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ABSTRACT
This reéearch was directed toward -a study of steam
injection procegses and was comprised of experiments
eonducted in a scaled physical model, under a wide variety
of conditions. |

k A large part of the work wgg devoted sﬂ the design and

' eonstructlon of the scaled model apparatus used to conduct
the steam 1nject1on experiments. The apparatus was designed
to represent one- quarter of an elght hectare (twenty acre)
five-spot pattern and the scaling was based ypon low
pressure scaling‘criteria.

g number of steamflood experiments we¥g£§err1ed out to'
show the use of (the apparatus and t?p efficacy of the
processes under investigation. 'The ma}n ‘target of the‘
experimental studies was the Aberfeldy heavy 01l reservoir
of the E}oydmiﬁster area. This resertoir is charaeterized
by a viscous oil‘(1275 mPa-s at reservoir temperature) and
thin pay. Bottom  water is. present in parts of the
reservoir., To examine the recovery potential of the
Aberfeldy prototype, several types of experiments were
conducted, iﬁcluding continuous steamfloods in homogeneous
pPacks, a continuous steamflood in a bottom water pack, slug
runs in homogeneous packs and a steamflood following a
waterflood. T h

The steam slug runs in ' the ‘model representing the.

_Aberfeldy reservoir, which entailed the injection of a small
volume of steam followed by the continuous injection of cold
water, gave favorable results, generally better than the

continuous steémflood runs. Judging from these experiments,

\%
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\
the steam slug process would appear to be a viable recovery
techhﬁque for the Aberfeldy reservoir.

A As expected, bottom ‘water had a very d%trimental effect

on. the efficiency of & conventional steamflood, with oil

recovery in' one run being one-tenth of the recovery
experienced’ in the contiﬁuous ‘steamflood experiments. A
speamflood following a wé%éffﬂood in the Abeafeldy model
without bottom water, produced a low iﬁcremental recovery of
5.9% of }h# original oil ‘in place.(8.1%. of . the waterflood
residual oil saturation). /

The possibility of = steamflooding a conventioqalu;qié}
B . RERYPIO N o !s‘!.}
3 LS

55
o

. . . . By
reservoir, to 1mprove the ultimate oil recovery, apbia

- ;
T [Baty
o

warrént further,ipvestigation. Experiments conducted in a
model of a 1light oil prototype yielded the highest oil
recovery of all‘e{Periments carried out 1in this research.
Recoveries Qg 36% of the origiﬁal 0oil in place were
predicted /for- a péototYpe thickness of eleven meters.
Future ékperiments  designed to examine the steamflood

recovery response from a conventional oil reservoir should

include an examination of the effect of ?il saturation,

'bécause reservoirs of this type will normally be

~waterflooded first,

vi
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1. INTRODUCTION

Steam injection has been widely successful in North
America for the recovery of heavy oil, It currently
accounts‘ for over 78% &f”all_oil produced in the world by
enhanced recovery methods'.: The form of steam injegtion
which has had greatest success in Canada (Cold Lake) is
cyclic steanm stimulation, although recoveries are limited to
less than 20%.

The emphasis in this work was on steamflooding, which
'is normally the second stage process after cyclic steam
stimulation. 'In ' Califorhia heavy oil resefvoirs,
steamflooding has resulted in oil recovefies of as muCh\as
77% (San Ardo), with 55-60% being cOmmonp}ace 4Kern Ri§er).

Steamflooding is dependent on achieving communiéation
between injection and production wells. This 1is more
~difficult to achieve in.Canadian heayy 0il fesefvoirs than
_ in California because of low feSerVoir temperatures which
preélude .primary production, and becauée of excessive heat
losses in thin formations. HOWéVef,\ steamflooding is now
succeeding 1in Lloydminster reSerQOiré which were previously
considered to be unsuitable for this method of ehhanced
recovery. ’

Other studiesz" have s£OWn that steamflooding may be a
viable method of recovering waterflood residual -oil from
light o0il or moderately viscous oil reservoirs. Farouq Ali?
_suggests that the product of the Tock porosity and the oil
saturation must be greatér than 0.10 for a steamflood
project to be economically guCcessful. He lists\seVera;

conventional oil fields 1in Alberta and, Saskatchewan 4&s

r o 1



possible candidates for steamflood operations based on data

from the Energy Resources Conservation Board of Alberta.

' These fields include Acheson,/Fenn—Big Valley, Golden Spike,

Pembina, Red Water, Turnef Valley,. Wizard  Lake, and
Steelman. | | | )
Generally, the occurrence of bottom water and/or gas
cap zones, common in Alberta and Saskatchewan heavy oil
reservoirs, have been regarded as being additi;nally

unfavorable factors in steamflood operations, leading to

poor volumetric sweep efficiency. However, experience has

~shown that gravity drainage 1is *an important factor in

thermalvin sifu recovery of bitumen and heavy oil. This
experience suggests ways in which the high water saturation
zones (bottom waﬁer) and existing br induced gas caps may be
utilized, possibly ih association with steam additives, to
promote cost ef%eptive steam drives in margihél reservoirs.

A-Gv,w,_‘, i



2. OBJECTIVES OF THIS STUDY

The principal objectives of this investigationkhefe, as

follows:

1.

To design and fabricate a low pressure, scaled

steamflood model to simulate a selected field

(Aberfeldy) in Saskatchewan with the provision of thﬁ
. ‘ f

Gfed
| yig

iii. Equipment for rapid cooling of the l ry
S o ’;'

establishing the initial conditions in &M5rdance

following: } ‘ ?L

i. Injecﬁion and production equipmenf, and materiaii
to simulate adjacent formations. | *YZ,

"ii, " Facility for steam generation and steam qualigyﬁ‘
control. , S &>

with the scaling criteria.

iv. Faci;ity for data acquisition, processing, and
plotting,

To conduct a series of steamflood experiments to examine

model performance under a wide variety ‘of operating

conditions, in particular the following:

i. Base steamflood in a model saturated with 100%
water to observe temperature distributibns and to
refine operational procedures.

ii, Waterflood at room temperature and at low
temperature to establish the base oil recovery.

iii. Continuous stgéégloods in a model simulating the
Aberfeldy ' reservoir (hereafter referred to as the
Aberfeldy model).

iv. Continuous steamfloods in a model simulating a

light o0il reservoir.



v, Continuous steamfloods in a model simulating a
reservoir containing an oil much more viscous than
the Aberfeldy prototype oil.

vi, Experiments designed to egamine the effect of the
production interval on steamflood récovery.

y Vil. Steamflood experiments _ designed to -examine the

effect of bottom water on steamflood recovery.

viii. Experiments involving a steam slug driven by cold

"water.
The purpose of the above runsv was to judge the model
capability for a variety of experiments, and also to examine
a broad range of steamfldods to determinezthe processes

which merit a closer look in the near future.



3. LITERATURE REVIEW | '

Several in-depth reviews detailing the current state of
steamflood technology are * presented in the literature.*’®
Faroug Ali* gives a comprehensive description of the
theories that have been proposed to explain the mechanics of
steam advance in an oil-bearing formation.

Models (both physical and numerical) have been used to
gain a better understanding of the physical processes
involved 1in a steamflood operation. Models have also been
extensively employed as predictive tools to help deSign ghe
best recovery program for a particular field. This chapter
presents a survey of the experimental approaches to steam
injection and a brief description of the types of
experiments that have been conducted. The agreement betweeﬁ
model and prototype results will also be exémined.ﬂ Finaliy,
the role of numerical simulation ih conjunction with

physical models will be discussed.

3.1 Experimental Approaches to Steam Injection

Experiments of many types have been conducted in
physical models to examine thermal recovéry processes.
These include straightforward steamflood studies which
investigate relevant operéting parameters such as steam
injection rate and pressure, steam quality, pattern size and
type, and reservoir thickness, to name a few. Other steam
injection studies have been conducted in laboratory models
to examine recovery from reservoirs with specific attributes
such aS bottom water, gas caps, shale breaks, extremely high

0il viscosity, or with substantial waterflood residual oil

» 5



saturation. ¥ ~ ‘

Physical modé&ls representing prototype reservojrs can
be of threé types: (1) scaled, (2) partially scaled, or (3)
unscaled; A fully scaled model would be extremely desirable
because the experimental results could be directly applied
to a field situation and used to predict reservoir response
to various recovery schemes. However, it is difficult to
achieve an exactly scaled model. Relaxing some of the
scaling criteria to give a partially scaled model may
alleviate some of the scaling problems, but then the
possibility exists that incompletét scaling will produce
errors in the results. The other option 1is to forego
scaling altogether and to focus on & particular aspect of
the reservoir in an attempt to obtain qualitative
information about a distinct recovery mechanism. The great
majority of-laboratory investigations have utilized this

" type of model, as discussed in the nextbsection.

3.1.1 Unscaled Physical Models

Unscaled models have been used extensively in petroleum
research. Typically, the matefials and operating conditions
for the unscaled model are chosen to represent an element of
the prototype being stuaiea,_and although the models are not
scaled (and thus quantitative predictions are not possible),
the unscaled experiments can provide important information
with respect to the processes at work in the prototype.

One of the earliest laboratory studies dealing witﬁ
steam injection was conducted by Willman et al.’ This work

provided much useful information .on the mechanisms involved



in a steamflood operation. The experiments were carried out
using linear cores saturated with refined oils and crudes
having varying viscosities and steam distillation
properties. Of particular significance, the study obtained
oil recoveries by steam injection as much as 100% greater
than oil recoveries by waterflood. The improved oil
recovery by stegm\}njection was attributed to (1) thermal
expansion of the ofl, (2) v?scosity reduction, and (3) steam
distillation. The procedures used for predicting the
performance of a steam drive were bas;d.’onkythe
Marx-Langenheim® equations and thus. the same assumptions
were apblied. | Important limitations are inherent as a
result of the assumptions of frontal dispie;pment of oil by
steam and equal heaé losses to cap and base :oék.

Ozen and Faroug Ali’ conducted eiberiments on linear,
consolidated cores under 1isothermal cogditions and found
that the steam drive can be an effective process to recover
waterflood residual oil. They also performed an experiment
which indicated-that thé injection of a small volume of a
light hydrocarbon, such as naphtha, prior to steam injection
would increase the ultimate oil recovery. O0z& and Faroug
Ali® were among the first to study the role of heat losses
in laboratory studies of‘ppeam inﬁection.

Baker'® conducted an experimen}al study of heat flow in
steaﬁj}ooding by usfhg steam tg displace water in a
plane;radial fluid-flow model. The heat losses to the cap
and base rocks were calculated using thermocouple data and
it was féhan that heat losses were not dependent”™ on

injection rate but were a function of time alone for a given

3
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o éeserv01r th1ckness and thermal diffusivity., Howevet, he
d1d find that the volume of the hot water zone ahead of the
“steam d;d depend on the injection rate and that this hot
‘water sone contalned a significant portlon of the injected

heat. Baker also reportsﬂ$hat con51derable grav1ty override

was observed in hlS experlments. In a later study, again

‘us1ng the ”ﬁﬂ

N

dial flow model Baker"‘ obtalned a fmore
’detalled deflnltlon o% ‘the - steam front wh1ch enabled h1m to .
, provide a quantltatlve measure of the steam zone volume and
“gravity overrlde. | |
| El-Saleh and Farouq Ali':? condueted' an . experimental
1study ‘of@ 011 recovery by a steam slug driven by a cold
-ywaterflood in, a linear ‘porous medlum using several types of
il and varlous steam-slug sizes. They found that &ge Steam
dlsplacement process was more efficient in the case of llght_
.01ls than for heavier ones and that 01l recovery 1ncreased
w1th an increase in the steam slug size. Hong‘,3 and Ault,
Johnson and Kam1los, recently presented‘_papers which
dlscussed the appllcatlon‘ of a waterflood tok reservoirs
wh1ch have been subject to steam-drive operatlons. Hong s'?
'4work was based on ﬁumerlcal 51mulat1ons while Ault et al.
present‘actual.f1eld performance data. ~q(
Two«large elemental» models, used to slmulate steam
~injection and other recovery processes as applled to the oil
'sands are described by Redford, Flock, Peters,. and Lee.'
vone of the two models con51sts of a 6- 1nch by 6-foot steel
plpe w1th a 1/4 1nch cement lining and an outer 4-inch layer

of magngsla for 1nsulat10n. The model‘vas f1tted~with'many

thermocouples-and pressure transducers and used - a data .
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acquisition system for cﬁilecting all necessary information
duringk a run, It could qbe packed with any oil sand of
interest and inclined to represent the desired angle of d1p
Tnls model has befn'used extensively in many steam injection

¢
studies and is still in operation at the University of

B s

Redford et al. '"* also described ax;second model which

was bu1lt at the Alberta Research council. wItéﬁQ@SlStS of a
.5m dlameter cell equ1pped with 3"‘an elaborate ™ data
acquisition - and' analysing system . which = includes
approximately 1500 thermocouples, pressure transducers and
rlow vmeasurément devices as well as extensive control
equipment. 4‘The .Alberta ,Research Council ralso conducts

experiments in two similar, but smaller (45 cm cell and 4

23.6 cm cell) models. These models have been used for a

variety. of experiments employing steam and other fluids in
0il sand recovery experlments and are still in use today.

Flock and Lee" carrled out an 1nvestlgatlon 1nvolv1ng
: ’

a steamflood displacement of a medlum grav1ty crude oil

using the 6-foot steel pipe described by Redford et al.'®
The tube was packed with ’unconsolidated sand from the
Lloydminster field and saturated with a medlum gravity crude

oil. It was noted that the temperature distribution within

‘the porous system reSulting from injecting steam into a core

w1th a waterflood residual 011 saturation was 51m1lar to the

temperature distribution observed «when Steam dlsplaced a
water saturated porous medium. The authors found agreement

between their work and the- work of Baker torit
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Flock and Lee'® suggest that thesé ;esults indicate
that steam can be used as a tertiary recovery process in
medium gravity crude 0il reservoirs that"have been
previously waterflooded. They obtained as much as é‘ 40%
increase in  oil recoveéy by .injecting stéam into a
previously waterflooded core. However, with the model being
inspla;ed ~as described above, the experimental environment
was adiabatic and as such, the effects of heat losses to cap
and base rock were not considered. Thus, as'the authors
indicate, the results obtained.from these experiments must
be treated wiéh céfe when considering applying them to a
prototype. ‘

’ Faroug Ali and Abad'~ perférmed experiments to obtain
q%7fitative information on- the effgcf of three 'solveﬁgs
injected into a -three-diménsional elemental mddel_ fn
conjunction‘with steam. They found that bitumen recovery
was determined by the solvent :used, the vqlumé of the
solvent, and the placement’ of ‘the solvent. If -was found
that‘ ;hen the solvént was injected into the prdducing,well,
followed by steam injectidh into th& fnjectibﬁ well,
recovery,“was much higher than when both solvenf aﬁd"steam.
were‘injected into the same well. .Their results indicated
that smaller solvent .slugs are more effective in bitumen
recovery than large slugs. They suggest that an‘ opt}mum
cdmbinatibn of the solvent and steam slug sizes exists wﬁich
will maximize ‘bitumen recovery. They also found that -

recovery tends to 1increase with a decrease 1in steam

injection rate, down to some minimum optimal rate.

s
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Lee'ﬂ observed results’similar to those of Faroug Ali
and Abad"’ from his adiabatic experimehts conducted using a
6-foot linear elemental model; i.e. that ,swéep efficiency
improved with higher injection rate énd lower pressure. In
addition he performed experimen£5<to iﬁvestig?te Fhe effect
of reservbir dip on 0il - recovery and found that downdip
steam injectioh was always more efficient than updip, steam
injection; He hserved ﬁhatjthe downdip displacemént was
‘more piston-lii  .aereas in the updip injection case, the
”ﬁp;ard ehannelling of steam left behind a substantial amount
of unswept o0il. 1In another series of experiments with the
model in a. horizontal- pbsition, T_V.ee~Ia comparea va;ious
locations of the injection interval and found that injécfion
into the lower gortion of the tube gave better oil‘recovery
than injection into the dpper.portio§}, |
The models described thus far were essentially
unscaled, elemental models. The general purpose of models
of this type 1is to provide 1insight into the fluid-rock
interactions under abpropriate_ conditions of temperaturé,
pressﬁre, and, when _quitives _are used, chemical
: environment:a The limitapiéns'of these models result from
the fact . that they aréﬁﬁot»scaled and therefore cannot be

used for ‘quantitative prototype predictions.

,3.1.2 Scaled or Partially Scaled Physical gsdelg
A modelvwhich could accurately prediggg,the préduction
response of a reservoir wunder steam stimulation would be
highly desirable. Scaled model experimenté have been

carried out to study the effect of variations in operational
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parameters suéh as injection rate, production pressure, slug
size, completion intervals, flood pattern and size, steam
additives, reservoir heterogéneities; and steam quality.
These models méy also be used to calibraté numerical modéls
~or provide some insight into the effects of parameters which
may not be properly incorporated into a numerical simulator.

Faroug Ali &nd Redford'®’ present a comprehepsive review
of the approaches used in scaling steam injection processes.
AThey state that the design of a scaled physical model is
based on the Principle of_Similérity* and is characterized
by = the same ratios of ‘dimensions, forcés,m velocities,
temperature 'differenées, and concentration differences’as
those occurring in the prototype.

In genefal, two types of scaling methods can be used to
model thérmal'recovery processes; (1) high pressﬁre and (2)
low pressure (or vacuum). Each of these will bé discussed

and a comparison of the two will be made.

3.1.2.1 High Pfessure Scaled Model Studies.

There have been several notable studies dealing with
scaling thermal recovery methods as applied to hidh pressure

scaled models. Geertsma, Croes, and Schwarz®' derived the

dimensionless groups for scaling the displacement process
involving the injection of hot water with the objective ~of

increasing recovery from reservoirs containing viscous

Crudes. (They also derived the scaling groups for the
‘conventional water drive and a solvent fnjection process).

Pujol and Boberg?? developed one of the best known sets of
*The authors refer the readers to a book by Johnstone and
Thring?® for a discussion of the Principle of Similarity.
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‘scaling criteria applicable to multidimensional steam
injectién. Their work has been utilized by severai
’experimenters in scale model  studies., Niko and Troost??
derived scaling criteria for cyclic steam stimulation in a
radial, two phase (oil-steam) system. Other noteworthy
studies which deal with high pressure model scaling criteria
include'the Qork'of Perkins and Collinsz‘;.Demetre, Bentsen
‘and Flock?3, Gfeenkornz‘, Loomis and Crowell?’, Bentsen?"",
Rapopértz’, and Leverett, Lewis" éﬁd' True®°, Several
experimental studies have employed high pressure model
scaling criteria, some of which wﬁll be discussed below.
Pursley®' applied the Pujol-Boberg?:® scaling criteria
to simulate reservoir conditions: existing at Cold Lake,
Alberta using several three-dimensional models. For the
steam drive studies, high pressure scaled models were
constructed to represent one-eighth of a fiQe spot pattern
for a prototype having a thickness of 42.7 m (140 feet) angd-
a depth of 457.3 m (1500 feet). Models representing 0.5-,
4, and 8-hectare (1.25-, '10-, a%% 20-acre) patterns were
used. Thelprototype oil viscosity was approximately 100 000
mPa-s and in some experiments the reservoir contained a
bottom water 7zone and/ot'a gas cap. The model fluids were
the same as the reservoir fluids but due to the scaling
;ritefia, the’porous medium for the model was different (200
times more permeable than the prototype). The author states
thafv the objective of the model_sfudies was tifdetermine
whether the bottom water zone or the gas cap coui& bel-used
during a steam drive operation. A water zoné was created by

inverting the model, scraping out a layer of oil-saturated
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sand, and replacing it with water saturated sand. A gas cap
was / installed by 8lowly injecting gas into .the model, while
removing a cdr;espoqging volume of dil, ahd allowing the gas
to distribute overl the 'top of the model by gravity
segregation. He also incorporated impefmeable'tight streaks
in his model (when ifequired) by placing thin sheets of
silicone or concrete into the pack at appropriate positions.
With bottom water present, Pursley®' found that
recovery was significantly‘higher because the steam tended
to . override and contact a greater portion of the oil sand.
He suggesteqﬁtbat.a steam drive through a bottom water zone
would be féégible ingood vertical permeability exists and
if heating close to the base of the oii sand can be
achieved. However, he found that fhicker water sands had
the adverse effect of significantly delaying oil production.
Based on results of runs with a gas cap present, he
suggested that steam’ 1injection through the gas cap may
provide 'a better approach in cases where the oil’sénd is
separated from the bottom watet layer by an impermeable
‘material. In other experiments; the effect of permeability
was examined. Pursley®! foﬁnd that increasing the model
permeability from 400 aaréys to 1200 darcys had little
effect on oil recovery. He also found thatm lowéring the
quality of the 1injected steam decreases recovery at
corresponding values of steam injected, but on the basis of+\
heat 1injected, the recoveries were similar. Puréley" also
reported on experiments concerning pattern size, steam bank
size, additives to steam, .and tertiary wet combustion

.0

studies.
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Ehrlich?®? conducted experiments in a three-dimensional
model, scaled according to the Pujol-BQbergzz scaling
criteria, to study steam displacement in the . Wabasca Grand
Rapids 'A' sand. lThe model represented'éne~quarter of a
0.08 hectare (0l2 acre) five-spot pattern for a ~“prototype
reservoir with a 9—{0.7m (30-35 feet) thick pay;zone and
with o0il viscosity of approximately 5x10¢ ‘mPa-s. ﬁased on
this study, the author found that the res}dual oil
‘saturation behind a steam front is about 20% ofM the pore
volume regardless of the initial oil saturation. He
suggested that the areal sweep efficiency of a  steam front
is high because of the low effective steam mobility. He
found that vertical sweep efficigncy-‘was low because of
steam override and the oil—stgamuratio'is low whed.ovgrride
occurs. Ehrlicﬁ” also found that the use of caustic élong
with steam does not impfove recovefy déspite_the success of
caustic emulsifiers used as additives with hot waterfloods.

Huygen®?® used a Ehree—dimgnsiénal,'high pressure (7MPa)
modél packed with Berea sand to examine ‘the steamflood
recovery of eight different crudes. (The model considers
only heat 4flpw in the scaling calculations). Huygen?®?
prepared a correlation using exponential curves to predict
oil proauctioh and steam sweep vdata based on values' of
initial oil saturation, specific gravity, viscosity at 38°C,
distillation residue at steam temperature, steam-to-oil
viscosity ratio, and the viscosity ratio multiplied by the
steam/water specific volume ratio. 1In a late:,stpdy, Huygen
and Lowry®’* performed experiments to study stea;flboding in

the presénce of a bottom water“zone. 'The bottom water was
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installed in their model by the same method used by
PurSley!" They observed that the bottom water acted as a
pressure sink which'counteraqted-gravity segregation of the
steam. They also‘reporéed that if the steam injection rate
is‘high enough, no gravity override occurs and much of the
formation is swept layer by layer, resulting in a high oil
recbvery. However, they state that a  too high injection
rate wastes steam and a too low rate promotes override, and.
thus, an optimum rate exists. The authors conclude"that a
bottom water zoné proviées the steam injectivity missing in
immobile tar sands but soaks up heat and oil, making the
proceés‘ inefficient when thicker bottom water layers exist.
They found that heating of the oil sand by ' conduction
through the ‘water layer 1is slow. They also observed the
' displacemént of the heated tar to be pér§llel to the steam
front and through the bottom Qater zone, rather than ahead
of the steam. |

Singhal®*®* and Lo*¢ employed Pujol—Bober_g22 scaling
criteria in‘their scaled model studies. Their vexperimehts
were carried out in a scaled model appafatus which was
operated at pressures in the’range of 100-117 kPa (14.5-17
psi), ahd thus the apparatus may be considered to be an
intermediate pressure scaled model. The authors observed
that thei(hot condensate zbne ahead of the steam zone
exhibited severe fingering and channelling which resulted in
eérly water .breakthrough but that the steam zone did not
exhibit fingering. Consistent with other studies, the
authors observed severe gravity override as ygii aé

underrunning of hot condensate fluid. Theylalso report that
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oil recovery increased with both increased steam injection
rate and with increased steam quality. They suggest, based
on experimental results, that waterflooding a reservoir

after steamflooding will recover as much as 5% more oil.

3.1.2.2 Low Pressure Scaled Model Studies1

;

Scaled physical models employing vacuum scaling
criteria were first proposed by Stegemeier, Laumbach, and
Volek.?” They demonstrated that materials differing from
those found in the prototype reservoir can be used in the
vacuum model system and that such a model can accurafely
Rredict field response. As this 1is the scaling method
applied to the physical model used in this study, extensive
detailé ofAthe scaling criteria of Stegemeier et al. are
presented in a later chapter. 

Stegemeier et al.®’ report that they performed scaled
experiments to design or to provide operational assistance
for several of Shell's steam drive projects including

'TatumSJ‘, Coalinga®’, Slocum*®, Mt. Posg*', Péace River*?,
Yorba Linda*® and Midway Sunset.®’ They provide results from
two of their lé}ge model studies, the Mt. Poso and Midway
Sunset fields, as examples of the type of information which
may be deri&ed from vacuum model studies.

The Mt. Poso study condubted by Stegémeier et al.?®’
included a series of aboﬁt fifty experiments which
demonstrated that steam override would be a ’'significant
factor in the field, causing oil and water to be displaced
downdip by gravity. They found that heating dbwndip

improved the oil-steam ratio but that only paft of the
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reservoir was depleted. In some runs, the effect of
prototype oil saturation distribution within the reservoir
was investigated and it was found that a high o0il saturation
mid-dip, or especially updip, improved the displacement
process over a uniform saturation distribution. The results
of these experiments lea the authors to recommend conditions °
for a successful steamflood at Mt. Poso. A study of the
Midway Sunset field included experiments to compare the
results of steamflooding and a steam soak process.

Prats'? conducted numerous experiments using vacuum
models employing Stegemeier et al.'s?®’ scaling criteria.
His study was focused on the PeacegRiver, Alberta o0il sand
deposit where a bottom water layer exists. Five prototypes
were examined and Praté concludea th.t  each prototype
reservoir required a unique operating strategy in order to
obtain the optimal recovery. Many operational wvariables
were examined including steam qﬁality, injection rates,
completion interval, pressure ievels, and heat scavenging by
injecting water after the Stégﬂ'drive. Many of the runs
were conducted with a high watér éaturatidn present in the
lower part of the model. This zone of high water saturation
was establishedvby creating a temperaturé gradient in the
model (with ’the bottom being significantly hotter) and
‘injecting water throhgh selected wells with bottom
completions. The injected water preferentially displaced
oil from the lower layer of the modeli After the desired
initial o0il saturation profile was established, the
temperature gradient was maintained for one or two days to

allow the model to reach horizontal and vertical
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equilibrium,

Doscher** constructed a vacuum médel based on the
scaling criteria of Stegemeier et al.’” with a slight
moéification. D%écher developed scaling parameters ffom

similarities ié%u n 1integral form, based on a study by

Yortsos*?®, rather‘ than a differential form as wused by
Stegemeier et al.’’ Doscher and Huang*‘‘ used this model to
investigate the steam drive performance In a Kern River type
bééCy oil field. Experiments were conducted to study the
%ffect of injection rate, bottom water( steam quality, oil
viscosity, and reservoir permeability. Based on the
- experiments conducted for a particular prototype, they
concluded that an optimum steam injection rate exists, above
and.below which, performahce decreases. - They suggested that
production rate is a %iﬁéar function of steam quality, and a
function of the squa{é root of the oil viscosity at steam
temperature. /

Doscher and Ghassemi*’ performed experiments on the
vacuum model described above** and determined that the
viécosity of the crude oil is a very imp&rtant parameter
which affects the efficiency of the steam drive process.
They also conducted experiments to examiné the effect of
reservoir thickness‘on the steém'drive efficiency. Although
little evidence is presented in the baper, they suggest the
possibility of the oil-steam ratio in thin reservbirs being
as high as, or even higher than in thick reservoirs, This
is contrary to the prediction made by analytic models which
indicate that the oil-steam ratio will.vary directly as a

. _ . . + .
function " of reservoir thickness. It seems5 1likely that
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excessive heat losses would limit the economic viability of

a steam drive process in thin formations.

3.1.2.3 High Pressure vs., Low Pressure Scaled Models

Each of the two model types has distinct advantages and
disadvaptages. Because high pressure models often employ
the same fluids as the prototype, theg are considered to
provide a better scaling of rock-fluid interactions such as
permeability, relative permeability, and capillary pressure
alterations. Stegemeier et al.?’’ note that the
Clausius-Clapeyron relation is more accurately matched at
subatmospheric pressures and low tgmperaturés; thus the
modeling of temperature distribution is better in the vacuum
model. | This affects the viscosity distribution, internal
energy distribution, and the steam zone pressure gradient,
all of which are thought to be important aspects of the
thermal recovery proéess. It is generally accepted that the
vacuum model 1is less e#pensive to construct, safer to
operate, and is able to turn out results guicker than the
high pressure moazl. It is interesting fo note that
although Prats*? had{both types of models available to him,
after considering thefrela;ive advantages and disadvaptages

of each, he chose to conduct his experiments in a Ya uum -

model . S T

On the negative‘side, neither the high pressure nor the
low pressﬁre scaled model account for compressibility
effects. More importantly, neither model is able to use
prototype fluids and porous media if proper scaling is to be

maintained. Kimber and Farouqg Ali** found that if prototype
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fluids and porous media are used in a high pressure model,
the geometric similarity must be dig}orted in the vertical
dimension. This would also affect other scaling parameters.
Doscher and Huang** point out that physical scaling fails
badly when chemical reactivity, capillary pressure, or
physical adsorption play importént roles in the process, but
they state that in the steam drive these phenomena are not
important.

Prats*? and others suggest that the main factor which
may not be scaled in the vacuum model is the relative
permeability. (This would also bgut{ue of the high pressure
model, but gg“ma\hlesser extent.) 1In a discussion at the
Canada-Venezuala oil sands symposium of 19774° Prats stated
that it is not known whether the relative permeabilities are
scaled and gave several factors which contribute to the
problem. The most important is that it is not known how to
obtain a single set 6f three-phase relative permeability
curves which will be applicable for a given prototype
reservoir undér the anticipated operating conditions. In
addition, he says it is POt known how to make up a set of
relative permeability propefties for the 1laboratory scaled.
models. For these reasons, he suggests that it is not -
possible to determine how well or how poorly relative
permeabilities are matched in the scaled models.

In general, it is. believed tha? the high and low
pressure scaled models provide a rea;onable description of
the phenomena involved in the steam drive process, A later
section 'gives some examples of éhe ability of the scaled

models to predict the field response to steamsstimulation.
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3.1.3 Studies of Thin, Bottom Water Reservoirs

Kasraie‘ and Farqu ‘Ali®° discuss the mechanisms
1nvolved 1n thermal " stlmulatlon of bottom water reservoirs.

'Based on thelr survey of ex1st1ng fleld and laboratory data,

2y
|

AN
A

the‘apthors conclude that a water zone . thicker than about'

one-fifth  of the 0il ~zone would make cyclic steam

stimulatiopn uneconomical
As mentioned in previous sections a few experimental

studies have been undertaken to examine oil ‘re¢overy by

steam 1njection into reservoirs underlain by water.
However, none of . these studies were directed towarp'

reSerVOirs of the Aberfeldy type; ‘i.e;'thin reservoirs,

often assocxated w1th relatlvely thick %ottom water zones
and/or a gas cap.

The Peace)Rlver reserv01rs, modeled by Prats‘2 contain

C A
a substantial oil saturation (45%) 1n conjunction w1th the

"bottom water“ layer; thus 1nject10n into. the bottom water
zone still produces an economlcally acceptable amount of
0il. The Cold Lake reserv01r studied by Pursley31 has ‘a pay
Vthlckness of 140 feet. (42 7 m) and the Wabasca reserv01r
‘studied by Huygen and Lowry"H has a thin bottom water zone

relative to the total pay. thlckness. Both have viscosities

in the‘order of 10° mPa-s. Thus, the results of  these

fstudies . may not be representative of the ‘Aberfeldy‘

Tt

reservoir. Similarly, only limited work has been reported

with respect to steamflooding’ «thin 011 reservoirs (e. g

. Doscher and Ghassemi‘’). E , EEERN

A . numerical 51mulation study was recently reported by ‘

Singh, Malcolm and He1dr1ck5" Their objective was' to
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.evaluate steam injection and steam 1njectlon with additives
1nto reserv01rs w1th bottom water. ' The project encompassed
of' muie

detefm%ne the effects of bottom water thickness, carbon

rica] simulations which were run to

dioxrde injected along with the steam, blocking agents, and
injécﬁfon—produo;ion strategy; Thev concluded that the
injection of foarbon dioxidég;a;one, followed by steam
injection would result. in improveo production. They note
‘that there is no data available concerning the application
of additives ‘for the thermal recovery of bitumen from
~reservoirs with bottom water. The results given are of ‘a

very general nature, ‘and do not give any def1n1te gu1de11nes

for producing bottom waterfreserv01rs. '

3.2 Agreement Between Exper1mental and Field Results

5"

With regard to unscaled experlments there is little
likelihood of obtaining the same oil recovery or oil
production rate as in the field. However some studies haye
shown that - field values of the re51dua1 oil saturation to
steam are similar to laboratory values. ‘The residual oil
?saturatlon to steam is aependent upon the the ultimate oil
dlsplacement' by steam, and depends less on mass/heat
transferkeffeois. | ’

Stegemeier et al,?’ observed excellent agreenent
between their™ scaled model studles ‘and f1eld responses for
the Mount Poso steam drive model. 7 present a  plot of
the predicted versus the actual field performance, which
demons;rates the accuracy of the scaled model predictions.

of

Prats+? _g1ves='a comparlson of . the full-scale vs. actua&g
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response for. the Peace River scaled model studies in a table
and again, close agreement is observed. This is
particularly 1nterest1ng in the case ofbthe Peace River
study because the in situ oil vistosity is very high, while
in ‘the model, the prototype oil was represented by a

relatively light oil,.

3.3 Role of Numerical Simulation

Numerical simulation of steam injection processes is at
a .stage where simplerv situations can be simulated. The
principle limitationsvare (1) the grid size, which limits
simuiation to that of an element of symmetry of a'pattern,
‘and that too, with limited deﬁinition; and (25 process
representation, which means thatkvsgme of - the processes
_involvedl in -thermal stimulation ate, still unclear,
barticularly the rock~fluid interactions. Often,
unrealistic assumptions are put into a 51mulator to obtain a
hlstory match; for example, wusing a rock compre551b111ty
factor Which is several orders of magnitude higher than the
real compressibility (' spongy rock' effect®?) to compensate
for a parameter which is not implemented (or possibly not
understood). | | |

In spite of these deficiencies, nUmeriqal' simulators
can be valuable.tools to complement physical model studies.
They can pta&ide fast pfedictions which 'may be used to
assess the relative role of variables in a given steam
process. With adequate inforﬁation %gtlable for history
matching, n;merical simulators may be modlfied to provide

accurate predictions of reservoir response "to changes in
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Operational strategy, thus precluding the need for physical
models. However, if production data is limited. or
nonexiéfent, the use.of a numerical simulator in conjunction’
with a‘scaled physical model would provide the most reliable

prediction.
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4. SCALING THE STEAM DRIVE PROCESS FOR A VACUUM MODEL
ThlS chapter will outllne some of the details of the
scaling method which was: used in this study. = The
assumptions underlying the scaling procedure are llsted and
two of the major assumptions are discussed. To demonstrate
the appllqatlon of this scaling method, the details of the
calculations used to model the Aberfeldy reservoir and the

associated operatlng parameters will be presented

i
o
il

4.1 Vacd%m Model Scaling Parameters

Yy

v

The scaled model used in this study was designed based
on the scaling rules of Stegemeier, Laumbach and Volek,?”
Their scaling rules were derlved by rewriting the equations
govexnlng the steam _injection process into d1men51onless
form and then determining a set of 51m11ar1ty parameters by
1nspect10nal ana1YS1s Englneerlng judgement was used to
reduce the set of 51m11ar1ty parameters to a set of scaling
parameters which could generally be matched between the
scaled model and the fleld prototype These scaling
parameters are presented in Table 1,

The assumptions made by Stegemeier‘ et al.®’ in the
derlvatlon of the scaling parameters are reproduced below:
1. 'Three phases may exist con51st1ng of an oleic phase, an

aqueous phase, and a steam vapour phase (no volatile
~ hydrocarbons).
2. There 1is no pPartitioning into or out of the oil phase

(dead oil). | |
3. Rock oompressibility and thermal expansion are

negligible.

26



Table 1. Scaling Parameters for Steam Processes.
Number| Parameter Name of Parameter
1 Pr Poiseuille number divided by
pP. g. L ’
r-rr Stokes number.
2 Ior Lur + 1 Modified Jacob number + 1.
Cr Tr
3 £ u ' Ratio of steam pressure
st Msr Pr ‘ ,
Hp Pg, gradient to oil pressure
| gradient,
4 Knr Ly Fourier number or Peclet
$_ S_p_ C_ L :
rr’'rr " number.
5. r S 4y Ly Stokes Number
| kp ppo9p t,
6 r ot -Poiseuille number divided by
pp ¢, S_L_° L .
Lo or modified Poiseuille number.

After Stegemeierfwiaumbach, and Volek?”

Subscript

r' indicates that

the variable is a reference quantity

used to obtain a dimensionless term.
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Darcy's and Fourier's equations are valid.

Capillary pressure effects are negligible,

The system is in local thermodynamlc equ111br1um

Kinetic energy, potential energy( and viscous
dissipation energy are negligible compared with the
thermal energy, '

The enthalpy and internal energy are essentially equal
for the oleic phase and for the agqueous phase, and - are
linear functions of the temperature, ©

The difference between the stean enthalpy and internal
energy can be neglected

The tlme rate of change of the specific steam enthalpy
in the steam zone isg negligible.

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

The saturated steam temperature ‘is the max imum
temperature in any location.

Relative - permeabilities depend exclusively on the
saturations.

The residual 0oil saturation to steam and  the connate
water saturation are constant and uniform throughout the
model.

Critical saturation for steam flow is assumed to be
zero. ' ’

The changes _in the den51ty of the 1mmovable water and |
residual oil are negligible,

In view of the above assumptions, ‘some degree of error

in the results isg 1nev1table. In particular, strict scaling

would require that the capillary pressure and the relative
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permeability relationships - be the same functions of
saturation in the model as in the prototype. 1In additioff, a
practical limitation results from the , possible problems
associated with finding model meterials and fluids with the
properties necessary to satisfy the scaling groups.

The failure to scale the capillary pressure is thought
to be acceptable because of the high c¢rude oil v1sc051ty in
the prototype reservoir. Demetre et al.?® found that in the
case of large values of mobility ratio, the breakthrough
recovery is only a weak functionlof Ehe capillary number,
provided the displacement is stable. Bentsen’® states that
the mobility ratio dominates the displacement process in a
linear system and therefore it is p0551b1e to e11m1nate the
requirement that ‘the relative permeabilities (or their
“ratio) be the same in the model and in the prototype, under
certain circumstances. The paper deals with a linear

displacement process, Dbut the author suggests that more
| complex problems may be hanéled in an analogous manner.

As mentioned in the 11terature review, Prats*® states
that the three-phase relative permeablllty;curves appllcable
to the prototype under the anticipated operating conditions
cannot be deterhined. ‘Similarly, it is not known how to
make up a set of relative permeability properties for the
laboratory model. This problem makes it difficult to know
whether the relative permeability relatlonshlps are scaled
or are not scaled. Despite this limitation, Prats*®
obtained good agreement between the model and field results

'in his Peace River scaled model study, as noted earlier.
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Justification for the assumptions made in deriving fbe
scaling rules 1is further (and perhaps better) provided by
the agreement between laboratory model results and actual

field operations. (Examples were given in the literature

review.)

4.2 Designing the Aberfeldy Scaled Model

Three modéls‘were built to represent the Aberfeldy
prototype, one with a scaling factor 'of 173,2 to 1, énd two
with scaling factors of 4b0 to 1 (one of which represented a
reservoir twice as bthick as the other). Each model waé
designed to simulate one quarter of a five-spot pattern and
as such, each. had one injectiqn well and one production
well, at diagona11y opposite corners. Because of the work-
involved in preparing for a run, and the cléaning necessary
after a run, the smallest model was used for the preliminary
runs until familiarity with the equipment was established.

The thin péy zoneypf the Aberfeléy reservoir reqguires
that the scaled model representing it be very thin also,
particularly for a dodel with a scaling factor of 400 to 1.
Thus the secénd small model was built with an exaggerated
vertical height to give better insight into the effects of
bottom water and steam override in the model experiments.
However, because the bestApredictions can be made with a
model as large as is practical, the large model was used for
the majorit%,of the runs. This is the model that will be
discussed. in the éxample calculations presented ‘in the

following sections.
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4.2.1 Prototype Data

The first step in’ designing a physical model to
simulate a field system is to determine the characteristics
which will be used to descrlbe the prototype reservoir. The
following values were chOSen to represent the Aberfeldy

prototype: :

Well Spacing: B8 hectare (20 Acre), 5 spot pattern

Net Pay Thickness: 11 meters.

Gross Pay Thickness: Varies from 10 to 13 meters,

Porosity: 0.31 w\\\

Permeability: 2000 mg

Thermal Conductivity: 1.2 Btu/hr-ft-°F (0.002077 KW/m+K)
Heat Capacity:'2,2217 KJ/Kg+K

Initial Saturation: S_=0.75, 54=0.02, §,=0.23 ~
Steamflood Residual 0il Sathration: Sor=0.15

Oil»Viscosity: 1275 mPa+s at 23.9°C, 560'mPa-s at 32.2°C, 90
' mPa:s at 65.6°C, 12.5 mPa-s at 135.0°C, and 1.29 mPa:s at
301.7°C

Water Viscosity: 0.891 mPa+s at 25,8°C

Gas Viscosity: 0.013 mpPa-s at 23.3°C and 0.016 mPa-s at
134.40¢ ‘ :

Specific Gravity of Gas: 0.55

Initial Réservoir Pressure: 3.45 Mpa

Initial Reservoir Temperature: 23.3°C

Steam ,jection Pressure: 1.900 Mpa

Steam Injection Rate: 100-150 m®/day

Steam Quality: 0.70 (Actually it is 0.80 to 0.85 but'a lower

value was used to allow for wellbore heat loss.)

1
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413.1 Prototype Data
L]

The first step in designing a physical model to
simulate a field system is to determine the characteristics
which will be used to describe the prototype reservoir. The
following values were chosen to represent the Aberfeldy

prototype:

Well Spacing: 8 hectare (20 Acre), 5 spot pattern

Net Pay Thickness: 11 meters.

Gross Pay Thickness: Varies from 10 to 13 meters. '
Porosity: 0.31 -

Pefmeability: 2000 md

Thermal Conductivity: 1.2 Btu/hr-ft:°F (0.002077 KW/m-K)
Heat Capacity: 2.2217 KJ/Kg-K

Initial Saturation: So=0.75, Sg=0'02' Sw=0'23

Steamflood Residual 0il Saturation: Sor=0-15

0i1‘Viscosity: 1275 mPa+*s at 23.9°C, 560 mPa*s at 32.2°C, 90
mPa+s at 65.6°C, 12.5 mPa-s at 135.0°C, and 1.29 mPa-s at
301.7°C d

Water Viscosity: 0.891 mPa-s at 25.8°C

Gas Viscosity: 0.013 mPa-s at 23.3°C and 0.016 mPa-s at
134.4°C

Specific Gravity of Gas: 0.55

Initial Reservoir Pressure: 3.45 MPa

Initial Reservoir Temperature: 23.3°C

- Steam Injection Pressure: 1.900 MPa

Steam Injection Rate: 100-150 m®/day

Steam Quality{\O.?O (Actually it is 0.80 to 0.85 but a lower

value was used to allow for wellbore heat loss.)
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Depth of Reservoir: 522.4 m

Bottom Water: Varies from 0 to 6.9 m. ‘
Pressure Range: The pressufe range is usually bounded dé the
uppef side by the fracture gradient of the reservoir and on
the lower side by the bottomhole production pressﬁre. For

calculation purposes, a back pressure on the formation of

0.345 MPa (50 psia) was assumed.

(Pp)p = 0.345 MPa

4.2.2 Length Scale Determination

The length scale is detérmined by pressure-temperature
relations and by constraints placed on the size of the
physical model. Stegemeier et al.’’ state that the best
match of the pressure-temperature relation for saturated
Steam can be obtained by making the length scaling .(factor,
v(L), as small as pdssible, and thus the‘model should be as
iarge as possible; ~The limits are that the model must be of
a size suitable for a laboratory and small enough to ensure
that the~run time is not prohibitive.

In this project, the model. represents 1/4 of an 8
hectare, 5-spot pattern. The model is 81.3 cm (32 in)
square and 6.4 cm (2.5 in) thick. This produces a length

scaling factor of 173.2 in 3 dimensions.

’ Lp/Lm=7(L)=173.2 ee. (1)



4.2.3 Model Pressure Scaling

’

For prototype pressures of the order of 0.345 MPa (50
psia) and for typical length scales, Stegemeier et al.’’.
State that the pressure-temperature relation at saturation
can best be matched if one selects as low'a +alue for the
model production pressure as is possible. From a practical
sténdpoint, the lowest value that can be maintained due to
vacuum pump limitations and vapour pressufe considerations
is about 7 kPa (1 psia).

(Pp)m=6.895 kPa (1 psia)

With - the above value for the model production pressure

choseﬁ, model pressure scaling is calculated from scaling

barameter (1) in Table 1.

P-P L
PPy % ~p | ()
(P—Pp)m Pm 9m Lp

-

'y(AP)’/=

To this point, the density ratio is the only unknown in the
above equation. The. first time through the scaling
calculations it is necessary to assume a value of 7(pr), the
density ratio, which was found to be approximately equal to

0.9, and using this, a relationship between P and P_ can be

p
developed from Equation (2) as follows:
- (P-pP_)
y(4P) = ——P P = (0,9)(1.0)(173.2)
(P-P_)
p’m
Pn = (Pp)m + 0.0064152 Pp - 0.0064152 (Pp)p
P, = 0.006895 - (0.0064152)(0.34475) + 0.0064152 Pp

.+ P = 0.004683 + 0.006415 Pp ... (3)

‘-
ESN >
SE

. . a
where P, 1s the model pressure corresponding to a prototype
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pressure?E}V with P and Py, both in MPa. Refer to Table 2

for a tabulation of the correspanding values.

"4.2.4 Model Temperature Scaling
4 -

Stegemeier et al.®’ state that the best match between

prototype and model oil viscosity curves 1is obtained by
making the model temperature rangé~as large as possible. As
a ‘practical limitation, the inimum initial model
temperature is about 3°C. Thus (T ) = 3°C. To scale the
temperature, corrésponding temperatluyes at only one other
point are required. '

Stegemeier et al.®’ suggest that it is best to take a
value from the middle of the pressure range for finding the
temperature difference ratio because most of the o0il will be

produced when these temperatures §iflke significant. Further,

they state that the lower part o§¢ .pressure-temperature

relation for saturated steam is & 1t to fit.
Using prototype and model temperatures corresponding to
a prototype pressure of 2.00 MPa (see Table 2), the value

for the temperature ratio can be determined as follows:

ATK _ (T’-To)D _ (212.42-23.30) (8

AT ,(T—To)m‘ (57.03-3.0)

AT

ATm

fl
w
o
L]

.(5)

If this ratio is constant over the temperature range

(Stegemeier et al.®’ state that it must be in order to have
' )

the proper proportion of enerqgy stored as internal »éﬁergy),

a model témperature relation can be developed as fol.ows:
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. ) Ry
T -(T,) ’ : !
Ty (To)p = ~B——0-2

m. 3.5

< T, = 0.286 Ty~ 3.657 ...(6)

The model values calculated from Equation (6) are given in

[

Table 2 and aré designated T_. to denote that they are

calculated1values.

As seen in Table 2, the calculated values, T do not

sc’
cOrrespond' exactly to the saturated steam values, T

vd

5°
Stegemeier et al.®” state that better scallng is obtained by
allowing the‘error to occur at the lowegmxemperatures. They
note that the portion of the pressure-temperature saturation
‘relation thch is mosf difficult to match is the part

pertaining to low pfototype pressures, which often are not.

encountered. .

4.2.5 Scaling the Steam Quality
| Stegemeier et al.®’ wuse parameter (2) in Table 1 to

alculate the model steam quality.

(Eﬁé—E%E + 1) A ()

r °r
‘ Whea'¢AS is not matched, and if it‘is assumed that cap and
base reck heating are dominant, as is often the case in
steam drive processes (partlcularly in thin reserv01rs) "A'
is replaced by ¢S /p Thus the equatlon'to-

cr® cr
calculate the model steam Quallty is given by:



37
. ™~
° C AT . '
foo o= (22 {(_S___+1) [ pASp) (_p_p) (f_cm_c_m)] “1} ..(8)
Ly o C,A (pas;) (o Co) (pcp cp’

It was assumed that a[porosity of 0.32 would be obtained in
the model;~i.e. ¢m=0.32, and it was assumed that the change

vin oil saturation within the model would be 0.85; i.e.

and SOr

ASm=O.85. In the prototype, w1th1AS = J—Sor—ch,

0.15, the change in oil\saturation is 0.62; i.e. VASp =
0.62. o |
‘Values of model steam quality at various pressures have been
calculated using Equatlon (8) and are presented in Table 2.
The proportion of injected water and steam required to
obtain the desired model steam Quality were calculated based
upon the premise that the enthalpy rate of the,'two' inlet
streams comblned must equal the required enthalpy rate of
the wet steam injected into the model, plus any heat losses.

M w__h +waha = (w

sshss +wa)(fsmLV+chT)+QlOSS ...(15)

ss
where Wy and L are the mass rates of flow of the

superheated steam and the aqueous phase respectively; hss
and h, are the’ entering superheated steam enthalpy and
quality control water enthalpy respect1vely, and Qloss is
the rate of heat loss. | '
Equation (13) can be rearrangedfas follows:

% .

h -stv_CwAT—(Qlcss/wwix

W ' .
-2 - _S85 ¥ ...(16)
Vi . @“hss_hwa N
' where L is tne ggﬁ&al mass rate injected (=wss+wa)

- (calculated in a late& section) and h, a=hg at 23°C which is

"
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equal to 96.52 KJ/Kg. Assuming that the steam temperature
is 120°C, the quality control water temperature is 23°C, and
Ql&;s=0' the values of h o were calculated and found to vary
with model pressure as shown in Table 3.5;’

Using these values for hgg And substituting other known"
Qalﬁés into Equation (16) gives values of wy/w, i at various

pressures. These values are tabulated in Table 2.

4.2.6 Scaling the Model 0il Viscosity

Parameter (3) in Table 1.was used to scale the oil

viscosity. From parameteg (W gie@emeler et al.’” obtained

iy oy,
"ia,;w

the follow1ng relation:

Mo _ ¢ (fgn) (hgp). (_§p> (Pog

Hop (fgp) (Hgp) (pgn) (po

1 ...(9)

p
Known quantities were substituted into Equation (9) and
:7values Qi model viscbsity were calculated for various

These are'presented in Table 2,

etermining the Time Scale

”Stegemeler et al.’’ developed the following. equation

om parameter (4) in Tablé 1.

Ky Ly, '
' o (knp) CPepcen) | (=) ...(10)
ty .(khm) (PepCep) Lo

f

This assumes that the temperature distribution was more
significant in the éapkand'base rock than{in the reservoir
(which isv>the same assumption made*to‘détermine the model
steam qualit;ﬁ. '

The thermal conductiQity for granite is 2.81 kcal/(m-hr-deq
C).s* |



Table 3. Steam Enthalpy at Various Model Pressures

Model Pressure (MPa)

0.006895
0.007891
0.01110
0,01431
0.01751
£ 0.02072
10.02393
0.02682

;

K:i)
;

Steam Enthalpy (KJ/Kg)

2726.
2725,
2725,
2725,
2724,
2724.

2724

2723,

00
92
59
25
92
59

.25

95

39
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S khm = 0.003266 KW/m*K -

is given by the

The .heat capacity of the prototype, Mp,

following equation:
My = #PC0So * 9PyCySy? (1-¢) (p.c.)

Substituting the prdfotype data and taking p. = 2.4 g/cm?

-~ %% gives:

M 2.1803 KJ/Kg-K

D (prcr)p =

Similarly, the heat capacity in the model, M can be

ml
calculated as follows:

W Mp = (pCp)p =

2.3824 KJ/Kg-K *
Substituting the above values into the time scale equation
(Equation (10)), the time scale was found to be:

tm/tp = 12.1836 min/year ...(11)

4.2.8 Model Permeability Scaling

By modifying parameter (5) of Table 1, Stegemeier et
al.?” developed the following equation:
km o (0m8Sp) (L) (k) (pp)

k (¢pASp) (Lp) (up) Sﬁﬁ)

p ] ...(12)
t

m

(t,)
D (t.)

’

A single representative = value of “m/“p must 'be choseﬁ
because um/up and the expfession for km/kp areftemperature
dependent. Stegémeier et al.?’ state that values from the
lower portion of Table 2 should'be weightea most heavily,
.thus, for the scaling of the Aberfeldy prototype, a value
corresponding to a prototype pressure, of 1.00 MPa was
chosen. By substituting values already determined and the
prototype data into Equation (12), a value for the model

permeability was found to be,
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km = 4216.5 darcies.

4.2.9 Injection and Prodﬁction Rate Scaling

Stegemeier et al.®’ used parameter (6) in Table 1 to

develop the following equation:

¥m _ [ Eﬁgm;.{g_fﬂ}f:?@?ﬂ;.:t—m; 1 ...(13) Q
"o Pop’ Ep (9p8Sy) ([t

Substituting values into Equation (13) gives,

Ju_ = 9.072g SM/min
w w = - —————————
m* - p m*/day

.. (14)
where the volumetric rates are at standard conditions.

Thus, to simulate an injection rate of 100 m®/day in
the prototype, the model injection rate was 1/4 of 907.3

cm?’/min, which is 226.8 cm?®/min.

4.2.10 Well Scaling ,

Direct geometric scaling of the wells is not practical
for a model of this size. The 'slit well' technique

presented by Stegemeier, Lambauch, and Volek?®’ was vused to

‘scale the wells. The width of the slit is determined by the

following equation:

w = 27r where w

slit width. ...(17)

scaled radius
of the well.

=
n

'Using the length scale of 173.2 for this model, and assuming ~

that the prototype wells are 6 inches in diamater, the
scaled diameter of the model wells w:uld be 6/173:2 =
0.03464", With this, the width of the rodel well slit can

be calculated.

Q
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2m(0.03464")
W = > = 0.1088"

‘The wells in the model were cpnstruéted in a manner such
that the injection and production interval could be altered
with relative ease. For most of the exberiments\éonducted
in this study, fhé injection and production intervals were
positioned in the same mannér as described by Singhal.?® In
the injection well there were fouf slots opposite‘the lower
portion of the well and in the prdduction well there were
eight slots over the length of the well.

Table 4 presents a summary of the 1important
experimental . parameters which were calculated 1in this

cha?ter.



Table 4. Summary of the Scaling Calculations for the

- Aberfeldy Model,

Length Scale: (L) = Lp/Lm.= 173.2

Pressure Relation: P = 0,004683 + 0.006415 P_ (MPa)

m p
Temperature Relation: T, = 0.286 Tp ~ 3.§57 (c)
TimekScalef tm/tp = 12.18 min/year
Pefmeability; ' prototype = 2 darcies,

model = 4216.5 darcies

. Injection and Production Rate Scales:

cm? /min

-0 - 9,0728
. © m®/day

w
w

fol
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5. EXPERIMENTAL APPARATUS AND PROCEDURE

This chapter contains a description of ;he equipment
and materials used in the study. Details cdncgrning the
model operation are presented, including a discussion of the
procedures involved in packing and saturating the model, and
conducting the experiments. A schematic diagram of the
apparatus used 1in this research is given in Figure 1. The
main components of this apbaratus are the physical model,
the steam injection system, the model cart and cold storage
unit, and the dat#® aquisti;n system,

]

5.1 Physical Model

Plate 1 shows the model apparatus in an inclined
position with the cap and base rocks in place. In this
plate, a spare model is shown in front of the apparatus to
illustrate what the porous media of the model was contained
in.

N

All of the models used in this project were designed to
fepresent one-quarter of a(281.55m x 281.55m x 1im thick
{ivefspot pattern, with an area of 8 ha (20 acres). The
model used for the bulk of the experiments was constructed

with the dimensions of 81.28cm x 81.28cm x 6.35cm thick

" (32in. X 32in. . x 2.5in.) which resulted in a

three-dimensional length scale of 173.2. Because the’

experiments were conducted under vacuum conditions in order
to satisz'the scaling groups, a severe load was induced on
the large surface area of the models, Thus,. it was
nécéssary to 'constrﬁct the models from a strong material,

suitable for withstanding this type of 1loading. . Another

44
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S Plate 1:

Model Assembly in TInclined Position.
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consideration in the model construction was the heat
transfer coefficient of the model material, which should be
as low as 'oossible. Additionally, because several models
were to be used in this work, it was necessary to ‘choosel a-
material which was inexpensive and relatively easy to
machine. For these reasons, fiberglass was chosen as the
model material. The models were constructed of moﬁéed
fiberglass, with wall thicknesses of 1.9 cm (0.75 inches).
A local company* was able to build the models according to
the desired specifications. o »

The cap and base 'rocks of the model consisted of
granite blocks, eech with the dimensions of 91.4cm x 91.4cm
X 21.6cm thick (36in x 36in x 8.5in fhick)T. Heat losses
from the lateral boundaries of the model were minimized by
applying a two inch layer of cellular neoprene to all
exposed surﬁaces.‘ |

K

5.1.1 Model‘Weils

Important components of the model were the injéction»

and  production wells. These were constructed out of i

aluminum rod and set into diagonally opposite corners of thei

molded fiberglass model as seen in Plate 1. The wells were3:

N

designed to allow a gate device to be inserted into them}?:“'q

which enabled the experimenter to selectively»cnoose pheE ”’

injeetion and production intervals.

*Triple M Fiberglass, 8135 Wagner Road Edmonton, Alber
Cost = $400 ea.

tDoAll Edmonton Ltd., 9743-45th Ave., Edmonton, 436- 037

ﬁ?*?ﬂ“%%aégk’;

_\W

g
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5.1.2 Porous Media

The scaling groups required that the model permeability
be of the order of 4200 darcies. To obtain this high
permeability, glass beads with a diameter of approximately 3
mm (6-8 mesh) were purchased.* Because of the high cost of
these*beads, it was necessary to cleanmlhem following' every
run so that they could be re-used. A degreasing solutiont
was first used to remove most of the oil, then a laboratory
detergent was applied by hand to the beads. The beads were
dried in a five foot stainless steel tube which can bg seen
to the left 6f the cooler doorway in Plate 1.

\ Thirty-one thermocoupieskwere placed wifhin the model
to measure temperatures ‘for the purpose of recording the
heat fronts through the model. A diagram given as Figure 2
ilTustrates the thermocouple positions within the model.

.

5.1.3 Steam Injection System

The steam used in the experiments was obtained by
combining a stream of superheated steam with a stream of
room temperature water. A low pressure boiler comprised of

a fluidized bath#** with a 100 foot,)(3OL5'm) length of

. Stainless steel tubing coiled inside was used to generate

mgtheﬁfuperheated steam. By maintaining the superheated steam

é*“temperature of 120°C, the desired steam quality was

: obtained.

*Canasphere Industries Ltd., 3344-58th Ave. S.E., Calgary,
Alberta. Cost = $9.25/1b.

tSlik No. 5 degreaser, supplied by Baroid of Canada, Ltd.
Calgary, Alta., 263- 8740 Cost = $2.40/litre. °

**Techne Incorporated, 3700 Brunswick Pike,*Princeton, New
Jersey. Cost = $5400. S

oo ¢
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the relative position o, ... R Porte P
of the upper and lower-‘_L 7 (Note The Two
thermocgouples. . Layers.)
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: WELL
&'fj "A * " Y
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Figure 2. Diagram of Model Illustrating Thermocouple

~Positions’
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Plate 2 shows the main components of the ' steam.
tnjection systeﬁ. boiler assembly can be seen in the
left portion of the ETZté The two Milroyal controlled
volume 'ppmpsﬂ ﬁsed to>pump de—aired,‘distilled water to the

steam generator and to the water-steam 'mixing point are.

shown on the'shelf of the table in the center vof Plate

2. Some of the stainless steel tubing and fi S required’
for the steam ihjection system.‘are'also.ViSible in this

plate.

S

-

5.1.4 Model Cart, Cold St;¥age

A unique deéign was employed in the <construction of
many components of the experimental apparatus. The model
support,ﬁé:t is a good example of this. A}shaft'was welded
into thév support area for the. modélrand'éhis shaft was
connected by a rack and pinion to a gear box. The gear box
had a tremendous mechanical advantage so that ﬁhe-énti;g
‘4600 pound model apparaﬁus could be rotated with ease to
improve .the efficiency ofi the saturation process and to
allow the éimulation of aﬁdippihg‘feServoir in future runs.
The cart was  set on castors which rolled on tracks to
faciiitate the movement of the model in and out.of the cold
storégg%room.

A walk-in cooler was used to cool the model to the
initial,:temperature,r as}required by the scaling groups. A
locél company* custom built and installed the 8' x 10' x 7'h

walk-in cooler. ‘.

*Alberta Zero-Temp Industrieé Ltd., 11440-81st Street,
Edmonton, Alberta. Cost = $5387.
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Plate 2:

Steam Tnjection System.

»
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" Plate 3 shows the model apparatus on- the cart, ready to

qroll 1nto gpher cOoler. Notice the tracks on the floor for

v

mov1ng the cart in and out of the cold -storage room. The
structure. shown in the forefground was used to remove'the

upper granite block to facilitate packing and <cleaning

operations,

'5 1.5 Data Acquisition System

'S

In order to obtain as much information as. p0551ble from
each experlment, thermocouples* and pressure transducersT
were placed 1in the system to measure temperature and

pressure, ”respectively. A MEGADAC data acquisition unit

from Optim*‘Electronics Corporation** was used to collect

\data during. the experimental runs. The MEGADAC was cabable
f reading up to 12é'¥hput channels and’these‘channels could
e scanned atna rq;e as slow as one eample per 30 minutes

and as .fast-ras 20000 samples per second One'outstanding

feature of thls unlt was that 1t could be configured w1th an
S -

IBM Personal Computer and u51ng,the software supplied with

the MEGADAC, tnF IBM PC could control the data acquisition
?17’ . ' .

system and proééss the experimental results.
' The  IBM PC acted as~an interactive 1nterpreter/ between
the data acqu151t10n un1t and the experlmenter. It prompted

the experlmenter to'send information to the MEGADAC which

o

~

*Thermo Elegtric (Canada) Ltd., 8425 Argyll Road, Edmonton,
Alberta. Cost =:$72.99 (TC and wire).

“ftvalidyne Englneerlng Corporatlon 86261W11bur Avenue,

Northridge; California. ;

**0Optim Electrionics Corporation, Middlebrook Tech Park,
12401 Mlddlebrook Road, Germantown, Maryland. Cost =
$26,000. s _
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then performed the desired operation and returned the result

to the. IBM PC. In addition to these controlling
' cépabilitieé, the softharé proviaed many 'other features,
including graphing of results. A system with such
'capabilities Qas essential for this pfojeét beéause the
‘actualv run time was very short; The MEGADAC uhit and the
IBM PC running the OPTIM User's Software are shown in Plate
4,

5.1.6 Collection System

Operating the experiments under vacuum conditions
introduced special considerations into the ‘design of a
collectidn system. The pore‘ volume of the model was too
large to allow the use of a single contaiher;to éollect the
prodﬁced fluids and very 1little information \could‘ be
ob?gined from a single sample. Therefore, the system used
two flasks fo collect the produced fluids and these flasks
were.arranéed so that they could be isolated from the vacuum
and emptied .individualiy. ~ Because the vacuum was applied
through the produced fluids colléction‘ system, it was
expected that . some vépourizafioﬁ of the préduced fluidg

would occur. For this reason, the collection , system

included a series of condensers and cold traps to collect

~and retain'all of the produced fluids. Figﬁré 3 shows the
configuration of the collection system. .

The initial- '/productioh temperature is low
(abproximately» 3°C), so in order to prevent clogging within
the production lgneg, thé early production stream was warmed

by flowing hot tap water through- the first series of

(r

£
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condensers. However, after injecting approximately half a
pore volume of steam, the production temperature was
considerably higher. The hot water previously running
through the first series of cbndensers was éhen replaced by
ice water so that the produced fluids were completely
condensed. | |
Becausev the wvacuum was applied through the collection
system, it was expected that some of the 1liquid would be
vapourized again, after reaching the production flasks. For
this reasoh,»another set of ice watér condensers and finally
a carbon dioxide cold trap were included in the collection

system.

'5.1.7 Model Fluids

5.1.7.1 0il for the Aberfeldy Model

A table detailing’the relationship Between the required
model Qil‘ viscosity and the Aberfeldy prototype oil
viscosity was presented 1in a previous chapter as Table 2.
Using values from the upper part of this table, which
Stegemeier, %aumbach, and Volek?’ indiéate are the most
accuraté, an average value - of the ratio of model oil
viscosity to prototype oil viscosity was found to be 7.26.
If the prototype versus_model temberaturé relation, given by
Equation (6), is applied to this viscosity relationship, the
values presented in Table 5 can be obtained. |

To obtain the desired temperature - viscosity profile
for the model o0il, a refined MCT 30 base o0il, Faxam~100i\

A

Hing

At
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Table 5. Temperature vs. O0il Viscosity for the Aberfeldy

Prototype 0il and the Model 0Oil

Model

Temperature

Ideal Model
0il Viscosity

(mPa-+s)

—_—_— e e e - ——— —— e e e e e e e e — - ——— - ——

g
Prototype Prototype 0Oil
Temperature Viscosity
(c) : (mPa-s)
23.9 1275
32.2 560
65.6 90
/
135.0 12.5
301.7 1.29

15.1
35.0
82.6

9256.5
4065.6
 653.4
90.75
9.37 .

e e e e e e o e e e e e e e e e e e e S e e e e e e o W R e S e e R S g A e e =
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supplied by Imperial 0il Limited* was used. A temperature -
viscosity profile comparing fhe ideal curve and the curve
given by the Faxam 100 oil is presented as Figure 4. The
inclusion of the temperature scéling relationship creates a
distortion in the ideal model oil curve which cannot be
represented by a real oil. However; the Faxam 100 does

provide a reasonable match.

5.1.7.2 Models 0Oils for the Heavy 0il and the Light 0il

Experiments

In addition to the Aberfeldy model egperiments, runs
Qere cdnducted with a higher viscosity oil (11000 mPa-s at
room temperature) which represented a prototype oill with
reservoir temperature 0il viscosity of appréximately/13000
mPa-s, and runs were conducted with a lower . viscosity  oil
(50 mPa-s at room temperature) which represented a prototype
oil with . reservoir temperature oil viscosity of
approximétely 25 mPa-s. Tables 6 and‘7 show the temperature
- viscosity relationship of both of tHese oils, in prototype

terms.

5.2 Model Packing and Saturation

5.2.1 Model Packing Procedure

Due to the size and shape of the model used, packing- methods
such as tamping or vibrating are not practical.- Thereforé,

a ‘par;icle distributor' was employed ' to pack the glass

—— i —— = ——————

*McEwen's Fuels & Fertilizers Ltd., ESSO Bulk Plant Agent,
- 3704 92nd Ave., Edmonton, Alberta. ‘ ~

!
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Table 6. Temperature vs. 0il Viscosity for the Heavy 0il

Model Ideal Model Prototype Prototype 0il
Temperature Oi; Viécosity Temperature Viscosity
(c) (mPa-s) (c) (mPa-s)
®
3.18 95000 23.9 13085.4
5.55 81000 32.2 11157.0
15.10 36000 65.6 4958.7
35.00 7600 135.0 1046.8
82.63 4500 301.7 619.8

Table 7. Temperature vs. O0il Viscosity for the Light 0il

Model MCT 10 01l ” Prototype. Prototype 0il
Temperature Viscosity Temperature Viscosity
(C) (mPa-s) Co(c) (mPa-s)
3.0 185.5 23.3 25.6
11.0 96.8 51.2 13.3
32.0 33.1 124.7 4.6

&y

A
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_1n‘?the model. ThlS method of packing was first

‘propkwﬁg by Curr1e and Gregorys‘ and later modified by the !

Gulf R,search & Development Company as reported 1ﬂPa paper
by Wygal.:’ '

N

It is claimed that the*partlcle dlstmpbutor can be used

fﬁto obtaln packs which are mechanlcally stable with uniform

propertles throughout and ‘which may be accurately

. reproduced. The tamplﬁz and v1brat1ng method of packing -is

said to create packs which are usuallyg non-uniform ers -
unstable.

The .success of the particle distributor is a result of
the beags ‘hitting the pack singly after being evenly
distributfd' by a set of sieves. Part of the energy of the
falling bead is transferred to the surface beads which are

thereby knocked into more stable positions. As the pack
5

grows, the surface reportedly appears fluid and alive for a

]

depth of two or three p%rtxcle diameters,
P

The partlcleadlstrlbutor is easily made. For this

- proﬁect lt yés constructed using five wire mesh screens

v

Wlth 5/8‘1nch~open1ngs The Screens were enclosed in a
plywood box deSlgned to f1t over tﬁe large model. A diagram

of the partlcle dlstrrbutor is' given in. Flgure 5. The model

’ was packed by allow1 g the’ beads to pass through a meterlng
P

board ontp the screens at a uniform rate. After pa551ng a

sufflolent‘ humber of beads through the particle dlstrlbutor-
and Lnto the model the particle dlstrlbutor ‘'was removed and
the excess' beads were. trlmmed off the model surface The

por051t1es of the bead packs were consistently of the order

of 33%, w1th very 11tt1e varlatlon.
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5.2.2 Model Saturation

"After packing the model with glass beads, a Teflon

was placed above the model and a thin layer of
silicone was applied between'jthe Teflon sheet and the

fiberglass model to prov1de a vacuum tight seal. A rUbber

‘l "

sheet’ was placed on top (o} .the Teflon sheet to ensure that
complete contact was made between the porous media and: the
upper granite block; which was then set inuplace'above the
model, and the entire apparatus was tilted.

Six. lat?e saturation ports were 1ncorporated 1nto the

model (three on ehch of two opposing 51des) to 1mprovezﬁ¢he', T
eff1c1ency of the saturation process. With the apparatusb}n )w"i;
a tilted position flu1ds entered the model from the downdlp g
" end and thus the fluid flow into the model proceeded with a

gravity stabilized front. To begin the saturation. process,
a vacuum was <applied at the updip ~end " and de-aired, °

distilled water-iwas‘ pulled into the model 'through the
saturation'cportsA at the downdip end. This continued until

the model_was,completely saturated with water. The' amount -
E T:;’ -

- of  water taken into. Lhe: system. 4 carefhlly mepsured ‘and
o ‘ ¥ ﬁ- J}Ag‘f'” » 747, P -
mthe model por051ty was calculate?*ﬁsing thlS water volume.

Valves were 1ns@alled ‘at the 1njection and production
points. When the model was completely saturated with water
} ghese, valves were closed so that a\vacuum was maintalned
within the ~mode1' and the'dwater‘kinjection lines were

replaced by oil 1n]ect10n llnes 'Next, 0il was drawn into
. . , VAR ,
’the model by a method gﬁmilar to that described for the A

».water.' The amount of 0il taken 1nto the model was measﬁred ~

s i~

so- ‘that: the- initial 011 saturatlon could be determlned. l _,b' \

3

X
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EE

‘The above saturationMAprocedﬁres worked well for the

Aberfeldy model oil (Faxam-100) and ‘the light oil (MCT-10),
> | | .

but the heawy 0il required a modification of the above

- procedure, It was necessary to warm the heavy o0il to about

75°C before attempting to pull it -into the model. Even

‘then, the saturation process required ten hours, more than

2

’seven of Wthh were needed just to pull . the oil into the

-2

mbdel

After sathratLgh was complete, the abparatus was rolled
‘into the cooler 'ro bring the model to the low initial
temperature required by the scaling groﬁps.k“Cooling 'the

- large model to 3°C took between 24 -and 36 hours,

5.2.2.1 Preparing the Bottom Water Model

Run 15 was a contlnuous steamflood in a -model.
representing a portion @f the Aberfeldy reservoir which was

)hnderlaln by water. THe water layer i n #he’ modeluwas'

L

established'by packing the lower layer of -the' model with

. beads and"then 1ntroduc1ng the volume of water necessary to

create the desired bottom water thickness. The original

1ntent10n was to create a layer of water one 1nch thlck (2/5

of the g%gerv01r thlckness) _An’ average inal pcr051tx - of

the bead pack Was assumed to be 33% (base cnxrhe eXperience'

of- prev1ous runs) .Thus the pore volume‘}%:EPe model would
"be 0.33 \tlmes '42005 cm® (the total volu of the .empty

modely which equals 13862 cc. Therefore, 2/5 f thls' was
expected to make up the de51red one-inch bottom water layer.ﬁﬂbd

ThlS volume of water was added to the packed model, and the““w

s %
"'model ‘was placed 1n a level p051t10n in a freezer to freeze

{
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the bottom water into place.

To'complete'the satufation procedure for this run, a
vacuuﬁ was app%ied and 9490 cm? of de-aired watef;ﬁas pulled
into the upper part of the model. Some thaw@né-;ff; the

frozen water layer may have occurred in this step, but

because the water saturation procedure was relatively quick,

the amount of thawing was probably minimal. (The thawing at
this point could be further reduced in future runs by

saturating with ice cold water.)

Next, oil was drawn into the model to displate the

liquid water. -The ~volume of water displaced during this-

phase of the saturation process was 11520 cc, which ~

indicates a significant amddnt»of thawing occurred in the

frozen lé&er : Calculatlons baéed on the assumptlon that the,g

b

Coil saturatlon in- the oil zone _was 92% (whlch was typical of

many runs), 1ndlcated that thfwf;;tom water layer was. 0. 43

)

5.3 Conducting the Expérimeiits —

During the ‘time the model wad coo ing, other work was
perfbrmed Hn'preparation‘for the run. e injectibn bo%tles

were filled with distilled water and a vacuum was applied to
(I Y

s

remove any. gas which vas trapped -in the u‘er All

iajection and production lines were . .inspected for leaks and
adjusted_ﬁér. replaeed if necessary. ‘The  thermocouples
externdl to the hOdel were also insbected and replaced_if
neeessafy. In addition, all of. the pressure tfansdpcers

were checked or calibrated prior to each run. Just before

the model, was ga¥en from the cooler, the collection system"
» i o ) : P . N

L3
i

R4

a
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was prepared by filling the upper vacuum cold trap W1th dry

ice and obta1n1ng hot water and 1ce for the condensers. 7
When the model apparatus had cooled to .the initial’

: temperature, as/d:ctated by the scallng calculatlons it was
rolled out of the cooler and the thermocouple and pressure
transducer leads were attached. The-data acquisition unit
- was monitored‘to ensure that all of the thermocouples ~and
pPressure transducers were functioning properly and giving
reasonable readings. The injection and productiOn lines
were then attached and the steam bypass valve was opened.
Steam was flowed through :the bypass llne until it had

stablized at the temperature required for the run, typically

»

65°C .- . N | o ; ag}

With‘ all of. the preparatory work complete the data

acquisitid 1t das reset for the new experiment and the
l

and 1n]ection va%yes were opened simultaneously.

7

.
production

'The MEGADAC was programmed to sd?n each thermocouple and

pressure transducer once every thlrty seconds ##The data was

prlnted cont1nuously and was’ also saved on phe IBM hard ggsk

drive. : I . . , ﬁ*@f
. The produced fluids were collected in two, 2000 cm®
) N

flasks ,whlch were empt1ed 1nto a series rof 2000 cm?

graduated cylinders. 1In thgs~ way,‘ 1nstantaneﬁps oil and
hY ’ .

water recovery could be observed as a funcf1on of each two

Jlitres of total productlon : Steam 1njectlon was cont1nued
-

-until one and‘h half to two pore volumes had been 1njected

]
unless problems were encountered




5.4 Data AnaLysiél |

ﬁollowing: }the run, a table of 'instanteneous ‘end
cumulative production as funetions of . thef number of pore
volumes of steaﬁ injected was prepared Several plots were
generated for each run to analyze the data. T:;seb included
the following: |
* A glot of cumulative recovery vs. pore volumes of steam

v
injected,

* A plot of the 1nstantaneous 011 and water recovery as a

function of pore volumes of*%team injected.
* A plot of the instantaneous oil- steam ratio as %,funtlon
of the cumulative o0il produ¢tion.

*  Temperature profiles at 0.25, 0.50, 0.75,

B2

volumes of steam infjected.

In addition to th e pi%%s, some “were generated to

compare the productlon .respor ulting from varying

recovery schemes and,experlmen,a
. . I A .

‘”", .o
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6. EXPERIMENTAL ‘RESULTS AND - DXP\}'USSION‘ |
Twenty-two experlmental runs were attempted as part of
this work. The initial conditions for each of these
experiments}‘are presentedu'in Table 8. The successful
experiments were of the followiné types:

-

1. Preliminary runs on a small model. These runs were‘
Tk

conducted to’galn famxllar1ty with the apparatus and toﬁ
- ensure that all the components were%;operating
satisfactorilf. " A
2. Continuous steamfldod conducted in a model saturated_‘
with :water only. This run was conducted to observe thef
heat flow within the nodel and to gain _experience with
the large model. |

3. Contlnuous steamfloods conducted in a modei representing.

the Aberfeldy reservoir. - ‘ ﬁ

>

: &
. uContﬁﬁﬁous steamfloods conducted in a motel d551gned to

represent a light oil prototype.
s

5. Continuous steamfloods conducted in"a model saturated

with an-oil much ggore viscous (9250 mPa-g at @m

k“
’ temperat%re)“ than the o0il wused to represent the

Aberfeldy crude. )

&

6. Steamflood following a waterflood.. This run  was

conducted to examine the recovery of. waterflood re51dua£§'
#
oil by steam 1njectlon and to analyze the ab1llty of the

[ €
vacuum moﬁel to simulate such a process,

7. Continuous- steamflood conductedV1§ the Aberfeldy model

with a bottom water zone, ¢

B. Steamrsluglruns, ‘These‘runs were-conducted to examines
| the«prSSibiiity of driving a smail ;Iug of stean by. the

69
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cont intious injection of cold water.

9. Hot water slng run.' This run was conducted to determine
whether steam injectivity could be improved by initially
injecting hot water.

The data analysis following each run _included the
preparation of a table showing all of the 1mportant

experimental parameters and a listing of the production as a

functiion of steam or water injection. Pléts of cumulative

'recovery “versus pore volumes of steam 1njected plots of

>

- instantaneous o%& and  water productlon as a functlon of

-

cumulatlve 1n]ectlon, ‘plots of instantaneous oil-steam
ratios, and plots” tomparlng the recoveries of several runs

were also’ 1nclu§*@?@ﬁnv the aata analysis. 1In addition,
M v, £ -

teqéerature profgles were ‘generated for each run at
**1..1‘

‘1ncrements of 0. gﬂqpore volumes (water equivalent) of steam

Oor water 1n3ecteqﬁp;é

. \11 ‘.'
(T R B ‘
6.1 Model Des1gn and Operat1on

Extenamwe de;alls concernlng the scal1ng of the ' steam

'1nject10n gf cess, ‘the equipment included in the apparatus,

and proce as hgﬁfd to conduct‘ the exper1ments were

presented n" preV1ous chapters. A br1ef summary of the

model de51gneand ogeratlonils presented in this section.
Three .models were constructed for this ‘project to

represent the Aberfeldy prototype, two xlth length. §ca11ng

factors of 400 to 1 (one twice as thick as the other) and
one relatlvely large model with a length scallng factor of
173.2 to 1, Each model was de51gped to 51mulate one quarter{

of a five- spot pattern and as such _each had one 1nject10n

4
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well and one production well in diagonally opposite corners.
The smallest model was used for the preliminary experiments
(Runs 1-3) because the degree of work involved in preparing

for and’ conducting these experiments was proportionally less

Jthan the work necessary for the larger model experiments.

Most of the experiments were conducted ‘in the large
Scale model. This model had dimensions of 81.28cm x B81.28cm

X 6.35cm thick (32in. x 32in. x 2.5in.) which, when used to

| represent the Aberfeldy prototype (8 hectare pattern, - i1m

‘thick), q!’esu.lted in a three-dimensional geometric length

S ke
scaling factor of 173 2. It was constructed out'?of molded

o

fiberglass and was f1tted with 31 thermocouples, placed in

",two layers within the model. Figure 2 gives a sketch of the

model and 1nd1cates the'position of the thermocouples within
the model The model wells were fabricated from aluminum
and were de51gned to allow a gate device to be inserted 1nto.

them so, that the 1nject10nfgnd production 1ntervals could be

-selectlvely chosen as requ1red

In preparatlon for a run, the model was packed with 3

_mm (6~8. mesh) glass_ .beads wh1ch gave a permeablllty of

approx1mately 4200 darcies A Teflon sheet was sealed

‘the top of the fiberglass model with 5111cone and a vacuum

was applieds to the pack. When the 5111cone had set

sufficiently, so that the vacuum was maintained in the
moédel, the model pack became extremely rigid, and was* ready
to* saturate. The model was saturated in an 1nc11ned

posatlon with the fluids enterlng the model from tha downdip

~end through spec1ally de51gned saturation ports. It was

‘crucial that a vacuum be  maintained 'during the entire.
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saturation pgocess.

‘ With o0il and water saturation complete, two clamping
devices were ettachedvto the model to. help maintain the
vacudm in the event that the internal pressure momentarily
exceeded atmospheric during the run. The ‘model wag the&
rolled into the cold storage unit apd left to‘eool for 24 to
36 hours. During this time, the distilled water used for
the run was de-aired (and cooled if .necessary). The
injection pumps were calibrated and all other components of
the apparatug were inspected and calibrated if required.

When the model had reached the desired initial
temperature (3°C) as dictated by the scaliné calculations,
lit was rolled out of ghe cooler and the thermocouple end
.'pressute tregsducer leads i§ere attached and the 1njectlon

and productlon llnes were put in place. When the steam had

,/

¢

stab&};;ed at the de51red temperature and the data
acquisiti&h‘Unit had been programmed for a new ex iment ,
the run was started For a typical steam injectio the
steam entered the model at a temperature%pf a@out '6§°C and
at a flow rate of 230 cm /mln.v

The flrst few mlnutes of each run were the_ most
criﬁlcal. For- a successful run-“UfT*productlon was almost
imm;diete; however, as shown in Table 8, not all runs were
successful. A common problem with tBe runs was that the
initial steam injectivity could not be attained for the flqy‘
tates d1ctated./by the' scallng criteria. In a few cases
(Runs ﬂ?j 14 and 16) this resulted in overpressurin@ the

mode to the point where even the clamplng dev1ce could not

mai ta1n the vacuum seal and thus, -the run was aborted.

) !
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\
v

Runs 20 and 21 were spoiled when plugging of the production

lines by silicone ¥as not detected prior to the runs,

The heavy o0il runs (Runs 8 angd 9) posed a special

problem with respect to the saturation process. Before the

In general, the backing and Saturating pr0cedures vere
trouble-free (except for Run 8, as discussed) . However,
Table 8 shows that there was some variation in the pbrosity
and the initial oil ang waterlsaturation of the bead packs.
Note that the average porosity of fhe bead packs was 32.8%
and that therporosities ranged from 30.1% (Run 13) to 35,9y
(Runs 8 ang 15). Algohnote that the average initial oil]

saturation was 89.5% and that this varied from 84.49% (Run
6) to 94.36% (Run 21).

(Recall that the Porosity was also"determinedhby the volume

of water taken up during the saturation_pfocess.) In all
runs, the saturafion process included fhe injection of water

Oor - 0il- to ‘the point where it was first observed in the

. production lines'gn the -side of the model opposig% the

injection ports; then an addiiional 2000 cm® was injected.

However, thisjextra 2000 cm* only represents an extra 15% of

the model pore volume, which, in view of the observeqd

. . [ . ‘v. . v .
‘varlations in'porosity and Saturation values, may not.  be

:

adequate to ensure complete saturation.

il S0
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\ 6 ﬂ 1% Operat1onal Difficulties

,ﬁk »ﬂgkcause this project entailed the., design and

Sy . o .
" ‘éonstfuct1on"of the entire apparatus, several modifications

:

o weré ‘necessary in "the K early. stages. These included

1mpnov1ng the saturat1on procedure, modifying thescollection

\&,\

. systemy and'xncqrpoqatlng better data reduction technidues.
However; ataiﬁe completion of the preliminary runs, most of

wthe'necessafy imprevements had been made.

.~ Some problems could not be remedied with as much
success. As noted previously, injectivity p’oblems at the
Segihning of some runs prevented the cbntinuous injection of

steam at theA\design flow rate,. It was occasionally

-

neceséary to- ”‘ngdff the injection pumps while maintaining
the vacuum at" the\production end in order to lower the

pressure within the model. It 1is felt that these brief

perlods without steam injection did not.significantly affect

C AN

. the experlmental pesults.

. [ o

The lack of prec1se control over the temperature of the
2, .

steam generéting bath posed some difficulties. The boiler
v ' ‘ &
was occas1onally unable to maintain the necessary

temperaturé and as a result, the steam qual1ty may have been

slightly lower than it was designed to be for a few runs.

The hot water slug run (Run 22) d;d n9t proceed as planned

because//£e steam generator was not capable of 1ncrea51ng
e
temperature during thezrun.- The.plan>was to begip the run

‘with hdt water at an injection temperaiure of about 40°C and

“graaually-inerease the temperatu¥e to a Steam temperatBre of

. 65°C. -




o “"p01nts of equal temperature within the model. Because two
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e

.6.1.2 Interpretation of Temperature Profiles:

A commercially available contourlng package* was used '
b
to generate temperature  pro¥iles ‘for the ‘experlments.

-Because of the large “number ofrbheSE%ﬁrofiles they»uere

&

placed in AppendiX'A; and organlzed aécordlng to run number
Each line within a temperature ‘ﬁzflle represents a

partlcular isotherm; that {;s, each 1line  passes through

layers of thermocouples existed within the model, it was

possible to present 1isotherms for each of the two layers,

~which helped to determine the 'mechanism of the steam drive

T e

LR A
LR

occUrringr within the model. To facilitate interpretation,
the upper i1sotherms were drawn in blue, and the lower
isotherms were drawn in red, and each were drawn with a
distinct line type so that reproduction in black( and white
would not prevent the necessary interpretation. If the heat
front advanced more rapidly in the upper part of the model,
the temperature profiles would show ‘the upper isotherms
adv;ncing more rapidly (the 1isotherm for a specific
temperature would extend further in the upper layer), and
similarly, if the heat front advanced more rapidly in the
lower portion of the model, the temperature profiles would
show the lower isotherms advancing more rapidly.
Asymmetrical advance of the isotherms may have been
indicative of’irregular{ties in the advance of the heat
;ront, &£nd possible reasons are cussad in later sec\tlons

However, some deviations in the 1sotherms were a result of

T -

*DISSPLA, a propriekary software product of Integrated
Software Systems Corporatlon 10505 Sorrento Valley Road,
San Diego, Ca. , ) A

"1)‘,‘17;" r‘ _'ﬁ
' * ’"’ V A

L

T

L
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pfobfems with the‘contouriné paokage. %;;&anées> where ‘an
isotherm curved over itself, or>whero two isytherms cfos§ed,
were dué to impérfections ‘in  the ;oftware package, and
shoold‘ be overlooked. Likewise{ in some cases’ the contouf
oackage mistakingly intérpreted the presence , of .isotherms
which did not .exist (such as a zero degree isotherm) aod
these should be ignored. 1In spite of these . problems, the

temperature” profiles did provide a good indication of the

"heat front advance within the model. With the 1limitations

in mind, the temperature ﬁrofiles vere used to explain o?e

mechanisms involved in the oil recovery process for each

+

experiment. -

v
1

6;2\Base Steamflood

4

In Run 4, the model was saturated with 100% water and
steamflooded.. The purpose of tﬁis run was to examine tﬁe
model and _o?erall system operation, and to obsorventhe
general pattern of flow distributiOni The temperature
profiles for this run at 0.25, 0.50, 0.75 and 1.00 pore
volumes Sf‘steam injected are presented in Appendix. A as
Figures 29, 30, 31;_and 32, respectively. Each temperature
profile oleariy shows the heat distribution 'through  the
model, and examining them in series‘ illustrates the

progression of the heat front.

6.3 Continuous Steamfloods in Aberfeldy Moael-‘

s Rﬁns»S, 6, 7, 10, 17, 18, 19, and 220 were steémfioods
conducted on a moéel with all pertinent parameters designed

to simulate the Aberfeldy reservoir. Run - 7 involved a
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later section. Similarly, Runs 17, 18, ]9 and 22 were
designed to simulate >3 particular recovery scheme (slug
runs) and also w1ll be discussed in separate sections.

The rema1n1ng Aberfeldy runs (Runs 5, 6, and 10) were
conducted with ‘steam temperature and pressure of about 24
kPa and.6§°C,‘respectively, and a steam 'quality, of about
70%i : Rhe »average 'steam flow rate wasy 230 cm /min and the
average initial oil saturatlon was 87.7%. Lnjectlon for
each of these three runs was intolthe lower half of the
reserv01r while the productlon well was opened over the
ent1re 1nterval Tables 9, 10, anq:11 give a summary of the
'1mportant experimental parametersypf each run. Table‘ 11
also details the recovery fof}?un 10 as a function cf pore
'vvolumes of steam 1n]ected

Run - 5 was halted prematurely 'when the apparatus
developed a leak after about/25 Minutes of steam injection
(0.45 pore VOIUmes of~ steam injected)ﬁ‘ However,'at'this
point; 6.6% of the original oil in place was recovered which
is similar to. the initial production response observed .in
Run 6. This representsuan oil-steam ratio of approximately
0.13. | ; L “
" l Figure 6 presents the cumulative recdve;y as a function‘:
of the pore volumes’ of steam ihjected for Runs 6 and .10, and
plots of .instantaneous oil and water production as a
function . of cumplative injection are given in Figures 7 and
8 fcr Runs 6 ané 10, respectively - These figures indicate

that follow1dg breakthrough (which was observed durlng the

experlments to be at about 0 13 pore volumes 1njected) the

’
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Table 9, Experimental

Aberfeldy Modei

Type of 0il Used:

- Pore Volume:

Porosity of Bead Pack:
Hydrocarbon Pore Volume:
‘Initial 0il Saturation:
Irreducible Water Saturation:
Initial Model Temperature:.
Water Feed Flow Rate:
Boiler Feed Flow Rate:
Total Flow Rate of Steam:
Volume of Steam Injected:
Volume of Oil Recovered:

Table 10. Experimental Data
Aberfeldy Model.
e. | .
/
Type of 0il Used:

Porie Volume:
Porosity of Bead Pac
Hydrocarbon Pore Vol

Initial 0il Saturation:®
Irreducible Water Saturation:
Initial Model Temperature:
Water Feed Flow Rate: )
Boiler Feed Flow Rate\: ' |
Total Flow Rate of Ste
Volume of Steam Injectedi—
Volume of Oil Recovered:

Data
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for Run 5;

-

Steamflood in

Faxap-1600 (208 .mPa «s at 23° C)
1418 ‘cm“

33.76 %

12300 cm?

L4 23

86,74 %

13.26 % ¢

2.5°C

199.6 cm? /m1n -
27.3 cm®/min ’
226.9 cm?®*min -

6320 cm® (0.45 PV) 2
810 cm*® (6.59 % OOIP)

for Run 6; Steamflood 1in

Faxam-1QO (208 mPa-s at 23°C)
13990 cm? ,
33.31 % Lo .
12160 cm?
84.49 %
15 51 %
.93°C
200 2 cm3/m1n
27.1 cm?®/min
227.3 cm?®/min
32710 cm® (2.34 PV)
2660 cm?® (21.89 % 0O0IP)



Table,  11. Experimenta%ﬂ Data for. Run 40; Steamflood in 3 “

. )

LI S i

Aberfeldy-Model - ° . e .
Type of Qil Used: ' Faxam-100 (208 mPa-s at 23°C)
Pore Volume: ' 12700 cm?,
Porosity of Bead Pack: 30.23 %
‘Hydrocarbon Pore Volume: 11680 cm?"
Initial Oil Saturation: 92.00 % .
Irreducible Water Saturation: 8.00 % ‘ 7
Initial Model Temperature: 4.07°C
Water Feed Flow Rate: 199.8 cm?/min
Boiler Feed Flow Rate: 30.3 cm®/min
Total Flow Rate of Steam: 230.1 em?®/min
Volume of Steam Injected: 26850 cm® (2.114 PV)
Volume of 0il Recovered: 3677 cm® (31.48 % OOIP)

ey

-

Cumulative Cumulative Cumulative Cumulative Oil-Steam

Total PV Total PV 0il 0il Ratio
Injected Injected Produced Produced (em3/cm?)
(cm?) ' (PV) (cm?) (§001P) '
1100 0.087 540 4.62 0.4909
2830 0.223 895 7.66 0.2052
4280 0.337 1245 10.66 0.2414
6085 0.479 1690 14.47 0.2465
7575 0.596 1897 16.24 0.1389 ¢
9265 0.730 2027 17.35 0.0769
10760 0.847 2234 19.13 0.1385
12550 0.988 - 2399 _ 20.54 0.0922
14240 S 1.212 ' 2624 ' 22.47 0:1331
16050 1.264 2749 23.54 0.0691
17745 1.397 2859 4 24 .48 ' 0.0649
19535 1.538 2998 25.67 0.0776
21335 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 3422 29.30 ‘0.0446

26850 2.114 3677 31.48 0.1342

S T e T e e e e e e e e e e e e . e e e e e e 7 = e e e e — o —— o —— —— —— - —
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Two Continuocus Steamfloods in Aberfeldy Model. »
7 P
100 -1 » e/
3 - : X !
90 - A
. A, X L/'
. 804 | Legend .
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4
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o 704 - =
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& —_
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-
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10+ /
0 0.5 1 5 - 2 2.5
Pore Volumes of Steam injected, P.V.'s
..~Figure 6. Comparison of the Recovery Response of Run 6 and
Run 10. |
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Figure.7. Run 6, Instantaneous Oil and Water Production vs,

Cumulative Injection.
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cumulative o0il recovery stilll increased at an* appreciable

. 0 ' R : . .
rate. This may be because the steam advance at this point
was irregular, and pockets of o0il were recovered

' ]
sporadically.“ If the .steam =zope had advanced in. the

classical sweep pa}tern (as predicted by an assumption of
frontal drive), there would be considerablf less 0il
éroduétion after breakthrough.
| The . average qii;kteaﬁ ratio for Run¢10,~at'2.114 pore
volumes of steam injected, was 0.1369, and the recovery to
this  point was 31.48% of the oriéinal.@il in place. The
total oil recovery of Run 6 wés considerably lower than that
of Run 10 (21.9% OOIP after injecting 2.3§;pwﬁﬁﬁglch is
illustrated by plotting the two recovery curves 't VL, gr, as
done in Figdre 6. However, it can be seen that the initial
oil'broduction fesponse for the two runs was similar and
that the “ﬁroduction responge only began to differ
significéntlyféfter breakthrough,
,&emperatu;e pfofiles fof Run 6 at 0.25,0.50,0.75, and
1.00 pore volumes of 'steam injegfed are présehted in
Appéndix A as Figufés 33, 34, 35, and 36, respectively, and
’those for Run 10 at 0.25,0.50, 0.75,.and)1.00 pore volumes
of steam injgcted are presented in Appendix A as Figures 43,
44,'45, and 46, respectively. An examination of these
temperatpré profiles shows considerable differences ih the
recoveryv;ésponse of Run 10, relative to that of Run 6.
Figure - 43, for 0.25 pore volumes injected, shows that the
higher isotherms were advancing faster in the lower part of

the model ‘than 1in the upper goart which is contrary to the

expected trend, based on experiences with steam override.

PR
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The expected trend is observed in Fiﬁure 33 for Run 6 ’at a
similar stage of the injection process, in that in this
figure, the upper isotherms are advancing faster than the
lower 1isotherms. Figures 44 and ;5‘for,Run 10 at 0.50 and
0.75 pore volumes 1injected, resgecﬂively, show that the
tendency for the lower isotherms to advance morgﬁrapidly
than the/upper isotherms persisted. °"Although the advance
was relatively uniform in the wupper part of the model
(almosy@adial), it was highly irreqular in the lower part,
which \may be indicative of hot water advance. With 0.75
pore volumes of steam injected, the 15°C 1isotherm had
reached the producer in the upper layer, while in‘the lower
layer, ;hé‘30°C isotherm had reaéhed the producer. Upon the
injecfion of 1.00 pore volumes of steam fo:’Run 10, the
temperature distribution in the lower layer. was very
irregular, but most of the formation had been heated to over
15°C.

If Run 10 had involved hot water injection at the
outset (as opposed to.steam), it is possible that the hot
water -zone would stay in the lower 'part of the model and
that heating of the upper part.of ‘the reservoir would be
accomplished only by convection. This 1is a reasonable
possibility, especially when one considers the that the
density of the water was higher than that of the oil, and
that the injection well was completed over the lower half of
the formafion. Run 22 provides some support for ﬁhis point
of view in that it was designed and conducted aé a hot
waterflood in the 1initial stages of the run and its

temperature profiles (given in Appendix A as Figures 76, 77,
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78, and 79 fé6r 0.25, 0.50, 0.75 and 1.00 pore volumes of hot

water injected, respectively) show a trend similar to that
of Run 10. Furthe: details concerning Run 22 will be
presented in a later section. f

‘" on the other hand, if steam was initially injected into
the formation of Run 10 (as was intended), and the steam
rapidly condensed, it is conceivable that;“the candensate
segregated and\‘eventually 'dLveioped a path for the steam.
Thus, it is possible that condensation of the steam led to
steam channeling. igure 9 shows the instantaneous
oil-steam ratio as a fuhction of cumulative oil production
for Ruh 10. It shows that the initial period of clean oil
production was relatively short compared to. that of other
runs (see Figures 16, 17, 19, éO, and 21) which suggests
'that.a clear cut oil bank was not formed; rather, the
displacement . process consisted,of rapid mobilization of the
in-place oil due to the unstable .advance 1in the lower

poréion of the model, and then the mobilized oil was

displaced by steam.

6.4 Steamflood Following a Waterflood

Run 7 was comprised of a waterflood prior to a
steamflood. The run was conducted with all experimental
pafame;ﬁrs'designed to simulate the Aberfeldy prototype.
During the run, the fluids were.injected into the lower half
of the'reservoir with water injection at approximately 100
cm’/min and the subsequent steam injection at 225 cm®/min.
The initial oil saturation was 90.4% and the model porosity

was 31.0%. All pertinent experimental data for this run are
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presented in Table 12.

In the first part of this run, water at the same
femperature as the model (3°C) was injected. After
injecting 1.17 pore volumes of water, at which point 22.5%
of the in-place oil had béen recovered, the injected water
temperature was raised to the room temperature of 23°C. The
waterflood was  terMminated at a Wwater/oil ratio of
approximately 6, at which time‘the 01l recovery was'26.5% of
the original oil in place and the average oil saturation in
the model was 63.7%. The Steamflood was started at this
point. Figure 10 sShows the cumulative oil recovery as a
fuﬁction of the volume of water and steam injected and
indicates the point5 at Wwhich the injection process was
altered,

The steamflood was cOntinued until the cumulative pore
volume of water injected was equal to 2.867 (including 1,05
pore  volumes of steam injected), at which point the
cumulative oil recoveryY wasS 32.40%. The incremental oil
recovery by steam was 5.9% of the original oil in place
(8.1% of the waterflood residual oil saturation), which
represents a very ]OW reCoOvery for a steamflood. However,
the injection of room temper;ture water into the model
represents a warm waterflood in the prototype when scaling
is applied, thus heat Was ihjected 1into the formation ‘in
this phase of the operation. Nevertheless, the temperature
profiles for this steamflood, given in Appendix A as Figures
37, 38, 39, and 40 for 0.25, 0.50, 0.75, and 1.00 pore
volumes of steam injected, respgctively, indicate a very

uniform advance of the Steam zone, again with condensate
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Table 12. Expegimental Data for Run 7: Steamflood Following

a Waterflood in the Aberfeldy Model

Type of 0Oil Used: . Faxam-100 (208 mPa-s at 23°C)
Pore Volumé: . 13040 cm?
Porosity of Bead Pack: 31,04 %
Wydrocarbon Pore Volume: 11420 cm?®
Initial Oil Saturation: 90,41 %
Irreducible Water Saturation: 9.59 g
Initial Model Temperature: 3.0°C
Water Feed Flow Rate: , (A) 96.9 cm?®/min
(B) 93.6 cm?®/min
. , (C) 197.7 cm®/min
4"Boiler Feed Flow Rate: (A) 0.0 cm?®/min
' (B) 0.0 cm®/min
: (C) 27.6 cm?®/min
Total Flow Rate of Steam: (A) 96.9 cm?/min
(B) 93.6 cm?®/min
, (C) 225.3 cm®/min
Volume of Water Injected: 15295 cm*® (1.1729 pPV)
Volume of 0il Recovered: 2655 cm® (22.52 % OOIP)

4

(A) Low Temperature Waterflood

Cumulative Cumulative Cumulative Cumulative Oil-Water

Total PV Total PV 0il 0il . Ratio
Injected Injected Produced Produced (% (cm®/cm?)
(cm?) (PV) (cm?) : O01IP)

' 1610 0.124 1010 8.57 0.6273
3410 0.262 1415 12.00 0.2250
5240 0.402 1755 14.89 0.1858
7085 0.543 1990 16.88 0.1274
8905 0.68 2190 18.58 0.1099
10740 0 8;5 2305 19.55 0.0e6e7
12505 0.9 2400 20.36 0.0538
14465 1.109 2540 21.54 0.0714
15295 1.173 2655 22.52 0..1386
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(B) Room Temperature Waterflood

' Cumulative Cumulative Cumulative Cumulative Oil-Water

‘Total PV Total PV 0il _ . 0il- . Ratio 2
"Injected Injected. = Produced -Produced (% (cm®/cm?)
(em*) = (pV) =~ (em®) .~ DOIP)
17050 1.308 2740 23.24 0.0484
18910 1.450 2840 24,09 0.0538
20690 1.587 2920 24.77 0.0449
21840 1.675 3120 26.47 0.1739

e e e A e e e - an a - — -t — i — ———————— " —— ey - ——— ——

(C) Steamflood

. . , - _ 7

‘€umulative Cumulative Cumulative - Cumyjlative: Oil-Steam
Total PV a‘TotaleV 0il , 0il ' " Ratio

. Injected Injected” Produced Produced (% (cm®/cm?®)

~ (em?) oL Apv) . (cem?®) OOIP) ‘

23750 i 1.821 3170 26.89 0.0262
25670 1..9689 3240 27.48 0.0365
26655 2.044 . 3285 27.86 0.0457
27635 2.119 3340 28.33 0.0561
29635 2 273" 3520 29.86 0.0900
33585 2.576 - * 3720 31.55 . 0.0506
37385 2.867 3820 32.40 . 0.0263

ot —— > ——— ——_——— — ——— . — - —— — ———— —— i ——— e o - . —— —— ——————
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underride dominating the steam’override.

Figure 11 shows the instantaneous .0il and water
prqduction as a fuﬁction of cumulative injectﬁon. The
.production response shown * by this curve and by Figure 10
indicates that theuultimate,reeovery for Run 7; with an
iﬁitially waterflooded porous ”medium,' wae similar to the
‘that obtained in Run 10{ and distinctly better than the
- recovery obtained . for Run 6. It ia believedfthat!the
waterflood helped to create adequate 1n3ect1v1ty for steam,
but at the same time it led to’'an inefficient utlllzatlon of
the 1njected steam. Figure 7124,shows ‘the 1nstantaneoua
oil-steam ratio for theasteamf}ood portion of Run 7. ‘The
"small increase seen in the oil-steam ‘ratio curve.  5£; the
point where steam injection is begun, further 1llustrates

the ’ poor response of the reservoir to_steam 1n]ect10n.( f

6.5 Steamflooding a Highly Viscous 0Oil

Run 9 utilized a h{fgly viscous o0il, thea v1se051ty I—ft.
atemperature relation for which is given in Table ‘6. Steam
iﬁjection was over the lower half of the model_wellborefat a
rate of 228.8 cm?/min. The initial oil saturatidn was 87.7
% and the model porosity was 32.9 %. The ultimate oil
recovery observed in this run was‘very ;ow; After 14000 cm®
of steam (water equ1valent) had been injected, only 200 cmgéf
of o0il- had been produced (1.65 % of the original oil in

place). Table 13 presents the experimental data for this

. o

run.
Figures 41 and 42 in Appendix A show the temperature

profiles for Run 9 at 0.50 and 1.00 pore volumes of steam



Table 13. Experimental Data for Run 9; Steamflood in

Heavy Oil Model

Type of 0i}’Used: Heavy 0il (9256.5 mPa-s at
‘ 23°C)

Pore Volume: ~ 13800 cm?®

Porosity of Bead Pack: 32.85 %

Hydrocarbon Pore Volume: 12100 cm?®

Initial 0il Saturation: 87.68 %

Irreducible Water Saturation: 12.32 %

Initial Model Temperature: 4.03°C

Water Feed Flow Rate: ; 199.0 cm?®/min

Boiler Feed Flow Rate: 29.8 cm®/min

Total Flow Rate of Steam: 228.8 cm?®/min

Volume of Steam Injected: 14000 cm®' (1.01 PV) "~

Volume of 0il Recovered: 200.0 cm® (1.65 % OOIP)
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injected, respectively. It is interesting to note that,

‘uglike the runs discussed previougiy, in this run the steam’

clearly sweeps the upper part of the'médél. This would

indicate that steam override becomes more prominant as the

viscosity of the model oil increases.

6.6 Light 0il Steamfloods !

Runs 12 and 13 utilized a light oil (60 mPa-s at 23°C)

to simulate a steamflood in a conventional o0il reservoir.

.Tables 14 and 15°'give the important experimental parameters

for Runs 12 and 13, respectively, and also present a

tabulation of the o1l recovery for each run as a function of
the volume of steam injected.

In Run 12, the production well was only opened over the
lower .half of the formation while in Run 13 the production
well was opened over the entire 1interval. 0il recovery
after the iqjection of about one pore volume of steam wasS
29.72% for Run 12 and 29.26% for Run 13.. Figures 13 and 14
show the instantaneous oil ana water production as a
function of the cumulative steam injected for Runs 12 eand
13, respectively. A compa:iﬁon of the cumulative recovery
behavior for the two runs is given in Figure 15. An
examination df these figures shows the similarity between
the two runs and indicates that the production interval had
very little effect on the recovery response.‘ The.small
departure in thé curves may be due to the slight diffefences

in the initial conditions for the experiments (See Tables 14

and 15).
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Table 14. Experimental Data for Run 12; Steamflood pin
Light 0il Model 4

Type of 0Oil Used: MCT-10 (60 mPa-s at. 23°C)
Pore Volume: . 14050 cm?

Porosity of Bead Pack: 33.45 %

Hydrocarbon Pore Volume: 12535 cm?

Initial Oil Saturation: 89.22 % .
Irreducible Water Saturation: 10.78 %

Initial Model Temperature:  3.0°C

Water Feed Flow Rate: 199.3 cm?®/min

Boiler Feed Flow Rate: © 30.1 cm?®/min

Total Flow Rate of Steam: 229.4 cm®*/min

Volume of Steam Injected: 20170 cm® (1.4356 PV)
Volume of 0Oil Recovered: 4130 cm?® (32.95 % OOIP)

~

Cumulative Cumulative Cumulative Cumulative 0il-Steam

Total PV Total PV 0il 0il Ratio

Injected Injected © :Produced Produced (cm?®/cm?)
(cm?) - (PV) (cm?) (%0019)
520 0.066 870 6.94 0.9457
2770 0.197 1520 12.13 0.3514
4460 0.317 2305 18.39 0.4645
6280 0.447 2595 20.70 0.1593
7995 0.569 2875 22.94 0.1633
9885 0.704 3185 25.41 0.1640
11695 0.832 3355 26.77 0.0939
13465 0.958 3545 28.28 0.1073
15275 1.087 3725 29.72 0.0945
17035 1.213 3875 30.91 0.0852
18835 1.341 4035 32.19 0.0889
20170 1.436 4130 32.95 0.0712
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Table 15. Experimental Data for Run 13; Steamflood in Light

0il Model .

Type of 0il Used:

Pore Volume:

Porosity of Bead Pack:
Hydrocarbon Pore Volume:
Initial Oil Saturation:

Irreducible Water Saturation:

Initial Model Temperature:
Water Feed Flow Rate:
Boiler Feed Flow Rate:
Total Flow Rate of Steam:
Volume of Steam Injected:
Volume of 0il Recovered:

4145 cm?

MCT-10 (60 mPa-s at 23°C)
12660 cm? \
30.14 %

11670 cm?

92.18 %

7.82 %

3.0°C

199.3 cm?®/min

30.1 e¢m?®/min

229.4 cm?®/min

20920 cm?® (1.6524 PV)
(35.52 % OOIP)

"Cumulative Cumulative Cumulative Cumulative O1l1-Steam
Total PV Total PV 0il 0il Ratio
Injected Injected Produced Produced (cm®/cm?)

(cm?®) (PV) (cm?) - (%001P)
1870 0.148 1345 11.53 0.7193
3800 0.300 1780 15.25 0.2254
5710 0.451 2210 18.94 0.225¢
7450 0.588 2525 21.64 0.1810
9345 0.738 2820 24,16 0.1557
11275 0.891 3145 26.95 « 0.1684
13225 1.045 3415 29:26 0.1385
¥ 15155 1.197 3630 31.11 0.1114
17105 1.351 3800 32.56 * 0.0872
19060 1.506 33985 34,15 0.0946
20920 1.652 4145 35.52 0.0860
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The temperagzie profiles for Run 12 at 0.25, 0.50, 0.75 and
1.00 poré;xolumgg of steam injected are givep in Append&x A
as Figures 4@, 48, 49, and 50, réspectively, whi}e those for
Run 13 are given in_Appendix A as Figures 51, 52, 53, and
54, . respectively. A  comparison of these temperature
profiles with the profiles of previously discussed Aberfeldy
model runs (in which the oil viscosity was$ 208 mPa-:s at
23°C), immediately . shows the much Steeper temperature
fronts, as indicated by the proximity of the isotherms;
Figure 47 shows that at 0.25 pore volumes of steam inﬁected
into the model of Run 12, the higher temperature isotherms
at the top and the base of the model are almost coincident,
however, the lower temperature isotherms (e.g. 5 and 10°C)
advanc? more rapidly in the lower part of the model. Thus,
there is considerable evidence that a steam front advanced
in the upper part of the formation while condensate
segregated and flowed in the lower part. By the time one
pore volume of steam had been injected into the model in Run
12 (Figure 50), the profile became more complex. It can be
seen that the steam spreads areally over most of the
formation,,with a symmetrical temperature profile developing
near the base of the sand as well. It can be seen that the
heat advance in the upper zone was much slower than in the
lower zone, further illustrating the condensate advance.

The temperature profiles for Run 13 (Figures 51, 52,
53, and 54) are similar to those of Run 12. The agreement
between these temperature profiles and the figure; showing
the cumulafive recovery responses of the two runs, serves to

I

show the reproducibility of the results.

W
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The 0il recovery for Runs 12 and 13 was the highest
observed of all the runs which were conducted as part of
this work. The oil-steam ratio for Run 12 as a function of
the cumulative oil production is shown in Figure 16 and that
of Run 13 in Figure 17. The two curves are similar in
shape, but a higher initial production résponse is observed
in Run 12. However, the oil-steam ratio 1in both cases
achieves a value(gg ;bproximatgly 0.1 at 30% oil recovery.
Note that the decline in the OSR for the peak value |is
sharper in the case of light oils, as would be expectéd on

the basis of a frontal drive.

6.7 Bottom Water Steamflood

Ty

‘ Lo
One run, Run 15, was chducted with a bottom water

layer in the model. The bottom water layer. was i%stalled by
freezing a measured volume of water intco the lower layer of
the the model, which had préviously been packed with beads.
(Extensive details of the process involved in installing the
bottom water layer were given in a previous chapter.) It is
believed‘tﬁét the Iayer of water was 0.43 inches thick
(17.2%  of the formation thickness). All oimportant
experimental parameters, as well as a tabulation of
recoveries as a function of pore volumes of steam injected,
are given in Table 1?.

The bottom water model was steamflooded through the
water zone at én injectionrrate of 228.6 cm®/min, with the
production well open over the top half of the formation,

Figures 55, 56, 57, and 58 in Appendix A show the

temperature profiles for this run upon the injection of

>



" Pore Volume

i

- ?abie»16. Experimental

Data

for Run 15; Steamflood, in

“Abertfeldy Model Wlth Bottom Water

”™

Used:

01l Zone:
Bead Pack:
Pore Volnme
Saturation:

Type of Oil.

Irreduc1b1e
Initial Model Teﬂberature
Thickness of Water Layer:
Water Feed Flow Rate:

Boiler Feed Flow Rate:

" Total Flow Rate of Steam:
Volume of Steam Injected:

Water Saturatlon:

3

Faxam-100 - (208 mPa-s at 23°C)

13136 cm?

135.92 %
11520 cm?

87.70.% " L
12.30 %

'3.0°C
0.4252 Inches

199.5 cm?®/min

29.1 cm?®/min

228.6 cm?®/min
15895 cm® (1.210 PV)

Volume of 0il Recovered 355 cm® (3.08 % OOIP)
\ LY
. Cumulative Cumulative Cumulative CumulatfPe Oil-Steam
Total PV - Total PV - .0il oil Ratio
Injected Injected” Produced Produced @ (cm?/cm?)
(em?) “(PV) . fcm?) (%001IP) ’
1930 0;147 25 0,22 0.0130
3610 0.275 45 0.39 . 0.0119
5250 0.400 65 "0.56 0.0122
7010 - 0.534 90 0.78 - 0.0142
8745 0.666 110 0.95 0.0115
10585 0.806 155 1.35 0.0245
12320~ .0.938 190 1.65 1 0.0202
14085 - 1.072 45 2,13 0.0312
15895 1.210 55 3.08 0.0608

e A e e s s o — i o o — —
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0.25, 0.50, 0.75, and 1.00 pore volumes of steam,
‘respectively. A- study of .these  temperature pquiles
indicates that the iﬁjected heat advanced rapidly in the
bottom water layer. It can be seen that the ‘15 and 20°C
isotherms in the upper part of £ge sand'are virtuélly
staﬁionary while the heat advances " unevenly in the  water
layer, which suggests that a hot waterflood occur;ea when
the\inje steam condensed - and the condensate migrated
rapidly . o the highiy conductive water layer.
) As expected, the oil rervery for this run was po§r,
being 3.1% of the original oil 1in place after injectihg 1.2
bore volumes of steam, as shown in cumulative oil recovery
curve, given as Figure 18. Future runs in the éontinuatidh
of this .research will concentrate on minimizing the.
deleterious effects of the bgitom water zone.- In spite of
the poor oil recovery, this run is considered to be
sgccessful, because it showed that a bottom water layer can
be created in the vacuumamodel (note that Prats*’ situation.
was very different), and that.a steamflood can be conducted

under such conditions. The observed behavior of the

steamflood was according to expectations.

6.8 Steam Slug Runs

"Runs 17,18, and 19 were designed to}test_the steam slug

process, and to ascertain the geproducibility of such
‘ ‘ O, ‘ ' :

experiments. As seen in Table 8 the initial oil saturation

in each of these runs was close to 92%. Tables 17, 18, and

19 present the important experimental parémeters for Runs

17, 18, and 19, respectively,.and also give a tabulation of
EN v
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the o0il recovery as a funétion of pore - volumes “of steam
injected.

Steam injection for these runs was fgrminated attfthe.
point where a sharp drop in ‘the oil-steam ratio' was
observed, and then water was injected. (Refer to Figﬁres
19, .20, and 21 for the oil-steam ratio curves for Runs 17,
18, and 19, respectively.) The water was injected at 4°C to
coincide with the scaling criteria; thus the water was at a
btemperature near the initial'resefvoir‘temperature.

Consider the temperature distribution plots for Run 17,
given in Appendix A as Figlres 59, 60, 61, 62, and 63, for
injection to 0.25, 0.31 (start of cold waterflood), 0.50,’
0.75, and 1.00 pore volumes, respéctively. At 0.25 porétﬁ
volumes of steam injected, it is seen that the advance of
the steam front was neaflyvrédial but there was considerable
bnderrunning of the hot condensate. At the point where
steam injection was terminated, and the cold waterflood was
started (Figure 60), the temperature profile for the upper
part of the model still sﬁows approximately radial advance,
but the lower part of-theimodel shows a much more rapié heat
(condensate) advance. Upon. the injection of 0.50 pore
volumes of water and steam (Figure 61), it can be observed
that the heat had spread over most of the area in'the vlower
part of the formation, but thét the development of a heat
bank in the upper part of the model still seemed to follow
énvapproximately radial patteré. Injection of water to 0.75
pore volumes {Figure 62) appears to have totally condensed
the steam, and it is seen that the model temperéture became

more constant. Further 1injection to 1.00 pore volumes
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Table 17.

Aberfeldy Model

¥

Used:

Qil Zone:

Bead Pack:

Pore Volume:
Initial 0il Saturation:
Irreducible Water Saturation:
Initial Model Temperature:
Water Feed Flow Rate:

Boiler Feed Flow Rate:

Type of 0il
Pore Volume
Porosity of
Hydrocarbon

Experimenfal Data for Run 17; Steam Slug Run
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in

Faxam-100 (208 mPa-s at 23° C)
13820 cm?

32.90 %

12800 cm?

92.62 %

7.38 %

3.0°C .

198.7 cm?®/min

" 30.4, cm?®/min

Total Flow Rate of Steam: 229.1 cm®/min
.Flow Rate of Water Slug: 188.7 cm?®/min
Volume of Steam Injected: 14250 cm?® (1,031 pV)
Vokume, of 0il Recovered: 3100 cm?® (24.22 % 0O01IP)
BN | |
Cumulative Cumuiative Cumulative Cumulative O0Oil-Steam
Total PV Total PV 01l 0il Ratio
Injected Injected Produced Produced (cm?®*/cm?)
(cm?) (PV) (cm?) (%001P)
1910 0.138 1610 12.58 0.8429 .
3790 0.274 2070 16.17 0.2447
COLD WATER INJECTION
5670 0.410 ) 2390 18.67 0.1702
7470 0.541 2590 20,23 0.1111
9320 0.674 2765 21,60 0.0946
11220 0.812 2925 22.85 0.0842
13100 0.948 3045 23.79 , 0.0638 -
14250 1.031 3100 24.22 : 0 0478
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Table 18. Experimental Data for Run 18; Steam Slug Run in
 Aberfe1dy Model

Type of 0il Used: Faxam-100 (208 mPa-s at 23°C)

Pore Volume 0Oil Zone: / 13880 cm®> ‘

Porosity of Bead Pack: 33.04 % Mo
Hydrocarbon Pore Volume: 12770 cm?® K

Initial 0il Saturation: 92.00 % 5

Irreducible Water Saturation: 8.00 % ) ¢
Initial Model Temperature: 3.0°C ‘ /

Water Feed Flow Rate: 199.3 c¢m?®/min / o
Boiler Feed Flow Rate: 30.1 cm?®/min \
- Total Flow Rate of Steam: - 229.4 cm?®/min ]

Flow Rate of Water Slug: 199.3 cm?®/min

Volume of Steam Injected: 20040 cm® (1.444 pv)
Volume of 0il Recovered: 3940 cm® (30.85 % OOIP)

Cumulative Cumulative Cumulative Cumulative <©0Vil~Steam

Total PV Total PV 0il - 0il Ratio
Injected Injected Produced Produced (cm?®/cm?)
(em?) (PV) (cm?) (%001P) “
1920 0.138 1490 11.67 0.7760
4000 0.288 2660 20.83 0.5625

COLD WATER INJECTION
5890 0.424 3035 23.77 0.1984
8040 0.579 3265 25.57 0.1070
9950 0.717 3450 27.02 0.0969
12175 - .- 0.877 3595 28.15 0.0652
14215 1.024 3720 29.13 0.0613
16080 1.159 3805 29.80 0.0456
18060 1.301 3875 30.34 0.0354
20040 1.444 3940 30.85 0.0328



Table 19. Experimental Data for Run

Aberfeldy Model

Type of 0Oil
Pore Volume"
Porosity of
Hydrocarbon
Initial 0il
Irreducible

Used:

0Oil Zone:
Bead Pack:
Pore Volume:
Saturation:

Water Saturation:

Initial Model Temperature:
Water Feed Flow Rate:

Boiler Feed

Flow Rate:

- Total Flow Rate of Steam:

Flow Rate of Water Slug:
Volume of Steam Injected:
Volume of Oil Recovered:

Cumulative
Total PV
Injected

(cm?)

Faxam-1
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19; Steam Slug Run in

00 (208 mPa-s at 23°C)

13970 cm?®

33.26 %

12785 cm?

91.52 %
8.48 %
3.0°C

S

199.8 cm?®/min

29.4 cm?®/min

229,2 cm’/min

199.8 cm?®/min

21800 cm® (1.560 PV)
3845 cm?® (30.07 % OOIP)

Cumulative Cumulative

-Total PV 0il
Injected Produced
(PV) (em*)
0.136 1115
0.292 2135
COLD WATER
0.427 2535
0.575 2840
0.715 3070
0.858 3260
0.991 3395
1.141 3515
1.273 3655
1.422 3755
1.560 3845

Cumulative Oil-Steam

011l Ratio
Produced (em*/cm?)
(%001P)

8.72 0.5853

16.70 0.4690

INJECTION
19.83 0.2116
22.21 0.1481
24.01 0.1173
25.50 0.0955
26.55 0.0724
27.49 0.0573
28.60 0.0761
29.37 0.0481
30.07 "0.0464
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0.9+

|Start Of Cold Water
Slug Injection

Instantaneous 0L0/Steam Ratio

2 N O W @ 0 B B 1o
Cumulative OLL Produced, 7 00IP

i

Figure 19, Run 17, Instantaneous Oil-Steam Ratio Vs,

Cumulative 0il Production.
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0.9+

Start Of Cold Water
Slug Injection

Instantaneous OiLL/Steam Rattio

20 3 40 S 6 70 80 %W 100
Cumulative Oil Produced, 7% 00IP

Figure 20. Run 18, Instantaneous Oil-Steam Ratio vs.

Cumulative 01l Production.
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Slug Injection
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0 10 20 30 40 50 80 70 80 90 100
| Cumulative OiLl Produced, 7% OOIP

Figure 21. Run ’19;y;lnstantaneous Oil-Steam Ratio Vs,

Cumulative 0Oil Production,
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(Figure 63) shows that the model temperature was about 10°C
throughout. ’ |

The temperature profiles for Run 18, given in Appendix
A as Figures 64, 65, 66, 67, 68, Qnd 69, for the 'injection
of 0.25, 0.30 (start of cold watérfiood), 0.50, 0.75, 1.00,
and 1.25 pore volumes of stean, 'depict a response very
similar to that of Run 17. Run 18 was continued slightly
longer than Run 17 and the final profilen(Figure. 69) shows
that the heat distribution was‘highly asymmetrical, with a
15°C isotherm still present in the lower part of the
formation. On the whole, the temperature profiles for Runs
17 and 18 show: (i) considerable slowdown of heat advance in
the upper pgrt of the formation with the injection of cold
water and, (ii) more rapid and very uneven heat spreading in
the 1lower part of the model. The former is symptomatic of
steam condensation by the injected cold water, essentially
bringing the steam zone to a halt until total condensation
has occurred, while the latter is quite typical of a hot
waterflood, 'characterized by fingering and unstable heat
advance.

The temperature profiles for Run 19 are given in
Appendix A as Figures 70, 71, 72, 73, 74, and 75, for 0.25,

0.28 (start of cold waterflood), 0.50, 0.75, 1.00, and 1.25

pore volumes of steam injected, respectiLely. These are
sufficiently different than those of Runs 17 and 18 to show
that even though the experimental conditions were similar,
instabilities can  play a.significant role in modifying the

temperature distributions in the upper and lower parts of

the model. Possibly some perturbation during the steam
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injection stage caused early departure from radial flow,
with concomitant later distortion of temperature profiles.
Nevertheless, the final recover;>curves for all three runs
are similar as can-"be seen in Figure 22. Similarifies are
also observed 1in the plots of instantaneous oil and water
production as functions of cumulative injection./‘ These
plots are given as Figures 23, 24, .and 25, for Runs 17, 38,
and 19, respectively.

The final temperature profile for Run 19 at 1.25 pore
volumes injected (Figure 75), and that of Run 18 (Figqure
69), show a greater heat accumulation in the lower part of
the forﬁ;f$qnﬁ than in the upper part. It has been
hypothesized that the injected cold water condensed the
steam zone at the top, and the condensate then dropped down
and flushed out the oil.

on th% whole, the steam slug process appears to be
quite attractive because; !

1. it yields a good oil recovery,

ii. it utilizes less steam than other variations of
steam injection and thus is more economical win
field operations,

iii. it promotes greater utilization of the injected
heat with the injected water transporting heat

from the swept zone into the colder parts

downstream,



Three Slug Runs on Aberfeldy Model.
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Instantaneous Oil oh‘?\woter Prod.%Z of sample " -y

Legend
O Oil Production
X  Woter Producti.on

Figure' 23,
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Run 17, 'Instantaneous Oil and Water Production
vs. Cumulative Injection. , : i
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Figure 24. Run 18, Instantaneous Oiljand Water Production

vs. Cumulative Injection.
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100
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Figure 25. Run 19, Instantaneous 0il and Water Production

vs. Cumulative Injection.
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6.9 Hot Water Slug Run

Run é2 was a Hot water slug run whicﬁ was conducted for
the purpose of determining whether steam injectivity, could
be improved by an initial slug of hot water. The
experimental parameters and a tabuldtion of the recovery
response for this run are presented in Table 20. The water
injection rate was 230.2 cm?/min into the lower half of the
formation.

The run was designed to inject approximately one half

6f a pore volume of hot water and gradually heat up the

b,
E
i

Wﬁnjected Eluid until it became steam. However, the steam

generating system was unable to gain heat at the rate
required and thus it is quesﬁionable whether steam was
injected at the later stages of the run,

Figure 26 shows the recovery respohse of Run 22, The

" sudden  jump in the recovery curve at the injection of 0.8

pore volumes of water, could possibly be attributed to steam
injection. It is possible that, although the boiler wés not
hot enough to generate superheated steam, the injected hot
water flashed/ to steam when ‘it encountered a low enough
pressure within the model. A sudden increase in oi]
recovery is alsQ observed in fhe oil-steam ratio curve,
givénvas Figure 27, and in the instantaneous 0il and water
Production curve given as Figure 28,

An inspection of the temperafure profiles for this run
(Given in Appendix A as Figures 76, 77, 78, and 79, for the
injection of 0.25, 0.50, 0.75, and. 1.00 pore volumes of
water, respectively), shows that the heat advance occurred

very<quickly_in the lower part of the” formation. Figure 76
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Table 20. 'Experimental Data for Run 22; Hot Water Slug Run.

in Aberfeldy Model

o

Type of 0il Used: . * Faxam-100 (208 mPa-s at 23°C)

Pore Volume Oil Zone: 14310 cm? '
Porosity of Bead Pack:’ 34,07 %

Hydrocarbon Pore Volume: 12800 cm?®

Initial 0il Saturation: 89.45 %

Irreducible Water Saturation: 10.55 %

Initial Model Temperature: 3.0°C

Water Feed Flow Rate: . 199.3 cm?/min

Boiler Feed Flow Rate: , 30.9 cm?®*/min

Total Flow Rate of Steam: 230.2 cm?®/min
Volume of Steam Injected: 19377 cm?® (1.354 PV)

Volume of 0Oil Recovered: 3317 ecm?® (25.91 % OOIP)

Cumulative Cumulative Cumulative Cumulative O©Qil-Steam

Total PV Total PV 0il 0il ' Ratio
Injected Injected Produced Produced (em?®*/cm?)
(em®>) (PV) (cm?) (%001P)
1950 0.136 1310 10.23 0.6718
3900 0.273 1640 12.81 0.1692
5961 0.417 1891 14,77 0.1218
7891 0.551 2101 16.41 0.1088
9851 0.688 2281 17.82 ‘ 0.0918
11641 . 0.813 2651 20.71 0.2067
13401 0.936 2821 22.04 0.0966
15291.. 5 1,069 3021 23.60 0.1058
17437 1,219 3187 24.90 . = 0.0774
19377 1.354 3317 25.91 0.0670
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Hot Water Slug Run in Aberfeldy Model.
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Figure 27. Run 22, Instantaneous Oil-Steam Ratio vs.

Cumulative 0il Production.
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shows that even upoﬁ the‘}njection of only 0.25 pore volumes
of hot water, the heated zone had advanced considerably in
the lower part of the formation, while less movement had
occurred in the upper part. Figure 77 at 0.50 pore volumes
of steam injected shows the further advance of the hot zone
in the lower layer. The sweep appears to be very efficient,
extending almost radially. At 0.75 pore volumes injected
(Figure 78) the isotherms begin to appear slightly
irregular, and this .nonuniformity becomes .even more
pronounced upon the injection of 1,00 pore volumes (Figure
79).

After 1.35 pore volumes of hot water had been injected,
0 25.9 % of the original 511 in piace had been recovered.
This represented a recovery response quite similar to that
obtained in' the continuous steamflood experiments (Runs 6
and 10), but was considerag}y less Jhan the average recovery

observed in the steam slug runs (Runs 17, 18, and 19).



7. CONCLUSIONS
A low pressure, scaled steamflood model was designed,
constructed, and tested for a variety of steamflood
runs, and was found to be satisfactory for the purpose
of conducting steamflood experiments. -
0il viscosity was observed to have a considerable
influence on the type of steam drive developed. In the
case of the Aberfeldy oil (208 mpa-s at 24°C; 1275 mPa-s
at 24°C in prototype), the steam zone developed 1in the
upper part of the formation, with steam condensate
movement toward the base. In the case of a more viscous
oil (9250 mPa-s at 24°C; 13085 mPa-s at 24°C 1in
prototype), the steam zone development was clearly 1in-
the upper part of the .sand. In the case of the light
0il (60 mPa-s at 24°C; 25.6 mPa-s at 23°C in prototype),
the steam zone development was closer to a frontal

drive.

vBased upon one run, 1t was concluded that bottom water

has an extremely unfavorable effect on steamflood
efficiency, with a cumulagive recovery of only 3% for a
water/oil zone thickness ratio of 5:1.

The steam slug process apbears to be an efficient and
practically viable recovery téchnique, with oil recovery
of 30.9% ofbthe original oil in place, for a 0.29 pore
volume- slug of steam, followed by the injection of 1.16
pore volumes of cold water. Among the techniques tested
thus far, the steam slug process appeérs to be the best
recovery process for the Aberfeldy crude.

The oil recovéry observed fqr a steamflood in a light

128
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oil model was higher than that of the Aberfeldy model,
being 35.7% of the original o0il in place, after the
injection of 1.65\\pore volumes of steam, Thus
steamflooding may pe a viable recovery metﬁod for light
oils as well, although the flood performance needs to be
examined for ga variety of operating parameters, in
particular, the oil Saturation, because such reservoirs

‘would normally be waterflooded first.



NOMENCLATURE

fgp = Steam gquality. (dimensionless)

hgg = Enthalpy of saturated steam. (kJ/kg)

h,, = Enthalpy of water. (kJ/kg)

kg = Permeability in the model. (darcies)

kp = Permeability in the prototype. (darcies)

Khpp = Thermal conductivity in the model. (kW/m+K)

khp = Thermal conductivity in the prototype. (kW/m-K)

= Length of the model.
= Length of the prototype.
= Latent heat of vapourization. (kJ/kg)

L

L

L

M_ = Heat capacity in the model. (kJ/kg-K)

M_ = Heat capaqﬁfy in fhé prototype. (kJ/kg-K)
|3

P

P

m = Pressure in the model. (MPa or kPa)

p = Pressure in the prototype. (MPa)

(Pp)m = Pfoduction pressure in the model. (MPa)
(Pp)p = Production pressyre in the prototype. (MPa)

r = Scaled radius of the well. (inches)

Sq = Saturation of gas. (dimensionless)

So = Saturation of oil. (dimensionlesgi‘

Sor = Residual oil saturation to steam. (dimensionless)

S, = Saturation of water. (dimensionless)

tnp = Time in the model. (min)

tp = Time in the prototype. (days)

T, = Model temperature. (C)

T§“= Prototype temperature.! (C)

Top, = Initial model temperature. (C) - ‘ ’
a

130
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‘T°p = Initial prototype temperature. (c)

w = Slit width of scaled well. (inches)

W, = Mass rate of flow af the aqueous phase.

w, = Injection rate into the moéel. (cm?®/min)

Ve = Injection rate into the prototype. (m®/day) -
Vg = Mass rgte of flow of superheated steam.

wei =,Total mass rate injected.

y(L) = Length scaling factor. (dimensionless)
v(AP) = Pressure scaling factor. (dimensionless)

= Density. (kg/m’)

p
¢, = Porosity in the model. (dimensionless)
oo = Porosity in the prototype. (dimensionless)

u = Viscosity. (mPa-s)
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FIGURE 29: TEMPERATURE PROFILE FOR
RUN 4: STEAMFLOOD ON WATER SATURATED MODEL.
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' FIGURE 30: TEMPERATURE PROFILE FOR '
RUN 4: STEAMFLOOD ON WATER SATURATED MODEL
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FIGURE 31: TEMPERATURE. PROFILE FOR

RUN 4: STEAMFLOOD ON WATER SATURATED MODEL
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| FIGURE 32: TEMPERATURE PROFILE FOR
RUN _4: STEAMFLOOD ON WATER SATURATED MODEL
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—_Lover_ Model _lempergture (G __ ~ Injection Hell



. 142

FIGURE 33: TEMPERATURE PROFILE FOR
RUN _6: CONTINUOUS STEAMFLOOD ON ABERFELDY MODEL
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FIGURE 34: TEMPERHTURE PROFILE FOR
CONTINUOUS STEAMFLOOD ON ABERFELDY MODEL

0.50 Pore Volumes of Steam In jected

Injection Well
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FIGURE 35: TEMPERATURE PROFILE FOR
RUN _6: CONTINUOUS

SIEAMFLOOD ON ABERFELDY MODEL
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FIGURE 36: TEMPERATURE PROFILE FOR
RUN 6: CONTINUOUS™ STEAMFLOOD ON ABERFELDY MODEL
\

1.00 Pore Volumes of Steam In jected

Productiéb)HoLL

Injection Well

14

r



146

Ty
IS,

Injecttbn Well
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STEAMFLOOD IN ABERFELDY MODEL AFTER W.F.
0.25 Pore Volumes of Steam In jected

Production Well

L4

FIGURE 37:
- Lempergture (LT

RUN 7C

@.\.r%%.
s



| . ' o 1474,
¢ (~.' | %

| " FIGURE 38: TEMPERATURE PROFILE FOR
- RUN _7C: STERMFLOOD IN ABERFELDY MODEL AFTER W.F.
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~ FIGURE 39: TEMPERATURE PROBHLE FOR
RUN 7C: STEAMFLOOD IN ABERFELDY MODEL AFTER W.F. -
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‘ o o .
. FIGURE 40: TEMPERATURE PROFILE FOR
RUN_7C: STEAMFLOOD IN ABERFELDY MODEL AFTER W.F.
~ 1.00 Pore Volumes of Steam Injected
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FIGURE 41: TEMRERHTURE‘PROFILE FOR
RUN 9: STEAMFLOOD IN HEAVY OIL MODEL
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FIGURE 42: TEMPERATURE PROFILE'FOR .
RUN 9: STEAMFLOOD IN HEAVY OIL MODEL - v
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FIGURE 43: TEMPERATURE PROFILE FOR
RUN 10: CONTINUOUS STEAMFLOOD IN ABERFELDY MODEL
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FIGURE 44: TEMPERATURE PROFILE FOR
RUN 10: CONTINUOUS STEAMFLOGES IN_ABERFELDY MODEL
~ 0.50 Pore Volumes of Steam In jected
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FIGURE 45: TEMPERATURE PROFILE FOR
RUN_10: CONTINUOUS STEAMFLOOD IN ABERFELDY MODEL
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FIGURE 46: TEMPERATURE PROFILE FOR
RUN 10: CONTINUOUS STEAMFLOOD IN ABERFELDY MODEL

1.00 Pore Volumes of Steam In jected
Production Well

In_jection Well
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FIGURE 47:

TEMPERATURE PROFILE FOR

CONTINUQUS STEAMFLOOD IN LIGHT OIL MODEL
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RUN 12

Production WelL

Injection Well

- .- haver_ llodel lemperature (U]



157

 FIGURE 48§.TEHPERHTURE PROFILE FOR

CONTINUOUS STEAMFLOOD IN LIGHT OIL MODEL
0.50 Pore Volumes of Steam In jected
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TEMPERATURE PROFILE FOR -

- FIGURE 49:
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| FIGURE S1x TEMPERHTURE PROFILE FOR
RUN 13: CONTINUOUS STEAMFLOOD IN LIGHT OIL HODEL
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FIGURE 52:‘TEHPERHTURE'PROFILE FOR |
RUN _13: CONTINUOUS STEAMFLOOD IN LIGHT OIL MODEL
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FIBURE 53: TEMPERATURE PROFILE FOR
RUN_13: CONTINUOUS STEAMFLGOD IN LIGHT OIL MODEL
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'FIGURE 54 i
RUN 13: CONTINUOUS STEAMFLOOD IN LIGHT

I MODEL
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- FIGURE 55: TEMPERATURE:PROFILE FOR .
RUN_15: STEAMFLOOD IN BOTTOM WATER MODEL
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FIGURE S6: TEMPERATURE PROFILE FOR
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FIGURE 57: TEMPERATURE PROFILE FOR |
RUN_15: STEAMFLOOD IN BOTTOM WATER MODEL - -
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" FIGURE S8: TEMPERATURE PROFILE F@R .
RUN 15: STEAMFLOOD IN BOTTOM WATER MODEL
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~ Produgtion Hell | - e

-

e

- §
R ‘\
o3
BN g
Sl o
R
v ﬁa . R
. W ’,4?’ yf‘?“
a i
SR
h
S
o
b
Cr
i)




168

-

~ FIBURE 59: TEHPERHTURE PROFILE.FOR
RUN _17: STEAM SLUG RUN IN ABERFELDY MODEL
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_ FIGURE 60: TEMPERATURE PROFILE FOR
RUN_17: STEAM SLUG. RUN JN ABERFELDY MODEL
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FIGURE 61: TEMPERATURE PROFILE FOR
RUN 17: STEAM SLUG RUN IN ABERFELDY MODEL
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FIGURE 62: TEMPERATURE PROFILE FOR =
RUN 17: STEAM SLUG RUN IN ABERFELDY MODEL' ~
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. " FIGURE 63: TEMPERATURE PROFILE FOR
RUN _17: STEAM SLUG RUN IN ABERFELDY MODEL
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| + FIGURE 64: TEPIPERFITURE PROFILE FOR .
RUN_18: STEAM SLUG RUN. IN ﬂBERFELDY MODEL -
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q | FIGURE—BS TEHPERHTURE PROFIL OR
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FIGURE 67: TEMPERATURE PROFILE FOR
RUN_18: “STEAM SLUG RUN IN. ABERFELDY MODEL

. . 0.75 Pore Volumes In jegted
Production Well . . , | S

|

E B
. . .
. - . v v - e -
~ e | ¥
. - N 4 R : B S
o v
1

()

Qdel. _ gmg_ql:g ure (G In_j.cti.on H.Ll .

o



177

() )
: L
‘ ‘ ’ 42

~ FIGURE 68: TEHPERHTURE PROF ILE FOR - .
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| FIGURE 69: TEMPERATURE PROFILE FOR’
RUN 18: STEAM SLUG RUN IN ABERFELDY MODEL
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| ‘FIGURE,70= TEMPERATURE PROFILE FOR
RUN™19: STEAM SLUG RUN IN ABERFELDY MODEL
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~ FIGURE 71: TEMPERATURE PROFILE FOR .
RUN 19: STEAM SLUG RUN IN ABERFELDY MODEL ,
Start of Cold Woter Injection (0.28 PV Inj.)
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FIGURE 72: TEMPERATURE PROFILE FOR
RUN 19: STEAM SLUG RUN IN ABERFELDY MODEL
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FIGURE 73: TEMPERATURE PROFILE FOR
RUN _19: STEAM SLUG RUN IN ABERFELDY MODEL
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FIGURE 74: TEMPERATURE PROFILE FOR
RUN 19: STEAM SLUG RUN IN ABERFELDY MODEL
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Production Hell | ’
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FIGURE 75: TEMPERATURE PROFILE FOR
RUN 19:. STEAM SLUG RUN IN ABERFELDY MODEL
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FIGURE 76: TEHPéRﬂTURE PROFILE FOR
‘ RUN 22: HOT WATER SLUG RUN IN ABERFELDY MODEL
~ 0.25 Pore Volumes In jected
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FIGURE 77: TEMPERATURE PROFILE FOR
RUN 22: HOT WATER SLUG RUN IN ABERFELDY MOD
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. - FIGURE 781 TENPERHTURE PROFILE FOR
RUN 22: HOT WATER SLUG RUN IN ABERFELDY MODEL
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FIGURE 79: TEMPERATURE PROFILE FOR
RUN 22: HOT WATER SLUG RUN IN ABERFELDY MODEL
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