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L, e ,*"ABSTRAC’T L |
. S ' ..ﬂ
Stes‘n lnjectl.on in the form of cychc stéam stimulation and: steamﬂoodmg has beeq
' .
ghly\successful as an enhanced oil recovery techmque. ~‘l'hts study deals wrth the -\

matl)ematrcal sxmulanon of steam mjectron processes, with speclal reference \to several

! phenomena, thus far nqt consxdered These are thermal upgradlng of otl nqn-Newtoman

) _‘ tions contarmng a bottom water layer Both steamﬂoods and cychc steam

stimulation were srmulated for parttally penetratmg wells Another new featyre studxed in

thls work is the case of multrple layer steam mJectton from a single tubtng For this
‘purpose a wellbore heat loss model was developed for multiple offtake It was found that '

" the steam quahty can vary consrderably ms&ch a,case with the lower zone taking steag of “

' lower quahty than the upper zone Ftnally, the case of gas mjecuon with steam was also L
mvestlgated for cyclic steam snmulauon The sxmulator was also used to simulate a scaled'

. modelexpenment o T °
A s

Three phase, two- and three dtmensronal mt}lhcomponent sunulatd(s and a wellbore
,'model were. developed for the above studtes A fully 1mplxcxt forrnulanon was employed '
z The finite drfference equattons were solved usl.ng a block trix band equation solvrng .
algonthm Thermal upgradmg, non- Newtoman flow .a d foam mjectton were’_. -
"rncorporated tnto the mathemaucal model, lxsmg the publtshed expenmental data ‘The
purpose here was-to_Show the qualitative effects in each of these cases, rather than a
.- " comprehensive study of each of these effects It was found that 1f the oil is shear thtnmng, '
“the 'g@oyery and.oil- -steam ratio-are ltkely to increise. Thermal upgradmg may lead to a
7 smalli recovery rncrease if long times are mvolved Foam was not parttcularly effectrve in
i increasing oil recovery In this work the foam’ \vas consrdered ‘as an agent for decreasmg
gas phase mobxlrty Injectmn of natural gas with’ steam in, cychc stea.m stxmulatlon was

.found to. 1ncrease the oﬂ-steam ratro only margrnally

v
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-~ NOMENCLATURE

A bulk area of cross-section - m? (ft’)' ‘

Cpi specific heat of component i  kJ/kg-C (Btu/Ib-F)

c,' ~ specific heat of rock matrix  kJ/kg-C (Btu/Ib-F)

Cia concentration of comp'oilent 1 in phase o mass frac

D depth below .sea level, positive downwards  m (ft) . - ,: YL
Diq diffusion rate of i in phase @ - m?/s (ft2/ hr) ' : '
Jiog - ratio of the mass fraction of component ¢ in thé oleic phase in equilibrium with the .,*: -

mass fraction in the vapour phase ,
Jiow ratio of the mass fraction of component i in the oleic phase in equilibrium with the

mass fraction in the aqueous phase

g _ acceleration due to gravity  m/s? -
hia enthalpy of component i in phase a kJ /kmole (Btu/Ibmole)
ko absolute perineability m a given direction m? (1.127darcy)
ky, thermal conductivity in a given direction ~ kW/m-K (Btu/day-ft-F)
kra - relative permeability to o phase frac .
L, latent heat of component i  kJ/kg (Btu/Ib)
m;* injection rate of component i kg/s-m® (Ib/day-ft?)
M; molecular weight of component i  kg/kmole (1b/Ibmole)
M, ' molecular weight of a phase kg/kmole (Ib/lbmole)
P pressure ~ Pa (psia)
: Pc,o‘. ga.s-bil capillary pressufe'" Pa (psia) *°
Peou oil-water capillary-pressure - Pa (psia)
qa" injection rate'of o phase  sm3/m®-s (STB/ft 3-day
a’ heat loss rate . kJ/s-m® (Btu/day—fts) /
So,v saturation of a phase fraction pore volume
t * time - s (day) . 4 o
ve . phase pore velocity in a given direction  m/s (ft/day)
w _ weighﬁng factor for the upstream direction, 0 or 1
x coordinate ' m (ft)
v coordinate ~  m (ft)
z * coordinate m (ft) 4
¢ porogity fraction K .\\ v
® potential of the particular phase= p + p'agD,ﬂ Pa (psia)
 Pa density of the a phase  kg/m® (Ib/ft%)
Ha " viscosity of the o phase  Pa.s (centipoise) o .
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Chapter I
INTRODUCTION

Stear’n injection is current.‘ly responsible for the prooucdon of over one million
barrels/day of heavy oil. There are two principal vanadons of steam mjecnon cyclic steam ‘
snmulanon‘ which has been successful in. Cold Lake oil sands formatxons. and is the only
proven commercxal heavy oil recovery method to-date for that area, and steamﬂoodmg.
whxch has been highly successful in California, and is lately finding applxcauon in
Saskatchewan Eventually, some form of ?eamﬂoodmg may be apphcable to C"ld Lakm
reservoirs. This would however require the use of an addmve ‘with steam, whxch could

* be a gas, liquid, or a suitable foam; because ste£‘ alone cannot adequately mobilize the
highly viscous oil. A suitable gas or liquid could lower oil viscosity under cold conditions,
while a steam-based foam would improve sWeep’ efficiency. The present study parl
addresses thfs question. | |

Previous works dealing witli steam iojcctioqsimula-tion have not dealt with thermal
upgradihg; non-Newtonian oil rhcolog‘y, and foam injection, ) These effects can be
.important. But the ‘main purpose in this work is to show the mcorporatxon of such effects g
~ in a steam anCCtIOH simulator;

The pnncxpal field problem considered in this worl; is bottom water, whxch is a
common problem in Albérta and Saskatchewan heavy oil formations. This can take many
forms, rangmg ‘from an oil-water transmon zone to 100%_ water, with full or partial
communication with thelo‘verlying oil zone.l These aspects are covered in this study.

- Bottom water heavy oil reservoirs may be exploited by special techniqués, such as partial
penetration, which'was also considered in-this work. Other strategies may involve

injection of blocking agents such as foam. Steam is often injected'in'to multiple oil zones

from a single steam injection tubing. As a result, different zones take steam of different

-



qualmes. _’I'hns prnblem has not bccn exaxmned in the hterature thus far, and xs consxdered

m th1s WOrk usmg a wcllbore sunulator developcd for‘ this sxtuanon
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msoluble in the hqutd phases \ '

o treatment of the nonlmeanues

‘ ChapterlI g
e REVIEW OF THE LITERAW@RE

Thls chapter provrdes a revrew of the numencal srmulators developed to date for

l“}g. ‘
Steam 1nJect10n studies. - Vanous apphcauons have been repOrfed mamgr steamfloochng ‘

Cychc steam sxmulatlons have been reported "for srmpler cases. e.g. effect of bottom water N
has been neglected ~A number of steam slmulators have been deve?oped Cornputattonal | g
»dlffrculttes and the machme trme requuements have lmnted the use of such srmulators to )
relauvely small gnds con51st1ng of a few hundred or fewer, blocks A few 1nvest1gators :
| have exammed the use of steam addmves mamly gases The followmg surVey 1s destgrwq
" to h1ghhght the mam features of steam mjecnon srmulators in chronolog1ca1 orde- an&»
5 vmdscate the current status "I‘abl; 2 1§ gtves a summary of all the steam mjecnon models, -

. reported to date 1nd1catmg the. mam features of the models and the solutton techmque used -

Shutler (1968 and 1969) developed three phase, one- and two dxmensronal models |

for steam mjectron The mass balance equatxons for the three phase (olexc aqueous and L
vapour) flow were solved sxmultaneously, u‘smg Newtoman tteratron for the Steam v :
condensatron term, whtle the energy balance equatron was solved separately by the non-
1terat1ve ADIP method He aJlowed for the 1nterphase mass transfer between wa‘ter and .

o g‘team phases, but con51dered the oxl phase to be nonvolaule, and the hydrocarbon gas to be

Abdalla and Coats (1971) developed a three phase (orl water and gas), two-

drmensronal steam drxve srmulator In th1s model the 1mphc1t pressure explrcxt saturation

T : '([MPES) method was used The model was relauvely unstable tn v1ew of the approxxmate’ e

Vmsome\_' 974) developed a three phase (oﬂ water and steam) model for steam"“‘_“: j

’1ltzed IMPES method was emplo}ed Whrle thrs was sxmpler than the

', 1t provrded second-order accuracy 1n the space denvatnves, and large ume
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‘steps were utilized. A RungeaKut'ta integration scheme was employed It was claimed that

this teehmque could be mcorporated into the extstmg sunulators to tncrease their efﬁctency

Coats, George Chu and Marcum (1974) developed a three phase (ml water and .

steam), three drmensronal srmulator for steam tnjecnon In their work the mass and

energy- balance equattons were solved srmultaneously They combined the water and stean(l
equatlons in order to avoid rteratton on the mass transfer condensatton term. This model

. d1d not account for the drsttllanon of oil.

-

Patel Maslxyah and Mathews (1977) developed a one- dtmenstonal radral steam

model for three-phase (orl-water-gas) flow. They used a fully-tmphcrt scheme.‘for the .

‘solution of the-' pressure equation. The model proved to be verv stable for cyclic steam

1njectron m oil sands,

Ferre; and Farouq Ali (1977) developed a three-phase composmonal stmulator that -

descnbed the steam mjectton process in two dtmensmns In this work mterphase mass

and heat transfer were consrdered thus, the oil composmon changed dunng the steam

‘ 1nJecuon process The partlal dlfferentral equauons obtamed for mass balance for each

component as well as the heat ba.lance equation, were solved’sequentrally The use of the

. model for cyclrc steam stunulauon and steamﬂoodmg was tllustrated by several examples A

The sensmvny of the model to the input. parameters was also- exammed Thts model

' 1nd1cated that steam distillation and gravrty segregatlon are tmportant factors in the steam»

ijCthl'!'pl'OCCSSCS 5 RE

Wemstem, 4Wheeler and Woods (1977) presented a three phase, one-dtmensronal _

steam 1n]ect10n model to srmulate a cyclrc steam sttmulatton process. lnterphase mass

- transfer was allowed between water and vapour and oil and vapour Thxs model accounts

for steam condensauon solutton gas, and dtsullauon»effects. However. it does not

o consrder gravrty and captllary pressure, or temperature dependtnée of relattve petmeabrhty o

o Also, thts model accounts for two-d1mens10nal heat transfer. An exphcrt nﬁss transfer rate

‘ between the Oll and vépour rather than'a gas solubthty factor suggested anew method of :

-
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,treating solunon gas and distillation effects On the other hand explrcrt treatment of this

type can mduce mstabrhty The "sequennal solunon" scheme (Spillette, Hillstead and
: , 'Stone, 1973) was used for solvmg the equanons Recent work has shown that such a
‘ procedure is less stable for steam mJecnon srmulatrons than 1mplxc1t schemes It was
.concluded that gas rnjectron has a favourable effect on performance and that gas mjecuon :

| followrng stea@the best altemauve ,

‘ Coats (19 ) reported a three-drmensional highly 1mphc1t numencal model fory y

' sxmulaung steamﬂoodmg wrth dxsullauon or soluuon gas. This model was an 1mprovement ‘

-over hxs previous works. He employed a direct solution techmque to srmultaneously solve
*’three and four equatrons for the dead-orl and’ two-component oil cases, respecnvely Tlus

‘ ‘ model was more stable than the previous model, and reqmred less computmg nme o

Crookston, Culham and Chen (1979) presented a serm-rmphcrt numerical model for

simulating thermal recovery processes Thrs model was used for one-drmensronal in sie
combusnon studres Thrs three-phase, (olelc aqueous, vapour), one-drmensronal model
-included gravrty (vertrcal runs) and capxllary effects Heat transfer by conducuon,
convectron. aqd vapounzatron-condensanon of both wafer and hydrocarbons were

: consrdered. A direct soluuon proeedure was used to srmultaneously solve the system of
equanons This consrsted of the alternatmg dragonal ordenng Gaussran ehmmauon« .‘

scheme, which was utilized by Price and Coats (1974) as well, -

Abou-Kassem (1981) developed a composmonal steam injection model, smtable for

two dlmensxons. with an implicit solution scheme The mam feature of thrs approach was

in the use of a mne-pomt drfference scheme 1nstead of the ﬁve-pomt drfference schemes

‘ used by other mvesugators The mne-pomt formulanon approxrmates flow in a plane much .

B ,better, since the fluid is. perrrfitted to move in four addmonal drrectlons As a result, the-
= -gnd onentanon effects are mmnmzed. Abou-Kassem showed that by using the mne-pomt

L ’scheme, the calculated saturauon and temperature profiles were almost 1denncal for parallel .

L and dragonal grrds On the other hand, 1 use of the nrne-pomt scheme increases ,the"



. . ‘ . i , . . ‘igl’%ﬂ ;r,,“ ) oo
computational work enormously. Furthermore. A4 nine- pomt scheme becomes a twenty

seven -point scheme in three drttten;ons ‘But this has not been tried as @et in view ot‘ the
vast amount of computattons needed on one hand, and numencal problems on the other. It
was also Shown that the meghod of two-point upstream relative permeﬂnlmes may not be
_ vahd for thermal simulators.

Hardmg (1986) dcveloped a hrghly 1mpltctt thetmal numertcal stmulator Thts steam
and gas mgectton model was destgned to aid in 'the 1nterpretat10n of one-dtmensl(onp
laboratory expenmental steamfloods The model was employed for a variety of htStory .'
matchmg runs and process sensmvrty studres Hardmg’used a dtrect solunon method in lusl
Slmulator The. srmulator was designed to represent special features, such as heat loss.from ,
a Cyhndncal core, heat loss from ﬂanges etc. The pos51b1hty of usf;g nitrogen and COs as
steam addmves were arnong the features xncorporated into the numerical model. An
lmportant Tesult of Hardmg s experimental- theorettcal study was that the experimental
results were unreltable due to very high heat loss. The numerical model pointed out the

s -importance of heat. loss Thus, Hardmgs smulator proved to be a useful means for

mtefPTetmg expenmental data, indicating i 1mprovements to be made in the experimental -

 design. o , . _ .
Maﬂy heavy oil formations in Alberta and Saskatchewan as.well as in Caltfomta aare .

charactenZed by a betwtomaovater layer below the oil zone which is often in commumcauon

* _with it This bottom layer may consrst of merely a htgh water saturatton zone, or a'-

transmon zone. In the followmg, this. layer will be referred to as "bottom water": “The

extent of b0ttom water may be different for VaI'IOUS reservoirs. It could be a thin sand, a -

few meters in tht'cknéss, or it may be an aquer The petmeabrluy of the water layer may’

be conSIderably different from that of the oil zone, if clays are present in the water'beanng

sand The presence of - bottom water 1s likely to have two sxgntficant but compettng effects.

\

\.
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on thermal recovery processes. On ont hand it could be a means of providing initial

mjectwlty in the hrghly viscous oil sands. On the other hand, this zone may act as a heat ,

smk thereby. reducmg the efficiency of heating the oil formanon above.
In secondary and tertrary recovery methods. any injected flu1d which could be air,
am, solvent etc,, will exhibit a tendency to rmgrate into the low resistance water sand

As a consequence, the displacement and sweep efficiencies will be poor. A variety of

factors will determine the .magnitude;of such migration such as oil viscosity, relative water

sand thickness, injection rate, grl sa)turauon in the water sand, relauve permeability and well

completion. Presence of a barner between the oil and water zone will reduce the

channeling tendency 1f the barrier cxtends to at least one-half the distance between mJector B

and producer, and the bott_om water i§ not active. Vertical permeability thus 'plays an

ARy
TR

important role and any shale breaks, silt zones, or other heterogeneitie's restricting vertical
pcrmea‘bility‘at the base of the oil zone would be beneficial in the oil recovery performance.

Flow of heat from the 'water zone into the oil formaton is a cornplicated situation to
‘handle. if a hot fluid is injected This situation will be still more complex if air is chosen as

‘the injection ﬂuxd In heavy orl thermal recovery processes, presence of a Ixmrted water

zone could be an advantage, since it could serve as a means of inital i mjectmty

Several mvesugators have conducted laboratory cxpenments with bottom water
steamﬂoods Pursley ( 1974) camed out expenments with a scaled model to simulate a
'1.25 acre partern. The sand thickness was 140 ft, With 15% bottom water and ol viscosity
' was 100000 cp Upon mjectron of one pore volume of steam, 36% recovery was
: obtamed ‘Steam ovcmde was observcd on the wholc'{;p

4 -

'the oxl The presence of bottom water was helpful i in providing i m_]CCthlty "This way the

ontacted a large proportion of -

base of the od zone was heated Vertical permeabxhty was also an important factor.

\



Ehrhch (1977) and Huygen and Lowry (1979) 1nvesngated the recovery: process of a

5 million cp bxtumcn, with a bottom water layer. They observed that tha heated bitumen

/

was carried into the bottom water by the condensate
' Stcgemexer Laumbach and Volek (1980) as well as Prats (1977). and Doscher and
Huang (1979), have reportcd cxpcnmcnts of bottom water steamﬂoods with low pressure: "
scaled models. Prats conductlczi expcnmcms for Peace River conditions (200, 000 cp oil),
~with water~to-oxl zone thlckness ratios of 0.50, 0. 25 and 0. 10. The oil saturanon in the
water zonc was 0.55-0.65. The opcx;auonal procedurc consxsted ofi nmccnng steam into the
water zone, prcssunzmg, and blowmg down to rmsc thc temperature of the ovcrlymg oil
zone, and to carry the oil flowing by gravity into the water zone to the producnon wells “
‘with limited steam production. Different bottom ther layers required a different opnmal
opcratmg strgcglcs In all cases, oxl-stcam ratios were betWCcn 0.2and 0.3,
' Stegcmclcr et al. (1980) conducted experiments to simulate the Mt. Poso field, wl{ich
has a water drive. They dcveloped a sucécssful operating téchniquc fora typically marginal
_ steamflood process. It consisted in injecting steam updxp as the downdlp wells watered-
Sut. A line dnv'; pattern was employed. \ ¥

Doscher and Huang (1979) conducted steamﬂood cxpcnmcnts wuh a water zone.
They obsgrvcd that an increase in the stcam injection rate delaycd the oil ‘production and
decreased th_e oil-steam-ratio. Gravity segregation of steam occurred at long times.

Farouq Alj, Abad',gnd; Snyder (1974, 1976) condqct‘gd a-sc;'ies ‘of experimental |
studies, whcrc bottom: .wat;er simulatibn was carried out by méans of a high pcrmcability
sand placed at the base of a vertical tar sand pack Inmally, steam was propagating at the
base of the sand, advancmg upward and cvcntually thc cnnrc sand was heatcd rcsulnng in .
a rccovery of almost 50%.

" A few investigators have 'repor't‘ed laboratory studies of in situ combu]stion in the

, presénce of a water zone.: Garon, Ggisbrecht and Lowry (1980) carried-out scaled modcl

!

“experiments using a 5 million cp bitumen. It was found that the combustion zone advanced

’



near the base of the oil zone, where there was no communication between the oil and water

layers, as a result of preheatmg of the water layer by steam In addition to a firefront

advancing in the direction of air flow a second front was observed whxch was movmg
slowly in the perpend;cular dtrectton In cases where there was communication between
~ the oil and water layers, the sweep was ~good, but the air-oil ratio was much higher (20,000
vs. 13,000 scf/bbl). Recovery was 11-12% in both cases.

Proctor (1986) carried out a series of -scd’gd model e:tperiments, for steamflooding

- Bottom water models under a variety of conditions. The operational strategies for thin

reservoirs (20- 40 ft), with the presence of bottom wagpr were studied in this work Oll ;

Avxscosuy of 1275 cp was employed in most cases Hts studxes mcluded steamﬂoods in

bottom water situations, gas mjecnon in bottom water studxes where a small volume of gas

was 1n)ected into the top of the pack followed by steam mjectlon. and steamflood
experiments employing horizontal wells. It was cbncluded that gas injection prior to
) Stearnﬂoodmgm reservoirs. underlain with botto‘r'n water would create a high conductivity
' zoneand divert steam from bottom water into the oil zone, hence improving oil recovery.
‘Also, hori';ontal well runs exhibited a more efficient recovery.

. II ) - ]S. l‘. . EB . w B a

Numerical simulations of cyclic steam injection for oil reservoirs underlain by water
have been conducted by Bowen and Patel (1982) as well as Prats (1974). It 'was found that
for the bottom water thickness-to-oil zone thickness ratios of about 0.2, the oil-steam ratio

may fall in the acceptable range (0.1 t0 0.2 bbl/bbl) Beyond that, the oil-steam ratio

dropped rapidly. When this ratio” reached 1 0 oil recovery became very low. These

' numbers were vahd for a 50,000 cp oil, and would change for dxfferent operating

-

parameters and conditions.
4
’ Ttwas also reported that for thin water' zones, a smaller slug is more efficient, since it

has a tendency to create a heatcd zone rather than bemg d1s51pated into the water zone. It

-

r
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appears that the performance was better for lower viscosity oils, but bottom water can have

adverse effecpafor any oil viscosity. Study of saturation and temperature distributions in

the developed simulators indicates steam channeling as well as oil migration into the water

- zone. These results were obtained from the first cycle. In subsequent cycles, however, the

performance improves to some extent, and this is a result of radial heat conduction into the

¢+ cold oil sand away from the hot zone.

]

Several simulations of steamflooding in the presence of bottom water were reported

by Prats (1977). A study of this typé for a 50,000 cp oil in a 5O ft sand with 10 ft of water

shows that the oil-steam ratio initially tends to increase with cumulative steam 1n3ecwd and

then starts to decrease. Also, a strong rate deperlicnce has ?een reportcd Study of

saturation and tcmperature shows that steam has a tendency to flow through _the water zone,

* with heating of the overlying oil, causing the oil to gravitate to the water zone, from where

it will be directed to the producing wells by hot water. Given enough time, steam wxll
segregotc by gravity in the oi}zonc, mobilizing the oil, and also channeliing into the water
zone, It was found that water zone thickness has a pronounced cffeot on the oil recovery,
and for a water sand thickness equal to oil sand thickness, x_'ecovery was insignifioant and
virtually nil. Both sands had the same absolute permeability. |

Crookston, Culham and Chen (1979) studied one ex&mple of a two-dlmcnslonal

bottom watcr stcamﬂood ~which was a Spe(:lal case of a one-dxmensxonal ﬁrcflood

simulator. o N

- Singh (1985) used a thrpe component, implicit steamflood model. ’I‘hc mass and.

encrgy ‘balance cquatxons were solved simultaneously. The three components were: 1)

hcavy oil, 2) water and 3) an addmvc The Peng-Robmson cquation of state was used to

obtain phase behaviour data. Capxllary pressure was neglected. This model was designed '
to study oil recovery in the Athabasca tar sand area in Alberta, where the oil viscosity is

 over one million cp. The reservoir consisted of an oil zone 60 ft thick underlain by a water -




. : zone wuh neglxglble ail saturanon. 'I'hls model was concerned with 1) the bottom water

thickness, 2) steam injection rate, and 3) additive i mjocuon rate. o

It was reported that application of a blocking agent would decrease the flow of steam

in more conductive parts of the reservoir, thereby improving the oil-steam ratio. In the

simulation, it was assumed that the blocking agent wbuld reduce the permeability of the

bottom water zone to zero. Two simulation runs were conducted to study the effectof a

bfocking agen.t on sweep .efficiency, oﬂ»stcam ratio and oil formation heating. In these
runs, steam was initially injected into the bottom water zone to mobilize the overlying oil
| and create adequate injectivity in the oil formation. Sbusequently, the bottom water layer
was esshmed to be completely blocked, nnd steam injection was c‘c\ntinued through the
heated ol zone. | |

It was found that initially the i mjecnon of a blocking agent reduced the oil- steam ratio.
It was postulated that by the time the oil above the bottorn water was mobile enough to have

injected steam flow through it, (the time at which the blockmg agent was injected), a large

. amount of oil would be mobilized and flow downwa.réé into \(\e bottom water zone. Some -

of this oil was produced, while a considerable volume‘was trapped in the blocked water

zone. Thxs was responsxble for the initially lower oil-steam ratio. as compared with the

cases where no blocking agent was employed‘ However, after some 50 additional days,

higher oxl -steam ratios were obtained, because the use of a blocking agent for a long
.enough time resulted in unproved heating of the oil bearing-formation and a consxderable

amount of bitumen was produced from the oil zone.

It was concluded that a bottom water zone is helpful in 1mprov1ng injectivity, but too .

large a thickness of bottom water will delay response in oil production and will result in an
increased amount of water producnon and, therefore, yleld poorer sweep efﬁcxeycy It was
also concludﬁ that ina bottom water contammyreservoxr, a higheér rate of steam injection
results in consnderable heat producuon togexher with ﬂuxd production, but very low rates

. cause consnderable delay in oxl producnon It was also concluded that blocking agents can

t
.
-



1mprove sweep efﬁcxency by provxdmg efﬁcxent heating of the oil formations but they may .
result in oil entrapment in areas from which it cannot be produced. ‘
Kasrale and Farouq Ali (1984, 1984 /1’985 1987) havc dxscussed the problem of .
_ steamflooding and cyclic steaming in the presence of b?ttom_vwatcr. For the oil vxscosn}xes
and formation pcmieabilitics considered, they concluded‘ that heavy oil formations with -
bottom water not cxceedxng one-fifth of the oil zone thxckncss may Be comme ially

amcnablc to'steam injection.




E ‘ examme the followmg problems =

. “{permeabthty are to be studted

ChapterlII |
STATEMENT OE THE PROBLEM

: Chapter II a number of 1mponant features of steam 1n_)ectxon processes have not-been'

: consxdered It 1s the purpose of thts work to develop steam m_;ectton sxmulators in order to

Vo

B

a;t! .

- effect of gas 1nJecuon wnh steam on cyclic stearmng response SRS

-

- To exarmne the effect of a bottom water zone on steamfloodtng and cychc steam
b snmulauon performance In thts regard the effects of pamal penetrauon, relattve

o ?water zone th‘ckness, oxl and water zone absolute permeabxlmes and verucal

N

W

Lot “To' srmulate a scaled laboratory steamflood and determme the extent of nec:essary

- — g

o adJustments to ﬁeld relauve permeabtlmes for obtaxmng a reasonable mateh

| ‘steam mjecuon well on wellbore stéam quahty and pmssure Then to use the steam

' ,steam foam ﬂow 1n a three- _dunensmnal multicomponent sxmulator and deterrmne .

the effect“s of these features m selected steamﬂood s1mulauons, and to examme the e

.quallty and pressure, as. funcuons of ume, in steamflbod srmulauons to determtne;, o

Sow Tg

)’é? .

"the effect on oil recovery and other parameters L e s B

Althou gh a number of steam mjecuon s1mulators have been developed as revrewed in —

-'To mvesngate the features of therrnal upgradtng, non Newtoman oxl rheology, and o

,'To develop a wellbore model for determxmng the effect of muluple offtake in, a*_ L



- .. dimensional, multrcomponent, thr”

" as a result is neghgrble

DEg

Introduction e

T

In thls research two three—phase multrcomponent thermal srmulators for steam rmectlon were de-

5 veloped These consrst of (i)a three-dn‘nensrona.l two-component srmulator “and (n) a two- dimen-

" sional, four-component slmulator 5 he model development grven below is for a generalrzed three-

jplia.se steam mJectron srmulator, a.ll the groundwork for whrch
'was accomphshed The aforesard simulators employed srmrlar development bemg subsets The

' srmulatore were emp]oyed for ‘a va.nety of steam rn_]ectron srtuatrons, mcludmg foam ﬁow, thermal

upgradmg, use of addltrves and non- Newtoman oil rheology In addrtron, a wellbore srmulator was - :

developed wrth the feature of ﬁurd ﬂow regrme changes whrch was used to examine steam quahty :

varratrons when steam is m_]ected into two separate layers from a smgle tublng ‘The aforementloned

~are new features, not reported before i

33

v ’I‘he three-drmensronal three-phase, multlcomponent srmulator employs afully lmplmt formula- B :
. tron Newtoman 1teratxon is used to solve the resultmg nonlmear drﬂ'erence equatxons The algebrai¢" -

equatrons for the 'grid have a block band matrrx structure, wrth a6°x 6 block srze In the l'ollow g :

: ’>Sect10n the model formulatlon the ﬁmte dlﬂ'erence approxrmatrons derlvatlon of the Jacoblans a

‘the overall solution’ scheme will be drscussed SI. units are used in the fol]owmg development

"Sirnulato‘rEquations S , :‘ S .» T T

- Assurnptions o
ASsumptlons P
B ’

! - : " * P . ' i \7( B ‘ :
ThlS thermal model represeﬁts non-rsothermal flow of thre- pha.ses (olerc, aqueoud and*v%ﬁur)_ .

“ m three drmensrons Each phase can consrst of as many as ﬁvr tomponents, and rnterphase mass

' -transfer of all components is- allOWed In the mass balancé equatlon, molecular ﬂrﬂ‘ueron wrthm 1

each phase is allowed for, however mstantaneous egullfbrlum is assumed between phases Thermal

o :equllrbnum is-also assumed between phases; as well as between the ﬂurds and the rock ma.trlx. Heat

ot transfer to the 1mpermeable, ad_)acent formatrons above und below is governed by the d]ﬁ'uswaty *

’equetron The compOsrtron of a partrcular phase 16 d‘f

ined by the K-values Mild thermal '

, crackmg of the heavy hydrocarbon is allowed to occur, and is taken to be a: functxon of temperature ‘

- a.nd trme, ‘based. upon pubhshed laboratory da,ta It is assumed that the volume of carbon formed

»
g
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Whlle heat loss to the formatrons abOVe and bel%w is ‘allowed, lateral heat ﬂow is assumed to

be zero. In the energy balance, the terms for kinetic energy, work done by. vrscous forces, and work

_ done by body forces have been neglected bemg small,

«

_As one example, the components are: ( 1) non-volatile hydrocarbon, (2) water, (3) surfactant S

(4) non-condensable gas, and (5) electrolyte (salt). Other components may be employe ' as needed o

3 . & :

80 long as the respectrve K-values are avarlable o

- .

The three~pha.se relatrve permeabrhtlw to orl water, and gas were calculated by Naar-Wygal-‘ '

Henderson and Stone methods, as drscussed below In some cases, the relatrve permeabrlrtres were

made temperature-dependent SRR : L RS L
' 'Mass Balance for a Component
ln order to denve the mass balance for component i, cons‘xder a vol\?ﬂe element of sides A:c Ay, Az,
qwrth flow of the three phases into and out ‘of the element in the z-, y-, and z-directions. Molecular

diffusion wrthm each phase is allowed for. stantaneous phase equilibrium is_‘wsumed. -

v

Drﬂ'usron of component iis descrrbed by Fick’s law of dlﬂ'usron For example the mass drﬂ'usron

rate of' cqr;iponent i m the z—drrectlon in the oleic phase is given by IR M

:-'.‘vv’ . l (4-1')

' where ml 1s the mass dlﬂ'usmn rate of component ijn kg/s, A is total ai‘ea i m Dio is the

rate of: dlﬂ‘usron of' component i in- the oleic phase in m? /s, Po is the: olerc phase densrty in kg/m3

‘and Cig i 1s the mass concentratron of component iin the olelc phase

PN

The ‘mass balance on component i for ﬂownln all-three drrectlons can be wrrtten as follOWs

SR Net mass throughput + Net mass change =0
o v ‘ - L 5 o .
“ < For example. the mass: balance*for one duﬁensronal flo _ _the following equation:

[(Po%cl.)l ‘HPw‘IwC-u/! , 'l'(PngCS,)
"(POQoCn)| "'(pwqwciu)

'—mlwls + magl:+Az mtyl: - mr - m.. ]At

+[(¢S¢>Po )l (¢Swpwcs. ﬁ¢ ’p‘qc" H—Ai..

S ) w0

z+Ar - "

—(PpQgCt,)l 'l'"%olﬂAz - mwlr + mm lz+A=

¥

N

2



Tea

._’(¢s',p.,,¢.-,.)",—(¢s.,,‘p.uc;,‘)""-(¢s,p,[c.!,)|'];.Asz=o. T wy

PN

~o

' The q-terms are replaced by velocmes, nsmg Darcy s equatno for multlphase ﬂow Rearrangmg, L

- and takmg the limits of Az (and similarly, Ay and Az, for three dlmenslonl) and At to zero, the

following equatlon results:

v (kk,onoo ‘°V<1> )+V ("""”::C"ve )+V( r,:,C.!V@")»- A

+V-(Di, V(poCi,)) + V '-(D-'..'V(chi.)) +V- (VD-',V(P.?C(.)) +mi" 4t £ ) P

‘J’=" . ¥ :

9, o I - o .
='a—t(¢SoPoCi,+¢SwaCi.,+¢SgPyCi,); S (4.3)

~

where Pji is the rate* of generatlon of component i from the Jth reaction:, with J. reactlons.

he remammg symbols are deﬁned in the Nomenclature

étage, the s are r_eplag:éd by phase pressureb as follows
. 4 :

._,;(Po‘:Poa—PogD‘y o . ¢ » ; : ““ . (44) N

witexe D is depth below sea level, in m. Next. the caprﬂ%ﬁy pnessure relations are used toreduce

the water and gas pha.se pressures to oil pressure, whigh is talﬁlnto be the prmc:pal unknown

-
\ B

| Pc\ow:"Po_pw», o i (45)

I B

7

The ﬁnal form of the mass balance equation for component i is:

I

b R l&:k,..,po ..o + kk.ypuCi

, ‘ kk,lp,C( : o
. v. 2 =)
: I o w fiow: + ; I“lfio ) Po] L
._—’V [(kkroPo s.po\g‘_*_ k.kru’;Pw"Cu, Pl + f]?lcl P49 )VD]
S -fo Ll wfww j gf ‘
.—v (-—-———"""“”"’C" VPm,)+V (—L—L—-k"' 2Ci, VP ,,,)
. ' I‘w.fww - P ) gfcog }

~.‘x"i.‘ 19» N




+V (Do.V(PoCi.)) + V (anv(llw C‘. )) + V (DuyV(P, )) "l‘ mn + m.i - z PJl ‘
o j=1 )
(¢(1 Sy) oC‘o ‘l' ¢Swa gw + ¢Sall£ g‘.o ) / o (47)

» . : S

= The finite difference approximation to this equation is discussed in a subsequent section.

The heat balarice equatxon tak‘ mto account heat conductnon w1thm the reservoir in all three direc-
tions. Beeades, lt con51ders heat convectlon due to the flow of the olelc, aqueous, and vapour phases.
In the generalcase, each phas&e contzuns five componénts, as mentioned previously. - The heat balance
" al inchides the feeture of heat tranSport due: tothe mOIecule,r clifl‘usion“of the components, Heat
loss to the overlylng and underlymg adJacent formatlons is- allowed a.ssummg ‘conductive transfe:
only because ‘these boundaries are 1mpermeable to ﬂow La.teral heat loss is neglected in the present
model because we are consldenng elements of symmetry, with no-ﬂow boundanes Where this is-
not the case, it is possible to mclude a heat loss term to account for such a loss In practlce, because

the heat flow in the lateral_dlrectlon vxs confined to the formatlon, it is usually not cons1dered a loss.

As for mass bal‘ance, consider ﬂow of heat in the :c-direction; a similar treatment could be used i
_ for the y- and z- dlrectlons The‘heat balance can be wntten as -

“Net heat throughput in ~t1me At= Net change in heat content

" The heat flow conisists of conduction, conveqtion, and that due to molecular diﬂ‘uslon. Writing
the heat balance for an el_emen't‘ wnth 'di'meneions Az, Ay, and Az, we have '

PN

. [q;o,.a.;“. ',.-.Qcomlv,k"_.l:‘ qcond,.‘.;, = Qeond, + Qcon‘d..j.A; - llcond,]At :

' +_[q'co;;uf,*A_. = Geonve + Qeonvgyay = feonvy + Qeonvaias ".chm’u,]At
+{aaist, e — gdiyy, +‘qd-'yu.;A, = 9difs, +9ais L p0 = qarw Jat el
q°"’°2z.. b+ Zz..h..::muzz.,h.,:;t* a +m']At |

| +AszAz{(1-¢) 2 h. f‘;&s .oh.o+¢"'”s'"2 .wh,.., ¢” 5 Zz.,h,,}

H»At o

‘-—AszAz{(l ¢) ] Ths +¢”°S }: .,h..,+¢’;;5f” E ..,h.w+¢”’ ”}jz.,h.,} =0, (48)

[y

. wh‘ere,‘.vq‘conds’ for example, is the heat conducted in the z-direction, and is given by = .




. . OT ‘ . \‘ ' ; ' ' 8 ' .
= J .‘ Geond, = Akh: 03 i | . ‘ C (49)

B

** - Similarly, geonv, is heat convection in the z-direction, given"by

L ) Qconu.‘: ;;:ozzi.'hi.f o ; . (4°10)

In the same ‘way,

- qdifs, = Mihior, o 4y
. V ) * ) :

where m; is given by Eq.(4.1). Other symbols are deﬁned in the Nomenclature, q°Lis the heat

loss rate to the adJacent formatlons, in kJ/s-m?, and ry is the heat of any reactlons occurring, in

the san.e units.

D1v1dmg Eq.(4. 8) by AxAyAzAt and takmg the lmut for Az, Ay, Az, At — 0 the followmg
: equatlon is obthmed ' Do o R . S ; !

(k,,v:r) V[”°”°Ez,,h.° "‘“”‘”Zz,wh,w+ Zz.,h.,]
-v. E[J.,h,,+J.,,h.w+J,,h,,]—q;, trat

‘Io’Po nil 9w /’w n4ls gP9 ,n+'1 L
Zzio fog,j,k + = Ez'w ‘ut,; k + Zz'g 'ni,j k.

/j‘ ’

[(1 Y ps Lo+ ¢poSo Z,,,,h'.o L PpuSi ¢prw E N _J_Lza:.,h;,], (412)

,/,

L

The above equatlon is adequate for all practlcal purposes; however, for completeness, the fol-

lowing terms should be added to the nght-hand sxde S o : ¢
c o o ‘ RN | . o 8 : 1 ,Pov02 : Pwvw p,v,
- ' o Pove z Pw"w 2 g 7]
~37 CV( s 4 M, 2+ v )

X

‘. —V(rovo + 1dve + ‘r,v,) : >




T . - “ " ‘ L - K ' 22
. The s.bove terms are negligibly small under most conditions. These terms respectively represent
the kinetic energy, the body force work, kinetic energy again, and work done by viscons forces. Before -

-expanding Eq.(4.12), the following substitutions are made:

* hi, = (T = TrR)M;, P ()

: h.i."=(cp.(T—Tn)‘+Lvi)M;-:'- . | (4.‘14)
oy N - . .

where the units of each te}m are kJ /kmole The final form of Eq (4. 12) before drscretrzatron byl

o+

ﬁmte dxfferences is as follows

. V ) (thT) - Vl(P‘o";oTchi Cr’, + Pw”wTZCp.-Ci., + p}”iZ(%.T} Lv.-)cig)
=V (po }: c,,.TD.,VC.a + pw }: ¢p.TD; Vi, + g Z(c,,_ + Ly, )D,,vc.,)

e+ GEY s Bt I bt B Tt

" Al

[(1 - ¢) c,T+ $PaSo Zc,,,Tc., 4 $PuSu E c,,,TC.,, + ¢p,s Z(c,,:r+ L.,,)C.,] (4.15)°

S,
!.

kForrnlv,rlation ,of the Problem

< . o

4
We shall now state the muhphase multlcomponent. flow problem, confipletely for a block, contammg .

a.well (source/smk) Consrder a system of N components in three phases. The unknowns are as
follows: - o . . o \

-
-

- SRR . p., Zoleic phase pressure ‘ ' .,
o Pu —-aqueous phase pressure ' |

- Py =Vapour phase pressure

So. -olerc phase. saturatron :
Sw —aqueous phase saturat.ron
-Sg _-yapour phase saturation

T —temperature Ll' _
-Gy, =mass fractron of component i in the oleic phase. (z = 1 2 N )

G, —msss fraction of component i'in the aqueous phase (i=12,..,N)

\. ' ‘_ o “ Ci, =mass fract.lon of component i in the vapour phase (1 =1, 2 N )

a s . ’



*

" p=oleic phase injection rate (+) or production rate (-)
¢*, =aqueous phase injection rate () or production rate (-)

¢’ , =vapour phase injection rate (+) or p;odoction rate (-)

Thus the total number of unknowns is 3N + 10 in the most general case. The equations to be

solved are as follows:

v

Mass balance for component‘ i, Eq.(4.7), » (i=1,2,...,N) N equations,

- Energ‘y‘balonce, Eq.(4.15). 1 equation, . .

: . Saturation constraint  Se+Su+ S, =1 .. 1 equation,
. Capillary pressure relationships Peow =Po— Pw, 1 eouation,
. . ) "'; ‘ . | . NP“io =Py = Po 'l%qugtion,
‘ Mole fraction constraints Em,-,, =1 1 equation,
i=1 L
N g
Z Ty =1 1 equation,

=
Z Ty = 1‘" 1 equation,

K-values for the oléic/ aqueous and oleic/vaoour phé:ses
o ' / Tio

T Kigp'=.— (i=12,..,N)
Tiw -

Rigg=22  (i=1,2,..,N)
Tio

3

V‘M;“'Well flow rate relationships -

qu* = ‘('krwl;wpouﬂo E&) 0"

- k‘roPonn'cl‘w 2&."

&

o e » (Ig (krgplpoullo Io'_')
o kropopgacl‘l Qg“"

N equations{

‘N equations.

1 equation

w

-1 equation

The oil rate is specxﬁed ot one of the other rates, or the total rate could be speclﬁed The total _

number of equatlons is thus seen to be 3N +10, same as the total number of unknowns The problem :

i8 properly formulated gwen appropnate boundary and mltlal condltlons It should be noted that

"~ in this work mass fractions of the components ;e C;,,C;., and C‘ were used in place of mole .

P

frWMﬂe mole fractions by equatxons of the following t.ype -
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Boundary and Initial Conditions
f , \)
In this model the reservoir boundaries are assumed to‘be closed to flow of fluids, flow of heat (except
at the top and base of the formation), and diffusional tra.nsfer Ea.ch of the dependent vsnables is a
function of z,y, 2, and t,eg. po= po(a:,y,z t). The boundary conditions can be stated as follows:
dp, .
. az C._ 01 N .
8ps| _ '
Oy le,” 0,
S . dpo =0 '
i : dzic,” '
oy
Bz le, ="
T~
dyle,” " -
. T ’
o ,, . 71 R S
4 ‘ o , 301’0 ! .
; o oz C,_o’ . ' , o
A‘ aC]_o - ! ‘l" ‘
dy lc,” 0. ' :
' écC 1o | co ) E
0z ic, =0, '
80_20“ - ' )
o oz lc,” 0,
2 o 8w _ -
' ‘ Oy e, /
' 3029 \E ‘ 7 N
.07 le” 0
where C':is the entire exterior surface of the reservou' nnsmal to_the z,y, and z dn‘ectlons, and _
bisa subset consnstmg of the top and the base of the reservoxr ‘ »
.J . . . :
TInitial condi'tions can be statéd asfollow(s: o L.

‘ pm(kv Y, Z,-O) = Poi»



Su(e, 5.0 = S,
Se(2,y,2,0) = Sy,

¥ T(z,y,z 0) T, )
Clo(z',!l,l,o) Cro.,
Cao(z,y.z,0)= Clo,r .

* C30(2,9,2,0) = Cso

: .C“(z,y,z,O)' = Cio,)

- X "050(3) v, 2 0) = Cﬁo, .

\; 3 . "
| b

Thf: initial water and gas pfés§uré values are based ﬁpon the capillary pressure and temperature
' data. "Ivn __the case of the injection ‘and production wells, the boundary and initial conditions are
' .given by the source-sink terms, as diécdssed previously. It is important to note that the initial mass
fractions f/all components in éach phase must-add to 1 separately. This i is done by carrymg out an
initigkfash equlhbnum calculation for the mixture. '
~ )
Finite Diﬂ‘er‘egcé Approxﬁnations
‘\;..

Component Mass Balance

The partial dlﬁ'erentlal equations obtamed for each component as we]l as ‘the heat balance
equation were discretized for ‘the fuily implicit formﬁlatlon, ie all transmlsslbllltles, nonlinear
coefficients, and source/sink terms (mass as well as heat\terma) were taken at time level n + 1. All

varn'parts of fluid and heat transmissibilities were- taken at the upstream conditions.

n

- . The mass balance e:;uation for component i'can bé expressed as

4
§

o o
S %ﬁo' |

*

.

(4.15)

where the single i refers to a partlcular component (i=1, 2. .,5), and the subscript (l,], k)

"refers to a partncular block m a three-dxmenslopal grid, and Fis given by

o 0

. ‘ Lo » .» )
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where -
' .
T: = To. + Tw, + Tg,n ,v/
: To. Agk krppoci | X <
Bobz lishid .
T A k kerwCiz I
Wl
puwlz FYNNY
_ AckekeypyCi
= = A | '
Bz ik &gk
and
o!
Tys, = To,Pog + Tu,pug + Ty Pe9, '
where, for example,
2A'r|+l,_1 hk l+lthAt|)hkz‘_'h (krapoc‘:) ("fl)
Ho ]

O |, .
: i+ dk Aﬂ-‘--n i, hkta-n i, hAzt.J.k + Az. g nkz. i .A’-'H-I,J k

where

lisi+ 1,4, k: if &, erriia” 15 @, "t or, s i, j k: il @,

vl gk

E)

n+l S ¢°|.j..ﬂ+l .

Similar terms can be written for the y and 2 directions also. The above choice of [ is based

upon the well-known concept of upstream saturations.

Py

Energy Balance

The energy balance equation (Eq.(4.12)) is discretized for a fully ix;nplicit formulation, as follows:

'Gt',j,k = 01 (417) ,
where G is given by
’ ‘ A:khz Azkhz A kh : “+1 . +1
G"J! -—A_I— a+*’k( l+1:Jn 11» )- Az ‘ i_ k( ‘n,v '-I»J b)+ d_.,b,k(T"'vlj'*lrb_T::jvb)
+1 A, ky A kh
+1 2Rh2 £Nhs
_L }k( i,;, Tn lk)+ Az L,,H}(m"‘*“ ) i f k= 4_( i,j. Tnj.k-x)
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The convection terms in the above equation are given by the following expressions:

#

A:k:kropo é"'l

. n+l
‘,bl KA ~A3 (PO”O’TE(CP'CI.)) . ” Az, "j k( '+lp°l+l,],h + 8lp0. J k + 6...1?0'_1’1 k-
[ !

‘_3lb+1gD|+l,j,kPo?:1l,j‘k - sigpi,j,kpoi‘) k 33- gD:- ,J,kpo'...lh, k)



29

v

?++1.J,k + "T"j * E ('-'mc‘.)h.j ) 2* % 1 .; & E (°mC‘-)|i-u.n)

Agkeke, A ko k
Z(Cp.Cu)In.Il [{ Wo, _L__r_l’_o_ "+l + (1 < ropo l?:llj h}(p“H»l,j, po",'j)

Ag k.t kropo |!|+l
poAz

'(’a‘+1T?:11.j.k Z (¢p,Ci,)

A: k:kropo n4l

—{w*,, (1-w* )——T—( -14, k}(Po?.f,i - Po?f;l,j,.)

‘ Ackzkeop ' (Agk lc P ,
~{un, BB 1 (1w, ) AP N 82 Disn g = pelA Dia)
L4

Agk-k roPo l"+l +(1 w' )A:k kropo |n+1

+{w, iJ.k .—1,,‘,;}g(Po?:ll‘i.LDifl.i.k - P°?.Ii Di.j.h)]
(4.19)
o ' ntl Agkyky,p \ ‘g1 :
Wi By (l’o”osz(cp.'Ci.))l.j k= ___Zl_‘;YK'LZ_l '+1p°:‘,;::l,k + ’.ipo:',;}: + 31’-11’02‘;;—]1*

3: 19D §,§= lkPo.‘J 1);)
'.,k‘*": 1 ,-uz (ep,Ci.) ,, u)

—s]+lng,J+l kPo,'J.H'k
(51+1TnJ+1 k Z Cp.cu. i j+1 x + 8T 65k Z

Agkykeopo ,n Aykyk
yJ k Z(CPlC'o n.j-: [{ °v—LlAr——. i,-}:i + (1 - woy)-l;‘-[zr;ﬁlnj+l k}(pod,J-},l | T Po:;l)
. Aykykeop Agkykeopo .
—{,w —wl",,k*-(l )_!I‘OJ_AL?_P 1);}(?0:}’:1‘: —Po?‘}'_ll,k)
Ak Ic Aykykropo _ Ak k Aykykeopo
_{wo, - Olnj-i + (1 — W, ) ~ oln)+1 k}y(p01,1+l kD (B Po;:;iDi.j.k)
»
,Akk,.pon . Akkp
+{w*,, "y e (- w oa)—%oLA"';—"I",}”_lx 2 39(Por 21 a Dij-1k ~ Pol T Dij) .
M)
: ; n+l Ak keop
‘/b..j..).Az (povo"TE(cmCi’)).'jk_ -— oA_ : _° ik ( k+1p0. ],k+l -+ SEPO. g k + 85-1}70"j k 1
i " W ilAl

—81419Di k41907 Fie1 — 849Dijapoi i ~ 51:-19D{,j k-xpo;,, 1)
1 1 1 1.
'(3k+1T?,}',k+1 Z(c,,C.-,) ?,Ik-n + BkT?,}:k'Z(CmC-. ?fk + 8k-1 f& 1 Z("p.C‘
i

Wede-1)

’ - Ak, k Ak k
—T?IiZ(cpaC'i. i [{ w,, 2 A':p" P (1= w,, ) —== "p" I",}-:+1}(Po;‘,}':i+l -po?j,i)
' .
. Ak k p . Agkikeop
—{w'o, —==2 °I",f,i+(1—w .)"———'p:A': °l”u d(PaT,ﬂ Porfi-1)
Ak k Ak k e
~{wo, = "p" l",f,,l, +(1 - w,,) 'y A':p" |?,I:+1}9(Poa;:+1ﬂi.j,k+l - Pof i Dis)
s A k k o Ak
,+{w z roPo In’-}:l ,(l - w',,) tﬂOAr:Po ",}:1-1}9(/’"-.7"" D;,, k-1 Pw,jkD‘-l k)]

—



n+l

T .J.k (?Pf m) i5

Vb.!*A (pwvw,TZ(cp. ‘:;)

ARk, | o
—‘——ﬂ'& ( l+1poa+l,1,k 'j' s'pol J,k + sl‘ lpol—l J, _ .

' 41
.—3|+1Pcow.+1 Jik T slpcow, gk + ss—xpcow._l,l.k

sith,j,kpw. W k 8“'19D"‘ ’J’kpw|_llllk)

"‘5t+19D;+1.J,kPw.+1 ik

(st+lTn+1,J kﬂz (cPl f '°

+ 8"'1 h—l.j,k E (cP- f

k+s' 'th Z(cp'

Azk krwpw n+1

A k k, \
& erw k}(PCUW?-:-l,],

A:kqugbpw ’Azk krwpw n+1

Azk krw PW n+1

Az kzkrwpw n+1

+{,”A

}g(pwt+1,1,k‘D'+1-J,

‘w,* . :ma:k Lrwjpw ln+l

\“i ¢ :
Vb. i kAy (PwvaT Z(cp-

(X

A lc k
+(1_w w‘__) T NE erw |I‘I+1J k}g(pw’t l.JkD’ 1,], pwl,]kD ,J,k)]

LN

,—LL'— i ( J+1p°l,J+1 k + SJPO.,, @ + 3: 11’0:,;—1 k.

—8;+1Pcm.,,+1 E schwn J k + 8j= IPcow: =1k

sngl,J,kPw.,J ET 31—19-01.1—1 kpww 1, k)

—8,+19Da,:+1 kl’w-.:+1 ¥

'-J (sJ+17mj+l k E(CP: f .o . l".J+1 rt 8

[{ e ﬁkmpw l

.J.k Z(CP‘ C;"u )l"..tl

+ sJ—lTn;-1 k Z (é T

A! ky krwpw

J,k E (cﬁ- Ch

Azk!krw Pw

B o S ; - .
. :'. " . . . B B

+ (1 = Wy) J+1 k}(Pcowt,J-H kT

{ww'éu___

“‘—U——-—" bt ot +<1 w'..,.)-l-*-—" bybrafu o

)A! kzkrwpw |n
w

-+{ A!k¥krwpw m};l
A V

J—l k}(Pcmhh ;




Aykykrupu |"+1 + (1 - w,) "" Ltytrwl |:‘,§’i1 k}y(Pw?.,ti; eDujer = pulfkDigs) -

S h{ Yy P Ay ik
’ A k krw w n : A k k w
+{ —"‘-L——ﬁ—l,,f,iﬂ"(l—w W) TR ”'”i",;‘.’.', k}gm.., ,kD..,-u—pm..,,.,Df.;.n]
"_ . ‘ _. J ‘ ’ T s : T . - ‘.‘ . ) ' o : ‘ . : ”‘; V,@‘ }3 “ (4 23)
- R N B v o o ‘ O] ‘ ’ ) ‘:. o :‘;»“ : .

.vv "_4 ‘/b.,j,‘l‘: (Pwvsz E(cp' f':o )":'i A z k;\;pw |ﬂ+1

+1
»—5k+1Pcoww k+1 skpcowuk"'sk ‘P°°‘"u.1.k 1

(s,,+1p.,, Tk + BJcPo.,,k + 8k 11’«:.,,,.= 1

s o —3k+19Da,J,k+ll7w.,,,k+1—sng'.)»kPwu,k 8k-19Di jk~ lf’w-.;k U S
LY
Ly \n1 i 1
(3k+1 i k+1 E:(c,,, .‘o )l?jllc+l+sk .sz(cp- G )m:k'*'sk 1 I3 .J.L IZ(CP--,° )|".T.k 1 "

c " Akk p A k p "
",f,i (cPuf ):T}:[{ ”‘sz_gw—i"f,i (1— w.) | :k+1} P°?.:'-k+1 P"-,M)
- _
iy EoA, Ak, R
R Akl i+ (- )—i——ﬂﬂl".f;“}(how.d L = Pl
P A ksk T Ak '
;-,{-w oAb g, - R e - rs
) Akkp L Ackkewpu Tl
yR2Kry wlzx-;-}c_l.(l w w.) p A‘: "' 'll;i:’l: . ( cow;,k wal.).k—l ‘
T Askskrwp , | L
—ww'), z# E: - I':J+Jl=+1}g(p'”t.:.k+lD'-J "+1 p‘”l.;. ,J.k) ,
- Askikewp
*w,) zﬂ;&u‘; = ?,;116 l}g(wak lDl’Jl‘ lpri J,kD'.J k) |
v '
P
n+1 1, wy n+1 ‘ [
”vrTZ czr*-’-"‘“r"")f. ): TR 1k(3'+”’°-+1.1,k+"P°uk+"—1po;-x.f' ‘
- og 4, 1 g 3, N

+3|+1cho,+1 3,k + {Pcyo, gk + ‘ 1P¢ﬂ°a-—1,j k:

: —3!+lng+1:J,kPh+1.J. - '9D AP~ "'—lgD" 5 £Py 7 .i.b)

EL Co C"
A (s.+1>:<cp.T+L.,.)C'f m‘,k+s.2< (T4 L) :'fi+s--12<c»- +hi 7 :'f‘.m--
Gy - Agko ks, e
e -Z(cp.:ruu.) = ".3‘.‘[{ W, = l".;“i+(1 ,.)-—‘—’-I?Ix‘,d(mm.u P°u'=) |
T N ‘ Qn k



o Agkekegpy o Ak,
i, Bebebte gy (1, kbt

Bz

{,-," e

Uz

‘ Aklc‘
b+ (1

é{wﬂt ;

. Akkr/’ +1
R ey

\

2
¥

<

B Ciyntt Aak!!k g
Vi, i By (Pa"uTZ(Cp.T"f‘Lu. j-l ).J.k" v
. X "> R 'nq 4 .

Azkt krng n+1

AR

pA::

ot Akt 1, Akt

Azkzkegp
[RN] + (1 9:)% :‘j.ll,J,k}(pO‘,], Po,._ 1,4,

L

‘+161vk}(Pcl°'+1lJv Pc’o‘dvk

ntl o4l .k)

&

. n+1 e
AE ’ |_1,J,k}(P¢ﬂ°|,Jk Pcﬂo‘-l ”k s

Azk, k
1w, Rkttt

Azkk p .
—-w b)l._.._’:'_lllz‘j'lllj

n

l‘gAy

L,

s _s.H-lgD i+, kl’g. ,+1 k

Cv.. n4l

|J+1k

1
?,j.k [{ W,y

(8541 Z CP.T+ Lw)

L ‘—Z cp'T-’r Lm

, Ay ik
o ,,iﬁ’ﬂﬂlﬁma w,,)-‘l%“’{—jil",m}(mo.,,m 'P.g;o,-",;-ti' sl
i Mﬂ%ﬂ—%m+<1—w-*g,>ﬁ%%f£r:,+:;k}<pom i)
-{w", A__yulgfi_rfy_r:;;;(l,— -,,.,)ﬂ%%& 1,:}uraq,.,,,,, p%mkv 4
{' v%m;i + (1 _ ’ gv)__y__rg_&_::::l Ik}g(PthH ka_H h pgm kD‘J,k)
j*'{wa M"I"ﬁ"‘(l Jn.)mlﬁﬁu}g(g’.,,-uD q—lk Pﬂs,,, JD]

’1Jvk

&

,E}g(pﬂ?-f-l,j,k‘D"f'l‘ljv pﬂl.) kD'vJvk)

11

\ o . » (4.245)‘ :

k‘}gtpy?ﬂ.,’.kDi-n:‘,k - ‘pﬂ?.j.kDi.i.k)l

+1
(s J+1P°w+1 k+311’°s,; k+51 11’0:.:—1 ko

41
+31+1Pey0x 41,k T 85 Pcyog ok + $j- 1&90.,1 1,k

+ 5 Z(c,,,:r + Lu.) Ci,

Akkrp

I"+1 +(1- g.,)—LL—&

-

s.ng':J'»kpﬂ; J ik sJ lng,J 1 kpyl,]—l k)

G,
?jllc’*'sJ-lZ(cP-T'*'L"*) " '",;-111:) :

Agkyk,, ‘ +
s k}(pO:,J-H k P°3I'1=)

oSN L
P L

| | L4 bukegy 1, PR SRR
‘ er.,,‘A. (pgv,,TZ(cp,T-l—Lu. f. ) ik = ,Arz i (8k+1pa.,, k+1+$kp@jj8k—lpoa}ti_1 o
B og Wah = 124 ‘ . o

» +s;,+1Pc,°' kL + s,,PC,o, ik +3k-1chow e

[

ARTTST




’—5k+19D‘.j.k+1Ph.J.k+l 3ngl.j*PH.j,l- s lyDi.j.l-IPﬁ,j.h-i)

C
(3k+1 Z(c,,T+L,,.) e ";’i+x+3kz(cp.T+Lw) E ?f},+8»-12(cp.T+Lw)f‘ |u. l)
S Ak k p Ak k p ; ,
o 1
: "Z(CP'T"'L'")f n,?-, [{ Wy, z#xArz _;[{1;1 (1 a.) “:Arz | ".I:-M}(Po;,,,k“ Po;.,,k)

Ak kap Ak, .
+{'wg. —I':_A'rg—,"”,;,}: + (1 - ’.)__Ll.l"'ﬁ“ }-(Pcno.,; k+1 Pcn’?,j,h)

oo Askk A k. k
._{w Ask:Krgpy |n+1 +‘(1 __ ‘.) pzArzgpg ?.I'ﬂ 1}(p‘,n+l n4l

L pgDz ik Gak T Poijk-1
{ A;k: rgpy D+1"¥
ugz- Gd

A;k;kryp'

Az Seoe el ok 4 (1= w,.) ks

"{'.“’y.

S AskikioP inai | Akks Akskegpy)
f{w yn"ﬁi“q‘aﬁ*‘(}.— y.) ,:Arz :‘,ﬁ 1}9(Pﬂ|.y.k-1D.J.k-1 pﬁjkDiaJ.k)]

(.27

P . - . ' N

Ederivation of the above approximation is g@ in Appendix A." B

e sum of the mass fractlons of each component in olelc, aqueous and vapor phases 18 sepa-

equa.l to 1, which can be stated as follows : S R M .

|'=I4

Equations (429) and’ (4.30) can be written as follows:

-

o

For the simulator, it is more convemient to write the above equations in the following form:

'_:1 | : R (431):

T Z‘__':l" R "',(4.32)\';"»

n}ﬁ



. L o SR
Hie=)Y —==-1 e (433
Tij - ;_.;f‘.a SR (.‘ 3)
" n‘ C. . : » : o o
hap=2o 7=l . (434)
: iz1 Jlos o ‘ o .
.. Solution Schemé?.\‘ ' ‘ R o ' Z)
© At this point, we have nine nonlinear eqnat{ons, which can be stated as follows: : e
Fi,n=0 (i=1,2,..5) | o (438)
S Gue=0 T (430)
‘ (437
St ( A )
t " .
=0 s (4.38)
B =1 | (4.39)

The unknowns in the above nine equatxons .Q,il‘e po,S.,,,S,,T Clo,Czo,Cao,qu, and Cso for
blocks. (4,7, k), (1 + 1,4,%), (i —.1,], k), (i, 5+ l,k),‘(z,_; - 1,k),(1,5,% + 1), and (4,5, k —=1), i.e. 63

“unknowns. . L o & o S R

Y
&¥

The above nonlinear eq‘uatio_ns"wére solved by generalized Newtonian jteration, ‘using a block

rnnt,rix band algorithm. For this purpose, the above eqnations take the fnllowing_ form:
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o = |
. ' g(, 1 80-0, 6-.0'0') = _‘Fpi'_’.'. B (,p: 1’2’&"’5) | : | , (4.40‘) : o

[N

‘ \\;heg_é 'p'=l,~2,.,..,5', repreeents each nf the’comnonents. ;

-
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50‘.‘ ~Hige " C(442)

5T+§: G SCul = hik (44
»sac o o gy
| > ‘}__; higk . ' (4.44) .
5. ' : S
: C; ; ~ -
. Hi,i.kuf“‘ AR (4.45)
. i=1 Jlew | . ' ‘ .
- G, . - iy
C Lijx= Z T - ' o -.(446) -
@ ' ‘ T =1 te : ‘ J

Here I stands for blocks (#; j, k 1) (z,] 1 k),(i-1,j5k),(, J,k) (1+1 HE)( i+, k) and

(z Il k+1) Equations (4.44) te (4.46) mvolve only one particular block that can be (4, j, k), (i-1, ], k) .

' et Therefore we can solve for C30yC40,. and C5,, in terrns of Cl,, and Cgo, whlch are two of the nine -

‘main variables. The expressxons for C30; Cio, and Cso are as follows:

(13

v

6C3, = (bo - Cl.ao) + (bl - Clai)éclo- o+ (‘bz - Cldg)éczo + (ba - C1a3)5p05+ (b4 - C1a4)6T (4.47)

‘6040';4@010—_6020;6030—565; ' L (448)
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. (4.53) |

(4.54)

(4.55)

(4.56)

"(4’.5.7) |

(4.58)

(4.59)
- (4.60)

(4.61)

(4.62)

. (463) °

Substltutmg the above in Eqgs.(4 40) Qhrough 4. 46), six equatlons in six unknowns Pos Sus Sgp T C;.,, _

and Ch, are obta.med The first ﬁve equatnons are ngen by
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"The sixth equation is
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In’ the above equations the 6-operator is d'eﬁned a8
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< I
Sup = upti(m+l) uptim),

‘

where u stands fbr any of the six varmbles, n is the time level, and (m) is t.he xteratnon level. A

, convement notation for the aforesaid six equatlons is
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where p=12,. 5 stands for the ﬁve component mass balances,” Eq. (4 64), and'p = 6
corresponds to t.he energy balance Eq.(4. 65) A more stable formulatlon results if the variables are-
eliminated at the matrix levql.~Thxs is.same as solving for all nine unknowns, w1thout eliminating

three unknowns as done previoisly. . L .

Derivatives of the Mass Balance Equation’

The fully implicit scheme used in this' work leodé to nonlinear equations. The A'NeWtom’an iteration
soheme is used to linearize the moss' balance and heat balance equations. For tilis ‘purpooe,"the
.'denvatlves of the mass balance equatlon F., ik = : 0, and the heat balance equatnon Gijr = 0 need
to be obtamed The derivatives of F;‘ i 8T€ t;ken with respect to po, Sw, Sy, 7T, and C._ (i=
1,2,...,5), at points (3, 5, k~1), (i, i1, ), (i-1,5,k); (i3, k), (i+1,5, ), (6, j+ 1, k), and (i, j,k+1).
AJl. derivatives, except t_hose. a‘t’(:, 5 k) \v?ere _obta.med analytically. The. latter dor}vatxves were
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computed numerically, because the analytical denvatwe expremom were very long, and telt' showed

that the analytlcal derivative took much longer to calculate than the numencal derivative,

The analytlcal denvatnves of the 9 functxon are’ glven in the followmg, only for the block

i+ l,J,lc) -The denvatlves at the other five bldcks (t.J, - 1),(,§ = L,k), (i = 1,5,8), (l i+
1

1,k),and(i, §, k + 1) were obtamed by interchanging the subscripts. This has to be dot@ rather

carefully because some of thé suhscppts may remain }nvanant, under such a scheme.
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Dei‘ivatives of the Enetgy Balance Equation - ' LI

Derivatives of the energy balarge equation Gj jr = 0 were obtained in a manner similar to the

mass balance equations. These are given below:
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wh_ere F] repr_esents all other variables, the values of which are held constant at ‘the current

iteratioms . ¢ ’ e,

Source-Sink Terms

S

. . e N B B ) 0 .
The source-sink terms consist of injection/production terms for oleic, aqueous, and+vapour phases . -

" " ag well ‘a8 for enthalpy. The procedure used for injection and’ production wells is described below.

Theﬂ_terrr'lqrar_e' taken to be fully implicit in all cases. ~ °
r :Ini‘ection Well ’
3

o
[

Ah l&ecuon Well is treg,ted rather simply. In this case, the m_]ectlon rate ofa component or.a-

_ phase with a given composmon Jis speclﬁed For example, the aneCthIl rate of the aqueous phase
. qu®,sm>/s, may be grven with. 100% water. This ¢an be converted into an approprrate source term

m.\', kg/ s-m , in'a strargﬁtforward manner. The enthalpy term f’llOWS dxrectly from this term, '

~

_ -
Two components, if mJected s:multaneously, can be treated m the same manner, although it

is numencally more ccﬂwement to. consﬁer alternatmg 1n3ectlon, as' would be the case in the actual

. : rtl.'l~_ .. ’ .\.‘»f}t't;‘
L - . e

It should be noted that only Abou .Kassem ( 1981) ha.s rlgorously treated wet steam lnjectlon as

a two- phase mpctxon problem Earher, Ito ‘(1976) emiployed an apprommmproach of th!S type B

"The result Was pressure oscrllatron at the m]ectron well, which can lead to solutlon convergence

.'ree optrons (1)the orl productlon ra.te is specrﬁed (n) (he tob lxqurd productxon o

. rate is specnﬁed ( jg pump capacnty), of (ur)the well bottomhole ﬁow,mg ptessure is specrﬁed In

each ca.se, the ph se productron rates are obta.rned from the basrc mobllw relatronslup, as shown -

-'vbelpw .f . i Lt e e e

? N . i

I t.he oil, water, and vapour productlon rates are qo ,qw ,q *, then the follawing relationships .
hold IR 2 PUUR S DRt , o .
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s o i Pa:canc‘,m.' ’ :ﬂlﬂt% X e
' ’ ’ . ’ € »
" Thus, ¢," and g, can be obtained from:,
4 L ) ‘ . . N ' ‘\.‘1
L s (———*——"’p’p"""" e P R
: roPoPgocI‘g T“' 5 _ ‘ -
or, ;" = ¢ ¢o", where g'is the above multiplier. ' o PR
B A 1 . ' A . . * B .
é . ‘ N ’ -
Similarly, ' -
*a ;
« : ", ’ ‘ | g : . krwpw/;oscﬂot% ) .. : IR ‘ .
. ' ‘ q":(——— ) =fq" . 4.80) - -
R Y krop.opwgeﬂqp %%‘- ‘qo, Qo‘ R : . ( » ) R
where f is the expressmn in the parentheses If the tota.l hquld product.lon rate ¢,* is glven it e
igan be broken mto oil and water phase productlon rates, as follows i
vTg e o
' ’ e
o S fa . , o T O
‘ : e L. ' ; 4.81)- ‘
g2t ! ' ‘ o 147 o R ( ) Tyl
¥ * . e ) ' g - [ V Lo ;
and SRS S
1 \‘\\
» - . " _ '
: ('4782),

‘

' The total hquld rate, is useful for a pumpmg we]l where "’ ls less gfan or equal to the pump

capacnty If, on the other hand “the bottomhole ﬂowmg pressure Pw 7. e, the ml productlon ‘

rate is glven by (basqd upon steady state radml ﬂow in terms of average ptessure)

. A
v g
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(4.83)
wlmerﬁi?; is the vvell block pressure, and r, is'the drainage radius equivalent to the block area.

If the well‘l\e’ producing against a fluid head in the wellbore,' the above equation can be used.

3t

Once thewhase productron rates are calculated the mdmdual component productlon rates‘ate

obtamed from@bhase composlt,lons which.are known at the well block.

The heat productlon rates are obtamed drrectly from the enthalpy of the produced components A

Y
B

“‘and the phase productlon rates.. Such a term is glven below: -

e
: . o >
a 1

e

o Pou:Qo ',"/ Col&m@wnq'u ECW-CP.T'l' Pgsclgsc’ ZC!.(CP-T‘l‘ Lv ) (484)
“i . .
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Three-Phase Relatiye Permeahilities

‘ &
I

Determina’tion of threeiphase relative permeabilities by laboratory experiments is diﬁlcult and time

.consummg, although both qteady and unsteady state methods have been ed successfully for obtam- B

Com mg such data. ln reserv‘l?u srmulatlon the unsteady state method is used more commonly because-

of |ts relatwe sxmpllclty [:lohnson Bossler, and Nauman (1959)] This method is based upon the

Buckley-Leverett theory, and thus assumes ‘an mﬁmte saturatlon at the front Because. of this, the

rwults should be used wrth cautlon especlally if v1sc6us mstabxlrtles are present. Islam and Bentsen
+ (1986) have dlscussedu' thxs questlon in a number Jf publrcatlons

- r\ . e, ’,v.

Two-phase relatrve pemleabrlltxes used in.- srmulatlons are usually experlmentally obtained..

Three-phase values are often synthesrzed from expenmental orl-water and oil-gas_ relatlons, employ-

mg Storre’s method (1970 1973), or orie of 1ts vp.natrons We shall briefly discuss Stone s method, '
*and the Naar-Wygal‘Henderson (1961, 1962) method as well as a mod)ﬁcatlon of the latter, which

-wag developed for thxs atudy ; , S o

': Tlle folluwing aesumptions are n;'a'de ln': ‘developinéStone’s -method F[St’one(‘1973)]: :

“ 1 The water relatxve permeabrlrty is a fanction of water saturatlon only, and does not depend

- on the relatlve proport:ons of onl and gas phases. Thus, : : .

T . T



) krw = ‘k.rw‘(Sw)- . . ’ - (4.85) '
2 The gas relanve permeabxhty is a function of gas saturation only, and does not- depend on "
the rela.tlve proportxons 9f oil and water phases. Thus, .

brg = keg(5,)- " C(486)

3. The oil relative permeability is a function of both water and gas saturations, i.e. -

kyo = kv‘.o(swv.sy)-“ - ’ » . (487)
o, . L R . "0{-
Keepmg these rules in mmd kv and k.., can be obta.med simply from two-phase oil- water and
Qxl‘gas relative permeablllty data, while k., | is obtamed from the following relatlo‘hshlp This i is a
“modified. form of Stone’ s original equation.
kro - krow [(kraw + kTW)('—r_oL + k"ﬂ) (kf_o;u + kfoy)]’ : ° (488)
where k;5y and’ km, are, respectlvely, the relatwe permeabilities to oxl m the water-oil and
gas~011 systems, and are obtamed from two-pha,se relative permeabxllty curves, a.nd T R
V krow® = krow (Sw)-v o ; . ‘ (4.89)
Shutler (1969) é&gested an equatlon ‘that relates the actual three-phase oxl saturatlon So toa
two-phase oil saturation S in a gas-oil system, where (Swr is lrredumble water saturatlon) .
- . . (1 - S - j)(l - 'Swr) ! o o
") 4.90
‘Then the relative“pei-r'neé.bility to oil in phe @hree-phasej system is given by: . | o . ,.,. :
® ’ . ‘k _: krow(sw-)qug(s2) B
ro —

HeGe)
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| );’.w =relative permesoility to oil in a water-oil system

\7‘% A I:,,,:relative permeabilit il in'"a oil-gas-irreducible water system
w7 " L -
>, e Naar-Wyggl Henderson ’Me od RN
b‘ . Naar, Wy{ and Henderson (1961 1962) proposed the followmg relatronshrps for three-phase
e | relatrve, permeabﬂrtles, based upori srmphﬁcatron of their integral equatlons . " .
o Su—Surl* . L :
o krw = [""'—] ! ) (4~92)
. ! - . . k S 8(1 - S] + Sw - 2Swr) (493)
g : . (1 — u".)4 ! Vo
) .
- ' - e r’_sys(_?_ﬁ._‘_?_s_-vfl ' . (4_94)’
(1 - Sur) : :

The above  equations are used wrdely in reservoir snrnulatron These equations are srmphﬁcatrons

of more complex forms: It i is seen that only a single parameter S.,, is required, which often bécomes a

) hlstory matchrng parameter Aktan and Farouq Al (1972) showed that the Naar-Wygal Henderson
a equatrons gave relative permeablhtres close to those obtained from Stone’s method. Consxdermg the
uncerta.mtles in expenmental measurements of relatxve permeabrlltles, these equatlons offer a useful

: alternaﬁxve

5

~ The above. equatrons give Ic,.,, =0 when Sw -= Syr. However, they do not. properly describe the

) 'behavmur,pf keo and krg at the cntrcal oil and gas saturatrons These effects must be consrdered in
simulation. ‘Most: mvestlgators simply make kg zero, when S, < So,.} and k., zero, when Sy < Sge: .‘

* This is not sgtlsfactory xn solution techmques ‘involving derivatives of relatlve permeability, as in ’.

the fully unplrcrt procedure used in the present work, or in the serm-xmphcrt techmques In serm-a\or

- - fully 1mpllcrt methods, nonlmearmes near the cntrcal pornts are severe, and smooth functrons need‘ .

) e c B . . T T s

to be used S ‘ o Lo o T

Sy . ; Air . ' C - o D ,‘ . , .'. .
Modified Relatrve Permeé'brlttyiﬁquatrons D ‘ : o

R B *: hd

. .

o Avmodification of»the three-phase r.elatlve p ,' lty equatlons (4. 92} to (4. 94) is suggested .
P ' in order to properly a;count f&t tﬁe beha.\uour ot' tho relatlve permeabxhtnes to. 011 and gas at thexr :

'r'? o

“critical saturatron values Thls moi;ﬁsatton does nofw ' éfor the mobrhty o{ orl and gas phases a.t .

,-~". 'i
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Rzlati\ie perméability to o'il\: -, ‘ -
Tn Eq.(4. 93). the term S, 3 can be replaced by Cl(S, -S°,-)S., Asa result the modified relahve : ;
permeability to 011 krons is gwen by ' ‘ oo , o
. « VA o T N
Sy + Sw —2Sur) - "
(03 kpom =C or ) S, 2L —— =, .
\ \. ; roM = l( r) 0, . (1 —Swr) (4 95)
and . ' ~ s
. W R A
. - . » y :
where Cy is a constant that is obta.méd as follows Equatxon (4 95) has to be conswtent with
Eq. (4 93), when S; = 0 and Sy = Sw,-, where Sw,- ;s lrreduclble water satruration. Therefore, wel .
can equate them and solve for Cl In Eq (4 93), if S, = 0and Sy, = Sy, then k,, =1 1In Eq (4. 95) '
(1-Sur) . )
1 = roM C (So Sor)Soz———_",. . - (4.97)
(1= Sur)t. B
» + but when §; =0 and S, = Swry So =-jl —-',Sw,, giving'
. C o 1=8ui i . .
. R . . ' G = 1 =Sur — Sor ' . ) (4,98)
RV - - .
Therefore:. i
Swr ' 2(1 "'Sg +Sw —2Swr) ‘ "
“kromt = T——=———=—(S0 ~ Sor)So . 4.99
M l—Swr'—Sor(‘- ° or) (1 -'Su,,)“ , ( )
o) Notice that the suf)sct'ipt M st;.;xds for the modified form.
. | . ..' . B ’ ’ ' R }
Relatlv% permeabxlxty to gas: o : . ,

P 3 In this case, the term S,3 in Eq (4. 94) can be repla,ced by Cz(S, S,C)S, 'y 80 that the modxﬁed y

equatlon is wnttten as o A

i. k'”": .G2(SI 5’6)3,2_L__1__(2 (IS S 2‘)5"”",): B ' (4.100).'

“an : N o . P N k4 . g
* - . B .
: P . . N : . o [ i N : ooy
13 ‘ . *
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Ag;in, in this case, in order to i:gep Eq.(4.10'0) ’ﬁnsist:ent with Eq.(4.94), when S, =0 and

-Sw = Sur, the two expressions are considered to be equal; therefore, C; is obtained as follows. In

"~ Eq.(4.94), k,p, = 1, thus \ T , o™
' —_ 1= Swr
Cp = T=Sur —50c’ (4.101)
and
1= Sur (2= Sy 25ur)
kgt = st (S — Spe) S, 2 it/ "(4.102) -
raM l—Swr"Sgc( )S’ (1= Sur)! (4109
an‘d, j . | ) S,
g ' o kegm =0 if Sy <Sp. )  (4.103)

In this manner,k the known values of Sor and S;c can be incorporated into the original Naar- ‘l
~Wygal -Henderson equations. The form of Eqgs. (4 99) and (4. 102) L sultable when account has to
'be taken of temperature dependence of relative permeabxhtxes In such a case, the res1dual oil and
1rreduc1ble water saturations may be taken to be functions of temperature [Diaz and Farouq Ali

(1974), Perrer and Farouq Ali (1977), Weinbrandt, Raméy and Casse (1975)]. -
Figures 4.1 and 4.2 show a comparison of the Naér-Wygal-Henderson and the modified ;el-ati‘cé- :

1

permeabilities. The plots show _—

kroNH - kroM Sor(l - S Swr)

~kroNH  So(l = Sor — Swr)
- iq
. -versus S, in Fig.-4.1, and d?
: - . i
REE | Jﬂ%%'
’ krgNH - kgM - Sgé(l —'-Sg - Swr)

krg-NH‘ — ‘Sg(l ‘“_Sgc - Su;r)
d“ ) i
versus S; in Flg 4.2, It 'is seen that for hxgh va.lues of S, and S, the d)ﬂ'erence BetWeen the

Naar-Wygal Henderson and modified permeabllmes is small.

)
T
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Weinbrandt and Ramey (1972), and is a convenient though not rigourous means of including. the

_ effect of temperature on relative permeabilities : - _ . aér :

3
+
X .« .

Temperat'ure Dependence of Relative Permehbilitian

Several investigators have studied the effect of temperature on relative permeabilities [P‘oeton et al

(1970), Weinbrandt et al. (1972), Sufi, Ramey and Br;ghnm (1982), and Polikar et al. (1986)),

and have reported conflicting expenmental data. The question whether relatrve permeabihtleo are

temperature dependent is open to controversy It seems that in clean sind, with no elqyl preeent

relative permeabrhtles are essentially mdependent of temperature On the other hard, in naturally

occurring sands, with considerable amounts of clay minerals, relative permeahlhtru Are ternperature
depeqdent, -posaibly due to rock-fluid interattions and ‘other effects, such as therrna_,l expansion and
grain d{slocati)pns. In this work, we will not be concerned with this question. The simulations con-
dutted considered both température dependent and temperature invariant relative permeabilities.
A few mvestrgators have studled this effect on.steam processes [Ferrer and Farouq Ali(1975)]. It

wag observed that oil recovery mcreased for the temperature dependent relative permeabilities. Oil

.Tecovery was thund to increase more noticeably in the case of steam drive than for cyclic steam

stimulation.) This occurs because production of hot fluids causes temperature reduction and conse-
quently acceleration of pressure depletion in cyclic steaming. Diaz and Farouq Ali (1974) reported
similar results for the simulation of cyclic hot water stimulation. In his studles, however. the effect

of temperature dependence of relative permea.brhtles on oil recovery and production rate were less

 significant than in the case of steam. This could be explained by the lower temperature in the case of

hot water injection than for steam soak. Coats and co-workers (1974) reported that d'iﬂicultiesk_were

‘encountered in matchmg experimental data. when the effect of temperature on relative permeabrhtles '

was not taken mto account. On the other hand, Shutler (1969,1970) and Weinstein et al. (1974)

reported good agreement between calculated and experimental data without consldenng this effect.

K
*

It should be noted that the inclusion of temperature dependence of relative permeabilities

provides one more-adjustment parameter for obtaining a history match, whether such temperature

- . dependence is real or not. . = c -}

-

In the p.resent study, the end-points S,r and S, were made linear functions of temperature,

when temperature dependence was to be ‘considered. .This agrees v‘vith‘ the experimental data of

"

»

'y | . Sor =4ao "" le) ' ) i . » . (4'104)
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$ Sp=h+bT, , ¥ (4.105)
—_— 4 S,c = const. o , (4.106)

Thermal Upgrading of Hed'vy Oils
. , )

: ' Y ‘
A heavy crude oil, when subjected to mild thermal cracking conditions, exhibits a permanent and

considerable reduction in its viscosity and specific gravity All crudss are susceptible to cracking,

however, high temperatures and long times are requxred t.o crack heavy crudes, such as the Athabasca -

bitumen. By subjecting both the original cryde and the heat.-treated oil to dlstxllatron undet identical

conditions, the amount of upgradlng or conversion of crude constituents can be estimated. .

La()oratory t.ests have been conducted on a variety of crude oils, in order to study the time-
temperature hlstory, and to obtain specific degrees of viscosity teduction for each sample At 500

F, the permanent upgradmg of physical propertles takes place rather slowly. Use of temperatures

lower than that will only improve the oil ﬂuidityi_wlrie}x is the case of heated pipelines as currently

practiced. Aboue 700 F, coking may take plaee, which will cause ope_ra.tingproblems.

Crude oils having low API gravities and hlgh viscosities and pour points cause productlon
difficulties both in and out of the reservoir. Thermal crackmg affers a solutlon, whlch is associated

with lowering of pour point and viscosity. Egloff and Morrell (1926) suggested severe . éracking of

a high pour point oil at the wellhead to eliminate the néed for plpehne heaters as well as diluents.

' Underground thermal processes may subject large volumes of reservoir crude'toa temperature which
is hlgh enough to cause mild thermal cracking. The permanent. change in the physical properties of
heavy oil as a result of mild thermal crackmg was observed by Ball (1941) on il from the Athabasca

011 sands.

r
@ ;

In a survey by Henderson and Weber (1965); mild thermal cracking experiments carried out

on sampleg of seven different crude oils have been reported Six of these samples were chosen from
conventlonal oil reservmrs and ohe was ﬁ-&m the Athabasca oil sands. In thrs study, Henderson
and Weber were coneerned about (i) the txme that a particular crude could be heated at different
temperatures (u) estabhshmg a relationship between changes in the crude and the period of heating;

~ and (m) the important vanables of the process. These varizbles are discussed in the next section.’

o
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Kinetics of the Cracking Process

’

In a thermal crackin; process large nﬁecules ofihydrocarbons are ruptured by thermal energy into |
smal[er molecules Under‘hormal conditions, some small molecules form, which are relatively stsble
© gases or liquids. Also, some unstable or reactive molecules are produced thnt can.polymerize wlh «
- one another and yield lsrger molecules than those in the original crude Provnded the pyrolysis ;'
is continued for sufficient time, or the temperature is further increased, the original crude will be

almost entnre?y converted into a mixture of light gases (e.g. methane and. hydrogen), whlch are

~ stable, and a.solid ma.tenal which is coke . ; r. -

Henderson and Weber (1965) give the following krnetnc equatron to describe the crackmg resct\on

of pure hydrocarbons as well as petroleum: «
o K
‘ 3 i ln( )_kt . S, (401) 4
. - e

Tl:us is the mtegrated fdx‘m of thé ﬁrst order rate equatlon where Co= percent weight of reactant
ﬁutmlly present L= percentn of reactant remaining at time t, t= time, seconds, and k=specific rate

or v@]ocrty constant sesn“ 1 #The specific rate k is glven by the integrated Arrhemus equatlon ]

4 : ~,\ .y re E o [ i .
: ; . o , 3 J
T - L v z - .
. A S T k:;Ae L (4.108)
: - * : xR . -
C e f{% 3 o B a2

: where A ‘preaﬁex«ponent sec™, E— actwatmn energy, Btu/lb mole T= _absolute temperature,
R, and R,- gas c.bnsta.nt‘— 1 987 Btu/lb mole—

o Lv
v,b ';lfl‘u\\_‘_ j
. SO L S :
Represent&tlor} gf 'Uggradmg in the Mathematrcal Mod&l
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e

For the purpoqé o{’thm study, t.he upgr&drng process was represented via an oil vxscoslty equation,,

iﬂv where the v1scos;ty 13 a functipn of the f#‘actlon upgraded as follows.
L s B o
e p=asbl-eAe®)y 44109
i . : ¢ . { ¢ ‘ '

o where pis the vrscosnty at J50 Fincp, T isin R, and t is in seconds The constants a and b were
. ta.ken from Henderson and Weber’s expenmental data, for three of the oils tested by them. These
- lare hsted in Table 4.1. » . ' ¢ '
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ﬁ\ams are complex two-phase. mulucomponent ﬂutd systems. w1th rather unusual
flow behavrour in a porous medlum A foam is basrcally a gas-hqut& dtspersxon that 1s . -‘
formed by mrxmg a gas, such as alr or mtrogen, and a ltqutd to whtch a surface active '

3

: '/ent has’ been added A number of prevxous studles have been devoted to foam rheology#

" m a vanety of flow systems, such ag laboratory contamers, captllary tubes, and"porous.‘f/

B media (e. g Bemard (1963), Holm (1968), Raza ( 1970), and Mast (1972)) Recently,

Marsden (1967) and Raza (1970). showed that a‘momc foammg agents produce low

Iram and Solomont(1986) d;scussed the mechamcs of COz-foam propagauon m a sltm
tube, and foam stabthty A bnef descnptron of some of the: dormnant charactenstxes; of

foam are glven below.- A few stud‘les have also dealt wrth "oil foams",' ie. drsperstons of)

’ oxl contalmng a surfac?'acnve agﬁnt and a gas Such foams are usually unstable, and wxll

not be consxdered m thasstudy

Fned (1961) conductednthc ﬁrst comprehensrve study on the ﬂow of foams m a

[N

quahty, stable foams, whrle m/mwnm agents yxeld hrgh quahty, ,unstable foams (Foam

quahty 1s defined as the rano of gas volume to the total foam volume ) Flow tests in ag,

.

<
.porous medmm}showed that ﬂ\e fbam quahty mcreased as the surfactant concentrauon._i -

mcreased untdf_ ._concentrauon Of 0. 1% by welght was reached after whtch th__ ‘uahty .
beoame constént The txme for foam breakthrough was vety small up to a surfactant




concentratton of 0 i% Thereafter the breakthrough ttme mcreased 20-fold reachmg a
maxxmum at a concentratwn of l% to-8%, and then decreasmg somewhat Chlang et al
3(1980) repoited that stable foams foxmed atO 6% concentranon R L
Ml%sleux (1974),proposed two mechamsms for foam instabrhty, wluch is strongly
B . mﬂuenced by quahty When dramage of hqutd and rupture of fluld 1s the dommant

' ‘mechamsm, foam stabxhty nhm'eases thh mcreasmg quahty If gas dtffusmn between :

| ' adjacent bubbles 1s the mam cause of mstabtlity, foam Stabxlxty wﬂl be expected to éecrease
-- _'\wnh mcreasmg quahty The latter effect was dommant in the case of a v1scous hquld

, (whphase Possrbly, in the. ﬂow of an aqueous foam, hquld drain!tge s e, dommant

B mechaxy,sm dectdmg foam stabthty Regardmg the effectbftemperature and pressure on R

o .foam stabxlxty, 1t appears that generally foam stabﬂxty mcreases w1th mcreasmg pressure,

= _and decreases wnh mcreasmg temperature The quahty decreases w1th an 1ncrease in -

- g
;pressure and/or decrease in’ temperature, for a glven surfactant condmon. .These results are.

, hbas’ed upon Wangs (1934) and Maini and Ma's (1984) work.
_ the 51m11anty in the surface forces affectmg the foam properues 1ns1de and outsrde the

mcludmg velocxty or shear rate, pressure and temperature An increase m pressure causes

S K|
The mobxhty reducuon factor of foams mcreases thh mcreasmg foam staﬁxty due o '_

R __;porous mé m The agparent v1scos1ty of foam depends on a number of factors,

“a decrease m the foam qualtty, find an mcrease in. densxty The apparent v1scoslty of foam :

‘ v;maxxmum as the denslt;uncreases (Grove et al (1951) It} has been shown by Marsden

and Khan ( 1966) that the apparent V1scosny decre‘:'"
oL S . o \4}
: ]‘inorease‘sjwrth xncreasutg qualny Shear stress versus shear rate plots for foams tend to

Ry show tha?foams have pseudoplasuc behavrom: Flow e:bpenments 1n caprllary tubes have _
shown that tlle apparent wscosxty also depends on the tube radxus (Raza and Marsden--,fv

o | | is hften expressed as a functtoxw.m .densny, thh the v1scosuy passmg thorugh a

w1th1n:{reasmg shear rate and

(1967)) Correctmg for shppage and compresmblhty; 1t was found that the foam wscfmy . “_




S ,ibe’came mdependent of quahty, but contmued tobea function of tuﬁe dla&ter. The asd

B ”_'deformanon of the mterface ofa bubble passmg through a captllary iﬁd (lil) S“ff&“

. ‘ ‘

apparent vrseosxty ofa foam was found to decrease with temperature. o ‘ ‘.,&‘* ~
| - Hrrasakr and. Lawson (1983) proposed a mathematical equauon for the apparent

viscosity oﬁ‘oam The vxscosrty was attnbuted to: (t) the hqutd slugs, (ti) resrstance to

tensron gradrent The equation consists of two parameters, which must be determtned from

expenrnental data Effect of temperature was not consxdered in this work ‘_ R

-

- S . i o N e - o o e
\ P o N ) ] . { ,
- e ‘ ' e e o . ‘ Lo

A

The e%rléy work of Fned (1961) and later Bemard (1964) showed that the mobtlity of f

_ foam i ina porous medtt:m is lower than that of gas orthe hquld consntutmg*the foam Tlt'e

) saturanon is n.t altered an the presence of foam, however that of the gas is lowered o
because the effect of foam is to create a htgher trapped gas saturauon, whrch mdu“ectlyf
i rlowers the relauye permeabxhty to water The presence of orl tends to lower the trapped gas' -

saturanon % :

There 1is some drfference of oplmon on the mechamcs of ﬂow of a foam ina. porous - )

T fmedlum Marsden and Khan (1966) suggeSted that the ~foam componeﬂts ﬂ°“’_.

E was, descnbed by ‘,

‘ sunultaneously m a porous medrum Thus, foam moblhty was found to decrease wrth :
| mcreasmg quahty On the other hand Bernard et al (1964) proposed that water ﬂows as a ”
contmuous phase whﬂe the gas is a dtscontmuous phase Stlll another mechamsuc ptcture ;

Jol .' (1968), who observed in vrsual studres that the gns ‘and hqurd o
__':phases &'lowed SEparateily 1n a porous medtum by the brealctng andbvreformmg of the
bUbbles Foam generatton and quahty have been related to absolute pcrmeabihty (Raza

. Tl e T . . T s oY . . CJ B
DT S R . ) ; RER R I N oY Sl Dl S PSSP
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X 1970)) Foam ts generated in ‘hf longer pores, wherem the foam would tend to ﬂow, S
with temporary blockage in the smaller pores. In this manner. 1t is possrble to. describe the

ﬂow of a foam tn a porous medrum inat least two different ways as a smgle body, Or as;

<

two separate phases In any case, the flow behavrour is non-Newtoman

' -
) ' h . .‘ - . S S
' . ,.‘, . L Lo ‘ o . i N
zf: . . 0

: Fi/ A foam is used in steam mjectton for two purposes vyhrch are not qulte drstmct
1

rst, injected wrth steam lt c_an help coqtrol steam mobtlrty, because steam wﬂl act as a .

bty

o < viscous ﬂutd leadtng to hrgher dxsplacement efﬁctency of the mob

, f‘ oxl Secondly. ‘
blocinng agent*where gravity. ovemde of steam: has:'created a htgh |

foam can also

»
Sy

o 'conductivity pat

upperp,at‘)ofthef]

t ‘ uon Steam mobxhty control by use of foam
rs hkely to be more effective in steamﬂoodmg 2 olls, where the steam front is close to

vertrcal When steam ovemde is present use gf' fom as a blockmg entQ\lﬂcely to be -

‘more effecuve In both cases, fomlatlon and@ow of foam lead's tp a lar%g reducnon in gas .

phasemobﬂtty I AJ'.'," L ' . . ’ S % |
Elson and Marsden (1998) have revxekved the Itteraﬁu'e on the use of foam W1th

5o steam, conoludrng,\that foam is best surted asa blockmg agent Chlang et al. (1980) camed

‘:Q

D out amblent temperahe expenments usrng a surfactant and water, Wlt.h mtrogen as gas

They reported thaé’f m sttu formatron of Poam mcreased hqurd recovery and reduced grawty )

| ' 5 € aL (1985) reported stea'_rg-foam expenments, showmg that steam-foams
- were formed in the case of one of the surfactants, & as mdlcated by the large pressure drop, -
When steam was mjected. On the o&rer hand fo foam was formed m the case of theother L
surfactant They reported that the gas phase relauv‘e permeabrhty curves had to be shlfted, B

dependxng on gas velocrty and suxfacthnt concenu'auon in order to sunulate foam ﬂow

Y ’ . v " R B N o T [ ) R T R A
. L P 2 S . : oy . - . .
R RN, v ) N, ; 1 o : . L




. Inthe present mathemancal model foam was consxdered to have two “effects on steam

: ‘vflow it mcreases the appares‘g‘ vxscosnty of the steam phase, and it reduces the relattve
| permeablhty to gas In the exxstmg hterature. there are no consisrent data describmg foam ,
rheology as a funcnon of surfactant concentrauoﬁ qualrty, temperature, and pressure The

‘ Same is‘true for the relanve permeabrhty to: gas in the presence of a foam The purpose of.

gas was based upon the flow veloctty, assu " i v "L "'- ot‘ a foa& after Isaacs et al, )
(1985) The equatmns used are as follows, and ‘ Ised upon t'he expenmental data of
Wang Q Grpvel(l951), Marsden and Khan (1968), and Best etal (1985)
% L
x o= 1 14205 (0. 7975 0. 90763 Cs)(O 36 +32x 10'4 p) exp ( W% T), - (4110)
(755Ts140°F 15005p$2000psxa,01$C,SO33% bywt) .
where X is foam quality, fraction, C.s is coricentrauon in. steam, ~fracnon, P is pressure m }
- psra, and Tus temperature in °F. The apparent wscosxty of foamts ngen by o
e '."'_ % S N v,vs : .4,_‘3 - R e
p,agpes.ssswssx 0421117, (07 Sx 5095 wos ‘isBOOmm ). @111
) i where 'fts the shearrate nelatedtovelecltyvby (Je.nnmgs etal.(1971)) | VAT .
[/ o ;- «_. “"29«9v » .\k ‘.“- ) .‘ | v :.e ".' . 'v;'.“’&' - ) . ;. Qc,tt‘ L ‘ ,7_.0: »
o YESE T . (4.112)
Nkt 3 RIS
| . | . ’);_u : .



S above equit :ons are Ygﬁd anly over a lmnted range of the vanables involved. The relatlve N

/ .

permeabthty togas 'is snnilarly ngen by

Nl
o e
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* Table 4.2 shows the functlonal dependences of the variables involveﬁn the odel RS

The functxons employed for the majonty of sxmulanons are dlecussed b‘elow y

-~ 4 ) ) o

. AR . oy ] '
. ¥ N . T * :
v“' . ’ tl . ~. . ) ' 4 » .
. N T N ¥

1 4
The oxl phase v1seos1ty uo was calculated from the Andrade equauon for ‘the

L , e T ;
: Abexfeldyreservou' ) 14 o o ‘. . E |

[ B LR s

=1 257 x 10 exg T +460 : (4,‘1.14) L
. S A E N ‘ 4
- where Ti 1s m °F andp isin cp, m the case where the other coé;hponents were not soluble in

13
2

_ Qze nonvolanle olelc phase The 011 wscosny-temperature rblauons used for the Aberfeldy
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Non- Newtoman oil v1s%651ty is: consxdered to be a funcnon of temperature, pressure,
‘ .\gas solubthty, and shear rate 'I%s oil v1scosxty asa functton of temperature ts given by

Andrade s equanon or Beggs and Robmson s (1975) correlamon if gas 1h solut'c')'n\ls to be

taken mto conmderanon Non Newtoman o1I viscosi /y was expressgd by the followmg _

,'equanon whtch serves for 111ustrat1ve purposes only - o

't o
.

My = u ‘7\' R T S A1)
where Ho-is-the apparent non- Newtoman VlSCOSlty “Ttis p0551ble to detemune \fther a

~.

flu1d exhlbtts non-Newtoman behawour by gtvmg a value of shear rate to Equanon (4 115)

- that detenmnes the oil viscosity. thh flow in porous media, a range of sﬁear rates occurs

. at a.ny average throughput An- averag\hear rate ycan be used to represent the shear rates

- that exist thhm each gnd block in the reservoir correspondmg to the block velocnty By

“

'usmg Y. and Equatlon (4.115), a non- Newtoman viscosity for the ﬂowmg fluid can be

' .’obtamed for the average velocity v. The average velocuy in a three-dimensional block»ﬂ

_g1venby L B %

- - '. N . A o
R L < - (4116)
. A i . o : -
. ‘ . X . . . .‘ .’ "’ . R . .V: ‘ .
- where qis the average flow rate in the block,ie., -~ = S
. ,
Lj k R
~2
Lk
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B ¢ - L T " CL
[ - . 'y ; 73
v -{_,‘ b .
, hjk-1
The characteristic len gth in the porous medium is defined by,.:"McKinley etal. (1966)tobe:
. . , . . | N \ : ) . \ "’./ | ‘ . ¥ .‘ - (‘ .
. r—',k7¢~.. -l .\ o - /.,\ | et (4.11.3) .

The constant C is related to the pore size dtstrxbutton and tortuosity of the porous medtum

and can be exprcssed asa functlon of permeabthty as follows (Gogarty 1967) \,

-

— St ’ e
= f(k)\jk/cb.‘ o S / - o ,(4.119)
The average shear ra,te, obtmned in thls manner can be obtamed by d1v1d1ng Equaﬂon
(4.116) by Equation (4.119) as follows: F O T S
i | 3.55 v ,f t ' .//”ﬁ ' : | | (4120)
f(lg)"«‘,"lqu)r S /,/} e
where the f'unctional form of f(K) ean be written as: ) ,
- _ . kK ../ o : ) s o
fk) = m log=+P /. \ ' . (4.121)

£

.' In the above equauon the constants m and P depend -on the ﬂUId propertles for a given =

'.rock In thlS study, f(k) was taken"to be umty (Gogarty (1967)) ‘Equanon (4. 120) can be

3 used to calculate the local shéar rate in the porous medlum Wthh is then subsntuted into

)

EquanonTTlIS) tor ‘obtain the apparent v1sco§y at that pomt and time.

]

e



The captllary pressure curve for the steam~orl system is shown in th 4 9..This

. curve s unhke commonly used gas-oil curves, and is based upon laboratory data Curves
of this type have been employed by other investigators (Coats (1976)) in steamﬂood
rsrmulattons The oﬂ-gas and oil-water relative per»meabllxty curves are shown in Fig. 4.10
and 4. 12 respecnvely '[heSe are based upon typr‘chl’Saskatchewan re; orr data, and are
used for the Aberfeldy reservmr The respecu\/e relative permeabthty ratio plots. are shown ,

‘ vu\Fxgs 411 and 4. 13 The temperature dependence of capillary pressure was included by,

-
makmg endpomts temperature dependent (only in the case of M 6 smulauorts) The

= relauve permeabthty curves were mterpolated by means of splines.

~

’

4

. : R . ' S w’ ,- ~

The aqueous phase consists of water, a very small fraction of 011 and possrbly a-

surfactant and salt The wscosrty of thrs mixture Hw, was approxunated as follows:

"u~~u [(1+0) S .
1776 -T : , : :
=1+ 9 265T-8 ° - , ‘*4'122)-
_where Cis the concentrauon of the surfpttant uw isincpand T is in °F For most cases,

- - the Aberfeldy water v;scosrty curves shown in Figs. 4 &\and 4.7 were used

_
- , .

- ¢

V i E! N vu 13 ~ ‘\ I

The viscosity of the vapour phase mixture-can be obtamed from the Hemmg and

prperer(1936) eqérauon LI ' B - n

- “'Vw/— - o (4123)

where | u, = pure compo_nent viscosity
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K} ' . ‘
/( —M; = pure component molecular weight , _ ;
yi = gasphase mole fraction of component it ‘ ‘
. L l ) - ’

0

The density of the oil phase, po, was calculated from the following rclatxonshxp. as a |

function of tcmperaturcand pressure (Crookston et al. (1979):

= (594 - 0;01‘2 'l') exp (10_‘5p) : o 4.124 ‘

“Je . . .
" where pq is ini 1b/ft3, pg is in psia, and T is in °F. .

“ The density of the aqueous phase, pw, was calculated ﬁom‘ the following relationship

as a function of ter_nperature and pressure:

P, = (60.5-0.0171T) exp (0.004 p,) (4.125)

~

Equilibrium Factors L

/

The rrrathematical treétmedt allows for as many as five components, beihg (1)

~ nonvolatile hydrocarbon, (2) warer. 3) surfactant,'(4) noncondensable gas and (5)
electrolyte. Since, in general, all components may be presenyt in all phases, phase ’_
properties, such as molecular weights, can be expressed in terms of component properties.

The equilibrium factors are. deﬁned as follows

x N v '
= , . . : : ’ (4.126)



CR

T . - S
= -, . o : (4.127)

. - '
whcré Kiow is the equilibrium factor for olcic-aé;ueous phasc and Kijog for the oleic- -vapour
phase, xig is the mole fracuon of component i in the oleic phasc Xjw 18 thc mole fractxon in
the aqueous pha‘ and xjg 1s the mole fraction in the vabour phase thatxon (4. 127) ig -

the reciprocal of the usual two- componcnt K-value, and was uscd igx this form for

convenience only. The model equanons were developed in terms of muss fractxons rather

than mole fractions. Thus P ; BN
. | o \ R
M, A
= — : - b
iow fiow M ‘\ (41-8)
w . \.1 . -

where fiow is the ratio of the mass fraction of the component i in the oleic and aqueous -
phases, M, is fhc molecular weight of the oleic phase, and My, is the molecular weight of
the aqueous phase. The molecular weight is calculated from the phase compositions.

Moreover fiow is a function of temperature.
Properties of Steam
Many correlations are available for calculating properties of steam.. The following

correlations were used in this work. These were reported by Farouq Al (1965) and Fiori

and Ejlogu (1986). : '
Temperature
0.225 A \
T, = 115.1p. C B (4.129)
where T is in °F and pg is in psia. . » e



~ Vapour enthalpy ' , /
h, = "1204.8 - 0.000197697 (p - 453.23) ™% C(4.130)
where hg is ig Btu/lb.
Liquid enthalpy .
hw = 770365028302 500 <p < 1500 REREIY
hw = 0.12038p + 430.984 1500 < p <2500 - (132
where hg and hy, are in,B’tﬁ/lb.
‘Latent heat of water l : o
; = h - 133)
LVH20 5 .
where L, is in Btu/lb. \
Specific volume of steam, inft3/1b
. - . 4 | )
V = 490.386 ~ 0.p04703 “(4.134)
. S
Speciﬁc“volumc of liquid
V,= 37175x 10%p + 0.01789. | (433 0
The latter two values are valid if 500 < p < 1500; these values will be
v, = L7 00887 L (4136,
V = 0.017529 exp (1.9302x 10™'p) | k_ (4.137)
if 1500 <'p < 2500. T :



Wellbore Steam Flow Nfodei

P . . . a

The wellbore moﬁcl deeloped for this study was designed fo predict steam pressure (tcmper—‘
ature), quality, and héat 'loﬁ as functions of depth and time. The sand face steam pressure and
quality were then input as functions of time into the steamflood simulator. The model is’ 'an improved
version of an earlier model reported by Pacheco and Farouq Ah (1972).

The’ system to be modeled consists of three parts: (i) the ﬂuid‘ flow conduit, tubing or casing-
tubing annulus (ii) casmg-'tubmg annulus, casmg wall,_and the cement sheatlt, and (iii) the formation
surrounding the wellbore. Within the conduit, steady, homogeneous two-phase flow of water and

steam is assumed. This is described by combmmg a two-phase mass balance w1th a momeéntum

balance, and is as follows (the vertical coordinate z is takep posmve in the downward direction:

- dp g (_i_VEL PmUm dvm’ .
144d —pm o -+ Pm . + 0. dz \_0 (4.138)

The subscript m in the above equations refers to the steam-water mixture.

The pressure gradient is given by

dp 1 /PmL— 'J.

bl SRR iy R 1

dz 144( T—m ) (4.139)
where v, is the acceleration gradient defined in the manner of Orkiszewski (1967):

v, , . |
= ————, : 1
T = THaAtep . (4.140)

~

Next, an.energy balance is written for the flow under‘consideration, whiech is as follows:

) Q d vm2 g
3600 Vaz (o + 5or7e ~ 5027

=0, (4.141)

where the enthalpy h,, of a two-phase steam-water mixture is given by

hm =hm(fahp)= (l“fa!)hw+fatha: ? (4-142)' .
where f,; is steam quality, and h,, and h, are enthalpies of saturated water and steam, respectively.
These were calculated from the equations given in the previous section. Using these equations, and
allowing for heat loss from the tubing to the cement sheath, given by

; :

- Q= 21 Use(T — Teem), - (4143)

the énergy balance equation (4.141) takes the form



ol
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ifii+c‘af.¢+ Cs = (4.144)

Here U;, represents the net resistance 4o heat ﬂow offered by the flowing fluid, tubing, insulation,
annulus fluid, casihg wall, and the cement sheath, and is given by

. 1 In Leam 4 o
Upe = _.[ e +-_.__'u..] o
Pte L Knins rim(hr + he) _khcem

v

(4.145)’;"

,In the above gquations the subscript "cem” refers to the cement sheath, "ins” refers to tubmg
Y

insulation, 1f any, "ce” refers to casin extenor and "te" refers to tubing exterior. 'Ihe coefﬁcxenls
1 y. g

h, and h, are radiation and convection heat transfer coefﬁcnents, calculated in the conventional

. —Tnaniier, as described by Pacheco and Farouq Ali (1972).

The heat loss term Q was calculated by solving the two-dimensional radial heat conduction
oD '

equation’
where.'Tf is the temperature of the surrounding formations and a is thermal diffusivity. This is a
new feature; the previous authors have used the approximation of the Ei-function to estimate the
temperatures around the wellbore, and thus derive; the heat loss rate.

he boundary and initial conditions for the solution of Eqs.(4.139) and (4.141) are:

[ : -

Initial Condition Ty =‘Ta +vz at t=0

Boundary Conditions Ty=T, at z=0
T] =Tr at z2=2

' Q: —27rrkhjéz"— at = reem

or
oTy _
3:—9 atl r=o0

I wg-bbﬁg Flow
- The existing two-phase-flow literature shows that the prevailing flow regime should be considered

in determining holdup (and hence the average mixture density) and the friction factor. The following

~ . ‘ . N
flow regimes were considered, using the correlations given by the authors indicated:

F!ou;‘Region Considered  Correlation -

Bubble/Plug o Gould et al (1974)
Slug/Froth Chierici et al (1974)

i - Transition Duns and Ros (1961)



;‘ ' o ‘ ‘ - Mist o ‘Duns an‘d\Ros (1961) . z

' Solutlgn P[gcggugg l .‘ _ ' o , ' ‘ .
Equatlons (4. 139) and (4. 14'4) were dlﬁ'erenced and solved“ by a procedure similar to that dns— "
v ‘cussed by Pacheco and Farouq Al (1972) Equation (4.146) was dlscretlzec} and solved using the -
backward dlfference (1mpllc1t)‘scheme The resultin'g a]gébraic equétions Weré solved by a bahd
.algorn(hm The overall prOCedure was iterative, whlch mvolved updatmg the nonhnear coeﬁic:ents :

" -and the. heat transfer coefficient Use a.t eaﬁx 1teratxon

[BRN
T



i Chapter-V‘ | | S
( ‘

DEVELOPMENT OF THE COMPUTER MODEL

? .
i
h

ThlS chapter wrll dlSCuSS the computer program deVelopment and thc structure of the

: computer code. <The main sections of the program are drscussed in detml n the—ﬁollowmg
paragraphs The program consists of a main code and, tWo subroutlnes The first
subroutine calculates the ﬂurd properues and all time- dependeﬂt transmtsmbllmes while the
second one solves the block banded system of linear equauons resultmg from theg'

4

Newtoman 1teratton The number of subroutmes was mlﬂlmxzed in order to, reduce

computauonali time. -The program flow diagram is showrt in Fig. 's. 1. The program

Ry

| requxres total memory of approxtmately 2 Megabytes _

Initialization | . | o

As the ﬁrst step, the block;.lata 'p;ogr'am is set to initializ€ ll of the transmissibilities. - ./
constant as well as time- dependent It also initializes all the’ 5°Urcc smk terms for heatas / ‘
well as f1u1d flow The mam program reads all of the basic data and mmallzes the / v |
remammg vanables An mmal time step 1s read in; ‘afterwardfn the program selects its own /

: trme step automaucally w1th1n mmtmum and maximum limits that are specrﬁed Th

program has the ﬂexrbtlxty of elther usmg a smgle value of each Vanable for the ennre gﬁd

or values for the”’dmdual grid blocks. : - S - /

v /

¢
Ke

Before startmg the calculauons fora’ new time step, all of the time- mvanant quantities

Go

_oare calculated Whlch include constant pans of the heat flon fluid flow and d1ffu51ona1 '

' transrmssrbrlmes ,’I‘he time- dependent parts of the transmtssrblllues are calculated at each .

ume step and are updated wuhm each 1terat10n
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The main feature of this program is a-subroutine named PROP. Once this subroutine

is called, it provides. the values of all of the fluid properties, their derivatives, and the

\

| coefﬁcients “The time-dependent parts of all variables are calculated in this subfoutine and
multtphed by the constant parts ransferred from the main program. |

*The property subrouttne also calculates the fluid and heat source/smk terms, usmg

_the ngen well specxﬁcanons These arc based up%t the time level (n+1) u-ansrm551b1ht1es

The shbroutme computes all arrays of denvauves of the baic propemes, such as v15cosxty

and density. Finally, it calculates a variety of summations involving transmissibiliites as

@ . X . i

ar

well as derivatives.

‘ . . ) . .- ",\ . . | | - .-‘_ | N \".-'- %\i’
The coefficients Z, B, D, E, F, H, and § in the linearized Newtonian equations are

long expressions, involving various derivatives and

the mass balance equations and the heat balance quations, written in functional form, were

dexjived analytically with respect to the v atblocks (i£1,j,k), (4, j£1, k), and (i,

j, k1) The analytical derivatives at block a, j; k) were more tedious to obtain. The

analyttcal expressmns obtamed were so lengthy that it was decided to calculate them

numencally. It is beheved that the numerical- calculanon of. the demcatwes led to

- con51derable savings m computer time. Numencal calculatxon of derwatlves can be

simplified, resultmg in reducmg computer time, by elmunatmg terms in the functxon which

do not depend on the varlable of dlfferentlauon" Finite dtfference approqutlon of the '

convective- dxffusxén terms was mentioned in the previous chapter and Is glven in

_ 'Appendlx A

-

'l‘he coeffxcxents Z B, D E, F, H, and S in the equattons 1nvolve the above-

menuoned denvanves as well as other vanables ‘The first ﬁve equauons are mass balances

89"

ther properties. The der‘l‘_/atives-of '

.
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‘ .
1nVolves

for components 1 to 5, the sixth equanon bemg the energy balance Each equation
six Z coefﬁcrents, six B coefficients, etc The program generates the Z,B, D, F, H, lnd S

coefficients, ﬁrst for the mass balance. equanons, and then for the energy balance The E

3

coeffxcrents are calculated next in the same order ThlS perrmts writing ; a, more efficient

computer code, since the coniputation 'of coefﬁcnents is lmked with the generatron of

analyncal or numerlcal denvatlves, as the case may be. The const-unt vectors for the

B

equations are generated together with the coefficients, in the same order. The ﬁnal matrix
* . - B

of coefficients is of the form shown in Fig. 5.2 for a3 x 3 x 2 grid
B S

'

The system of linear €quations to be solved at eaeh iteration toward the new time level

values consists of six times.the number of grid blocks. The coefficient matrix of the

equations is shown in Fig.5.2. As can be seen, it has a block diagonal structure. The

solution can be obtamed by'Gaussiari elimination or other solution techmques In lhls(
study, it was demded to use a band algorlthm, which was modified for a block dxagonal

is modxﬁcanon 1s quite tedlous because the transformed matrix must preserve a
the transformed matrix. The listing of the program

certain structure. Flgure 5.3 sho
developen for transforrmng the original block coefﬁcrent matrix of any order i into a block

atrix of m1n1mum band width is given m Appendtx B. Iti 1s belleved that thlS

dxagonal

program could be useful for any similar system of simultaneous equatxons artsxng from an
1mplrcxt scheme The program also mcludes the solutlon algonthm, which is a band mamx
solver,/with limited pivoting. The matrix transformatlon and band solver programs were

« extengively tested by themselves and were also used i in a black oil 51mulator to ensure-

accufacy of solutlon
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Fig. 5.2 - Matrix Form of the System of Equations, Where Each Elément

s a 6x6 Matrix.
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. “The overall solution procedure is illustraged by-the program flow diagram shown in
Fig,5.1. Briefly, the program first calculates the time-invariant quantities, such as con‘stant
parts of the several transmissibilities involved in the equation. The calculation of the main _
dependent variables, 1e Por Sw» Sg, T, C10 and Cpp at the new time level requires
Newtonian iteration, whrch is done in an inner ‘xteratron loop. For this purpose, the

derivatives, as well as all‘”other time—dependent variables, are calculated at the latesﬁterates

of the new time values of the variables These-are used to generate the coefficients Z, B,

.

D,EF, H, S, and the constant vectors in all of the equatlons

Next, the coefﬁcxent matrix is transformed into a block band matrix, which is then

‘ solved by a band algonthrn. The solutron gives the change; in the values of the vanab‘les '
~over one iteration, i.e. 8 po(™), & Sy, § Sym), § T(m), § Clo(“D and & Czo(m) where m

L
’ w 1ndlcates the 1terauon level. These are tested for convergence. Ifconvergence is achieved,

al Ty by

. the final values of the vanables at the new time level are calcnlated. If convergence is not
attained, the derivatives and the coefficients are recalculated, and the procedure 1s repeated.
The solution is advanced to the desired simulation time. The grids used in the simulations

are shown in Fig. 54. © \

The program requires a memory of approximanely 2 Megabvtes foraS5x5x2 gricl
’I‘he number of sunultaneous equations to solve in-this case is 300, which alone takes 11
seconds of-CPU time a.mounung to approxrmately 2 milliseefgrid block/ume step. This is
‘rather slow even for the coarse gnd used The machine time can "be reduced through the
use of two dlmensrons and/or fewer number of components For large gnds necessary for

commercml simulations, the code must be adapted for a supercomputer.
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The three-phase, three-dimensional model was v;lidﬁtcd usiné the Test Problem 1 \
given by Coats. (1976). The oil, water, and gas saturatiqn 'distribﬁtions and pressure
distribution at léOO days were within 5% of the values qixotcd. The cumulative oil‘
recovery was 67% vs 66.4%. It can be said that the simulafor is valid for at least one
~ previously studied problcm. The material balance ;\ﬁd the heat balance errors at all times

were less than 0.1%, and much smaller in most cases.



Chapter VI
B | : . DISCUSSION OF RESULTS
Introduction
. v -

This numerical study of steam injection examines steam injection processes in the
“contexts of foam }njection, additive gas, sthci'mal‘upgréding, and non-Newtonian oil
vi‘scosity behaviour; it evaluates the effect of bottom water on steamflooding and cyclic
steam stirhulation response, with particular éltqntion to partial penetration, and examines the
effect of multiple steam offtake fro.m the injection tubing on stcamglgod response. These*
are the principal contributions of this work, and are believed to represent new information.

In the following discussion, sample resdlts are prescntéd’ fo—r—each of these aspects of
steam injection. Thc‘ objective is to study the effect of these phenomena in a steam injccxioln
simulator, and to px;ovidc an idea of the relative importance and magnitudes of such effects.
It is not' possible to discuss these in depth because of time and oth_c‘r'constraints. one of

which is the computer time available.
imulators Dev

Three steam simulators were de‘velopcd over the period c;f this study. The fully
implicit five-component three-dimensional three-phhsc simulator was extremely slow,
lumted to short runs. The other two simulators, v1z thrce\dlmcnsxonal two- component and
two- dlmensxonal four-component three- phase sxmulators were used. for thc runs discussed
here. In parncular, the first of these simulators was successful in simulating virtually every
steam injection situation, with regard to solution stability and fast convergence. Even ﬂnen
a short simulation (e.g. 3 years) consumned over 500 seconds of CPU time.

) For wellb;)re simulations, a,wcllbore heat loss model was extended for flow rcgimc

‘ condiderations in the tubing, and in parucular mulnple offtake of steam, which has not

been sxmuldtcd herctoforc
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F_\E'E Ell { for the Simulati

’

“Three different heavy oil reservoirs were considered in this work: Aberfeldy,
Saskatchewan; M-6, Venezuela; and Cold Lake, Alberta, The data used for these
simulations are giveﬁ in Table 6.1. The relative pcrrr;c?ibility and viscosity-temperature
curves are shown in Figs. 4.3 t0 4.13. The methods used for foam upgrading, and non-
Newtonian oil implementation were describcd?h Chapter IV, The formation thicknesses
given in Table 6.1 are realistic for thc'rcservoirs c.onsidcrcd.' In oﬁc or two cases, other
thicknesses were also used in order to be able to compare the results. The bottém water
thickness varies. from z-cro to equal to the oil zone thickness, because the objective was to
examine tﬁc effect of bottom water. It i’§possiblc to make certain rock properties, s}u‘ch as
compressibility, specific heat, thermal conductivity and thermal diffusivity functions of the
variables involved, in the simulators. However, this was considered to be unnecessary
because of the uncertainty in the data available. Similar considerations hold for the
parameters used in the thermal upgrading, foam, and non-Newtonian oil viscosity modéls.
where even less consistent information has been published.

The grids used were coarse, ranging from 18 to 200 grid blocks, in view of the
c’xcessiye CPU time required for finer gfids, particularly because in the fully implicit
.scheme, three to six equations are solved for each block. A few runs were repeated for
short durations usmg finer grids. The discrepancy in computed 011 Tecoveries was less than

5%, and in oil saturanons etc., less than 10%, for grid size change from 18 to 147 grid

blocks.

J . . . :
. A% . :

-~

Several types of simulations were carried out for this study. These are summarized
- Y
pictorially in Fig. 6.1. Detailed results are given in the tables in Appendix C. Itis seen that

not all runs were repeated for all three reservoirs considered, because the purpose was to



Table 6.1
RESERVOIR DATA USED IN THE SIMULATIONS

Aberfeldy Cold Lake M-6

_ Saskarchewan ~  Albera Venezueld .
Formation thickness, ft 36 36to 150 98
Water zone Lhickness: ft A 361036 - 36t036 9.810 98
/\Eprmation permeabilities, darcy  ky 2.0 . 2.0 ’ 2.0
, Ky 2.0 2.0 2.0
. ke 041020 2.0 0.4 10 2.0
Porosity, % 35 35 35
- Reservoir pressure, psi 200 500 150
Reservoir temp, °F - 74 74 113
Oil viscosity at reservoir temp, cp 1275 125.000 5780
‘Water compressibility, psi-! o 3x 106 " 3x 10 3x 1&& ’
Water thermal expansion coeff., °F-! 49 x 104 49x 104 49x 10 -
Oil compressibility, psi-! k . 5x 106 5x 106 5x 106
Qil thermal expansién coeff., °F-1 “5x104 5x 10 5x 10+
Rock compressibility, psi-l :  x 10-4 1x 104 1x10-
Formation thermal conductivity, Buwhr-ft-°F  1.76 ‘ 1.76 1.76
Overburden thermal conductvity, Buw/hr-ft-°F  1.47 1.47 147
Overburden density, Ib/ft3 165 165 165 e
Overburden specific heat, Bu/lb-°F 020 - 0.20 0.20
Overburden thermal diffusivity, fi2/hr 0.04 0.04 0.04
Relative permeabilities Figs. 4.10 and 4.12 - -
Swe, fraction ’ ‘ 0.20 0.20 0.20
Sor, fraction | 0.211 Co0.211 0.211
Sgc. fracion 0.1 oo 0.1
o - i
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~ show the effects of dlfferences in reservoir charactertsttcs on the steam mJectton process A
under consrderauon It is seen that a large number of srmulattons were made in the case of |
Aberfeldy Teservoir, because of the i tmportance of bo}?or;n ~vt/‘ater in this type of reScrvorr

" The runs were, more computer time- consurrung in the case of the Clearwater fomtatton
Cold Lake, due to very htgh oil v1scosrty, which . ltrmted the nuglb%‘ of runs No
computatronal dtfftculttes were encounterfd in any of the cases studred At times, _the

automauc tlme step | selectton procedure produced very small tt@e steps (order of 0.005

’ day) whrch mcreased the CPU urne

.B_tmfl“.r; fel

it ‘ The base steamﬂood results for the Aberfeldy reservoir (ABRSI) are listed in &
| 6 2, and plotted in Fxgs 6. 2 to 6. 4. Sclected tlme results_are given in Table Cl Az
- acre ftve -spot pattern 'was consxdered in thlS run, w1th 2 steam 1nJect10n rate of
600 B/D CWE (CWE-Cold Water Equrvalent) steam pressure of 500 psra and sand face
stéam qualtty of 70% Forrnatton thrckness was 36 ft, and no bott‘om water layer was
present ‘The oil and water productton histories shown in th 6 2 are typtcal' of.
steamﬂoods ‘with an mrually low producuon rate, mcreasmg to, a htgh value toward the ends .
, _of the simulation. The water producuon rate goes through a peak and then decreasees
thure 6.3 shows that the WOR (water-orl rauo) peaks at about 18, then steadily declmes
Thrs is so l&cause the temperatu mcrease in the producers leads to mcreasmg oil mobtltty, =
| whrle water mobrhty mcrease‘s much less. Thts results in a steady increase in the oil-steam
ratio, as shown in Fig. 6 4. Thts trend will contmue to a pornt only For very large
volumes of steam mjectlon the oil- steam ;atto would chntually decreasc since there is not |
enough mobtle oil on one- hand and steam mobthty 1s gneatly mcreased onthe other |
Conductmg a srmulatton of thlS type for very long pertods not.only requtres_

'conStderable computer time, but also requtres cons\derable srmulauon expertence .Once the

' wells get suffrcxently hot the orl mobrltty mcreases exponentrall/y, and SO does steam

A 4
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injectivity. At such a stt‘l’ge', which can only be identified from previous unsuccessful runs,
the steam in Jectxon rate and the.well production must be reduced (as one does in actual field
. practice also), to continue to obtain a stable solution. This process needs to be repeated as

1

many times as necessary, as showﬂn,by the lack of convergence of the solution, which may

be due to exce'sive physically unrealistic pressure and/or saturation changes.
ysically pressure and/ g

In a steamflood, the formation temperatures, pressures, and saturations vary in a
complex_m'anner, .depending on the formation chara‘cteristic,s, especially permeability, oil
v.iscosity, and Steam injection inters'al, as well as rate pressure and quality. The effects of
these vanables can be seen from the individual simulation histories. As an example, a
_detatled analy51s is gtven of Run ABRS10. thjares 6.5 10 6.7 glve the ml/water

'productlon data, water- 011 ratio, and oil-steam ratio, respectlvely, whlle Figs. 6.8 through

6.10 show the injection well block pressure, temperature, and gas saturatron histories,

respectively, versus time. The mjectlon was completed in. both layers representlng the

formanon There was no bottom water in thrs run. *
lmtxally the reservoir oil has a very low mobility (v1scosxty 1200cp), and asa result

the steam pressure in the mjectlon block is h1gh As steam injection proceeds the steam
‘pressure mcreases rapldly (Frg 6.8), and reaches a peak value of about 450 psi at about
400 days. - The oil and water productton curves (Fig. 6.5) up to this time show that the oil
rate-is very small, and the water rate is building up; both starting from nearly zero (because
of mtttally immobile water, and very low oil mobthty) The temperature curves show (th

6. 9 that during this pcnod the bottom layer temperature was somewhat htgher than that of

the top layer This behavxour was evident in many of the runs conducted i in the case of a

umform formation,. where the perforations were allowed to take steam accordmg to the

- -

steam pressure and the prevarlmg flow resistance.. It is partly explamed by the fact that,

tmttally, the ln]CCth steam condenses, so that much hot water enters the formauon The

‘
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segregated hot water tends to create a h‘ighcr permeability to water in the lower part of th‘c
formation, which furlher helps steam inflow into this part. Initial ségregadon of steam will
occur in the case of (i) low viscosity oils, (ii)an initial gas saturation, or (iii) completion in
the upper part of the formation only. Even in the case of high viscosity oils, steam
segregation. would tend to occur at long times. As a result of low oil mobility, the water-oil

ratio increases rapxdly during the mmal period (Fig. 6. 6) * \’\h

As steam i 1nJecuon connnues _the hot condensate arrives at the producers, causing an

increase in the oil mobility. Consequently, the oil rate increases rapidly (Fig. 6.5), togcther

with the water rate. The injection block ,pressure drops dqnng this period also (Fig. 6.8),
to a value of about 200 psi. At this point, the temperatures in the upper and lower parts of
the formation are nearly equal (Fig. 6.9 at 1.1 MMBbls steam injected). The water-‘oil ratio
detlines during this period, and tend to level out at a value of about 2, compared to the
peak value of 20. At about this point, the gas saturation, which was higher mmally in the“:29
lower layer, now starts to 1ncrease in the upper part (Fig. 6 10). Asa rcsult more steam is
| diverted to the upper part. The injecgion block pressure rises somewhat due to an increase
in flow resistance resulting from gas saturation buildup (Fig. 6.9, 'temperatures beyond 1.2
MMBbls steam injected), coupled with the decreasing oil sauiration both lowering the oil
- mobility. Thus the small pressure pcrak seen m‘ Fig. 6.8 is the result of the above
mentioned complex interactions.

In the last part of the run, most of the steam continues to flow into the upper part of
the formation (gas saturation 56% vs. 14% in the lower part), the temperature of the lower
part continues to increase. The pressure déctines rapidly after the second peak (Fig. 6.8’),
becauee of steam bceakduough, resulting in a rn‘arked decline in the formation resistance.

“ The oil prqduction rate declines during this perlod (Fig 6.5), because there is less oil left in
the formation. As a result, the water-oxl ratio increases (Fig. 6. 6) to 4, but not much more,

beCause the water saturanon hence permeabllxty, is also low.

e o

“3



: dtscussmn Imttally, the mcrease m the oil-steam ratio is slow, since the steam mjectton

Thecumula'tive oil-steam ratio'curve shows a behaviour 'c0nsistent7with the above
\)

.!
i

rate is. constant, but the 011 productton rate is low Later as the oil is mobtltzjd the oil-

: steam rauo 1ncreases raptdly During the last stage of steam mJectton the oil- -steam ratto

' run is terrmnated steam flow rate increases very raptdly, unttl steam (gas) is the. only ‘

: tends to level off.

v [

It,s’hou’ld be nbted that if steam injection is continued beyond the stage'at which the

'_ﬂowmg phase ln ﬁeld pracuce, after steam breakthrough the steam ll‘l_]CCthl’l rate 1s greatly' '

| tumed down From thlS pbmt on there is only a decrease in the orl steam ratto because no

more oil is prgd)lced From a computattonal point of view, the steam 1n_|ectton rate has to

,;k

be cut down also but the soluuon convergence rate Stlll slows down greatly due to the high

-‘_,gasﬂowrate L

:icamed out for the Aberfeldv forrnatton The floods w1th bottom water present are mdlcated :

by a non.zggg_p.ae hw/hml, ie. the ratto of water layer to the orl layer thickness. thure

- Lt

W Steamfloods for A erfi

B .’ . N o A‘.\~ . ‘._u"

Effect of Bo ttom Wa;;;l '15 hjgkness Table 6.2 (p 101) summarizes selectetl st‘eamfloods,

6. 11 shows plots of oil- steam ratio versus hw/hou for Aberfeldy and M 6 steamﬂoods In

the runs mdtcated steam was mJected tnto the oil zone only, w1th the producers completed '

in the oil zone. also Itis clear that the 011 steam rano dechnes steeply w1th an increase irl -

the hw/ho,l ratio. The declme is much smaller for M-6: It is also seen that the oxl steam

’v

ratlo reaches a low rather early for the htgh hw/hQ,l ratios, whereas for lower raUOs, there lS

consrdereable dtfference between the 500 and 700 day oil- steam ratio ciurves. Thls 1mpltes

. that m the thtcker water zones steam penetrates the bottom water zone early, and from then

' onward there is ltttle 1mprovement in the 011 dtsplacement efﬁcrency

thure 6 1 1 also shows the oil recovery curve for the 700 ~day pertod The recovery .

drops raptdly with an increase in hw/hod ratio, based upon the same re\Jsons as noted for

N

,

g
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the oil-steam ratio. Tlm}rmulanve WOR for hw/hou =1 (ABRSZ) was 20.6, compared to
L. 47 when no bottom water was’ present .

Frgures 6.12 thro‘ugh 6:23 show the oil and water productlondhistory,FWater-oil ratio,

and oil-steam ratio‘plots for the bottom water runs ABRS2, ABRSS, ABRSS, and ABRS?7,

with hy/hg = 1 0.1,0.2, and 0.28 respec‘tively.l The tt‘ends in all fou‘r cas'es are similar,

. but the scales are different. In other words, the steam injection process works the same

way whether bottom water is present or not. But when bottom water is pres‘enﬁt much less

steam flows in the oil zone than that i in the absence of bottom water In partrcular the slow

. drop in WOR in Run ABRS2 (th /6 13) is noticeable due to the fact, that even though rhe
011 1s mobilized (causing a drop in WOR), consrderable amounts of water contmue to flow

from the water zone'into the producers

In all of the run conducted it was assumed that the bottom water contains residual

2

orl oniy so that water is the only mobrle phase If a hlgher oil saturatlon is assumed, or if

it is assumed that the residual oil saturatton decreases wrth an increase-in temperature 2 |
e

\srﬁl-l\a«rf)unt of 011 will be produced from the " water" zone. Ani mterestmg example of th(‘ N
type is the Peace River pro;ect where the bottom ‘'water" layer hasan orl saturatron of
55 60%, so that steam thectlon mto the bottom water produces a consrderable volume of
oil: The oil forma,trons in the Cold Lake area often have oil saturations in the same range
However whcreas the*water in Peace River is mobile, it is often 1mmobrle in Cold Lake
because of the fine grmned sand and cla}g present. : ‘_ 9’ s R o
ﬂ One runr, ABRSZA was carried out to determrne the effcct of bottom water oii
saturatron on recovery “The data used were the same as for Run ABRSZ ‘except in this

case the oil saturation in the water layer was 1ncreased to, 50% to srmulate a transition _ |

- zone. Flgure 6.24 shows plots of oil and water ﬁﬁ)ductton rates versus cumula.rve steam

injection. Figure 6.25 shows a similar plot for__ the oil-steam rato. (Results are tabulated in
X . . R N . . -~ @ n . .

TR
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Table ‘C.26.) A comparison with Figs. 6.12 and 6.14 for the case of immobile oil in the
water layer shows that a small 1mprovement in the oil productton rate and oil-steam-~

ratio occurs. The cumulatlve oil-steam ratio for the period srmulated is nearly 30% higher

b

_than that for immobile oil. The oil recovery is 2% (Table C.26) as compared to 0 8% |

(ABRSZ Table 6.2) for the immobile oil case. As expected the WOR _is also lower

- because of some oil produttion front the water zone as well. The temperature profties

showed that heating of the watey z_one 15 tq ;ome extent greater than that of the oil zone .

(both have the same thtckness'an -' _emes) It can be conJectured that, if a

bottom water zone contains a substanttal volume of mobile 011 it may be feasrble to- develop

a proﬁtable steam mJectlon process. Other variables to be examined in this regard are steam ‘

mjecuon interval, rate, and quallty, as functrons of time.
. _

3

.(.

able 6.2 shows four runs (ABRS4 XBRSS ABRS14, and ABRSIO) utrhzmg

ce the steam 1nJeCtton rate of- the base run, i.e. 1200 B/D The oil and water producnon

1stor1es water-oil ratios, and oil- steam ratio for these runs are shown in ths 6 26

L]

: "h'“ough 6.34 and Fxgs 6.5 to 6. 7. A companson of the base run ABRS!.(Figs. 6.2 10

6.4) and ABRS4 (Fxgs 6.26 10 6 28) shows that the oil recovery in the case of the hlghcr ‘

steam injection’rate is more than tw1ce as large (14.6% vs. 6. 25%) u?( the same tlme ie.

7()0 days (cum inj. 420,000 bbl and 840 000 bbl) when there is:no bottom water This is |

due to faster and mcreased heatmg of the reservoir, with- x’cduced gravity. segregation of
steam. The effect is nouceable in the 011 steam ratio, Wthh 1ncrcases from 0 ”5 ( ABRSl)
. 100.29 (ABRS4) Thts is a better criterion, because it shows that the real gam in oil

producnon asa result of an increase in steam’i

fi gures 1nd1cate

Flgures 6. 3510 6 37 show the orl and water productton histories, WOR, and oil-

- Asteam ratio for Run ABRS4A,, whreh is stmtlar to Run ABRS4, exceﬁt that a bottom water

"

‘ /”,;“
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. : . . . ! . . ’ :” . B
) layer of the same thickness as the oil zone is present. 'Figures‘G 3& to 6. 40 show similar

’ plots for Run ABRS4B ip~which the bottom water layer 1s“‘onc!’enth of the orl layer

thickness. The dtfference in the performances of the three runs (ABRS4 ABRS4A and

( .
~ABRS4B) is remarkable Fll'St the thick water zone clearly leads toa large drop in the oil-
“stea_m ratio (0.0125 for ABRS4A vs. 0._290 for ABRS4) and oil recovery (0.85% for |

ABRS4A vs: 14.6% for‘ABRS4) This is due to the flow of steam m the water zone,

which was found to be heated more than the 011 zone. When the water zone thickness is

'reduced to one tenth of the oil zone, the performance is actually 1mproved for the high

©

steam injection fate. The oil-steam ratio is now hrghevr-(0.3_§_'2 for ‘ABRS4‘B) than in the

- absence, of bottom wat;r This is due to the fact that there is limited influx of steam into the

watet zone, wrth most of the steam gomg 1nto the 011 zone. At the same time] the heat from

”

the water ‘'zone is conducted upward, mobtlrzmg the colder 011 above. As a result, the

, overall performance is actually 1mproved due to the presence of water.

For a glven oil, and for a given steam 1njectlon rate, there would be some bottom

"Water‘zone thtckness that is'not dletnmental and actually improves overalI performance of a
- steamﬂood A!hm water zong would be beneficial for promoting steam 1nject1v1ty in the :

case of a very viscous ail. But 1f the water zone is. too thin, it will becorne saturated wrth

the oil dnven from the il zone above thus leadmg to a drop in steam 1nJect1v1ty On the

:' 1'75""

Ah important factor in bottom water steamfloods is the vertical permeability of the s
orl/water‘for'mauons Obvrously.‘a verncal permea ﬁty of zero is desxrable, whlch w111 be"
the case e if a shale barrier is p£esent between the orl and water layers If the vertlcal'

permeabrhty 1s less than the honzontal permeabrhty, then the performance WOuld depend on

the actual value Up to a pornt a reducnon in the verncal permeabrhty may not Have a

‘o

nouceable beneﬁcral effect on performance because steam Stlll reaches the water zone.

. S N - eoe, . S C/
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} Thxs was noted in the simulations conducted Figures 6.21 to 6.23 and 6. 41 through 6. 43
show the oxl and water producuon WOR, and oil-steam ratio plots for Runs ABRS7 and -
ABRSIS in which the ve rmeabrhty was reduced by a factor of §, compared to the_

"honzontal perrneabllxty The bottom water zone was one- thrrd and one-fifth of the oil zone,

I pecuvely."r.he perfonnance of these two runs can be compared with that of the base

. Rud ABRSI. Itis seen that the reduced vertical penneability did not help much. The. oil-
steam rato is 0.075 and 0. 092 respectively, compared to 0.25 in the absence of bottom
water. If we compare the performance of ABRSIS (orI steam ratio 0. 092) wuh reduced

. vertical permeability (one-fifth) to that of ABRSS (011 -steam ratio O 113) with equal

“permeabilities in all directions, it is seen that the reduced permeability actually gives a
slrghxly lower oil-steam ratro and oil recovery (in both cases hw/ho =0. 2) Whrle thlS
drfference may not be srgmﬁcam because of numerical. hrmtauons, one possrble explanation
is that the oil drlven into the water zone below (wells are completed in the oil zone only) is

: restricted from ﬂowmg back i into the oil zone due to lower vertcal permeabrhty ‘

-In Run ABRS 16, the vcmcal permeabrhty was reduced by a factor of 10 relauve to
the honzontal permeabllmes (Table C.13). The perforrhanee is clearly xmproved in this .
case (011 -steam ratio 1s 0.627). It seems that the small amount of steam flowing in the
water layer is helpful in conducnve heatmg of the oil zone above SO .ihat the cold oil is
mobilized and dnven efﬁcrently into the producers . o

"In steamfloodmg. the complenon mterval of the steam mjectron wells and _the
producers has an 1mponant’;t‘fect on performance (orl recovery, oil-steam ratio, water-oxl

ratio, etc ). Thrs is so because the vemcal swe' ; arm the ﬂmd and heat dxsmbunons will «

iz

‘depent on the. 1nJecuon/producnon mtervaIS* A ;§

e of rhe steamﬂoods discussed above _

“where bottom water was: not present the ste;rn anCCIIOH and productron wells were " -
"‘»Y’ iy ‘(“ .G

completed in the enure mterval When bottom water was presedt%me wells were ﬁcbompleted
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: $ .
only in the oil zone. Asan example of a different type of completion, Run ABRS1B (Table

C.27) is presented. In this run, there is no bottom water, and the injection well is
completed in the lower part of the formation only In this manper, steam would first heat
the lower part of the formation, then rise, and heat the upper part. In contrast, the i mJectlon
well completlon m Run ABRS1 was across the enttre formation, and as a result, steam
Segregation occurred early during the flood. Frgures 6.44 10 6.46 show the perfor[mance
curves for Run ABRSI1B, and a comparison wrth ths 6.2 10 6.4 shows that injection in

the lower part of the formation did improve oil-steam ratr& (0.39 vs. 0.25), 011 recovery

(1 1% vs. 6. 25%), and WOR. Many other types of completron schemes can be tested: e.g.

‘completton at two points in the oil zone, completron of producers initially in the lower part

of the oil zone, and at a later time over the entire interval (when bottom water is present),

.

injection well completion in the oil zone and completion of producers in the water zone

(case of reverse coning), as well as various partial penetration schemes.

: ]. S .S' ] . .‘.;.l Ell

Many cyclic steam stimulation simulations were carried out to examine the effects of .

 selected variai:les, for the Aberfe}dy' and Cold Lake reservoirs. The main variables in the

cyclic steaming process are: steam slug sizg, steam pressure, qualityv,' injection rate, soak
time, injection interval, wellbore completion, production period well operating conditions,
number of cycles, mcreasmg/decreasmg/constant steam slug sizes for sucteeding cycles,
formanon fractunng, bottom water effects use of additives with steamn, parttal penetration,
etc. A few of these vanables were studted in thrs work.

v Tables 6.3 (a) and (b) summarize the principal results of ‘cyclic steam stimulation
simulations. conducted The run termination criterion was a preset (200 sec) computer nme
Only in a few instances were runs as long as 500 sec conducted

Tables C.14 to C.17 and Figs. 6.47 through 6.58 summarize results of cyclic steam

stimulation simulations for the Aberfeldy formation, for the case of no bottom water. The
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' runs corresp'ond to the conditions given in the' summary T able 6 3. The ﬁrst run employs a
constant steam slug size in each cycle, the second run emplo,ys tncreasmg slugs from cycle |
to cycle, the thtrd run uttltzes decreasmg slugs from cycle, fo cycle, anthhe fourth employs '
long sbak time$ followmg steam tn]ectton Iti is seen that the oxl steam ratio is htghest -
about 0. 15 - in the first cycle In subsequent cycles lt drobs because of. water saturattony
butldup ThlS is expected because the formatlon thtckness is small, so that gravity flow is -
ltmttt‘d Furthermore, after the first cycle, the tnﬂow of cold oil from the cooler pa>ts of the

3 ltrmted by the high oil viscosity.. Thts is evtdenced by the htgh WOR values in -

the first cycle, and in most cases in the secdnd and thxrd cycles At the end of steam

¢

mtectton the water saturatton around the /wellbore is gery htgh causmg the very high
WORs The performance of Run ABC3 (Table C.16, Figs. 6. 53 6.55) is most favourable,
wrth steam slugs decreasmg 18 12, and 6 MBbls in the three cycles The correspondmg
oxl steam ratios aré O. 15, 0.13, and 0 12 respecttvely In Run ABC?2 (Table C,15, ths

6. 50 6 52) the oxl steam rattos are lower for the larger steam slugs used. A long soak time

/

(20 days in; Run ABC4) has a smular undesuable effect, leadmg to a:drop in the oil-steam

_Iatio, possnbly due to coolmg of the oil around the wellbore On the basis of these ltmtted

\

4 results it could be satd that decrea‘s.tng steam slugs in succeedmg cycles are desirable, but

.
the amount of decrease isa factor to be considered, and that long soak time§ cause a drop in

/
!

.
" the onl steam ratto > / {)

The Aberfeldy runs dlscussed in the pre€1ous section were repeated for a bottom '
water one (Rt{ns ABC6 ABC8 ABC9) The results are summanzed 4n Tables C 18 to
C.22, and are plotted in Figs. 6. 59 through 6.73. Iris obv1ous that the performance

, throughout is poorer than in the absence of. bottom watfer, Runs ABCI to 4. The oil- steam .
ratio lS Seen 0 be nearly one-half, or less, of that in the absence of bottom water. The. :

watcr o:l ratios are much htgher two to three tlmes those in the absence of bottom water.

.
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- T 1se

In Run ABC11, in the second cycle (Table ‘C-.21),me WORS' are 200-400 (see Fig. 6.69,

which shows the contrast between the first and second cycle WORs). This is mainly due to

+ amuch larger water zone in this case. At the same time, the steam slug used in the second

cycle is twrce as large as for the first cycle i.e. 36000 bls, which also would increase water
.productron rates, Thls trend is also evrdent from the performances of I'{uns ABC6 and
ABCS8 (Tables C.18 and 19, Figs. 6.60 and 6.63), Where the WOR in the second cycle is
hrgher when a larger volume of steam is injegted. Itis drfﬁcéllt to explain why the WOR in
the second cycle’ of Run ABCS is lower than that in the first cycle of the same run, althOuah
consrderably more steam was 1njected in the second cycle. It'is the result of cd’mplex
interaction of the limited bottom water, conductive heating, and relatwp

. mobility/temperature relatlonshtps The oil-steam ratio in the third cycle shows an

improvement, because the conductiVe heating from the._ water layer to the oil layer above is

starting to take effect. |
Based upon the above, it may beg said, that generally speaking, bottom water is

undesirable in cyclic steaming,-particularly , en the bottom water thickness is large.

Increasin g steam slugs from cycle to cycle may have limited benefits, but itis more likely o
- glve poorer performance than a constant slug. In fact there may be some merit in reducmg
the steam slu g size when b bottom water is present. In all cases simulated, the oil- -steam ratio

was well below the minimum acceptablé value of 0. 10.

Several cyclilcjsteam stimulation simulations were carried out for the Cold Lake
Clearwater formanon three of which (Runs CLC1A, CLCS6A, and CLCllA) are
summanzed in Tables C23 10 C 25 and in ths 6 74 through 6.82. The first run is for
the no~bottom water case, while in the other two runs, bottom water thicknesses one tenth

‘and equal to the oil zone tthknCSSCS are assumed
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. rather poor in view of the htgh oil vrscostty in Cold Lake (125&000 cp) The overall orl-‘

e ste"tm ratio‘is 0. 0147 The heatrng of the formatlon was found to be qutte untform, witha

: hlgher steam saturatlon in the upper part of the formatron The terrmnal orl productton rate_ o

was only 0§5 B,‘ compared to 162 B/D for water.. It should be noted that the cycltcn

steamrng proces that has been relatrvely successful in CoId Lake is a steam fractunng

. based process, ’ hereas in:the present srmulattons umform steam’ advance is' assumed .
. Steam fracrn g heips to spread most of steam away from the wellbore Whlle in the present :
o sxmulauons water saturation butlds up around the wellbore T o

Runs CLC6A and CLCllA were stmﬂar in performance in that the oil- steam ratios

L were. extremely loW (0 0001 and 0. 001 respectrvely, for the ﬁrst cycle) although the

" bottom w)ater thtckness in thc ﬁrst run was much less What these results show is that in -

the case of a very htgh vrscosuy oil, evena small amount of bottom water adversely affects "

'Performance “ S
.The. above results show ﬁrst that the cycltc steatmng performance srmulatron for

Cold Lake where steam pamng is cornmonly used cannot be reahsttcally srmulated by a:

| 196

. non- frac stmulator, such as the present °one and secondly, even small amounts of bottom '

'water arcy‘rkely to lower steam strmulatlon perforrnance greatly for a very hrgh vrscosrty

tton of the srmulators of thé’type developed in thS work is thetr )

An 1mportant
abtlrty to* tnterpret the results of laboratory expenments “In the present work an attempt

-Was made to evaluate a scaled model expertment of steamﬂoodmg, the data for whtch was

."reported by Proctor (1986). A scaled model is based upon scahng cntena denved from the','; B

¥ parttal dtfferentral equattons of the process, in this case, steamfloodmg First, the .

] -nonlmear equanons must be srmplrfred consrderably before scalmg crttena can be denved

s . {
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R ] S ﬁ;y . ,
in order to minimize temperature and concentrauon dependéhce of various properues. and.

second pracncal conmderatrons make 1t dxfﬁcult to satisfy all of the crtten% denved Asa .
- &

result Some of the scalm g cntena must be relaxed The questlon remains what i is the error

, due to neglectmg these cntena" The. steamfloodmg scaling criteria. have been dxséussed by

vanous mvesugators (e. 8. Kimber et al. (1986)) It has been shown that in none of the

. cases consxdered can the scahng cntena be fully satlsﬁed Two drfferent expenmental '

approaches have been employed for steamﬂoodmg expenments Tow pressure models,
where the operatmn is at pressures close to the atmosphenc pressure, and high pre<=ure
models, ‘Where the operanon is close to the ﬁeld condmons Netther approach permuits the
use of the ﬁeld porous media and fluids. (Ktmber et al showed that thts would be feambb
j_only if the model is geometncally dtstorted and other groups relaxed) This is so because _‘
the model permeabthty must be scaled up by the geometric scalmg factor As a result the
model and field relat1ve permeabthues are expected to be different (the end point saturations |

| are dxfferent for example) although these are assumed to be the same, | .
Over25 steamflood sunulauons were carried out to try to srmulate Proctor s Run)lO
: the condmons for whrch are hsted in Table 6. 4 and the productton hxstory for which is
glven in Table 6.5. Flgure 6 83 shows the expenmental and simulated productlon hxstones
'for this run. The history match-runs were designed to match the experintental data without
| '-'maJor adJustments in data. Block size, initial condmons, and transrmssxbtlttles were vaned
in these runs, w1th little success Fmally, only maJor adJustments in the crmcal saturatrons
and transrmssrbxhtles perrmtted the match Shown m-Fxg 6.83. This match could have been
further 1mproved but what is 1mportant is the finding that large adjustments of. ﬁeld relative ., )
' permeablhues are necessary to achleve a match Scaled- model expenments usmg reservoir

porous medra and fluxds are currently in progre\s and it 1s too early to say whether they .

offer a soluuon to this problem.
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., Table 6.4 .
DATA USED FOR ‘THE SIMULATION OF LABORATORY RUN 10

Dimensions of Porous Pack,zft ‘ ' S 2.665 x 2.665

Thickness, ft - 0,208
Initial Oil Saturation, % - ’ < . 70.0
Initial Pressure, psia 10,0
.. 'Permcabnh%' darcy .. o SR 4200
- Porgsity, %' . | > 30.23
Qil Compresmbghty, psi-l o o 0.5 x 10-
Water Compressibility, psi-! = : 03 x 105
Oil Thermal Expansion Coefficient, °F-1 o 0.5 x 10-3
‘Water Thermal Expansion Coefﬁcuent °F L S 0.49 x 10°3
' Rock Compressibility, psi-1 » 1 x 106
Rock Thermal Conductivity, Bru/day- f1-°F - 423
" Thermal Conductivity of Overburden, Btu/day ft-°F _ 35.3
- Rock Matrix Density, 1b/ft3 : 165
Rock Matrix Specific Heat, Bru/lb-°F : _ 0.20
Thermal Diffusivity of Overburden, fi%/day . 0.96
Specific Heat of Oil, Btu/lb-°F . . 050
Oll DenSlty, 1b/ft3 » o oy . o ‘ 58 5 .
Critical Gas Saturation, % . : 100 -
Residual Oil Saturation, % . L : . S 200

Irreducible Water Saturation, % .. | 715

N

Oil Vlsc051ty (011 Faxam- 100)

: lmm_}i T Vlscosxty, cp
33.8 ~ 9256
42.1 . - 4066
59.2 - 653
75.2 S 208
95.0 . 91 .
. 180.7 . 9.4
325 ,. A ' 28
Avg. Steam InJecnon Rate B/D 2.084
. Avg. Steam Injection Pressure, psia - 15.0
Avg. Steam Quahty, % : 90.0 -



Table 6.5 - o
EXPERIMENTAL DATA FOR RUN 10; STEAMFLO®D IN ABERFELDY MODEL

Type of 0il Used : . Faxam-100 (208 mPa ‘s at ’2°C)

Pore Volume - 12700 cm3

Porosity of Bead Pack L ._ 30.23%

‘Hydrocarbon Pore Volume . 11680 cm3

Initial Oil Saturation . 92.00%

Irreducible Water Saturation 8.00%

Initial Model Temperature 4.07°C

Water Feed Flow Rate ) 199.8 cm3/min

Boiler Feed Flow Rate ' 30.3 cm3/mm

Totwal Flow Rate of Steam - . 230.1¢

Volume of Steam Injected 26850 cm3 (2,114 PV)

Volume of 011 Recovered / 3677 cm3 (31.48% OOIP)
. ' - > ’ ‘

‘Cumuldtive * Cumulative Cumulative Cumulatve Oil-Steam
-Total PV TotalPV- . . Oil ol Ratio
~Injected ~ Injected - Produced Produced “(cm3/cm?)

(cm3) (PV) - . (cm3) - (%00IP) -
1100 ' 0.087 540 - 4.62 0.4909
.-2830 0.223. 895 7.66 . 0.2052

.+ 4280 : 0.337 . 1245 10.66 02414

" 6085 0.479 . 1690 - 1447 0.2465
7515 . 0.596 1897 . o 16.24 0.1389
9265 0730 - 2027 : 17.35 0.0769

10760 0.847 2234 1913 0.1385
12550 ‘ 0.988 . 2399 20. C 0092
14240 1.212 2624 o 22.4% 0,133
16050 : 1.264 2749 . 23.54 00

17745 1.397 2859 24 .48 0.0649:
19535 1.538 2998 25.67 00776
21335 o 1.680 3162 27.07 - 0.0911
23135 1.822 - 3304 28.29 0.0789
24030 - + 1.892 3381 - 28.95 0.0860)
24950 1.965 13422 ' 29.30 o 0.0446

26§50 2114 3677 3148 0.1342

100

£199
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In Chapter IV a possil:;le rnoudel"was discussed for 'no',{- Newtonian oils. It has been
claimed from time to nmc that certain Alberta, Saskatchewan and Ve}rezeula oils behave in -
 the non-Newtonian manner In the present work lt is intended to show the effect of such
oil rheology on steamflooding response. Table 66 gives the producnon performance
~summary for a base steamflood (SP1), with no botiom water, er any non- -Newtonian or *
other effects. Thc oil/water production and oil-steam rano plots are given in Flgs 6 84 and-
6.85. The oil recovery at the end of 843.days is seen to be | 2.47%, with a cumulative oil-
steam ratio of 6.413. L | A o ' |
. Table 6.7 gives the production history of the same run, but with the as'sujmbtio‘n that

. the oil is non-Newtonian, with an exponent of 0.9, at all temperatures (Run’SPS). The
effect of Such a?value of,the exponent will be to reduce the oil viscosity by one-half
approximately, at tyoical shear rates involveo. Figures 6.86 and 6.87 gi\)e the production
hxstones and the orl steam ratio for this run. Itis seen that the oil recovery at the same';
steam mjecuon ume is 8.249 versus 4.15% ‘for Newtoman behaviour (626 days) “The
corresponding oil-steam ratios are 0.367 and 0.185, reSpecnvely. The increase in oil
recovery and the oil-steam ratio j5 due to decreased oil viscosity in the non- Newtonian
case. It is important to note that wnhm our assumptxons such a deorease 1s occurnng

- regardless of temper;ture. In other words, the cold oil mobility is increased, and the oil
bchaves' like a less viscous oil, “'al.though in a nonlinear man'ner The observed

: "rmprovements in performance would be obtamed also if the steamflood is carried out in.a

less viscous oil. . . |

In a typical Steamﬂood, oil-water emulsions may form in certain tcmperéturc regions,_
althongh theSC werenot COnsidered in this work. Such emnlsions would behave in a'non-

Newtonian manner. Dependmg on the rheology of such emulsxons, thcyomay not reduce

oil mobrluy, if they are shea:-thmmng Field cxpenence in stcamﬂoodm g shows that

T
AN
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BASE RUN: ABERFELDY U BoTToM WATER) $P1 1
NO FOAM, NO LIPGRADING; NO NON-NEWTONIAN |
INJ. RATE 600 BBLSDAY STEAMFLOQD ,z

. legend' : ‘

T Time, . Davs
(. OPR': Oil Production Rate, Bbls/Day
x‘_‘)’; WPR : Water Production Rate, Bbls/Day
WOR : Cumulative Water-Oil Ratio, Bbl/Bbl
CSI : Cumulative Steam Injected, 10° Bbls
' ORec: Oil Recovery, % ’
OSR-: Cumulative Oil-Steam Ratio, Bbl/Bbl '

T OPR WPR WOR CSI ORec OSR
44 19.3 249 12.80 0.26 0.05 0.032
90 20.1 307 15.20 0.54 0.11 0.033

130 21.4 ,)/363 16.90 0.78 0.16 0.033

174 30.4 7 505 16.60 1.04 0.23 0.036

215 40.1 585 14.60 1.29 0.32 0.041

253 50.6 630 12.40 1:52 0.43 0.047

294 56.9 657 11.50° 1.76 0.56 0.053

331 63.9 671 10.50 1.98 0.69 0.058

. 370 73.9 682 9.23 2.22 0.85 0.064

413 90.4 692 7.66 2.48 1.07 0.072

460 124.0 690 ,5.56 2.76 1.37 0.083

501 ™ 184.0 698 3.79 3.00 . 1.75 0.098

546 292.0 749 2.56 3.27 2.44 0.125

586 . 353.0 989 2,80 3.52 3.19 0.152

626 441.0 1246 2.82 3.76 4.15 0.185

667 474.0 960 2.02 4.00 5.28 0.221

703 542.0 775 1.43 4.22 6.38 0.253

742 '633.0 " 720 1.14 4.45 7.75 0.292

788 737.0 664 0.90 4.73 9.66 0.342

820 860.0 696 0.81 4.92 11.20 0.381

843 1047.0 765 0.73 5.06 12.47 0.413

— —— . —— — o — - - e e e e e e Y, TR e W R e e S e e e W WE e eme S e
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o Table: 6.7 T /
NON-NEWTONIAN RUN: ABERFELDY (NO BOTTOM WATER) SP5
"INJ. RATE 600 BBLS/DAY STEAMFLOOD

- Leg"e‘nd:‘ .
o3
- T Time, Days =~
OPR Oil Production Rate, Bbls/Day
WPR : Water Production Rate, Bbls/Day
WOR : Cumulative Water-Oil Ratio, %bl/ﬂbl )
CSI : Cumulative Steam Injected, 10°Bbls
ORec : Oil Recovery, %
+ OSR : Cumulative Oil-Steam Ratio, Bbl/Bbl

T OPR WPR WOR CSsI ORec OSR
42 _47.0 242 5.13 0.254 ~  0.12 0.0796
99 51.3 310 6.03 0.593 0.29 0.0813

128 54.2 348 6.41 0.770 0.38 0.0830

171 74.5 467 6.27 11027 0.55 0.0894

213 97.6 54] 5.54 1.279 0.77 0.1010

251 123.0 580 4,72 1.509 1.03 0.1140

294 137.0 605 4.41 1.766 1.36 0.1290

330 150.0 515 4.08 1.981 1.67 0.1410

369 169.0 622 3.68 2:216 2.05 0.1550

414 198.0 628 3.18 2.481 254 0.1720

459  246.0 - 630 . 2,56 2.753 3.16 . 0.1920

504 339.0° . 646 1.90 -3.027 3.96 0.2190

546 566.0 850 - 1.50 3.273 7 5,04 0.2580

586 702.0 © 1245 S Wk 3.516 6.61 0.3150

628 634.0 1042 1.64 3.770 8.32 0.3690
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s .
emulsions are not a serious problem. This is not so in fireflooding, where emulsions

. for.med are highly viscous, and as a result, the rheology considered 1}1 the present
simulation does not help much.

Thcrm;ﬁ upgrading was discussed in Chz;ptcr Iv, whéré a mathematical representation
was given of the thermal upgrading process. Using the viscosity model developed, Run
SP3 was carried out. The results were virtually the\ same as that for the base run (Table
6.6), with 0.1% higher oil rec'chry. An examination of the tcmpérature profiles showed
that the reason for no upgrading effect on oil recovery was the fact that the upgfading
process low;:red oil viscosity only in the parts of the reservoir with high temperatures,
where the oil was mobile enough already. Upgrading had no effect on oil viscosity in the

i‘cold parts of the formation where it could have done éﬁrﬁe ngd A second run (SP4) was
carried oﬁt with giightly higher‘_up@rading 'paréméfefs. ’;hé simulation results are
summarized in Table 6.8, and plotted in Figs. 6.88 and 6.89 for this run. There is a small
improverﬁcnt in this case, 'wiQ_oil recovery ihcreasing to 13.02%. _

It can be said that thermal upgrading is not likely to be significant in steamfloods of
short duration, and prior to steam breakthrough. If a steamflood is continued after steam

| brcakthrouégh,' the oil_ar'ound the producers would undergo some thc;,_rmal upgrading leading
to a reduction in viscosity. Also, in long-term projects, utilizing conductive heating of oil,-
thermal upgril?ding wouid be an important factor (e.g. Peace River project). It is thus

desirable to include thermal upgrading effects in a steam injection simulator.
. ) . Ed I

éEQlemmgn

Injection of a therma.lly stable foam prior to steam, or with steam, is being tested in
the field. Foams are kriown to reduce the relative permeability to gas, without affecting il

relative permeability to any appreciable degree. In steam injection, foams are: primarily
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. Table: §, 8 {
UPGRADING RUN: ABERFELDY (NO BOTTOM WATER) SP4
INJ. RATE 600 BBLS/DAY STEAMFLOOD

Legend:
T : Time, Days +-
OPR : Oil Production Rate, Bbls/Day \'\
WPR : Water Production Rate, Bbis/Day ' ‘

' WOR : Cumulative Water-0il Ratio, Bbl/Bbl .
CSI : Curnulative Steam Injected, 10°Bbls
ORec : Oil Recovery, %
OSR : Cumulative Oil-Steam Ratio, Bbl/Bbl

T OPR WPR WOR CSI ORec OSR
44 21.6 248 11.50 0.262 0.06 0.0360
110 23.0 334 14.60  0.661 0.14 0.0367
130 23.8 361 / 15.20 0.781 0.17 0.0372
¥ 172 33.2 498 15.00 1.031 0.25 0.0403
211 42.9 574 \13.40 1.264 0.34 0.0450
258 56.9 628 1M.00 1.547 . 0.49 0.0528 @
295 63.4 652 10.30 1.771 0.62 0.0589
330 70.7 664 9.40 1.978 0.76 0.0845
366 81.1 675 8.33 2.199 0.93 0.0709
418 103.0 686 »  6.64 2.507 1.21 0.0812
458 135.0 684 5.05 2.751 1.51 0.0920
502 206.0 696 3.37 3.014 1.96 0.1090
546 320.0 740 2.31 3.278 2.70 0.1380
585 389.0 991 2.55 3.511. 3.50 0.1670
626 481.0 1244 2.58 13.755 4.58 0.2040
667 506.0 . 952 1.88 4.001 5.78 0.2420
704 574.0 777 1.35 4,222 6.98 0.2770
741 645.0 707 1.10 4.448 8.36 0.8150
792 757.0 656 0.87 4.751 10.48 0.3700
824 885.0 694 - 0.78 4.947 12.08 0.4090
841 1024.0 748 0.73 5.045 13.02 0.4320

- . i — e e - — o — m - o e e e — i — . S P . - - e ww— - — —
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_ being applied as dlverting" or blocking agents, with limited success. In the present work, a

foam is. considered to be a gas (steam) permeability reducmg agent, plus a vrscous matenal '

the v1sCo51ty of which i is shea’r-dependent :The foam model wa&drscusssed in Chapter IV.
E ‘Table 6.9 glves the results for arun, comparable to the base run (Table 6.6), tn whtch foam
was assumed to be mJected The productlon hrstory and the 011 steam ratio plots are gtven

in ths 6 90 and 6 91. Itis seen that foam injection leads to an increase in orl recovery as

well as 011 steam ratio, these bemg 13. 69% and 0.453, respectively, as compared to.

12.47% and O 413 for the base run. The increase is not large consxdermg the additional -

._expense of foam i mJectron Temperature and saturatton profiles show that the foam did

divert the steam into the lower | part of the formation, where a consrde_rable steam'satyration -

develtﬁed. The representa ion of foam in this’ model is not rigorous Very little useable

and consrs.te;ntydata are ava11 le for hrgh temperature foams Qurte apart from that, the

‘ 1nclusron ofa foam breakdown temperature in the srmulator ltrmts the range of effectivenes

of a-foam mJected with steam. *

The use of an addmve gas’ thh steam has been suggested for cycltc steammg |

. operattons The 1njected gas may consist of natural gas, carbon dioxide, or a mixture of

carbon dtoxrde and mtrogen . One long run was carrred out to Stmulate *gas mJectlon

followmg steam mJectton for six cycles. In ﬁhts 51mulat1 Cold Lake data were used

. @ B
with a formauon thtckness of 158 ft.The K values were.a- functton\ of pressure and

temperature Steam was 1njected a rate of 550 B/D for 45 days followmg which natural
gas was 1njected at ¢ a rate of 500 Msci/ ,' for 5 d%ys, before puttmg the well on
“ producuon- 'I'hts was repeated for each of the six cycles The productlon hlstory for the

- sixcycles' is shown in Frg 6.92. The overall oil- steam rattq@vas O 127, whxch is qutte low

' compared to typtcal values in Cold Lake, without the use of a gas [t can be sard that gas’

I

mjectlon with steam does not appear to lead toa 51gn1ﬁcant increase in ,onl-stear@r&tto.

]

. >

@

<



Table 6.9 "
FOAM RUN: ABERFELDY (NO BOTTOM WATER) SP2
INJ. RATE 600 BBLS/DAY STEAMFLOOD

Legend:

T : Time, Days
OPR : Oil Production Rate, Bbls/Day
WPR : Water Production Rate, Bbls/Day '
WOR : Cumulative Water-Oil Ratio, Bbl/Bbl e
CSI : Cumulative Steam Injected, 10° Bbls : Y
ORec : Oil Recovery, %
OSR : Cumulative Qil-Steam Ratio, Bbl/Bb!

T OPR WPR WOR CSlI ORec OSR
5 196 . 28 14.50 0.03 0.01 . 0.032
44 19.4 - 249  12.80 0.26 10.05 0.032
- 90 20.2 301 14.90 - 0.54 0.1 0.033
129 . 216 - 364 16.90 0.78 0.15 0.033°
172 - 305 . 506 16.60 1.03 0.23°7 . 0.037
214 40.1 586  14.60 1.28 0.32 0.041
252 50.8 630 112.40 1.51. 0.43 0.047
293 ¢ 57.1 . 657 11.50 176 0.56 0.053
v 330 64.1 . 671 10.50. 198  0.89 0.059
369 74.0 682 9.21 - 221 . 0.86 .065
412 ©90.5 692 -7.85 2.47 -1.07 072
. 458 . 123.0 691 5.59 . 275, 1.37 083
502 ° 189.0 704 3.73 CoHey . 178 0.009
546 . 293.0 751 2.56 32T 245 0.125
586 353.0° - 988 2.80 - 38397  3.51. - 0.152
626 ..450.0 ~  -1292. = 2.87 375 4177 0.186
667 522.0 1044 2.00 N  4.00 5.37 1 0.224
702 634.0 - 779 1.23 1,421 6.58 - 0.262
742 765.0 690 0.90 - 4.45 8.27 0.311° -
792 872.0 717 0.82 - 4.75 . 10.71 0.377
821 988.0 792 0.80 ¢ 4.93 12.36 0.420

842 9160 .. 634 - 0.69 505 ' 13.69 0.453
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Injection of gas following steam imparts additional productxon energy to the formation,
which helps in 011 production. It should be noted that the use of an additive gas has been
;estcd over the years in Cold Lake. It has been found to be uncconorr\iCal, and is currently

used only in special circumstances.
S Injection Using Partial P .
_ When bottor"n water is present, theré may -be some merit in comfﬂetihg injection
-~ and/or production wells partially into thé formation. In classical reservoir engineering,
‘ p‘artial peneﬁation has been lconsidered for special situations. Flow under pama{
penetratlon is a combination of radial and spherical flow. The latter is undcsuablc. unless
specml‘condm_ons necessitate that_. In steam injection - cyclic and drive - the situation is
complicated by heat injection. -In this study, several runs were carried out to ¢xarhine tﬁc
effect of partial pem;tration on cyclic steamin g and steamflooding resporisc_. Results of two
funs are discussed below: ‘ .
Run ABRS1B employs partial penetration in the absence of bottom water, and is
comparable to Run ABRS1. Steam is injected over the lgwer onc-haif of the formaﬁon,
_while production is from the cnti_re;.irqte/ al. Results for this run are plotted in Figs. 6.44
through 6.46, and are tabulated in Table C.27. Itis seen that the oil-steam ratio and the il
recovery in the partial pengtration case are lower (0.108 vs. 0.250 and 2.72%\vs. 6.25%),A
ata giiren time (700 days). This is dué to the fact that steam initially heats the _ldw'cr part of
the formgtibn,‘ and the oil viscosity is so high”thz'it steam segregation does not become a
'domi}lant feature because the oil mol;ility is too lbw to prorﬁotg downward flow. This |
result is to be expected for a partially penetrating injcctidn well. ‘At long times, however,
oil becomes mobile enough to ﬂow downward, and the production rates incrcasé rapidly. -
For example, the oil recoveryat the end of 1100 days is 15. 22%.
Figures 6.93 to 6.95, and Table C 28 give the producnon histories for a t.hrec-cyclc

simulation of the Aberfeldy reservoxr wuh partial completion (ABC18), whcn bottom
@

?
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water is present. In this case, steam is injected into the top 18 ft. of the 36 ft, formation, ;u .
the base of which there is a water zone, 36 ft. in thickness. The results of tt(s run are
}:omparable to those of Run ABC17. A comparison of all Aberfeldy bottom watcr ¢yclic
stimulation runs ABCS, 8,9, 11, and 17 shows that the oil-steam ratio in all cases is higher
than that in the case of the partial penetration run. The important diffcrcncc is that in the
full mterval completion runs, the water-oil ratios are much higher, e. g. 3 in partial
completion vs. 200-300 in full completion., It carbe concluded that full interval completion
‘may be 'practical only if the pumping capacity is large enough, and large volumes of the
produced water can be handled. -

Pértiglly penetrating cyclic steaming wells do seem to have one advaﬂtage:' they
prevent communication with the bottom water zone, as seen from the lé)w water-oil ratios.
The very high water-oil ratios in the case of the full-interval completions in the bottom
water situation are due to communication of the perforations with the bottom water zone.
On the other hahd, the oil prodﬁction rate in the _pai'tial penetration case is i/cry low. Table
6.3(b) show§ that the oil production rate improves in succeeding cyclés. The water .
".proc‘iuction rates increases also, but the water-oil ratio declines. Possibly, partial
'penetration oil production would become competitive with the oil production of full-intcrvai

completion after many cycles. As such. partial penetration 6ffcrs an interesting option in
' cyclic steaming under bottom water situaﬁoﬁs. Many more simulation studies are needed

for fully evaluating partial penetration as an operating strategy in bottom water situations.

-
Genera]
In stearnr injection operations - both cyclic steaming and steamflooding - sometimes it

is necessary to inject stearn into one or more layers of a thick interval, from a single tubing,

“which is provided with multiple offtakes. In such a case, thc bottomhole steam quality and
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pressure at each offtake point will vary with time. In some cases, the steam inflow ratc' into
each layer would also vary with (ﬁ)mc: These changes in steam quality, pressure, and
possibly rate with time, at each injection point, are of importance in steam injection
processes, especially in steamflooding. Very little field Qork has been done on this
problem. Nothing has been published on the mathematical simulatibn of wcllb?)re steam
flow with multiple offtakes, or steam splitting. In this work, one of the objecti\}es was to
develop a mathéxpatical model of steam injection in the wellbore, tékihg into account the
pressure drop due to varying flow regirr{es, heat loss, and the steam quality. The miodel
considers heat loss to the surrounding media in a n'gouroué manner. o
_.In the followirig, first thc.computed results for steam quality variation with steam

injccti'on4ratc, steam prcésurc and stcam'Spli-tting are discussed. Only one case of steam
spli‘tting (i.e. taking some of the steam off the fubing at intermediate poihts) is considered,

 where one-half of the injected steam is taken off at 1200 ft in a 1500- ft deep well. 'I'ha_f is,
the formation ;hickness is taken to be 300 ft. Other steam splitting ratios could have been

| considered, but it was not done in view of computer time limitations. The results of steam
quality and pressure with time were used fo carfy out a steamflood simﬁlation for the
Aberfcldy reservoir conditions. Résults for the assumption of a constant steam injection |
pressure and quality are compared with those for the steam and pressure and quality input
from the wellbore simulator.

Table 6.10 lists the well data used in the simulations. - §§£

‘Seventy-two runs were carried out for wellbore steam flow, half for no flow
splitting, the other half for flow splitting. The results of the runs for bottomhole quality
and pressure are summarized in Tables 6.11 and 6.12. The data versus depth are given in

Y

Table D.1 through D.24. Sclectd\results are plotted in the following figures.

\

&



Table 6.10
" CONDITIONS USED FOR WELLBORE HEAT LOSS CAL.CU\LATIO\NS

\Pressu‘re at'Surface
Atmospheric Ter.nperarure -
Grid Points in R-Direction
Ratio of Radius of Grid

Time Elapsed

Thermal Conductivity of Annulas
* Emissivity of Tubing

" Density of Annular Fluid
Tolerance of P

Type of Flow ‘

Tubing Insulation.

Type of Ahnylas Fluid

Casing Size '

Tubing Size

Tubing Relative Roughness
Depth

Reservoir Temperature

Grid Points in Z-Direction
Delz

Deltim ' .
Thermal~Conddctivity of Cement
Emissivity of Casing
Viscosity of Anpular Fluid
Tolerance of Q/ -
Borehole Size

Mass Flow Rate

Geothermal Gradient

Thermal Conductivity of Earth
Thermal Diffusivity of Earth
Speéiﬁc Heat of Annular Fluids
Tolerance of U

!

260.0 psia
80.0°F
5
2.5
30.0 days
0.0263
- 0.9000
0.0360 1b/ft3
. 1.00 psia
tion
No
Gas
10.000 inch
8.000 inch
0.00023
1400.0 feet  —
108.0°F
1
140.0 feet
3.0 days
0.5500
0.9000
0.0664 1bmy/ft-hr
0.010
12.000 inch
558000.0 Ib/hr
- 0.020 °F/fr
1.4000
0.9600 ft2/day
0.2475 Btu/1b-°F
0.05 '

[ £9]
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' ol Table: 6.11 = -
WELLBORE STEAM FLOW RUNS SUMMARY )
DEPTH 1500 FT: STEAM OFFTAKE AT 1200 FT; .
- OFFTAKE RATE ONE-HALF FLOW RATE- - . L
. : SURF‘ACE QUALITY 0.80 T

AT Legend : =
RN : WB RUN: NUMDER T
T : Time, Days .
“SR.: Steam Rate, _Bbls/Day '
IP : InJ Pressure,. psia

- .. OR:Offtake Rate, Bbls/Day . =~ .=~
" 8Q: Steam Quality, Frac at 1500 FT ~ . v B
SP : Steam Pressure, psxa at 1500 FT

RN T SR P OR sQ 'SP

1 100 600 1500 "300 0.3298 1799.85

2 300 600 1500 300 0.3454 1800.05

3 500 . 600 - 1500 300 0.3458 = 1800.02

4 700 800 1500 1300 ' 0.3458 - 1800.02-

5 900~ . 600 ™ 1500 - 300 '0.3458 1800.02
.6 1100 600 1500 . 300 - 0.3458 1800:02

700 ..1000°7 - 12000 - 1500 © 600 . 0.5674 1731.56

8. & 300 . 1200 1500 . 600 .- 0.5751 - 1731.06

9 .. 500 1200 © 1500 - 600 " .0.5753 | 1731.05

10 -~ <. 700 1200 " 1500 . 600 ©0.5758 1731.05

11 - 900 - 1200 1500 600 . 0.5753 "1731.05

12 . 1100 1200 - . 1500 - © 600 . 0.5753 ' 1731.05

13 . - 100. . 1800 . 1500 900 - 0.6453 169940
14 300 . 1800 ‘1500. © © 900 . - 0.6505 1698.93

15 500 | 1800 1500 900 0.6506  1698.92
16 700 18000 1500 % . 900 0.6506 1698.92
17, - .900 1800 1500 900 « 0.6506. - 1698.92

18, 1100 . 1800 1500 .900 .  0.8506 1698.92"

19 100 600 . 1500 0 T 0 04779 1774.34

20 300 600" 1500 0 0.4897  1773.28

21 500 600 . 1500 0 .0.4900 177325 .
22 700 600, 1500 0 0.4900. - 1773.25 - ¥
23 900 600 1500 0 0.4900  '1773.25 °
24 1100 600 1500 .0 . 0.4900 . 1773.25

5 100 1200 1500 0 0.6402 . 1707.33 .

26 300 1200  -1500 0 0.6460 - -1706.96

27 500 . 1200 1500 0 0.6461 1706.95
28 _.700 1200 1500 0 - 0.6461  1706.95 -
29 - 900 1200 , 1500 0 0.6461 " 1706.95

30 1100 .1200. © 1500 0 - 0.6461°  1706.95 apud -
31 100 1800 1500 0 . 0.6934 . 1679.69 #¥ . . .
32 300 1800 1500 0 ' 06972 1679.49

33 500 * 1800 1500 0 0.6973 . 1679.49 "

34 700 1800 1500 0+, 0.6973 ' 1679.49

35 900 1800 1500 *0  0.6973 1679.49

36 1100 1800 1500 0

- 0.6973 . - 1679.49




Table 6 ‘]2

DEPTH 1500 FT: STEAM OFFTAKE AT 1200 FT;
' OFFTAKE RATE ONE-HALF ELOW RATE
- SURFACE QUALITY 0. 80

ST Legend ) '

~ RN : WB RUN NUMBER -

' T : Time, Days )

SR : Steam Rate, Bbls/Day

"~ IP : Inj. Pressure, psia
o OR : Offtake Rate, Bbls/Day .
SQ : Steam Quality, Frac at 1500 FT
SP : Stéam Pressure, psia at 1500 FT

RN T SR IP OR ~ Sy

750 300" 0.4603

;750 300 0.4714

750 300 0.4716

750 300 0.4716

750 300 0.4716

750 300 - 0.4716

1750 600 0.6322

750 800 0.6375

750 600 0.6376

' 750 600 0.6376

750 600 0.6376

750 600 - 0.6376

750 900 0.6878

750 900 0.6913

e 750 900~ ! . 0.6914

750 900 0.6914

750 900 . 0.6914

750 900 0.6914

. 150 0. 0.5672

B 750 0’ 0.5753

159 0 0.5755

750 0 0.5755

750 * 0 0.5755

750 0 0.5755

750 0 0.6838

750 0 0.6878

> 150 0 0.6879

750 2 0 0.6879

750 - 0 0.6879

750 0 0.6879

750 0, 0.7218

750 0 0.7244

750 0 . 0.7244

. 18( 750 0. 0.7244

71, 900 T 1800 . 750 0 . 07244

73 41100 1800 . 750 0 0.7244
RN R TN g Jm=

WELLBORE STEAM.FLOW RUNS SUMMARY .

>

"1000.17

999.3.1
999.20 -
999.29
999.29
999.29 -
.936.22
935.93
1935.92
935.02
935,92
935.92
- 910.38.
910.24
910.23
910.23
910.23
910.23 -
970.33
969.68
" 969.67
969.67
- 969.67 .
969.67 - &
915.68 :
915,49
915.49
915.49 .
915.49
- 915.49 '
. 895.100 . -

‘8‘95‘.00‘ o w

.895.00
' 895.00

89500 v

‘89'5.00
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thures 6.96 through 6.101 show steam quahty ,tversus depth for i ijC{lon time of
o | 100, 300, 500, 700, 900, and 1100 days respectwely In each figure, quahty is plotted'
h for steam injection rates of 600 1200, and 1800 B/D; for‘each rate there are two branches
‘. . | one for zero offtake and the other one for one-half steam offtake at 1200 ft It is seen that},
| the steam quahty below the point of offtake is consxderably lower than that in the absence ,
‘ of offtake. Furthennore the relanve quality drop becomes smaller as the steam tnjectxon
- rate increases. ’The plots for different times show that thts trend persists, however, steam |
: quality‘ at all plo'mts increagts with‘tirne The reason for this behaviour is that 'when steam is
taken off at a pamcular Ztnt in the wellbore the remammg steam ﬂows at a reduced -
velocxty, ‘with approxtmately the ¢ same temperature Thus the heat loss rate wh1ch 1s ,-

dependent on temperature is nearly the same, and it now acts on a reduced steam flow rate

resultmg in a consrderable qualtty dropy” The snuauon"ts more complex because steam

pressure is also changlng, caus?ng a change in temperature, but this effect 1s not as-
| important as the change in the steam flow, i.e. heat flow rate. It can be expected that at
o htgher steam flow rates, the relative heat flow is mcreased and hence the above effehcts are |
} " less i 1mportant as  the curves in Fig. 6. 96 through 6 101 show It can bwconcluded that the
steam quality is 11ker to drop below the point of,offtake ina multxple” layer steam injection

well The amount of drop will depend on the stedm injection rate, tﬁE‘steam offtake rate

~.

and steam pressure Other vanables of i 1mportance not exarmne;l in thts work are the type
of well complenon heat loss reductlon “techmque used chggactertstrcs of the surroundmg'

' rocks, and the effect ofa ﬂwd hﬁ the wellbore Wthh would also tend to Testrict the

Vi umfonn dtstnbugon of steam ove“ﬂte injection mte;'val
‘1 s Q o

Nt

; .\‘}‘i“ E

Flgures 6.102 through 6.107 show graphs of steam pressure Versus de;@for times
| o . of 300 500, 7QO 900 and llOO days, reSpectrvely In each case, three curves are,
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o . 1
: !
#one correspondmg to a zero offtake, the other one correSpondmg to the »te that is
- one- half of the steam rate. Itis seen that in all cases,‘the team pressures ‘

the offtake ‘
pomt (1200 ft) are hrgher than thoseé i in the absence;of of take This ts,due to the fact that )
* steam quality decreases below the offtake pomt (as shown\ in the prevrous secuon), leading
to an increase in the hydrostatxc head Wh-lCh causes an, tndrease in Steam pressure ’I'hts is
| further nelped by the reduced fnctronal pressure drop due to the reduced velocuy of steam
' below the offtake pomt Thrs effect becomes Iess impo \ant as the steam injgctionerate
mcreasés Inan amual mululayer m_]ecuon operatlon the srtuatlon would be mor complex
- than the one descrlbed here The increased steam pressure enpected below the offtake pomt
, ‘;“W‘u lead to an increase in the steam flow rate below the o;fftake point wrth time. Asa
result, it is possrble that the steam ﬂow rate at the mtemledrate offtake ‘point would continue
to drop\wrth time, and eventually reach some equtlrbrtum vaIue dlfferent from the design
' ~rate ‘It may be 90}oéluded that steam mJectJon wells with multrple offtakes can be dtfﬁcult' |
fto control as far as the steam mﬂow into 1nd1v1dual layers is concemed -
thures 6. 108 and 6 1(‘)9 summanze the results for bottomhole (1500 ft) steam
qualtty, for oftzstgke at 1200 ft, and for the two steam, mJectlon pressures consrdered (1500.
and 750 psia). Agam it 1s seen that the bottomhole quahttes are lower whén there is. steam
. offtake But the difference between the curves for increasing steam mjectton rates; or 3
mcreasmg steam ‘mjectlon pres'sures decreases for re;sons given above. It i§ evrdent thatv
the effect of offtake cxammed here is 1mportant ‘and should he taken into account Steam
N mJectlon srmulatlons camed out at the present t1me neglect steam qualtty changes in

N

multtlaye mjectton

o

r Dt

surroundmg the wellbore when multlple steam offtakes are emplgyed lt 1s recalled that in

the present work, the temperature dtstnbutlon in the surroundmg formatlon wa /calculated

N Sy e L :
T

-
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by the solunon of the radial heat ﬂow equation. It is thus expected that the temperature
distribution in the formatlon will depend on the steam’ temperature in the wellbore “The
temperature dlstnbunon was found to be relatxvely msensmve o offtake and depends more

on the lnjCCIlOﬂ ume) Frgure 110 shows the temperature dlStl‘lbu[lOl’l at a depth of 1200 ft at

iwo drfferentnmes : . ' S

H
a,

Eff;gt of ym ing Stgam' n_Quality and Pressure én Steamflood Performance
0\

Given a-wellbore.rhodel sugg%s devel”oped hete, it is possxble to carry out a w1de '

: )
variety of coupled welfbore reservorr studres For the purpose of showing the effect of

' varyrng steam *Quallty across the injection mterval one sxmulanon of the Aberfeldv
reservoir was carrred out, Where the wellbore steam quahty and pressure for the 750 psia

steam injection pressure and 600 B/D steam mjectron rate_(CWE) hxstory discussed above

.,

- was used as a functlon of time. The remammg data were the same as ‘( ed i in the steam

. . . >

e _runs drscussed prevrously 12‘

9

Frgures 6. 11 1 through 6 118 show the orl/water productlon rates, water-orl rauo and

‘mulatlve oil-steam ratro, and 011 reco ery, respectwely, all versus cumulatrve steam

inje ted, for the case@f a umform steam pressure and quahty, and for varlable values. The

- det led productron htstones are shown inT ables 6. 13 and 6. 14 respectlvely It is seen,
.hat the oil recovery is hxgher (42% vs. 28%) in the case of the uniform steam quality and

| h layers aswell as ln timé)‘than' that in the more realistic case. The main

the latter:‘case less dry steam is bemg ln_]CCth in the lower part of the ‘

J

‘ formatron However the ‘pressure 1s higher, and more hot water is gomg into the lower
4 .
: ‘layer On the‘ wholethcan_be said that the assumptron of a constant. steam quahty overa

multrple offtake i 1njecnon tubing’ would grve optmistic estlmates of oil recovery
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C e : ' Table: 6.13, - : N
- ABRWBO SPEC RUN WELLBORE ABERFELDY CONST QLTY P
- ., ~ . 'NO BOTTOM WATDR :
#U b ' i * \
N . - e Legend . ,
; R Tn”@ Days ‘ f
( S OPR 0il Production Rate, Bols/Day ’ .
AT . WPR : Water Production Rate, Bbls/Day ‘
o ;o * WOR : Cymulative Water-0il Ratio, Bhi/Bbl e o,
CSI : Cumulative Steam Injected, 10°Bpls o
' +  ORec : Qil Recovery; %.
- ' OSR Cumulatxve Oll-Steam R&po Bbl/Bbl g
T . OPR. . WPR . WOR . CSL ' ORe  OSR
130191 .- 12.44 0,079 0:002 . 0.0319
' 668 20.9 17.46 4.012 0.128 0.0348
1158 24.0 1. 20.86 6.949 0.226 0.0355
1473 27.2 20.98 '8.840 0.301 - %0.0872
1950 31.4 19.28  11.703 0.430 0.0401
2553, 40.0 14.73  15.322 0.628 0.0447
3230 - 62.1 9.92 19.437 0.947°  0.0532
3725 7 86.2 6.49 22.355 1.282 0.0627
4011 1113 4.81 24.069 1.544 0.0701
4603.. . 180.6 3.19 - 27.621 2.383 0.0942
5061 - Q171 2,57 30.366 3.229 0.1162
- 5561 ,273.1 1.94 33.366 4367 ' 0.1430
. . 6061 ~380.3 1.42 ° 36.366 5.879 0.1766
6558. - 761.1 0.81 39:351 8.412 . 0.2335
7069, -885.9 0.90 - .42.413 12,339 0.3178
7495 . 716.7 0.95  44.970. 15417 0.3745
7988 - '1010.3 0.91 © " 47.931 18.981° © . 0.4326
8544 - 1588.7 1.18° -.51.265 - 2f.202 - .'0.5796
9014 1746.5 ' 0.82 54085 33.035 .0,6672
U 9s29 0 1210.7 <224 57.179 - 41.283 ~  0.7887 -
9967 . ¢ 663.4 2.94 59.807 . 44, 891_/ 0:8200
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ABRWBI SPE(‘ RUN FOR WELLBORE ABERFELDY; VAIUABLD QLTY P

o NO BO'I‘TOM WA'I‘ER
. Legex_td:
T Time, Days

OPR :'Oil Productian Rate%blsmay
WPR @ Water- Production Rate, Bbls/Day

WOR : Cumulative Water-0il Ratio, BbI/Bbl . - .
~ CSI : Cumulative Steam Injected, 10°Bbls ' , o
‘ " ORec¢ : Oil Recovery, % e K
- © OSR Cumulatlve Oil-Steam Ratio, Bbl/Bbl EARRE Y
. o e
©T OPR W'PR‘ | WOR  CsI ORes OSR . #7
—-———-— ——————— r————~"’—”~———j———u ————— T TS T e — = s e —
- 13 19.1 ©  -.238 . 12.44 0.080 0.002 0.0638
779 £19.2 4 263  13.68  %4.676 0.143 0.0670
1279 17.9° © 262 . 14.63  7.678 0.227  .0.0847 -
1779. ¥180 v -258.  .14.27 10.676 0.310 -0.0833 ..
2279 . 1§:4 278 15,07 13.676 - 0.393 .0.0628 L )
2779 19.2 292" ¢« 15.18 16.676 0,479 0.0628 .
3181 20.5 L2970 14.46 19.088 0.553 0.0633
3512 22.2 v 295 - 13,27 21.0%6 0.618  0.0641"
3896 25.3 290 11.45 = +23.378 0.702 0.0656
4317 3L.1. 285 . 9.14 25.906 . 0.812  0.0685
4809 46.3 . 291 ~6.28 ' 28.854  0.988 00748
. 5309 65.1 . 303 ' . 4.64 spﬁ o 1.247 .0.0856. -, -
5697 915 & 294»#»% 3.21 ﬁ P 1536, r0.0981° '
6147 127.0 "% 293 2:31¢ L. 196 T ¥o11s2 o
6647 192.9 . 262 . 1.36 '%30.882 . '2.742 0, 1502
7147 3548 296- & 0.83 42.882 - 74.004 ' - ,‘0.2040 »
7505 574:5 402 0.70 45.028 5659 0.2746
8026 653.5 5170, ©-0.87 -  48.160 - - ‘8.859 0.4019
8474 ' 6053 4 W23 v 070 50.846  11.385 0.4892"
9038 %" 721.1 " 407 0.56 54.232 - 14.752 ' 0.5943.
19473 -1 2026.2 . 966 0.48 °  56.840 19.781 0.7604 °
9948 1804.4 . 1199 0.66 - /59.688 = 28.13§ 1.0299 "~/ o
e e e e e e i e i e ki e e e e Y e e e e e g o e e dm - gt —— { :
! - AS .. - ‘} o
g<' f o e . ¢ ‘
, os . - . o ‘ Lo :
e % T ,
N ’ a ; e
. e o
. F . B )

L —

B ":2 s 3 LN




“ . "

ChapterVII' B = =

NS T CONCLUSLONS o e

)

Thrs mvestxgatron presentgd srmulauons of steam ll’l]GCthﬂ processes with a number .

of novel features. The model exammed such phenomena as thermal upgradmg, non- ’

Newtoman 011 rheology and stearn-foam 1ﬂ_]CCthﬂ in the context of steamfloodmg The

' '2., Thermal upgradmg, non—Newtoman 01,1 rheqlogy, and foam. ﬂow are mecessmly .

1mportant problem of Steamfloodmg and cychc steaxmng bottom water reservmrs was
:mvestxgated for the first time. Another contnbutlon of thls work is the Study of wellbore -

‘steam flow, consrdermg pressure amd ternperature changes, along wrth the prevalhng flow

-reg1me when steam 1s taken off the tubmg at more than one pomt The resultmg steam ’

: ;pressure and quallty vanatlons were employed in steamflood sxmulanoﬁs W1th1n the

1

framework of thxs study, the followmg conclusmns were reached

1. The steam injection simulators developed can-be used to simulate stea'mfloo'ding,

cychgsteam stlmulatlon in threc dlmens1ons, mcludmg effects. such as thermal ,

.

upgradmg’ orl non Newtoman orl rheology, and i mjecuon of a steam—based foarn

-4

A wellbore s1mulator can be used to: s‘hznulate steam pressure and quality changes .

when multlple steam offtakes WOyedgn th1ck formatxons

v {

1mportant processes in st nJecnon ‘but. should mﬁcluded in. any sunulatzc.,.. -

L &
- ‘I'h'ls observanon is based upon rather few sxmulatlons and approxlmate

1

. & =
' preseﬁtauons of these processes Thermal upgradmg is effectlve in only the hlgh

\

temperature regtons of a steamﬂood over Tong penods Non-Newton_lan oil . -

behavrour (m this casc, shear-thlmung) wrll affect oil v1scosu! over theenti-réf3

*ear-mvanant. Foam mJectmn with steam was only a httle more effectwe than steam

alone, within the frame\i'ork of the foam ngodel used in thls work

»

* Teservoir, leadmg to an mcrease 1n orl recovery over the case where the oil wscosrty is 4
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In bottom water reservonrs, many factors affect steamflood and cycltc steammg

perfon'nme, the most 1mportant “of which are: bottom water zone thickness, tts onl

‘saturauon vertical and horlzonta.l permeabtlmes and compleuon mtewal Verttcal

permeablltty makes a dxfference when it is one-tenth, or less of the honzontal higher

values do not seem to ;nake much dxfference in performance A moblle oil saturation

in the bottom water zone, even though it may be low, .can make a bottom water type '

heavy oil reservotr more attractive for steamﬂoodmg

\4,- \ . o : . . )
. . \ . X :

water-oil ratio.

If steam is taken o f an mjectxon tubj gat more than .one pomt the steam qualtty at
the lower p01 ts.will be continue to drop The extent of quallty drop depends on the"
steam offtake rates, steam pressure surface quallty, and ttme At a gtven offtake.

'pomt in the tubing, ‘the steam qualtty tends to stabtllze w1th tlme Assummg a.

sunulatlon can lead to opmmsnc oil recovery. estimates, compared to a more realxstxc

_ smulanon as done in the present studv w1th the steam qualtty and pressure varymg

m ume at each layer, with the offtake rates

-

Hlstory matahmg of a scaled laboratory expenment of steamfloodtng showed that -

considerable adjuwnts in the "ﬁeld" relatxve permeabtlmes must be made to obtam

RNV o
A

7
i

.\ .{

c *‘07{-

3 constant st&m quahty for two, or more Iayers as is:the current practice in steam '
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Simulatlon Results Fgr Run ABRS 1 (No ‘m Water)

Table. C. 1

.(ABERFELDY)

T : Time, Days

_ OPR: Oil Production Rate, Bbls/Day
WPR : Water Production Rate, Bbls/Day
“WOR : Cumulative Water-0il Ratio, Bbl/Bbl
CSI : Cumulative Steam Injected, Bbls.

OSR : Cumulative Oil-Steam Ratio, Bbl/Bbl

a N
N ’ ~TN ‘

/ : L L

T . OPR

44.1 '19.39
72.4 19.74
110.2 20.67
. 159.5 27.52
201.8 36.50
, 241.2 49.14
" 275.7 53.91
318.9  61.44
363.0- 71.94
ya 397.2 . 83.58
e 438.6  _ . 105.51
;, 483.0 154.13
—515.3 218.08
559.8 292.39
roay 599.7 - 391.77
PR 640.8 453.14
. 679.3, 495.10
720.9 .582.36
. 758.1 657.15
802.9 788.31
840.3 1009.93

1129.33

1171.98
872.89

747.13
670.27
671.95
746.02

95686-
121107

144715
165401
191342
217825
238314

263184,

289789

309163

335913
359838

. 384507
" 4Q7573
., 432567
T . 454874

481723
504158

0.0778
0.1047
0.1339
0.1626
0.1983
0.2315
0.2701

. 0.3082
0.3592

1 3 93 6. \\\54092
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e

- : 'Pable' C.2 o
Slmulatlon Results For Run ABRS 2 < Bottom Water . .-
(ABERFELDY) ’ . oo
) Legend: o
* T: Tlme\ Days, L ‘
o OPR[ Oil Production Rate, Bbls/Day : N
v WPR{Water Production Rate, Bblg/Day . f
. WOR : Cumulative Water-0il Kano Bbl/Bbl -
- CSI: Cumulative Steam Injected, Bbls; S
OSR : Cumulanve, Oll-Steam R.auo. Bbl/Bbl
LT OPR WPR . WOR . cs1
58.2 8.90 . 61.09 6.86 34938 - 0.0152
110.3 . 896 - 17173 § 19.17 ¢ - 66199 - 0.0151
173.2 12,59 4 279.93 . .22.23 13926 0.0163 i
225.7 - 15.48. +362.63 " 23.42 135427 0.0181 o
265.7 17.39 419.31 - - 24.11 169427 0.0197 .
325.7 19.92 493.72 24.78° + 195427 . 0.0219
.385.7 22.19.  555.73 25.05 231427 0.0241
445.7 T 24.34 . 606.62 0 24.92 267427 0.0261
485.7 25.79- 635.25 24.63 291427 ° 0.0275
545.7 - 28,12  B71.61 23.88 327427 0.0294
-605.7 30.85 701.57 . 22.74 363427  0.0315
659.8 - 34.51 742.41 21.51 395888  0.0334
- 719.1 40.39 802.80 - 19.87 431452 0.0358
769.3 45.83 818.61 17.86 461611  0.0383 ‘ '
829.3 52.80 830.69 15.73 | 497611 £ 0.0417 - .
- 889.3. 53.34 - 832,59 15.61 . 533611 0.0448
929.3 \ 53.70 830.37 15.46 557611 0.0468
©989.3 54.69 830.39 15.18 ,° ., 593611 0.0494
1045.6 56.07 832.00 14.84 627339 0.0517

1100.0 66.88 1016.96 15.20 .. 660000 0.0542
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. -
] & '
- ' Table: C.3 ! ~
ulation Results For Run ABRS 3 (No Bottom Water) : s
(ABERFELDY) ‘
. , Lecand: "
. e, Days
'OPR : Oil Product\\ Rate, Bbls/Day
° . WPR : Water Production Rate, Bbls/Dax.
WOR : Cumulative Water-Oil Ratio, Bbl/Bbl
CSI : Cumulative Steam Injected, Bbls
OSR : Cumulaiwe Oll—Steam Ratio, BbU/Bbl
T OPR’ WPR WOR (o) OSR
_________ S
57.5 19.50 13.04 34514 0.0324
100.7 20.34 31% 08 15.24 60399 *0.0328
160.7 25.64 429,55 16.75 - 96399 0.0348
221.9 © 39.66 . 562.33 14.18 ___ 133138 0.0408
281.8 52.10 - 831,96 12.13 169060 0.0494
324.2 58.74  661.51 11.26 194500 0.0552
387.0 72.72 ' ,685.67 9.43 232198 0.0642
440.6 93.58 6986.53 - T7.44 . 264387 - 0.0733 °
498.0 145.08 696.99 4.80 298816 . 0.0878
544.0 245.00 712.40 2.91° 326410 - 0.1088
608.3 . 249.05 699.98 - 2.81 . 364982 0.1405
657.9 - 277.49 721.62 2.60 394728 - 0.1634
715.3 323.78 691.44 2.14 429155 0.1909

769.3 558.73 . 987.30 1.77 . 461566 = 0.2266
825.3 . 849.51 ;} 1083.01 1.27 495211 0.2935
- 881.2 786.55 ©.743.81 0.95 528696 0.3732
T 935.3 702.34 " 657.65 0.94 561213 0.4183
989.8 - 792.09 *661.19 0.84 593882 .0.4658
1045.4 938.10 524.76 . 0.56 © 627264 0.5176

'1100.0° 1578.38 1237.53 0.78 . 660000 0.5915



Table. c.4

v (ABERFELDY)

\

Legend: v

T: Time, Déys .

il Production Rate, Bbls/Day
tion Rate, Bbls/Day

i

L y Slmulatlon Qesults For Run ABRS 4 (No “Bottom Water)

Ve Water-Oil Ratio, Bbl/Bbl *

:.Cumulative Steam Injected, Bbls

e . o e = wn . . e e G w— e e

16.14
20.58 ~
. 21.40
L 20.22
L 17.22
' 13.90
12.15
10.41.
. 8.68
6.37
4,19
2.56
1.97
1.78
1.57
1.26
1.18
1.17
1.08

1.10

— e Wi — - . = - E G EE . Sma et - G e S e e . . e o e e S - - —— —— —

146468

191254
241780
288598

. 340739

383611
432352
479072
525347
575374
623202.
669347
716472,
765115
817738
863308
911195
936935

OPR : Oil'] i
WPR :\Water Pro
'WOR :ljum
CSI
. OSR : Cumulative Oil-Steam Ratio, Bbl/Bb! _
T OPR WPR
42.1 19.60 316.43
77.9 31.36 645.38
122.0 45.02 1 963.51
159.4° 55.71 1126.44
201.5 71.43 1230.22
, 240.5 92.49 1285:60
283.9 106.92 1299.10
319.7 . 124.32 1293.96
360.3 - 182.41 1582.91
399.2 281.92 1796.82
437.8 358.56 1501.81
479.5 524,17 1339.84
519.3 720.12 1417.76
557.8 737.30 1316.03
597.1 777.80 1219.63
637.6 863.08° _ 1087.38
681.4 - 969.37 .~ 1146.21
719.4 . 1096.35 1286.48
- 759.3 1154.36 1241.38
780.8 118%.55 1298.50

0.1147
0.1483
0.1800
0.2098
0.2402
0.2743
0.3052

215
‘5 .

oy
“

0.3395 - -

0.3566



Legend:

Table: C.5
Simulat:on Results For Run ABRS §

(ABERFELDY)

T: Tlme Days

G’R Oil Production Rate, Bbis/Day.
- WPR : Water Production’ Rate, Bbls/Day
WOR : Cumulative Water-0Oil Ratio, BbU/Bbl
CSI : Cumulative Steam Injected, Bbls

B%om Water

OSR : Cumulative Oil-Steam Ratio, Bbl/Bbl

S A e TR e mem T G e e S e Sn e e i i e e e e e e e . o ot o e v w— aee we m— o

- T OPR - WPR
37.6 9.38 102.26
75.1 9.37 174.84

107.4 12.78 263.19
138.9 15.82 341.47
177.6 19.25, 427.93
209.5 22.04 491.06
248.2 25.70 558.66
288.2 30.33 620.33
315.9 - 34.44 659.43
347.2 41.04 710.97
387.8 55.19 768.41
423.7 61.00 806.97
461.8 - 65.90 839.68
485.7 69.70 860.74
528:8 78.73 901.05
560.2 87.93 931.53
596.0 136.33 1384.36
- 630.37 192.01 1595.79
'664.7 261.02 1474.04
689.2 450.65 1635.21

106553
125685
148905
172905
189535
208309
232697
254250
277065
201414
317291
336105
357590

. 378176

398817
413546

0.0633
0.0704
0.0815
0.0969

0.1134

A wm  w —  — —— dm  —— - — . S o W — o - e v —— | ——, - v — - — a - - ——
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—  Table: C.6 .
Sivrulation Results For Run ABRS 8 Bottom Water
' (ABERFELDY) :

Legend:

T : Time, Days \
‘OPR : Qil Production Rate, Bbls/Day
c. WPR : Water Production Rate, Bbls/Dav
WOR : Cumulativé Water-Oil Ratio, Bbl/Bbl
. CSI: Cumulative Steam Injected, Bbls
OSR : Cumulative Oil-Steam Ratio, Bbl/Bbl

T OPR WPR WOR - o OSR
24.3 9.46 104.68 11.07 14611 0.0158
54.1 9.43 137.75 14.60 32470 0.0158 '
80.3 10.08 193.87 19.23 48172 0.0159
102.7 13.10 | 265.75 20.28 61640 0.0169
121.4 15.22 317.08 20.83 72853 0.0181
153.8 18.78 400.47 21.30 92267 0.0204
179.5 2169 461.34 S 21.27 107715 0.0225
194.2 23.46 493.82 21.05- .. 116501 0.0238 -
2285 28.26 564.48 19.97 137097 0.0270
248.5 31.81° 602.74 18.95 149097 0.0290
268.5 36.30 639.48 17.62 161097 - 0.0314
299.2 46.11 691.95 15.00 179549 0.0356
323.7 57.67 736.75 12.77 . 194233 0.0395
353.5 . 62.66 779.57 12.44 212103  ~ 0.0447
374.3 66.78 809.13 12.11 224581 0.0483
399.4 . 72.82 843.46 11.58 . 239657 0.0527
423.0 80.00 876.86 10.96 253829 0.0571 " |
448.8 90.04 | 912.44 10.13 269290 0.0620
475.6 '103.73 936.48 9.03 285383 0.0677
500.1 163.04 1361.15 8.35 300072 - 0.0751

525.2 246.88 1602.98 6.49 . 315107 0.0878

e S e e e e o e R e e e e S e e S e . e e e e o S e . we Sm o ee - - —— — — -



Fable: ¢.7°
Simulation Results For Run ABRS 7 Bottom Water
| "~ (ABERFELDY)

Legend:

T : Time, Days
OPR : Oil Production Rate, Bbls/Day
' WPR : Water Production Rate, Bbls/Day
~ - WOR : Cumulative Water-0il Ratio, Bbl/Bbl
CSI : Cumulative Steam [njected, Bbls
OSR : Cumulative Oil-Steal Ratio, Bbl/Bbl

T OPR WPR WOR Csl
3.1 9.35 98.54 10.54 23468
78.0 9.32 174.93 18.76 46827
122.3 13.60 287.50 21.14 73397
) 157.9 16.63 368. 22.18 94739
202.6 20.04 457.92 22.85 121576
240.6° . 22.86 532.09 20,88 144385
280.6 | 26.03 582.64 22.38 168385
320.6 . 29.77 634.59 21.32 192385
360.4 34.46 680.37 / 19.75 216222
©397.0 . 429 760.87 17.99 238233
435.9 52.75 795.96 15.09 261525
479.5 60.05 826.17 13.76 287715
519.3 63.75 853,25 © 13.38 311562
559.0 "~ 68.55 881.23 12.86 335407
599.8 75.10 910.64 12.13 359888
640.7 88.87 ©1009.91 11.36 384428
. 68798 130.50 ' 1402.22 _ . 10.75 407867
719.7 169.37 1494.25 V882 .. 431830
760.5 214.39 1348.68 6.29 456314

— e e e e e e e e e e G e e e e G v G e e e T w mm e e e e - - e - -

0.0219
0.0243
0.0268
0.0295

0.0322_
0.0353

0.0393
0.0446
0.0491
0.0535
0.0581
0.0629
0.0699
0.0799
0.0928

278



o o ; Table: C.3 '
i . Slmulatlon Results For Run ABRS '8 (No Bot:tom Water)
: (ABERFELDY) '
Legend
©el o T Tlme, Days
v OPR il Production Rate, Bblstay
-  WPR : Water Production Rate, Bbls/Day
. WOR : Cumulative Water-Qil Ratio, Bbl/Bbl
- CSI: Cumulative Steant Injected, Bbls
« o OSR Cumulative Oil-Steam Ratlo, Bbl/Bbl
K FARE L] L
. T ~OPR WPR WOR
' 38.5 . 33.52  461.44 13.77
79.5 47.18 §26 17 17.51
117.1 57.06 1027.66 18.01.
159.8 -69.98 '1148.05 16.40
- 199.0 - 88.09 .1199.65 13.62
238.9 115.56 1231.61 10.66
~ 2767 132.21 £ 1237.83 - 9.36
320.8 159.86 1224.63 . 7.66
3551 195.73 . 1172.44 5.99
400.0 305.45 1414.04 4.63
440.0 458.05 '/ " '1756.07 3.83.
481.4 693.93 . - 1631.70 2.35
519.1 841.99 -  1517.09 1.80.
563.1 845.10 - 1322.64 ‘ 1.56
600.4 873.02 1223.21 . = 1.40
637.8 . 938.16 - '10886.45 .- 116
. 680:.1 ~1035.87 1143.88° 110
719.2 11%3.53 1263.57 . L10
‘ 119313 1236.52' - L

46160
-~ 95440
1@&531

191828
1238788

286652

332013
. 385019
426088
479954

528015

1577728
622967"

675732
720464
765406

T 816144

863073

‘ 914810

- 0.0216

.0.0284
0.0335°
0.0389 .

*0.0442
> 0.0514
~0.0586
"0.0675

0.0757

0.0900"

©0.1110

©0,1420°

0.1816
0.2222

0.2529°
0.2825.

0.3163
0.3487
0 8301

279 -
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Y
; Table.CQ e e g
&mulatlon Resultg For Run ABRS 9 Bottom Water
‘ (ABERFELDY) '
4 Idegend:
i
: T : Time, Days -
. . OPR Oll Production Rate;, Bbls/Day
. _/"\ ~ WPR: ;Water Production Rate, Bbls/Day
. WOR : Cumulatwe Water-0il Ratio; Bbl/Bbl
\ © CSI': ‘Cumulative Steam Injected, Bbls
OSR : Cumulativé Oil-Steam Ratio, BblBb!
T = OPR | WPR WOR CsI OSR
----------- ot it ettt sl el Ll
- 23.0 - 9.46 105.19 1112 13816 ° 0.0159
54.2 % .- 944 135.75 1439 . 32504 . 0.0158
80.5 » .- 9.86 188,56 19.12 48317  0.0159
103.0 1287, 259.55 - 20.16. - 61787«  0.0168
121.7.- .. 1500 . 310.63 20.71 73047  0.0179
e 1543 1859 394.03 2119 92580 0.0202
CTTTTUIR0.2T T T 21850 +455.21 0 2 21h12 108114 ©  0.0223
~ 1949 - 23357 - 487.96 20.89 116927 ° ~ 0.0236 °
224.9 27.55 - " 552.25 20.04 134916 0.0262
247.0 31.58 602.73 ., 19.08 148235 . 0.0283
. 273.0° . 37.70 ¢ 656.80 ¢ 17.42 163807 - 0.0312
29478 - ¢ 44.86. . 697.72 '15.56 . 176869 ~  0.0341
326.9 - 59.05  1755.42 S12.79 - 196142 0.0399
343.8. { = 6192 . 779.88  *12.59 206292 . . 0.0430
373.8 ~67.87 822.75 . 12.12Z 224306 0.0484.
402.1 - 7506 . - 864.50 11.52 - 241293 0.0536
427.6 .83.34 - -902.18 - 10.83 256558 0.0584
451.2 '93.3¢ ©  936.68 . 10.04 270706 0.0631
475.6 .- 11095 . 1010.19 911 285386 - 0.0686

.. 5005 18122 ' 1497.22. . 826 . 300324  0.0772
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- v Table. C 10
_ Slmulatxon Results For Run ABRS 11 (No Bottom Water)
X (A'BERFELDY) .

<

,LAegend:

/ . N . ‘ T : Time, Days ' 4 :
- ' OPR : Oil Production Rate, Bbls/Day - . ' .
WPR : Water Production Rate, Bbis/Day ‘ ! ‘
. WOR : Cumulative Water-0il Ratio, Bbl/Bbl
_ CSI : Cumulative Steam Injected, Bbls
OSR : Cumulative QOil-Steam Ratiep Bbi/Bbl

T OPR .WPR WOR CSI OSR
48.9 . 192.67 236.69 " 1.23 29347 0.3245
99.3 . 199.89 279.02 1.40 - 59577 0.3256
151.8, 220.97 316.52 . 1.43 - 91108 0.3337
+199.5 - 261,05 343.80 - .1.32 119725 3
247.5 . 363.72 1387.90 .07 148533
304.0 404,21 - 402.71 .1.00 . 182414
344.9 . 435.64 .402.01 0.92 206922
393.3 . 479.66 1 404.99 - 0.84 236013
452.7 . 676.84 520,53 0.77 271605
500.7 115253 84173 . 073 300423
. 550,5 1362.02 . 1001.65 0.74 330313
599.5 . 792.25 621.85 0.78 359686 - °
1649.1 566.81 472.01 - 0.83 389440
701.1 512,01 439.67 . 086 . 420679
749.4 . 535.22 . 449.78 0.84 = 449664
802.6 760.10 534.26 - 0.70 481570
848.5 . 1652,37 77477 - 047 . 509115
899.9° 2364.58 - 1648.22 0.70 539967

940.1. 274935 1889:44 0.69 564061,

- - — o — e e = e e e mom W - - - — - - ——— — —



Sxmulatmn Results For Run ABRS14 (No Bottom Wnt.er)
: (ABERFELDY) ’

OPR Oil Production Rate, Bbls/Day

“Table:

c.n

Legend'

T Time, Days .

z

WM\MWmmMMMwmmm'
‘WOR : Cumulative Water—Oil Ratio, BbUBbI. .

CSI ; Cumulative Steam Injected, Bbls
OSR :'‘Cumuilative Oil-Steam Ratio, Bb/Bbl

s

T e e e mm e e e e e e n e e e o e e e e e e e e e e e o am e Gt e e — . -

‘40.0:’321

T OPR

50.4 38.75

97.2 52.21
150.7 69.36
198.5 90.99:
2417.6 127.97
300.4 1172.30
349.2 306.70
397.0 - 433.40
450.4 594,98
499.2 886.99
548.4 873.58
603.2 855.08
§48.8 910.27
700.0 . 943.83
750.9 v 967.33
800.4 .. 2068.99
850.9 "\ 2316.46
900.4  : 2166.26
949.8 ~ 1826.86
1000.4 =~ 1982.62
1050.1 " 3650.68

e e e e e e e P . . — — o — — o e e Gt S e Sem - wma e G e d— = o — —

1269.04

1280.89

1223.28 -

1427.97 .

1861.59°

1294.37
1185.37
1418.08
1334.27
10

9.07.

1056.50 .

1149.52

rd

1137.50

2563.11

© 2453.75

2289.75

1694.96

1667.34

2456.51

60456
116623
180877
238179 .
297137
360446
419084
476394
540470

1599095

1658129
723979
778572
840023

901116

1960520
1021036
1080465
1139819+ .
1200529
1260107 +
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0.0341

0.0403

0.0467
0.0560

0.0675 .

0.0859

© 0.1129

0.1514

-0.1963.

'0.2481

0.2897 -

0.3215

10.3551

0.3849
0.4319

0.5125°
~0.5989

0.6511

0.6999

0.7530



‘ Table c 12 . !
Slmulatlon Results For Run ABRS15 Bottom Water
(ABERFELDY) -

. : ) ' . Legend: c\ "

' T : Time, Davs
OPR Oil Production Rate, Bbls/Day
WPR Water Production Rate, Bbls/Day
WOR : Cumulative .Water-Oil Ratio, Bbl/Bbl
CSI : Cumulative Steam Injected, Bbls
OSR : Cumulative Qil-Steam Ratio, Bbl/Bbl

T OFR WPR WOR CSI OSR
—————————————— T T T AT T T T e e e - e - — -
32.6 9.38 9779 1042 - 19593 0.0158
565 - 9.38 137.23. 14.83 33905 - 0.0157
93.6 11.35 . 227.63 20.05 . 56157 N 0.0161
122.1 14.26 301.31 - 2118 73256 0.0175
144.4 - 16.34 355.25 21.74 86656 0.0189
184.6 19.86° 443.32 —22.32 110739 0.0216:
' 218.0 22.79 * 507.85°  22.28 130796 0.0239
237.8 . 24,64 . -542.57 - 22.02 142681  0.0253
277.8 28.94 06.34 . 20.95 . 166681 - 0.0283
297.8 31.57 635.48 20.13 178681 0.0300
330.9 - .37.12 ‘. 683.52 1 18.41 198548 0.0328
361.1 - 45.51 . 750.68 16.50 216674 0.0360.
393.2 - 58.03 788.86 13.59 235930 0.0402
420.2 T 60.71 812.49 13.38, 252132 0.0440
450.1 - 64.33 840.27 - 270049 0.0480
478.7 68.58 867.79 287209  0.0518
512.2 74.89 900.6 307298 0.0563
540.6 81,77 *  927.24 324358 0.0602
570.7 . 94.80 1001.53 ). 342396 0.0647
600.7 139.85 139779 9.99 . 360433 0.0713
630.1° 186.54 1572.08 ° 8.43 378071 0.0807

658:7 - 229.42 - 1455.15 6.34 395205 0.0922 .
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‘ Table° c 13 -
Simulation Results For Run ABRS16 Bottom Water :
- (ABERFELDY) ' L
Legend:
‘\ : T ¢ Time, Days
' OPR : Oil Production Rate, Bbls/Day
WPR Water Productiog Rate, Bbls/Day
WOR : Cumulative Water-Oil Ratip, Bbl/Bbl
: CSI: Cumulative Steam: Injected, Bbls
o ‘ ) OSR . Cumulative Oxl—§wm Ratio, BbI/Bbl
T OPR WPR WOR CSl1 OSR
91.16 103.97 1.14 " 20134 0.1546
90.96 170.07 1.87° 44992 0.1530
104.11 221.47 2.13 61968 0.1559
134.84 /}308.55 2.29 . 85004 ' 0.1708
. 157.81 377.32 2.39 -+ 106129 0.1863 -
177.50 433.18 ot 2.44 . 126181 0.2020
. 196.19 1 478.62 2.44 145545 0.2172
1221.56 - 523.47 - 2.38 169557 0.2364
245.47 548.38 2.23 - 188261 0.2520
284.51 ‘ , 5?1.19. ‘ 2.01 211228 - 0.2731
340.46 $B8.76 1.73 . 232725 0.2968
387.35 © .608.98 1.57 252887 - 0.3232
390.92 611.22 - 1.56 272634 '0.3467
403.72 615.62° . 1.52 294025 0.3693
587.19 . . -899.95 ' 1.53 314879 0.3997
798.56 1125.00 - . 1.41 336107 0.4483. .
- 910.61 1093.48 1.20 3572777 0.5073
, 951,10 N 959,37 S 1.01 - 378428 0.5660

. 916.78 734.87 ° 0.80 -~ 399766 . 0.6176

e e e e e . — . i G — dd — — — T - S G e - - —
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- ‘ Table: C.14 '
o Slmulatnon Results For Cyclic Run ABC 1 (No Bottom Water)
(ABERFELDY)
‘ \ ' Legend: .
. C T : Time, Days
OPR : Oil Production Rate, Bbls/Day .
WPR': Water Production Rate, Bbls/Day .
WOR : Cumulative Water-Qil Ratio, Bbl/Bbl
" CSI : Cumulative Steam Injected, Bbls
OS8R : Cumulative Oil-Steam Rat.m,\Bbl/Bbl
T OPR WPR WOR ~— CSI .. OSR
——————————————————— ol e - e e = - ———— - —
Cycle 1 .
35.1 80.53 473.74 5.88 - 21000 0.0003 - -
44.2 , 39.69 ¢ 197.34 4.97 21000 - 0.0203
53.5 37.02 179.33 4.84 . 21000 %*0.0369.
68.1 32.95 - 161.10 4.89 21000 0.0605
76.3 30.80 © . 132.43 4.95 21000 0.0725
85.1 19.99 134.59 6.73 21000 0.0808 .
'94.5 . . 14.91 121.64 8.16 21000 0.0875
1@ 1 ~-11.96 109.51. 9.15 21000 0.0936
117.4 9.92 98.05 9.88 21000 0.0994
125%0 9.10 92.58 10.18 21000 0.1027
) :ﬁ :
\‘ ‘ .
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Table: C.15 )

Simulation Results For Cyclic Run ABC 2 (No Bottom Water)

- : (ABERFELDY)
\ Legend:
T: Txme Days

OPR : Oil Production Rate, Bbls/Day
WPR : Water Production Rate, Bbls/Day

‘WOR : Cumulative Water-0il Rativ, BbI/Bbl

CSI:: Cumulative Steam Injccted, Bbls
OSR : Cumulatlve Oll—Steam Ratio, Bbl/Bbl

T . OPR ™ WPR WOR
, Cycle 1
35.1 86.38 312.73 © 3.62
46.5 47.11 162.83 " 3.46
059.0 .-+ 41.16 153.87 3.74 .
75.4 | 3478 | 14283 4.1l
84.3 ' °31.90 " 136.65 ' 4.28
93.9 . 27.75 - 128.99 4.65
104.2 S 17.22 113.59 6.59
115.3 13.03 ~  103.10 7.91
125.0 11.03 95.41 8.65
- Cycle 2y
170.2 62.52 297.34 4.76
180.1 . 21.12 330.67 © . 15.65
190.0 . 7.04 - 376.25 53.41
200.3 9.53 482.61 50.62
210.3 8.05 387.97" 48.16
221.7 4.97 301.72 .60.69 .
229.4 3.67 ©  .260.38 - 70.95
242.3 2.64 202.88 76.88 .
250.2 2.30  177.67 77.34
260.0 2.00  153.94 76.87
- Cych'3
315.0 . 49.48 769,49 15.55

322.5 - 26.83 572.61 . 21.34

18000
18000
18000
18000
18000

- 18000

18000
18000

18060

42000

" 42000

42000
42000
42000

42000

42000
42000

42000
42000 -

72000 .

72000

0.0006

286

0.0338

©.0.0634

0.0964
0.1122
0.1270
0.1368

< 0.1449

0.1508

0.0649
0.0746

'0.0775

0:.0797

- 0.0818

0.0836
0.§843
0.0852

0.0881

0.0503

~ 0.0857

0.0528 -
4



Snmulatnon Results For Cyclic Run ABC 3 (No Bottom Water)

-

35.1

59.0--
67.0
75.4
84.3
93.9

. 1042

301153

150.0
160.2
170.1
180.2
191.5
200.0
209.7

2211

227.7
240.9

255.2
265.3
275.4
2§5.1
294.2
309.2

- 324.0
332.0
345.0

— e e e - - —— o e o o em e emn e e e e e o e o e e v e . e o e e v — = —— - — = —

I?&Qg,qp -

WPR : Water Production Rate, Bbls/Day

\

R }

Table: C.16

(ABERFELDY)

’Legend:

T : Time, Days
OPR Oil Production Rate, Bbls/Day

WOR : Cumulative Water-Oil Ratio, Bbl/Bbl -
Cumulative Steam Injected, Bbls
OSR : Cumulative Oil-Steam Ratio, Bbl/Bbl

CSI:

86.38
47,11
41.16
37.87

. 34.78

31.90
27.75
17.22

13.03 °

11.03

78.50
32.58
12.52
9.86
.9.80
9.18
8.60
6.85
5.74
4.57

20.47
11.10
1.51
'5.75
6.39
5.00
3.89
.3.53

- 3.16 |

6.49

14.38
26.06
23.88

_22.63

21.21

- 22.03°

24.05
26.19

18.56
16.91

19.76

22.83
23.04
25.29
27.64
27.79
27.62

18000
18000
18000
18000
18000

18000.

18000
18000
18000

18000

30000
30000
30000
30000
30000
30000
-30000
30000
30000

30000

36000

- 36000

36000
36000

36000 -

36000
- 36000
36000
36000

0.0905
0,1061
01184

-0.1164

0.1202

0.1228 .

0.1257
0.1285
0.1298
0.1317

0.1099
0.1136
0.1162
0.1179
0.1194
0.1217

0.1234

0.1242

0.1254
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: X Table: C R . v
Simulation Results For Cyclic Run ABC 4 (No Bottom Water) .
(ABERFELDY)
Legend:
ow T : Time, Days
OPR : Oil Production Rate, Bbls/Day \ o
WPR : Water Production Rate, Bbls/Day ‘
WOR : Cumulative Water-Oil Ratio, Bb/Bbl
, CSI: Cumulative Steam Injected, Bblis L

OSR : Cumulative Qil-Steam Raiio,’Bbl/Bbl.

)

T . OPR WPR WOR csl
94 ., Cycle 1
50.1 . 74.37  291.63  3.92 18000
63.1 " 44.05 164.83 | 3.74 - . 18000 ~
69.4 41.55 159.44 8.84 © 18000
85.5 35.75 147.22 4.12 18000
94.2 33.01 140.78 4.26 18000
103.6 27.51 13177 4.79 18000
113.7 17.82 116.94 6.56 - 18000
124.7  13.67 106.25 7.77 18000
140.0 10.79 94.48 8.75 . 18000 -
. Cycle 2
190.2 '53.52 627.32 11.72 - 36000  0,0707
200.0 32.82 344.70 10.50 36000 0.0816

210.0 11.62 291.76 25.11 . 36000 0.0874
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: Table. C.18
Slmulatlon Results For Cyclic Run ABC 6 (Bottom Water)
(ABERFELDY) '

.Legend:

T : Time, Days
'OPR : Oil Production Rate, Bbls/Day
WPR : Water Production Rate, Bbls/Day
WOR : Cumulative Water-0il Ratio, Bbl/Bbl
CSI : Cumulative Steam Injected, Bbls
OSR : Cu‘mulauve Oil-Steam Ratio, Bbl/Bbl

T OPR WPR ..  WOR CSI OSR
Cycle 1
35.1 36.37 688.31 A18.92 - 18000 0.0002
46.6 25.92 307.03 11.85 18000 ' 0.0179
55.8 - 18.06 257.66 14.27 18000 0.0281
69.1 11.86  220.91 18.63 18000 0.0378
77.0 9.79 204.91 20.94 18000 0.0421
85.8 - 8.16 189.81 23.26 18000 0.0461
95.6 6.86 17542 = 2556° 18000 0.0498
106.4 5.81 161.66 27.83 18000 ~ 0.0533
118.5 4.94 148.52 30.07 18000 - 0.0566
125.0 4.56 . 142.18 31.17 18000 0.0583
Cycle 2 -
-160.2 49.05 753.48 15.36 36C00 0.0294
170.1 - 34.74 . 301.60 8.68 36000 0.0407
180.0 20.69 269.63 13.03: . 36000 0.0477
190.0 ~13.36 ©217.49 16.27 36000 0.0528
200.2 - 12.81 209.64 74.56 36000 0.0549
212.6 3.23 - 262.16 -  81.14 36000 0.0560
225.9 3.21° 228.31 71.17 36000 0.0571
234.5 ©3.22 209.84 65.11 136000 0.0579
244.2 3.20 19184 - 5993 ° . 36000 ., 0.0588
250.0 3.16 181.87 57.57 36000 0.0593
” Cycle 3

285.5 "31.38 513.08 16.35 54000 0.0398
295.1 & 13.58 328.99 24.22 54000 0.0440°



Slmulation Results For Cyclic Run ABC 8 (Bottom Water)

\
v

OPR : Oil Production Rate, Bbis/Day
~ WPR : Water Production Rate, Bbls/Day
WOR : Cumulative Water-Oil Ratio, Bbl/Bbl
CSI : Cumulative Steam Injected, Bbls
OSR : Cumulative Oil-Steam Ratio, Bbl/Bbl

Table' C.19

(ABERFELDY)

. Legend: '

T : Time, Days

C 290

e e e e mm e e o e e e e e e e e v e e - = e - - - o = -

35.1
46.6
55.8
69.1
71.0
85.8
95.6
106.4
118.5
125.0

150.0
160.2
174.9
181.9
189.9
198.9
209.1
220.7
234.0
240.0

255.2
‘265.1
277.4
287.2
299.6
310.6

¥327.2
337.5
-345.0/

- 36.37

25.92
18.06
11.86
9.79
8.16
1 6.86
5.81
4.94
4.56

30.91
20.68
17.73
16.48

15.19

13.90

' 12.64

11.42
10.28
9.82

17.38
13.07
11.43
10.73
9.88
9.18
7.81
-7.36
~7.00

»

18.92
11.85
14.27
18.63
20.94
23.26
25.56
27.83
30.07

431.17 .

20.04
16.74
14.19
14.01
14.00
14.08

14.23

14.44
14.71
14.77

22.38
- 19.39
17.83
16.95
16.47
16.31
16.82
17.17
17.11

18000
18000

‘18000
18000

18000
18000
18000
18000
18000
18000

30000
30000
30000

- 30000

30000
30000
30000

30000-

30000
30000

36000
36000
36000
36000
36000

- 36000
- 36000

36000
36000

o

- am m e e e e - e - —— . e e e - - — o —

0.0351
0.0426
0.0517
0.0555
0.0596
0.0638
0.0681
0.0725
0.0770.

0.0790

0.0659

-~ 0.0698

0.0739
0.0769
0.0804
0.0832
0.0870
0.0891
0.0906
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Table: (.20
Simulation Results For Cyclic Run ABC 9 (Bottom Water)
(ABERFELDY)

‘ Legengd:

T : Time, Davs
QPR : Qil Production Rate, Bbls/Day
. WPR : Water Production Rate, Bbls/Day
WOR : Cumulative: Water-Qil Ratio, Bbl/Bbl
CSI : Cumulative Steam Injected, Bbls
‘OSR : Cumulative QOil-Steam Ratio, Bbl/Bbl

T OPR . WPR !  WOR CSI OSR
Cyéle 1
50.1 35.87 647.04 18.04 18000 0.0002
60.5 " 24.09 307.43 12.76 18000 0.0158
70.9 15.93 263.25 16.52 . 18000 0.0260
84.5 10.95 228.59 20.87 18000 0.0350
92.4 9.22 212.47 23.04 18000 0.0391
101.1 7.83 . 196.93 25.16 18000 0.0429
110.1 6.69 181.97 27.22 18000 0.0464
121.4 5.74 167.63 29.21 . 18000 0.0498
133.3 494 153.97 31.16 18000 0.0531
140.0 4.58 146.98 32.12 © 18000 0.0548
Cycle 2
190.0 41.36 805.59  10.48 36000 0.0274
200.6 25.05 406.59 16.23 . 336000 0.0357

207.3 15.58 317.76 20.40 36000 0.0395



Simulation Results For Cyclic Run ABC11 (Bottom Water)

OPR : Oil Production Rate, Bbls/Day
WPR : Water Production Rate, Bbls/Day
WOR : Cumulative Water-0il Ratio, Bbl/Bbl
CSI : Cumulative Steam Injected, Bbls
OSR : Cumulative Oil-Steam Ratio, Bbl/Bbl

T OPR
Y-

37.8° 30.51
47.0 25.61
58.4 21.23
65.1 19.20
72.5 17.29
90.5 13.77
101.5 12.16
114.2 10.72
125.0 9.75
+160.5 28.36
170.0 1.95
179.4 1.74
190.3 1.32
197.9 1.12
216.1 0.81
227.1 0.68
239.9 0.57
. 250.0 0.50

— e - - i = o e e o o e me e Mk e o G e Em e - e e S e - = o A e

| Table: (.21

(ABERFELDY)

Legend:

T : Time, Days

10.20
223.49
293.36
326.87
344.63
374.37
386.07
381.77
374.12

18000
18000
18000
18000
18000
18000
18000
18000
18000

0.0048
0.0184
0.0325
0.0396
0.0468
0.0613
0.0688

0.0764

0.0822

0.0415
0.0455
0.0460
0.0465
0.0467
0.0471
0.0473
0.0476
0.0477
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S

.

36.8

48.1
54.1

. 68.5
7.2

L 872
©99.00
1129

125.0-

160.7
1700

1798
1913

‘1996

2088

2190i .
- 230.6°

¢ T 243.8

250.0 "

286.7
£ 298.0,

-

Table. C. 22

(ABERFELDY)

Legend

R " T Txme, Days
OPR

S};nulatmn Results‘ For Cyeclic Run ABCl7 (Bottom Water)

e de

Production Rate Bbls/'Day )
.. WPR : Waer Production Rate, Bbls/Day - ‘
“WOR : Cumulative Water-Oil Ratio, Bb bl
CSI : Cumulative Steam. Injected, Bbls - .
OSR: Cumulauve Onl—SLeam Rano, Bbl/Bbl
‘OP,R WPR WOR‘ CSI - OSR
*30.19 6.67 18000 - ~'0.0030 .
" 24.38 8.24 -18000 - . 0.0194"
T 22,11 9.04- . 18000 - 0.0268
17.92 10.87 . 18000 - . .0.0419
16.00" 11.89 18000 . 0.0496
14.18 13.01 18006 ' 0.0575
12.46 14.21 18000 ©  -0.0656
10.84 15.52 18000 . 0.0740
9.75 . 16.53° 18000  0.0806
29.67 29263 - - .9.86 .- 36000 0.0409
- 21.00 : . 15.07. . 36000 0.0472
3,58 451.36° | '125.99 .36000 0.0493
291 . 387.27 '\ - 133.17 .. 36000 0.0503
2.60 350.67 134.78 - 36000 0.0509
234 316.10 135,17 36000 0.0515
2.09 . 282.80° 135.30 36000  0.0521
1.87 .. 251.27 - 134.65 36000 - 0.0527
1.66 221.38 13344 36000 - 0.0533
157+ .+ 208.57 132.79 86000 0.0536
. Cycle 3
14788 331.36 . 22.26 © 54000 - 0.0362
.94 372,76 . '126.67 54000 .0.0382
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. 160.2
1170.5

179.8

189.2
199.6

210.1°

220.0

“231.9°

1'239.7

. 250.0°

.“

o ‘ Table, C 23
Cychc Run CLC1A (No Bottom Water)
(COLD LAKE)

. Legend:
T: Txme Davs

OPR : Oil Production Rate. Bbls/Day
WPR : Water Production Rate, Bbls/Day

WOR : Cumulative Water-Oil Ratio, Bbl/Bbl E
CSI : €umulative Steam Injected, Bbls SRR

294

v G
' OSR Cumulatxve Oil-Steam Ratio, Bb/Bbl Y @ '
OPR WPR WOR csl OSR
Cycle 1 24
16.87 72.22 428 . 18000 ' 0.0008"
1 9.59 42.27 . 440 18000 0.0078
587 2593 , 442 18000 -+  0.0118
375 . 17.02 T 454 - ©180Gu  0.0139
3:16 1411 . 7447 . . 18000 = 0.0153 -
2.2¢  9.93 444 - 18000  0.0169-
169 -~ 7.98 473 18000  0.0180
131 T egg 532 18000  0.0189
119 6.4 5.41 18000  0.0194
084 528 625 . 218000  0.01909
. . S . o~ . o . ! s
Cycle 2
2117 . 33079 1562 . 36000  0.0101
13.86 - 127.92 9.23 36000  0.0152
822 7732 941 36000 . - 0.0179
4.50 54.31 1206 36000  0.019¢
258 . 4139  16.04 .. 36000 - 0.0203.
155 - 3176 2052 - 36000  0.0208
114 26,60 2331 36000 - 0.0212
078 - 2012 2571 36000  0.0215
067 - - 1775 . 2637 36000 . 0.0216
051 1373 0 26,77 36000 - 0.0218
- Cycle 3
172 573.97 T 333:39 540007 - 0.0145
055 189.02 346.61 . 54000  0.0147

, ———
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43.7
52.5
- 68.4
82.4
102.4

125.0

— e - aa— o —

35,2

295

Table: C.24

. Cycllc Run CLC6A (Bottom Water) 36FT/36 FT
' (COLD LAKE) .
) Legend. ‘
T : Time, Days

OPR Oil Production Rate, Bbls/Day
" WPR : Water Production Rate, Bbis/Day
WOR : Cumulative Water-Oil Ratio, Bbl/Bbl
-~ CSI: Cumulative Stearn Injected, Bbls
OSR*: Cumulative Oil-Steam Ratio, 107 Bbl/Bbl

OPR . ‘ WPR’ WOR csl OSR
Cyé.le 1 g ‘
0.06 - 100.46 1814.86 18000  0.0005
0.05 | 67.67  1344.86 18000 0.0253.
0.05 5389 . 1146.04 18000  .0.0486
0.04 . 46.39 1115.95 ~° IB0O0O 0.0865
0.04 44.10 . 1174.04 - 18000 0.1157
0.03 42.90 1290.09 18000 . 0.1526

0.03 - 43,02 1441.68 18000  0.1905
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' .. Table: C. 25
Cychc Run CLC11A (Bottom Water) 361"1‘/361“’!‘
(COLD LAKE) -

Legend: ' " ‘ -

T Time, Days
OFR : Oil Production -Rate, Bbls/’Day
WPR : Wagar Production Rate, Bbls/Day
give Water-Oil Ratio, 'Bbl/Bbl
: tive Steam Injected, Bbls
OSR: Cumulatlve Oll-Swam Ratlo. 107 Bbl/Bbl

T OPR WPR WOR CsI OSR
Cycle 1
36.0 054 5179 9597 . . 18000  0.0313
48.7 0.47 ) 49.30 . 104.87 © 18000 0.3790
56.7 . 0.44 - 48.26 110.42 18000 0.5713
6857 - 040 46.92 | 118.30 18000 0.8330
86.3 0.35 45.24 ' 128.75 . {,1&8000 - 1.1807
©106.3 © 0.}1 43.71 140.29 ' 18000 1.5270
125.0 0.20 39.19 197.77 18000 1.7320
Cycle 2 '
. 160.1 20.89 " 36.56 41.26 36000  0.8696

163.4 - 0.03 - 90.82 3619.71 ' 36000 0.9105

e e e s e em o e w— e e G e e G e e - W G e wve e rem - vm— - — e v - — —
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Table. C 26
BOTTOM WATER (36FT/36FT) STEAMFLOOD:; ABERFELDY RUN ABRS2A
INJ. OVER ENTIRE INTERVAL; MOBILE OIL (50%) IN BW ZONE .
INJ. RATE 600 ‘BBLS/DAY :

Lo!gend:

o v T : Time, Days
PO OPR : Oil Production Rate, Bbls/Day
WPR : Water Production Rate, Bbls/Day
WOR : Cumulative Water-0il Ratio, Bbl/Bbl
CSI : Cumulative Steam Injected, 10°Bbls
“ORec : Oil Recovery, %
OSR Cumulative Oil-Steam Ratio. Bbl/Bbl

T OPR WPR WOR CSI ORec OSR
47 13.8 168 12.20 0.283 0.03 __._.0.02
102 17.4 260 14.90 0.612 0.07 0.0239
152 20.0 340 - 17.00 . 0.911 " 0.11 0.0266

211 22,6 424 1870 - 1.265 , - 0.17 0.0293.
251 © . 243 471 19.40 1.504 0.21 »  0.0310
311 26.6 532 - 20.00 . 1.865 '0.28 . 0.0333
351 . 28.1 - 567 20.20 2.105 . 0.33 0.0348
411 30.2 ‘612 - 20.30. . 2,465 0.41 0.0369
451 317 . 638 20.10 - 2.705 0.47 . 0.0382
511 ° 342 671 . 19.60 - 3.065 . 0.56'  0.0403
551 - 361 690 19.10 3.305 0.62 . 0.0416
611 - 39.5 ‘713, 18.10 . 3.665 0.72 0.0435.
851 42.4 728 17.20 -~ . 3.905 0.80 -, 0.0454
©701 475 . 756 15,90 °  4.204 0.90 0.0476
754 56.8 822 14.50 4.522 1.03 , 0.0504
799 f 645 836 13.00 4.795 135  0.0534
849 64.6 826 12.80 .  5.094 1.30 - 0.0566.
899 65.4 824 - 12.60 5.393  1.44 0.0594
959 - 67.4 830 *  '12.30 5.753 . 1.62  0.0627
999 - 685 825  12.00 5.993 1.75 0.0647
1059 71.2 - 823 11.60 6.353 1.94 0.0677

1100 S73.7 822 © 11.20 6.600 2.07  0.0697

e e e e e e e e e e e e e T - o = e o ——— ——
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Table° C. 27

PARTIAL PENETRATION STEAMFLOOD: ABERFELDY RUN ABRSIB NO
. BOTTOM WATER
INJ. RATE 600 BBLS/DAY; INJ. OVER LOWER ONE-HALF INTERVAL
| ‘ Legend
.T : Time, Days ,

OPR Oil Product.xon Rate, Bbls/Day
WPR : Wattr Production Rate, Bbls/Day
WOR : €umulative Water-0il Ratio, Bbl/Bbl .
CSI: Cumulative Steam Injected, 10°Bbls
ORec : Oil Recovery, %

OSR : Cumulative Oil-Steamn Ratio, BbI/Bbl

T OPR WPR WOR sl OR¥ OSR -
51 16.6 204 12.20 0.308 0.05 0.0277
108 17.2 298 17.30. 0.646 0.11 0.0279
152 22.2 428 19.30 0.910 0.16 0.0294
212 28.4 543 19._10 1.272 0.25 0.0335
252 32.2 688 18.30 1.512 0.33 0.0363
304 37.8 621 16.40 1.823 0.44 0.0402
344 43.8 632 14.40  2.067 0.54 " 0.0436
413 61.0 641 10.50 = 2.479 0.75 0.0509
462 82.1 645 7.86 2.773 0.97 0.0586
518 ,95.1 642 6.74 3.111 1.28 0.0687
551 103.0 ' 639 6.21 3.305 1.47 0.0745
610 129.0 690 5.35 1  3.658 1.88 0.0863
666 154.0 643 4.16 °  3.996 2.37 0.0995
701 184.0 683 3.70 .  4.205 2.72 0.1084
754 262.0 828 3.15 4.522 3.43 0.1270
804 336.0 778 2.32 4.823 4.33 0.1500
847 432.0 775 1.79 5.083 5.32 0.1750
901 668.0 821 1.23 5.406 7.08 0.2190
948 730.0 802 ¢ 1.10 5.686 9.14 0.2690
1009 666.0 703 1.06 6.055 11.68 0.3230

- —— - - —— - — —— o— o o = - — —— — — — ——



lesh. ;C.28

BOTTOM WATER (36FT/36FT) CYCLIC RUN: ABERFELDY ‘RUN ABC18
PARTIAL PENETRATION; COMPLETION TOP 18 FT
(STEAM INJ. 30 DAYS; SOAK 5 DAYS)

- e e v e Sy S e e i GE e e S G e W e mme MR e e N - G - . . — —— — —

37
43
58

71

91
111

125

161

168 .

181
192
209
229

- 250

285

291

1306

316
1 332
352
375

T e e e G e S e e W e T e G T e R G Sem T e e M e M e e - m e e e - o e e

249

CSI:
OSR :

 Legend:

T : Time, Days :
" - OPR : Oil Production Rate, Bbls/Day
WPR : Water Production Rate, Bbls/Day

WOR : Cumulative Water-Oil Ratio, VBbl

ulauve Steam Injected, 10 Bbls :

0.180
0.180
0.180
0.180

0.180

0.180

0.180

0.360
0.360
0.360
0.360 =

.0.360

0.360
0.360
0.360

0.540

1 0:540

0.540
0.540 .
0.540
0.540
0.540

Rec : Oil Recovery, %
ulatwe Oll-Steam Ratio, BblfBbl
WPR WOR
‘ Cycle 1
4.35 2.85
4.24 2.99
4.09 3.25
3.99 3.44
3.86 3.63
3.77 3.77
3.71 3.85
Cycle 2
15.20 2.00
14.90. 3.10
13.60 2.97
™%42.70 3.49
'11.70 4.00.
10.80 4.40 -
10.14 4.59
10.10 4.60
Cycle.3
28.50: 2.90
28.00 2.93
27.30 2.97
26.80 2.98
26.10 2.98
- 25.20 2.94
. 24.10 2.97

" 0.000.

0.001
0.003

. 0.005

0.007
0.009
0.011

0.012
0.017
0.024
0.028
0.034
0.039
0.044,
0.044

'0.044

0.050
0.065
0.075

*0.090 |

0.108

0.129-

1 0.0001°

0.0007
0,0017

0.0026 .
0.0037

299

0:0048

0.0056

0.0030

'0.0044

0.0062
0.0074

0.0087
0.0101
0.0113 -
0.0114

.0.0076

0.0087

. 0.0112

0.0130
0.0155

0.0187°
0.0222

-




.+ APPENDIX D
‘TABULATED DATA FOR WELLBORE HEAT LOSS
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Table- D.1
STEAM QUALITY VS. DEPTH FOR DIFFERENT
RATES AND ZERO AND ONE-HALF STEAM
OFF~TAKE AT 1200 FT DEPTH; TIME = 100 DAYS
-INJ. PRESS. 1500PSIA

Legend: : .

"D : Depth, FT ;
N O-T-: No OffyTake .
H O-T : Half Off-Take '

St.eam Quahty, Fraction

- e e o e - e o - ———_—.———.————-———_—_—___._.—_

600 Bbls/Day 1200 Bbls/Day 1800 Bbis/Day
D ¥ NO-T HO-T  NO-T H O-T ‘HO-T N O-T

— e e e s e - e . . ——— . . a m— — — — S e m - - m— — - w—— — — — — a—

0O  0.8000 - 0.8000  0.8000 0.8000 0.8000  0.8000

150 0.7718 0.7718 0.7858 0.7858 - 0.7904  0.7940

300 10.7435 0.7435 0.7715 0.7715 0.7809  0.7809

450 0.7151 0.7151 0.7573 0:7573 0.7713  0.7713

600 © 0.6864  0.6864 0.7429 0.7429 0.7617 °0.7617
750 0.6574 . 0.6574 0.7285 0.7285 0.7521  0.7521

900 0.6283 - 0.6283 0.7140 0.7140 - 0.7424  0.7424
1050 0.5989 0.5705 0.6995 0.6854 0.7327) 0.7234 -
> 1200. 0.5693 0.5120 0.6849 0.6566 0.7230  0.7042
1350 +0.5394  0.4530 0.6702 0.6275 0.7132  0.6850
1500 0.4779  0.3298 0.6402 0.5674 0.6934  0.6453
(;‘ L]

e
kd : . - A



Table: D.2

\ STEAM QUALITY VS, DEPTH FOR DIFFERENT
RATES AND ZERO AND ONE-HALF STEAM

OFF-TAKE AT 1200 FT DEPTH; TIME =
INJ. PRESS. 1500PS1A

G e dma e o e S e e M e e e W Wt W wme e e e W vem e e e e R wm Gee M e e e

N 0.1~

Legend:

D Depth, FT_

No Off-Take

. H O-T': Half\Off-Take \

Steam Quality, Fraction

. 400 Bbls/Day

D N O-T H O-T

0 0.8000 0.8000
150 0.7731 0.7731
300 0.7461 0.7461
450 0.7188 0ﬁ18§
600 0.6914 0.6914
750 0.6638 0.6638
900 '0.6360 0.6360
1050 0.6079 0.5808
1200 - 0.5796 0.5250
1350 "0.5511 0.4685
1500 0.4897 0.3454

" 1200 Bbls/Day

N O-T

0.7728
0.7592
0.7454
0.7317
0.7178
0.7039
0.6900

. 0.6759

" 0.6460

H O-T

0.7864

o 0.7728

0.7592

0.7454

0.7317
0.7178
0.6905
0.6629
0.6352
0.5751

300 DAYS

H O-T .

v —— — - — — - — > — — o w— s — —— — — — e in e M mme - A i o Gme e vm W

N O-T
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Table: D.3

STEAM QUALITY VS. DEPTH FOR DIFFERENT
RATES AND ZERO AND. ONE-HALF STEAM
OFF-TAKE AT 1200 FT DEPTH; TIME = 500 DAYS

JINJ. PRESS.. 1500PSIA .

S e m o e e e e o e - mn e W M e e T e wee W e ame e

1200 Bbls/Day

Legend:

D : Depth, FT

N O-T : No Off-Take .
H O-T : Half Off-Take

Steam Quality, Fraction k

N O-T

H O-T

— o — o — — — — —

1800 Bbls/Day

H O-T

N O-T .

T S e e e e e e e e e e e e e e e e e e e e e e e W e e e e e e n - —— o— - — ——

600 Bbls/Day

D N O-T H O-T
0 0.8000 0.8000
150 0.7731 0.7731
300 0.7461 0.7461
450 0.7189 0.7189
600 0.6916 0.6916
750 0.6640 0.6640
900 0.6362 0.6362
1050 0.6081 0.5810
1200 0.5799 0.5253
1350 0.5514 0.4689
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Table: D.4.

STEAM QUALITY VS. DEPTH FOR DIFFERENT

RATES AND ZERO AND ONE-HALF STEAM

OFF-—TAKE,

Legend:

D : Depth, FT
N O-T : No Off-Take

H O-T : Half Off-Take

Steam Quality, Fraction

600 Bbls/Day

7.
D N O-T
0 0.8000
150 0.7731
300 0.7461
450 0.7189
600 0.6916
750 0.6640
900 0.6362
1050 0.6081
1200 0.5799
1350  0.5514
1500 0.4900

h

&

H O-T

0.5253
0.4689
0.3458

H O-T

AT 1200 FT DEPTH; TIME = 700 DAYS
"“}INJ. PRESS, 1500PSIA

H O-T

0.7817
0.7726
0.7634
0.7542
0.7450
0.7357

- 0.72656

0.7171
0.6973

q*“\

0.8000
0.7909
0.7817
0.7726
0.7634
0.7542
0.7450
0.7268

0.7086

0.6902

304

0.6506

- e e e e e e we e e e e e e e e o m e mr e e i o = = = - e e e e o - - —— —— o —



Table; D.5 |

STEAM QUALITY VS. DEPTH FOR DIFFERENT
RATES AND ZERO AND ONE-HALF STEAM
OFF-TAKE AT 1200 FT DEPTH; TIME = 900 DAYS

INJ. PRESS. 1500PSIA
Legend:
D : Depth, FT

N O-T : No Off-Take
. H O-T Half Off-Take

. | : Steam Quality, Fra@}./
: 600 Bbls/Day ~ 1200 Bbls’Day

D N O-T H O-T N O-T. H O-T
0 0.8000 0.8000 0.8000 \ 0.8000
150 0.7731 0.7731 0.7864 0.7864
300 0.7461 0.7401 0.7728 0.7728
450 0.7189 0.7189 0.7592 0.7592
600 0.6916 0.6916 0.7455 0.7455
750 0.6640 0.6640 0.7317 0.7317
900 0.6362 0.6362 0.7179 0.7179
1050 0.6081 0.5810 0.7040 0.6906
1200 0.5799 0.5253 0.6901 0.6631
1350 0.5514 0.4689 0.6761 . *0.6354
1500 { 0.4900 0.53458 0.6461 - 0.5753

e me e v e e e T e e e e e e e e e e e e o o - — e m— — e o> m e —— — — —

H O-T

0.7450
0.7357
0.7265
0.7171
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Table: D.6

STEAM QUALITY VS. DEPTH FOR DIFFERENT
RATES AND ZERO AND ONE-HALF STEAM

OFF-TAKE AT 1200 FT DEPTH; TIME =
INJ. PRESS. 1500PSIA  /

Legend:

D : Dépth, FT
N O-T : No Off-Take

{

H O-T : Half Off-Take

Steam Quality, Fraction

600 Bbls/Day

e T e T e e e e ke e e e e e e - e e d e a— —  Gm mm - - - — o — — — —

D N O-T

0 0.8000
150 0.7731
300 0.7461
450 0.7189
600 ., 0.6916
750 0.6640
900 0.6362
1050 0.6081
1200 0.5799
1350 0.5514
1500 0.4900

H O-T

1200 Bbls/Day

N O-T

H O-T

\a

1100 DAYS

H O-T

-___._—___.__-—__-_.—___——..—_—.————_—---.———-_
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STEAM QUALITY VS, DEPTH FOR DIFFE‘AENT o

Table- D 7

RATES AND ZERO AND ONE-HALF STEAM
; TIME = 100 DAYS .

OFF—TAKE AT 1200 FT DEPT
; INJ. pm:ss 1

600 Bbls/Day

N O-T

1525.0
1550.5 -

1576.4

1602.9
1629.9

1685.7

'1714.5

1743.9
1774.3

-~ .

1657.5.

Legend

D: Depth FT

OPSIA

" NO-T: No Off-Take
H O-T : Half' Off—Take

Steam Pressure, p51a

e s i o e e o . e

1200 Bbls/Day

H O-T

'1500.0 -
1525.0 -

41550.5
1576 4
1602.9

. 1629.9
1657.5.

1692.0
1727.4
1762.4
1799.8

N O-T -

1519.6
1539.4
'1559.5
1579.8
©1600.3
16212

1642.2

1663.6
"1685.2
1707.3

H O-T

H O-T

..1500.0

1634.6

7 1552.2
1569.9
1587.7

. 16058

1624.0
. 1642.4

- 1660.9
1679.7

N O—T

. 74, 1,7\%\
e et i ot ety ettty
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_—______-——____-.—-—-—-.._.__—_._—_—-—.———.—.———.———_.—._

; " 'W."E?W - 4“ ‘ Co "
‘ e "ﬁbie- D8
s’fzﬁm QUALITY VS, DEPTH FOR DIFFERENT
RATES AND ZERO AND ONE-HALF STEAM
OFF-TAKE AT 1200 FT DEPTH; TIME = 300 DAYS

{ . INJ. PRESS. 1500PSIA

SO

o ‘ae_gend.
"D Depth, FT ‘
- NO-T:No OfT-:I‘aké
H O-T : HalkafT-Take

Steam Pressure, psia

=<

1

600 Bbis/Day -+ 1200 Bbls/Day . 1800 Bbls/Da\ v

D. +NO-T . HO-T .«NO-T HO-T = "HO-T 'NO-T

——— e e e = —— - ‘,lg-.-. ___________ e = mm o
0 1500.0 1500.0 15000» 1500.0 1500.0  1500.0

150 - -%?25.0 1525.0 1519.6 1519.6  © 1517.2 . 1517.2
300 1550.4 . 1550.4 ~  1539.4 1539.4 -~ 1534.6  I534.G
450 1576.3 1576.3- - 1559.4 1559.4 "1552.2 - 1552.2
600 1602.8 1602.8  1579.7 1579.7 1569.9  1569.9
750 1629.7 1629.7 - 1600.3 =  1600.3 1587.7  1587.7
900 1657.2  1657.2  1621.0 1621.0. 1605.7" - 1605.7
1050 1685.3 1691.5 1642.1 ~  1647.7 ¥ 1623.9 16285
1200 1713.9 1726.7 116634 '1674.9 - 1642.2  1851.5
1350 1743.1 . 1763.0 1685.0  1702.5 1660.7 * 1674.9
1500 1773.3 1800.0¢ 1707.00  1731.1 1679.5  1698.9
_______ A P AL S S

.
, .

308"

e



Talf]g D.9

/ STEAM QUALITY VS. DEPTH FOR DIFFERENT °
RATES :AND ZERO AND ONE-HALF STEAM

- OFF-TAKE AT 1200 FT DEPTH; TIME =
‘ INJ. PRESS. 1500PSIA

-

+

Legend

"D : Depth, FT
N.O-T : No Off-Take
: H'O-T : Half Off_—Take &

Steam Pressure, psia '

600 Bbis/Day
H O-T

1200 Bbls/Day

—-—_—.——————————_———-'———————-—_—_—_———————

1500.0

N O-T

ON

500 DAYS

309

1800 Bblszay

H O-T

1517.2
1534.6

1552.2-

1569.9

1587.7

1605.7
1623.9

1642.2

1660.7

1679.5

v

N O-T

1500.0 -

1517.2
15634.6

-1552.2

1569.9
1587.7
1605.7
1628.5
165L5
1674.9
1698.9

o B
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o Table' D 10
STEAM QUALITY VS. DEPTH FOR DlFFERENT
RATES AND ZERO AND ONE-HALF STEAM -
OFF—TAKE AT 1200 FT DEPTH; TIME =700 DAYS
' INJ. PRESS. 1500PSIA

Legend:
D : Depth, FT
N O-T : No Off-Take
~ H O-T : Half OfT-Tal_(e

Steam Pressure, psia

_.__.__.__....——-_-_—_—._———___-—___———__._-_-—____—__-_

: 600 Bbls/Day . 1200 Bbls/Day. ‘1800 Bbfs/Day
D NO-T H O-T N O-T H O-T. HO-T NO-T
0 1500.0 1500.0 1500.0°  1500.0 1500.0 ~ 1500.0
150~ - 1525.0 1525.0 1519.6 1519.6 1517.2  1517.2
300, 1550.4 1530.4 1539.4 1539.4 - 1334.6  1534.6 .
450 1576.3 1576.3 * . 1559.4 1559.4 1552'2 1552.2
600 1602.8 1602.8 1579.70 1579.7  1569.9  1569.9
750 . 1629.7 1629:7 '1600.3  1600.3 1587.7 15877
900 1657.2 . 1657.2 1621.0 ~ 1621.0 .  1605.7  1605.7
1050  1685.2 . 1691.5 1642.1 1647.7 1623.9. 1628.3
11200 1713.9  1726.7 1663.4 1674.8 1642.2 " 1651.5°
1350 1743.1 1762.9 1685.0 . 1702.5 1660.7  1674.9
1508 1773.2 1800.0 - 1706.9 1731.0 1679.5  1698.9



' ) Table' D.11 . '
_ STEAM QUALITY VS. DEPTH FOR DIFFERENT
RATES AND ZERO AND ONE-HALF STEAM ,
OFF-TAKE AT 1200 FT DEPTH; TIME = 900 DAYS
INJ; PRESS. 1500PSIA \

\ ' ,Légend: ‘ ' S
» D : Depth, FT _ R L .

N O-T : No Off-Take
H O-T : Half Off-Take"

! '
Q w&g’ Steam Pressure, psia

— e e e e - - L_‘-_.\R ________ e m e m e m -~
‘ ' 600 Bbls/Day “~___ 1200 Bbls/Day - 1800 Bbls/Day
D N O-T H O-T : N O-T H O-T HO-T. - NO-T
0 - 1500.0 1500.0 15600.0 1500.0 . 1500.0 1500.0
150 1525.0 1525.0 1519.6 1519.6 1517.2 1517.2
300 1350:4 1550.4 1539.4 1539.4 1534.6 1534.6
450 1996.3° | 1576.3 1559.4 1559.4 '1552.2  1552.2
600 1602.8 -1602.8 . 1579.7 1579.7 1569.9 .1569.9

750 1629.7 1629.7 1600.3 1600.3 - 1587.7 1587.7
900 '1657.2 ©1657.2 ,1621.0 . © 1621.0 1605.7 1605.7
1050 . 1685.2 . 1691.5 1642.1 1647.7 1623.9 1628.5
1200 1713.9 1726.7 1663.4 - 1674.8 1642.2 1651.5
1350 ° 1743.1 1762.9 - 1685.0 1702.5 1660.7 1674.9
1500 1773.2 ©1800.0 1706.9 1731.0 1679.5 1698:9

— - o o e e e e . e e o e e e - —— - . . tm o - = mle -
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Table- D.12
STEAM QUALITY VS. DEPTH FOR DIFFERENT
RATES AND ZERO.AND ONE-HALF STEAM
OFF-TAKE AT 1200 FT DEPTH; TIME = 1100 DAYS
‘ INJ. PRE{SS 1500PSIA -

Legend:
D : Depth. FT
N O-T : No Off-Take
H O-T : Half Off-Take

Sbeam Pressure, psia

'600 Bbls/Day

D - N O-T H O-T O-T \H O-T H O-T
0 1500.0 1500.0 1500.0 1500.0 1500.0
150 1525.0 1525.0 1519.6 1519.6 1517.2
300 . 1550.4 1550.4 1539.4 1539.4 1534.6
450 1576.3 1576.3 1559.4 1559.4 1552.2
600 . 1602.8 1602.8 1579.7 1579.7 1569.9
750 1629.7 . 1629.7 1600.3 1600.3 1587.7
900 1657.2 1657.2 1621.0 1621.0 1605.7
1050 1685.2 1691.5. 1642.1 1647.7 1623.9 -
1200 -1713.9 1726.7° 1663.4 1674.8 1642.2
1350 1743.1 1762.9 1685.0 1702.5 1660.7
1500 1773.2 1800.0 1706.9 1731.0 1679.5 -

. e e e e e e e e e e e e e e e e e m e e . S e e v e v e - T - e e - . — —— — —
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Table: D.13.

»

STEAM QUALITY VS. DEPTH FOR DIFFERENT
. RATES AND ZERO AND ONE-HALF STEAM
OFF-TAKE AT 1200 FT DEPTH; TIME = 100 DAYS
INJ. PRESS. 750PSIA

Legend

D : Depth, FT
N'O-T: No Off-Take

H O-T: Half Oﬂ‘-Take °

Steam Quahty, Fraction

A 600 Bbls/Day

D  NOT  HOT
0 0.8000 0.8000
150 0.7799 0.7799
300 0.7594 0.7594
450 0.7387 0.7387
600 0.7178 0.7178
750 0.6966 0.6966
900 0.6753 0.6753
1050 0.6537 0.6329
1200 _ " 0.6318 0.5899
1350 0.6098 0.5462
1500 0.5672 0.4603

1200 Bbls/Day

- NO-T

0.7793

0.7688

0.7582

0.7476 °
07369
0.7262

0.7154

0.7045 .

0.6838

H O-T

H O-T

313

N O-T

ey e S e e (s e o L o - — o - ——
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> Table: D.}4 * )
STEAM QUALITY VS, DEPTH FOR DIFFERENT
RATES AND ZERO AND ONE-HALF STEAM
OFF-TAKE AT 1200 FT DEPTH; TIME = 300 DAYS
lNJ PRESS 750PSIA

Legend:

. D: Depth, FT
N O-T : No Off-Take
H O-T : Half Off-Take

Steam Qhality. Ffact)on

e e em e e e e e e e e e e e e —

600 Bbls/Day . . 1200 Bbls/Day '1800. Bbls/Dav
D N O-T HO-T . NO-T HO-T HO-T NO-T
0 0.8000 ' 0.8000 ~0.8000 0.8000 ~ 0.8000  0.8000
150 0.7807 ~  0.7807° 0.7901 0.7901 0.7933 . 0.7933
* 300 0.7611 0.7611 0.7801 0.7801 0.7865  0.7865
4504 0.7413 0.7413 . 0.7701; 0.7701 0.7796  0.7796
.600 . 0.7212 0.7212 0.7599  0.7599 . 0.7728  0.7728
750. . 0.7010 0.7010 - . 0.7498 0.7498 0.7659  0.7659
900 0.6805 - 0.6805°  0.7395 0,7395 0.7590  0.7590 ~ .
1050 +  0.6598 0.6400 0.7292 0.7195 0.7520. 0.7456
1200 - 0.6390 0.5989 0.7188 0.6922 0.7451  0.7321
1350 0.6178 "0.5571 0.7084 0.6788 0.7381 0.7185
1500 0.5753 1 0.4714 0.6878 ~ 0.6375 ° 0.7244  0.6913
[
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: Table: D.15 ¢ ' A
STEAM QUALITY VS. DEPTH FOR DIFFERENT
o RATES AND ZERO AND ONE-HALF STEAM'
L OFF—TAKE AT 1200 FT. DEPTH TIME = 500 DAYS
’ INJ. PRESS. 750PSIA '

Legend:
x D : Depth, FT
N O-T : No Off-Take
H O-T : Half Off—vTake

Steam Qualfty, Fraction

- — e - — i - m— — — —— - — _a Mmoo e W e o o v e e - — —

- - 600 Bbls/Day 1200 Bbls/Day ’ 1800 Bbls/Day
D N O-T -~ HO-T - . NO-T " HO-T H O-T N O-T .

i 0 0.8000 ° 0.8000 0.8000 . ‘0.8000 0.8000 0.8000

. 150 0.7807 0.7807 0.7901 0.7901 0.7933 0.7933
300 0.7611  0.76€11 0.7801 0.7801 0.7865 .0.7865 -
‘450 0.7413 0.7413 0.7701 0.7701 0.7797 0.7797
600 0.7213 0.7213 0.7600 0.7600 0.7%28 0.7728 3
750 0.7011 - 0.7011 0.7498 0.7498 0.7659 0.7659
200 0.6807 0.6807 0.7396 0.7396 - 0.7590 -0.75‘90
1050. ° 0.6600 0.6402 0.7293 0.7196 0.7521 0.7457
1200 0.6391 ",0.5991 0.7189 0.6993 0.7451 0.7322
1350 0.6180 0.5574 0.7085- 0.6789 0.7381 0.7186
1500 .0.57535 0.4716 0.6879 "~ 0.6376 0.7244 0.6914

. ’ Q R )
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Table: D. 16 ,

STEAM QVALITY VS. DEPTH FOR MFFERENT
RATES AND ZERO AND ONE-HALF STEAM
OFF TAKE AT 1200 FT DEPTH; TIME = 700 DAYS

INJ. PRESS. 750PSIA ’ o

Legend:
D : Depth, FT
N O-T : No Off-Take
H O-T : Half Off-Take

Steam Quality, Fraction

_.———---—-__—._——————_-——.———.——__——-_—_———————

600 Bbls/Day - 1200 Bbls/Day - 1800 Bblstav

N O-T HO-T_‘\ NO—T H O-T HO-T NO-T
v 0.8000 0.8000 \0 8000 - ~"0.8000 0.8000 0.8000
‘07807 0.7807 0.7901 0.7901 0.7933 0.7933
0.7611 0.7611 - 0."’1:8-'01 0.7801 0.7865 0.7865
0.7413 0.7413 0.7901 0.7701 0.7797 “ 0.7797
0.7213 0.7213 0.7600 0.7600 0.7728 0.7728
0.7011 - 0.7011  © 0.7498 . 0.7498 0.7659 0.7659
0.6807 0.6807 0.7396 . 0.7396 —0.7590  0.7590

0.6600 .. 0.6402 . 0.7293 0.7196 0.7321 . 0.7457 .
0.6391 0.5991 0.7189 - 0.6993 0.7451 0.7322
0.6180 0.5574 0.7085 0.6789 0.73R1 0.7186
0.5755 0.4716 0.6879 " 0.6376 0.7244 0.6914



Table: D.17

STEAM QUALITY VS. DEPTH .FOR DIFFERENT
: RATES AND ZERO AND ONE-HALF STEAM
OFF-TAKE AT 1200 FT DEPTH; TIME = 900 DAYS
INJ. PRESS. 750PSIA

T v e e e e v e e e S GmT WL R e S ewe T M e den TS e M o e o —

1800 Bbls/Dayv

600 Bbls/Day

D N O-T H O-T

0 0.8000 0.8000
150 0.7807 0.7807
300 0.7611 0.7611
450 0.7413 0.7413
600 0.7213 0.7213
750 0.7011 0.7011
900 0.6807  0.6807
1050 0.6600 0.6402
1200 0.6391 0.5991
1350 0.6180 0.5574

-— e e e e e e - o o e e e - S o e e R - m e ma A e e Ee o e vw = - —

Legend:

D : Depth, FT

‘N O-T : No Off-Take
H O-T : Half Off-Take

Steam Quality, Fraction

0.4716

1200 Bbls/Day

N O-T

H O-T

H O=T

N O-T

o e T ey — - - e S - —

- 0.8000

0.7933
0.7865
0.7797
0.7728
0.7659
0.7590

317,

0.7457 -

0.7322
0.7186
0.6914



Table: D.18

STEAM QUALITY VS.. DEPTH FOR DIFFERENT
RATES AND ZERO AND ONE-HALF STEAM
OFF-TAKE AT 1200 FT DEPTH; TIME = 1100 DAYS

INJ. PRESS. 780PSIA

Legend:
. : D : Depth, FT

N O-T : No Off-Take
H O-T : Half Off-Take

Steam Quality, Fraction

- e G S e G e e e e e S e e e G e e S e M GeR M S Sae M me W e N o o e e o -

1200 Bbis/Day

600 Bbls/Day

D NO-T  HO-T NO-T H (Q)_rT
0 (/8000 0.8000 0.8000 ~  0.8000
150 0.7807 0.7807 0.7901 0.7901
300 0.7611 0.7611 0.7801 0.7801
450 0.7413 0.7413 0.7701 0.7701
600 0.7213 0.7213 0.7600 0.7600
750 0.7011 0.7011 0.7498 0.7498
900 . 0.6807 0.6807 0.7396 0.7396
1050 0.6600 0.6402 .7293 0.7196
1200 0.6391 0.5991 .7189 0.6993
1350 0.6180 0.5574 0.7085 0.6789
1500 0.5755 0.4716 0.6879  0.6376

T e e e e e e e e e e b M e T - e e e e e e e e e e e e e e e o - - - - — —

1800 Bbls/Day

H O-T

0.8000
0.7933
0.7865
0.7797
0.7728
0.7659
0.7590
0.7521
0.7451
0.7381
0.7244

N O-T

v —— — - — — —— — -

0.7659
0.7590
0.7457
0.7322
0.7186
0.6914
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"~ Table: D.19 '
STEAM QUALITY VS, DEPTH FOR DIFFERENT
RATES AND ZERO AND ONE-HALF STEAM
OFF-TAKE AT 1200 FT DEPTH; TIME = 100 DAYS
INJ. PRESS. 750PSIA

Legépd:
D : Depth, FT :
N O-T : No Off-Take ~
H O—']".: Half Off-Take N

Steam Pressure, psia

e e e em v e e e e me e e e e e S e G e e YR e e e e e e e e e o e e G S e e

600 Bbls/Day 1200 Bbls/Day 1800 Bbls/Day

D N O-T H O-T N O-T 'H O-T HO-T NO-T
———————————————————————— ﬁ——————-——_——-g—_—_
0. 750.0  / 750.0 750.0 750.0 750.9 750.0
150 770.0 770.0 * 765. . 765.7 764.0 764.0
300 790.4 790.4 781.6 - 781.6 778.0 ©  778.0
450 811.3 811.3 797.6 797.6 792.2 792.2
600 832.5 . 8325 813.9 813.9 806.5 806.5

750 854.2 854.2 . _ 830.3 830.3 821.0 821.0 .
900 876.4 876.4 847.0 847.0 835.5 835.5
1050 899.0 905.7 863.8 868.6 850.2 853.8
1200 "922.2 . 936.0  880.9 = 890.6 865.1 872.3
1350 945.9 967.3 898.1 913.1 880.0.  891.2
1500 970.3 1000.2 915.7 936.2 895.1  910.4

A e e e e e e v e e e e e e S e e e e e e e T e . G - - —— A S e o o - — v —

[
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( .  Table: D.20 = - :
STEAM QUALITY VS, DEPTH FOR DIFFERENT \/

RATES AND ZERO AND ONE-HALF STEAM
OFF-TAKE AT 1200 FT DEPTH; TIME = 300 DAYS
INJ. PRESS. 750PSIA

Legend:
D : Depth, FT ,
N O-T : No Off-Take

'H O-T : Half Off-Take

Steam Pressure, psia

e e T e T s e e e S e e o e G e e e e . R e R e e e e e s e o e e

‘ 600 Bbls/Day 1200 Bbis/Day 1800 Bbls/Day
D N O-T H O-T N O-T H O-T HO-T NO-T
0 750.0 750.0 750.0 750.0
150 770.0 770.0 765.7 764.0
300 790.4 790.4 781.6 778.0
450 811.2 811.2 707.6 792.2
600 832.4 832.4 813.9 806.5
750 854.1 854.1 830.3 §21.0
900 876.2 876.2 846.9 835.5
1050 8986.8 905.4 863.7 853.8
1200 921.8 935.6 880.8 872.3
1350 945.4 966.7 898.0 891.1
1500 969.7 999.3 915.5 910.2
[Baa N
Al
Ny



o e sy n . . ‘
U Table D21 )
‘ SJ‘EAM QUALITY VS. DEPTH FOR DIFFERENT
"RATES.AND ZERO AND ONE-HALF STEAM
OFF-TAKE AT 1200 FT DEPTH; TIME = 500 DAYS
- - ' lNJ PRESS. d PSIA S
Legend: .
- . D: Depth, FT
. N O-T : No Off-Take )
H O-T : Half Off-Take o
NSteam Pressure. psia Y
‘ 600 BblsDay 1200 Bbls/Day ; 1800 Bbls/Day
D. 'NOT HO-T - NOT . HO-T HO-T NO-T
—""-_"—"'——v'ﬁ"_—"_""'_"‘ __________ ;...-_-_...m._......-
0 750.0 750.0 750.0 750.0 750.0 750:0
150 770.0 770.0 765.7 765.7 764.0  764.0
300 790.4 790:4 781.6 781.6 778.0 , ' 778.0
450 811.2 811.2 797.6 797.6 792.2 792.2
800 832.4 832.4 813.9 813.9 806.5 | 806.5
° 150 854.1 854.1 830.3 830.3 821.0 ;| 821.0
900 876.2 876.2 846.9 . 846.9 835.5 835.5
1050 898.8 905.4 863.7 868.5 850.2 853.8
1200 921.8 935.6 . 880.8 1890.4 865.0  872.3
1350 945.4 966.7 898.0 '913.9 879.9 . 891.1
1500 969.7 999.3 9155 936.9 895.0 910.2
-
r/ ¢ % .
. ' i . > ‘
\ ; B -
\
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Table'D22 T ‘ co - i~
STEAM QUALITY VS. DEPTH FOR DIFFERENT .
RATES AND ZERO AND ONE-HALF STEAM ’ b
OFF-TAKE AT 1200 FT DEPTH; TIME = 700 DAYS
' INJ PRESS 750PSIA

Legend-
4
‘ 5 D Depth FT B
" "N O-T : No Off-Take
' H O—T Half Of'f—Take
L]
i Steam Pressure. ps1a
B ‘ 600 Bbls/Day : 1200 Bbls/Day ' 1800 Bbls/Da»
. D "NOT HO—T NOT' H O-T HO—T NO-T - -
0 750.0 750.0 750.0 750.0 750.0.  750.0 .
150 ’ 770.0 770.0 765.7 765.7 764.0 764.0
300 ° - 790.4 . 790.4 781.6 781. 6* 778.0 778.0
450 811.2 811.2 - 797.6 797.6° .792.2 .792.2 -
600 - 832.4 832.4 - 813.9 '813.9 " .806.5 806.5
750 854.1 . 854.1 830.3 ~830.3 821.0 821.0

835.5  835.5
850.2  853.8
865.0  872.3
879.9  891.1

——— e o o e -
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‘l’abl‘e,? D 23
STEAM QUALITY,VS. DEPTH FOR. DIFFERENT . v
RATES AND ZERO AND ONE-HALF STEAM -
OFF-TAKE AT 1200 FT DEPTH; TIME = 900 DAYS
INJ. PRESS. 750PSlA

N 4 ‘ ~ » Legend: 4
- D : Depth, FT .

N O-T : No Off-Take
H O-T : Half Off-Take

g’

Steam Pressure, psia

600 Bbls/Day - ( 1200 Bbls/Day 1800 Bbls/Day

D NO-T  HO-T NO-T " HO-T HO-T N O-T
0 750.0 750.0 750:0 750.0 750.0 750.0
150 770.0 770.0 765.7 765.7 764.0 764.0
300 790.4 790.4 781.6 781.6 778.0 778.0
450 811.2 811.2 797.6 797.6 792.2 792.2
600 832.4 832.4 813.9 813.9 806.5 806.5
750 854.1 854.1 830.3 830.3 821.0 821.0
900 876.2 876.2 846.9 846.9 §35.5 835.5
1050 898.8 905.4 863.7 .. 868.5 850.2 853.8
1200 921.8 935.6 880.8 890.4 865.0 872.3
1350 945.4 966.7 898.0 913.9 879.9 891.1
1500 969.7 999.3 915.5 936.9 895.0 910.2

- am a —— - - — —— o — — e S e e e e o e ama m e  ae e e e e . m— — — — — —— . —



Table: D.24
STEAM QUALITY VS. DEPTH FOR DIFFERENT
RATES AND ZERO AND ONE-HALF STEAM.
OFF-TAKE AT 1200 FT- DEPTH; TIME = 1100 DAYS
INJ PRESS. 750PS]A /\

\ o Legend:
D : Depth, FT
N O-T : No Off-Take
. H O-T : Half Off-Take

Steam Pressure, psna

600 Bbls/Day
N O-T H O-T

324
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