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Cyclic Steam Stimulation (CSS'] process is a proven commercial oil recovery process in
heavy oil reservoirs. CSS is moslly applicable for the reservoirs containing medium o
high viscosity oil. In many of the heax:ier regerviors, steam is injecied under high
pressurs to creaie fractures {-éhaar faiture) in .the reservoir. The Changes in mass and
heat Iransp-m-l properties created by stsam invasion in the heterogenously deformed
shear failure zone have been shown to- be the imporant factors for recovery
mechanism. This work presenis a new mathematical model, which considers the shear
failu.r;: Zone permeability in reservoir simulation by means of pseudo-relative
. . permeability functons.
: .

Fractures and nlicrui;hanncls are crezicd m the shear failure zone of the reservoir
during steam injection period. It is assumed that these fractures and microchannels
remain during pmductiun‘pm'od. As a result the reservoir permeability is altered from
" the original value. In this new model the actual permesbility is cafculated by using of
ps-:udo;ralaﬁw permeability functions.

The entire shear failure zone is divided into two coucéntric eliptical cylinders. The
inner and outer cylinder is called hot and warm zone Tespectively. The flow rate is
- ::alculate_-d from the well located al the center of an elliptical reservoir geometry.

The simulared resubs are a::-ht:uned from this new model showing an excellent match
w1th previously reported result in Cotd Lake oil sanids, The varipus produciion
performance parameters (OSR, CDOR, WOR) as well a5 oil and waler productions are
calculated in eight cycies of operation. An extensive sensitivity study has been done for
different physical and reservoir parameters. This model can be successfully used for
simulating moderate to heavy oil reservoirs.
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we- NOMENCLATURE

a = major axis of the ellipse (m)
A = area {m’}
b = width of frachure (m), minor axis of the effipse (m)

c = compressibility (kPa"), half fength of the line source (m)
C = specific heat () m™*K ™"}, fluid loss coeficient {m ™)
d = diffusivity length (m)

Et- = energy stored in the cap and base rock (kN

f = degree of faiture (fraction)

Py = acceleration due to gravity (9.81 ms™)

h = formation Ihickness (m), specific enthalpy (k7 ke')
hg = latent heat of vaporization (kJ kg3

H = dimensionless heat input

i = steam injection rate (m’ day™)

k = absolute permeability (m®)

ky = thermal conductivity (kI m™ d" K™y

K = pseudo relative permeahility of oil (fraction)

K'e = pseudo relative pormeability of waler (fraction)

K = hydraulic conducrivity (ms™)

Kme = number of total cycles

L = distance (m)

L; = fracture halflength (m)

I,  =latent heat of vaporizaton (kJ ke)

M = mobility ratio, volumetric heat capacity (kJ ke)

p = pressure (kPa)

P« = saturation pressurs (kPa)

q = {luid flow rate (m® day™)

g;  =heatloss rate (kJ )



Q  =heat flow rate (xJ day™)

t = radius {m}

R = radivs in polar coordinates

Ser = imeducible water saturation {fraction)

S = 0il saturation (fraction)

See = residual oil saturation (fraction)

Sp = spurt loss quokient

Sw  =milial water saturation (fraction)

Se = residual water saturation {Iraction)

t = time {day)

T = lermnperature

T =(T-THT,-T)

U = unit step funcion

v = variable of integration

v = volume (m’)

Ve = fluid teak-off velocity (m* 5™}

X = steam quality

X, = relative permeability multiplication factor for oil
Xu = relative permeability mudtiplication factor for water
Greek Symbols

o = thermal diffusivity (m”* s™*), effective fracture width (m)
B = 1, thermal expansion coefficient (X

A = mobility (m® Pa”s")

B = fluid heat loss due w production (fraction)

E = eccentricity of the ellipse (fraction)

vlii



i = potential function

¢ = porosity (fraction)

r = dimensionless x coordinate

" = dimensionless z ¢coordinate, hydraulic diffusivity
L = dynamic viscosity (Pa.s)

& = dimensionless ¥ coordinale

p = density (kg m”)

T = dimensionless time

Te = dimensionless time for steam advancement in Lhe fracture
Tia = dimensiomless time for the steam 1o move into the formation
&) = dimensionless temperature, angle

v = kinematic viscosity (m* ™)

T =pi=3.14159265

Subscripts

0 = interface between reservoir and the adjacent strala
1 = hot

2 = warm

b = bulk, mierface

c = ¢ondensate

d = dramage

e = exiemal

f = formation, fud

h = hot, inferface

i = initial, mjected

o = il

am = mobile oif

jy = pore



T = radial

R = fESETVOIr

5 = sleam

s = gteam advance

sC = standard condition

st = glock lank, sieam

t = Lotal

w = waier, wellbore, warm
we = connale water

wf = {flowing wellhore
wm = mobile waler

Z = wertical co-ardmate

Abbreviations

CDOR = galendar day oil rate
CS5 = gyclic steam stimulation
CWE = cold water equivalent
EFw = elliptic ow into a well
OSR = oil-steam ratio

PDOR = production day oil rate

WOR = water-oil ratio



Chapter 1
INTRODUCTION

By
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'_.r"'

Thermal methods of enhanced ol recovery (EOR) are wery effective for reservoirs
which conlain medivm 1o high viscosity oil Basically, two clasaes of thermal recovery
processes are used widely : displacement or drive processes and stimulation processes,
Cydlic Sicam Stimulation (CSS) process is one of the most imporiant stimrulation
processes for enhanced oil recovery methods. Steam simulation irvolves periodic
injection of sleam into a producing well for several days to a few weeks. Then the well
is allowed a soaking period to dissipate energy and form a heated zome in the vicinity of
the wellbore. The hot ol and wwler arc then prodoced from the healed zone after
soaking period.

Steam was first used for recovering heavy ol in Woodson, Texas in 1931. CSS has
received miense interest by the heavy oil producers since the cardy 1960s. Steam
stinulation is the most recognized process for recovering heavy ol It is being used
succeasfully all over the world: Califumia, Alberta and Venezuela

C}tﬁcShmnSﬁnnﬂaﬁmisawrydiﬁcuhpmccmmhismnrmamhuﬁngmm
gimulators. The main reasom is the fact that the reservoir undergoes many changes in
pressure, famperature and satarations a8 well as permeability. The creation of fractures
and microchannels in the shear alure zone during injection period makes the process
even more complex. Although numerous steam injmlic;n operations have been carried
out, many of the complexitics of the operation are still unkmown, It is difficnlt to
develop a unique solution procedure for CSS. Numerical simulstor has madc rapid
progress with the advance of computing power. Difficult problems are now imvestigated
by simulators. On the other hand they are very expensive and fime consuming ventures.
Good analytical solution i still a very useful ool.
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In lilerature, a mumber of anetytical models have been proposed bul few of them have
considered shear failure phenomena. Arthur et al(1991) and Tamim and Faouq Ak
(1995) cansidered the Fracturing phenomena during imjection period in CSS process
which oflen occurs in heavy oil sands. Both the models considered elliptical fow
geomeiry with an open fracture al the wellbore whercas Tamim et al. also investigaied
the closed iracture situation, None of them considered shear failure. Mosi of the
simulators do not include the geomechanical aspect of the CSS process.

A new analytical model for Cyclic Stweam Stinmlation of heavy oil reservoirs that
includes the frachares and microchannels in Lhe shear failure zone, saturation chapges
and pressure dependent relathve permeability has been proposed. The model considers
the fractures and microchannels in the shear faflure zone to remaain open or partiaily
open during production period. The enhanced permeabifity in the shear faiture zone has
been calculated by using pseudo-relative permesbility functions. An elliptical fow
geomeiry of the entire fajlure zone have been considered for simulation purpose. The
model has been validaled by comparing results with available field data



Chapter 11
REVIEW OF THE LITERATURE

Cyclic Steam Stirmlation(CSS) is most widely used thermal method for heavy ol
recowery. High pressure stcam increases the mobility of oil and by creating a shear
fﬂncma,hdmhmmthnpmncahﬂityﬂf&mpmdm&mm.ﬂwtnﬂ'n:
heterogencous nature of the reservoir, it is difficult 1o correlaie all rescrvoir parameiers
regarding the production performance. The extent and orientation of fractures in the
shear failure zone affect the productivity of the process, The productivity of the ol also
depends on the drive and dreinage mechanism. The natural drive mechenisms are:
gravity drainage, formation compaction, fluid expansion and selution gas drive. Gravity
drainage is an importanl drive mechanism in CSS process,

The viscosity of the oil and permeability of the Teservarr are two important parameters
that dominate the flow rate during production period. The actual permeabikty is altered
in the reservoir dus to the creation of fachures and microchannels in the shear failure
zome during stcam injection process, The extent of failure zrme and femperalure
distributions have gignificerd imporiance m roservoir gimulation. The relative
pmnaabiﬁlyuflhems:rmirinawaurfnﬂqmﬂ!mdcpcndsmﬁmrmmir
emperature. Becausc relative permeability o oil increases and 1o water decroases as
lemperature increasca (Nakamthap, 1986). The viscosity reduction and permeability
Eﬂhmﬂcmenlﬂreﬂmmxinpmpnﬁcofc}m]icﬂeamﬂﬁmulaﬁuﬂprms.

There are three types of cyclic steam stimulation modeling approaches: (1) empirical
correlations, (2) mulicomponent multiphase. thermal simulators and (3) analyficsl
models (Sylvester and Chen, 1988). Empirical correlations can be used for correlating
data. They have limiting predicitve vtility. Thermal simulators yicld rigorous sohations
to the material and encrgy balance, bul il is not suitable for a quick analysis of sieam



injection projects. It is much more cxpensive and time consuming and as well 88 more
sensitive 1o rock and fluid property data. Analytical models can account for many of

the mportant physical phenomena and is capable of providing quick and reasonably
accuraie predictions of Acld performance,

2.1 Analytical Models

CSS amalytical models meet the need for quickly predicting Feld perfarmance. Scveral
analytical models have been dewveloped. Some of the main models found i the
literature are reviewed here,

Boberg and Lantz (1966) presented a simplificd analytical model for calculating
multicycle stcam stimulation behavior. They used the Marx-Langenheim equation to
calculate Lhe initial radins of the reservoir heated to srcam temperature during the
injection phase of the process. They also accounfed far heat loss through conduction
both vertically and radially. They assumed lhat the reservoir is uniformly heated o a
calculated distance from the wellbore. The size of the heated region is delermned by
accounting for heal losses lo the ower and underburden. This model successfully
malched the production history of a mumber of steam stimulmed wells such as
Quiriquire Well I is most accurate for the first cycle of stimulation and becomes
progresaively less accurate for the succeeding cycles; because of the simplifying
assumptions made. The major limitation of this model js that it is not applicable o thick
sands. Where the gravity segregation of steam and oil will result highly non uniform
heating of the ofl around the wellbore.

Gontijo and Aziz (1984) presemed a simple analytical model for amulating heavy oil
recovery by cyclic steam stimulstion m pressure-depleted reservoirs, They described
that the flow rate of oil is mfluenced by oil viscosity, cilective permeability of the
heated zone, porosity, mobile ail saturation and thermal diffusivity of the reservoir. The



potmﬁa[hclud&dﬂmgnﬁtylmmuﬂam:ﬁcalﬂupedsﬂmmmamm
concluded that the predicted respanse of the reservoir W steam mjection by both the
anafytical and numerical models is similar,

Sybvester and Chen (1988) presented an improved cyclic steam stimulation modal for
predicting heavy oil recovery from pressure depleted reservoirs. They used a modified
gravity drzinage inflow cquation to predict the production rates for both ofl and waler.
The model permits the direct mput of field data or correlaiion for relative permesbility,
They concluded Lhat the model produced an excellent history match of oil production
and waicr cuf up to scven cycles,

Arthur, Besl, Jha and Mourits (1991) prescmied an analytical composile model for
cychic sicam stimulation in clliptical flow peometry. They consifered the reservoir
cangistmg of two distinct region af different fhrid properties, porosity and permeability.
They vsed the finid flow and heat and mass balance equations for obtaining pressure,
lemperature and averape phase saturation in the hot and cold zones. The effect of two
phase oil and water flow in the reservoir was considered by using relative permeabdlity,
They reperted good hisiory match with both field data and rumerical simulation resuhs.

Tamim and Faroug AK (1995) presented a new mathematical model, imvolving
analytical techmiques for Cyclic Steam Stimulation (CSS) performance prediction. In
their model, a fracture heating computation coupled with fluid flow - both during
imjectton and production was considered. This was hased upon two criteria: 2 fracture
flow and flow in an elliptical geometry with a circular well iny the center. They assumed
that 2 vertical fracture is created during steam injection. A comprehensive imvestigatiom
was made for a completely closed fracture during production period. The results
oblained from [his imvestigation did not property match with field data. They suggesicd
existenco of a partially open fracture during production period. The most significant
achicvement of this mode]l was o devefoped a chnique for calculating averape
viscosity, based on the actual areal distribution of temperature during production. No



stress anabysis i the shear failure zome was done in (his model They reponied that the
model could serve as a valuable puideline for numerical wimulatiom or phywical

modeling.

2.2 Shear Fatlure

Dwaring sicam mjection in  heavy ail reservoirs, shear failore zone is crealed m 1he
reservoir along ihe inimial shear band due W high mjection pressime of ihe steam. The
steam mjectivity and ofl-waler production rates depend on the size, shape mnd extem of
the shear failure zome. The actual shape and the oriemtation of the failure zone was not
complelely undersiood. Some of the key papers aboul shear fahure zone are reviewed

here.

ho (1984) proposed in his samd deformation model, horizontal fractores were created
m the shear fihoe zone. When sicam is injected mito the formation under high
pressure, a fracture is created and oxtends through (he formaion. The fachoe
orientation depends on the depth of the reservoir. Therefore, at shallow depths induced
fractures are mare kely to be horizontal or miersect 2 horizonmal plane &l a small angle.
He posiulated n his model 2 new flow peometry to achieve a realistic interpretation of
well performances. The new flow geometry hes heen lermed as the “rand deformation
concept”. He describesd in his sand deformation mode] the changes in porosity, pressures
level and energy and flow characleristics resulting from the exislence of nucrochanmels,
The injected fluid was able to penctrate in the unconsolidated cil sand by creating
microchannels. He reporied Lhal the mosi important phenomenon for the recovery of
brinmen was the one-way-valve ¢ffect of the microchannzls that are created during the
mjecticn phase of CSS and are closed dunng the production phase. He concluded thai,
the new model provided an excellemt match for all available observations hke slcam
injection pressure, oil and water production rates, fluid production Emperature and
salinity changes of an actual well



S¢tar (1989} described a new formulation of non-linear soil mechanics mnd muMiphase
theymal flow. The shear Faihre in the formation is caused by the non-Iinearities of the
scil behavior and their inleractions with fluid flow, He included in his model: a)
nonbnear compressibiity and How propertics as function of pressure, siress and
lemperature b) non-linear, incremental thermal poroclastic stress analysis, and ¢) chear
failure and its effect on transpori propertics, porosity and streas. The physica of the
mode] accounts for nonlinear soil mechanics behavior, soll failure mnd their effect on
parosily and permeability of the media. He showed that the formation failure is 2
funcuion of thermal and paroelastic stresses, The nonlinearity of the compressibility and
failure are the principal mechanisms contralling the injectivity in oil sands. Shear faiture
sround an ingeclor or & fracture face is an important mechaniem which further
moreascs mobility. He described thal this effect confirmed and quantified the intuitive
cancepls of “sand defarmation” or “microchanelling”. He also described that for a
sufficiendy high injecion pressure, fatlure will occur with an increase of permeability
and porosity in the ehear znne. He reporied that the model was in good apreement with
the mjectivity and fracture dimensions of most of ihe ofl-sands,

Teufel and Rhett (1991) described the geomechanical evidence of shear failure during
production of the Ekofisk feld The shear fiilure occurred during the campachion of
high porosity chalk as the shear stress mereased with pressure drawdown. The shear
failure during depletion increased fracture density and reduced the dimensions in the
fractured reservoirs, thereby mainlain mitial reservoir permeability, They suggesied that
the shear failure process could account for the comtineed good producibility of the
Ekofisk field. in spile of compaction.

Ito, Setlari and Jha (1993) presenled & mumerical model considering the geotechnical
aspects of tar sands. Based on the geomechanical findings, they described the shear
failure zone will develop in ecveral stages. First, shear bands arc genersied from the
tensile frachure due to lowering of cffective stresscs adjacent to the fracture face. The
alleration of the focal stresy field due 1o ithe widening of the fracture will also contribule



to the generation of the shear bands. The injected fluid has a tendency 10 leak-off imio
these shear bands. Sccond, this fluid encroachment causes pore pressure i the shear
zane Lo increase sharply dug to the high mobility of the mjected fluid and generates a
low munimum effective stress in the shear zone. They described this would enhance the
propagation of the shear fajhure zone. In this stress zone, the injected fluid will not
traveled evenly. It will flow in its own path, and resident fluid will cccupy tLhe
remainder of the zome. As a result the dendntically connected flow paths from the
injection well through fracture and shear plancs arc generated. They reporied that this
phenomena would increase the permeability in the shear fatlure zone, They showed
that (he changes in mass and heat transport properties arc significant faclors for the
recovery mechanism. They described the Lheorctical and practical aspects of shear
failure zome in reservoir simulation, by means of peeudo relative permeability Functions.
The pseudo-rclative permeability functions were derived by considering the shear
failure phenomena. They reported thal the pseudo relative permeability model in ghear
failure zone for rescrvoir simulation gave better history match in  production

performance.

1.3 Ellipucal Flow irrto a Well

Duning steam mmjection in CSS process, shear failure zome is created around Lhe
wellbore. The flow from failare zone into the well ® known to be efliptic durmg
production period (Tamim and Farouq All, 1995). Some key papers about elliptic flow
inte the wellbore are reviewed here.

van der Plocg, Kirkham and Boasl (1971) presented an exact sohion far sicady
saturaled flow o a fully pemetrating well in an clliptical confined aquifer. They
considered the aquifer is isolropic and homogencomws. The potential and steam
functions for a mumber of different shaped aquifers and well locations are developed by
slariing with 4 general sohution to Laplace’s equation. They cancluded (hat the vericty



of geomeiries enables ong o predict Lhe well discharge for aquifers which approach the
shape of an eltipse. This means that the well may be located at different position of Lhe

elliptical aquifer,

Dietrich (1986) presented a Cyclic Steam Stmulation model of tar sands through
hydraulicalty mduced fracture. He agsumed ar efliptical heating patiern as hot injection
flnid moved off a vertical fracture face. The heat relained in the reservoir, base and cap
rock in an approximately cllipecidal region. The ixotherms were determined on the
basis of temperature computed in the reservoir zfier multiple sleam cycles in a vertically
fractured well, He attributed the closure of fracture to expansion of rock, because of
POTe Pressume blﬂdupandmum:dthatitdusedslowhrmapmindafda}s. He
conchuded that the lengths of the major and minor axes of the heated ellipsoid were
importanl, because they influenced the choice of well spacing and the time of imerwell

heat comamunication.

Arthur, Best, Jha and Mowrits (1991) developed an analytical model for cyclic steam
stimmlation in reservoirs with eliptical flow geometry. They divided the entire flow
geometry inlo a hot and a warm zone. The hot zane was bounded by the profile of the
100°C isotherm and the warm zome by an isotherm 1°C above the initial reservoir
emperature. They assumed that the length of the fractire obmined during steam
injection for a particulsr cycle does not change at the end of the production period for
that cycle. They repomed that the model provided a rapid evaluaion of the
performance of cyclic steamn stimulation projects for the purpose of oplimization and
for process comrol of commercial operations,

Tamim and Farouq Ali (1995) presented an anatytical cyclic steam stimulation model
inchuding formation parting, The model based vpon a Fracture heating compatation,
coupled with flnid flow - both during steam injection mnd ofl and water production. In
their mode] three differcnt flow equations were cansidered: (1) flow into a wellbore af
the center of an elliptical drainage boundary, ¢2) flow from a finile lne source inio a



well and (3} flow imo a partially open fraciure in an efliptical drainage arca. They
imvestigaied a completely close fracture duning production period. It failed to maich the
ficld performance results. On the basis of flow rates found in elliptical geomeiry with a
circular well m the cenler, they suggested that a partially open fracture cxist during
production petiod. They did not consider Lhe shear failure phenomena and enhanced
permneabditty in the failure zone in their model They concluded that the flow imto a
circular wellbarg at the center of an clliptical flow geometry did not represent the flow
pattern in the field, because it underestimalod the production.

1.4 Pseudo-Relatlve Permeability

The CSS process 8 a proven, commercially well recognized recovery process in heavy
oif reservoirs. So far, the actual recovery mechanism has not been completely
understood. It is true that the shear failures are created i the heavy off reservoirs
during steam injection in cychic sicam stimulation process. Recently a fow of the works
have been done on he CSS process comsidering the geomechanical aspects of the
reservoirs, The physical and fluid flow propertics in the heterogenously deformed
falure zone have besn shown o be the importani factors for the recovery mechenism.
The pseudo-relaiive permeability functions are used to represems the shear failure zone
m mumnerical reservoir simulation

The pseudo-relative permeability is defincd as the aliered rolative permeability in the
heterogenously deformed shear failure zone of the reservoir (I cf al., 1993). The
pseudo-relative permeability is used for the purposc of reservoir smulation, where Large
permeability variation exist in the reservois during production period of the CSS
process. Based on lhe above mentioned work, deteiled description of the pseudo-
relative pameability and its usc arc presented.
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Sometimes pressure dependent relative permeability hysterisis is used in the reservoir
siulation of steam stimulation process, but its mechanizm is not clear. As steam is
injected into a relalively mcompressible reservoir, pore pressure increases and the
cffective stress decrcases, At pore pressure correspemding to low effective stresses, the
formation compreseibility increases by about two order of magnifude, and shear frilure
occurs. This phemomenon result in dilation, with rapid increases in porosity and
pemmeability (Ho ¢ al,1993). This enhanced permeability is calculated by using
pseudo-relative permeability functions. The geomechanical aspect of shear fadhme has
the following features (Ho et al, 1993),

I.HighK,.ise:qmctndhthsmwhmmcprmumis}dghuihm&m
pressurc which would cause the sands to farl,

2, Since the shear faibure is generally associated with the dilation of formation,
a porodity change also appears along with the high K., zone.

3. Shear fajlure seems to take place along the initial shear band, therefore high
K should appear in only cerlain directions.

2.4.1 Hysterisis of the Pseudo Relative Permeability

Heterogeneous flow paihs (hat were created during the mjection period, remains
unchanged during the carly production period. When pore pressure is decreased duc to
the fhid production, the flow paths are closed partially or the connections between the
paths start to break The high relative permeability starts 0 decrease, and roiain the
residual value. The magnitude of the hysterisis depends on the physics of the
remoulding procesz and also the reservoir pressure. During the siabilized production
period, the shear planes may still exist and the residual porosity and petmeability due to

1



failure during the injection period may also exist in the formation. The residual poraaity
and permeabilify are generally higher than the original vatues (Ito et al,, 1993).

During the mnjection period, the mjected fluid passes Lhrough the microchsnnels of
shear planes in the failure zone. Thus waler saturation in the failure zone is significanily
legher than the surrounding reservoir. The water relative permeability in the failure
zeme is alsa mach more hgher than the surrounding reservoir, To accommodaie this
heterogencity in the reservoir properties, the pscudo relative permenbility is used.

Some of the key papers about pseudo relative permeability for reservoir simulation are

reviewed here.

Heam (1971) presented a method for developing pscudo-relative permeability curves in
two dimensional simulation of flwd displacement projects, where versical EWECp i8
affected primanly by the variation of permeability, He used psendo relative
permeability functions in 2 mathemnatical model for calculating vertical cfficiency using
a stratified reservair concept. Basic reservoir data was used o generate peeudo relative
permeability curves [hat reflected the degree of werrical permeability variation. He
conchided Lhat the model was mare applicable to water drive than to gas-injection
prajects where density differences may be large.

Jacks, emmith and Maitax (1973) presented a method for the modeling of three
dmensional reservoirs with two dimensional reservoir simulators using dynanic pscudo
functions. They derived dynamic preudo relative permeabilities from cross-sectional
model and showed that the dynamic pseudo relative permeabilities are applicable over a
wide range of rates and initial fluid saturations, They reporied that the dynamic psendo
relative permeabilitics were strongly dependent on initial reservoir saturations and How
velocity. They comcluded that the correlation and techniques developed in their study,
to accoum for saturation and velocity effects, should be applicable (o other reservoir

EYBLETs,
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Ito, Seflari and Tha (1993) presented a reservoir simulsbon model, where they
considered the effects of shear failure on the cyclic steam stimulstion process and
pseudo functions. They described, in their paper, the theoretical and practical aspecls
of representing the shear failure zone in reservoir simulation by means of peeudo
relative permeabilify functions. They reviewed the relative permeabilily rysterisis that is
commonly used m the simulation of the steam stimulation process, A new sct of stress-
dependent pseudo relative permeabitity was proposed and also presented a practical
method for the use of the pseudo functions in a reservoir simulstor, The method could
be applicd 10 injection, a8 well as production cycles, The model was tested with the
acfual data from the Esso Cold Lake tar sand operation. They reported that the new
model provided a better representation of the field perfumtlancc than the comventional
model.

Barker and Thibeau (1997) presenicd a critical review of the use of (he pscudo relative
permecabilitics for upscaling, They summarized the properties and limitations of
different dynamic psevdo relalive permeability methods. They described some severe
difficulties common to all methods such as choosing the nember and bocations of the
coarse-grid rock types, defining the simulations from which the pscudo relative
permeabilitics are gencraied and (he dependence of the pseudo relative permeabilitics
on well raics and positions. They reported thal, in practice, pscudo relative
permeabilities cannot be used reliably o scale up from a “fine-grid” geological model o
a “coarse-grid” Muid flow rnudei except for cases where capillary or gravity equilibrium
can be assumed at the coarse-grid block scale. They concluded that scaling up from the
<ore scale to he geological model is more likely lo be possible because capillary forces
& more important at smaller scales.

13



Chapter Il
MODEL DEYELOPMENT

The importance of cyclic steam stimulation process is ever increasing for recovering
heavy oil. Analytical models are well-known to make good predictions of this rather
complex process. There are lots of paper published about CSS process. None of the
analytical models consider elliptical flow into a unfractured wellbare, Shear failure zone
is created around the wellbore during steam injection process in the heavy oil
reservoirs. The finid flow, heat transier, mass balance, fluid saturations and relative
permeability as well as the extemi of shear failore zone arc the important factors for
developing the model. It is difficult o analyze all of the physical and reservoir
parameters, The shear faitare zone is complex in nature. Tt is generally associated with
volumetric dilation or sand compaction, a porosity change and the flow paths are
dendritically connected. Since the volumetric dilation or sand compaction i3 taken place
in the shear faillure zone. As a result the permeability and porostty of the shear faituge
Zone are allered. A new ann!};lica] techmique has been developed in this work which
considers all of the physical sand reservoir parameters,

The degree of Taflure, {luid satirations change, pressure dependent relative permeability
and extension of ghear failure zane are the key parameters that hawe been considered in
this new model. An ellipticat fow system have been considered from the shear failure
zome into the wellbore during production period, Tamim and Farmouq Al (1995)
considered in their analytical model the vertica! fracture created during injection period
remain partially open during production period. In this new model the permeabifity
enhancement due to the existence of shear failure zone during production period is
simulated by using pseudo-relative permeability functions.

14



3.1 The Flow Equations

The model is based on the elliptical flow geometry. The entire reservoir is divided into
two ¢oncermnic ¢lliptical cylinder on the basis of isotherms. A concephual diagram of he
fluid and heai flow is shown in Figure 3.1. For convemence of analysis, inner zone is
¢alled the hot zone and the outer zone is called the warm zone.

3.1.1 Flow from Inner Hot Zone

It is assumed (hat the shear fallure zone crealed during steam injection period also
exists during Lhe production period. It has been described in Chaper I, Section 2.3 that
the drainage area in such reservoirs are elliptical shaped hot zomes wilh a circular
wellbore at Lhe center. van der Ploeg, Kirkham and Boast {(1971) Presemed 2n exact
solution for steady saturaled elliptical flow into a fully penetrating well. The flow e
can be expressed by (delail in Appendix A),

2K hAD A
= = (3.1)

(3]

where K is Lhe hydraulic conductivity of the reservoir, h is the reservoir thickness,
A® is the difference in hydraulic head, Ay is he orthonormal functions coefficient, a
is the major axis of the ellipse and r,, is the wellbore radius.

3.1.2 Flow from Quter Warm Zohe

Muskat (1937) presented an cquation for sicady sile flow case. The following

equation accounts the flow rale from outer warm zome at each time siep.

i%



Faliure Fone

Shear bands

d flow and heat transfer for the

Diagram of flu

Figure 3.1 -

preposed madel,

16



_2mHp, - p)

g +h -2)
sl 53]
a, +b,

3.2 Calculalion of Pressure

The reservoir pressure is delermined by calculating the average fluid height in the
particular zone of the reservoir. Tamim and Farouq Ali (1995) developed the following
material balance equations which are used for estimating the average fld heights in
this model. The average fluid heights at amy time n for Lhe hot and warm zones are

n-l

B = o A Qox — Qo) P (3.3)

- _nm-1

Fivam = Fwam — Qm f'rm‘w, (3‘4)
where Q is the toia] fluid flow al cach time step.

The micrface pressure of two 2one is determined by calculating the interface fuid

height. The area-weighted average method is used Lo determine the interface fluid
height.

 Bhoe Ay + Fvam A

I is assumed Lhat 1he ouler drainage boundary pressure is 1o be the initial reservoir

Pressure.
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3.3 Calculation of Temperature

The calculation of average reservoir temperaturey in this new analytical model of cychic
stearn stimulation process are divided into three categories. These are:

1. Initial temperature calculation
2. Average soak temperature calenlation and
3. Production temperature caloulation

3.3.1 Calculation of Initial Temperature

In ¢ychic steam stimubation process, steam is myected info the reservoir for i mcrca.mng
the mobility of the reservoir fluids. Whesler (1969) proposed (he following equation
which gives the temperature profile at amy point in the reservoir for the given injection

raie and bme

) R I O
NEnoy=Ulr—7, )t — _ﬂ[rfc Jy{f_fg){t_;)ﬂ (3.6)

mp{ [T_av\f___] ]E:_

The steam front propagation lime can be calculated by the following dimensionless
me equation
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Ie.'fc{a VJE )dv 3.7)

T =2H[r, J'erﬁ;'[yz ;(f_"'j)

The termperature in the shear failure 2one follows by a step function profile. Initiakty
only condensate flows in the formation. Once the energy supplied to the failure zome
excoeds the energy transferred inlo the formation, a steam zone will advance, The
steam advancing time is calcnlaied by the following equation,

(3.8)

~ J_Hmﬁ(a ) (T T)

In the hot zone boundary, an isotherm of 100°C is used and in the warm zome
boundary, an isotherm of 0.01 degree above the initial reservoir temperature is used.
Awerage temperature of the two zones is estimated by using linear polynomial
approximation.

3.3.2 Calculation of Average Soak Temperature

During soak period the temperatures in the hot and warm zones decline slightty from
those at the end of injection due to heat losses 1o impermeable strala. Tamim and
Faroug Ali (1995} developed the following overall heal balances to calculate the
averape zome temperatures during soak period. This heat balance equations are used in
the present model.

IHot zone heat balance:

Heat content = over/underburden heat loss + warm zone heat loss

Warm zone heat balance:

19



Heal content = over/underburden heat loss - heat gain from hot zone.

3.3.3 Calculation of Average Production Temperature

After production starts, the hot and wanmn zone lemperatures are decreased due to fluid
preduction and heat loases to the impermeable straia. Arthur et al. (1991) assumed (hat
the thermal and fluid properties are changed with lemperanire durng production but
ar¢ essenlially constant for a emall time step. The overall heat balance equabions
proposed by Tamim and Faroug Ali (1995) are uwsed in lhis study for calculating
average zonc temperatures during production period.

Hot zong heat balance:
Heat content = production heat loss + over/underburden heat loss + warm zone

heat foss - heat gain fiom warm zone Aow.

Warm zone heat balamce:
Heat content = heat loss to hot zone flow + over/underburden heat loss

- heat gain from hot zone.
The delads of Lhe description for calculating zone temperature during soak and
produchion period were presented in Appendix B.
3.4 The Heat Loss Equalion
The heat loss to Lhe overfunderburden by conduction from reservoir in CSS process is
commaon phenomena. Mapy authors suggested that maximum heat was lost during

soak period. Tamim and Faroug Al (1995) used ome-dimensional hest conduction
equation for heal loas to Lhe cap and base rock. Ingerting the fitting function (Vinsome
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and Westerveld, 1980) into the one dimensional heat conduction equation they found
the following equation,

T, -T¥ I, 2p '
ﬂﬂﬂ =£I;'[—ég———d—+2g], {39}

Where «, is the thermal diffusivity, T, is the imerface femperature, d is the diffusvity
length and p and q arc parameters. Ty" is the interface temperature at ihe begnning of
the time count. The following, equations are used o calculate the heat loss rale and
energy stored in Lhe cap and base rack.

g = k;.[{% - P] (3.10)

E = f‘r_d(rn + pd + 294%) (3.11)
ez,

where k; is (hermal conductivity. Details of Lhe above equations were presented in the

Appendix C,

3.5 Calculation of Saturation

Accurate calculation of fluid saturations is an impertant factor for any srnulation
process. The fuid samration is changed due to the creation of fracrures and
microchannels in the shear failure zone of Lhe reservoir, The most popular method for
calcnlating Lhe flnid saturations in the reservoir is material balance method.

Amhur et al. {1991) proposed a technique for calculating the reservoir fluid saturations
by using overall malerial balance in both oil and water. Tamin and Faroug Ali (1995)
developed two different schemes to caleulale Lhe reservoir fluid saturations which are

used in the present model.
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In the first scheme, an overall material balance of only water in both the hot and warm
Zones are considered. The following general equation is used to caleulae the initia]

mobile flutd saturations.

Initial mobile fluid = initial volume + injected volume + cum. inflow

- cum. Production - cum. outflow, (3.12)

The following simple material balance equations are used to calculate the saturation
values,

St = S +( SV — 4 +9.2) (#V20)s (3.13)
Sur = S H(Sma W pam ~ Tz} (Vs b (3.14)
S,=1-8,,, (3.15)
S,=1-5, (3.16)

Where S and Sy are the initial mobile water gaturabions in the hot and warm

ZOmes, respectively.

In the second scheme both the oil and waler material balance are considered. The
contnuity equation is uged to develop the satiration equations by assuming the change
in hot zone volume Lo bs equal to the change in warm zone volume.

For both the schemes, the maximum vahie of hot zone water saturation was resiricted
to (1 - Sy;) and Lhe mobile water saturation was restricted 1o {1- Sor - Sa) respectively.
The details of saturation equations presented by Tamim and Farouq Ali {1995) are
shown in the Appendix D,
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3.6 Calculation of Average Viscosity

In cyclic steam stimulation process, the productivity of oil mostty depends on the
viscosity of Lhe reservoir oil, The viscoetty of ol is decreased by mjecting steam into the
reservoir. As a result the mobility of reservoir fuid increases. Owens and Suter {1965}
proposed a viscosity-femperature relationship to calculate the ol viscosity but it over
estimales the oil production,

Tamim and Farouq Ali (1995) developed an mproved anahytical method te calculate
the viscosity of the reservoir fhuids. In Lheir approach actual area-weighted averages of
the oil and water viscosities were calculated by using average temperatures of the hot
and warm zomes. A comelation was developed between the avernge femperatures and
the average vigcositics. This new approach is used for caloulatig viscosity of the
reservorr fluids in the present model

. Alﬁﬁ;f*’aﬂz (3.17)

{4, =4 +.4))

He

This equation calculates the viscosity values of the reservoir fluids successfully over the
wide variation of temperatures.

[

3.7 Calculation of Relallve Permeabllities (Peeudo-relative Permeability)

Change of absohue permeability is not an wnusual phenomena in cychic steam
stimulation process. Because the fractures and microchannels are created in the shear
failure zone of the heavy oil reservoir durmg steam injection period. It is reported in the
literature that the effective permeability is mcreased by two to three order of magnitude
in CS8 process (Setlari et al.,1993),
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Settari et al (1993) considered fwo main parameters affecting water relative
permeability for a porous media with shear planes, namely the conducitvity and
connectivity of the planes. Also the planes may be benit or curved and they may have
branches. The waler saturation inside the shear planss can vary from the native water
safuration to a very high value. Under these conditions, analytical formnlation of the
capabilily of flow path to injection and production of fluid is difficult.

In the present study, an empirical formula (Settari ef al., 1993) has been developed to
celculate Lhe enhanced oil and water relative permeabilitics. Pethrick et al. (1988)
proposed 2 set of saturation dependent relative permeabiity values found from
experimenls for simulation of the Wolf Lake project. For ¢alculating pseudo-relative
permeabilities in shear Failure zone of the reservonr, (his vahues of water-of relative
permeabilities are nsed as the original reservoir permeability. There are two methods of
obtaining an empirical correlation; multiplication of the original relative permeability or
by two sets of relative permeabilities (Seftari et al, 1993). The proposed empirical
formulas are:

1. Mubtiplication approach:
Assume that the &, and %, in fully failed zone is 2 product of a multiplier,
X, and X, and the original relative permeability, &k, and k,,- Then
for areservoir failed to a cerlain degree f » the psendo-relative permeability

of waler and oil are

™

kp, =(t= )Xk, + fxX, xk, (3.18)

k,=(1-fixk, + fxX, xk, (3.19)



2. Two sers of relative permeability approach:
In this approach the relative permeability table for fal sand Kuigis
developed independently. Then the pseudo-relative permeability to water

and oil are
k, ={1-fixk,+fx X, Xk, o (3.20)
k;:(l-f}ka+f><.1’okafd {3.21)

where X is the multiplication factor to' relative permeability to water and oil, In the
field, the fow behavier during the early production is characierized by a very high
water cut with a trace of oil production. This period corresponds to a high K.,
multiplier because the heterogeneously created flow paths still remain open. When the
pore pressure e further reduced, the paths are partialty ¢losed or the conneclions
between starl to break. This is the end of (he initial flow back of water and star of oil
production. The high K., multiplier slarte (o reduce io its original value. Figure 3.2
shows the pressure dependent multiplication factor to relative permeability to water and
oil. The degree of faiture f is defined by linearly interpolating in the failure zome
between higher and lower pressure limit. Al lower pressure, where fajlure haz noi
started, f = 0.0 and for fully failed zone where pressure is high enough f= 1.0 is
conmidered. Figure 3.3 shows the relationship between degree of failure and reservoir
pressure during production periods. The pscudo-relative permeabilitics depend on the
saturation and pressure in the failure zone of the reservoir. Since the flow of two phase
is considered in this model so only the mubiplication approach is currently used.
Pscude-relative permeability to gas phase i8 not considered, because the mobility of
sleam is naturally high and the growth of sleam ronc is controfled primarily by enerpy
flow. Details of the above equations are presented in the Appendix E.
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Figure 3.2- Muttiplication factor to relative permeability to water and oil,
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Since the peeudo-relative permesbility is derived from the geomechanical findings of
the reservoir, the modzl should have some features such as local dependency and
directional dependency.

Local dependency: The width, geometry, branches and straighmess of the fractures are
major factors for the flow capability of paths i the shear failure zone, All of (hese
factors can change fram location to location, Thercfore, the defined pseudo-relative
permeability for the shear failure zone must be locally dependent.

Directional dependency: The multiple planes m shear failure zone may have a preferred
orientation, so the pssudo-relative permeabilities should be directional. For example,
enhanced water permeability will not be expecled in a direction perpendicular to the
ghear plmes.

The pseudo-relative permeability in the failure zope js influenced by the location of the

reservoir a3 well as direction of the shear plang, These effects are calculated by the
second part af Equation 3.18 and 3.19.
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Chapter IV
COMPUTER IMPLEMENTATION

To calculale the oil and water production rate from this new model developed in the
previous chapter, a FORTR AN program was written. The main program is divided into
subroutines and also looped wilh cighth cycles of operation. The pseudo-relative
permeability values are calculated by using correlations and labulated vahies of relative
pameability. For the case of mlermediate values of (abulated data, cubic spline
mierpolalion method is used. A dals file is used for all the necessary dala in the main
program. A ume step size of two days are used for all ke production ¢ycles. At the end
of every cycle Lhe production restills are written and updaied. The program is repeated
afler all the cycles. The steps to be followed are described in the next paragraph.

4.1 Model Descrption

I.  In CSS process, steam is injecled into the reservoir tigh enough (above Facture
pressure) pressure to create shear Ealure zome. The extent of shear Fajlure zone is
determined by using Wheeler’s (1969) material balance equation (Equation 3.6),

2. The shear failure zone is divided into rwo concentric elliptical cylmder on (ke basis
of isatherm. The hot zone is extended np to the 100°C isotherm and warmm zone is

extended up to the drainage boundary (16 + 0.01°C) of the reservair (Figure 3.1).

3. The average reservoir temperamre is defermined at Lhe end of injection period
throughout the Iength of isotherm.
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4. The heat loss by conduction fo the over and underburden during soak and
production period is determined. By uaing enetgy balance equation the average zone
temperature is determined.

3. The pseudo-relative permeability values are determined by using correlations and
tabulated values of water-oil relative permeability.

6. The fluid production raie from the hot and warm zome is caloulated by using flow
rale equations. The wellbore fluid height is considered zero at all time and interface
fluid height is calculated by using malerial balance equation.

7. The residual heat remaining in the reservoir at the end of a cyele is added to the
begmning of the next cycle.

4.2 Subroutines Used by Maln Program

The following subroutings are used by the main program to implement the ideag of the
model and described in a sequential order. A flow diagram of the computer program is
shown in Figure 4.1.

4.2.1 Initialization of the program

DATAIN

DATAIN is the first subroutine. It contains all the necessary input data (hat are used in
the main and sub program. It has five sets of input data and all are in SF units. The

injection, soak and production times for each cycle with steam pressure, saturation
ternperature and fluid loss coefficient are contained by Lhe fisl set. The second set
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contains (he physical parameters of the reservoir and steam like porosity, formation
thickness, injection rate, stcam quality, absolute permeability and initial reservoir
iemperature. The third set ¢omposed of compressibifiies, saturations and initial
reservoir pressure. Thermal conducthities and heat capacitics of (he reservoir are
provided in the fourth set. The all relative permeability values are included in the fifth
set.

SPLINE

The inlermediate values of the tabulared relative permeabilitics are calculaled by this
subroutine. ‘

OVISC

This program calculates the oil and water viscosifies and densities. Here the VISCORILy
values are defermined at the initial reservoir temperaturs,

4.2.2 Subrowtines of injection period

Subroutines of this group are used for the initialization of the project and cumulative
values. The maximum and minimum production lmits are set at thig slape and also the
cycle calculations are initialized.

PVTIN

This subroutine is vsed for the calculation of viscosity, density and heat capacity of

sfeam, water and oil and also the latent heat of vaporization, Here all the calculaions

are based on the steam femperamure.
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TEMPGAUSS

It is one of the most imporlant proprams, which calculates the hot and warm zone
boundaries and also the extent of shear failure zone. Wheeler's (1969) material balance
equation is used for calculating fluid leak-off velocity. This is accomplished by using
numerical miegration The average zone temperatures are alse caleulaicd here and (he
heat remaining in the previous cycle is added Lo the heat input to the next cycle.

FRESSURE

The name of this subroutine implies that it calculates the hot and werm zone interface

pressure and also the outer boundary pressure.
4.2.3 Subroutines of Soak Pericd
SOAKTEMP

This program is used for the calculation of heat loss fo the over and underburden
during spak period. It also caleulates the average temperature of the reservoir during
soak period At this stape the main program caleulates the initial mobie saturation ad
PVT data. The ofl in place is estimated here and the production stage of the calculation
i5 initialized.

4.2.4 Subroutines of Production Period

Before the slar of production period, the relative peameabilities and the mobilities of
the reservoir fluids are defermined. The pscudo-relalive  permeability values are
calculated by using correlations and tabulated vahies of the permeability data. Then the
flow raies are calculated and the limits are checked. Finally cumulative values are
updated.
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SATN

During production stage, the saturaton values are calculated by this program. This
calculated values are used for the next time glep. Also the production resulis are wrilten

here.
AVPRODTEMP
This program is used for lhe calculation of awerage reservoir temperature during

production period. F also calculates the heat loss to the over and underburden through
fuid production.
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Chapter V
RESULTS AND DISCUSSION

Performance of a Cyclic Steam Stimulation (PCSS) process inclnding a shear failure
2one around the wellbore is predicted in this study. An extensive analysis has been
done with this new analytical model. Pseudo-relative permeability functions are used
for the simulation of shear failure zone in the reservoir. The model alse accounts for

flow rate in an ellfplical heated zone geometry,

An extensive sensitivity study has been conducted 1o verify Lhe effectiveness, as well as
limitations of this pseudo-relative permeability model. The effects of changes in the
soak time, steam volume, tme step size, steam temperanire, stearn quality and reservoir
(tuckness are discussed here.

In this chapter, the sample resulls are discussed and analyzed for the above mentioned
aspects of the C58 process. The main objective is 1o explore and understand CSS oi
recuvery process nsing pseudo-relative permeabilities for simulating the ghear failure

ZOne,

5.1 Simulatlop Data

The data used for this simulation work is the published data (Pethrick et al., 1988) on
lhe Waif Lake project, owned by BP resources Canada Limited. The smulation mput
data are shown in Table 5.1 and the oil-water relative permeabilities are shown in Table
5.2. The operaticnal data are shown in Table 5.3. Some of the comrelations used for the
purpose of determining fTuid properties are presented in Appendix F.
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All the eight cycle results are used for the imvestipation and sensitivity stedy. For
analyzing the resuls, several production performance parameiers are used. These are
the oil-sleam ratio (OSR), calendar day oil rate (CDOR) and water-oil ratio {(WOR).

Table 5.1 - Simujation input data,

Porosity, fraction 0.305
Permeability, um® L0
Initial reservoir pressure, kPa 2750.0
Initial oil saturation, Traction .66
Initial reservoir femperaturs, °C 16.0
Irreducible water sataration, fraction 0.34
Residual oil samuration, fraction 0.35
Rock compressibility, kpPa® 0.45E-6
Water compressibility, kPa™ 0.45E-6
Oil compressibility, KPa'l 0.34E-6
(il thermal expansion coefficient, ot 0(.848E-3
Reservoir specific heat, kI m7K? 2350.0
Reservoir thermal conductivity, kI m'd'K?! 149.6
Cap/base rock specific heat, k¥ m~K? 2350.0
Cap/base rock thermal conductivity, kI m™d 'K 149.6
Ol viscosity al 16°C, mPa.g 810006.0
Ol viscosity at 100°C, mPas 115.0
Ol viscosity at 200°C, mPa.s 6.8

Met pay, m 238
Fracture half jength, m 240.0
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Table 5.2 - Water-oil relative permeability (Pethrick et al., 1988)

Sw kew K

0.3206 0.0000 1.0G00 .
0.4300 0.0025 0.6440

0.5450 0.0100 0.3919
€.5925 0.0200 0.2420

0.6359 (.0330 0.1380

0.6760 0.0530 0.0610

0.7145 0.0730 0.0300

0.7530 (.1130 0.0120
0.7700 0.1200 0.0000

Table 5.3 - Operational data

Cycle Steam Slug  Injection Soak Production Cycle
Size (m”) Time (days)  Time (days) Time (days)  Time (days)
1 6250 - 25 15 89 129
2 7600 28 15 123 166
3 7500 30 15 125 180
4 3000 32 15 150 197
5 8250 33 15 161 209
6 8500 34 15 174 223
7 8750 35 15 188 238
8 $000 36 15 202 253
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3.2 Elliptical Flow inlo & Well

The results obtained from this pseudo-relative permeability model are shown in Figure
5.1 through Figure 5.7. The results are compared with BP Simulation (BPS) results
and conventional melhod results (Tamim and Faronq Ali, 1995).

The corventional model was developed by Tamim and Faroug Ali (1995). They
examined C55 performances under fractured as well as unfractured wellbore
condttions. Flow into a completely closed fracture which involves Elliptical Flow into a
circular Well (EFW) was investigaied. They examined a close-form as well as an
approximate solulion to ihis problems, This imvestigation failed lo match the feld
resulls. Based on (he resulls of these studies, 2 partially open fracture was investigated
with the help of the new model This model predicted higher water production

compared with simulation results.

The only field datn on Wolf Lake project, jointly owned by Permo-Canada and BP
Resources Canada Limited, was published by Pethrick et al. (1988). Peihrick et al.
(1988} described that fractures were required to achicve reasomable steam injection
tales in the field. They oplimized the injection and production strategies of individual
wells in the Wolf Lake projects. Prior to this oplimization, several years of CSS§
production data from BP's Phase A Pilot in the Wolf Lake project were matched to
validate ihe thermal simulator. The agreement between Lhe simulation results and ficld
behavior allowed a high degree of confidence in the optimization strategy. This dals
(Pothrick et al., 1988) has been used as the simulation input data in the present
pseudo-relative permeability model,

Figure 5.1 shows the cycle oil produgtion along wilh BPS value and conventional
approach. The predicted cycle oil productions maich farly well with BPS value
whervas comvermional approach produced much lower vahes. The ol production is
nearly same to BPS value upto the sixth cycle but decreases in ihe next two cycles.
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The reason could be the decrease of the relative permeability due o the
remoulding of frachures and microchannels. So the pseudo-relative permeability
model oil production results are more accurate compared lo the conventional approach
model. Cycle water production predicted by Lhe conventional model was also very low
as was the case for the ofl production. The pseudo-relalive permeability model
improved Lhis situation significanlly. Figure 5.2 shows this results. As a consequence 1o
lower oil production in the last two cycles, waler production was higher. In the eighth
cycle, the pseudo-relative permeability mode] produced 2000 m® of more waier than
EPS results. Bolh ofl and water production increased considerably in the pseudo-
relative permeability model due 1o the use of enhanced permeability, which was created
by Lhe shear faflure zone. As the comventional model did not consider the shear failure
zons, it failed to match the field data. Figure 5.3 shows the cumulative oil produetion.
It can be seen that the cumulative oil production curve follows approximately the same
path as BPS value whereas the conventional model is always well below the pseudo-
relative permeability curve. The cunnulative water productions are shown in Figure 5.4.
It is seen that the cumulative waler production is slightly less (han the BPS value in the
middle of the cycles. At the end of cighth cycle the cumulative water production is
approximately same as the BPS vatue. Compared to Lhe psendo-relative permeabitity
model the comventional model produces much Jess water. At the end of eighth cycle the
pscudo-relative permeability model produces 47873 m” of water whereas comvenlional
model produces only 18930 m” of water. Figure 5.5 shows lhe cycle oil-steam ratio
(OSR). I i5 seen that the cycle oil-steam ratio closely matches with BPS values. The
cycle oil-steam ratio is approximately same as the BPS value upio the sixth cycle and
then decreasss. Ad Lhe end of eighth cycle, the OSR iz 0.143 whereas BPS value is
0.136. The conventional model produced much less OSR compared with pseudo-
relative permeability model. Figure 5.6 shows the cycle water-odl ratio (WOR). It is
seen Lhat the cycle WOR closely maiches wilh BPS value up to the sixth cycle. Afler
sixth cycle lhe WOR increases sharply. At the end of eighth cycle the pseudo-relative
permeability model prodnces WOR is 9.06 whereas BPS produces 6.31. The reason is
the high water cul occurred in the later cycle from failure zome. The conventional
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model produces Iess cycle WOR than the pseudo-relative permeabtlity model. The
cycle calendar day oil zate (CDOR) is shown in Figure 5.7. It is seen Lhat the cycle
CDOR points close are fairly close to the BPS values. The conventional model
produced much lower cycle CDOR Lhan pseudo-relative permneability model, It is seen
that the difference is more in the sarly cycles and less in the later cycle.

It i3 seen that the resulis of the production performance parameters closely malched
with results published by BP Resources Canada Limifed (Pethrick, et.al., 1988). A litile
amount of discrepancies appeared in the case of cycle oil and water production but the
cumulative values of ot and water production matched famly well. The other
performance parameters like OSR, WOR and CDOR give much betier results (han the
conventional modef. The predicted results indicate that fractures and microchannels are
created i the shear falure zone of the heavy oil reservoir during steam injection
period. This enhanced the permeability of the reservoir. The flow rate of the TUSETVOIr
flurds in CSS process depends on the permeability of the reservoir. This model
accounts Lhe actual permeability of the reservoir by using pseudo-relative permeability
funcbions. The predicted results matched fairty well wilh feld performance results
(BPS), due to the calculation of enhanced permeability and How rale. If can be said
that Lhis work represent the acrual flow geometry and shear failure criferia in heavy oil
sands for CSS operation. That is, the Fractures and microchannels are created in the
shear fmlure zone of reservoir, durng injection pemiod, remain dunng production
. period. The shear fajlure phenomena of heavy oil reservoirs in CSS process can be
successfully simulated by using pseudo-relative permeability functions.

8.3 SensiUvity Study

The pseudo-relative permeability model is used succesefully to simmlate the shear
faiture condition of heavy oil reservoirs in CSS process. A sensitivity analysis has been
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made (o delermine the accephable range of operation of this new analytical model.
Several physical and operational parameters were selecied for the sensilivity anabysis.

5.3.1 Efects of Soak Time

The selection of soak period is an imponiant fagtor for ¢yclic stcam stimulation process,
Some authors have found that presence of amy soak period does not affect the
produgtion, on the other hand some have sugpested an optmum duratior for s0aking,
There is no fixed guideline for sotting the actual soak peniod. A mimimum of 2 to 3
days are needed to change the well head agsembly from injection to production. Figure
3.8 shows the cycle oil production for differenr soak periods. The 10 days soak period
produces little more oil in the early cycles Lhan later ¢ycles compared with the base soak
lme of 15 days. On the other hand, 1he 20 daye soak period produces less oil in the
carly cycles and more in the later cycles. This is due fo more available off and Late
heating of the formation. There is lifife difference of cycle od production m vanious
soak periods. So Lhe soaking period between 10 (o 20 days shows better resuft, Figure
3.9 shows the cumulative oil production for different soak periods. The lojal ail
production has no effect for different soak periods. The cycle water productions for
different soak periods are shown m Figure 5.10 and the cumulaetive water productions
are shown i Figure 5.11. The cycle and (olal water production also do not change for
different soak periods. It is seen Lhat Lhe duration of soak period has no major effects
on production performance patamelers but longer soak period increases the heat Joss to
lhe over and under burden by comduction. The ¢onduction heat loss decrease the
production performange. It can be said that the 15 days soak period is better for histary
iatching of production performance.
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3.3.2 Effects of Steam Injeclion Rates

The steam injection sate significantly affecws the productivity of cyclic steam stimulation
process in heavy oil reservoirs. Higher injection rate produce more oil due o the
injection of more heat and il capture more drainage area. Economic factors play an
important role in steam injection strategy. Increased steam production irvolves higher
boiler capacity and higher operational costs. Steam injection rales should be based on
cost per cubic meter of oil produced. Figure 5.12 shows Lhe cytle oil productions for
various steam infection rates. The mjection rates of 200 m’/day produces much less oil
than the base rate of 250 m’/day in (he laler cycles. The injection rate of 300 m’/day
produces much higher oil in later cycles than (he early cycles compared with base case.
The ¢umulative oil production has no significant difference in early cycles b the later
cycles have litde difference for various steam injection rates {Figure 5.13). The cycle
waler productions for different steam injection rajes are shown in the Figure 5.14. The
lower injection rate produces much more water than the higher injectian rates. Figure
5.15 shows the cumulative waler production for various steam injection rates. At the
end of 8th cycle Lhe lower injection rale produced 7000 m® more water than the bass
case but higher injection rate produced 5000 m’ less water. These results are contrary
to lhe expected results and the actual reason for such behavior could not be
undersiood. The cycle oil-steamt ratios (OSR) for various sieam hjecli-:;n raies are
shown in Lhe figure 5.16. It is seen that Lhe lower njection rate produces fess oil-steam
ratio than the hipher injection rale in the later cycles. At the end of 8th cycle the lower
imjection rale produced OSR 15 0.113 and at the higher rate the ratio is 0,156 whereas
the base case produced ratio is 0.143. The cycle calendar day oil production rates
(CDOR} have the same irend as the OSR (Figure 5.17). Figure 5.18 shows the cycle
waler-oil ratio (WOR) for different sieam injection rates. It is seen Lhat the lower
injection rate produces more WOR, than the higher injection rates. At the end of Sth
¢ycle the WOR ig 12.37 for lower injection rale and 6,94 for lhe higher rate. Whereas
pruducéd waler-oil ratio for the base case is 9.06. Depending on lhe operational

break-cven point, Feld capacity and initial imvestment, sach reservoir would have a
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different optinmum stratey. So the setting of steam injection rate 250 m*dav is
reascnable for this model and grves better results.

3.3.3 Effects of Time Step Size On Production

The analytical nature of the CSS process shows that the ime step size has little effect
on production performances. The reservoir temperature decreases with ime which
decroases the mstantaneons flow rale. To accommodate this changing flow rate,
lemperature and viscosity are calculaled at a regular interval during the production
cycle. So the time step size affecls the viscosity of the reservoir oil. Figure 5.19 shows
the cycle il production for various time step sizes. The 2 days time step size produces
slightly less cycle oil than the 5 days and 10 days oil production. Whereas 5 days and
10 days produces approximately same cycle oil. The reason may be the instability of
the saturation scheme. The cumulative oil production for various ime step sizes are
shown m Figure 5.20. Tt is seen Lhat the tolal oil production is approximately same Ffor
ali time slep sizes. Figure 5.21 shows the cycle waler production for various time step
sizes. The 2 days time step size produces approximately same cycie water upto lhe 6ih
cycle and picked up in 7th cycle. It produces 2230 m® more water than 5 days time step
siz¢. The actual reason could not be understood of such behavior in cycle water
production. The total water production for various time slep sizes has no significant
difference. This is shown in the Figure 5,22. The time step size of lwo days gives better
results and casiest calculation of the production performance paremeters.

5.3.4 Effects of Steam Temperature
Steam 15 the only heat supplying media for cyclic steam stimulation process. The heat

contained by Lhe sleam depends on the steam quality and saturation temperature of the
steam. Buf the latent heat of steam decreases with the increase of lemperature, Two
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steam temperatures of 50°C and 70°C above the base saturation temperature are
conducted to investipate the effecis of steam lemperature. The quality of the steam
remains unchanged. Figure 5.23 shows the cycle oil producton for different steam
temperatures. The higher temperature(70°C') produces more oil in Lhe earfv cycles and
less ofl after 6th cycle compared with the base case. On the olher hand the 50°C
produces more oil upte the 7th cycle and decreased sharply in the next cycle. The
reason could be the more heat foss occurred ai higher temperature, The cumulative
all productions are shown in Lhe Figure 5.24, Bolh the temperatures above base case
gree higher tolal oil production. Tt is seen that the 70°C produce 20% more total oil than
base case. The cycle water productions are shown in the Figure 5.25. There is a liftle
difference in cycle water production between 50°C and 70°C above base lemperature
setting, bud it produces more cycle water than Lhe base case. Figure 5.26 shows the
total water production. It indicates that Lhe early cycles have little difference of water
production, but the latler cycles have significant difference. At the end of Rth cycle the
50°C produces 18000 m” more water and 70°C produces 23000 m® than the base case,
The higher temperature produces approximately 40% more water than base
lemperature. The higher lemperature setting gives better result than base case, but it
increased the heat loss and also the cost of stcam generation, The operational cost may
not justify increasing the steam temperature.

5.3.5 Effects of Steam Quality

The amonnt of heat injected into the formation in CSS process depends on the sicam
qualify at a piven femperature. A! higher steam quality the Istent heat parl of the total
heat conlent increases. Laterd heat plays a significard role in sieam zone expansion. The
steam qualities of 70% and 90% are conducted with the base run of 80% to orvesligate
the effects of steamn guality in C3S process, Figure 5.27 shows cycle oil production for
various si¢am qualities. Both Lhe high and low steam gqualities produces approximately
the same oil as the base case. The comnlative oil productions are shown in Lhe Figure
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5.28. It indicates that the same tolal of is produced for all three cases. It is seen that
increasing steam qualities produces marginally higher oil The reason is lhe increase of
AVErApe reservoir temperature wilh the increase of steam quality. Figure 5.29 shows Lhe
cycle water production for various steam quatities. Eariy cycles produces approximately
the seme water, but the later cycles produces litle more water wilh ingreasing steam
quality. The total water productions are shown in Lhe Figure 5.30. The appreciable
amount of difference appears afler 5th cycle for different steam qualiiics. At Lhe end
of 8th cycle the 70% quality of sleam produces 46661 m® waier and 90% quality
produces 48862 m’ water. Whercas base run of 80% quality produces 47873 m® water.
The reason may be the increase of slug size in the later cycle. So the setting of sleam
quality for Lhis model can vary from 70% to 90%, Wellhead steam qualities of 0% to
3% are most widely produced in the field. This range of stcam quality gives ultimate
betier production performance.

3.3.6 Effects of Formation Thickness

The formation thickness affects the oil production rate from heavy oil reservoirs during
cyclic steam stinmiation process. The net pay thickness of 20 m and 30 m are
investigated along with the base nm thickneas 23.8 m. Figure 5.31 shows the cycle oil
production for differem pay thickness. The higher pay thickness produces more ol in
carly cycles and decreases in the fater cycles compared with the base case. Whereas
lower pay thickness produces always fess oil ihan the base case. The tolal oil
produclions for different pay thickness are shown in the Figure 5,32, Il indicates that
uniform defference exists m all the cycle for different pay thickness. I iy said that higher
pay thicknese occupy the more drainage arca of lhe reservoir and produces more oil in
lhe cardy cycle but the oil production decreases in later ¢ycle due to the constant
volume of mjected steam. Figure 5.33 shows the cycle water production for different
pay thickness. The higher pay thickness always produces more water than the base
casc. Whereas lower pay thickness produces much less water in later ¢ycles than the
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early cycles compared with the base case. The Lolal water productions for different pay
thickness are shown in the Figure 5.34. Early cycles produces less difference for water
production, but later ¢ycles have higher difference. At the end of $th ¢ycle the 20 m
pay lhickness produces 25950 m* of water and 30 m produces 83834 m® of water
compared with base the case produces 47873 m® of water. Figure 5.35 shows the oil-
steam ratio at each cycle for varous pay thickness. The higher pay thickness produces
more oil-steam raltio upto 5th cycle and Lhen decreases compared with base nm pay
thickness 23.8m. Whereas Iower pay thickness always produces less OSR than base
case. The actual reason could not be undersiood, The calendar day ail production
rate{CIXOR) shows the same trend a3 OSR curve. This is shown in Figure 5.36. The
reason may be higher the pay thickness, lesser the heat loss 1o the over and
underburden, So the net pay thickness significanlly affects the performance parameter.
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Chapler VI
CONCLUSIONS AND RECOMMENDATIONS

An analytical mode] has been dewloped m this siudy to predict production
performance af heavy il reservois underpaing cychic steam stimmlation process. After
successfully maiching a previowsly reported field data and an extensive sensitivity
analysis, Lhe following conclusions are reached as follows.

I. The model has besn developed for elliptical flow geomelry with a circular wellbore
at the center of an ellipse.

2. The fractures and microchannels created during sicam injection remains open or
partially open during production period depending on the pressure of the reservoir,
This condition increases the reservoir permeability and porosity which practically
enhances the flow raile.

3. For the first time, the shear failure zone of heavy oil reservoir has been sinmulated by
means of pseudo-relative permeability functions in an analytical model.

4. An extensive sensifivity study has been done by using the various reservoir and
steam properties. The model responded in a reasomable and accepiable mamer for all
the mposed variation in the properties, It was found that the model is applicable over a
wide variety of reservair and operating conditions.

5. The predicied results successfully malch with ficld results vplo the sixth cycle. The
model has lnrited utility beyond the sixth cycle.



6. This model can be successfully used as a valuable tool for operational controf. This
cam also be used for quick assessment and analysis prior to m expensive numerical
simulatiomn,

Recommendatons

During the course of this study, various ideas to improve the modsl could not be
accommodated due lo ime constrainis and limited scope of the present study. Some of
these ideas are presented here for future improvemend of the model and the study,

1. To investigate the shear stress in the fadure zone.

2. To accommondate the direction of fractures end mmicrochanmels.

3. To check the model with mare feld data,

4. To imvestigate the porosjty change in the fatture zone.
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APPENDIX A

FLOW INTO A WELL LOCATED AT THE CENTER OF AN ELLIPTICAL

DRAINAGE BOUNDARY (Tamim, 1995)

The fluid flow from heated reservoirs inlo the wellbore is elliplc. Ploeg, Kirkham and

Boast (1971} presented a solution for steady saturated Aow in an elliptical confined

aquifer. They considered the aquifer to be isotropic and homogeneous, They developed

potential and steam functions for a number of different shapesl aquifer and well

locations. The variety of peometries are considered enables to predict lhe well discharge

for aquifers (hal approach the shape of an ellipse.

A.1 Well at the center of an ellipse

By considering an elliptical aquifer with the well localed in the center. The equation in

reclangular co-ordinates of an ¢llipse is

1
: ¥

5!

+

EaN| =

Using polar co-ordinales (R,8)
x=Rcos0, and y = R sind
The equation (A.1) can be written i the following form

Z H ig
Rz[cﬂsz ﬂ+31:2 ] -1
o

5

(A1}

(A.2)



A.1.1 Boundary conditions

B.C 1: =0 for r=r1, 0<0<nf2
B.C 2: =1 forr=R 0<8<w2
BC 3 /% =0 for 8=10 Te<T<a

B.C 4: &0/ =0 for 6 =n72 I'w<T<b

The Laplace cqualion in polar co-ordinates gives an cxpression for the hydraulic head
D,

ge 18 170
&1 +;E'+:I£1 =1 {Aa}

A 1.2 Solulion of Laplace Equatlon

The solution of ¢quation (A.3) by using the Gram-Schmidt method gives the Tallowng
expression for hydrautic head,

P = f‘, At (r,8), (A.4)

where, m=0,1,2 ... N;
N=012 ... .

Im
and  u(r,6)= @ ] cos 2m8 (A.5)

On the boundary of the cllipse r = R and using equation (A.2) for express R in terms of
8. The cquation {A.5) becomes,
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[R_z]m [f:f I r
2| TP pr
4 @R cos2mb, (A6) -

.
ae
Now the equation for hydraulic head,
M
P,_p =2 Antt, ) 0<8<n? (A.T)

w=0
To satisfy the boundary condition B.C. 2, the equation (A.7) in the following form,
ol
1= 4,u {0} 0<8=zn2 (A.8)
m=
Powem ct al. (1967) defermme the value of Ay by using an orthonormal fupction

lable, They introduce twa constants w,, and ny,, are,

w2

w, = I(I)u,u(ﬁ)dﬂ, m=0,1,2..,N (A.9)

i)

Fl

u, = [u, (8, (8)de, m=0,1,2,..,N mzn (A.10)
i}

where the v,,(6) and u(0) are oblained from equation (A.6)

The solutton of the abowe integrations are difficuli in analytical method. For accurade
solution, numenical mtegration methed is used. The Gaussian quadrature method gives
the best solution of W, and um. Terms with zero subscript produced by using
L’ Hospital rule.
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In [-‘3—]
'r'w'
The hydraulic head becomes,
In [.i] M [rl
d = i +EA c08 2mfl (A1)

1
r‘nl‘
IO

By using the Table of Powers ct al, {1967) the valuey of Ay, are delermined. Then the
values of hydraulic head are determined by using equation {A.12),

{"fh

A2 Development of Formulas of Orthonormel Functions

Power, Kirkham and Snowden (1967) developed a set of general arlhnnnnm‘l‘
functions for solving potential flow problems. The ¢quation for potential function is

D = 5 Apgtty(x) (A13)
=0

The above equation may be written for basic series developmenl as

Sfix)= Ni:tmu_[x) a<x<p m=01..,N (N-ox) (Al4)

if [{x) and uy{x} are known, mcﬂummhdﬁqnﬁnadbymmxﬂimysquaﬁm
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Neam

fx)= Eﬂﬂmﬂm(r) (A.15)

where By, are consiant and A,.(x) are an orthanormal polynomial developed from linear
combination of the known ug(x).

When polynomials Ay(x) are orthonarmal, then it can be used to developed other
functions f{x} into the serics of the form,

M—saz
f(x)=3'B.4, (A.16)
whers

B, =j':f(x},z,,¢ a<xsPp  m=01,..,Nox (AI7)

For each of [he¢ orthonormal polynomials an orthoganal function v, and a
normalization factor I, can be correlate as

hm = Yo' Dl {(A.18)

Courant and Hilberts resulting expression for A, is

m-1

v, -2 (24,04,

i, "=“D,:ﬁ m=0,1,.., n=0,1,... (A.19)
where D,'? is given by,

D' = (faya)” (A20)
From equation (A.1%) and (A.19)



m=1

A, =u, -3 (e N1, m=0,1,2 .., n=0,1,... (A2l
i}
w1
Now A, =w, - (u,r,)r,D; (A.22)
=0
m-1 2
aso D, =(uu )}~ (u,r, VD (A.23)
n=
I Con= (Ul (A.24)
m=1
Then Fw = My — Ecmrrr (AESJ
=00

and equation (A.19) gives

=1

N, = ECMJH
A= =0 A.26
m D:: { }
ml
Now D, =wmu, —>ciD, m=0,12.., n=0,1,.. (A2D
=

A.2.1 Imtroduction of Constant J_,

Assume the ¥y, 10 be the linear function of wg, v,..... Upon expanding the right side of
equation (A 22) i given by
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-1
P =ty — 2 waliy (A.28)
=l

where [ are the coefficients of the uy in a given ¥

Now deriving the recursion formula for Jo, by placing expression for ¥, in equation
(A.25) gives

m-1
A R I m=2734, ..., n=123 ... (A.29)

run+l

A.22 Formuls for C,,

To fnd an expression for Coy, substinne the vahes of v, v,——- ffom equation (4.28)
mto {A.24). Then general formula is

= m=1,27%... n=012..m1 (A30

A 2.3 Formula for B,

By considering equations {A.17) and {A.18)
B, = [[ /(=)D s (A3D)

Now define the dimensionless constant By

En=BpDe™ of By = EgDg™ (A.32)
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From which it is found that
E,D, = [ flx)y.k (A33)

Now we define the dimensionless conslant G, by
Gp = Eply (A34)

Now recursion formula for G,

m~l
Gy =%, — 3 G, m=0,1,2, .. (A.35)
L)

recursion formula for B,

m-1
W _ECMTI:GH'
E, =—-’§'—— m=0,12 .., n=0,1,2 ..,m1 (A3

Now recursion formula for B,

L]
B, = [w” - zcmpfiﬂ,,]p;” (A-37)
=i
m=0,12, ...
n=490,1,2 ...

A 2.4 Formula for the Ay,

By ¢onsidering
Iix) = Equg + Eq(uy - o) + Eg(u; - Jogtg - L) + ——

E{x} = (Eo - Ethp - ExFyghug + (Bi=EpJadu, + Eju, (A38)

k2



and from equation {A.14) for N=2,
T(X) = Agotlg + Aty + Apy, (A.39)

Now comparing the above two equations

Ay =By« EyJio - Bzl

An =Ei-E:ly

An =E;

Repeating Lhe above procedure, Ay, is obtained by many values of N and m. General

formula for Ay i8

N
Adp=E, - JEJ,, m=40,12...,N (A.40)

=m+l

A.3 Calculation of Well Discharge

The well discharge q can be calculated by using the expression for the potential
function ©. The discharge per unit thickness of aquifer,

q=_xmju“[§] rd6 Ty (AL

Where K is the hydraulic conductivity, multiply the abowe equation by the
Lhicknessh. The total flow rate for Lhe well is

27K Ay D

ol ?}

(A.42)
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AFPENDIX B
CALCULATION OF ZONE TEMPERATURE DURING SOAK AND
PRODUCTION PERIOD (Tamim, 1995)

The hot and warm zone temperatures are calculated by making the followmg
assumplions are: the vaporization effects are nepligible and the thermal and fluid
properiies arc essentially constant for a small time step. The energy balance for the hot

and warm zone becomes,

. }
—L= ‘E']P:Cpl "“i"zﬂchz{ﬂ _ir'z)"'(z‘djl +A15X£IJI _Kﬂ‘n)’ (B.1)

—A A, 7

dT,
-4, ?z = szchz(fi = Tx) +24{(a.T, - Kﬂn) - Afad; - Kay) (B2)

Where T, and T are the average hot and warm zone temperatures respectively. The
hot and warm zone equations can be further cxpanded into

d‘jl"i - glplcpl (Ti _ R,] + qlﬂlcpl [Tlr ‘Tz}; ﬂ;(zt‘jl +-"1;,) . kj,ﬂgj,{m +Ab)

& ARM, ApM, A, ARM,
a7
?: = (ﬂz - B _ﬂ!)ri + 4T, - 8T, + B,

dl
?: =G0 - BT, + B; (B.3)

(D=8)5+ BT, ~ B =0 B.4)

Similarly for warm zone,
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i o (B BV~ (B - B+ B~

i,
"Iz = ﬂmi’; _ﬂun +ﬁ14

AT +(D‘“ﬁm)rz -p. =0

Now the following didferemiial equation have been sobved

{(D-B5)T, + .1, = By
Bih + (D -ﬁID}TZ = fis

B.5)

(B.6)

(B.7)

(B.8)

Subject to the inilial conditions, the two average temperatures can be expressed as

P
T, =Ce™ + Ce't + >

=4, t ﬂf—‘z: i
ﬂ:%z—(;e*' +TZCIEH+EI—B+%

where the following definitions have been employed

BT TPy =)~ B~ Dt
Cl =

‘3-2 "‘11
P
G=5'-G-3
_6ACH
Fi =
B, = Q‘zﬂch:
: A0,
,3 - a*(Ml +‘4l'.1)
=
A kM,
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(B.10;

(B.11)

(B.12)

(B.13)

(B.14)

(B.15)



_ k(24 + 4,)

B AT, (B.16}
B =ﬂ1_ﬂ1_ﬁ3 (B.17)
B =BTy + B, (B.18)
_ 42C 2 -
po = _A_z o, (B.19)
2a.
ﬁﬂ _M (B.20)
_ Zyay,
By = —-—Wz (B.21)
ﬁlu = Jﬁr _ﬁs {B+22)
Aex,
Fu= ;J (B.23)
_ Ay
B AR, (B.24)
By =5, —Bu (B.23)
ﬁu = ﬁg 'ﬁ:z (BZL"I)
B = Bu,8, = BB, (B.27)
P =ppy- Db (B.28)
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APPENDIX C
CALCULATION OF HEAT LOSS TO THE CAP AND BASE ROCK
(Tamim, 1995)

The heat loss 1o the cap and base rock were evaluated by usig the approximation of
Vinsome and Westerveld (1980). The equation of heat flow 1o Lhe cap and base rock is

C.n

a_, ot
a  at

For the case of an interface condilion,

T FT

Tﬂ‘g =iy E [z=0. (C.z)

The solution of the above equation gives the following expression for the cumulative

heat stored in the cap rock and heat Joss rate.

E = k—hd(f;, +Pd +2qd") (C.3)
a,
- 7
g = k,,[gﬂ _ ] C.4)
where the following definitions were used,
&, Ly 7 ds(f:: “‘ﬂ:ﬂ)
o, N
P- L C.5
3 ra, N ©3)
V- o A e
2pd-T, + —(ufﬁn]
@
_ C.6
g > 7 (C.6)
Ja,t
a =2k (C.7)
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in :I-;]nqm +Pn(d-n:|1 +2gn(dn):l

Now the heat loss rale was ¢xpressed as
g1L = H*Tﬁ - kanZ

1
where 2, = k[g— .rz,ﬂ]

3
o = a, N B d
& c:'(3|r:|‘2 + a,,E) a,,At{Sdi + ah&)

7 I"

it

a .= + .
" a &ﬂ(Sdz +a ,,ﬂr) 3@ va, N
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(C.9)
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APPENDIX D
AVERAGE ZONE SATURATIONS (Tamim, 1995)

The average zome saturations were calculated on the basis of the following
asgumptions.

1. The saturation profiles in the hot and warm zone can be represented by an average
zome values.

2. The time step for each cycle during production period is small compared with Lhe
total production tme of the cycle.

The mobile cil and water aafurations at any time n+1 in the hot and warm ZOMES are

given by Lhe following expressions (Arthur et al., 1991).

se L =8n, exp T : [1 cxp"‘[‘""""}], @.1)
!

Sn+1 :mkwﬂp"’i[r r“11+_'_-[1 ﬂxp‘ﬁ[‘-ﬂ‘r"}], (D.2)
I

where the following definitions are usad,

For hot zone,

—m = +'Qrt|1 +gw2 (D3)
¥ !

X o=

— 4nfu +4nln , (D.4)
Pl‘.‘nV kot

TPt T Tzl . (D.SJ

1'3 =
pleflrt
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For warm zone,

TR W i

(D.6)
x, v .
T .7
x, = @.7)
t me
.8
x, = 32 (D.8)
3 Vm

Now the following equations were used for calculating the saturation values,

(D.9)
Smhr = Suwd-r,w + Swe!

@.10)
thw - 1 - S"ﬁﬁm"



APPENDIX E
CALCULATION OF PSEUDO-RELATIVE FERMEARBILITIES

In CSS process Lhe aleralion of relative permeability is an imperiami phenomena. The
flow zatc from shear failured zone of heavy off reservoit mostly depends on th relative
permeability of the reservoir fluids. Ito, Settari, and Jha (1993) presenied an empirical
fornrula for cakeulating pscudo-relative permeabilities of shear failured reservoir,

E.1 Multiplication Approach

Assuming that the k, in fully falled zone is a product of a multiplier, X, and the
reservolr relative permeability krg . Then the roservoir faled to a cerlain degree f, Lhe
pecudo-relative permeability is

Kew = (1-Ep<kneras + B X xkng 1as, (E.1)

ko = {1-6) by pen + Fx X % Ky - (E.2)

E.2 Equalons for Mulliplicalion Factor

The multiplication factor depends on the failure pressure of the reservoir. Assuming the
higher and lower pressure in the failure zome during production period are 1500 kPa
and 300 kPa respectively. The ¢xtreme values of mulliphication factor al that pressure

ate (Tto ¢t al. 1993)

1. Py =1500 kPa, X.=20 and X,=0.2
2. P =300 kPa, Xe=1.0and X,=1.0

|



Then the equations for multiplication factor can be defined by linearly intcrpolating
between higher and lower pressure,

X =3.25 x 107 x Py - 8.750, (E.3)

X, =-5.0x 107 < Py + 1.150. (E.4}

E.3 Equation for Degree of Fallure

The degree of famlure I can be defined by Lincady interpolatng in the failure zome
between a higher and lower pressure range during production period. For higher
pressure, Py = 1500 kPa, the corresponding fajlure factor, F = 0.14 and for lower
pressure Py, = 300 kPa, the failure factor, £= 0.0,

The equation for the degree of failure,

f=1.667 x 10 x P,y - 0.035. (E.5)

Upon calculating the values of X and f, the comresponding values of pseudo-relative
permeability are caloulated for every time step during production perind.
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APPENDIX F
CALCULATION OF FLUID FROFPERTIES

F.1 Calculation of Steam Properties

Steam is the hesting agent for cychc sleam stimulation process. The calculations of
sleamn propertics are the ¢ssential panl of CSS process, Steam tables are required for
calculating various steam propertics. For comvenience of calculation, a st of
pohynamials (Tortke and Farouq Ali, 1989) were used for the present work. All the

uniis are in SI meric.

F.1.1 Propertles of steam Condensale

Calculation of Viscosity
The following equation was used for calculating the viscosily of steam condensate

271038 235255 . 101425 %107 _ 217342 %10°
i y i i
273.15<T<645 K

i, =—00123274 + (F.1)

Calculation of Density

£, = 3786313724877 + 01962467 — 5.0408 x 107 7% + 629368 x 107 ™
273.15sT=<645 K {F.2)
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F.1.2 Properiles of Steam Vapor

Cakulation of Viscosity

My =—546807 x107* + 669490 x 10°° 7 —33999 % 10 T* + 829842 x 1071 T
273.15<T<645 K (F.3)

Calculation of Density

Inp, =-937072 + 08339417 — GO0320872 + 657652 107577 _ 692747 %10 T
273.15<T<645 K (F.4)

F.1.3 Calculation of Latent Heat of Yaporization

A= (11 84500 +11048.6T — 8840507 + 01625617 - 1.21377 x 10 T* )m

273.15<T<645 K (F.5})

F.1.4 Calculation of Saturulion Temperature

T, = 280034 +14.0856In p +13807(In p)’ - 0101806{1n 7}’ +0.019017(In p}'
© 611 KPa<p<22.12Mpa (F.6)
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F.1.5 Calculation of Saturailon Pressure

P, =(~175.776+ 22927277 - 00113957 + 26278 x10°°7" 273726 x10™® r‘f

30<T<6473 K {F.T)

F.2 Calculation of Oit Properiles

F.2.1 Calculation of Yiscosity

The flow rate into the well bore depends on the viscosity values of the reservoir oil.
Farouq Ali (1982) presented a good approximate method in terms of dynarmic viscosity
for calculating oil viscosity.

= et (THITHS) (F.8)
where a=6.54053 E-15 for T<373.15K

b=11380.31 -
and

a=1,77632 E-1, for T>373.15K

b= 4993018

F.2.2 Calculatlon of Density

The following correlation wag used o calculate the oil density by using a thermal
expangon factor,

po = pafl=A,(T - Ta)} (F.9)
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Where the subscript R represents standard condition.

- F.1.3 Calculation of Specific Heat

Smith-Magowan ¢t al. (1982) presented the following ¢quation for calculating the oil
sand specific heat,

C, =1557 + 5219 %1077 — 8.686 x 10 T*. (F.10)

oA
‘h *‘-. v it et , - 'ﬁ-\ /
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