also required.
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Appendix B
STEAM ZONE VOLUME CALCULATION
Frontal Displacement Model — Mandi and Volek Equations

Mand] and Volek3! recognized the effect of the convective heat transport of hot water in the
mobilization and displacement of oil during a steamflood. They concluded that this effect
was substantial when the flood time was greater than the critical time, tc, which was
defined to be the time when the predominant mode of heat transfer — from the steam and
condensate zones to the oil zones — changed from conduction to convection. As such, the
convective heat transfer from the condensate zone to the oil zone ahead was negligible
when time was less than the critical time, t;. On the other hand, when the critical time was
exceeded, convective heat transfer became dominant. The following procedure was
suggested by Mandl and Volek3! to determine the critical time:

1) Calculate the variable B, using the following equation,

M O
B= o-ry (B1)

2) Calculate the variable Fy. as follows,

1
= B2
2c 1+ B ( )
3) Determine 4ff,c from Table 5.1 or Figure 5.363
where tp. is the dimensionless critical time.
4) Calculate t; in hours using Equation (B3),

212
- Mshr IIDC‘

St L
T kM, .

Knowledge of the critical time enabled the appropriate steam zone volume to be calculated,
as illustrated Ty the following; g



= Ql‘ M:h:z
’ 4hpuM (Ts - TR)

*F (t<to) veenr (B4)

and

oMK
£ 4k,w,,Mo,,(Ts-—T,,)

oF, 2t ... (BS)

where Fi, tp and F3 are defined as,

f= e"’erfc.JE+2J-'£ -1 i =___i_4k’mf-Mnf- _’2_
T Ml

and
F= e'“ed'cJt;+2E-l—

~1
U P f.L, (:J,-rm—:i) o _tp=t
% {[ (T, —Ty) * 3 ererfeytn 3:?m,,

For the base case run (Experiment 12), the critical time, t;, was found to be 6325.07
seconds, using the above procedure. The time to inject 0.8 PV of steam was 2915
seconds. As this time was less than the critical time, the steam zone expression given by
Equation (B4) was used. Table B1 contains the steam zone volumes predicted by Mandl-
Volek3!'s model, together with the steam zone volumes calculated using Neuman34's
model (as illustrated below).

Gravity Override Model - Neuman's Equations

Neuman3* considered the effect of steam override on steamflood recovery performance. In
Neuman's model, three important assumptions were made. First, steam was assumed to
rise quickly to the top of a permeable reservoir; that is, this time was considered to be
negligible compared with the time required to heat the total reservoir area. Second, the
horizontal pressure gradient in the steam zone was assumed to be much less than the
vertical pressure gradient. Lastly, the saturations of oil and water were assumed to remain
constant throughout the steam zone. Equations were derived to determine the velocity of
the steam/liquid interface, steam zone thickness, the areal growth of the steam zone, the
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amount of oil displaced from the heated reservoir beneath the steam zone and the reduced
steam injection rate to maintain a constant area covered by steam. In this study, the
equations for predicting the thickness of the steam zone (h), the area covered by steam (Ag)

and the steam zone volume (Vs) were considered. The thickness of the steam zone was
given by 34

- 4k, C AT, [(t-1)

h ML e (B6)

where

kp = the thermal conductivity, (kJ/mKs)

Cw  =the specific heat capacity of water, (kJ/kgK)

ATy = the difference between reservoir temperature and steam

temperature, (°K)

o = the thermal diffusivity, (m%/s)

Ly = the heat of vaporization of water, (kJ/kg)
From Equation (B6), the heat capacity of the formation (M) is

M;=(1-9)p,.Co + 80,5...C. +90.5..C. ... (B7)

where
P1aCra 18 the volumetric heat capacity of the matrix, (kJ/m3K)

The area covered by steam at different times was calculated, using Equation (B8)34

REASTATRA Ja
A_[T] ;— ..... (B8)

where
fa = the steam quality downhole, (fraction)
fo = the fraction of injected heat that is produced, {fraction)
i = the injection rate (C.W.E.), (m3/s)

The steam zone volume, Vs, is given by the following equation34



Table Bl contains calculated values for the steam zone volume, and vertical sweep, as
determined from Neuman's model. Figure Bl shows the steam zone volume obtained
from Neuman's model along with the steam zone obtained from the experimental data. The
two sets of steam zone volume values were compared for up to 0.8 PV of steam injected
into the model, before the first pattern inversion was implemented.

It was observed from Figure Bl that the steam zone predicted by Neuman's model34
matched the experimental results closely. The following explanation discusses the close
match between experimental and theoretical results. Careful examination of Equation (B9)
revealed that the steam zone volume was not directly dependent on the volumetric heat
capacity of the overburden, Mgp. Rather, it was dependent on the parameter, fp, the
fraction of injected heat produced. The following definition is provided for this parameter,

Q rod,
j;!=_Qt':{.=1—le:—Qform. """ (B]-O)

As can be seen from this equation, the heat loss and heat accumulated appearing on the
right hand side of the above equation became insignificant, as changes in these two factors
were reflected upon the amount of heat produced appearing on the left hand side. Since the
heat loss depended on the properties of the overburden and underburden, this dependence
was also absorbed into the term Qprod. As a consequence, the accuracy of the of the steam
zone expression was dependent on a precise knowledge of the heat injected and the heat
produced. In field operations, the amount of heat injected and produced were easily
obtained, with accuracy, from injection and production data.

The steam zone volumes predicted by the Mandl-Volek's model, on the other hand, were
approximately 25 times the experimental values. Examining Equations (B4) and (B5), it is
seen that Mandl-Volek31's steam zone volume is dependent on the thermal conductivity,
knob. of the cap rock and base rock. As a result of the experimental set up, the overburden
was composed of two different layers: the Neoprene sheet in direct contact with the
reservoir, and the granite cap rock. In using Equation (B4), the thermal conductivity of the
Neoprene sealant sheet was the value kpop, as the effective thermal conductivity of the
overburden were not known. This value, when compared with the actual overburden,
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differed by two order of magnitudes. As a result, the steam zone volume predicted by
Mand! and Volek greatly exceeded the values obtained experimentally



Appendix C
HEAT LOSS CALCULATION

An understanding of the utilization of the injected energy — including the heat loss from the
reservoir to the cap and base rock, as well as the heat accumulated in the reservoir — is
important for the success of steamflooding and other thermal recovery processes. This
appendix examines the distribution of the injected heat for the steamflooding process
involved in the experiments. Specifically, the following discussion examines the
cumulative heat balance calculation for a steamflood experiment. Applying the heat
conservation principle, the overall heat balance at any time t is given by

Qinj = Qprod + Qioss + Qformation ™ ... (of})]
where Qin; = energy injected into thé"formation, kJ
Qprod = energy removed from reservoir due to fluids production, kJ
Qioss = heat loss to overburden and underburden, kJ
Qfarmation = heat accumulated in the model; including glass beads, oleic phase,

aqueous (condensate) phase, and vapor (steam) phase, kJ
Heat Injected, Qinj, and Heat Produced, Qprod

The heat injected into the reservoir, Qjpj, and the heat contained in the produced fluids,
Qprod. were casily obtained from the injection and production data, The experiments
carried out in this study involved a constant injection rate. As such, the heat injected at the
end of any time t was given by the following equation,

Qf..;. =1, (hinj‘\;‘\- h.ra +f, ,,L,) *t {(C2)

in the above equation,
igt = the mass flow rate of steam (kg/s),
hinj = the enthalpy of saturated water (kJ/kg),
hres = the enthalpy of water at the initial reservoir temperature (kJ/kg),
fa = the quality of steam (dimensionless),
Ly = the latent heat of vaporization (kJ/kg),
t = the injection time (sec),
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The procedure for determining the heat produced was similar to that given by Matthias56.
Experimentally, data from the thermocouple at the producer revealed that the temperature of
the produced fluids, which were collected every 0.1 PV of steam injected, varied slightly
during each sampling period. Consequently, an arithmetic average was taken of the
temperatures recorded during each sampling period. This average temperature was then
taken as the representative temperature of the fluids (oil and water) produced. The
cumulative heat contained in the fluids produced was, therefore, given by

Qprod = 2{(Vw.f x Cw.l' X pw.l' + Va.l’ X Cm’ x pc.l') X AT} """" (CS)
il
where
i = any production sample of oil and condensate.
n = total number of sarnples.
AT =the temperature difference between the initial reservoir temperature

and the average teraperature of production sample i.
Cw  =the specific heat of water, kJ/kgK.
= 4.3245 - 3.696¢"3T + 2.482¢-5T2
Co  =the specific heat of oil, k/kgK.
= 17915 + 0.00361T kJ/kgK
Pwo = The density of the water and olil, kg/m3,

P¥  =10.001+1.436c°6(-4.8872 + 0.134186T + 0.00212868T2)]
Po  =879.9 kg/m3.

The specific heat and density for the oil used in this study (Faxam 100 mineral oil) were
provided by the manufacturer, Imperial Oil Resources Limited. While, the specific heat
and density of water are obtained from c.rrelations provided by Tortike and Farouq Ali64,
Table Cl shows the calculated values for both the heat injected (Qinj) and the heat produced
(Qproa) for the base-case experiment (Experiment 12).

Heat Accumulation in the Formation, Qformation

The energy accumulated in the formation at any time was more difficult to determine than
either the heat injected (Qjp;) or the heat produced (Qpro)- In this study the approach used
to calculate this parameter, Qformation, Was to sum the energy contained in the matrix, and
reservoir fluids. Given the non-uniform temperature distribution, the reservoir was
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partitioned into different zones each of which was bordered by two temperature
"boundaries" (isotherms). As stated previously, the SurferT™ program was used to
determine and draw isotherms from the temperature data recorded by different
thermocouples, as well as to integrate the areas/volumes bounded by two isotherms. As
such, the heat accumulated inside the reservoir at any time t was given by

Q formation = ZVR..! X {Mﬂ.kpo,kco,t 0S8, 4PusCrt + 855 4PsCots (i- ¢)pmanir,kcmrix,k}

km]

..... (C4)
Where m = the number of temperature contours
k = an incremental representation for any temperature contour,
VRk = the volume corresponding to an temperature contours, (m3)
] = the porosity of the glass beads reservoir, (dimensionless)
Sow.sk = the saturations for oil, water and steam for a given
temperature contour k, (dimensionless)
Po,w.sk = the density of the oil, water and steam for a given
temperature contour k, (kg/m3)
Cow.s.k = the heat capacity of the oil, water and steam for a given
temperature contour k, (kJ/kgK)
. Pmatrix k = the density of the matrix, (kg/m?),
' Crmatrix k = the heat capacity of the matrix, (kJ/kgK).

Table C2 provides the calculated values for heat accumulated inside the reservoir for the
base-case experiment (Experiment 12). These values were obtained from the voluine
enclosed by isotherms, along with calculated values for oil, water and steam saturations.

Given the values calculated for Qjpj, Qprod (Table C1) and Qformation (Table C2), it was
seen that at the end of 0.8 PV of steam injected into the reservoir, the heat loss which was
yet to be determined, was approximately 595.6 kJ (from Equation (C1)) or 11% of the total
heat injected into the formation. In the following, the heat loss from the reservoir to the cap
and base rock was examined in more detail.
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Heat Loss to the Overburden (Qjqss)

As described previously, the glass bead reservoir in the experiments in this study was not
in direct contact with the granite cap rock (and base rock). Between these media was a
sheet of Neoprene in the case of the cap rock, and the fiberglass model tray in the case of
the base rock. As such, the cap rock’ (and the base rock) was actually made up of two
regions, each having different properties. This composite structure of the cap rock (and
base rock), as shown in Figure Cl, created difficulties in the determination of the heat loss.

Neoprene Layer

L= ]

Steam Zone Condensate Zone

Injection Point Production Point
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Figure C1: Illustrates a schematic diagram of the composite heat transfer problem
The drawing above shows the presence of steam overriding the top of the formation, the
condensate zone ahead of the steam front, and the virgin oil reservoir. Also shown is the
instantaneous heat loss to the cap rock and base rock, as indicated by the arrows
perpendicular to and pointing away from the modeled reservoir, The different heights of
these arrows signify the relative magnitudes of heat loss at different distances along the
model length.

The differential equations describing the heat transfer process between two composite
medium,; that is, the Neoprene sheet and the cap rock, are given below.

&1, _ 1 Ih(x1)
& o &

in0<x<a,t>0 (C5)

sre e
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T, _ 1 dh(x.1)

& o, o

ima<x<bt>0 ... (Co)

The above equations are subject to the following boundary conditions:

T(x.t)=f, atx=0,t>0 ... (C7-3)
T (x.t) =T, (x,1) atx=a,t>0 ... (C7-b)
aT, (x,t dr,(x,t
k, Ié(‘!\' )=k1 ’gx ) atx=a,t>0 ... (C7-c)
k,'ar—’g’—r)+h,7;=h3f; atx=b,t>0 ... (C7-d)
The initial conditions are:
T, (x,0)= F(x) fort=0,0<x<a ..... (C8-a)
T,(x,t)=F(x) fort=0,a<x<b ... (C8-b)

Both the Neoprene sheet and granite cap rock are assumed to be homogeneous, and the
properties including P, Cp, k and 0. are uniform and constant for each of these two
materials. In addition, the Neoprene sheet and the granite cap rock are assumed to be in
perfect thermal contact.

The general solutions for the system of differential equations, for any boundury and initial
conditions were obtained using the procedure suggested by Ozisik63, as follows

T(xt)=6(x0+g@)*fi+y, (), ... (C9)

As seen in Equation C9, the heat transfer for the composite overburden system is broken
up into three smaller problems. The functions 8,(x,f), i = 1, 2, represent the solution of

the transient problem. The second and the third functions, ¢;(x) and y,(x), i = 1, 2,

respectively, represent two solutions to two steady state problems. These problems are
-« explained in more detail in the following.

In the first problem, the solutions of the functions ¢;(x), where i=1,2 satisfy the steady
state composite heat conduction problem given by
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2
i%ﬁ"—)ﬂ in0<x<a ... (C10)
and
2
-d—¢-2¥l=0 ina<x<b ... (C11)
dx
The above equations are subject to the following boundary conditions:
$,(x)=1 atx=0 ... (Cl12-a)
#,(x)=¢,(x) ax=a ... (C12-b)
&, dq:,iix) =k, dﬁix) the interface  ..... (Cl12-c)
5%%+@%=0 ax=b ... (C12-d)
The solutions representing the functions ¢,(x), where i=1,2 are
8(x)="2| - hy e+l in0<x<a ... (C13)
‘ k,'+h,b-—ah,[l—f-) :
1
and
kh k =k .
X)={—-— L }x[x -a(-—2)]+1 ina<x<b ..... (C14
= R T bk, - ok — £ ; ‘

The solutions were evaluated at the boundary conditions to verify their validity.

In the second problem, the solutions of the functions y;(x), where i=1,2, satisfy the

steady state composite heat conduction problem that is similar to the first problem but with
different boundary conditions.

2

i;’xl_2m=o in0<x<a ... (C15)
and

2

ay,(x) -4 ma<x<b ... (C16)



Equations C15 and C16 are subject to the following boundary conditions

y,(x)=0
vy (x) =y, (x)

atx=0

ooooo

atx=a

-----

k] d'}”l (.1') - k2 d‘i:zf-")

ddx
Gty =y

the interface

.....

atx=>b

ooooo

The steady state solutions of the functions ,(x), where i=1, 2 are

hy
=kl — i
W) 2[k2k, ¥ bk, +ah,

and

hoky

(k.- kl)]x

in0<x<a

_ k, =k, .
"”(")'{k;ki+hsxab+afa(kz~xa)}x[”“(T)] masx<d

Again, the correctness of the solutions was verified by evaluating the solutions at the

boundary conditions.

The two solutions for the functions 6,(x.r), where i = 1, 2, represent the transient solution

of the composite heat conduction equations.

9*6,(x,0) _ 1 98(x.1)

& o o

and

3%0,(x,1) __198(x,1)

in0<x<at>0

o’ a, o

ina<x<bt>0

The equations above are subject to the following boundary conditions:

6,(x,t)=0

6,(x,t)=6,(x,1)
26, _, 46,

hz;—%

dx
. d@
EE2 418, =0

atx=0,t>0
at the interface

-----

x=a2a,t>0

ooooo

atx=b,t>0

(C17-2)
(C17-b)

(C17-c)

(C17-d)

ooooo

-----

ccccc

(C22-a)
(C22-b)

(C22-c)

(C22-d)
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and the initial conditions are

8,(x.0)=F(x)~ 8, (x)- Ly (x)=F(x) t>0,in0<x<a ... (C23)
6,(x,1)= K(x)~ f6,(x) - f¥, (1) =F(x) t>0,inasxsb ... (€24

Following Ozisik®5, the solutions were obtained by the method of separation of variables.
The general form of the temperature distribution in the Neoprene sheet; mediumi = 1, and
the cap rock; medium i = 2, is given by,

n=l

0.(x,0) = Z—e"’"Y [ j F (% )Y,(x dx+—_[F ,,(x')dx'}

i=1,2 ... (C25)
Where
N, =5 vz (e -:;—ZJben(x - S (C26)
Y, (x)= sm[—%x} (C27)
1

Y,,(x)=A4,, sin( ﬁ;_z x} +B,, cos(%x} ..... (C28)

The coefficients Az and Ba, are given by the two expressions below

A, = -i—[-— sinysin(% n) -K cqs}'cos(% 17):| ----- (C29)

where



o))
sin bn cos bn 1

In Equations (C39) and (C30), the variables y, 7, H, and K are given by

The functions F (x) and F; (x) are the initial conditions for this transient problem, and
their expressions are given by Equations (C34) and (C24). As seen, in order to determine
these two functions, the steady state solutions y¥(x) and ¢{x) are required.

The determination of the coefficients Agy and By, depends on the eigenvalues 8,. These

eigenvalues were determined from the solution of the transcendental equation:

o VS CMENEY
R ey TEARCARCNSEV S

For each of these eigenvalues, there is a corresponding set of coefficients. The
determination of these roots symbolically was not possible. Several programs,
Mathematica™ and MatLab™, were tried to determine the eigenvalues. However, neither
one can accomplish this task. Finally, Excel™ was used to solve, by trial-and-error,

solutions to Equation (C32). The first seven eigenvalues were obtained and are shown in
Table. C3.

Equipped with the general solutions to the problem, the temperature distribution in the
system was constructed for the base case experiment. The time used corresponded to 0.8
PV. The pertinent data required for the calculations are given in Table C3. Equations
(C33) and (C34), listed below, describe the temperature distribution in the system.
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B ~k,h
N(x,t)= *§ - : = x)+70
1(x,0) ﬂzﬂ{coqﬁ‘}r mLchzr Kk, + kb — hya(k, —kz) (60x)

..... (C33)
and
L) = i""‘-’ﬁr * {A2n Sif{—g'—x] +B,, Cos(—ﬁ"—x)
= NN Jen
ki, _ ok
+[k2'k, " h,lqb-h,a(k, ""A'z):|* 60[ X+a ak1 J+ 70 ... (C34)
where

coeffy, = coeffy, ---—-e'"1 [ IF; (r YI dr +—2— IF, Yz,,( )d\]

x =0 x =g

The function — T(x,t) — represents the temperature distribution in the Neoprene sheet,
which was in the region 0 < x < a. The function — T,(x,t) — represents the temperature
distribution in the cap rock, which is valid in the regions a < x < b. The values coeffy,
were obtained from combining Equations (C26 - C32). These are shown in Table C3. The
temperature distribution at three different times: t = 100, 600 and 2915 seconds - was
evaluated. The purpose of these calculations was to examine the stability of the solutions.
The temperature distribution in the Neoprene sheet along with the cap rock at various
penetration distances, and at various snapshots in time is shown in Table C4. A graph
showing the temperature distribution at various penetrating dictances and times inside both
the Neoprene sheet and the cap rock is shown in Figure C2, At times t = 100 and 600
seconds, the instability of the temperature distribution in the cap rock is observed. “This
implied that the solutions are valid at longer times.

After 0.8 PV of steam was injected into the reservoir, the analytical model predicted the
temperature at the interface between the Neoprene sheet and the granite cap rock (x = a) to
be 36.3°C. Previously, Matthias®6 conducted experiments to measure the temperature at
the interface (x = a) for the entire steamflood. Matthias36 found the temperature was
33.59C, after 0.8 pore volume of steam (CWE) had been injected for the base case run.
This illustrates the precise treatment of the composite heat transfer problem for the present
experimental set-up.
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Temperature Distribution
Penetration Distance |  time = 100 sec. time = 600 sec. | time = 2915 sec.
(m) — oC oC oC

0.0000 70.000 70.000 70.000
0.0005 65.866 64.653 64.691
0.0010 61.718 59.306 59.382
0.0015 57.542 53.958 54.072
0.0020 53.327 48.609 48.763
0.0025 49.059 43,260 43.454
0.0030 44.725 37.909 38.145
0.003175 43,191 36.037 36.287
0.0050 34.317 34.317 34.317
0.0100 40.899 33.067 33.761
0.0500 21.935 28.393 29.411
0.0750 28.097 26.501 26.756
0.1000 26.057 25.044 24.107
0.1250 25.409 22.880 21.431
0.1500 20.422 19.604 18.702
0.1750 15.316 15.800 15.915
0.2000 9.583 12,458 13.077
0.225375 8.506 9.993 10.160
Table C4: Ilustrates the temperature distribution at various snapshot in times

(t =100, 600 and 2915 seconds).
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Figure C2:  The temperature distribution in the Neoprene sheet and cap rock

after 100, 600, 2915 (0.8 PV) seconds.
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Given the temperature distribution, the rate of heat loss to the overburden was found from
the equation:

S = s 2L
O=-tA—— .. (C35)

The rates of heat loss through the Neoprene sheet and the cép rock are
; dT, - drT,
Ql =hA E_;' Qz = klA“gxz'

where the temperature gradient (heat flux) %‘- and % is given by:

&lﬂa

Lo B (B8 ). 60k, b,
= 2 coefh, TT°°S(%T")D k, + b — hyalk, ~ ky)

153

T, 8, (B Y . B . (8 . 60k b,
dx ‘E“’"ﬁ”*-{’*’“ﬁ‘“’{ﬁx] B’“Es‘"(ﬁxﬂ Gk, + kb — halk, — k)

The rate of heat loss through the Neoprene was 0.220699 kJ/s, while the heat loss through
the cap rock was 0.224094 kJ/s. The relative error between theses two values is 1.5%,
which is due to perhaps round-off error.

The cumulative heat loss from the reservoir through the Neoprene sheet to the granite cap
rock is

-t . ,s._fg"70fh 08PV 13 hafy =70k (
Q= —kypanire Al Kot hb i e +§|‘ (cosbA, ~1)-=— J.b ki ) \7; sinbA, —~bcosbA, ||e

Ao 1
cosi 31 o(A,) eH ?fuw[%]

The cumulative heat loss through the Neoprene sheet, after 0.8 PV of steam was injected,
was found to be 638.1 kJ. Measuring the temperature at the interface between the
Neoprene sheet and the granite cap rock permitted the experimental heat loss to be
calculated, and this was found to be 664.3 kJ. The error between the theoretically
predicted and experimentally calculated values was 4.0 %.



Appendix D

OPTIMISTIC RECOVERY
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The presence of the Neoprene sealant sheet in the system reduced the heat lost to the
overburden, and allowed heat to accumulate in the model. As a result, the expansion of the
steam zone is promoted, and this led to optimistic recovery. In this appendix, the
procedure — established by Gomaa®!- to predict the performance of a steamflood is
illustrated first. Next, to validate this prediction, a simple analytical model is developed to
predict the temperature distribution in the cap rock, and hence the heat loss. Subsequently,
attempts are made to use other correlations provided by Gomaa6! to determine the
optimistic recovery obtained from experimental results. The schematic diagram repre-
senting the heat distribution during a steamflood is illustrated below.
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Figure D1: Ilustrates a schematic diagram of the heat transfer during a steamnflood

Gomaa's Correlation

T

Using a numerical simulator, Gomaa©! established a set of correlation charts for predicting
steamflood oil recovery and oil/steam ratio as functions of reservoir characteristics and
operating conditions. The correlations emphasized the effects of steam quality, mobile oil

sau. .ion, reservoir thickness and net/gross ratio,



The procedures to predict the oil recovery for a given steamflood are summarized as
follows:

1) Read the vertical heat loss (fhy) as fraction of input from Figure 1361,

The heat injection rate was
éin] =iy {hinj ~bres+ ﬂLv}
Substituting
i=37.5 m3/D (0.43403Kg/s) hipj = 1041.7 kJ/kg
tres = 94.901 kl/kg fs = 0.70
Ly =2803.1 kl/kg res. thickness = 35 ft

then éw = 1262.57 kJ/s = 103.39 MMBtw/D or 0.57988 MMBw/D/ac-ft.
From Figure 13, the vertical heat loss as a percentage of input (fhy) is 0.48

2) Read the heat utilization factor (Y) from Figure 1261,

The injected steam has a 70 % quality therefore the heat utilization factor (Y)
was 0.9,

3) Calculate the net heat injected (Qin;j) in MMBtu/gross acre-ft using the equation

Ql'ﬂf =0, 1282 [”1([ - fhv)N];

where

I - is the injection rate (B/D/gross acre-ft),

h — is the enthalpy (Btu/lbm),

At —is the time increment (years),

i —1is the index of time increments.

Substituting
1=1.3229 B/D/gross acre-ft h =447.85 Btu/Ibm
fhy =0.48 At = 3,76087 years

then Qinj = 148.31 MMBtu/acre-ft
4) Calculate the effective heat injected (Qe) in MMBtu/gross acre-ft from

Q=YxQw .
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Substituting
Y =09 Qinj = 148.31 MMBtu/acre-ft
then Qe = 133.48 MMBtw/acre-ft

5) Read the oil recovery from Figure 1461,

From Figure 14, the cross parameter initial mobile oil saturation is defined as
Som = Soi - Sors
where
Som  —is the initial mobile oil saturation,
Soi  —is the initial oil saturation prior to steamflood = .9032,
Sors -~ is the residual oil saturation after steamflood = 0,120,
then Som =0.7832.
In Figure 14, the correlation cross parameter — initial mobile oil saturation —
reached up to only 60 %. At this point, the oil recovery, as a percentage of
original mobile oil was 12%. This value is expected to be higher for Som =
78.32%, approximately 15%.

Temperature Distribution in the Cap Rock

The temperature distribution in the cap rock was modeled by the diffusivity equation

3T 1 T
F—agrmiua’ ..... (DI)

having the Dirichlet inner boundary condition, and a mixed outer boundary condition as

Tx=0=/ ... (D2-a)
x;%m,n:h,f, vieee (D2-D)
The initial condition is

Txg1=0=£ L. (D2-c)
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Since the boundary conditions of the above problem are not homogeneous, the method of
separation of variables could not be used directly to obtain the solution. The general
solution is broken up into a steady state solution and a transient solution as

Tx)=V(x)+Wxoy L (D3)

where V(x) - the steady state solution, and
W(x,1) — the transient solution.

The steady state solution is
V(x)=i'gf+—l{::4x+ A (D4)

where f1 = the temperature at x =0, °C

f2 = the temperature at x = b, °C

f3 = the initial temperature at t =0, °C

b = the thickness of the granite block, that is, cap rock, m

h3 = the convection constant at x = b,

k3 = the thermal conductivity of surrounding air at x = b,

In this study, the following temperatures were assumed based on engineering judgment;
f1 =700C, f2 = 16°C, and f3 = 3°C. Upon substituting these temperatures into Equation
(DS5), the steady state solution becomes

hafo —T0h
Vix)==22—_"Jys70
(x) Ko+ x+70 D35)

Having found the steady state solution, the formulation of the transient solution is given by
the partial differential equation

Fw_ 1w

== — - (D6)
Reformulating the boundary conditions at the inner and outer boundary results in

W(x=0,)=0 x=0 ... (D7-a)

K w=0 x=b ... (D8-b)
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and the initial condition is

—0)mm(f - iy ISy -
W(x.t=0)==(f,- f)- Kamp © (D8-c)

Since the boundary conditions for the transient problem are homogeneous, the method of
separation of variables is used to obtain the temperature distribution in the cap rock as

W(x.r)= 2 134 (cosbi, - 2 ML- smbl —bcosba,
Lt TAB\ K

sind, x- e"""‘"

The parameter A, represents the eigenvalues of the equation
K;A. + hy tan Ab=0

The temperature distribution 7(x,s) is therefore given by

hfi=T08Y 1 .
T(x,f)= Z{ {cosbi, —1)- Ab( Kot b I nsmbl,,-bcusbil,,]}-

Sind,x:¢ *m+3—f2lix+f ..... D11)
K; + hsb

Table D1 shows the eigenvalues along with the temperature at various penetration distances
into the cap rock, and Figure D1 shows the temperature distribution inside the cap rock
after 0.8 PV of steam had been injected. Again, at times t = 100 and 600 seconds, the
instability in the solution is observed. Having found the temperature distribution inside the
cap rock, the rate of heat loss was found to be

- dl
Q = -kgram'reA .d_x """ (D12)

where
dT > [134 =10 Y Lo pa e
= —,‘E., {b).,‘ (cosba, ~1)- 3 b( T b I nsm »—bcosbl,

cosA xI"_o(J.,, Ao -t~~—3——h“r2 704
G K2+h3b



159

Temperature Distribution
Penetration Distance |  time = 100 sec. time = 600 sec. time = 2915 sec.
(m oC oC oC
0.0000 70.0000 70.0000 70.0000
0.0250 15.1396 39,4073 55.7333
0.0500 0.9339 17.9387 42,6222
0.0750 47170 7.4495 31.6026
0.1000 3.6138 3.8910 23.2404
0.1250 0.8899 3.1736 17.6858
0.1500 3.8475 3.7248 14.7236
0.1750 3.4910 5.6926 13.8762
0.2000 3.5136 9.7380 14,5104
0.2254 15.3875 15.7529 15.9420
Table D1: Temperature distribution in the cap rock, with the absence of the Neoprene

sheet, at three different times: t = 100, 600 and 2915 (or 0.8 PV) seconds
duringz a steamflood.
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70

time = 2915 sec,

time = 600 sec.

time = 100 sec.

Temperature, °C

0.00 0.05 - 0.10 0.15 0.20

Distance, m

Figure D1: Temperature distribution in the cap rock, with the absence of the

Neoprene sheet, at three times: t = 100, 600 and 2615 (or 0.8 PV) seconds
during a steamflood
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Therefore, the cumulative heat loss was given by

t=0.8 PV
L ]

0= [Qu e (D14)

=0

or

70k,
0= ~hyuu A

hfs =700
08PV, Z[ (cosbd, - Y ( 1{; T hp ) [ 7 -—sinbA, —bcosbi ]]

cosA .rI b o(h,) e ?_"OW(“—;GJ ..... D15)

From Equation (D12), the rate of heat loss to the overburden (cap rock) was directly
proportional to the areal coverage (A) of the steam zone, If the areal coverage of the steam
zone was assumed to be 100 %, then the rate of heat loss was found to be 0.79718 kl/s.
Upon substituting different values into Equation (D15), the cumulative heat loss to the
overburden (cap rock) - after 0.8 PV of steam had been injected - was found to be 1712.15
kJ. However, based on engineering judgment, the areal steam coverage was approximately
75%. Based on this assumption, the heat loss to the cap :i',bék was found to be 1284.11 XJ.
This value represented approximately 24% of the cumulative heat injected.



