™

,\

. ¥ R <
l*l National Ltbrary Bibliothéque nationale *

of Canada .du Canada |

Canadian Theses Service ~ Service des théses canadiennes '

Ottawa, Canada 7

K1A ON4

. [
ol
O —e e . >

k ~  NOTICE ~AVIS.

o

If pages are missing, contact the university WhICh )

I'he qualtty ofthis microformis heavily dependent upon the

quality of the original thesis submitted for microfilming.

Every effort has been made to ensure the hlghestqualtty ot -

reproduction possible. N

:nted
the degree.

Some pages may have indistinct print especially if the
original pages were typed with a poor typewriter ribbon or
if the untversuty sent us an inferior photocopy.

Prevnously copynghted materlals (journal amcles pub-'

lished tests etc.) are not filmed.

- Reproduction in full or in part of this microform is governed

by the Canadtan Copynght Act, R. S C. 1970, c. C-30.

NL-339 (r. 88/04)

tout
tion..

La'qualité de-cette micrsforme-dépend grandement de la
qualite,de la thése soumise au nucrolilmage. Nous avons
(L pour assurerane quallé supericure de reprodue

S'il manque - des pﬁqee voeuilles

avee
I'universite quia conféré o qr wde.

Ccommuniguer

La qualité dimpression de e urtmnw, pages puuM tmwg.’l AR

désirer, surtout si fes pages originales ont ¢1é-dag stylony

‘phiées a I'aide d'un ruban usé ou si Funiversite nous  f; I

parvenir une photocopie de qualit¢ inféricure. . -«

Les documents qui font déja l'obict d'un droil d'auteur
(articles de revue, tests publiés, ctc) ne sont pas
microfilmés. ,

La reproduction, méme particlle, de cette microforme ¢t
soumise a la Loi canadienne sur le droxt d'auteur, SI3C

© 1870, ¢ C30

| Canad'ét' .



(

) ‘ THE UNIVERSITY OF ALBERTA
-

~ _ T ' ’ . .
'SCALED MODEL STUDIES QF SOLVENT-STEAM INJECTION,
UNDER BOTTOM WATER CONDITIONS

BY

EoD".

& -

N a > '~ DANIEL JOHN.ORACHESKI

L ] - ATHESIS J
' SUBMITTED TO THE FACULTY OF GRADUATE STUDIES AND ) RESEARCH
IN PARTIAL FULFILLMENT OF THE REQUIREMENTS FOR THE DEGREE
- OF MASTER OF SCIENCE '
o | IN"- L/
' PETROLEUM ENGINEERING .
o

DEPARTMENT OF MINING METALLURGICAL AND PETROLEUM

. | ENGINEERIN@

~

) EDMONTON, ALBERTA
\ R | - FALL, 1988



. publication

Permission 'has been granted
to the National Library of
Canada to microfilm
thesis ‘and to lend or sell
copies of the film.

N

“ The author (copyright owner)
has reserved other
rights, and
neither the thesis nor
extensive extracts from it
may be -printed or otherwise
.reproduced without his/her
written permission.—

this <

L'autorisation a &té ‘accordée

-4 la Bibliothdque nationale

du Canada de microfilmer
cette ‘thése et de prédter ou

de vendre des exemplaires du
film. ‘ .

L'auteur (titulaire du droit
d'auteur) se réserve les
autres droits de publication;

ni la thése ni de 1longs
extraits de celle-ci ne
doivent &tre imprimés ou

autrement reproduits sans son
autorisation écrite. -

¥

ISBN 0-315-45648-5

///,



. <-"’T', .

THE’[}NIVERSITY OF ALBERTA
RELEASE FORM

o
ra

» NAME OF AUTHOR ' Da'niel John Oracheski-

TITLE OF THESIS Scaled Model Studies of ‘Solvefft-Steam
: ‘ Injection, Under Botton Water Conditions

DEGREE FOR WHICH THESIS WAS PRESEN:TED : ' MASTER OF SCIENCE

YEAR THE DEGREE V;fAs GRANTED : . FALL, 1988
/ :

Permission is &\ereby granted to the UNIVERSITY OF ALBERTA
LIBRARY to reproduce single copies of this thesis and to lend or sell such copies
for private, sch&arly or scientific research puri)osesu only. - N - ' P

~ The auther resefveg gthér publi’(;a'tion rights, and neither the thesis nor

extensive extracts from it may be printed or otherwise reproduced without the

author's written permission.

" (SIGNED) ./@Q.z./.u./ ....... M/wﬂt
, PERMANENT ADDRESS:
: ,1402 Galbralth House, chhener Pdrk S
Edmonton Albena Canada |
‘4 “T6H 5BS
DATED: ‘Miy 10,1988



£

THE UNIVERSITY OF ALBERTA - -
FACULTY OF GRADUATE STUDIES AND RESEARCII

The undersigned certify that they have read and recommend to the Faculty
of Graduate Studies ahd Research, for acceptance, a thesis entitled SCALED MODEL
STUDIES. OF SOLVENT-STEAM INJECTION, UNDER BOTTOM WATER
CONDITIONS submitkted by DANIEL JOHN ORACHESKI in partial fulfillment of the

requirements for the dégree of MASTER OF SCIENCE in PETROLEUM
ENGINEERING. -

" Dr. JM. Whiting -~ (
, /’7, A /

Dr. J.D. Scott (External Examincr)
. ¥ - R

'DATED : May 10, 1988

3 : b
r i



5’7/@%& o, i
m%é\%ygm ,%mmc/':gcuo/



4

/

:f'he resezirch project was basél upon examining the uSc; of }s.oiycnt in combination
with a steamflood as a‘theymal recovery technique in thin heaVyéiLfonimLions with
‘underlying walter. The research consisted of conducting steam injection cxbcrimcms ina
low pressure, scaled physiczﬂ model of the.Aberfeldy heavy oil reservoir which is located
.in Iiloydminster, Saskatchcwan. : |
The low pressure apparatus used for this study was designe’d to represent one '
quarter of an eighthectarq (twenty acre) five-spot pattern. The scaling éf the vacuum
rr‘nodc’:I was based upon low pressure scaling cﬁtcria. o
" The main emphasis of the research was directed towards studying the effectiveness
of a solvent-steamflood process conducted in a bottom_wafer model and comypqring this
technique to a c_o;lventional steamfloqd performed in a similar modcl: As expected, the
. - : ‘
bottom water had a very adverse effect on the thermal efficiency of the recovery processes
due to the underlying water acting as a.heat sink and high conductivity channel for the
‘,injécted steam. It was determined that a solvent—steamﬂodd process ~onducted in a bottom
‘water model displayed improved oil recovery compared to a conventional steamflood
rhethod. The use of a solvent slug prior to stearﬁ injection improvcd the thermal efficiency

w~ .

“of the -;stc‘amﬂood by partially guiding thé-Steam away from the heat scavenging ’bottom\{ :

~ water and into the desired oil zone. ™ e o

"Recovery schemes other th 1 the solvent-steamflood method in a bottom water
. formation were also investigated. 1 .uternate methods consisted of.gas-injection prior to

~ steamflooding, gas injection prior to a solvent-steamflood and implementing a limited

barrier at the oil/water contact in the vicinity of the injection well prior to steamflooding.
Experimental results indicated that these three methods improved recovery compared to the |
conventional steamflood, however, the solvent-stez - -ood proc"ess still exhibited the

highest recovery. A solvent-steamflood experiment conducted in_a previously

T



L

watettlooded model ylelded the best recovery of all the experiments, sugg esting that this

v

process may also be a viable tertiary recovery method

A heat flow analysis of a convcnuonal steamﬂood in a homogeneous model was

v

conducted. It was concluded that the Mandl-Volek steam injection model best represented

_the stéam zone development in the model and that heat loss from the model was substantial

throughout the experiment. W °
Results of the research indicated that the 1mp1ementauon of a solvent- steamflood
technique to optimize oil recovery in thin heavy oil reservoirs contammg bottom water,

warrants further mvesnganon The alternate methods studred also merit further

»exammanon since these schemes appeared to 1rnprove oil recovery from these types of}

formations as well.

&

.

vi



Acknowledgements P
= ,’

o Extreme gratitude is expressed to Dr. SM Farouq Ali for his expert guidance and
support, as well as his geniune and over\;fhclrning generosity. The affiliation with Dr.
" Farouq Ali has provided the author with valuable experience and knowledge, and most .
impénantly helped develop the author into a better pe;rso_n. The author is very proud to -

“have had the opportunity to be associated with such a distinguished individual as Dr.’
Farouq Ali. )
The author wishes to acknowledge Mr. Marty P‘roctor for his-patience and
commitmeént in helping to familarize the futhor with the expcﬁmental equipment and
procedure related with Fhe research projvect. The friendship developed with Mr. Proctor,

alone has made the author's experience as a graduate student more than worthwhile.
The author is grateful td Mr. Lyle Oracheski for his capable and irreplaceable

~ assistance in conducting the experiments and processing the experimental data.

The expertise and advice of Mr. Bob Smith used to modify the cxpcrimcntul

apparatus used in this Broject was appreciatcd.

Special thankshare given to Dr. K.W.A. Miller, of Husky Oil Operations Ltd., for
providing data on the Aberfeldy formatig , which was used in designing the prototype
reservoir. ‘ [0

The financial assistance and technical assistance provided by the Dcparmiem of
Energy, Mines and Resources, CANMET, and the members of this organization,
particﬁla:ly Dr. Albert George and Mr. Roger Lafleur, are gratefully acknowledged.

4



Chapter ‘ o 3 ) - Page
I Introduction - . 1
I Statement of the Probl_qxﬁ | ‘ ‘ 3
Il Literature Review ' = 6

Scaled Model Studies of Steam Injection Processes

Experimental Approaches to Steam Injection

High Pressure and Low Pressure Scaled Models

~ Studies of Thin, Bottom Water Reservoirs " 12
\ Inéérporation of Solvent with Steam Injéction Processes _‘14
Disbersion and Diffusion of Solvents in a lzorousMedium ' o 14
Non-Thermal Miscible Displacement Processes 15
Solvent Scaling Criteria ‘ 17
Incorporation of Solvent Injection into Thermal Recovery Methods ___ 18
Asphaltene Flocculatdon - ‘ ‘ 22
1\Y% Scalin% of the Solvent-Steamflood Process in the Low Pressure Model ____ 24
Déﬁ;/aﬁon of the Model Scaling Parmnéters S 24
Designing the Low Pressure Model c;f the Aberfeldy Reservoir 29
Field Représentation ' i 29
" Length Scale Selection - o 31
Scaling of Model Pressure A’ — : _ 31
Scaling of Model Tempe:atuﬂn; PR S . 33
K Detefmination of the Requ;réd Steam Quality | 35
_Sc:iling aof Model Oil Viscosity ‘ e 36
, Time Scale Bs:texmination T . — 36 |
Scaling of Model Permeability . 5 ' 37

viii



o
. Scaltngpfslntjection_and Prodnction Rates ____ _— 38
: Determination of Water P‘ropOrtion.for Steam Quality | ' : 39 |
Scaling of Wellsinthe Model - 40
o Sealing of~Solvent in the Model R 4
\% Experlmental A;lparam d Procedure __. ' : a3 .
Physrcal Model - . ‘ °. B ’ - 43
Data Acqulsmon System L | s 47
Solvent and Steam InJectlon System , 50
Produced Fltnd Collecnon System ‘ N Sl
Model Can Rail System and Cold Storage Compartment : 53
Model Fluids _____ s _ S 53
Selection of the Aberfeldy Model Ol _ . : 53
Selecuon of the Solvent g', IR - : 54
Preparation of the Model for an Experiment _ | 56
' Packing oftl'te Model . L o i 56
Saturation of the Model . .\ &
' Preparatton of Bottom Water Model - - '. : .. ol
.Creanon of a.Gas Cap in the Model i | L ', 64
Conductmg the ExPeriments _ . - S (?5'
Clean Up of the App_arat_us s _ 5 | 68 -
' Analysis of Experimental Data ﬁ AN 68
VI Iﬁiscdssion of the Results : S . S 74
Presentation of of the Results . ‘ . . o ' ’ 74
Steamflood versus Solvent-Steamflood Process A S | 79
Typrcal Steamflood Hrstory ina Bottom Water Reservou' ' "'81
Base Expenments for Companson Purposes . | 89
o Continilous Solvent Flood | o '/ ,- . 89

1%



Solvem-;S_ teamﬂood T

T

Sicamﬂood‘(.)f,a_ Bottom Water Model With Prior Gas Injection
~ .

l\ Effect of Solvent Slug Size on Qil Recovery by a Steamflood

\
Effect of Bdttom Water Thickness on Steamflood Response

Effect of Bottom Water Thi,ckne\ss on Solvent-Steamflood Response

Role of Gas Injection in Steamflooding

Gas Injccfion in a Steamflood

Gas Injection Prior to Steam Injeétion with Bottom Water

Gas [njection with"'Solvept and Steam Inj.f.’ction

| ( Gas Injection Prior to Solvent & Steam I‘hjection with Bottom Water _

v Effect of Injection-Production Interval Locations

Useof a Physical Barrier in a Bottom Water Steamflood

Effectiveness of Waterflooding Prior to Solvent and Steam Injection

Heat Flow Analysis

Lauwerier Equation

4

| Comparison of Marx-Langzenheim and Mandl-Volek Models___-_-

- A. Marx-Langenheim Theory
B. Mandl-Volek Theory

“Heat Los. Analysis

L}

Experimental Limitations and Sources of Error,

, VI Conclusions ‘ g

References

Appendix A

Appendix B

L 4

3



o+ , , : ]

List of Tables
; .
Table Page
4.1 Scalmg Parameters for Steam InJecuon Process _ 25
4.2' Prototype and Model Values for the Aberfeldy Reservoir 30
43 Prototype and Model Scaling Values 34
4.4  Steam Enthalpy at Various Model Pressures 40
5.1 Temperature Vs. Oil Viscosity for Prototype and Ideal Model Oils 54
6.1 List and Description of Solvent and Steam Injection Experiments 75
6.2 Experimental Data for Run 39: .
Steamflood in Bottom Water Model ' 83
6.3  Experimental Data for Run 40: .
Solvent Flood in Homogeneous Model ‘ 90
6.4 - Experimental Data for Run 44:
" Solvent-Steamflood in Homogeneous Model ' 97
6.5  Experimental Data for Run 45: - ) :
Solvent-Steamflood in Homogeneous Model 102
6.6  Experimental Data for Run 46: ' ’ :
‘Solvent-Steamflood in Homogeneous Model 107
6.7 Experimental Data for Run 60: ' ‘
Gas Injection Prior to a Steamflood in Homogcneous Model ‘ . 116
6.8  Experimental Data for Run 61: B
Gas anecuon Priorto a Steamflood in Homogcncous Model 121
. 6.9 Expenmental Data for Run 65: , - '
: Solvent-Steamflood in Bottom Water Model 130
6.10 Experimental Data for Run 66: :
Solvent-Steamflood in Homogeneous Model c 137
_ 6.11 Experimental Data for Run 67: .
' Solvent-Steamflood in Homogeneous Model _ 142
6.12  Experimental Data for Run 49:
Solvent-Steamflood in Bottom Water Model 155
6.13  Experimental Data for Run 50: _ N
: Solvent-Steamflood in Bottom Water Model 160

x 1



- 6.14

6.15

6.16

6.17
6.18

" 6.19

6.21

. 6.22

6.23

. Solvent-Steamflood Following a Waterflood in Homogeneous Model ____

6.31

: Expcrimcﬁtal Data for Run 51:
. Solvent-Steamflood in Bottom Water Model

. Experimental Data for Run 53:

Solvent-Steamflood in Bottom Water Model

Experimental Data for Run 54:

Solvent:Steamflood in Bottom Water Model

Expcrimental'Data for Run 55:

Gas Injection Prior to a Solvent-Steamflood in Homogeneous Model

Expcn'mer‘ltal Data for Run 56:

Gas Injection Prior to a Solvent-Steamflood in Homogeneous Model

Experimental Data for Run 58:
Gas Injection Prior to a Solvent-Steamflood in Bottom Water Model

- Experimental Data for Run 59

Gas Injection Prior to a Solvent-Steamflood in Bottom Water Model

Experimental Data for Run 62: |

~ Gas Injection Prior to a Solvent-Steamflood in Bottom Water Model

Experimental Data for Run 63: -

Steamflood in Bottom Water Model With a Partial Barrier

Experimental Data for Run 64:
Steamflood in Bottom Water Model With a Partial Barrier

" Expérimental Data for Run 47A:

Waterflood Prior to a Solvent-Steamflood in Homogeneous Model

Experimental Data for Run 47B: S
Solvent-Steamflood Following a Waterflood in Homogeneous Model

Experirhchtal Data for Run 48A: -
Waterflood Prior to a Solvent-Steamflood in Homogeneous Model

Experimental Data for Run 48B:

b

‘Heat Flow Analysis of Model Using Lauwerier Equation (Run 26):
1/2 of Injection in Top Portion and 1/2 of Injection in Bottom Portion _

" Heat Flow Analysis of Model Using Lauwerier Equa;idn (Run 26):
3/4.of Injection in Top Portion and 1/4 of Injecd@/i;ﬁ Bottom Portion - __

Comparison of Marx-Lah genheim and Mandl-Volek Models of Formation |
Heating by Steam Injection for the Low Pressure Model in Run 26

Analysis of Heat Loss Oceurring Diuringsa Base Steamflood (Run 26). o

) :

X1

165

170

175

190

195

204
209

214

229

. 245

250

268

271



o
&

Figure o _ | : J . Page
5.1 Sche;ddc Diagram of Low Préssure Apparatus | 44
5.2 Schematic Diagram of Model Illustrating Thérmocouple Positions _____ 49
5.3  Diagram of Collection System for Produced Fluids .+ 52
5.4 - Temperature-Viscosity Proﬁles for Ideal and Actual Model Oils _____ 55
5.5 Mlxture Viscosity Vs. Hea?y Virgin Naphtha Concentration 57
5.6  Diagram of Particle Distributor "Jsed as a Packing Device for Model = 59
5.7  Refractive Index Vs. Percentage of Na(' in a Salt.Water Solution . 63
5.8 Refractive Index Vs. Volumetric Fraction of Heavy Virgin Ndphtha R YO
5.9  Sample of a Top View Temperature Profile | ) | 71
5.10 Sample of a Cross-Sectional Temperature Profile 72
6.1 Map of Experimental Runs Conducted During the Research Project 78
6.2  Schematic Diagram of a Steamflood Process . 80
6.3  Schematic Diagfam of a Solvent-Steanflood Process | 81
%4 Run 39: Cumulative Oil Recovery Vs. Pe= Volumes Injected .~ 84
6.5 "~ Run 39: Oleic Phase in Each Sample V .nulative Volume Injected ____
6.6 Run 39: Instantaneous Produced WOR Vs.

Cumulative Volume Injected . - 86
6.7  Run 39: Instantaneous Oil/Steam Ratio Vs:. :

- Cumtulative Oil Produced e 87
" 6.8  Run40: Cumulative Oil Recovery Vs.

Pore Volumes Injected : 92
6.9 Ruﬁ 40: Oleic Phase in Each Sample Vs. ‘ |

Cumulative Volume Injected ' 93
6.10 Run 44: Cumulative Oil Recovery Vs

Pore Volumes Injected 98

6.11 Run 44: Oleic Phase in Each Samplc Vs. :
Cumulative Volume Injected : 99

Xiii

-



6.12
6.13
6.14
6.15
6.16
6.17
618

6.19

6.20

6.21

6.22

Run 44: Ihstantancous Produced WOR Vs.
. Cumulative Volume In;ected

"Run 44: Instantaneous Oll/Steam Ratio Vs.

Cumulative Oil Produced

Run 45: Curnulative Oil Recovery Vs.
Pore Volumes Injected

Run 45: Oleic Phase ir Each Sample Vs.

Cumulative Volume Injected

Run 45: Instantaneous Produced WOR Vs.

Cumulative Volume Injected

Run 45: Instantaneous Oil/Steam Ratio Vs.

Cumulative Oil Produced

Run 46: Cumulative Oil Recovery Vs.
Pore Volumes Injected

Run 46: Oleic Phase in Each Sample Vs.
Cumulative Volume Injected

Run 46 Instantaneous Produced WOR Vs.

Cumulative Volume Injected

Run 46: Instantaneous Oil/Steam Ratio Vs.
. Cumulative Oil Produced

Run 60: Cumulative Oil Recovery Vs.
Pore Volumes Injected

Run 60: Oleic Phase in‘Each Sample Vs.

Cumulative Volume Injected

Run 60: Instantaneous Produced WOR Vs.
‘Cumulative Volume Injected

Run 60: Instantaneous Oil/Steam Ratio Vs.

Cumulative Oil-Produced

Run 61: Cumulative Oil Recovery Vs.
Pore Volumes Injected

Run 61: Oleic Phase in Each Sample Vs.
Cumulative Volume Injected

Run-61: Instantaneous Produced WOR Vs.

Cumulative Volume Injected

Run 61: Instantaneous Oil/Steam Ratio Vs.

Cumulative Qil Produced

100
101
103
104

105

106

108

109 -

110

111

117
118
119

120

123
124

125



* 6.30 Comparisofi of Steamflgod Run 39 & Gas Injection Prior to a Stcamﬂood :
Run 61 Recovenes Performed i g ‘a Bottom Water Model _ 127

6.31 Run 65: Cumulanve Oil Recoyery Vs. ,
Pore Volumes Injected : S 13

'
6.32 Run 65: Oleic Phase in Each Samiple Vs. , N
Cumulative Volurge Injected 132

6.33 Run65: Instantaneous Produced WOR Vs,

Cumulative Volume Injected _. R : 133
6.34 Run 65: Instantaneous Oil/Steam Ratio Vs. : .
Cumulative Oil Produced i 134
6.35 Run 66: Cumulative Oil Recovery Vs. ¢ DR
- Pore Volumes Injccted /\ - . 138
6.36 ‘Run 66: Oleic Phase in Each Sammc Vs. o, o
__Cumulative Volume Injected V 139
6.37 Run 66: Instantaneous Produced WOR Vs. / ' '
Cumulative Volume Injected . 140
6.38 Run 66: Instantaneous Qil/Steam Ratio Vs. o
Cumulatve Oil Produced. : ‘ . 141
6.39 Run 67: Cumulative Oil Recovery Vs. ,
Pore Volurnes InJected : 143
6.40 Run 67: Oleic Phase in Each Sample Vs. . %
Cumulative Volume Injected S : 144
6.41 Run67: Instantancous Produced WOR Vs. 7
Cumulative Volume Injected . 145
6.42 Bun 67: Instantaneous Oif?&eg\m RatioVs. -
Cumulative Oil Produced 13§
6.43 Comparison of the Effect of Solvent Slug Size op-~
Solvent-Steamflood Recoveries for Runs 45, 66 &67 148
6.44 Run 49: Cumulative Oil Rc{covexy Vs.
\ ‘Pore Volumes Injected - 156
6.45 Run49: Oleic Phase in Each Sample Vs. _
Cumulative Volume Injected 157
©6.46  Run49: Inétanta_neous Produced WOR Vs. '
Cumulative Volume Injected 158
6.47 Run49: Instantaneous Oil/Steam Ratio V.
Cumulative Oil Produced __. : ‘ 159

XV



6.48

6.49
6.50

6.51

6.52

6.53

6.54
6.56
6.57
6.58
6.59
6.60
6.61
6.62
6.63
6.64

6.65

~ Cumulative Oil Produc;cd

Run 50: Cumulative, Oil‘LRecovery Vs.

Pore Volumes Injected

Run 5?0\, Oleic Phase in Each Sample Vs.
Cumulative Volume Injected _

Run 50: Instantaneous P-oduced WOR V.
- Cumylative Volume Injected

T
!

Run 50: Instantaneous liv,’Stearvanatio V.
-+ Cumulative Oil..Produced ‘

Run 51 Cumulauvc Oil Rc«,overy Vs.
Pore Volumes Injected :

Run 51; Oleic Phase in Each Sample Vs
Cumulauvc Volume Injected

‘Run 51: ‘Instantaneous Produced WOR Vs.

Cumulative Volume Injected

Run 51: Insiantanebus Qil/Steam Ratio Vs.
. Cumulauvc Oxl Produccd

Run 53: Cumulauvc oil Recovery Vs
Pore Volumes Injected

Run53: Olelc Phase in Each Sample Vs.
Cu;ﬁulauve Volume Injected

Run 53: Instantaneous Produced WOR Vs.

Cumulative Volume Injected *

Run 53: Instantaneous Oil/Steam Ratio Vs.

Cumulative Oil Produced

Run 54: Cumulativé Qil Recovery Vs.
Pore Volumes Injected

Run 54: Oleic Phase in Each Sample Vs
Cumulative Volume Injected

Run 54: Instantaneous Produced WOR Vs.

Cumulative Volume Injected

Run 54: Instantaneous Oil/Steam Ratio Vs.

Total Oil Recovery Vs. Bottom Water Thickness

for Solvent-Steamfloods

Comparison of Steamflood Run 39 & Solvent-Steamflood Run 54
Recoveries Performed in a Bottom Water Model

XV

161

162
163
164
-166,

_ 167

168

169

171

172
173
174
176
177
178

179



- 6.66.

Run 55: Cumulative Oil Recovery Vs.

_ ,Pore Volumes Injected 191

6.67 -
6.68
6.69
6.70
- 6.71
0.72
6.73
- 6.74
6.75
6.76
6.77
6.79
. ;6.80
6.81
6.82

- 6.83

Run 55: ‘Oleic Phase in Each Samplc Vs. .
bumulanve Volume Injected 192

Run 55: Instantaneous Produced WOR Vs.

‘Cumulative Volume Injected e 193

Run 55: Instantaneous Oil/Steam Ratio Vs. '

Cumulative Oil Produced " - - 194
: Y

Run 56: Cumulative Ol Recovery Vs. ) :

Pore Volumes Injected --196

Run 56: Oleic Phase in Each Szi\fnplc Vs. : _

Cumulative Volume Injected . 197

Run 56: Instantaneous Produced WOR V. _ :

Cumulative Volume Injected : 198

Run 56: Instantaneous Oil/Steam R‘ﬁo Vs.

Cumulative Oit Produced 199

Companson of Solvent-Steamflood Run 45 & Gas Injection Prior to Solvent-
Steamflood Rung56 Recoveries Performed in a Homogeneous Model 201

Run 58: Qumulative Oil Recovery Vs.

Pore Volumes Injected ' 205

Run 58: -Oleic Phase in Each Sample Vs. ~
Cumulative Volume Injected ____ : 206

Run 58: Instantaneous Produced WOR Vs. _ . )
Cumulative Volume Injected . 207

Run 58: Instanta,‘neous Oil/Steam Ratio Vs.

Cumulative Oil Produced . 1208

Run 59: Cumulative oil Recovery Vs. :
Pore Volumes In]ected 210

Run 59: Olelc Phase in Each Sample Vs. :
Cumulanve Volume Injected : 211

Run 59: Instantaneous Produced WOR Vs'_7

Cumulative Volume Injected e 212

Run 59: Instartaneous Oil/Steam Ratio Vs,

Curnulative Oil Produced 213

Run 62: Cumulative Oil Recovery Vs.

Pore Volumes Injected ' 215

Xvii

o



6.84 R&l 62: Oleic Phase in Each Sample Vs. .
Cumulative Volume Injected - . 216

6.85 un 62: Instantaneous Produced WOR Vs.
* (Cumulative Volume Injected 217

6.86 'Run 62: Ihstantaneous Qil/Steam Ratio Vs.

~ Cumulative Qil Produced ' 218
6.87 Comparison of Solvent-Steamflood Run 50 & Gas Injection Prior to Solvent-
Steamflood Run 58 Recoveries Performed in a Bottom Water Model 221
6.88 Comparison of Effect of Injection-Production , ‘
Interval Locations Runs 49 & 50 224
6.89 Schematic of Partial Barrier Installed in a Bottomn Water Model 227
6.90 Run 63: Cumulative Oil Recovery Vs. -~ d '
- Pore Volumes Injected . 4 230
6.91 "\ Run 63: Oleic Phase in Each Sample Vs. :
Cumulative Volume Injected 231
6.92 Run 63: Instantaneous Produced WOR Vs. ‘
Cumulative Volume, Injected ' 232
6.93 Run 63: Instantaneous Oil/Steam Ratio Vs. : '
Cumulative Oil Produced 233
6.94 Run 64: Cumulative Oil Re’t’j’overy Vs. | :
Pore Volumes Injected _ . . ' 235
6.95 Run 64: Oleic Phase in Each Sample Vs. :
Cumulative Volume Injected __ - 236
6.96 Run 64: Instantaneous Produced WOR Vs. ‘
. Cumulative Volunie Injected _ . 237
6.97 Run 64: Instantaneous Oil/Steam Ratio Vs. .
Cumulative Oil Produced ) 238
6.98 Comparison of Recoveries of é Solvent-Steamflood With Bottom Water
Run 50 & a Steamflood With a Partial Bottom Water Barrier Run 64 - 240
6.99 Rund47: Cumuiadvc Oil Recovery Vs.: : ,
Pore Volumes Injected ‘ i 246
6.100 Run 47: Oleic Phase in Each Sample Vs. .
Cumulative Volume Injected ‘ . 247
| 6.101 Run47: Instantaneous Produced WOR Vs. )
Cumulative Volume Injected - 248
~ _ _ T
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6.102

1 6.103

' 6.104’

6.105
- 6.106
6.107
Al
A2
A3
A4
A5
A6
A7
A8
A9

A.10

All

A.12

0.75 Pore Volumes Injected

Run 47: Instantaneous Oil/Steam Ratno Vs.
Cumulatve Oil Produced

Run 48: Cumulative Qil Recovery Vs.
Pore Volumes Injected

Run 48: Oleic Phase in Each Sample Vs.
Cumulative Volume Injected

Run 48: )Ir.xstantaneous Produced WOR Vs.
Volume Injected :

Run 48: Instantaneous Oil/Steam Ratio Vs.
Cumulative 011 Produced

Schematic Dlagram of the Marx-Langenheim Model for Reservoir
Heating by Steam Injection

Run 39: Top View Temperature Profile at
0.25 Pore Volumes Injected

Run 39: Top View Temperature Profile at
0.50 Pore Volumes Injected _ |

Run 39: Top View Temperature Profile at
0.75 Pore Volumes Injected

Run 39: Top View Temperature Profile at
1.00 Pore Volumes Injected

Run 39: Top View Temperature Profile at -
1.25 Pore Volumes Injected

Run 39: Top View ;I’emperature Profile at
1.50 Pore Volumes Injected

Run 39: Cross-Sectional Temperature Profile at
0.25 Pore Volumes Injected

Run 39: -Cross-Sectional Temperature Profile at
0.50 Pore Volumes Injected

Run 39: Cross-Sectional Temperature Profile at

Run 39: Cross-Sectional Temperature Profile at
1.00 Pore Volumes Injected

Run 40: Top View Temperature Profile at
0.25 Pore Volumes Injected :

Run 40: Top View Temperature Proﬁle at
0.50 Pore Volumes Injected

XX

289

290,
291
292.
293 -
294

295



A.13
A.l4
A.15
A.16
A17

A.18

A.20
~A21
A22

L A23

1.25 Por Volumes Injected

-0.25 Pore Volumes Injected

'1.00 Pore Volumes Injected

.

Run 40: ’fop View Temperature Profile at
9.75_ Pore Volumes Injected :

Run 40: Top View Temperature Profile at

1.00 Pore Volumes Injected

Run 40: Top View Temperature Profile at

Run 40: Top View.Temperature Profile at
1.50 Pore Volumes Injected

Run 40: Top View Teinperature Profile at *
1.75 Pore Volumes Injected

Run 40: Top View Temperature Profile at
2.00 Pore Volumes Injected

Run 40: Cross-Sectional Temperature Profile at

Run 40: Cross-Sectional Temperature Profile at
0.50 Pore Volumes Injected

Run 40: Cross-Sectional Temperature Profile at
0.75 Pore Volumes Injected ;

S

Run 40: Cross-Sectional Temperature Profile at -

1.00\ Pore Vulumes Injected

Run 44: Top View Temperature Profile at
0.25 Pore Volumes Injected

Run 44: *Top View Temper'citx}re Profile at
0.50 Pore Volumes Injécted -

Run 44: Top View Temperature Profile at
0.75 Pore Volumes Injected

Run 44: Top View Temperature Profile at

- Run 44: Top View Temperature Profile at
- 1.25 Pore Volumes Injected

: Run 44: Top View Temperature Profile at
- 1.50 Pore Volumes Injected

‘Run 44: Top View Temperature Profile at
.~ 1.75 Pore Volumes Injected

Run 44: Top View Temperature Profile at

2.00 Pore ¥Yolumes Injected
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A3l
A32

A.33

A34 -

- A35
A.36

A37

A39
A .40
A4l
A42
A_.43
A44
A.45

A.46

A47

A.48

" 0.75 Pore Volumes Injected
A38

Run 44: Cross-Sectional Temperature Profile at
0.25 Pore Volumes Injected

Run 44: Cross-Sectional Temperature Profile at
0.50 Pore -Volumes Injected

Run 44: Cross-Sectional Temperature Profile at
0.75 Pore Volumes Injected

Run 44: Cross-Sectional Temperature Profile at

1.00 Pore Volumes Injected

Run 45: Top View Temperature Profile at
0.25 Pore Volumes Injected

Run 45: Top View Temperature Profile at
0.50 Pore Volumes Injected

Run 45: Top View Temperature Profile, at

Run 45: Top View Temperature Profile at
1.00 Pore Volumes Injected

‘\'{;‘:
<

Run 45: Top View Temperanire Profile at
1.25 Pore Volumes Injected

Run 45: Top View Temperature Profile at
1.50 Pore Volumes Injected

Run 45: Top View Temperature Profile at
1.75 Pore Volumes Injected

Run 45: Top View Temperature Profile at
2.00 Pore Volumes Injected

Run 45: Cross-Sectional Temperature Proﬁle at
0.25 Pore Volumes Injected

Run 45: Cross-Sectional Temperz-lmre Profile at
0.50 Pore Volumes Injected

Run 45: Cross-Sectional Temperature Profile at -

0.75 Pore Volumes Injected

Run 45: Cross-Sectional fI‘emperature Profile at
1.00 Pore Volumes Injected

Run 46‘ Top View Temperature Profile at
0.25 Pore Volumes Injected

Run 46 Top View Temperature Proﬁle at
0.50 Pore Volumes Injected
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A.49 Run 46: Top View Temperature Profile at -
0.75 Pore Volumes Injected ' 332

" A.50 Run 46; Top View Temperature Profile at .
1.00 Pore Volumes Injected ‘ 333

A.51 Run46: Top View Temperature Profile at o
'1.25 Pore Volumes Injected 334

A.52 Run46: Top View Temperature P‘roﬁle'at :
: 1.50 Pore Volumes Injected 335

A.53 Run46: Top Viéw Temperature Profile at
1.75 Pore Volumes Injected

A.54 Run46: Top View Temperature Profile at
2.00 Pore Volumes Injected

A.55 Run 46: Cross-Sectional Tempera*ure Proﬁle at
0.25 Pore Volumes Injected

A.56 Run 46: Cross-Sectional Temperature Profile at

0.50 Pore Volumes Injected ___ : ' 339
A.57 Run 46: Cross- Qu tional Temperature Profile at

0. 75 Pore Ve umes Ir’ected 340
A.58 Run46 : Cross-Scctional Temperature Profile at

1.00 Pore Volumes Injected 341
A.59 Run 60: Top View Temperature Profile at : :

0.25 Pore Volumes Injected : 342
A.60 Run 60: po View Temperature Profile at ¢

0.50 Pore Volumes Injected 343
A.61 Run60: Top View Temperature Profile at ‘

0.75 Pore Volumes Injected : 344
A.62 Run 60: Top View Temperature Profile at i

1.0¢ Pore Volumes Injected 345
A.63 Run 60: "(‘op View Temperature Profile at !

) 1.25 Pore Volumes Injected " : 346

A.64 Run 60: Top View Temperature Profile at

1.50 Pore Volumes Injes:tcd 347
A.65 Run 60: Top View Temperature Profile at ' ‘ g

1,75 Pore Volumes Injected , 348

~ A.66 Run 60: Top View Temperature Profile at R
2.00 Pore Volumes Injected , . - _ 349
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A.67
A.68
A.69
A.70
ATl
A—.72
A.73
A.74

A.75

AT6

A7
ATS
A79
A.80
A.81
CA82
'A.83

Ag4

0.75 Pore Volumes Injected

~0:50 Pore Volumes Injected

Run 60: . Cross-Sectional Temperature Profile at
0.25 Pore Volumes Injected

Run60: Cross-Sectional Temperature Profile at
0.50 Pore Volumes Injected

Run 60: Cross-Sectional Temperature Profile at

Run 60: Cross-Sectional Temperature Profile at
1.00 Pore Volumes Injected

Run 61: Top View Temperature Profile at .
0.25 Pore Volumes Injected ‘

Run 61: Top View Temperature Profile at

Run 61: Top View Temperature Profile at
0.75 Pore Volumes Injected

Run 61: Top View Temperature Profile at
1.00 Pore Volumes Injected

Run 61: Top View Temperature Profile at '
1.25 Pore Volumes Injected

Run 61: Top View Temperature Profile at
1.50 Pore Volumes Injected

Run 61: Top View Temperature Profile at N
1.75 Pore Volumes Injected

Run 61: Top View Temperature Profile at
2.00 Pore Volumes Injected

Run 61: Cross-Sectional Terriperature Profile at
0.25 Pore Volumes Injected

Run 61: Cross-Sectional Temperature Profile at
0.50 Pore Volumes Injected

Run 61: Cross-Sectional Temperature Profile at
0.75 Pore Volumes Injected '

Run 61: Cross-Section:1 Temperature Profile at
1.00 Pore Volumes Injected

Run 65: Top View Temperature Profile at
0.25 Pore Volumes Injected

Run 65: Top View. Temperature Profile at

0.50 Pore Volumes Injected
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A.85
A.86
A.87
 A.88
A.89
T A90
A9l
A.92
A.93
A.94
A95
A.96
A.97
A.98
A.99
A.100
A.101

A.102

- 0.25 Pore Volumes Injected

0.50 Pore Volumes Injected

Run 65: Top View Temperature Profile at
0.75 Pore Volumes Injected

Run 65: Top View Temperature Profile at
1.00 Pore Volumes Injected

Run 65: Top VICW Temperature Proﬁle at
1.25 Pore Volumes Injected :

Run 65: Top View Temperature Profile at
1.50 Pore Volumes Injected

Run 65: Top View Temperature Profile at
1.75 Pore Volumes Injected

Run 65: Top View Temperature Profile at

2.00 Pore Volumes Injected
T~ .

Run 65: Cross-Sectional Temperature Profile at
0.25 Pore Volumes Injected

Run 65: Cross-Sectional Temperature Profile at

0.50 Pore Volumes Injected

Run 65: Cross-Sectional Temperature Profile at
0.75 Pore Volumes Injected

Run 65: Cross-Sectional Temperature Profile at -

1.00 Pore Volumes Injected

Run 66: Top View Temperature Profile at

Run 66: Top View Temperature Profile at

Run 66: Top View Témperature Profile at
0.75 Pore Volumes Injected

Run 66: Top View Temperature Profile at
1.00 Pore Volumes Injected

Run 66: Top View Temperature Profile at
1.25 Pore Volumes Injected

Run 66: Top View Tempcrature Profile at
1.50 Pore Volumes Injected

Run 66: Top View Temperature Profile at
1.75 Pore Volumes Injected

Run 66: Top View Temperature Profile at

2.00 Pore Volumes Injected _
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A.103
A.104
A.105
A.106
A.107
A.108
A.109
A.110
A.111
A.112
A.113
A.114
A.115
A.116
A117
A.118
A.119

" A120

L
)

Run 66: Cross-Sectional Temperature Profile at
0.25 Pore Volumes Injected, .

Run 66: Cross-Sectional TermperatL:c Proﬁle at
0.50 Pore Volumes In]ected

Run 66: Cross-Sectlonal Temperature Profile at
0.75 Pore Volumes Injected

Run 66:. Cross-Sectional Temperature Profile at )

1.00 Pore Volumes Injected

Run 67: Top View Temperature Proﬁle at
0.25 Pore Volumes Injected

Run 67: Top View Temperature Profile at
0.50 Pore Volumes Injected '

Run 67: Top View Temperaturc Profile at
0.75 Pore Volumes Injected

Run 67: Top View Temperature Profile at
1.00 Fore Volumes Injected

Run 67: Top View Temperature Profile at
1.25 Pore Volumes Injected

Run 67: Top View Temperature Profile at -
1.50 Pore Volumes Injected

Run 67: Top View Temperature Profile at
1.75 Pore Volumes Injected

Run 67: Top Vch Temperature Profile at
2.00 Pore Volumes Injectcd

Run 67: Cross-Sectional Temperature Profile at
0.25 Pore Volumes Injected

Run 67: Cross-Sectional Temperature Profile at
0.50 Pore Volumes Injected

Run 67: Cross-Sectional Temperature Profile at
0.75 Pore Volumes Injected -

Run 67: Cross-Sectional Temperature Profile 4t
1.00 Pore Volumes Injected

Run 49: Top View Tqm’peratﬁre Profile at
0.25 Pore Volumes,Injected

Run 49: Top View Temperature Profile at
0.50 Pore Volumes Injected
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Al21
A.122
A123
A.124
"AL125
A.126
CAL127

A.128

AL29

(A.130
A.131
A.132

133
| A.134
- A.135
A136
A-.1"37

A.138

"1.75 Pore Volumes Injected

Run 49: Top View Temperature Profile at
0.75 Pore Volumes Injected

Run 49: Top View Temperature Profile at
1.00 Pore Volumes Injected

2

Run 49: Top View Temperature Profile at
1.25 Pore Volumes Injected

Run 49; Top View Temperature Profilé at

1.50 Pore Volumes Injected __

Run 49: Top View Temperature Profile at
1.75 Pore Volumes Injected

Run 49: Top View Temperature Profile at

2.00 Pore Volumes Injected

Run 49° Cross-Sectional Temperature Profile at

0.25 Pore Volumes Injected

Run 49:;-' Cross-Sectional Temperature Profile at

0.50 Pore Volumes Injected

Run 49: Cross-Sectional Temperature Profile at

0.75 Pore Volumes Injected

Run 49: Cross-Sectional Temperature Profile at

1.00 Pore Volumes Injected

Run 50: Top View Temperature Profile at’
0.25 Pore Volumes Injected

Run 50: Top View. "I'empcrature Profile at

0.50 Pore Volumes Injected

Run 50: “Top View Temperature Profile at
0.75 Pore Volumes Injected

Run 50: Top View Temperature Profile at

1.00 Pore Volumes Injected

‘Run 50: Top View Temperature Profile at

1.25 Pore Volumes Injected .

Run 50: Top View Temperature Profile at
1.50 Pore Volumes Injected

N jod ’
Run 50: -Top View Temperature Profile at

Run 50: Top View Tempérafugg Profile at
2.00 Pore Volumes Injected
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A.139

A.140

| A.141
A.142
A.143
A.144
A.145
“A146
A.147
A.148
A.149

A.150

2.00 Pore Volumes Injected
" ]

A.151
.A.152
A.153
A.154
A.155

- A156

Run 50: Cross-Sectional Temperature Profile at
0.25 Pore Volumes Injected

Run 50: Cross-Sectional Temperature Profile at
0.50 Pore Volumes Injected

Run 50: Cross-Sectional Temperature Profile at
0.75 Pore Volumes Injected -

Run 50: Cross-Sectional Temperature P le at
1.00 Pore Volumes Injected

Run 51: Top View Temperature Profile at
0.25 Pore Volumes Injected :

Run 51: Top View Temperature Profile at
0.50 Pore Volumes Injected

Run 51: Top View Tempemttﬁ‘c Profile at
0.75 Pore Volumes Injected

Run 51: Top View Temperature Profile at
1.00 Pore Volumes Injected

Run 51: Top View Temperature Profile at
1.25 Pore Volumes Injected

Run 51: Top View Temperature Profile at
1.50 Pore Volumes Injected

Run 51: Top View Temperature Profile at
1.75 Pore Volumes Injected

Run 51: Top View Temperature Profile at

Run 51: Cross-Sectional Temperature Profile at
0.25 Pore Volumes Injected

Run 51. Cross-Sectional Temperature Profile at
0.50 Pore Volumes Injected

Run 51: Cross-Sectional Temperature Profile at
0.75 Pore Volumes Injected

Run 51: Cross-Sectional Temperature Proﬁle at
1.00 Pore Volumes InJected

Run 53: Top View Temperature Profile at
0.25 Pore Volumes Injected

Run 53: Top View Temperature Profile at

0.50 Pore Volumes Injected
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A.157
A.158
A.139
A.160
A.181
A.162
A.163
A.164
A.165
A.166
"AL167
A.168
A.169
A.170
AlT1
A.172
A.173

A.174

Run 53: Top View Temperature Profile at
0.75 Pore Volumes Injected -

Run 53: Tép View Temperature Profile at
1.00 Pore Volumes Injected

Run 53: Top View Temperature Profile at
1.25 Pore Volumes Injected

Run 53: Top View Temperature Profile at
1.50 Pore Volumes Injected

Run 53: Top View Temperature Profile at |
1.75 Pore Volumes Injected :

Run 53: .Top View Temperature Profile at
2.00 Pore Volumes Injected

Run 53: Cross-Sectional Temperature Profile at
0.25 Pore Volumes Injected

Run 53: Cross-Sectional Temperature Profile at
0.50 Pore Volumes Injected -

Run 53: Cross-Sectional Temperature Profile at
0.75 Pore Volumes Injected

Run 53: Cross-Sectional Temperature Profile at
1.00 Pore Volumes Injected :

Run 54: Top View Temperature Profile at
0.25 Pore Volumes Injected

Run 54: Top View Temperature Profile at

0.50 Pore Volumes Injected

Run 54: Top View Temperature Profile at
0.75 Pore Volumes Injected

14
Run 54: Top View Temperature Profile at
1.00 Pore Volumes Injected

Run 54: Top View Temperature Profile at
1.25 Pore Volumes Injected

Run 54: Top View Temperature Profile at

1.50 Pore Volumes Injected

Run 54: Top View Temperature Profile at
1.75 Pore Yolumes Injected

Run 54: Top View Temperature Profile at
2.00 Pore Volumes Injected
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A175
- A176
A1TT
A.178
A.179
A.180
A8
A.182
A.183
A.184
A.185
A.186
A.187
A.188
A.189
A.190
A.191

A.192

‘0.25 Pore Volumes Injected

Run 54: Cross-Sectional Temperature Profile at
0.25 Pore Volumes Injected

Run 54: Cross-Sectional Temperature Profile at
0.50 Pore Volu: -s Injected

Run 54: Cross-Sectional Tempcr'ature Profile at
0.75 Pore Volumes Injected

Run 54: Cross-Sectional Temperature Profile at

1.00 Pore Volumes Injected

Rﬁn 55: "Top View Temperature Profile at
0.25 Pore Volumes Injected

Run 55: Top View Temperature Profile at

0.50 Pore Volumes Injected

: =
Run 55: Top View Temperature Pr\o\?g/at
0.75 Pore Volumes Injected

A
Run 55: Top View Temperature Proﬁ)e at
1.00 Pore Volumes Injected '

Run 55: Top View Temperature Profile at
1.25 Pore Volumes Injected

Run 55: Top View Temperature Profile at
1.50 Pore Volumes Injected

Run 55: Top View Temperature Profile at
1.75 Pore Volumes Injected

Run 55: Top View Temperature Pr- 1 at
2.00 Pore Volumes Injected

Run 55: Cross-Sectional Temperature Profile at

Run 55: Cross-Sectional Temperature Profile at
0.50 Pore Volumes Injected

Run 55: Cross-Sectional Temperature Profile at
0.75 Pore Volumes Injected

Run 55: Cross-Sectional Temperature Profile at
1.00 Pore Volumes Injected

Run 56: Top View Temperature Profile at
0.25 Pore Volumes Injected

Run 56: Top View Temperature Profile at
0.50 Pére Volumes Injected :
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464
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A.193
A.194
’ A.195
A.196
A.197
A.i98
A.199
A.200
A201

A.202

Run 56: Top View Temperature Profile at A

0.75 Pore Volumes Injected

Run 56: Top V~iew Temperature Profile at
1.00 Pore Volumes Injected

Run 56 “Top View Terﬁperaturc Profile at
1.25 Pore Volumes Injected

Run 56: Top View Temperature Profile at
1.50 Pore Volumes Injected

Run 56: Top View Temperature Profile at
1.75 Pore Volumes Injected

Run 56: Top View Temperature Profile at
2.00 Pore Volumes Injected

Run 56: Cross-Sectional Temperature Profile at
0.25 Pore Volumes Injected

Run 56: Cross-Sectional Temperature Profile at
0.50 Pore Volumes Injected

Run 56: Cross-Sectional Temperature Profile at
0.75 Pore Volumes Injected

Run 56: Cross-Sectional Temperature Profile at
1.00 Pore Volumes Injected

Run 58: Top View Temperature Profile at

0.25 Pore Volumes Injected

Run 58: Top View Temperature Profile at
0.50 Pore Volumes Injected

Run 58: Tap View Temperature Profile at
0.75 Pore Volumes Injected

Run 58: Top View Temperature Profile at
1.00 Pore Volumes Injected

Run 58: Top View Temperature Proﬁle at

1.25 Pore Volumes Injected
Run 58: Top View T:gwgature’ Profile at

1.50 Pore Volumes Inject

Run 58: Top View Temperature Profile at
1.75 Pore Volumes Injected

Run 58: Top View Temperature Profile at
2.00 Pore Volumes Injected
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A.211 Run 58: Cross-Sectional Temperature Profile at

0.25 Pore Volumes Injected

A.212 Run 58: Cross-Sectional Temperature Profile at

0.50 Pore Volumes Injected

A.213 Run 58: Cross-Sectional Temperatﬁre Profile at

0.75 Pore Volumes Injected

A.214 Run 58: Cross-Sectional Temperature Profile at

- A215

A218
A219
A220
A221
A222

CA223

- A224

A.225

A.226

T A227

A228

_1.00 Pore Volumes Injected

0.25 Pore Volumes Injected

‘\‘:.
Run 59: Top View Temperature Profile at
0.25 Pore Volumes Injected

\

Run 59: Top View Temperature Profile at

0.50 Pore Volumes Injected

Run 59: Top View Temperature Profile at
0.75 Pore Volumes Injected

Run 59: Top View Temperature Profile at
1.00 Pore Volumes Injected

Run 59: Top View Te 5 perature Profile at
1.25 Pore Volumes Injacted

Run 59: Top View Temperature Profile at
1.50 Pore Volumes Injected

Run 59: Top View Temperature Profile at
1.75 Pore Volumes Injected

Run 59: Top View Temperature Profile at
2.00 Pore Volumes InJected

Run 59: Cross-Sectlonal Temperature Profile at

0.25 Pore Volumes Injected

Run 59: Cross-Sectional Temperature Profile at

0.50 Pore Volumes Injected

Run 59: Cross-Sectional Temperature Profile at

0.75 Pore Volumes Injected

Run 59: Cross-Sectional Temperature Profile at

1.00 Pore Volumes Injected -

Run 62: Top View Temperature Proﬁle at

Run 62: Top VYiew Temperature Profile at |

0.50 Pore Volumes Injected
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A.229
A.230
A231
A232
o
A.234
A.235
A.236
A.237

A.238

~ 1.00 Pore Volumes Injected

~N

Run 62: Top View Temperature Profile at
0.75.Pore Volumes Injected

Run 62: Top View Temperature Profile at
1.00 Pore Volumes Injected

Run 62: Top View Temperature Profile at
1.25 Pore Volumes Injected

s

Run 62: Top View Temperature Profile at
1.50 Pore Volumes Injected

Run 62: Top View Temperature Profile at
1.75 Pore Volumes Injected

Run.62: Top View ’I‘einpcrature Profile at
2.00 Pore Volumes Injected

Run 62: Cross-Sectional Temperature Profile at

0.25 Pore Volumes Injected

Run 62: CI‘OSS-SCCtiO;lél Temperature Profile at
0.50 Pore Volumes Injected

Run 62: Cross-Sectional Temperature Profile at
0.75 Pore Volumes Injected

Run 62: Cross-Sectional Temp'erature Profile at
.1.00 Pore Volumes Injected

Run 63: Top View Temperature Profile at
0.25 Pore Volumes Injected

Run 63: Top View Temperature Profile at
0.50 Pore Volumes Injected

Run 63: Top View Temperature Profile at
0.75 Pore Volumes Injected __: .

4

Run 63: Top View Temperature Profile at

Run 63: Top View Temperature Profile at
1.25 Pore Volumes Injected :

Run 63: Top View Temperature Profile at
1.50 Pore Volumes Injected

'Run 63: Top View Temperature Profile at

1.75 Pore Volumes Injected

Run 63: Top View Temperature Profile at

2.00 Pore Volumes Injected
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A.248
A.249
A.250
A251
A252
A253
A254
A.255
A256
A.257
A.258
A.259
A.260
“a.261
A262
A.263

A.264

Run 63: Cross-Sectional Temperature Proﬁle at
0.25 Pore Volumes Injected

Run 63: Cross-Sectional Temperature Profile at
0.50 Pore Volumes Injected

Run 63: Cross-Sectional Temperature Profile at
0.75 Pore Volumes Injected

Run 63: Cross-Sectional Temperature Profile at
1.00 Pore Volumes Injected

Run 64: Top View Temperature Profile at
0.25 Pore Volumes Injected

Run 64: Top View Temperature Profile at
0.50 Pore Volumes Injected

Run 64: Top View Temperature Profile at
0.75 Pore Volumes Injected

Run 64: Top View Temperature Profile at
1.00 Pore Volumes Injected

Run 64: Top View Temperature Profile at
1.25 Pore Volumes Injected

Run 64: Top View Temperature Profile at
1.50 Pore Volumes Injected

Run 64: Top View Temperature Profile at
1.75 Pore Volumes Injected’

Run 64 Top V1ew Temperature Profile at
2.00 Pore Volumes Injected

Run 64: Cross-Sectional Temperature Profile at
0.25 Pore Volumes Injected

Run 64: Cross-Sectional Temperature Proﬁle at
0.50 Pore Volumesdnjected

Run 64: Cross-Sectional Temperature Profile at
0.75 Pore Volumes Injected

——

Run 64: Cross-Sectional Temperature. Profile at
1.00 Pore Volumes Injected

Run 47: Top View Temperature Profile at
0.25 Pore Volumes Injected

Run 47: Top View Temperature Profile at
0.50 Pore Volumes Injected
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E.3

A.265 Run 47: Top View Temperature Profile at
0.75 Pore Volumes Injected

A.266 Run 47: Top View Temperature Profile at
1.00 Pore Volumes Injected

A.267 Run 47: Top View Temperature Profile at
. 1.50 Pore Volumes Injected

A.268 Run 47: Top View Temperature Proﬁle at
2.00 Pore Volumes Injected

A.269 Ruh 47: Top View Temperaiure Profile at
'2.50 Pore Volumes Injected

A.270 Run 47: Top View Temperature Profile at -

3.00 Pere Volumes Injected

A.271 Run 47: Crass-Sectional Terrlperé_ture Profile at

2.00 Pore Volumes Injected

A.272 Run 47: Cross-Sectional Temperature Profile at

2.50 Pore Volumes Injected

A.273 Run 47:. Cross-Sectional Temperature Proﬁle at

3.00 Pore Volumes InJected

A.274 Run 48: Top View Temperature Profile at
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Chapter I
Introduction

At the present time steam injection processes account for the recovery of over one
million barrels of heavy oil each day. The two major types of steam injection techniques
are cyclic steam stimulation and steamflooding. To-date, cyclic steaming is the only proven
commercial heavy oil recovery scheme to be successful in reco'vch"ng Heavy oil t’rom: the
Cold La}ge oil sands formations. Steamflooding has been quite suitable for some California
heavy oil teservoirs such as San Ardo, Kern River and Midway Sunset fields. Recently
the steamflood process has been implemented in some Saskatchewan fields such as the
~ Aberfeldy. | \

Many heavy oil reservoirs in Alberta and Saskatchewan contain a characteristic

»

bottom water layer which creates a serious field problem when a steamflood process is

implemented. The presence of the underlying water zone causes a large amount of the

- injected steam to be diverted away from the target oil zone and into the bottom water layer.

This results in the steamflood process having a low thermal efficiency and therefore the

steamflood is uneconomical in these types of reservoirs.

The main focus of this research was to incorporate solvent injection with a

steamflood process in an attempt to improve oil recovery from thin heavy oil formations.

with underlying water zones. ' The purpose of the solvent siug injection prior to
steamflooding was to create highly condqptive flow channels into the oil zone for the steam
to penetrate. It w. thought that the soly.ém chanriels formed in the oil region would aid in
partially diverting the steam away from the d,etrimemalybotto.m water zone, resulting in a
greater volume of oil being heated, mobilized and c‘ons‘equcntly broduccd. The. ijccti.vc of
the solvent-steamflood method was to guide the steam into the ;Jpper portion (oil Iay‘cr) of
the bottom water formation and keep the steam there as lon g as possiblc..

>

Y
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Other recovery schemes were investigated which also attempted to divert the steam
away ‘fron'1 the underlying water and into the oil region. ‘The alternate methods considered '
were 'gas injccfion prior to a steamflood or solvent-steamflood and prior to steamflooding a

limited barrier was‘foifme_d at the oil/water contact of the formation which extended radially

" outward from the injection well. S o



Chapter 11
Statement of the Problem

Prior to conducting any of the experiments, various modifications were carried out
on the low pressure, scaled stéamflood model which represents one-quarter of an eight
hectare five spot pattern in the Aberfeldy reservoir, located in Saskatchewan. The

modifications performed were as follows:
. !

»

i. Incorporate a solvent injectioﬁ system iﬁto the low bressufc apparatus which
4

consists of a controlled volume, Milroyal pump, a solvent storage bottle,
and injecton tubing from the Milroyal pump to the model. |

. Set up a gas injection srystem which consists bf a law pfessure rcgu‘l\ator, a
nitrogen gas cylinder and an injection line to the model. The gas injcctic/)n,
sysfem was.used to create a gas cap in the model in order to study its effect

. on different oil recovery strategies. |

1il. Design a procedure wﬁich will allow the {ormation of various thicknesses of
bottom water in the model. |

iv. AModify various parts of the apparatus such as the walk-in, cold storage

. . " compartment and the‘ rack and pinjon system situated on the model cart to

allow for easier Operatibn of the apparatus during the experiments.

The major objective - of the research investigation were as follows:

£

1. To conduct a series of base experiments, which could be used to-compare with the
various types of solvent-steamflood experiments in order to determine the
.~ effectiveness of the solvent-steamflood recovery process.

. Continuous solvent flood to observe the injection behaviour of the solvent

(Heavy Virgin Naphtha) in a homogeneous model.



..

1.

Solven: .eamflood in a hombgeneous model in order to compare to a
solvent-steamflood carried out in a bottom water model.

Ga's.injection prior to a steamflood in-a bottom water model ... order to
compafc to experiments involving gas injection before the implementaton of

a solvent-steamflood of a bottom water model.

To perform a series of different solvent-steamfloods-and compare the results with

" the corresponding base experiments, as follows:

i.

il.

ite

Solvent-steamflood in a bottom water model in order to study the effects of
solvent injection Aanc‘ll bottom water thicknesses on the overall oil recovery.
Compare 2 solvent-sicamflood of a bottom water model to a base run using
gas injection prior to the steamflood of a bottom water model. '

Gas injection prior to a solvent-steamflood of a .botrozn water model and

compare to a solvent-steamflood of a bottom water model.

To perform experiments for analyzing the effect of various parameters on the

overall oil recovery, as well as runs to study an alternative recovery technique, viz.:

i.

il.

iii.

iv.

Examine the effect of bottom water thicknesé on oil recovery and
effectiveness of a recovery process.

Analyze the effect of the solvent slug size on oil recovery.

Study the effect of the injection and production interval locations on the
efficiency of oil feco?éry.

Comparevan alterﬁadve recovery method to 'the solvent—stearnﬂbod technique ‘
such as fonping a partial barrier betweén the bottom water and the oil zone

in order to prevent the steam from channelling into the bottom water region

of the reservoir.

Waterflood prior to a solvent-steamflood in a homogeneous model



Investigate the various heat flow and heat transfer mechanisms existing in the
homogeneous, low pressure model during s straight steamflood experiment, as
follows:

1. Use Lauwerier, Marx-Langcnhéim and Mandl-Volek methods to determine
heat flow characteristics of the model and provide steam zone volume
estimates throughout thc? steamflood and compare the results.

ii. Perform a heat balance on the model during the steamflood in order to

predict heat Josses from the model during the experiment.
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Chapter 111
Li Review

This chapter provides a review of literature describing past scaled model studies
which were used for investigating steam injection techniques, miscible (solvent)
displacements and recovery processes combining solvent with steam into one process in an
attempt to improve the overall oil recovery.

| The first half of the review is a discussion of some of the important high and low
pressure model investigations as well as studies which involved deriving the scaling criteria
used to design the models. The section also reviews studies which investigated oil
recovery by s' 2am injection into oil reservoirs éontain'mg bottom water.

The last half of the literature survey deals with miscible displacement research and
studies involving the incorporation of misciblé (solvent) displacement with a steam

injection process. Important mechanisms of miscible displacement (dispersion and

.

diffusion) and some non-thermal miscible displacement studies are described. Also
included are research studies which attempted to develop scaling criteria which would
adequately repfescnt a process combining solvent and steam injection. Experiments which
examined the implementatior.  solvent injéction with thermal recovery technique; such as

hot:wate: Hoding and steam injection are discussed, and research investigations involving

asphaltene flocculation, often caused by solvents, are reported. v

Scaled Model Studies of Steam Injection Processes

Several'in-depth reviews detailing the current state of steamflood (o} steam drive)
technology have been presented in tlhe literature 1.2, Farouq Ali 3 gives a compreheﬁsive
description of the theories that have been proposed to explain the mechanics of steam

v

advance in oil bearing strata. .
Models for obtaining a good understanding of the physical processes involved in a
steamflood operation have also been extensively employéd as predictive 1ols desigrﬁng the

s



best recovery program for a particular reservoir. Most of these models were unscaled.

Only in a few instances sceled models were used.

>
’

Experimental Approaches to Steam Injection
Various types of physical models have been used to examine many types of thermal
recovery processes. Some models have been used to study ,various relevant operating

parameters such as steam injection rate and pressure, steam quality, pattern size and type,

T
P

d reservoir .-t\ﬁri\ckq‘ess. Other laboratory models have been used examine steam injection

strategiés in which 1'e%</ery was from reservoirs with specific characteristics such as g:ls
caps, high oil viscosity, bottbm water, shale stringers, or a high waterflood residual oil
saturation. : ‘ '

There are three basic types of physical models which can represent various types of
prototype reservoirs; these are: unscaled, partially scaled and scaled.

Unscaled models, someﬁdmes called "elemental models”, involvc:'neglcctingy scaling
criteria completely and focussing on a certain aspect of the process in order to try to obtain
the qualitative nature of a particulzir recovery mechanism such as sc:am distil‘lution. Thé

‘experimental conditions and materials for a unscaled model ar: sen to represent an
element of the pfototype reservoir under investigation. Even tho: ;. the u_nsculéd model
does not provide a quantitative analysis, unscaled eﬁpen’ments can yield critical information
about the specific processes being investigated. Unscaled models are used to obtain a
‘better undérstanding of the fluid-rock interactions occurring in the reserveir at vuﬁous
cbnditions . ‘

Willman, Valleroy, Runberg, Comelius and Powers 4 were the first im)est,igators to
carry out unscaled laboratory studiés on steam injection.» Their research produced valuable
data on the various mechanisms that exist during a steamflooding operation. Linear cores

saturated with refined oils and crudes, which had different viscosities and steam distillation

properties, were used in the experiments. Results of the study produced steam injection oil -



recoveries one hundred percent better than previously recorded watérﬂood oil recoveries.
Thermal expansion of the oil, viscosity reduction, and steam distillation were the specific
mechanisms responsible for the improved recovery by steam injectiori. Marx and
| Langenheim 5 presented the first equations to predict the performance of a steamflood.
Baker 6 investigated heat flow during steam in :ction and found that heat losses
from the reservoir were a function of time, reservoir thickness and thermal! diffusivity. He
also concluded that gravity override during steam injection was a common phenomenon.
Oil was not used in these experiments. T
Flock and Lee 7 examined the use of steam injectibn to displace a medium gravity
crude from an unconsolidated sand pack. Results of this investigation were simil/ar to those
obtained by Baker 6 Flock and Lee 7 concluded that steam injection into& medium gravify
crude oil formation, that had previously been waterflooded, could be a viable tertiary
recovery technique.
Scaled and partially scaled model studies have been performed to determine the
effect of changes in various operational parameters such as completion intervals, flood
pattern and size, steam quality, fteam additives, slug size, injection rate, production

pressure and reservoir heterogeneities. .

v
4

An extensive review of the methods used in scaling steam injection processes was
given by Farouq Ali and Redford 8 in which they used the Principle of Similarity as the

basis of design for a scaled physical model. The Principle of Similarity is based on

equivalence of ratios of forces, velocities, dimensions, temperature differences, and

concentration differences which exist in the model and the protétype reservoir.

T

High Pressure and Low Pressure Scaled Models

When performing _Scaled model studies of thermal recovery processes, two types of

scaling methods can be utilized. One can design either a high pressure model or a low

pressure model, where each type has its advantages and disadvantages.

>
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Often high pressure models use the same fluids as the prototypé and therefore are
thought to provide an improved scaling of the rock-fluid interactions such as permeability,
refative permeability, and capillary p?essure alterations. The low pressure model according
to Stegemeier, Laumbach and Volek ? better conforms to the Clausius-Clupeyfdn relation
due to the subatmospheric pressures and low temperatures that can be achieved with a
vacuum model. The improvéd .matchiné of the Clausius-Clapeyron rclzitidnship results in
improved, modeling of the temperature distribution in the prototy})c. The temperature
distribution can be related to the viscoéity distribution, internal energy distribution, and the
steam zone pressure gradient, which are all significaﬁt features of a thermal recovéry
process. In practical terms, the vacuﬁm model is more economical, safer and can tu‘rn out
results much faster than a high pressure model.

: Compressibility cannot be accounted for by either one of the models. Kimber,
Puttagunta and Farouq Ali 10 noted that reservoir fluids and pOfOLlS .r’nediu could only be
used in a high pressure model if the geometric similarity could be distorted in the vertical
dimension, which would affect other scaling pérametcrs.

Prats 11 stated that rclativf: permeability could not be incorporated into the scaling of
a vacuum médel. This was also found to be true fora high pressure model, but to a lesser

-

degree, especially if the model scaling parameters permit the use of the reservoir rock and

fluids.

The use of both high and low pressure scaled models providés a valuable insight
, ,
into the various mechanisms that exist during the steamflood process.

Geertsma, Croes and Schwarz 12 were the first to deve}op a set of dimensionless
groups for scaling a displacement process in which hot water was injected in“ order to
increaser the recovery in viscous crude reservoirs. They also derived scaling groups for a
solvent injection process and a conventional water drive. Loomis and Crowell 13, Leverett,

Lewis and True 14, Rapoport 15 and Perkins and Collins 16 have performed other scaled

model studies using different scaling criteria related to waterfloods.
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A set of high pressure scaling criten'a‘ involving multidimensidnal steam injection
was developed by Pujol and Boberg 17. Thése steam injection scaling criteria have served
as a basis for other scaled model studies such as those performed by P\ursley 18 and
Ehrlich19. | .

Pursley 18 incorporated the Pujol-Boberg scaling criteria to model reservoir

conditions of a Cold Lake, A‘Iberta, reservoir using a nusnber of three-dimensional models.
‘A‘m'ong the purposes of the scaled model study it was intended to determine whether a gas
cz;p or bottom water zone could be utilized during a steam injection proce'ss. Pursley 18
,fg;bncludcd that during a steam injection process the presence of bottom water aided oil
x.;')ecovery due to steam override, which caused a large region of the oil to be contacted. It
Qas also proposed that a steam drive through a bottom water zone was possible if heating
close to the base of the oil could be achieved and good vertical perméability existed.
However, for thicker bdttom water layers bottom water had a detrimental effect, and
significantly reduced oil recovery. In other expeﬁments, Pursley 18 found that the
existence of a gas cap could help oil recovery if a thin bottom water layer was separated
from the oil by an impermeable layer. Pursley 18 also performed experimeAnts studying
pattern size, steam bank size and additives to steam. ‘ |
Experimenis performed by Ehrlich !9 implemented a three-dimensional model
lwhich scaled a steam displacement i'n the Wabasca Grand Rapids 'A' sand. This model
was developed according to the Pujol-Boberg scaling criteria. Ehrlich 19 found that areal
sweep efficiency was high due to low effective steam mobilities and vertical sweep
efficiency was low as a result of steam override.
Huygen and Lowry 20 carried out unscaled, high'pressure model experiments
studying steam injection in the presence of boptom water. The unscaled model used was a
three-dimensional, high pressure model which considered only he:if flow in the scaling

calculations. Results showed that the bottom water counteracted the overriding tendency of

steam. It was also concluded that bottom water can provide the much needed steam

10
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injectivity in immobile tar sands but it could also scavenge the ‘Steams heat from the oil,
creating an inefficient reéovery process in the ca’se of a thicker bottom water region.

The first low pressure scaled model studies were‘ performed by Stegemeier,
Laumbach and Volek 9. They noted that the low pressure. model porous media had to be
different from those in the prototyp”c rgservoir. The scaling criteria dcri\gd were used to
develop the low pressure model used in this study.

| The scaled experiments performed by Stegemeier et al. © were designed to provide
" P

operational assistance for numerous steamflood field operations implemented by the Shell

Oil Company. Some of these operations included Tatums, Slocum, Peace River:.Coulingu.

Mt. Poso, Midway Sunset and Yorba Linda, fields.

' Stegemeier et al. 9 reported vacuum model study results for both the Midway
Sunset and Mt. Poso fields. Results of the Mt. Poso suggested that steam override would
be a governing feature in the field. The Mt. Poso expen’men}ts enabled recommendations to

be made which made Mt. Poso a successful steamflood. The Midway Sunset experiments

were directed towards comparing steamflood and steam soak results. Harmsen?!

~ discussed the distinct advantages steamflooding had over cyclic steaming in specific

situations. LY

Utilizing the scaling criteria developed by Stegemeier et al. 9, Prats ! performed
numerous vacuum model experiments s‘tudyinf; the Peace River, Alberta, oil sand
formation in which a bottom »\;ater layer is present. Various opera£i0n31 parameters such as
injection rates, completidn interval, steam quality, pressure lc,ve’ls and heat scavenging by
water injection after steam inj(ection were investigated.

Based on the scaling criteria developed by Stegemeier et al. 9, Doscher 22 designed
a low pressure model. The scaling parameters were developed from similarities in an
integral form, derived from a study by Yortsos 23 as opposed to the differential form used

by Stegemeier et al. 9. The model was utilized by Doscher and Huang 24 to examine the

steamn drive performance in a heavy oil field similar to Kern River. The effect of bottom



. o
water, injection rate, steam quality, reservoir permeability and oil viscosity were studied in-:
this investigation. It was coacluded from the stud'y that an optimum steam injection rate
existed, with the performance (cumul‘arive oil recovered) falling off above a‘nd below 'this
injection rate. Experiments carried out by Doscher and Ghassemi 25 ysed this vacuum
model to study the effect crude oil viscosity has on the efficienc; of a steam injection
operation. ,
Proctor 26 constructed a three—dimensiongl, low pressure model of the Aberfeldy

formatron which is a thin, heavy oil reservoir. The design of the model was based on the

scaling criteria derrved by Stegeme1er Laumbach and Volek 9. From the results of steam

12

injection experiments performed in the model Proctor 26 concluded that the presence of -

bottom weater .1 the reservoir had an extremely detrimental effect on the thermal efficiency

of a stearr. injection process. - i

/

Studies of Thin, Bottom Water Reservoirs
Several studies have investigated oil recovery b}/ eteam injection into oil] reservoirs
containing bottom water. However none of these stu/cﬁres dealt wnh thin reservoirs
containing relatively thick bottom water regions and/or a gas cap zone. For this study a
“thin heavy oil reservoir" was considered to be a heavy_oil formation with a thickness of
less than about 20 meters (65 feet). The prototype reservoir studied in this research is the
thin, Aberfeldy reservoir which does notﬂ have a gas cap and a bottom water layer only
exists in parts of the field. HQwever the versatility of the‘equipment used in this research
allows one to create a bottom water layer and/or a gas cap in the model of ihé Aberfeldy
TeServoir.
Prats 11 modelled‘}the Peace River reservoir which is characterized by a large oil
saturation (45%) in the bottom water layer. In his experiments te injected:steam into the
bottom water and increased pressure in the reservoir in an atterhpt to heat up the bottom

water zone. This procedure enabled the overlying, highly viscous oil zone (65% oil

N



saturation) to be mobilized by the heating effects of the bottom w'ﬁucr zone. Due to the
relatively high oil saturation in the bottom water zone the initial injection of steam into this
zone resulted in a significant amount of oil being produced which increased the economic
attractiveness of the recovery process.. To further improve oil recovery, steam was injected
directly into the oil zone once the oil saturation in this region was rc'duccd to a
‘ﬁredetermined value. The Wabasca reservoir examined by Huygen and Lowry 20 and the
Cold Lake reservoir studied by Pursley 18 were both characterized by a relatively thin
bottom water layeré. These investigati'ons therefore do not provide 1 reusonub‘lg

representiticn of Aberfeldy type thin reservoirs. Other than the study performed by

Doscher and Ghassemi 25 there has been little work done on steamflooding thin oil

reservoirs such as the Aberfeldy.

A variety of rroduction mechanisms are called into play during thermal stimulation
of bottom water reservoirs as pointed out by Kasraie and Farouq Ali 27 A study of present
field and laboratory information by the authors concluded that cyclic steaming becomes
uneconomical when a water zone exists that is thicker than one-fifth of the oil zone

’
thickness. As well the presence of a gas saturation may be effective in a steamflood of a

thin reservoir with bottom water if vertical permeability is high, which will prorﬁotc gravity

flow of the steam. In such an instance, it may be possible to spread the injected steam over

the entire formation and develop.a downward steam drive. This would improve the thcmml

efﬁc1ency of the steamflood due to less of the 1nJected heat bemg, sc‘wen;:cd by the

“underlying bottom water layer. It was ‘also pointed out that many heavy oil formations in
Alberta and Saskatchewan have underlying water sands. A well-known stcamﬂood, where
both bottom water and a gas cap exist is the Smackover flood 27 in Arkansas, which is
operated at below atmospheric .pressure;_I’t/is possible that the presence of tae gas cap
counteracts the channelling of steam into the bottom water. &

A subsequent study by Kasraie and Farouq Ali 28 further discussed the applicat.on

of thermal recovery techniques to "marginal” heavy oil reservoirs. Such reservoirs are



defined to ﬁave 6ne or more of the following characteristics: thin formation (less than 6
metres), bottom water, gas cap or very high oil viscosity (over 10 Pa.s). Thermal rec&&y
ap-plicationé under such conditions d’é‘bend strongly on the exfg;lt of bottom water, oil
viscosity, vertical permeability, oil saturation and fluid injection rate. Vertical permeability
was found to be an important factor in marginal reservoirs, which are characterized by
bottom water, a gas cap, thin pay and extra-héavy oil. The v;e’rtical permeability is of
considerable imf)ortance in these types of formations since even a limited barrier between
tﬁc oil and water zones would drasticﬁliy reduce the tendency of the steam to channel down
into the Water-layer. Therefore any shale breaks, silt zones or other ﬁéﬁmcrogeneities at the
base of the oil sand would sérve to improve the oil recovery pgrformargce. Also the

implementation of high temperature polymers; foams or additives, such as solvents, may

alSo‘pelp to divert the steam away from the bottom water.

I . £ Sol ith S Tnjecticn Processes
Disperéion and Diffusion of Solvents in a “orous Medium

A thoroﬁgh review of diffusion and dispersion in porous media was presented by
Perkins and Johnston 29. Dispersion was defined as the mixing of solvent and oil in a
porous medium caused by uneven fluid flc;w or concéntration gradients resulting from fluid
flow. It was also noted that dispersion could occur inv the lon gi’tudinal direction (direction of
gross fluid flow) or transversely (perpendicular to—gross fluid flow direction). Diffusion
was describgd as thef"mixing of two miscible fluids arising from thg random motion of the
molecules in each fluid. ' | /

Along with dispersion and diffusion, imbibition plays an important role in oil
~ recovery during a solv,erﬁ and/or steam injection procesé. Grahar. and Richardson 30 .
performed theoretical and experimental studies of water imbibition in which they stated that
an understanding of the role of ir;lbibition in implementing the recovery of oil is deemed

essential to proper control of reservoirs to achieve maximum oil recovery. In the study,

N



imbibition was defined as the spontaneous taking up of a liquid by a_porous solid. The
spontaneous proccés of imbibition occurs when the fluid-filled solid is immersed or
brought in contact with another fluid which preferentially wets the solid. In the process of

wetting and flowing into the solid, the imbibing fluid displaces the non-wetting resident

fluid. -

Non-Thermal Miscible Displacement Processes
A vast amount of literature exists on rnlscible displacement. In the following, oply
the papers relevant to the present research will be reviewed. As reported by Holm 31
miscible displacement of cil is¢  =d as the displacement of crude oil from pore.spucc ina
rock using a solvent actien that prevents the formation of interfaces between the drlvcn and

1‘\

the driving ﬂulds

Stalkup 32 performed work studying oil displacement by solvent at high water

'3

saturations. He concluded that in a mis“cib_le.disvplacement in the presence of a high water
saturation, some of t.,he oil is blocked by water so that it is bypassed by the solvent front and
is therefore not recovered. For the case of a miscible displacement in the presencc of a high
water saturation the dommant mechamsms responsible for oil recovery are mls(,lbl(, flushing
by solvent of the portion of the hydrocarbon pore volume that contains mobile oil and
molecular diffusion of the region of the hydrocarbon pore volume that is stagnant.. ln

Pagd

general the higher the water saturation, thc greater the longitudinad drspersron and the mon,-_- -

e
. I

oil is bypassed by the injected solvent.

In miscible slug flooding, the formation of mixing zones o.ccurs bvc[wccn the
reservoir oil and the solvent bank as well as the solvent bank and the scavenging ﬂuld. The
dimensionally scaled model test results of Craig 33 have shown that there is a tendency for
channelling to occur due to gravity segregation of the oil, solvent, and scavenging fluid,
resulting in more bypassing of in-place oil. He showed that these effects are reduced when'

N

the process is carried out in a permeable, steeply dipping reservoir. It was also noted that in
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order to mdimain miscibility in field mi;c,cible floods the solvent slug volume should range
from two to ten percent of the total i}l-plaée hydrocarbon pore volume of the reservoir.

Due to the high costs of solvents, the amount of solvent to be injected is a crmcal
factor in the success of a mlsmble dlspfacement process. If the solvent slug used is larger
than required, t.hen the solvent cost will be increased without a compensating rise in the oil
recovery,. and if too.small a slug is employed then a larg;;'portion of recoverable oil is left

behind in the reservoir. This was the basis for a study conducted by Baker 34, which

3
. Y

predicted solvent slug requirements in an idealized linear system where gravity, mobility
" ratio and areal sweep effects were unimpor‘tant, but longitudinalhdispersion (mixin:g at the
leading and trailing edges of the bank) and capacuance effects were significant. Capacitance
is defined as the growth of a mixing zone caused by the trapping of oil and solvent in
hcterogeneities ‘in the reservoir. The ﬂmds were trapped‘by ‘the shielding effects of the
wlatcr films in the rock heterogenéities. From the study Baker 34 found that slug size was
affected t?y’ several variables, including res“ervoir gzometry, interwell s_pacing, gravity '
effctts and mobility ratio. He also determined that slug degradation y\;as caused by mixing
- (by divspcrsion) of the solvent with oil at the leading edge of the éplvent bank and w&th the
" drive fluid at the mailing edge. |
Similarly' to numerous other iﬂvestigat'o'rs, Rodriguez 35 also found :hat at an
unfavourable mobllxty ratlo viscous ﬁngermo is the controlling factor 1n a miscible
dlsplaccmem TOtOIl_]l 36, conducting m1sc1ble dlsplacements in consohdated and
uncongolidated sandpacks, found that the absolute viscosities of the liquids involved had
little effect on the process if conducted at a constant unfaQQufﬁble viscésity ratio.
Experimental results of a number of investigators 37-38.39 have shown that a gradual
change from a more to a less viscous injected fluid can m\itigate the detrimental effects of
viscous fingering on areal sweep efficiency in reservoir displacement processes. Research
- performed by Clariage 40 indicated that it is unljikely that viscous fingering can be

K

‘completely prevented during unstable miscible displacement in oil reservoirs but the use of a



graded bank often may result in improvements in both overall oil recovery and/or economic
viability.

The relative economie attrectiveness of miscible slug floods depends upon both the
cost of solvent and oil recovery performance expected of competing oil recovcfy techniques.
To-date abouit fqrty percent of all miscible slug field f)rojects operated under favourable
conditions have yielded either good or éncouraging oil recovery efficiencies. In recent
years, considerable interest has been shown in the use of solvents as a means of recovering

oil left in a reservoir at the end of secondary recovery operations.

3

Solvent Scaling Criteria

A non-rigorous set of criteria, which treated a steam plus additive process as a steam
recovery process plus a miscible drive, was derived by Kennedy and Crawford 41 The
study concludéd that scaling of the combined steam and solvént processes could not be

achieved as the scaling requirements for the flow rate in the steam recovery process

contradicted the scaling requirements for the flow rate in the miscible drive process. As well

Pursley 18 attempted a paﬁially scaled model invéstigation of the process in which solvent
was simply_addcd to his steamﬂoodlmodcl. .

Pozzi and Blackwell 42 studied the scaling of isothermal miscible displacements.
They determined fhat under specific conditions, the requirements bf geometric simil‘nrity and
gravitational scaling can be relaxed to allow'scaling of miscible displacement, whether
transverse mixing is by molecular diffusion or by convective dispersion.

Kimber, Puttagunta and Faroug Ali 10 presented new scaling criteria for steam and

'. « . . y . - . . ) .
stearn additive recovery experiments. From this study, the authors derived a complete set of

similarity groups required to scale the steam or steam plus an add}ive (eg. solvent) process

as defined by governing differential equations, constraints, condtitutive relationships and

in£tia1 and boundéry conditions/ which had'bee)f developed. Five sets of scaling criteria,

each representing a subset of the more completg set of scaling requirements, were developed



by relaxing the scaling of various p_henomena. ‘The best approach to use would depend on

18.

the particular process to.be scaled. The approach chosen should correctly scale the major

mechanisms of the process and not cause minor mechanisms in the prdcess to have

& ) L. :
significant effects on the response of the experimental mode!. ‘ IS
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Incorporation of Solvent Injection into Thermal{Rec()v'éry Methods
Alikhan and Faréuq Ali 43 investigated a recovery process, which incorporated
miscible displacement with hot waterflooding. The study considered oil recovery from a

formation containing either a residual oil saturation or a connate water satufation, sealed

above and below by heat-conducti .g strata. The recovery process involved introducing a

small slug of a light hydrocarbon prior to the injection of one-half pore volume of hot water

followed by a conventional cold waterflood. Results indicated that pre-injection of the light -

hydrocarbon slug ;ﬁeceding the waterflood led to a greater oil recovery than' that obtained
for a conventional watertlood. Alikhan and Farouq Ali 43 also found that the overall ol
recovery by this technique was dependent on oil viscosity, light hydrocarbon le'lg viscosity
and the injection rate. The process was also found to be more effective when the reservoir
had been p.rcviously waterflooded as opposed to a connate water saruraﬁon inidally existing
in the forrnation. Solvent récovery wa; found to be better if a higher initial oil saturation
existed. .

In studying the application ‘of solvent slugs in thermal opéra{ions Farouq Al 44
investigated the change in phase behaviour characteristics due to an increase in temperaturc
of the fluids mvolved in a solvent/steam recovery process. He concluded that at elevated
temperatures the overall phase behaviour of a typical alcohol-brine system would shift in
such a direction as to make displacement of oil by alcohol more efﬁcient. This could be
achieved by injecting a small alcohol or solvent slug ahead ofa steamﬂood

iy

A study by Pirela énd ‘Farouq Ali 45 investigated the ternary phase behav1our of

solvent-oil-water systems at high temperamres. An increase,m‘the,_temperaturex of the




o
system resulted in an increase in the miscibility of the system, \;vhich was tound to be
advantageous from the standpoint of oi_l 'reéovery.

The chief objective of a study performed by Totonji and Farouq Ali 46 wzis to
exercise control on the system p‘hase behaviour througt. nc use of mixtures ot two alcohols
exhibiting opposite phase behaviour characteristics in the alcohol-hydrocarbon-water system
invo'lved. Such systems were employed in displacements in porous media to .« rtain the
effectiveness of the systems and it was found that the oil recovery could be tnv .- using
these systems. |

Experimenté conducted by Ozen and Farouq Ali 47 using linear, consolidated cores
under isothermal conditions revealed that a steam drive could be an effective technique for
retévering the residual oil from a waterflood. They also found th.at'thc introduction of
;mall slug of light hydrocarbon (nabhtha‘) preceding steam injection improved the overall

.

oil recovery.

Hernandez and Farouq Ali 48 used a one-dimensional model (linear) to examine the
‘us'e of solvent injection to form a channel through the tar sand, connecting the injection and
production wells prior to the injection of steam into the tar sand. Results of the study
indicated that the injection of a solvént slug preceding steam injection created improved
steam injectivity into the oil zone and a higher overall recovery. It was also noted that the
smaller solvent slugs aided forming a channel into the tar sand for the steam, whereas the
larger solvent slugs created.a permeability block which inhibited steam ﬂ‘ow.

Snyder and Farouq Ali 49 proposed the use of solvents_as a means of developing
flow channels in the tight tar sand to pfovide the initial flow paths for the injected steam. In
thi‘s stﬁdy the authc s i~ ;estigated the recovery efficiency of naphtha injection iﬁto a two-
dimensional homogeneous tar sand pack at various injection rates, the effectiveness of
gravity segregation and conductive heating in tar packs with a highly permeable channel

joining the inlet to the outlet. A permeable layer existed near the buse of the pack.
' \

Information obtained from the study indicated that during steam injection the steam action is
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concentrated around the inlet and did not'directly contact the majority of the pack' and
therefore ndphtha 1nJect10n Prior to steam mJect};)n in a homogeneous pack was highly
effecuve in opening a steam flow path. Once created, it allowed the steam to become more
f‘concentrated towards the production outlet resulting in improved overal‘l“orl reco‘very. It
| was z:is"o noted that total oi] recovery. irnproved as solvent residence time increased and as
displacement rate in the recovery process de"creased. | |
" Farouq Ali and Abad 50 studied the use of solvents in combination, with sieam using
a three-dimensional elemental model. These authors found that the type of solvent the
volume of solvent slug, and the placement of the solvent in the reservoir determined the
extent of thg bitumen recovery. They> fon(td that smaﬂer solvent slugs w;:re more effective
than larger slu gs and that there existed an optimum combmanon of solvent and-steam sluo
sizes whrch opumlzed the overall bitumen recovery. |
| A study performed by Farouq Ali, Look Yee, Cordero and Flgueroa 31 reported that
‘1mplcmentxng a thermal recovcry method requires the creatlon of flow paths for the initial
mJectton of a- hot fluid. Compansons of the base. steamfloods and the solvent- steamﬂoods»
performed during the 1nvest1gat1on show that the solvent- sreamﬂoods did improve oil
recovery ‘It was also determmed in the study that the anCCth solvent spread over a large
“area by viscous' ﬁngenng if the injection rate was very high, while if the rate was low the
vsoIVent essentially diffused into the bitumen and was iargely confined to the immedinte
vicinity of the injection well. o |
In an economic evaluation of solvent/steam stimnlation Doscher, Ershnghi, Herzberg
and Gourene 52 suggested that by reducing the viscosity«‘of crude oil before contact with
steam by use of a solvent, the overall steam reqnirement to achieve the same recovery
without solvent might be reduced. The success of this type of proposal was found to
depend on whether it was possible to obtnm a margmally greater reduct1on in viscosity by

the mixing of solvent and crude oil as compared 10 using an econorrucally equivalent amount

of steam. Doscher etal. 72 also stated that for reservoirs where steam soaking operations

¢



were not attractive due to extreme heat losses, the utilization of a solvent/steam process
needed to be investigated more carefully. The authors also suggested that so‘lvent should be
used in combination with steam to achieve specific advantages in a steam drive operation
such as establishing or increasing conductivity between injection and production wells or
increasing sweep efficiency.

Redford and McKay 53 found that the use of a solvent in a steam process may
reduce the residual saturation in the water-swept areas of the réservoir and thus improve the

overall oil recovery. For solvents which are mixed hydrocarbons the more volatile additive

& . 3 , ' -

(light ends) may act as a drive agent while the less volatile (heavier ends) one may act as a
. . . . . . ' g

viscosity-reducing agent during the pressure depletion portion of the cycle which further

improved recovery. -

1
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Redford 34 reported that the use of naphtha in combination with steam improved oil -

recovery by reducing bitumen viscosity and thereby improving recovery in the water-swept

portions of the reservoir, thus making more efficient use of the drive energy provided by the -

steam.

A comprehensive study garried out by Alikhan and Farouq Ali 43 investigated a
combination of three different processes for the recovery of light and relatively viscous oils,
using two approaches: injection of a slug of a light hydrocarbon miscible with the viscous

oil, followed by the injection of hot water in one series of experiments, and a steam slug in

another series, each of which was then driven by water. Essentially the mechanism of the

process was a combination of r‘rlisci'ble displacement, hot waterflooding and stcumﬂouding.
'fhe process was designed for a high thermal efficiency utilizing the maximum amount of
heat injected. Conclusions drawn from the idvesfigation suggested that the solvent slug
injected prior to the hot water or steam slug in a sandpack improved oil recovery us
compared to a straight hot water or steam slug run. The solvent, in view of the prevailing
~adverse mobility ratio, mixed with the original in-place oil, and helped to lower the oil

viscosity. The viscosity was further reduced by the-heat from the injected hot water or



steam slug, which led to an improvement in the mobility ratio and hence an improvement in
the displacement efficiency. A large proportion of the light hydrocarbon slug was recovered
by the steam distillation effect. It was also determined that the recovery ratio was higher and
the steam residual oil saturation was lower when a steam slug was employed rather than a
hot water slug. Recovery ratio was defined zggythe total hydrocarbon produced divided by
the amount of hygirocarbon slug injected. The recovery ratio gaveja basic indication of the
rise in oil recovery due to the injection of the additional _hydfocarbon in conjunction with the
hbt water:

Iﬁ a recent study, Yamazaki, Matsuzawa, Abdeldarim and Ono 55 reported that when
solvent was injected with steam, bitumen recovery increased and this increase was directly
proportional to the rate at which solvent was injected. Yamazaki et al. 55 examined the use
of benzene, cycloﬁexane and halide with gteam injection and found that benzene and
cyclohexane had nearly the same effect on the bitumen recovery enhancement, whereas

halide appeared to be the least effective solvent.

Asphﬁaltene Flocculation
In some instances, when bitumen is mixed with certain light, saturated hydrocdrbons
such as paraffinic solvents, hard friable materials called-asphaltenes, may be precipitated.
Asphaltene precipitation can create serious problems in the reservoir, such as cq‘d;Uiction of
fluid flow passages which results in a reduction in the formation permZaabiility. An

investigation by Knobloch, Farouq Ali and Trevifio Diaz 56 found that the asphaltenes that

precipitate out are not single molecules, but clusters of molecules often coated with paraffin

22

and resin molecules strongly bonded to the exterior of the clusters. A conclusion of the

study was that asphaltene precipitation increased with an increase in solvent concentration.
A study by Snyder and Farouq Ali 49 stated that naphtha injection may cause
formation plugging by asphaltene flocculation but plugging was found to occur only when

large volumes of naphtha were injected.. The injection of a small amount of naphtha during

A3
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a slug process would not initiate asphaltene flocculation. In the present research asphaltene

precipitation was not considered to be a significant factor.




Chapter I'V 7

The following chaﬁter describes the scaling method used in developing the low
pressure model of the Aberfeldy reservc;ir which is utilized in the study. The governing
equation§ used to create the scaling criteria and a list of the assumptions incorporated in the
scaling procedure are provided. Two of the major assumptions are discussed in further

detail. - An extensive description of the scaling procedure designed by Stegemeier,

2 Laumbach and Vc%9 is presented along with detailed calculations which were used in

modcllmg the Aberfeldy heavy oil reservoir and determining the related operatma
paranfeters for the experiments. Also the new scaling criteria derived by Kimber;
Puttagunta and Farouq Ali 10 for steam and steam additive recovery experiments is

Al

discussed. v

- Derivation of the Model Scaling Parameters

The scaling rules used in designing the low pressure model of the Aberfeldy were
developed by Stegemeier, Laumbach and Volek 9. The first step in modelling a steam

injection process required deriving the proper scaling parameters.

-l\‘.\

In ordcr to obtain the scahng parameters, a very; involved procedure was
performed. The first step involved formulating the govemmg differential equations into
dimensionless form and then indentifying the similarity parameters by inspectional
analysis. ‘Next characteristic quantities were selected based upon the most important
property values and constraints. The similarity parameters were then modified using
engiheering judgement resulting in a set of scaling parameters that could basically be .
matched between the prototype and the model. These scaling parameters ar¢ illustrated in

Table 4.1.
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Table 4.1. : Scaling Parameters for Steam Injection Processes.

Number Scaling Parameter Name of Scaling Parameter

_Pr
PrgfLr

”

Poiseuille number divided by Stokes number.

A
: 4 Modiﬁed Jacob number + 1.
3. Ratio of steam pressure gradient to
oil pressure gradient.
P kh{tr ‘ » °
4. ¢,S,p,C,L, Fourier number or Peclet number.
L
¢ I'S r/l rL r
5. kP 8t Stokes number.
WL,
s L2 ‘
6. P oo by Poiseuille number divided by modified

Poiseuille number.

Subscript ' r ' indicates that the variable is a reference quantity used to obtain a
dimensionless term.

*'When g AS is not matchcd A takes on a value between unity and ¢, Sr (p, C, /p¢e; Cor ).
If reservoir heating or heat production predominates, use unity; if cap and base rock heating

predormnates use ¢, Sr (P Cr /per Cer ).

After Stegemeier, Laumbach and Volek 9
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FFormulation of the governing equations into dimensionless form was carried out
using various equations. The first eci%ion involved the conservation of mass as applied to

the oil phase which yielded |
¢——O—-—+V~(pouo)=0, '
dt (1)
where the subscript o symbolizes oil. ,
The second equation was the continuity equation for the water given in both the

L4

liquid and vapor phases by

d,Sw)
¢ ————

d(p-S -
__(is_x_) +V-(p,u;)=0,
dt

ot | @
where the subscript w signifies water in the liquid phase and s represents water in the

+V-(p,iy,)+0

vapor phase (steam).
Darcy's flow equation was also applied which can be written for any species J,
wherej =o,w ors as |
k k

u =-—2(Vp -p, g).
/ /J," / . (3)

The conservaton of energy for the reservoir was expressed by

' oT . aip.S -
[(1 -9)p,C,+p (povcoso+ pwcwsw)]7+Lv [¢ __(#S_)Jrv Qs
4Py Coity+ p, Coityy ) VT 4 p ity V i+ ™
The c-.‘onductive heat flux was represegted b ¢ Fourier equu.iic
g =-kyVT . :

The saturation relationship became
So+Sw+Ss = ) )

when three phases were present.
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The pressure and temperature of thejs_:team are interdcpen(}cm at saturated conditions
and are related by the Clausius-Clapeyron equation, which in its functional form was
reﬁresented by |
D sat =P sat (Tsar). (7) ’
The dependence of the material properties in the-reser@%évir on Ehéli‘hcrmodynumic-

state variables were represented by constitutive equations and were expressed in functional

form.

N P =0(Xy,2) | )
pi=p;@T) " ©

o k =k (x,y,2) . (10)
kj=k,©S). ' (1)
pj=p;j T) . (12)
hs =hg(T) | (13)
Ly =L,T) (14)
kn=kpxy,z) (15)
pr=prxy,2) o (16)

S denotes the dependence of the property on the phase saturations.
Stegemeir et al. 9 made various assumptions when deriving the scaling criteria for
a vacuum model. These assumptions are listed below. &

1. Three phases may exist which consist of an oleic phase, an aqueous phase and a

steam-vapor phase with no volatile hydrocarbons.

"

Capillary-pressure effects are negligible.

2. No partitioning into 'or-out of the oil phase (dead-o}l assumption\\).

3. Rock cc;mpr;:ssibility and thexmallepransion mjg._négli gible.
4. Darcy's and Fourier's equations are valid. , : | ’ ,“

5.

6.

The system is in local thermodynamic equilibrium.

o

DS
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" 7. Kinetic fc;litrgy, potential cnerg)‘;, and viscous aissipation energy are negligibie
compared to the tﬁcrmal energy. B -
8.  The enthalpy and int:mal energy are essentially equal for the oleic phase and for the
aqueous phase ‘a_nd arc linear functions of the temperature.
9. The difference between the steam enthalpy and internal energy can be neglected.
10. The ‘timc rate of changevyoff: the specific steam enthalpy in the steam zone is
‘negligible. | |
11. The internal energy of the rock is a linear functicn of the terrip'eratﬁre.
12. The saturated steam temperature is the maximum temperature at any location.
13. Relative perﬁleabilides depend exclusively on the saturations.
14. S,rs and S4 are constant and uniform throughout the model.
15. Critical saturation.for steam flow is assumed to be £ero.
16. The che‘mges in the density of the immovable water and residual oil are negligible.
Due to the assumptions listed above it is unavoidable that strict éc_aling of the
relationships of relative permeability and capillary pressure could not be achieved. The
relative permeébility and capillary pressure relationships would have to be equal functions
of saturation in both the modél and prototype for strict scaling to be achieved. Additional
error in scaling occurs due to the problem associated with obtaining model fluids and ~———

materials with properties needed for tétally satisfying the scaling groups in Table 4.1.” S
) . PR ¥

- . . . )
Bentsen 37 found that the mobility ratio was the most prevalent in a displacements e

process of a linear system which made it possible to neglect the requirement that rélatives |/’

permeabilities be equal in both the prototype and model for certain cohdi;ions. As. .

mentioned previously Bentsen 57 dealt with a linear system but Proctor 26 suggested tha?

more complex problems such as the low pressure model used in this research could be
handled in a similar manner. The inability to scale capillary pressure was believed to be
valid due to the high crude oil viscosity in the prototype reservoir.  Demetre, Bentsen and

3

Flock 38 stated that for a large value of rhobility ratio, the breakthrough recovery was a
o

t



weak function of the capillary number during a stable displacemenp. Theretore the
assumption of Stegemeier et al. 9 that capillary pressure effe :s be neglected was vulid for
this simation.

It was determined by Prats 11 that the three-phase relative permeability curves used
for a prototype at anticipated operating conditions could not be determingd. Similarly, it
- wasn't known how to set up the relative permeability properties for the laboratory model.
This also made it difficult to determine if the relative permeability relationships between the
model and the prototype were scaled or unscaled. He found from his Peace River model

study that despite the limitation,-‘gaod agreement was obtaincﬁ/getwcen the field and model

relative permeability relationships. ;
- Confirmation of the validity of the assumptions made in deriving the scaling rules
was further demonstrated by the agreement of laboratory model results and results of actual

field operations as reported in the'study by Stegemeier, Laumbach and Volek 9.

* Designing the Low Pressure Model of the Aberfeldy Reservoir

Once the set of scaling parameters were developed various engineering decisions

had to be made in order to apply the derived scaling pafameters.

Fie‘ld Representation

The first stép of the rﬁodel design involved se.lecting prototype values that would be
representative of typical field values of the Aberfeldy reservoir. Field c};aractcristics that
were to be specified were -well spacing, net and gross pziy thickness, porosity,
permeability, thermal conductivity, heat capacfty, movable saturation, oil density and
density as a function of temperature, initial ;ese‘rvoir temperature, and range of injection
pressure. A list of the selected prototype values along with the corresponding model values
are given in Table 4.2. Calculations of the model values a;c'provided further on in this

section.
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Table 4.2 : Prototype and Model Values for The Aberfeldy Reservoir
: - -
2 i~
Feature Prototype - Model
Well Spacing 20 Acre (8 he.tare) 5-spot Quarter of a 5-spot
Length of Pattern 140.8 metres 81.3 cenuqnetres -
(Quarter of a 5-spot) (461.9 feet) 32.0 ine?les)
. Time Scale 1 year 12.1836 minutes
Net Pay Thickness 11 metres i 6.35 centimetres
Gross Pay Thickness 10 to 13 metres &35 cenumetres
Porosity 0.31 0.32
Permeability 2000 millidarcies 421675 darcies
Thermal Conducuvity 0.002077 KW/m.K 0.003266 KW/m.K
(1.2 Btu/hr-ft.F)
Heat Capacity . 2.1803 Kl/kg.K 2.3824 Kl/kg.K
Iniual O1l, Gas & S0=0.75 5g=0.02 Sw=0.23 | So0=0.75 Sg=0.05 Sw=0.20
- Water Saturations , ’
Steamflood Residual Sor = 0.15 Sor = 0.145
Oil Saturation :
1275 mPas @ 23.5 C 92565 mPas @ 3.2 C

O Viscosity

560 mPas @ 32.2C
90 mPa.s @ 65.6 C,
12.5mPa.s @ 135.0 C
1.29 mPa.s @ 301.7 C

4065.6 mPas @ 5.6 C
653.4mPas@ 15.1C
90.75 mPas @ 350 C
9.37 mPas @ 82.6 C

water VIScosity -

0.894 mPa.s @ 25.8 C

(Gas Viscosity 0013 mPas@23.3C | = semeemmeeee-
: L 0.016 mPas @ 134.4 C -
Specilic Gravity of Gas 2 0.55 o -
Iniual Reservoir 233C 3¢
Temperature
Inminal Reservoir Pressure 3.45 MPa 26.82 kPa
Stcam Injection Pressure 1.90 MPa 16.87 kPa
Inj. & Prod. Rates 1 m3/day 5.0728 cm3/min
Injection Rate of Steamn . 100 m3/day 226.8 cm3/min.
- Injection of Solvent 88.4 m3/day - 200 cm3/min.
Steam Quality 0.7 0.08324
Reservoir Depth S224metres | -eeeeee—-re-
Bottom Water Thickness Vares trom 0 to 6.9 metres Vares from § - 20 %

of Gross Model Thickness

Upper Pressure Boundary

Fracture Gradient of Reservoir

Lower Pressure Boundary

"0.345 MPa

7 kPa (1 psia)

Y

" (50 psia) Back Pressure
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The model designed for this study represented one-quarter of an cight hectare (20
acre), five spot pattern. Since the Aberfeldy reservoir is characterized by a thin pay zon
overlying a bottom water layer, the model was scaled.in all three dimcnsions. To achitve
the best scaling in the model and obtain the best predictions from the experimental results

the model was designed as large as was practical. c

Length Scale Selection

Although somewhat arbitrary, the determination of the length scale was based on

the temperature/pressure relations as well as the constraints of prdctical model size.

31

Stegemeler et al 9 stated that to achieve the best temperature/pressure match for saturated .,

IS ’3

steam the length scale factor v (L), should be as small as possxblc thus the model should :

be as large as possxble. The size of the model depends on the practical limitations of time

and the time required to saturate, cool and clear. The higher probability of leaks and the

greater structural requirements of a larger model must also‘%"é considered.

The model used for this study reprcsvnted one-quarter of an eight hectare (20 acre),
five spot pattern of the Aberfeldy heavy oil reservoir. Prototype dimensions of the one-
~ quarter of a five spot pattern were 140.8 m (461.9 ft.) x 140.8 m (461.9 ft.) square x 11 m

(36.1 ft;)' thick. The dimensions of the model were 81.3 cm (32 in%) x 81.3 cm (32 in.)
square with a thi\ckness of 6.4 cm (2.5 in.) which resulted in a»length’;scalc factor in all
.three dimensions of about 173.2.- % |

Y (L)=L—= 173.2
M (4.1y

Scaling of Model Pressure
Deciding on what model production pressure to choose was considerably
straightforward. For typical length scales of 100 to 200 and prototype production

pressures as low as 0.345 MPa. (50 psi}), the Clausius-Clapeyron temperature/pressure
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relation at saturatqpn could be best matched if the lowest posmble model productlon
Lo ’ [

‘pressure can ach’teved

o o e 2 034‘7,¢MPa
I A ' . . - .
The lowest modei production pressure that could be mamtamed was ‘limited, from a

. 1-,
.,

practical standpomt oy vztpor pressure, constramts Qpﬁd vacutm pump limitations. The uuna.lf‘

value recommended by Stegezﬁexeret al. 9 to be’ used iri scaling calculations was 6. 895 kPa

o S

(1 psia). o e ”,»‘..;
o (M = 6895kPa u
&

The upper limit ¢f the prototype production pressure range was bounded by the fracture-.

gradient of the reservoir.

!

Once the initial value for model production pressure , (p,)um , was selected, an

‘expression for scaling the model pressure could be created using scaling parameter 1 from

Table 4.1.

/’y (P ‘pvp )p ' ngLP
Y (Ap)=7— =
@ Pedu pryemlu (4.2)

Since the ratio of grayitational accelerations was unity and the length scale had
dlready been calculated from Equation 4.1, the only unknown term in Equation 4.2 3% “was'the

rano of densities. A value was assumed for the densny ratio that would be corrected later

and was found to be approximately equal to 0.9. By substituting the known values into

Equation 4.2, a relationship involving model pressure,pps , as a function of prototype

pressure, pp , could be developed. -
: y@pr=L P2 Lo aoam. 2
(p Pplm
Pum =0y, +0.0064152 pp - 0.0064152 (p’p)P »

Dy = 0.006895 - (0.0064152) (0.34475) + 0.0064152 p p -

Py = 0.004683 + 0.006415 p p T 4.3)
: ' T W\
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Where pps was the model pressure and pp  was the corrcsponliing prototype
pressure, with pys and pp calculated in MPa. Table 4.3 lists some tabulated values for pp

along with corresponding pM values.

éc'al_ilng‘_of Model Temperaturg
To gchie\)e the best match between model and prototype oil-viscosity curves,
Stegemeier et,zil. 9.suggested that model temperature range be made as large as possible.
Thi§ also alloiws fér a better match of the Clausius-Cl‘a}peyron temperature/pressure relation
for saturated steam. From a practical standpoint, the lowest initial mol‘icl temperature that
could be obtained in the laboratory was approximately 3°C. Therefore the initial model

temperature was set at (T; )y = 30C. In order to scale the temperature, corresponding

~
B

.

protofype and model temperatures at only one other point was needed.

Stegemeier et al. 9 reported that it is usually best to choose a pressure vulf‘;c from
the middle of the pressure range when determining the temperature difference ratio. A
majority of the oil production will occur when these miadle range temperatures exist. As
well the lower region of the Clausius-Clapeyron relation for saturated steam is more
- difficult to match, therefore it is better to fit the> middle an‘d upper portions of the
temberature/pressure relation. |

A prototype pressure of 2.00 MPa Qas chosen from Table 4.3 as the middle range
pressure. 'fhc corresponding model and prototype temperatures for 2.00 MPa were
determined 'from,x,’he temperature/pressure relation and from these values the temperature

-

ratio was calculated.

. BT, T Ty (212.42-23.30)
Ay - @ -T).  (57.03-3.0
( )MV (T TL)M (» ) (4.4)
(6T)p | ‘
@ = 35

(4.5)
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The temperature ratio must be constant for the entire temperature range in order to

have a proper proportion of energy stored as internal energy. If the temperature ratio is

constant the model temperature relation between the model and the prototype can be

developed.
Tp-(T;)
Tw- Ty =55
]
, . Ty = 0286 Tp - 3.657 (4.6

The model temperatures determined using Equation 4.6 are listed in Table 4.3 and
are represehted by Tsc to denote that these are calculated values.

- As illustrated in Table 4.3 the calculated values, Ty , do not correspond exactly

with the saturation values, Ts. It can be seen from Table 4.3 shat the values of T, and Ty,

match quite well for all of the bottom lines of the table which corresponds to the lowest.

prototype pressuré}’%&vpp)p, of 0.345 MPa. If one attempts to sacrifice the upper
temperatures due to constraints on minimum model temperatures greater errors will be
introduced. Therefore it was concluded by Stegemeier et al. 9 that better scaling was
obzained by allowing the, error to exist at the lowj temperature.

It was also noted by Stegemeier et al. 9 Ef;at the portion of the temperature/pressure
saturation relation that was the most difficult to match was the region corresponding to a

. prototype pressure of about 0.650 MPa (100 psia).  However these low ;protolypc

pressures are not usudlly encountered during ordinary field operations.

Determination of the Required Steam Quality

-

By incorpbrating scaling parameter 2 from Table 4.1 the model steam quality could

be calculated. If the relationship of g AS does not match and cap and base rock heating is

predominant, which usually occurs during steam injection processes of thin formations, the

-

¢
term A in scaling parameter 2 can be replaced by ¢ Sz (pr cr/ pcr ¢cr ). Thercefore the

L4

model steam quality could be calculated using the following equation.
3

ras
B
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f (CWAT) (stv +1) (&PASP) pPCP\ pcMCC/W
sM T\ /7 - AT ’
o Ju\\C BT T o eSS \p e [\ prCor

4.7)
It was assumed that a porcs: , @, , of 0.32 existed in the model and a change in
the oil saturation within the modél, ASys ,would be 0.85. The change in the oil saturation
in the prototype, ASp =1 -Sor - Swe , Was assumed to be 0.62, where Sy =0.15 and Sy

= ().23. Various values of model steam quality at various pressures were calculated using

" Equation 4.7 and are listed in Table 4.3.

L]
Scaling of Model Oil Viscosity

According to Stegemeier et al. 9 it was essential to scale the oil production

36

subsequent to steam breakthrough as closely as possible. In order to match the pressure

gradient in the oil zone and the steam region, the oil viscosity in the model should be scaled
using scaling parameter 3 from Table 4,1. The following expression was utilized to scale

/

the model oil viscosity.

1 op z(fsM)(usM) Psp\[Pom. .
Hop fsP Hsp psM- poP

(4.8)

. Values for the known quantities were inserted into Equation 4.8 to yield the

Correspo‘nding model oil viscosities which are listed in Table 4.3.

Time S}t Determmatlon .

Since the study involves thermal recovery from a thin reservoir it was assumed that

Y

cap and base rock heating was predommant, as was assumed prev1ou>1y when calculating

the model steam quality. Therefore the time-scale ratio was determined using scaling

purame'ter 4 where A was éqpal to ¢ Sp (Pr CR/ Pcr Ccr ). By implementing scaling®

parameter 4, the following time-scale ratio equation was derived.



ﬂ_(ku’) Pem Cemt (Lu)‘
' \kwm, pcPCCP Lp

Whge the thermal conductivity of the model (granite), &,y was found to be 2.81

(+.9)

kcal/(m- hr.- 0C) 39,
"k = 0.003266 kW/m 0K

From Table 4. 2 the thermal conducnvxty of’ thc prototype (sandstonc) k,,p was 0. ()()”()77
kW/m OK 26, ' ' ”

S

& k,,,, = 0. 002077 kW/m 0K’

Accordmg to Proctor 26 the values for (pCM CCM) and (pcp C Cp) are as tollows

-~

(pCM ch) -’73824 kJ/kg K B S
& -~ (per »Cop) =2.1803 kIkg- K~
Where ¢ represeotod values for the cap-'and base rock. ‘ e

Substituting the abive values into Equation 4.9 the time scale can determined as follows.

§

2
ty _ [0.002077(2.3824 Y
o (o 00'3266)(2 1_803)( 732 ) {525,960 “"f"/yr;)

4. ’ o

" L . . ,
— = 12.1836 min./yr. . 2 :
L o (4:10)

Where the conversion to min./yr. is based on a four year average (ic. one year = 365.25

days = 525,960 min.)

Secaling of Model Permeability
Scaling parameter 5 from Table 4.1 was used to scale the model fmrmcubili[y. The
following equation was developed using this scaling parameter.

Ly

kv _ (24 ASy
= o

kp \opASp

PP)
u r
PPy VM 4.11)
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Th®FAtio c- 1y /p was temperature dependent which meant that Equation 4.11
was also a functicn of temperature. However Equation 4.11 couldn't be temperature
dependent therefore . “corcing to Stegzmeier et al. 9 a single value must be selected.
In choosing a representative value for the.viscosity ratio, it was noted that the actual
'value of the ratio was important only after steam breakthrough occurred, at which time the
steam pressures were low. Also the viscosity ratio was more significant in the area of the
production well. Therefore Stegemeier et al. 9 concluded that viscosity ratio values should
" be chosen from the lower section of Table 4.3. The viscosity ratio value chosen

corresponded toa prototype pressure of 1 MPa. Substitution of known values and

prototype data into Equation 4.11 fyielded the following mode! permeability.

- ky =4216.5 darcies

Scaling of Injection and Production Rates . -7
Scaling of both the injection rates and product'ion rates involved using scaling

| parameter 6 from Table 4.1 which was usedto derive the proceeding equation.

3
Wy _ | Pom \[Lu (0M ASM)(QK)

ve Pop L;, op 83p J\tp (4.12)

Inserting the a;:;propn‘ate values into Equation 4.12 gave

3, .
Vit - g o728 TRITIN

P m/day

?

where the volumetric rates are at standard conditions.

“

To represent an injection rate of 100 m3/day in the prototype, the corresponding

injection rate in the model Wwas one-quarter of 907.3 cm3/min or 226,8 cm3/min.
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Determination of Water Proportion for Steam Quality

. In order for complete scaling, the fractions of ’i;'njected steam and water must be
calculated to determine the appropriate mg)del steam qﬁality. The value depends on the heat
loés frém the lines, the desired steam quality, the enthalpy of steam produced by .t‘he steam ‘
* generator and quality-control water temperature which is usually at room temperature.

The amounts of water qhd steam injected were based upon the enthalpy rate of the
tWo inlet streams Lhét were combined. The total enthalpy rate of the two streams had to be
P

equal to the required enthalpy rate of the wet steam introduced into the model, as well as

any existing heat losses.

B Wsshss+ Wdhaz (Wss+ WJ(fsMLv +C,wAT) +2Qlu.\'.\ (4.13)

‘Where wis and w, representeq mass flow rates of the superheated steam and the feed weter
for ciu:ili[y c’bntrol,_hlss and h, were the entering enthalpies for the superheated steam and
the quality cdnt‘;oi water and @loss was the heat loss rate. Rearranging Equation 4.13 and
nc;ting that ww, =Wss +Wa , where w,,, is the total mass rate of ihjcctcd water, gave
Equation 14; ' -

\ Wt hss' hwa

(4.14)

Enthalpy of quality control feed water was 96.52 kJ/kg‘ (from basic steam tables) at

a temperature of 23 0C. The temperature of the superheated steam was assumed to be 120

0C and the copresponding steam enthalpy was 2706.07 kJ/kg (also from basic steam -

N

_tables). Therefore at various pressures, hg could be determined and substituted into

'Equation 4}/14 to yield values for w, /w; at different pressures. The calculated values are

: /
listed in ’Eable 4.4,



Table 4.4 : Steam"“%nthalpy at Corresponding Model Pressures

Model Pressure (MPa) Steam Enthalpy (kJ/kg)
0.006895 : 2726.00
0.007891 2725.92
0.01110 2725.59
0.01431 2725.25
0.01751 - 272492
0.02072 2724.59
0.02393 S 2724.25
0.02682 i 2723.95
After Proctor 26

Scaling of Wells in the Model
Direct geometrical scaling of wells could not be achieved for the*small si;;ze needed
in the low pressure model. Stegemeier et al. 9 implemented a well scaling mmhod that
utilized a slit well at the wall of the model. Thé slit wells effective radius was d;:;;;;zndent on
the slit width and the bead pack arrangement directly in front of the slit. The sht%mdth was

~ determined from the following equation.

w=2nr, =nd, O (4.15)
Where  w = slit width '

r,, = scaled radius of well
d,, = scaled diameter of well -

Since the length scale for the model was 173.v."2'?1nd the prototype well diameter was
assumed to be 6 inches, the model wells required a scaled diameter of 6"/173.2 which

equalled 0.03464 inches. The models well slit width was determined using Equation 4.15.
w =7 (0.03464") = 0.1088" (0.2764 cm)

Design of the slit wells in the model allowed for relatively easy alteration of

injection and ‘production intervals. The nature of the reservoir (bottom water) studied and



v

g
- N . .
the recovery process (solvent-steamflood) required t};%ﬁmccmon interval to be in the upper
region of the model and therefore the production interVal was situaied over the entire model
thickness. The injection well contained four slots opposite the upper region of the model

and the product'»n well consisted of eight slots over length of the well.

Scaling of solvent in the Model 03

Since t*  -oject dealt with the use of solvent in combination with a steam injection
process it was . ught that the new scaling criteria derived by Kimber, Puttagunta and
Farouq rAli 10 could be incorporated into the low pressure model which was based on the
scaling criteria of Stegemeier, Laumbach and Volek 2. The scaling criteria developed by
Kimber et al.10 consisted of a comp‘lete set of sirﬁilm‘ity groups derived td scale the solvent
plus steam process as defined by the governing differential equations, constraints,
constitutive relationships and initial and boundary conditions set out by Kimber et al. 19,
By relaxing the scaling of various phenomena, five sets of scaling criteria were developed,
each representing a subset of the more complete set of scaling rcquirémcnts. The most
appropriate approach to use would depend on the particular process to be scaled. The
app’roaéh‘chosen-shoula correctly scale the major mechanisms of the process and not cause
minor mechanisms in the process to have significant effects on the response of the
experimental model. The scaling criteria presented by Kimber et al. 19 for solvent-steam
injection processes required the} use of the same fluids under similar conditiohs of pressure
and temperature as in the prototype reservoir which involved the implementation of a high
pressure model. ﬁbwever as diécussed previously the research project was based on
exp;ariments performed in the low pressure or vacuum model. Therefore the scaling criteria

derived by Kimber et al. 19 could not be integrated into the low pressure model experiments

studying the recoveries of solvent-steam injection techniques. Since the scaling criteria of

Kimber et al.10 could not be properly employed it was decided to carry out the solvent-

steam injection experimerits for the Aberfeldy research project in a similar manner to the

Lve
k I



'.;.,Sa"amc manner as Pursley 18, solvent was simply incorporated into the steamflood

A

/

scaled experiments of Pursley 18. Pursley 18 used the Pujol-Boberg scaling criteria to.

create a three-dimensional, high pressure, physical model representing steam injection into
a Cold Lake reservoir. He performed partially scaled model experiments of the solvent-

steam injection process in which solvent was simply added to his steamflood model. In the

-experiments of the Aberfeldy low pressure model used in the present research.

a2



Chapt. V
Experimental Apparatus and Procedure

The féllowing chapter'pﬁrovides a desqription of the apparatus and materials used for L
the present research. Th.c section describes the procedure for packing and saturating the
model prior to each experiment. Details-are also provided describing how 't/hc different
types of runs such as homogeneous, bottom water and gas cap cxperimcnts‘)‘,werc prepared
and performed‘. A discussion of how an experiment was conducted o’h‘ce the model
packing and saturation were complete is alsd provided. Figure 5.1 gives a schematic
illustration of the appafatus used for these scaled model studies.

The apparatus used in this study comprised of the following major components:
physical model, data acquisition system, solvent and steam injection equipment, produced
fluids colléction system and model cart, rail system and cold storage compartment. These |
are described in detail in the following sections. Plate 5.1 provides an overall view of the

apparatus with the coldﬂstorage room located to the left of the model.

hY

Physical Model &
g

The model used for this study consisted of a fiberglass tray which was filled with
glass beads (porous medium). Gran/i.te blocks were situatéd above and below the tray to
simﬁlate overbarden and underburden, as well two slit wells were positioned in opposite
corers of the fiberglass tray to represent the injection and production wells. The model of
the Aberfeldy rescrvoir was constructed to simulate one-quarter of arf cight hectare (20
acre), five-spot pattern having the dimensions 281.55 m x 281.55 m x 11 m thick. ‘

The models length scale was 173.2. Therefore the dimensions to which lh(. m(l)d‘clf.
was constructed were 81.28 crh (32 in):_,xv81.28 cm (32 in) x 6.35 ca/,(2.5 in) thick. In all
of the expeﬁrﬁénts it‘was attem?ted to satisfy the scaling groups in order to better represent
the steam properties and -conditions that existingv in the Aberfeldy resefvoir. To improve

scaling of steam behaviour the runs were conduc¢ted under vacuum conditiohs. At thesc

43
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. ‘Tnple M Flberglassg 8135 Wagner Road, Edmonton, Alberta.
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low pressure conditions the model had to be able to withstand severe loading over a large
surface area. Therefore the model was constructed of fiberglass, which could stand up to

the high degree of loading. Also considered when selecting fiberglass as the model

"matenal is the fact that fiberglass is strong, 1nexpensrve and reasonably easy to machine,

which allowed for easy installation of the wells. The fiberglass tray was)manufactured to
. . g

. v . . - , £
desired specifications by a local manufacturer”. ' /.

! The injection and production wells installed in the fiberglass way were esséntial 1o

the operation of the model. The wells were installed in diagonally opposite corners of the
ﬁberglas% tray and were constructed from aluminum rod. The de51red production and
mjectton intervals could be achieved ‘in the model quite simply, since the ‘wells were

designed with a gate mechanism that could be inserted into the well at various postitions.

As was discussed in the chapter on scalirig, a high mofdel permeability of

' approximately 4200 darcies was required in the model. It was therefore decided that glass

beads** approximately 3 mm (6 - 8 mesh) in diameter would have to be used as porous
media to achieve the high permeablhty Since the glass beads were c{ulte expensive, a ’
procedufe was dewsed to clean and dry the beads after each run:so the{' could be reused.

h The purpose of the °gramte,blocks 51tuated above an_d below the model \;as to
simulate the heat transfer characteristit:s of the cap and base rocK 'of the Aberfeldy reservoir.
The dimenslons of each 'granite block were 91.4 /em (3/6 in) x 91.4 cm (36 in) square X
21.6cm (8 S1im) th1ckl' Each block of granite weighed approxunately 2000 pounds Two

]

metal clamps, were attached around the blocks and the ﬁberglass tray to-gid m“preventmg '
the top granite block from hftmg off the. model dLC toa pressure burldup in the model j

during an expenment Cellular neoprene was .applied to the open surfaces of the ﬁberglass

K

N,

Cost = $400

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

T DoAll Edmonton Ltd., 9743-45th Ave., Edrr)tonton Alberta 436-0373.

4 ]
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tray to minimize heat losses adjacent to the model. Plate 5.2 shows the model situated on
L] . .

the cart with the granite blocks situated abo ‘e w:.d below the fiberglass tray.

Data Acquisition System =
. * .

An extensive network of thermoco.ples™ and pressure trztnsducersf* was installed

throughout the model in order to collect as much data from each experiment as possible.

Thirty-one .thermocouples were installed in two layers at strategic locations within the

model for recording the heat advance through the model. The approximate positions of

thermocouples are 1llustrated in Figure 5.2. Other thermocouples and pressure transdueers
were situated at the mixing point, injection well, and the production well. The
thermocouples and pressure transducers were connected to a M‘EGADACJr data acquisition
device in order to record and store the- temperature and pressure readings in the mpdel
‘throughout each run. The MEGADAC data acquisition unit had the capability of
monitoring 128 input channels and seanning each of these channels as quickly as 20000
samples per second or as slowly as one sample every 30 minutes. The MEGADAC.; was
progr'arnmed to scan each thermocouple and pressure tn'tnsducer once every thirty seconds.
: One of the major reasons the MéGADAC was chosen as the data acquisition system was
due to its compatibility with the IBM PC By utili:zing an IBM PC along with the computcr
software provided W1th the MEGADAC the IBM PC could be employed to control the data
acqu1smon system and record and store the results of each experiment.

h
common link between the data acquisition system and the experimenter. The IBM PC
’a_llowe’d. one to introdu_ce instru(_:tions into tfte MI;ZGADAC, which then carried out the

tespective bperation and then returned the results of the oper’at.i,on bi_ick to the IBM PC. As

Ea

* Thermo Electric (Canadfa) Lid., 8425 Argyll Road Edmonton Alberza. .
. Cost= $72.99 (thermocouple and wire) R
Vahdyne Engineering Corporation, 8626 Wilbur Avenue Northndf,e California.

i Optim Electronics Corporation, Middlebrook Tech Park, 1401 MlddleIQOk Road,
» Germantown, Maryland. Cost = § 26, OOO

]

By using the IBM PC along w1th the MEGADAC, the IBM PC sérved “as 'a“
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well as these controlling features, the software contained other important capabilitieg such
as being able to graph results of the experimer.t. Since relatively short experiment times
were involved in this research, the MEGADA.C data acquisition system was an integral

component of the apparatus due to its scanning, recording and storing capabilities.

Selvent and Steam Injection-'System
The solvent was injected into the model during each experiment using a controlled
volume, Milroyal pump. Injection of the solT/ent into the rr;odei was at a relatively large
“rate (200 ec/min.) so that solvent channelliné into the oil zone would be more distinct and
extensive. The channelling of the solv‘ent into the oil region was aimed fo provide a more

. > ,
conductive path for the steam in the oil zone. o i
o | e o
The steam injection system comprised of two Milreyal controlled volume pumps

‘ and a low pressere steam generator. One of the pumps pumpeci water into the steam
generator which produced superheated steam whlle the other pumped quality control water
to the mixing.point of the steam and water. The water pumped by both Mllroy)al pumps
was distilled and deaerated. Steam at a constant temperature of 120 O°C was generated in
“the steam ‘genesz{tor b.y-electricél heating. The purpose of the two injectio‘nilines was to
achieve steam quahty control The desired steam quality was controlled by mJectmg the
quahty control water at approprmte rates and temperzitures into the steam line at the mixing
pomt The appropnate pumpmg rates and temperatures were obtamed using the heat

transfer _and mass balance pr_'mmples discussed in the chapter‘ on scaling.
The st'ainiess steel tubing and fittings needed for the steam injection system were

partially insulated between the model and the steam generator in an attempt to minimize heat

loss from the lines as much as possxble o A

WL : . R ) é \ C v . ! ’// .
- . . :
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Produced Fluid Collection System

The collection system consisted of two ;'eries of condensers, two 2()()‘()' ml
collection vessels, a circulating pump for the coqdehsers, an ice bath, a dry ice cold trap
and a vacuum regul:f'tor. Figure 5.3 provides a schematic dirigrum of the collection system.

Due to the vacuum conditions existing during the e(penmems the collection system
was designed with special Eeatures to facilitate the low pressure condmom The large pore
volume ot; the model (approximately 14000 cm?3) would not permit the use of a single
container to collect the produced fluids and with this large a sample little instantaneous

results could have been gathered during an experiment. Therefore, two 2000 ml flasks

were used to collect the produced fluids. The collection system was designed so that each

flask could be individually {solated from the vacuum so that each flask could be emptied

separately.”

+Under vacuum conditions a portion of the produced fluids may vrlporize, therefore
the collection system was equipped with a dry ice cold trap and a series of condensers to
prevent produced fluid loss from the system. During early production, the ﬂuide were at a
relatively low temperature (about 30C) resulting in a partial blockage of rhe production_li.nes
due to the high viscosit)" of the cold oil being produced. Therefore during the initial stages

of an cxpen'ment hot water, was circulated through the first series of condensers in order to

“l

reduce the produced oil v1scosuy As the cxperymem progressed the temperature of the
produced fluids increased, therefore ice water was crrculated through the condcnscrs o
inhibit vaporization of produced fluids in the ~nSystem. A dry ice (carbon dioxide)
‘trap was :insnalled downstream of the /Jnu’ens‘ers order to condense any produced

vapours that had passed through the cond :nsers.
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Model Cart, Rail System and Cold Storage Compartment .

According to the scaling criteria the i,nitial temperature of the model was required to
be approximately 30(5. To achieve this low initial model temperature, a castor-equipped
support cart and a rail system were included in the design of the model The support cart

and rail system allowed tmnsportmg of the model and the two granite blocks into the large

cold storage compartment to be cooled prior to each experiment. The 8 ft x 10 ft x 7 ft

kigh, cold storage room was custom built and installed by a local manufacturer™.
The support cart was equipped with a gear box and a rack and pinion system which
allowed the model (fiberglass tray and granite blocks) to be easily inclined up to an angle of

450 from the horizontal. This capability allowed for a more efficient gravity stabilized front

to be achleved durmg the saturzmon of the model. Due to the tilting ability of thc model,

cxpenmems simulating dipping reservoirs could be performed although there were not part

‘tray) Wﬁsgﬁchieved by a hydraulic hoist system. The granite block was placed on the model

prior to saturation and removed immediately after each experiment.

‘Model Fluids ) ' R

. ‘Seléction of the Aberfeldy Model Oil

~ Table 4.3 presented in the previous chapter provides a column dctdiling the

¢

relationship between the required model oil viscosity and the Aberfeldy prototype il
viscosity. Stegemeier et al. ¥ stated that the values of pu /f,p 10 the upper portion of
Table 4.3 provide more accurate values, thrctorc c,hnmm;, lhg,, AVCTJL(. nf these upper

values vielded an average ratio of ;1(,5; / ;1‘),:» ol ".26; «‘\pplvmg Hn: prototype ‘«(,TSUS

“model temperature rclm,mnx‘nl (Equation .60 song with theyalcuiated visconaty ratio

Adberta Zero-Ternp Industnis L3d . T440-93 St Edmonton, Alber
CCost =78 83T . C

-
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“yielded the ideal model oil viscosi'ty'at different model temperatures.as shown in Table 5.1.

The actual model oil c;l;osen for the Aberfeldy model that most closely resembled
the viscosity-temperature profile of the model oil is the Faxam-100 oil. Figure 5.4
- -provides a comparison of the visc&ty—temperature profiles for the ideal model cﬁl and the
-Faxam-100 oil, whiéil indicates that the viscosity relationships for both oils match

reasonably well. The Faxam-100 was supplied by Imperial -Oil Limited™.

. ¢
Table 5.1 : Temperature Vs. Oil Viscosity for Prototype
o ' and Ideal Model Oil

Prototype ~ Prototype Oil ‘Model Ideal Model Oil

Tem r Viscosity (mPa: s) Temperature (C) Viscosity (mPa- s)
.23.9 1275 . 3.2 9256.5
32.2 560 5.6 | 4065.6
65.6 90 : 15.1 653.4
©1350 125 35.0 90.75
3017 | 1.29 82.6 9.37

Selection of the Solvent
An extensive viscosity analysis was performed in order to decide upon an

appropriate solvent that could be employed in the steamfiood experiments of the vacuum

model.

»-w

The viscosity studv involved analyzm’f“g cayy
'\f
S JY .\,‘i
Nuphtha and Svmhethic Cmde Edch solvent was u:ombmed wuh zhc model oil Fv(am-

Q .

100) and thc vucosm’ ocf‘a wxour nt lht.SL ﬂol»em “mixty {f*;.*;-“ was measured at dxf erent

vargm Naphtha Li_ht Virgin
g

cmpcmrurcs And mmur:. concentrations. ’-"t.f?‘“*”."’ ik

PYVERN *

'\

. :
TTxc uppu u.mpuuurn range of the. ﬁﬁodcl uurms._a stes 1mﬂood Tun wWas .

~4

approximately 60V 1o ROUC, which meant (h ﬂﬂw\. Virgin \ mhthx was partially
. v %4
MeEwen's Fuels and Feruhaers Lid,
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vaporized in this range. Partial vaporization of the solvent‘was favourable since this further
enhanced the mobilization of oil by the diffusion of solvent vapour into the o‘il ahead of thé
solvent bank. The Heavy Virgin ,Naphtha and the Light Virgin Naphtha had very similaf
viscosities but the Light Virgin Naphtha was not chosen because it had a relatively low
initial boiling point (30.59C) compared to the other two solvents and would almost entirely
be vapo'rized at the model steamflood temperatures. ’fhe Heavy Virgin Naphtha was
chosen as the solvent since it had a higher initial boiling point.(61.0°C) than the Ligl}t
Vir‘gin Naphtha and lower viscosity values than the Synthetic Crude. By overlaying the

viscosity profiles for the Heavy Virgin Naphtha and the Synthetic Crude it was concluded

that the Heavy Virgin Naphtha had a greater viscosity reduction capability, which was.

desirable for the solvent-steamflood recovery prbciess. The viscosity profile for the Heavy

A
IR

Virgin Naphtha is provided in Figure 5.5. .

Some pertinent properties of the Héavy Virgin Naphtha are listed below. '
puvN = 0.7320 g/cm3 '
API Gravity = 61.7418%APL men R
Initial Boiling Point = 61.00C
Final Boiling Point = 131.50C

The Heavy Virgin Naphtha was supplied by ESSC Pegroleum Canada, Strathcona
| Refinery.

. Preparation ‘6(‘ the Moaél for an Experiment
Packing of the Model
o ‘ The first step in performing an experiment involved packing the fiberglass tray with
clean, dry glass beads_ wh}ch represented the porous medium.. Packing procedures such as
vibrating or tamping were not feasible due to the size and shape of the fiberglass tray.
Packing of the glass beads in the mo&el was performed using a "par:icls: distr'i\butor”.

Currie and Gregory 90 first devised the particle distributor and Wygal 61 ‘made further

modifications to the design of the distributor. Wygal 61 stated that.the device could be used

~.
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to consistently create many isotropic, homogeneous and stable unconsolidated packs with .

goc'>'c.il results.

J

. As stated by Wygal €1; the use of a particle distributor resulted in more

mech'anically stabie packs with uniform properties throughout, that could be-‘more
accurately reproduced. The particle distributq_r has advantages over other‘packin g methods
such as vibrating and tnmping, which often give less uniforrn packs. - T

The excellent resn1t$ of the Barficle disrributor were due to the'beads striking the

pack individually after being thorbughly spread out by a series of five offset wire mesh

- screens. .The openings in the wire mesh screens were offset from one anoiher This offset -

© inthe wire matnx resulted in numerous deﬂectmg surfaces whrch ensured thorough particle

- dlsmbunon The offsettmg nature of the wire mesh system prevented any dead areas trom

ex1st1ng 1mmed1ate1y below the screens A dlagram of the side v1ew of the pdrncle B

distribuior is provxded in Flgure 5 6 A pomon of the energy of the fallmf, },ldss bead was‘

transferred to the surface beads in the pack Whlch were. thereby drsplnce.d Into more smble

positions. Wygal 61 reported that the surface of the‘pack appeared flurd and dhve for A

depth of two or three particle diameters, as the pack grew.

| Construcnon of the,pamcle d1str,1butor was quite simple. The particle distributor
COnSi‘sted of a plywood box frame with a series of five wire mesh screens having 5/8 inch
bpeningé. A gap ef two inchee existed between each screen and the screens were situated

: ,in the upper region of the plywood box frame to allow for adequate separation between the

&

screens and the model tray. The plywood box frame was designed to be pldCCd overtop of -

the model. The dimensions of the box were 32" x 32" x 26" hngh A metering bonrd wis |

placed overtop of the screens to enable the beads to pass through the screens at a constant
rate. This provided a continuous: supply of beads to all the orifices of the pdmcle
dxstnbutor until the model was completely filled. Once an adequate amount of beads hac_i

passed through the particle distributor and into the model, the distributor was removed and

the excess beads were scraped from the top of the bead pack surface. Bead pac‘k porosities
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P S o
obtained uging the p\étnl'éle distributor were rehsonably Consistent at d-bOUt 33% t'or
homogeneous packs. For the bottom water models the porosny of the bead packs were
shghtly higher due to the packmg procedure requ1red to form the bottom water layer. The

porosities obtained in the bottom water models wergaround 36%. The slight increase in

60

porosity was due to a less uniform bead pack in the bottom water zone as a result of.the -
. 3 : — =

;

-packing procedure for the bottom water model.

: Saturation of the Model .

-Once the bead pack was complete a Teflon sheet was placed over the fiberglass
tray and was afﬁxed to the tray l)y a silicone sealant which was evenly apphed to the rim of
the tray. A vacuum was then apphed to the model to ensure an adequate vacuum seal.
When a proper vacuum seal was achieved the model was evacuated and the bead pack
became a very solid and stable structure. After the model was totally evacuated, a rubber
sheet was placed on top of the Teflon sheet to ensure complete contact between the porous
medium and the upper granite block™\ '\if\h'ieh was p}aced on the model using the hydraulic
4oist system. | \

The apparatus was then tilted using the géar box and rack and pini‘on system.‘ In the
tilted position the tluids entervlthe model from downdip and are drawn upward through the
model due to the vacuum applied at the updip end. Flow of fluids from downdip to the

updip end created a more efﬁcieht gravity stabilizéd front which allowed a more thorough

and uniform saturation of the model. er large saturatlon poI'ts were installed in the: model

Three ports were situated at the downdxp end and the other three were located at the updxp o

end. The ports also 1mproved the efﬁcxency o? the Saturanon process since the fluids were

mtroduced into the model over the entire w1dth

\ ~ ,
The initial stage of the saturanon 1nvolved drawm g dlS[lllCd deaerated water up into

the model through the three saturatlgn pons at the downdlp end. The porostty of the bead

pack was culcnlated by measurmg the volume of wa,ter pulled mto the model and dtvxdmg
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this volume by the bulk volume of the model which was measured prior to packing. Once

the model was saturated with water it was then saturated with the Faxam-100 oil in the
. P .

"

same maner as the water. The amount of water displaced by the oil was measured in

Yy - . - . .4’ — ‘ » . . . - I3 - . » .
order to determine the irreducible watersaturation and the-initial oil saturation existing in

the model. ' _ , .

61

y

With oil and water saturation complete, two metal clamps were attached to the

-

model to help maintain the models vacuum in the event of an internal pressure surge during

a run, which could exceed atmospheric pressure. This would have resulted in the vacuum
seal being broken.

s ,
When the saturation procedure was complete, the valves at the production and

- injection ends of the model were closed to isolate the evacuated model from atmospheric

conditions. The model was then moved into the cold storage room in order to lower the

5

.model temperature t0 30C as required by the scaling criteria. Eooling of the model in the

cold stoi"age‘roor'ﬂ required 24 to 36 hours.

PreparationA of Bottom Water Model ,
" Since the investigation dealt with marginal reservoirs containing bottom Water
and/or a gas cap, a procedure was designed that allo»z%eda bottom water region to be
created"i‘n the model.

N
B

The procedure involved ﬁlling the lower portion of the model with glass beads and

~

a 5% salt (NaCl) water solutlon After the bottom water layer was frozen, the rema}nmg

Cal

upper port1on of the model was packed with glass beads and saturated w1th Qll and water"" :

oy

accordmg to the procedure dlscussed previously. As menti ned earlier, the porosities of
the ﬁgttom water models (36%) were higher than the 7porosmes achieved for the
homogcneous models (33%) Smce the glass beads in the bottom water layer were not
packed usmg the pamcle dxsmbutor the resulnng porosmes were higher-due to a less

uniform bead pack in the bottom water laver

,\_v..'



The bottom water thicknesses achieved in the various expen'mems of this study
ranged from about 8% to 26% of the gross model thickness. The thickness of the bottom
water was somewhat controlled by the volume of the-S% salt water solution frozen in the
model. The larger the velume of salt water solution _fro‘ien in the rhodel, the thicker the
bottom water layer created. The usual volume of 5% NaCl solution frOZen in the model
was 8000 ml, whereas the thrcker bottom water cases used a volume Bf 10000 ml. Emu
control of the bottom water thlckness could not be achieved, because during the saturation
of the upper portion of the model some of the frozen bottom water was contacted-by the
overlying water and oil which saturated the upper model region.. This resulted in some of’
the bottom water melting and consequently being produced.

The actual thickness of the bottom layer created in the model was determined by
measuring the amount ef the 5% NaCl solution that was produced from the model \;vith the
- saturation water. The amount of 5% salt water solution contained in each produced

saturation sample was determined by measuring the refractive index of each sample and
comuaﬁng the measured refractive index-concentration relhtionship given in Figure 5.7,

s :
The points of the graph were determined by measuring the refractive indices of various
NaCl solutions with concentrations between 0% and 5% NaCl. Plotting these measured
‘refracnve indices ylelded a relauvely linear relatxonshrp of refractive index to NaCl

i

concentration. The fracnon of 5% NaCl solutron in the sample was calculated by Applym;,

4

the lever rule to Figure 5.7. The total amount of‘;S% NaCl solution produced from the

model durmg saturatron could be used o determme the amount of 5% NaCl soluuon

remaining in the model Wthh represents the bottom water zone pore volume. In other

words, the approximate amm@:eﬂ)ottom water in the model is k,ann and the amount.of
bottom water lost in the saturation process-is corrected for. The thickness of the bottom
water zone was calculated as a fraction of the total model thickness by dividing‘the bottom

. : ’ b '
water zone pore volume by the total model pore volume. -

T v
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Refractive Index

Figﬁre 5.7 : Refractive Index Vs. Pércentagé
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The packing and saturation proccd}are for the upper region of a bottom water model
was identical to a homogeneous model except that due tQ the presence of the-frozen bottom
water layer in the model, less beads, water and oil were required to pack and saturate the

top portion of the model.
e\ '

Creation of a Gas Cap in the Model .

As was mentioned previously, this jnvestigation was devoted todoil recovery fram-.
rharginal reservoirs.containing bottom watg:an_d/or a gas saturation "gas cap”. By injecting -
a small portion of an inert gas priér to an experiment, it was believed that a gas cap could
be created which would divert the injected fluid away from the bottom water region and
iripo the oil zone. The heat scavenging effects of the bottor.n‘walter zone was believed to be
somewhat mit’ig'ated by the presénce of the gas cap.

The gas cap was created by injecting nitrogen gas into the upper rcgion of the model
which displaéed a small portion of oil in the m;)ael. Prior to a run, a gas cap was fbrmcq
by applying a vacuum to the production Well cnd and then injecting nitrogen into the model
through the -injection well at an injection pressure dbf 1 psig. The low ifjection pressure
was chosen ta prevent.the top granitqbioc;k,from I%ftinngff of the mode,l and?'tgxeaki?/g thg
vacuum seal. To p_ro,\'{idc‘a. consistent gas_injéC'tidn<..;prd§:cdufc for each experiment the

' ) . . - D 3 ) ‘ '
nitrogen gas was injected until no more oil was produced, or one prototype year (12.18

minutes) of «i:* i jection was reached. The volume of the gas ¢ap formed was.assumed to ™ -~

be the amount of oil aisplaced by the 'injeétéai.ga;.’ Nitrogen gaé was 'sele_ct'cd as the gas
_ sinceit is inert and therefore would not initiate a chemical reaction in the model during the
recé&éfy e'xperiments. |

The gas satui‘ations created in the';"gas cap experiments were relatively small apd
ranged erm 0.3% t0 0.6% of the total model pore volume. Sincg the gas sat&rulions were
small it was Concludcd that the injected :gaS'crgatégi a'nafrow gas.channel in the top region

of the bead pack between the injection and pro'dqrcvtiOn wells. This pr'ocedurev was adequate



*A
for the study since it was desrred to observe what effect a gas saturation in the upper reglon

_of the model had on the injectivity of the solvent and steam in the oil zone of the model.
: o - oy )

Conducting the Experiments | B ‘ - o )
While the model was céoling in the-cold-storage compartment other tasks u/ere
carried out in preparation for the experiment. Preparation involved filling the water and
solvent‘injectior; bottles andapplying a vacuum to the water botfles to deaerate the water.
All lines to and from.the model were checked for any leaks and the oil was changed in the
vacuum pumps; | |

- Once the model had cooled to the desired temperature of 30C it was moved out of

65

the cold storage compartment. The thermocouples and pressure transducers¥astalled in the ‘ '

N

model were connectéd to'the MEGADAC data acquisition unit. Test scans were performed

by the MEGADAC on the thermocouples and pressure transducers to determine if tfh'ey
were operatmg properly When all of the thermocouples and pressure transducers were
found to be workmg properly the MEGADAC was programmed for the expenment durin g
whrch the MEGADAC would scan each thermocouple and pressure transducer every thirty
. second$.” During the run the recorded data would be printed anvd stored on the IBM hérd
- disk’drive. Once the MEGADAC( had been initiated.for the expenment the injection and
’ productron hnes were connected to the model and a vacuum was apphed to the productlon

._ -system The steam generator and goth of the Milroyal pumps dehvenng ‘the. water and

steam to the model were actxvated m order to achieve the desired steam temperature

R

(between oOOC and 700C) and quahty The steam Was passed through the bypass lme to:

3

the production system unt11 the requtred steam temperature was reached. thh this .~

temperature reached the bypass was closed and the Mrlroyal pumps for the steam were shut
down ST e
With preparation complete the expenment was ready to begm To initiate the run,

' the producnon well was opened with the vacuum still apphed to the productlon end. The



injection well was then opened and the: appropriate pumps were, activated to inject the
desired fluid into the model. During the solvent-steamflood experiments the desired slug of
solvent (Heavy Virgin Naphtha) was injected into the model followed by the continuous
injection of steam. For the contipuous steamflood experiments, the \steam was the only

fltxid injected into the model. During the experiments. produced liquids from the model

. were gathered in the two, 2000 ml production vessels. As the produced fluid filled each

66

collection ﬂask it was transferred to-a numbered 2000 ml graduated cylmder in which the ]

amount of 011 solvent and water were later measured:

The amount of solvent present in the oil-solvent sample of each cylinder was

determmed by measurmg the refractlve index of each sample. The measured refractive -

indices were compared to the plot of refractive index versus solvent concentration of the
sample (Figure 5.8). The points for the curve in Figure 5.8 were determined by measuring

the refractive index of various Faxam-100 and solvent (Heavy Virgin Naphtha) mixtures at

*_solvent concentrations ranging from 0 to 100%. These measured values were then plotted

STy

to yield Figure 5.8. The amount of solvent in each oil-solvent sample was calculated by =

applymg the lever r(le to Figure.5.8 Wthh prov1ded the amount of solvent in each oil-

solvent sarnple ‘
\

Since the experiments carried out were time- dependent the samples contained in the

graduated cylinders were kept in clvnologwal order SO to measure the changm g amount of

P

" solvent, oil and water in each cylinder as the experiment prOgressed

, . The expenment was contmued until approx1mately two pore volumcs of steam htld o

. been mjected mto ‘the model Upon compleuon ofthe run both the vacuum pump and the = "

Milroyal pump were shut down the model was dtsconnected from the mjr:(.tton and |

production systems and the MEGADAC was turned off. The’gramte block and Teflon

sl

sheet were removed from the top of the model in order to visually analyzedwhat portions of *

the model] were affected most by the recovery pro?ess during the experiment. The amounts

- of oﬂ water and solvent in each cylmder were measured ahdrecorded for future analysis.



Figure 5.8 : Refractive Index Vs. Voiﬁmeirié F&‘aétioh
' of Heavy Virgin Naphtha
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Clean Up of the Apparatus |
thh the experrment complete and all of the run data collected the model and other
,expenmental apparatus gere cleaned in preparation for the next experiment.
rél}he glass beads were first removed from the model and washed with a de greasing
_agent’; "’which removed a majon'ty of the oil from the beads. A laboratory detergent was
‘then used to remove any remaining oil from the beads. T-he beads were then placed in a

five foot tall stamless steel cyhnder where they were dI‘lCd by forcing a1r to flow through

the beads

- Th‘e excess oil, water and beads were cleaned from the model and silicone

remaining on the edges of the fiberglass tray and Teflon sheet were scraped off. Onge the

model had 'been cleaned the bent therrnbcouples were stralghtened to thelr original
posmons and any ‘that were broken were replaced. Fmally, the cylmders and producnm
system were thoroughly emptled and washed “The model was then ready for the next

expenment

‘An'alysis of ‘E_xp.e,r'iimental Data y _
KFoll“_ow-ing each ei;ij:eriment, thc data accumulated and stored by the MEGADAC
“data acquisition unit was arranged in tabular form. The table gerierated for each experiment

“lists the pertment data recorded from each run and from this mformanon oil and scive 1

_ - Tecoveries were determmed Also presented in the table are the percentage of olel\c phase in

each sample bead pack charactensncs 1mt1al and final oil and water saturanons solvent.

and steam 1nJect1on rates and volnme of mJected solvent and steam. The dat; from the table

- was then used to g?nerate a series of descnptlve plots Wthh were analyzed to determine

what occurred, in the model during the experiment and the effectiveness of the recovery

process that was implemented. '
_ . R

12

* Slik No. 5 degreaSer supplled by Baroid of Canada, Ltd., Calgary Alberta 263-8740.
Cost = $ 2.40/ litre.
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The first graph involved plotting the cumulative oil (Faxam-100) recovered versus
the pore volumes of fluids injected iﬁto‘the model. The shape of the curve provided
generalized information on’ the' mechanics‘of thf: run, such a3 ar what s-tage of the
c;(f)erimem waS the bulk of the recovered oil produéed. ipproximately how long it took
breakthrough to occur and how evident the banking of oi. in the model wzs. The recovery
plots of different experiments were compared to determine - “hich recos ery process yielded
the highest and the quickest recovery of oil from the model.

The next two plots created were bar graphs. One plot illustra}es the relationship of
the volume as a percentage of oleic phase for each sample taken versus the cumulative
volume ofl fluid injected. The other bar graph gives the instantaneous nro/duced water-oil
ratio versus the cumnulative volume fluid injected. As with the recovery curves, analysis of
the b&{\plots provided an indication of when breakthrough took place du-r'ing a run as well
asa .1ir‘nited indication of the stability ‘of the displacérriént existing in the modei. . v

Another plot generated from the experimental data was instantaneous oil/stearzi ratio

~versus cumulative oil pfodgced. The plot indicated when breakthrough occurred as well as
when other events took place during a run such as the production of the oil bank at the
production well. S | g

Implementaﬁon of a commercially available contourin g package™ mhde it possible to -
generate temperature profiles of the model at yarioﬁs times throughout the experiments-.‘

Two sets of temperature profiles wére cbpétructed for e.a'ch‘ vexperimé’m. The first
group consisted of isotherms from a top view perspective at different times during a run
(0.25 1o 2.00por}e volumes, every 0.25 pgre volumés i_njecté.d). Since two layers of K
therm?couples‘wcre installed in the model the profile contained two sets of isothgerms, one

set representing the temperature proﬁlé‘ in the upper half of the model and the ,other set

» . ) ) \’ 3 . . ' 3 - - . - .
-~describing the temperature distribution in the lower portion of the model. To distinguish

14

* DISSPLApa proprietary software productaf Integrated SoftWare'S‘y's'tems;‘C‘Iorporation, .
10505'Sorrento Valley Road, San Didg#f Ca. ( T
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between the upper model profile and the lower model profile, a different line type was used
for each set of isotherms so not to confuse the upper and lower sets of contour lines.
* Figure 5.9 represents a sample of a top view temperature profile.

Observation of these profiles may show that in some cases the heat front advanced

faster through the upper part of the model, which was indicated by the uppervi's.other;ns _

$ Lo
extending further out into the model than the lower isotherms. Similarty, if the heat front

- Ny .’. . ' . ~o
was travelhng faster throgg.fx’ the lower section of the model the temperature profile would

-~ indjcate the lower isotherms moving faster than the upper contour lines. .

“various instances throughout an experiment (0.25 to 1.00 pore volumes, every 0.25 pore

volume_s ipjected). Similarly to the top view temperature profiles, the cross-sectional
temperature profiles could also be used to determine how the h‘eat:advaoced through the
3 . o
.model during an experiment. Figure 5.10 re'presevms a'sample of a cross-sectional
temperature profile. |
| Asymmemcal movement of the contour lines in the profiles. m'1y have been duc 10
non- umform movement of the heat.front, caused by such factors as an irregularity in the
bead pack ora vanauon in the saturation However some deviations in the contour lines
resulted f_rom shortcomings of the contouring package used. For examp]e; cases existed

where an isotherm’ overlapped itself or where two different isotherms crossed over one
. N

“another. In other instances, the contouring package improperly interpreted the existence of

zero degree isotherms which we . present. It was concluded that these defects were

due to imperfections in the softw. -’ the contouring package. Despite the defects in the-

contouring package, the temperature profiles created gave a fair representation of the heat

. o
~ The second group of plots gave crogs secnonal temperature proﬁles of the model at

front moilemeot through the model. Keepmg in mmd the defects of the contouring

‘ package the temperature proﬁles were unhzed to mvesngate the heat ddvance in the model

for each expenment.
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The plots and temperature p?oﬁles generated.:fo,r each experiment were é_ompared

with those for other runs in order to e);amine the vfariation in production. response énd
overall oil recovery caused by altering the recovery techniques, experimental i)arametegs or,_
run conditions. Some of the run parameters varied w  the thickness of the bottom waéer'
layer, the prcscnéc of bottom water arid/or a gas cap, the injection of a solvent slug prior to

steamflooding, the solvent slug size, and the injection and production intervals.

4
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Ch'apter VI

Dlﬁ&ﬂiﬁmn_ﬂuhmmhs - . "‘“. HI\\ !
Presentation of the Results
The following' ch’aptef_is a discussion of the results of the present cxpcfimerﬁal
study, Lisingv the low pressure, scaled model for investigating the steamflood process under
bottom WQter conditions. The main erhp’hasis of the study was on the use of a small
amount of solvent with steam in an attém'ptﬁtc')iimprove the s;qamﬂood efficiency. The
purpoée of using sol\}_énts inco inja;ibn with steam was to incre?lse steam injectivity in the
oil zone, and create an initial flow path £n the oil layer to diVeh»thc_steam purtinllyv from the
underlying water. The results of experiments using other strategies to better thc: 'stcu'mﬁood
efficiencies are included. Also provided in the section is a theoretical heat flow analysis
performed on a selected steamflood experiment.

Various types of experiments were performed during the research investigation.
Table 6.1 lists the pertinent values and results for all the gxperimcnts conducted durin g this
investigation. The first group of runs consisted of base experiments which were compared
with later experiments in order to observe the effecfs’ of different parameters such as solvent
injection, solwent slug size, bo‘t‘tom water thickness, gas‘ injection, injectiOn-préduction
interval locations and the use of alternative recovefy schemes. These base cxpeﬁnncnts '
involved a continuous solvent ﬂoo@a homogeneous mbdel, a solvent—steamﬂc()od in 4

homogeneous r%odel ;;nd a steamflood with prior gas injection in a bottom model.

There were numerous, different runs carried out after the pfeliminary base
experiments. A serie‘s of these proceeding experiments examined the effect of solvent slug
size on oil recovery by a steamflood for cases of bottom water and no bottom water. Also
studied was the effect of bottom water thickness on steamflood and solvent-steamflood
responses. From these experiments one was able to determine if and!why a solvent-

steamflood was more effective than straight steam injection when bottom water was

74
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present. The effect of gas injection‘ prior to steamflooding on oil recovery from
Eomogcncous ar;d bottom water formations was studied in another set of runs. A similar
group of experiments examined the change in oil recovery due to gas injection prior to the
solvent-steamflood of reservoirs with or without a bottom water zone. Other experiments
investigated the effect of injcction-proddction interval locations. Another set of runs
considered the implemontation of a physical barrier between the oil and water zones during
a steamflood to divert the steam away from the bottom vs)ater. In other experiments thc‘('
model was waterflooded prior to sol\%,ient and steam iojcction. A map of the various
CJ-cperimcms conducted is provided io Figure 6.1, where the abbreviations in the figure are
the same as used in Table 6.1. '

The correspondmg tables and figures (recovery curves, bar plots and oﬂ/steam rzmo

plots) for each experiment are included throughout the chapter as each expenment is

3
r

discussed. -Thg two sets of temperature profiles (top view and cross-sectional VIC:W) are
rcfcr;od to ‘_t‘hroughout the discussion and are grouped in Appendix A, in view of ‘the
massive volume of data processed.

The ﬁnal stage of the research study involved a theoretical heat flow analysis of a
steamflood. The analysis consisted of estimating the growth and volumes of the steam
‘zone and hot water region during. the steamﬂood using three classical steam injection
 theobies developed by Lauwerier 68, Marx and Langenheim 5 and Mandl and Volek 69, A
heat balance of the modell'was performed throughout the steamflood in order to estimate the |
amount of heat lost from the model_ during tl:e experimen;. The results of the analysis are
provided in tabular form and are idcluded throughout the discussion of the heat flow
: apalysis. The four computer programs developed and implemented in this analysis are
provided in Appendix B. These programs utilized the theories of Lauwerier, Marx and
Larigenheim and Mand] <&nd Volek, as wéll‘ as performing a hoat balance in order to yield
cstimatos of the genéralized heat trénsfer béhavio,ur that occurred in the model during an
experiment. I .

¢ ‘
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Steamflood versus ‘Solvent-Steamflood Process
The steamflood process which is also known as‘a steam drive or steam
diSplacement is a very imponant heavy oil recovery technique. Steamfloadin g is analagous

PS

to a waterﬂood in that steam is injected into the reservoir on.a pattem basis, as in a
waterflood. It has been reported 62 that a steamflood can be used quite effectively in light
and moderately viscous oil reservoirs, also.

During a steamflood, stez;m is injected into the injection well vresu‘lting in the
creation of a stea.rﬁ zone which expands radially outward from the\ipjector into the reservoir
as more steam is injected. The hot condensate leavi. ; the steam zone cregtes a hot
waterflood in front of the steam zone. As the hot condensate cools down to the .forma_tion
temperature, it creates a eold waterflood effect ahead of the hot water and the steam zones. .
Therefore a steamflood Erocess consists of a steam zone, a hot waterflood }_one, and a cold
waterflood zone. The oil recovery is due to the recovery mechanismsoperating in each of
the zones. “

The steam zone which is at an approximately constant temperature T is the most / ’
» essential comnponent of a steamflood." Oil in thlS region is highly' mobilized by thé heating
effect of the steam and is displaced by the gas.drive effect of steam. Also the thermal
) expansmn of oil further mobilizes the oil, and steam dlstlllatmn of hghter fractions of the oil
helps to lower the oxl saturatlon as well. T

The mobilized oil is displaced and banked up ahead of the steam zone in the
condensateregion. Before the steam invades the oil regien ahead of the steam 2one, the

_ ©
urfdisturbed oil zone' has already been swept by the cold condensate and then the hot
condensate. In essence, the advancmg steam zone contacts the same oil saturauon whether

the formation is previously waterflooded or not. An illustration of the dlfferent regions that"

exist in the reservoir during'a s_teamﬂood is provided in Figure 6.2.

s
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Excellent areal coverage is usually obtained during.a steamflood due to the gravity
ae‘:

segregation bf the steam which causes the steam to rise up through the formation until it

condenses. Gravity segregation of the steam is always present and ckg limit vertical sweep
in thick reservoirs.

. The efficiency of a steamflood process is strongly dependent on formation thickness,

—

steam quality, steam temperature and the presence of bottom water, since these factors

determine the rate of growth of the steam zone.

The presence of a bottom water layer in a thin heavy oil formation is-undesirable since

80

it provides a highly conductive flow path for the injected steam to underride the oil layer.

This lowers the thermal efﬁcie'ncy of a steamflood because a majority of the steams heat is

scavenged by the underlying water. ' d

The solvent-steamflood process is quite similar in néture to a steamflood except that a
small slug of solvent is injected into the formatien prior to steamflooding. The injected
solvent channels directly into the oil region. which forms an initial ﬂow path for the steam,
Therefore the heating effect of the steam can be more effecnvely utilized to mobllxze and

displace the oil in the reservoir. A schematic diagram of the solvent-steamflood process is

given in Figure 6.3.

i
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Thiz heavy oil formations, with underlying water are considered to }be uneconomic
for a conventional steamflood for reasons discussed previously. Therefore the purpose of
using solvents in combihation with a steamflood is to improve steam injectivity in the oil
zone, and create an initial flow path in the oil layer in order to divert the steam partially

. ¢ .
from the underlying water. It is believed that the’solvent-steamflood process can be a

economicaliy viable heavy oil recovery method. , | &

—

Typical Steamflood History in a Bottom Wﬁer Reservoir
To obrain 2 bctt? understanding of the prod’uction history of a typical steamflood in
a bottom water formation, consider Run 39, which consisted of a steamflood in a bottom
water model. The purpose of the experimeﬁt was to provide one with reasonable insight
into what results were to be expected in a continuous steamflood of a thin heavy oil
formation, with underlying water. The model used in Run 39 had a bottom water layer
" thickness which was 12.5% of the gross model thxckness 1e one- elghth of the model
thlckncss The experimental results of Run 39 are listed in Table 6.2. o o
The net oil recovery of Run 39 was 16.8% which was substantially less than the

recovery yielded by Run 26 which was a conventional steamflood of a homogeneous



W,

L

8

model. The oil recovery in Run 26 was 31. 8% as reported by Proctor, George and ¢

Farouq Ali 63, which indicates that the bottom 1 wpter layer in Run 39 had an adverse effect
on the effectlveness of the steamflood process.

The recovery curve crcated for Run 39, given in Flgure 6.4, appeared to be a f.urly
linear relanonshlp W1th no dras*i< increase or drop in the 011 recovery at any time dunng the
experiment. This suggested that the steam preferentially flowed unde"neath the oil [
into the less flow resistant bottom water reglon_cil;e— to lower steam injectivity of the above
oil layer. Therefore a majority of the steam heat was scaven_ged by the underlying water

zone. Due to the bottom water layer, the formation of a well-pronounced steam zone and

oil bank in the model was inhibited which resulted in an unstable steam displacement of the

N,

- oil and thus a poor oil recovery. : : ‘\\ 5

Two bar plots of voiurne as a percentage of oleic phase in each sample taken versus
cumulative volume injected and instantaneous produced water-oil ratio (WOR) versus
cumxl;llative volume injected were generated from the results of Run 39 and are provided in
Figures 6.5 and 6.6, respectively. As well as)indgcating little oil production, both plots
gave no indication that a well-defined steam bfeakthrough occurred during the experiment.
It was therefore concluded tl{lat a very unstable steam displﬁcemer’kexistcd in mé model due
to a poorly developed stearfi zone. The absence of a pronounced steam breakthfbugh and
‘the lack of an established steam zone both pertained to the presence of bottom wster in the

model.

N

F_gure 6.7 provides a graph of instantaneous oil/steam ratio versus cumulative oil

produced for Run 39. The plot does not have a very drastic rise in the oil/steam ratio

values during the first part of the experiment which again suggested that the steam

r

7/
displacement of the oil was not as efficient during the steamflood process due to the bottom
water zone.
The top view temperature profiles given ir. .gures A.1 through A.6 and the cross-

/ sectional temperature-profiles proVided-_in Figures A.7 through A.10 for Run 39 illustrate

el
3
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Figure 6.5 :Run 39 Continuous Steamflood
Oleic Phase In Each Sample Vs. Cumulative Volume Injected
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Figure 6.6 :Run 39 Continuous Steamflood

Instantaneous Produced WOR Vs. Cumulative Volume Injected
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that the- injected heat of the steam advanced faster throughlthc lower half of the model than
the upper section. The heat travelled faster through the lower section of the model since the
steam had a higher injectivity in the underlying water zone than in the highly viscous oil
layer. Therefore less of the injected steam was utilized to moutlize and displace the oil i;l
the upper portion of the model due to the heat scavenging properties of the ‘bottom water
zone. Only at advanced times heating Aof the upper oil la)ier was significant cnbugh to giQe
additional oil recovery, and arrest the drop in oil/steam ratio. | ,
All of the plots and temperature profiles for Run 39 indicated tha‘t thc' presence of

bottom water during a steamflood process had very unfavourable effect on the total

amount of oil recovered from the model. The lower steam injectivity of the viscous oil

[
3

zone forced thé steam t.o flow éto the underlying water which hindered the growth of the
steam zone in the model’ The laék of a steam zone allowed for a poor steam displacement
of the'inplace oil and therefore less oil was mobilized and di§p1aced by the injected steam.
The consequence of this inefficient displacement was a reduced oil recovery. The results of
Run 39 enableci one to achieve a better idea of what to expect during a continuous

steamflood of a bottom water formation.

o]
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Base Ekperiments for Comparjison Purposes

A wide range of base exper;ments were caﬁ'ied out during the re.selarch. The data
collected from theseibase runs were used to determine the injection properties of the solvent
in the-oil-saturated model. The results of the base experiments were also compared with
later experiments to decide what effect such parameters as solvent slug injection, solvent

slug size, bottom,water thickness, gas injection, injection-production interval location and a

physical barrier had on the. oil rcco/very and thermal efficiency of a steamflood process

_implemented in a thin héavy oil formation, with underlyihg water.

The ﬁrs-t base run was a continuous solvent flood in the horpqgeneous (i.e. no
bottom water) model. The intention of the solvent ﬂoqd was to enablc‘one to estimate the
injection behaviour of the solvent in the homogeneous model during the experiment.
Another series of base experiments involved implementing a solvent-steamflood process in
a homogeneous modell. The results of these runs were then be cémpared to later sqlvent-

steamflood experiments carried out in a bottom water model. The r-ncess of gas injection

prior to-a steamflood of a bottom water model was conducted in + r to represent a base

¢

run which could be compared to the results of solvent-steamflood runs carried out in a
bottom water model to determine how effective the use of a solvent slug prior to

steamflooding would be.

Continuous Solvent Flood

kY

Run 40 involved flooding a oil-saturated, homogeneous model with the chosen
solvent (Heavy Virgin Naphtha). Table 6.3 lists pertinent data recorded from (Run 40 such
as the oil and so'lven't fecoveries obtained during the experiment. Productiop began shortly
after solvent injection” was initiated and the majority of fhis prfjduction was solvent,
suggesting that solvent breakthrough occurred almost'imm_ediately. This indicated that

solmgnnelling occurred almost immediately and thus the solventflood was an unstable
_ . :
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displacement.” The cumulative oil recovery curve (Figure 6. 8) is smooth and gradually
increases, also suggesting that an oil bank did not form i the model during the experiment.

All samples taken during Run 40 were mostly solvent with the remainder of the
sample being oil as is evident in Figure 6.9. The gradual drop in oil cothent of each sample
and lack of pressure fluctuations. at the production well during the solventflood again
suggested that a poorly defined oil bank forf_rled due to immediate solvent channelling
which is'characteristic of an unstable displacement. »

Figures‘A.ll through A.18 display the top view temperature profiles of the model
at upper and lower levels for every 0.25 pore volumes for the first two pore volumes of
solvent injected during the experiment. The injected solvent was at room temperature
(219C) which was different than the initial model temperature of 39C. The solvent was not
at the same temperature as the model so that the temperature proﬁles could provide a better
. indication of where the solvent was going inthe model during the run. These temperature
cointours indicate that the solvent advanced faster through the lower portion than the upper
region of the model. The first few profiles also suggest that solvent channelling was quite
prevalent in the model. The cross-sectional temperature proﬁles for the first pore volume
of solvent injected a{égrven in Figures A.19 through A.22 and also illustrate that the
solvent tended to channel in t- 2 lower haif of the model throughout the experiment.

During the initial stages of the run, channelling started soon after solvent injection.
As the run progressed\the solvent was dlspersed transversely outwards from the swept
zone causin g‘an increased oil mobility in parts of the unswept region. The newly mobxhzed
- oil of the unswept area entered the main solvent flow path resultmg in the growth of the
swept zone. A gradv'al rise in the cumulatrve oil recovery- then occurred due to the
subsequent production of this newly mobilized oil. The rise in cumulative oil recovery

could also be partially attributed to the flowing solvent further reducing the oil saniration in

the swept zone. The overall low oil recovery was due to solvent channelling creating a
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Figure 6.8

:Run 40 Solventflood of Aberfeldy Model

Cumulative Oil Recovery Vs. Cumulative Volume injected
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Instantaneous Oll Produced, % in Sample

Figure 6.9 :Run 40 Solventflood of Aberfeldy Model
Instantaneous Oil Produced Vs. Cumulative Volume Injected
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small swept zone that prevented an oil bank from dcvelbpihg and a stable displacement

from being realized. /

g

, Thé oil recovery for Run 40 was relatively poor at 26.75 % which is comparable to
previo_us waterfloods such as Run 7 (26.47 %) and Run 22 (25.91 %). Cumulative
solvent recovery was at 89.52 %. The high solvent recovery was due to the immediate gnd
contipuous solvem channelling towards the production well during the run which resulted
in less solvent being left in the model as a residual hyé;ocarbon saturation.:

From the experimental results of Run 40 it appeared that the solvent channelled
through the oil immed‘ivately upon injection and continued to do so throughout the
experiment. This type of injection behaviour of the solvent was desirable in the context of
a steamflood, because the solvent channels formed would aid in increasing the injectivity of
steam into the oil during a steam injection process. The higher steam injectivity could allow
- asteam injection process to be more thermally efficient since less of the s‘teams heat would
‘be loét to such heat sinks as overburden, underburden, adjacent format'rdns and bottom

water zones. Therefore the injected steam could be utilized more effecnvcly in mobilizing

and d1splacmg the in-place oil.
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Solvent-Steamflood \
Runs 44, 45 and 46 involved injecting a small solvent slug into an oil—saturated,\
homogeneous model prior to a continuous stearnflood. Tables 6.4, 6.5 and 6.6 present the
pertinent data and results for Runs 44, 45 and 46, respectively. These runs were designed
to evaluate the reproducibility of the experimental reshlts and gam experience with this type
of experiment. k
The purpose of the solvent slug prior to steam injectioﬂ was to create solvent
channels into the oil region through which the injected steam cvould» more easily penetrate
and thus, more efficiently mobilize the oil. Since more oil could be mobilized and
displaced, a larger oil bank{ (actually solvent and oil) would form and a more stable steam
. displacement wouid result. The gréater stability of the steam injection process resulted in a
| prolon géd time until stéam breakthrough and an improved overall oil recovery.

The solvent slug size used in these experiments was 10 % of the pore volume. This

value was chosen because Alikhan 64 stated that beyond a particular slug size, which he

found to be about 10% of the pore volume depending upon the viscosity contrast between’

q

the oil and the solvent, the solvent slug would not be efﬁciemly produced and the net result

would be a decrease in total oil anc} solvent recovery.
Comparing the oil recovery curves for Runs 44, 45 and 46 (Figures 6,10, 6.14 and
6.18, respectively) to that of Ru.n 40 (Figure 6.8) it is evident\tilat the shap}c‘:s of the
» solvent—iteamflood curves are not as smooth as Figure 6.8 where only the solvent was
ir}jcctcd continuously. In the very earl%z stages of the solvent-steamfloods the oil recovery
r(;sc quite sharply. The steep increase in the recovery curves (Figures 6.10, 6.14 and
6.18) represented thé’ oil and solvent, posiﬁoned ahead of the steam zone, forming a bank
in the vicinity of the production wéll whiéh was subsequently produced during the initial
stages of the run. The curve then gradually started to level off AUe to the breakthrough of

the steam and water at the production well. The steam breakthrough resulted in a less

stable, less efficient displacement and led to a drop in oil product?én as illustrated in

95



Figures 6.11, 6.12, 6.15,(6.16, 6.19 and 6.20. After the solven_t-steamﬂood recovery
curves began to level off these curves once again started to increase and were shaped
similar to thc; latrer part of the solvent flood recovery curve. The gradual rise in oil
production was caused by additional oil being mobilized in the unswept and swcp&’fbnes.
Oil recovered from the unswept region was mobilized (viscosity reduction) by the he.mng
characterlsncs of the steam. The oil produced from the swept zone was also recovered due
"to the heating properties of the steam which lowered the viscosity of the remaining oil and
further reduced the oil saturation in the swept region. The final stages of the solvent-
steamflood curves were not as smooth as the solvent flood curve due to small humps
existing near the end of the solvent-steamflood curves. Th« e small humps were probably
linked to small pockets of oil in the swept regioﬁ that were lially mobilized and produced.
The bar plots of volume as a p.ercentage of oleic phase in each sample collected
versus the cumulative volume injected fo; Runs 44 (Figure 6.11°, 45 (Figure 6.15) and 46
(Figure 6.19) were similar to one another. The peaks represent in_creased oil content in
production and the lows reflect a decrease in the oil content of the production. The highs
and lows of these plots correspond quite closely to slope variations in the recovery curves.

An increase in the recovery cutve slope indicates a rise in oil production and a decrease

96

reflected a drop in oil production. Figures 6.12 (Run 44), 6.16 (Run 45) and 6.20 (Run -

46) are bar graphs representing instantaneous water/oil ratio versus cumulative volume

injected. For Figures 6.12, 6.16 and 6.20 the peaks are increases in the water/oil ratio of

the instantaneous production and the valleys indicate drops in the instantaneous water/oil

ratio. -The highs and lows for Figures 6.12, 6.16 and 6.20 also éorrcspond reasonably

well with the slope variations of the recovery curves.

Figures 6.13, 6.17 and 6.21 are plots of instantaneous oil/steam ratio versus

cumulative oil produced. A distinct peak in the oil/steam ratio occurred for all three runs
between 10 é.nd 20% production of thé"\efiginal oil in place. After the peak the curve drops

. and then gradually levels off. The peak represents‘the oil produced due to the steam
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Figure 6.10 :Run 44 SoIveni‘—Sfmmflood

Cumulative Oil Recovery Vs. Cumulative Volume Injected
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:Run 44 Solvent—Steamfliood

o Figure 6.11
Oleic Phas~ In Each Samp

le Vs. Cumulative Volyme Injected
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:Run 44 Solvent—Steamflood

Instantaneous Produced WOR Vs. Cumulative Volume Injected
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Instantaneous Oil/Steam Ratio.

m

! Figure 6.13 :Run 44 Solvent—Steamflood ‘
Instantaneous 01l/Steam Ratio Vs. Cumulative Oil Produced
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Figure 6.14 :Run 45 Solvent—Steamflood
Cumulative Oll Recovery Vs. Pore Volumes Injected
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:Run 45 Solvent—Steamflood

Figure 6.15 , .
Oleic Phase in Each Sample Vs. Cumulative Volume Injected
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d WOR Vs. Cumulative Volume Injected

:Run 45 Solvent—-Steamflood

Figure 6.16
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Instantaneous 0Oil/Steam Ratio
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Figure 6.177 :Run 45 Solvent—Steamflood
Instantaneous Oil/Steam Ratio Vs. Cumulative Oll Produced
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Cumulative Ol Recovery, % OOIP

Figure 6.18 :Run 46 Solvent-Steamflood

Cumulative Oil Recovery‘ Vs. Pore Volumes Injected
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Figure 6;19 :Run 46 Solveﬁ?—SfeamfioESd“‘\
OleicPhase in Each Sample Vs. Cumulative Volume Injected
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:Run 46 Solvent®Steamflood

eous Produced WOR Vs. Cumulative Volume injected

Figure 6.20
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Instantaneous Oil/Steam Ratio

N

. Flgure 6.21 :Run 46 Solvent—Steamflood
b@"rgn‘faneous Oil/Steam Ratio Vs. Cumulative Oil Produced -
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sweeping the model and creating an oil bank. Production of additional oil from the

unswept and swept areas was indicated by thecg\riagfq”al decline of the curve after the peik.

\ Opposite to what occurred in the solvent flood, the top view temperature profiles

for Runs 44 (Figures A.23-A.30), 45 (Figures A.35-A.42) and 46 (Figures A47-A.54) . -

indicate that the steam advanced faster through the upper level of the/modcl than the lower

section. The heat also appea.rs to be moving slightly faster in the i;pper half of the model”

according to the cross-sectional temperature profiles provided ip Figures A.31-A34 (Run
44),‘ Figures ~.:3-A.46 (Run 45) :and Figures A.55-A.58 (Run 46). The fz_lst‘cr heat
advance in the upper section of the model was probably due to the'gravity'sregrcg: A
behawour of the steam in which the less dense steam tended to rise in the fonmnon
During thé initial stages of the solsent steamflood the solvent slug channcllcd into

. the oll zone and created a less resistant path for the steam to travel into oil, thdn would exist

by snnply injecting steam into an undisturbed oil region. This allowed the steam hcat to be

used more effectlvely to moblhze and d15p1ace the oil. The mobilized oil and solvent

“banked up at the producuon well 'Jatmg a pressure bulldup at the well. .Once the banked

up oil was produccd and steam breakthrough occurred the high tcmpcmturc steam

continued to sweep through the model producing addmonal 011 from both swqgt ‘and

il
unswept reglons The low solvent recovery of 33.1% in Run 46 is attnbu’ﬁ.k @@*'L‘ié“’fmghcr

water saturation in this run, which caused greater trappmg of the mJected s&iﬁ*&
solvent recoveries for these runs were much lower than the solvent recovery of the soxvcnt

flood because less extensive channelling took place during the solvent-steamfloods and

¢

~ therefore more solvent mixed with the oil. This resulted in more solvent being trapped in

the model as a residual hydrocarbon saturation. The three solvent-steamfloods required
‘less solvent than Run 40 which also contributed to the lower solvent recovery. The use of
the solvent slug before stea'fn/i;jection in the three solvent-steamflood experiménts allowed
thé steam to contact a large area of oil which rt;sulted‘in a more stable displacement of oil

-~

than in the case of a solvent flood (Run 40). o

a



Oil rccoveﬁe§ fc;r Runs 44 (27.1% OOIP), 45 (30.0% OOIP), and 46 (27.7%

OOIP) were higher than that obtained for Kun 40 (26.8% (OOIP). However, the oil

rccovcry“for the solvent-steamflogds was 'abohf the same .as previous continuous

steamfloods such as Runs 26 (31.8% QOIP) and 27 (32.2 % OOQIP), reported by Proctor,

Gcoréc and Farouq Ali 63. Therefore using a solvent-stearnflood process does not appear

to bc.‘ as economically attractive as a conventional steamflood performed in a homogeneous

model. I-iowever, iﬁ the case of a hcavy_bil formarion.without bottom water and displﬁying

a very low steam injectivity the implementation of solw)eht injection wohld help to raise

-steam injectivity. This'would make steam penetration more extensive in the oil and

, »
therefore increase recovery compared to a conventional steamflood. The use of a solvent-

113

steamfload process in a bottom water formation may also be better suited than a

‘conventional steamflood process, which will be discussed later in this chapter.



~ Steamflood of a Bottom Water Model With Prior Gas Injection

It is believed that injecting a small pomon of inert gas before pertormmgj Hl
steamflood, a flow channel would form, which would divert the injected steam away from
the bottom water region and into the oil zone. This would aid in minimizing the heat
scavenging effects of the bottomwater zone. The process of gas injection in combination
with a conventional steamflood was first perforined in a bottom water model which
represents a base experiment.

‘Runs 60 and 61 investigéted oil recoveries of a steamflood performed on a bottom
mddel which contained a gas cap. The recoveries were carefully studied in order to
determine the effectiveness of a steamflood in a reservoir contairiing a gas cap and bottom
water layer. Tables 6.7 and 6.8 provide a list of the results for Runs 60 and 61,
respectively Bottom water thicknesses were 17. 6% and 12.1% of the gross model
~ thickness for Runs 60 and 61, respectively, and the initial gas'saturations were 0.3% and
0.4% for Ruris 60 and 61, respectively.

Runs 60 and 61 consisted of creating a gas cap iii a bottom water model prior to a
co‘pvéntional steamflood. The gas cap was crga_ted by injecting nitrogen gas which
displaced a small portion of oil in the model. The vohime of the gas cap was co.nsidcred to
be the ainount of oil displaced by the gas. Nitrogen gas was chosen since it was an inert

\

gas and therefore would not initiate a chemical reaction in the model during the gas injection

experiments. Since the initial gas saturation was relatively small the gas cap developed in

the upper portion of the model and probably-consisted of a small narrow channel extending .

from the injection well to the production well.

The recovery curves of Runs 60 (Figure 6.22) and 61 (Figure 6.26) gave an early

indication that the presence of a gas cap and bottom,wat@z‘hindcre_d the overall oil recovery.

The oil reéovery for Run 61 (19.5% OOIP) showed a higher recovefy than Run 60 (13.6%

OOIP) due to the thinner bottom water zone present in Run 61. The thinner bottom water

114
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layer resulted in less of the steams heat being scavenged and thus, more oil was mobilized
and recovered during Run 61. ‘
The bar plots of volume as a pefcentage of oleic p.hasé: vcach sample taken versus
: cumulativ; volume injected and instantaneous predﬁcec'i WOR Versus. cumu}ative volume
injected are prov1ded for Runs 60 (Fig. 6.23 & 6. 24) and 61 (Flg 6. 2’7 & 6. 28) The
values of instantaneous hydrocarbon produced were relatwely ‘low and there was no
eyldence of a prevalent peak in either of Figures 6.23 or 6.27 indicating that a well defined
"steam breakthrough did not occur during either experiment. Therefore a very unstable
displacement appe’ “ed to exist during Runs 60 and 61, as also‘indicated by Figures 6.24
- and 6.28. It was concluded that a majority of the injected steam flowed into the underlying
bottom water or passed over the oil region into the gas cap. o
| The p.ots of instantanzous oil/steam ratio versus cumulative oilaproduced are
displayed in“Figﬁres 6.25 (Run 60) and 6.29 (Run 61). Due to the thicker bottom v&;ater '
zone, Run 60 shows smaller oil/steam ratio values than Run 61. The oil/steam ratio curves
in Runs 60 and 61 are quite different. In Run 60, steam clearly dlsplaced the oil efﬁcxemly

at first, but later breakthrough occurred, and the oﬂ/steam ratio dropped. To a first

approximation it can be said that the oil/steam ratio was relatively constant at.0.075. In

o’

Run 61, on the,other hand, although the oil/steatn ratios are generally higher than those #°

Run 60, the oil/steam ratio steadily dreps. Overall the oil/steam ratio values for both
experime‘nts were low, which suggested that the underriding of the oil by the injected steam
into the bottom water zone was quite prevalent in Runs 60 and 61 due 1o the Jack of steam
penetration into the oil layer. o . x,

Study of the temperature profiles for Runs 60 (Fig. A. 59-A.66) and 61 (Flg A 71-

A 78) revealed that the injected heat advanced much more qulckly through the lower region

of the model -d4€ to the steam underriding the oil layer into{the‘bottom water. The cross- "

sectional temperature profiles given in Figures A.j67—A.7O (Run 60) and Figures A.7%
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Cumulative Oll Recovery, % OOIP

Figure 6.22 :Run 60 Gas ln\}ecﬂo,r;'Prlor.fo Steamflood
Cumulative OljRecovery Vs. Pore Yolumes Injected
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Figure 6.23 :Run 60 Gas Injection Prior to Steamflood
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Instantaneous Oil/Steam Ratio

Figure 6.25 :Run 60 Gas Injection Prior to Steamflood
Instanteous Ofl/Steam Ratio vs. Cumulative 01l Producedq
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Cumulative Oil Recovery, %Z OOIP
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Figure 6.26 :Run 61 Gas Injection Prior to Steamflood
umulative Oil Recovery Vs. Pore Volumes Injected
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6.27 :Run 61 Gas Injection Prior to Steamflood
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Figure 6.28 :Run 6 .u: Injection Prior to Steamflood

Instantaneous Produced V. UR ‘}s. Cumulative Yolume Injected
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Instantaneous Oil/Steam Ratio
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5. Flgure 6.29 :Run 61 Gas Injection Prior to Steamflood
‘Instanteous Oil/Steam Ratio vs. Cumulative Oll Produced
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A.82 (Run 61) illustrate the prevalent heat scavenging nature of the bottom water since the
heat appeared to travel faster in the lcwer section of the model.
| It was concluded from the results of Runs 60 ane 61 that the presence of a gas cap
- during a steamflood of a bottom water model tended to‘partial‘ly divert the steam away form
the bottom water so that it could be used more effectively to heat up and mobilize the oil
nregi'on. Cémparison of the recoveries (Figure 6.36) of Run 39, a conventional steamflood,
and Run 61, ”a steamflood preceded by gas injection, which had similar bottom water
thicknesses, indicated that the presence of a gas cap somewhat improved the initial recovery
response of a steamflood performed in a bottom water model. Also a comparison of the
other plots gengrated for Runs 39 and 61 indicatcd steam breakthrough occurred sooner
and was less distinct in the case of:l}}un 39, which again confirmed that the implementation
of a gas cap has the vpoterm'a'l to ir,x{prove the oil recovery during the steamflood of a bottom
water formation. | |
" From the results of Runs 60 ans 641- the implementation of a solvent-steamflood
process in a model with a gas cap and bottom water may further improve oil recovery by

partially diverting more injected steam away from the detrimental bottom water zone.

£,
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Figure 6.30 :Comparison of Steamflood Run 39 & Gas lniécﬂon'Prior to a

Cumulative Oil Recovery, % OOIP

Steamflood Run 61 Recoveries Performed in a Bottom Water Model
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Effect of Solvent Slug Size on Oil Recovery“by a Steamflood

It was important in this study to determine the effect of different solvent slug sizes
on the overall oil recovery of a solvent—stea’mﬂood process. By determing the effect of
solverlt slug size, an optimal slug size might be established in order to increase oil recovery
of a-solvent-steamflood process. ¢ |
Run 65 was conducted to investigate the effect of varying the ameunt of solvent

injected into a bottom water model prior to steamflooding. The experiment involved

doubli'ng the solvent slug size from 10% of the model pore volume to 20%. The bottom

water layer in the model was thick (19.6% of the gross model thickness). Jhe results of

(_5 1
Run 65 are provided in Table 6.9.

The oil recovery yrelded in Run 65 was 19.8% of the original oil in place. The

recovery curve of Run 65 is given in Figure 6.31. Runs 53.and 54 involved solvent-

steamfloods of bottom water models wrtl)}gfreasonably thick bottom water thicknesses of

15.2% and 12.2% of the gross model thickness, respectively and a solvent slug size of

10% of the model pore volume. These two similar experiments were compared with Run
65 in order to determine the effect 'of a larger solvent slug. The sha.pe of the curve in
Fiéure 6.31 was similar to that of the recoyery curves obtained in Runs 53 ana 54 even
though Run 65 had a greater bottom water thickness: Thrs suggested that the increase in
the solvent slug: 51ze< to 20% of the model pore 1\;olume somewhat improved the overall oil
recovery. Due to the thlck bottom water layer, the loss of mjected solvent to the bottom
water was prevalent, explaining the solvent recovery of 73.0%. However, solvent
recovery was still comparable to the solvent recoveries of Runs 53 and 54 which were

54.4% and 89.8%, fespectively.

The bar plots of volume as a percentage of oleic phase in each sample"collcctcd

versus cumulative volume injected and :iri’§f§ntar’teous produced WOR versus cumulative

volume injected are provided for Run 65 (Fig: 6:32 & 6.33). It was observed from

-
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F},gures 6.32 and 6 33 that Run 65 required ionger for steam breakthrough to occur,
compared to the snteam breakthrough ttmes for Runs 53 and 54. The longer steam
breakthrough time was probably due to the larger solvent slug used which mobilized and
dtsplaced more of the in-place oil than the 10% SQIVent slug run. Therefore a larger volume

of' %lv‘%g,t and 011 banked up at ¢\‘e proddcuon well Steam breakthrough swas prolonged

because of the larger o,rl/solvent bank at the productlon well which required longer to be

9
. ot

produced PN '

The plot of instantaneous m%@team ratio versus cumulative oil produced for Run 65
gs provided in thure 6.34. Comparing the similar plots of Runs 53 and 54 it was noted
that the initial values of oil/steam ratio in Figure 6.34 were much larger than the initial
oil/steam ratio values for Runs 53 and 54. This suggested, as did the pr_eviously discussed
bar plots (Figures 6.32 & 6.33), that a larger oil/solvent bank formed at the production well
during Run 65. It seems that one-half of the oil is displaced very efficiently with large
oil/steam ratios. Following that :am seems to channel into the water and recovery slows
down. Asmore oil was produced the oil/steam ratios of Figure 6.34 dropped until they
were less than the later oil/steam ratio value's for vRuns 53 and 54. The thicker bottom water
layerr present in Rurt 65 appeared .to be more prevalent during the final stages of the
experiment. |

The temperature profiles for Run 65 are given in Figures A.83-A.90. Careful
examination of the temberature profiles revealed that the injected heat travelled at about the
same rate irt both the upper and lower sections of the model during Run 65 as cornpared to
Runs 53 and 54, despite the thicker bottom.water layer of Run 65. ;fhis would indicate that
the larger solvent slug created more extensive channels in the oil zone allowing the injected

steam to be more efficiently used throughout the oil region instead of being lost to the

' - bottom water. The cross-sectional tetnperature profiles in Figures A.91 through A.94 also

indicate this.
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Cumulative Oll Recovery, % OOIP

=

Figure 6.31 :Run 65 Solvent—Steamflood With Bottom Water
Cumulative Oll Recovery Vs. Pore Yolumes Injected
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Figure 6.32 :Run 65 Solventflood—Steamflood With Bottom Water
Oleic Phase in Each Sample Vs. Cumulative Volume injected
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Figure 6.33 :Run 65 Solvent—Steamflood With Bottom Water
Instantaneous Produced WOR Vs. Cumulative Volume Injected
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Flg{ure 6.34 :Run 65 Solvent—Steamflood With Bottom Water
nstanteous Oil/Steam Ratio vs. Cumulative Oll Produced
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A comparison of the results of Run 65 with those of Runs 53 and 54 indicates that

increas.: ., solvent slug size may be beneficial to the overall oil recovery. However, one

must also consider the extra cost of using additional solvent. This points to an optimal

Y

: . Y . oo
solvent slug size th1t would produce enough additional oil from the reservoir to warrant the

additional expense of using more solvent in the recovery process.

It was decided to use homogeneous models instead of bottom water models, in the

_ further examination of the effect of solvent slug size on recovery, so as to provide more

consistent initial model conditions. In the case of the bottom water models the bottom
water thicknesses could vary appreciably from one experiment to another, and thus the
homogeneous models offered better reproducibility of initial model conditions than the
bottom V:'ater models. The experimental results of the homogeneous model runs would
théreforc be more representative of the efféct of solvent slug size.

Runs 66, 45 and 67 used solvent slug si‘/z,esvdf’S, 10 and 15% of the total pore

=

volume, respectively. The three experiments involved solvent-steamfloods of a

Homogencous model with varying solvent slug sizes." The results of Runs 66, 67 and 45

are provided in Tables 6.10, 6.11 and 6.5, respectively.

Analysis of the recovery curves for Runs 66 (Figure 6.35), 67 (Figure 6.39) and
45 (Figure 6.14) indicate that the experiment implementing the 10% solvent slug (Run 45)
provided the best reucovcry.’ The recoveries for the 5% (Run 66) and 15% (Run 67) solvent
slug experiments were 24.2% OOIP and 25.9% OOIP, which were sémewhat less than
that obtained in Run 45 (30.0% OOIP). ' |

The bar pldts of the amount of oleic phase in each sample as a percentage of eaéh

sample volume versus .nlative volume injected and instantaneous produced WOR

135

versus cumulvativc;_v _tume inj:‘:téd are provided for Runs 66 (Fig. 6.36-6.37), 67 (Fig. »

6.40+6.41) and 45 (Fig. .1 6.16). Figures 6.40 (Run 67) and 6.15 (Ruri 45) exhibited
similar behaviours. The same plot for Run 66 (Figure 6.36) displayed less favorable

. 1\ .
behaviour than Figures 6.40 and 6.15 due to the smaller solvent (5%) used. The steam



l?reakthrough for Run 66 bccurred soqnér and was not clear since a smaller oil/solQem bank "
formegi due to less solvent injected. This caused the hydrocarbon bank to be produced
more quickly and resulted in early steam breakthrough. Run 45 displayed a slightly more
stable steam displacement of oil than Run 67 (ie. longer time until steam breakthrough and -
amore di_stinct "‘breakthrough), which explains the higher recovery yielded by Run 45. The
WOR bar plots alsb indicate a more stable displacement for Run 45 (Fi gﬁrc 6.16) compared
to Runs 66 (Figu_ré 6.37) and 67 (Figure 6.41). The displacement in Run 67 (15% solvent
slug) appears to be only slightly less stable than for Run 45 from observation of Figures

6.41 and 6.16. L S

The plots of instantaneous oil/steam gAtio versus cumulative oil produced for Runs
66 (Figure 6.38), 67 (Figure 6.42) and 45}{;um 6.17) suggest that Run 45 was the most
,effeédve displacement, followed by Run. 67, and finally Run 66 was the leaét stable
displacement of the three experiments. |

The top view temperatures profiles for Runs 66 (Fig. A.95-A.102), 67 (Fig.
A.107-A. 114) and 45 (Flg A.35-A.42) all indicated that the heat advanced through both
the upper and lower sections of the model at about the same rate for all/threc experiments.
Observation of Figures A.35-A.4‘2 for Run 45 indicated that the heat was retained in the
upper region of the model for a longer period than it was during Runs 66 and 67. This
suggested that the 10% solvent slug used in Run 45 formed more effccnve channels in the
oil zone for thp steam to penetrate and mobilize the inplace oil. Companson of the cross-
“ sectional proﬁlcs for Runs 66 (Fig. A.103-A.106), 67 (Fig. A.115-A.118) and 45 (Fig.
A.43-/51.46) also p.ointevd out that the heat remained in the upper portion of the model
longes‘t during Run 45.

The solvent recgvedes yielded for Runs 66 , 45 and 67 were 91.4%, 71.2% and
97.0%, respectively, which are quite reasonable recovery values.

As reported by Alikhan 64 the use of a 10% solvent slug prior to steam injection

provided the best oil recovery compared to the 5% and 15% solvent slug runs. A
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Cumulative OIl Recovery, % OOIP

ﬁ“f

Figure 6.35 :Run 66 Solvent-Steamflood
Cumulative Oil Recovery Vs. Pore Volumes Injected
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ure 6.36 :Run 66 Solvent—Steamflood

Fig

Oleic Phase in
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/Steam Ratio

b

Instantaneous Ol
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Instantaneous Oil/Steam Ratio Vs. Cuimulative Oil Produced

Figure 6.38 :Run 66 Solvent—Steamflood
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Figure 39 :Run 67 Solvent—Steamflood
. Cumulative Oil Recovery Vs. Pore Volumes Injected
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Figure 6.42 :Run 67 Solvent—Steamflood
instantaneous 0Oil/Steam Ratio Vs. Cumulative Oil Produced
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comparison plot (Figure 6.43) of the recovery curves for the three experiments indicates
that'Run 45 had the best recovery with Run 67 second and Run 66 having the least
attractive recovery. From the results of the three experiments it appeared tha: the 10%
solvent slug run allowed a more stable displacement to occur in the model and thus a
greater recovery. Run 45 (10% slug) achieved the optimal balance between oil viscosity
reducuon and channelling which means that some of the oil does not contact £he solvem In
the.case of the 5% solvent slig experiment, less solvent channelling existed in the 011 thus
less extensive steam penetration of the oil occurred and consequently less oil was

mobilized. Steam advance in Run 66 (5% slug) is qu1te unusual, and departs strongly from

a radial type advance. It seems that the soiizeht was displaced along the right edge of the

147"

model and from there on, steam advanced as a front from right to left (see Figure A.102 for

the terminal time). For the 15% solvent slug run the larger solvent slug used created larger
solvent channels in the model which allowed the steam to flow more directly from the
injection to production wellé and therefore more of the stearn was partially diverted away

from heating the oil than during Run 45. It was concluded from the results of Runs 66, 67

-and 4{5' that there exists. an optimal slug size of approximately 10% of the model pore

volume which maximizes the oil recovered by a solvent-steamflood process.
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Efféct of Bottom Water Thickness on Steamflood Response

‘Studies 63.65 Simiiag to the present research investigated the effect of bottom water

149

thickness on the steamflood response in the Aberfeidy hea\)y oil reservoir. In each of the

studies carried out by Kasraie and Farouq Ali (numerical)‘55 and Proctor, George and
Farouq Ali (expenmental)53 it was observed that when bottom water was present dunng a

steamflood, much less steam ﬂowed in the oil region than that in the absence of water.

Kasraie and Farouq Ali 65 performed mathematical simulations of'steamﬂoods in

the Aberfeldy formation to investigate the effect of bottom water thickness on the overall oil

recovery yielded by a steamflood. In these simulations, steam was injected into the oil

zone only, and the producers were completed in the oil zone. The results .Quite clearly

indicated that oil recovery declined steeply as the bottom water thickness increased. It was

also reported that the oil-steam ratio reached a low earlier for the thicker bottom water zones

than it did for the thinner water regions. This implied that in thicker water zones, the steam

penetrated the bottom water earlier, and from then on, there was little improvefnent in the

‘ oil_displacement efficiency. It was therefore concluded that when bottom w,éter exists,

much less steam travels in the oil zone than when bottom water is absent and thus even
) S
thou gh oil is mobilized, considerable amounts.of water continue to advance from the water

zone into the producers.

~The scaled model study carried out by-Proctor, George and Farouq Ali 63 involved ,

cxper%'ments in which the bettom water model of the Aberfeidy was steamflooded. Runs

: 3.., 33 and 39 mvolved steamfloodmg a model of the Aberfeldy formatlon with varying

bottom water thlcknesses of 2 3% 40% and 12 5% of the total modcl\hlckness

respecuvely The oil recovenes obtained from Runs 32 33 and 39 were 22. 8% 22.9%

arld 16.8% OOIP, respectxvely. Recoveries for the three Tuns mdlcate that as the bottom'

water layer thickness increased, oil recovery correspdndingly decreased. The substantially

greater oil recowery of 31.8% OOIP for Run 26, which was a conventional steamflood of
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the hom_ogeneous model of the Aberfeldy, pointed out the deleterious effects that the
bottom water had on the displacement efficiencies and recoveries of Runs 32, 33 and 39.
Temperature proﬁl\es of the experiments suggested that the injected heat moved rapidly iﬁ
the bottom water layer and heat advance in the upper part of the model was virtuglly
stationary. This indicated that a hot waterflood existed once the steam condensed and the
condensate quickly migrated into the 1e§s flow resistant bottom water. It was concluded
from this study that the bottom water had vety detrimental effects on the thermal efficiency
of the steamflood and as the bottom water thickness increased the heat loss of the steam to
the bottom water was intensified. |
The results of these two studies 63.65 agreed in that as the bottom water thickness

increased, the thermal efficiency, sweep efficiency and net oil recovery of the steamflood

drdpped. These findings support the possibility of employing a small solvent slug prior to
 stearnflood pfocess in order to partially divert the steam away from the underlying water
- and into the above oil zone, so to delay the mo?ement of steam downward into the bottom

water. The use of solvent in combination with a steamflood process will be discussed in

the following section. , o
y , . 7
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Effect of Bottom Water Thickness on Solvent-Steamflood Response
The purpo oof the initial solvent injection into the oil layer prior to steamﬂooding
was to lereate a pﬁay in the oil leyer for the steam to follow in an attempt to improve the
oil recovery compared to eonventionally steamflooding a bottom water formation.
 An assumption of this study was that during initial solvent injection into the oil zone
A ‘of the model, channelling or viscous fingering of the injected solvent into the oil region was
predominax;t. This assumption was confirmed by the results of the solvent flood (Run 40)
which was previously discussed. The extensive viscous fingering of the solvent into the
oil was caused by{the large contrast in mobilities between the solvent (k.4 /144 ) and the oil

(kro /14, ) as well as a high solvent injection rate. The huge contrast in mobilities wa -
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mainly due to ihe large difference in viscosities of the solvent (t4 ) and the model oil (i,) at ,

fhe initial model temperature of approximately 3.09C. The solvent had a much smaller

viscosity (about 10 cp) than the heavy oil (approximately 1300 cp) at the initial temperature

conditions. As well, the solvent permeability (k,4) is higher than the heavy oil permeability

(kro) initially during the solvent injection, the corresponding value for mobility ratio in this

case; as defined by the equation below and.discussed by Collins 96, would be even larger. .

k /
_ - .@ebﬂﬁy of displacing fluid =/ Hg4
MOblhty Rato = M '\x‘q"moblkty o’F dlsplaced fluid = % m/
. - .‘ 7. 0

&
A

AL <
R

The higher the value%f mobllx{v ramo andfﬁhe Asplvent injection rate, the less stable the

«««««

ot

e ﬁt{-“*v-- [ 3 p'\~
,dlsplacemem would be, th;}efore for %h'*is situation the large moblhty ratio would be
'pQ P 4,

unfavourabie due to the large dmcrepanc.y between the solvent and oil viscosities. The

displacement of the’ heavy oﬂ.b : ;;,_”‘

V. }/ould be con51dered hlgth unstable due to the

“unfavourable mobxhty ratio govemé the e‘éhsplacemem agd the relatively high solvent

Ma\,

injection rate. Therefore the desued mixing of thé solvent wnh ffve 011 region of the model

,u% “ el B ’;";&&



would be highly probable and tﬁ\jﬁ'@pbﬁ@t ;:h:imiclling was assumed to occur during the

initial stages of the solvernt-steamflood exp‘édine'ms;

Runs 49, 50, 51, 53 and 54 all involved injecting 0.10 pore volume of solvent
(Heavy Virgin N;phtha) followed by a céﬁtinuous steamiflood of a méd}':l containing a
bottom water layer. The only difference between the five bottom water cxperimcms WS
that the bottom water thickness varied for each run. Bottom water thicknéss was altered in
¢ach run so to investigate its effect on the oil recovery. ‘ ‘ (\\- i
The tabulated resuits for Runs 49, 50, 51, 53 and 54 are presented in T blcs ’(.
6.13, 6.14, 6.15 and 6.16, respecuvely The bottom water thicknesses for Runs 49 (8 8%

7

of gross model thlckness) 50 (10.2% of gross model thxckm'ss) and 54 (12.3% of gross

\

T18?

model thlckness) were about the same, whereas Runs 51 (26.2% of gross paddel thxckncss) o
Ve

and 53 (15 2% of gross model thxckness) had much thicker bottotil water layers. The

injection well for the model was snuated SO to inject fluids into the u ortion of thé
j j PPeFP\

g

model. This was to ensure that the solvent and steam would not flow directly indq the

bo}qn water lpyer and underride the oil immediately upon injection. ~—

" Comparison of the recovery-curves for Runs 49 (Figure 6.44), 50 (Figure 6.48),
51 {Figure 6.52), 53 (I‘Eigure 6.56) and 54 (Figure 6.60) demonstrate the deleterious effect
’Séttom water thickness had on oil recovery. The recovery curves for Runs 49, 51 and 54
were much the same due to similarities in bottom water thicknesses, whcreds the curves for

Run 51 and 53 differed from Figures 6.44, 6.48 and 6.60 due to thicker bottom water

layers. During the initial stages of the Runs 49, 50 and 54 the recovery curves moderately

- increased up to about 0.50 pore volumes at which point th¢ slope of the curves became

constant forming a relatively straight line for the remainder o thejaéerimcnt. Due to the
presence of bottom water the initial increase in the recovery curves for these three
experiments was not as marked as in the previous solvent-steamflood base "‘runs (Runs
45 & 46). The méderate rise of oil recovery in Figures 6.44, 6.48 and 6.60 during the

primary run stages represents the injected solvent forming flow paths into the oil layer.

\,

%\j



This helped prevént the steam from being entirely lost to the bottom water layer and thus
assisted in mobilizing more of the in-place oil. However the existence of bottom water
chntually nindered the stability of the .stcam displacement in the model and reduced the
heating efficiency of the steam in the oil region. This yielded a smaller oil recovery
compared to previous homoge'neous solvent-steamfloods (Runs 44, 45 & 46). The straight
line segment of the three curves (Figures.6.44, 6.48 & 6.60) symbolizes the steam
continuing to sweep through the dil section recovering additional oil while being partially

lost to the bottom water. Runs 51 and 53 had much thicker bottom water layers than Runs

153

49, 50 and 54 which hampered sélvent and steam injection into the oil zone. The -

consequence was a substantial reduction in the overall oil recovery.. Figures 6.52 (Run 51) '

~ and 6.56 (Run 53) are in contrast wifh the recovery curves for Runs 49, 50 and 5.4 in tk}at
the plots are basically straight Iin'es.-.winh'much lower-recoveries than Figtires 644, 6.48
and 6.60. The straight line in Figures 6.52 and 6.56 represented the continuous injeétion
of steam which mobiliied oil in the upper portion of thé model while throughoufthe run a

majority of the steam's heat was scavenged by tlfgunderlying bottom water. Therefore the

.aleam displacements in Runs 51 and 53 were considerably less stable then the

cfiéplécemehté in Run 49, 50 and 54 due to the thicker bottom water zones of Runs 51 and
53.
The bar graphs of volume as a percentage of oleic phase in each sample taken

versus cumulative volume injected and instantaneous produced WOR versus cumulative

volume injected for Runs 49 (Fig. 6.45 & 6.46), 50 (Flg 6.49 & 6. 50) 51 (Fig. 6.53 &

. 6.54), 53 (Fig. 6. 57 & 6. 58) ard 54 (Flg 6.61 & 6. 62) indicate that thc bottom water was
a domm@\tmg factor in the experiments. Figures 6. 45 6.49, 6 53, 6.57 and 6.61
suggested th;t ‘during the initial stages of the five runs_the injected steam penetrated into the
oil layer and formed an oil bank ahead of the steam zone. Soon after the formation of the
oil bank, steam breakth;o"ugh;, dccurréd. For Ru‘n\s 49, 50, and 54 steam breakthrough

existed at about 0.50 poré volumes injected and at about 0.25 pbre volumes injeéted,for
i



A

Runs 51 and 53. The values of instantaneous hydrocarbon produced in the sample for Run

51 and 53 were considerably lower than those for Runs 49, 50 and 54, due to the thicker

bottom water zones of Runs 51 and 53. Figures 6.46, 6.50, 6.54, 6.58 and 6.62 also -

indicated that a distinct steam breakthrough occurred during all of the five bottom’ water

L]

rurgs. Again steamn breakthrough appearred to occur sooner and was less dlstmu for Runs

51 /ana 53 due to the thicker bottom water zones. . |« - ¢ j

-

The plots of instantaneous oil/steam ratio versus cumulative oil produced are

displayed in Figures 6.47 (Run 49), 6.51 (Run 50), 6.55 (Run 51), 6.59 (Run 53) and

6.63 (Run 54). A distinc® ' akthrough was again observed in these figures which was v

distinguished by the's:zep ¢ - .- = in the instantaneous 6il/steam ratio values between the

first few points of eac: plot.» = the case of Runs 51 ¢

reduced oil/steam ratio
settles down (o a value of approx‘mately 0.5, showij F gbp.\"'e continues to

. ™ ’

be heated by steam.

Top view temperature contour pl( 6) 50 (Fig.

A.131-A.138), 51 (Fig. A.143-A. 150) 5!1 (Fig. A 167-
4 v N

A.174) CXhlbltS the temperature proﬁles fd ¥ every 0:25 pore

volumes injected into the model. For Run 4, the fém'peratu}\e profiles

revealed that early in the experiments the solvent created a flow path into the oil zone

3
L

enabling the steam to flow more readily through the- oil layer ahd as the steamflood -

progressed the steam eventually began to underride the oil by travelhn g through the bottom
water. At this point the steam displacement became less stable. The underriding of the oil
zone by the steam is demonstrated in the temperatur: contours. Companson of the all the
temperatures profiles for the ﬁvg Tuns revealed that the steam began to underride the oil
layer s®ner c{un'ng Runs 51 and 53, due to the thigker bottom Qaier layer of tﬁe two runs.

The cross-sectional temperature profiles for Runs 49 (Fig. A..127-130). 50 (Fig. A.139-

‘ 142) and 54 (Fig. A.175-A.178) also indicated that the‘heat advancedvthrplugh the entire

'.
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Figure 6.44 :Run 49 Solvent—Steamflood With Bottom Water
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~Steamflood With Bottom Water

:Run 49 Solvent

Figure 6.46
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Instantaneous Oil/Steam Ratio
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Cumulative Oil Recovery, % O0OIP

Figure 6.48 :Run 50 Solvent-Steamflood Wlﬂ';,BoHom Water
‘Cumulative Oil Recovery Vs. Pore Volumes injected
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:Run 50 Solvent—Steamflood With Boifom Water

duced WOR Vs. Cumulative Volume Injected .
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Figure 6.51. :Run 50 Solvent—Steamfiood With Bottom Water
Instantaneous Oil/Steam Ratlo Vs. Cumulative Oil- Produced
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Figure 6.52 :Run 51 Solvent—Steamffood With Bottom Water
- Cumulative Oll Recovery Vs. Pore Volumes Injected’
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Figure 6.53 ":Run 51 'Sol\'/enfflood—Sféamflood With Bottom Water -
Oleic Phase in Each Sample Vs..Cumulative Volume Injected

4

100

901

80-

f Samplé Volume

60

50

1
~

\

»~
o
|

N

/
(7
(=)

I

Oleic Phaé,e?SlnfEach San'iple. % o
e
e

0 0.25 0.50 0.75 1" 125 1850 1.7% 2 2.2%
: Cumulative Voiume Injected, P.V.'s '

. Y



168

h Bottom Water

lative Volume Injected

:Run 51 Solvent

Figure 6.54

Steamflood Wit

taneous Produced WOR Vs. Cumu

Instan

I4O-k'

25

2.

I~

Z/////////////////////ﬂ////////ul

OSSOSO SN IS SIS XEESINESEESSESAANAA

m/////////////////////////V“n

1.75
P.V.'s

NSNS SN OSSN SISSSSISESIIANANASNASN

—////V///////////V/////////

RSN SNISEISSEIEIINSESAAANAXN

. _ﬂ///////////////////-
' /u_
r%//ﬂ//////////////

Wﬂ//////////////////-

1.25

1

ﬂ////////V/V///V/A//////////////////,

&

7//////////////A///VA////7/////////////

0.7%

S O SN S IO S S S S S S TSNS SN NOEOGEEE RN EEINEREENNSAANN

—7//7///////////VVV///////(//////////

.

0.50

OSSNSO S S N

0.25

7/////////////////////////////VV//////////////7//

13 T " — . RS
o : o . . e A o
" - . N - - s .

7

~ 4OM PeONpalg “juDysU|

1.50

Cumuldtive Volume Injected,



Instantaneous Oil/Steam Ratlo

169

Figure 6.55 :Run 51 ‘Solvont—Sfeamflood With Bottom Water
Instantaneous Oll/Steam Ratio Vs. Cumulative Oll Produced
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* Figure 6.56 :Run 53 Solvent—Steamflood With Bottom Water
‘Cumulative Oil Recovery Vs. Pore Volumes Injected
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| Figure \6.57‘ :Run 53 Solventflood—Steamflood With Bottom Wafer '
'Oleic Phase In Each Sample Vs. Cumulative Volume In]egjed
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:Run 53 Solvent—Steamflood With Bottom Water

Instantaneous Produced WOR Vs. Cumulative Volume Injected

|

Figure 6.58
204

225

AN / /r/ //// SN ///////r////////////a(//////////////

ORSONOOOSSSNSNSANANANNN ///////////////////4///

, 7/////////4/////// SSSOSNSSANNTNNASNNANANNAN

AN /////////////A//////////

1.78

. WW/K//////A// ///////////////////// SONNN

SN NN ////////////////// NN

1.50

4_,4_4..,.._

A AN //a(/////////y/ SO XS

H/////////////////////

17

~1.25

OSSO OSSO SNEIREEESEEESEEENEASSESNNNDNY

4

1

e

S OSSNSO S NSOEROSESSSSAOSASAANAASAN

7//4//// AN //./ TSSOSO SO SN SS

VS

L

_/////////////////////////K///////////

4

T//K////9////////V//////r//////////////// —

0.7%

s 7/////////////////K////////////////

Cumulative Volume Injected, P.V.'s

050

SNSSSNNNNNINSNANNNNN

RSN SANSANNNANN //4////.//.,//////1(/ AN

- L
: ‘wcl.‘f‘ ]:?,1
.. ‘ r,

HOM PeoNpo.d “jubysul

. Q



Instantaneous Oil/Steam Ratio

Flgure 6.59 :Run 53 S'olvehf--S'reamflood With Bottom Water

nstanteous Oil/Steam Ratic vs. Cumui ~tive Oil Produced

\

0.5

0.4

o
()
1

0.2+

0.1+

0.0-¢=

o
N

4 6 8 - 10 12 14 16
Cumulative Oil Produced, % OOIP

18

20

174

o



1754

. fa A\
%0'S o6l +ZSO0 %868 LSIL H9TT ELlE SO S0l 61°C  S8TEE  OLIT %0 81
%8¢ OVST  b6E00 %868 LSTL %6'IT 8IO0E SL SL 907 SLITE 0861 VA
%EY 677 600 %868 LSTI %EIT V6L c8 S8 €61 S616T  0861° %0 91
BI'S . L981  9£SO0 %868 ' LSTI HLOT 8S8T  SOI St 6L1 SITLT  S90T %0 <1
ByL 65Tl S6L00 %868 LSTI %E61 €SLT  SPI srl 99'L  0SIST  OL6l % ¥l
BTy v6TT  9EH00 %868 LSTI %681 809 cg . .58 €51 O8IET SE0T - %0 €1
%8'b 8061 80500 %868 LSTI BESBI EIST 6 . S6 661 ST S961 %0 zl
%S'S CPULL b8S0°0 %868 LSTL %9°LL 8T Oll 01§ 9Z1 08161  S661 %0 1
BLS 6591 - €090°0 %863 LSzi %891 81€T Ol OfI €'l SBILL  SE6l %0 ol
%6'S 0091  SI900 %868 LSCI %091 8Tz 0Ll - 0TI 101  0SZSI 00T %0 6.
BLY Z6€1  S1L00 %868 LSTI - %I'ST 880T  Ofl O£l LS80 OIZEL  Ob6l %0 8
BTL 08Tt 1800 %868 LSTI %THlL 8S6l  OSI 0S1 pLO  OLZIT - 0L0T %) L
%06 6001 76600 %868 LSTI %HI'El 8081  ELI SLI 190 0026  OF6l %1 9
%BT8 vTIL 63800 %968 SSTI %8Il S€91  8SI 91 8%'0  097L  020T % S
BTEE 107 0860 %68 8bTI %HLOL LLVL  ELS 0£9 SE0  0bzS  Se8l %6 v
%6PL . IS OSLLO  %I'S8 16l %S9 06 8zl SLI T0  SkEE  SLIL BLT . €
%I9L . 1€0 00000 %BLI8 vl %9'S  9LL 80¢ 0SL  ¥I'0  OLIT 86 %6S z
%L 86 100 00000 %I10S 0L fbE 89 89p QLI 800 811  S81l %09 . 1
oldureSjoy | YOM omey (%) T 09 Kgioo®)| () .| () () [CA'D] 09 T (o) furf(s) ouo) | oN’
porg DI “1sufl -pord 1sup | urears-jio [0y Jos wn)| 00y [1g "winD| ‘pord 1Q |'pord DHI Tuf Jop ‘wnp)jop 10p] woajeg | 4D
Q&v.ch M :o:n.:._anm __O _a:_.m n&w.aw . %‘_0.»000& ~=v>_om .m\éo.NN . h.-v>oou- :O uuZ

(SSaUOIYL SSQAID %) % TTL: wmo:on.r. I19Ae 101 A\ WONIOY

/o 0000 : 918y MOL JUIAJOS
U0 07677 - WedS JO NBY MO TeI0L,
muy0 0Z°62 1 918y MOL] P Ja110g
E.E\uo 00°00¢ 1 91ey MOL Padd I91EM\
D00¢ - :uneiadway, [PPOW I

001 -urexe.j 1 pasn 10 Jo AL

\ JJEA WOOG YIIAL POOPUIEIIS-IUIAIOS pS§ uny :

: “[uf "joA weas
:*fuf "TOA UdA[0S

(AdO1°T) 92 0'S881¢E
(Ad %0°01) 292 0°00%1

%06 :'umes OCH eyl

%016 . imeg {1Q feniug

%1°9¢ ; Ansolod

0 000y D OWMoA Nndg

N 0 0°¢9LST - : QUIMJOA 310

%0 (0'S08¢T  + SUMIOA A0d OH

91’9 3jqe],




Cumulative Oil Recovery, % OOIP
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Flaure 6.60 :Run 54 Solvent—Steamflood With Bottom Water
gu\ﬂumulaﬂve Oil Recovery Vs. Pore Volumes Injected
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Figure 6.61 :Run 54 Solventflood—Steamflood With Bottom Water
Oleic Phase in Each Sample Vs. Cumulative Volume Injected
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:Run 54 Solvent—Steamflood With Bottom Water
Produced WOR Vs. Cumulative Volume Injected
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thickness of the model at about the same rate, whereas for Runs 51 (Fig. A.151-A.154)
and 53 (Fig. A.163-A.166) heat advance was noticeably fﬁster in the bottom water zone.

_The solvent recoveries for Runs 49 (84.6%), 50 (88.5% " and 54 (89.8%) were

* considerably higher}han those obtained in Runs 51 (40.8%) and 53 (54.4%). The solvent

recoyeries indicated that the higher the initial oil saturation in the core the cetter the solvent

_ ,recovery Since Runs 49, 50 and-54 had less bottom water and- ‘higher initiz. oil saturations
than Runs 51 and 53, the solvent recoveries for these three runs were far = iter than those

obtained for Runs 51 and 53.

The solvent recovery results were consistent with what Ahkhan 64 has reported.

He stated that a solvent-steamﬂood process implemented in an oil saturated model yielded a

greater solvent recovery than when performed in a waterflooded model. The nature of the

180

solvent recovery in these two instances could be related to increased mixing of solvent with *

oil in the waterflooded situation which caused more solvent to remain in the model as a
residual hydrocarbon saturation. The two instances of an initially oil saturated model and
an initially waterflooded model could be considered analagous to a thin boftom water
situation and a thicker bottom water case, respectively. The varying degree of oil-solvent

mixing in the two different types of runs may have been a result of the solvent having a

higher relative permeability in the thinner bottom water layer experiments than the thicker -

bottom water cases. The higher relative permeability would ‘create more distinct solvent
channelling and less mixing with the inplace oil thus a larger solvent recovery. For. the

thicker bottom water situation the difference in relauve permeability between the water and
~ ‘

the solvent would"be less than that for the thicker underlying water case due to the hlgher
initial ’watcr saturation. The solvent would not flow through the model as easily thus
blending more thoroughly with the in-place oil. Mixing of solvent and oil would be more
pronounced in the thinner bottom water casc;,. This would decrease the amount solvent

recovered due to the remainder of a higher residual solvent slug material saturation.



The overall oil recoveries for Runs 49 (23.3% OOIP), 50 (25.4% 0OIP), 51

(14.3% OOQIP), 53 (19.0% OOIP) and 54 (22.6% OOIP) illus;rate that bottom water can

signiﬁcamly reduce the amou  of oil recovered by a solvent-steamflood. The effect of the

bottom water on solvent and steam, injection resulted in a considerably lower oil recovery
than that obtained with a solvent-steamflood implemented on a homogeneous TeServoir.

Results of Runs 49, 50, 51, 53 and 54 confirm that the use of a solvent slug assisted in

improving the overall oil recovery by partially diverting the steam away from thcvbonorh

water and into the oil layer during the initial stages of the steamflood. It was also noted that

tﬁe bottom water had a more detrimental cfféct on the overall oil recovery as it increased in
thickness. Figure 6.64, a plot of oil recovery after two pore volumes injected versus
bottom water thickness for the five experiments as well as Run 46 (solvent-steamtlood
without bottom water), demonstrates the 'effect varying bottom water thiékness ha'shon
overall oil recovery. Figure 6.64 is similar to.the plot crc’atéd in the study by Proctor,
George and Fafouq Ali 63 which.investigatcd conventional steamflooding of thin bottom
water formations without the use of a solvent. Similarly to what was reported by Prbctc;r,
George and Farouq Ali 63,"Figure 6.64 indicates that for bottom thicknesses less than
approximately 10% of the gross model thickness, the oil recovery due to the solvent-
steamflood p}occss is close to that obtained by solvent-steamfloods implemented in
homogeneous models. Fo,; bottom water thicknesses greater.than about 10% of the total

model thickness the overall oil recovery of the solvent-steamflood process is greatly

reduced. The experimental results suggest that the injection of a solvent slug prior to

- steamflooding a bottom water reservoir could jmprove the overall oil recovery up until a .

lihﬁting bottom water thickness is reached. Based upon Figuré 6.64 the limiting bottom
water thickness is estimated to be somewhere between 25 and 30% of the total model

thickness. It is concluded that as the bottom water thickness increases in the model the oil

recovery is decreased until a limiting bottom water thickness value is reached, above which

the use of a solvent slug does not significantly improve the oil recovery.

w
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?lgure 6.64 :Total Oil Recbvery versus Bottom Water
Thickness For Solvent—Steamfloods
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One of the major objectives of this study was to investigate the use of solvents in
combination with steam as a recovery method for marginal heavy oil ,rcs'ervoirs containing
bottom water and/or a gas cap. Solvent injcction into the oil layer during the i'nitiul period
of the runs created a temporary preferential paih for the steam to follow, preventing the
steam from immediately channellir 7 into the bottom water. The stgam progressed through
the oil layef for a short period of time until it ﬁnaliy moved downward and advanced
through the bottom water section. Once the steam moved into the bottom water layer the
heating efficiency dropped in the oil zone and a severe drop in the overall oil recovery

resulted.

* Comparison of the results of Runs 49, 50 and 54 with previous continuous

steamfloods (Runs 32, 33 & 39) carried out with similar bottom water th(ickncsses. :

revealed that the solvent slug injection prior to ste.amﬂooding partially alleviated the effect
of bottom water and resulted in improved oil recovery. Due to partial diversion of the
steam into the solvent channels in the oil region the steam displacement achieved was more
stable, causing a delayed and more pronounced steam breakthrough to occur at the
production well. In the case of a conventional steamflood, the bottom water had a greater
and more immediate effect on steam displacement resulting in a much less stable
displacement. ’I"his led to earlier and less distinct steam breakthrough at the produccr.v Oil
recovery results for Runs 32 (BW=2.3%), 33 (BW=4.0%) and 39 (BW=12.5%) were
22.8%, 22.9% and 16.8% of the original oil in place, respectively. These recoveries were
appreciably less than the recoveries yielded by Runs49 (23.3% OOIP), 50 (25.4% OOIP),
53 (19.0% OOIP) and 54 (22.6% OOIP). In the casg¢ of Run 51 there did not seem to be
an improvement in the oil recovery éompared to the Runs 32, 33 and 39. Because of the
‘extensive bottom water layer in Run 51 the steam was not able to flow through the oil layer
 for as long as in Runs 49, 50, 53 and 54 resulting in -a considefablc decline in the oil
recovéry of Run 51. 4 Comparing the results of the two different types of experiments (ie.

steamnflood versus solvent-steamflood) revealed that the solvent-steamflood does exhibit an

&
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improved oil recovery capability from bottom water formations in relation to a conventional
steamflood. A crossplot of the recovery curves for.Runs 39 and 54 is provided in Figure
6.65 which compares the effectiveness of a solvent-steamflood process as opposed to a

steamnflood in similar bottom water formations. The difference in the initial behaviour of

184

these two curves demonstrates the effectiveness of the solvent slug. ‘The recovery curve .

for Run 54 in the primary stages of the run rises sharply compare.d. to the recovery curvé of
Run 39. This was due to solvent channellivng in Run 54 allowing the steam to penetrate the
oil zone more easily which increased the stability of the steam displacement of oil in the\:
model and resulted in more oil being mobilized and subsequently recovered. Figure 665
illustrates the increased oil recovery potential of the solvent-steamflood proécss over a
conventional steamflood in bottom water formations. ‘ | |
It is concluded from the results of Runs 32, 33, 39, 49, 50, 51, 53 and 54 that the
* solvent slug assisted in improving the overall oi! recovery in bottom water formations by

partially diverting the steam away from the bottom water zone during the initial stages of

the steamflood.
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Figure 6.65 ':Comporison of Steamflood Run 39 & Solvent—Steamflood Run 54
Recoveries Performed in a Bottom Water Model-
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Role of Gas Injection in‘ Steamflooding

In this research stud;/,_threc different types of runs were conducted using gas
injection prior to the specific recﬁvery method being investigated. The first type of run
involved gas injection priaor to steam injection in a bottom water model and was discussed
in the previous section dealing with base experiments. The second type of experiment
conducted gas injection prior to a solvent-steamnflood of a homogeneous model and the final
type of run performed a solvent-steamflood in a bottom water model. The purpose for
carrymg out these gas injection runs was based on the principle reasoning that the injected
gas would create a gas cap or channel in the upper portion of the model which would form
a more conductive path for the injected fluid (ie. solvent and/or steam) to enter the oil zone.
The less resistant gas path would aid in partially diverting the injected ﬂuild away from the
bottom water so that thé oil mobilizing properties of the injected fluids could be used more

‘effectively to recovery the overlymg oil. |
Proctor, George and Farouq Ali 63 performed a set of experiments (Runs 24 & 25)
in the same low pressure model of the Aberfeldy formation as was used in the present
research investigation. These two runs involved gas injecticn procee < Oy a stesmﬂood
of a. homogeneous model. The results teptﬁrfed by Proctor et al. 63 are 1. 1efly described in

the proceeding section. |

- The ﬁrst set of gas runs (Runs 60 & 61) carried out in the present research study
were base experiments which involved creating a gz;s zone in a bottom water model before
performing a stéamflood The results of these two experime.nts have already been
discussed in the prev1ous basel experlment section "Steamflood of a Bottom Water Model
With Prior Gas Injection". However, a brief summary of the results of the two

experiments will be included in the following section.
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The next group of experiments (Runs 55 & 56) utilized gas injecton priof to
conducting a solvent-steamflood of a homogeneous model, with the results provided and
interpreted in the preceding secdoh. | |

During the ﬁ;lal set of runs (Runs 58, 59 & 62) gas injection was performed prior
to the solvent-steamflood of a bo-ttom' water model. The results and discussion of the these

three gas injection experiments are also included in this section.

Gas Injection ih a Steamflood

Proctor, George and Farouq Ali 63 Suggested that the injection of a small amount of
inert gas prior to steamflooding may result in a flow channel away from the bottom water
zone, thus minimizing the heat scavenging effect of the bottom water zone. They first
tested this idea in a'homogeneous pack and found that the implementation of gas injection
may also be suitable in formations without the presence or bottom wa;er. The gas injection
strategy had the advantage of dfastically increasing the steam injectivity in the oil region and
therefore, could be qui;e useful in formations wher¢ steam injectivity is very low in the oil
zone. It was also reported that the pro&uedon response for the gas injection process was
slightly less than that obtamed for a continuous steam injection scheme. However, for a

formation where steam injectivity is low, the increase in injectivity due to gas injection may

Jusnfy the shght drop in the initial oil production response.

Qas Injection Prior to Steam injection Wit;l Bottom Water
Results of Runs 60 and 61 indicated that the existence of a gas region in a bottom
water mvodelv duﬁng a.steamflood helped to p_artially divert the injected steam into the oil
zone away from the bottom water so that the steam could be used more efficiently to heat
and dieplace the oil in the model. When comparing the resll"xlnts of Run 39 (steamflood of a
bottom water model) and Run 61 (gae injeetion prior to a steamflood of a bottom water
model), which had similar bottom water thicknesses, it was ev.ideﬁt during Run 61 that the

presence of a gas zone in the model resulted in an improvement in the initial recovery
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response of a steamflood process in a bottom water formation. Also in Run 61, time until
steam breakthrough was prolonged and steam breakthrough was more distindt than in Run
39, as indicated by fhc differences between the comparative plots generated from the results
of each experiment. This was due to the gas zone partially preventing the steam from being
Jost to bottom water zone and therefore the steam could more effectively mobilize and

recover the inplace oil.

Gas Injection with Solvent and Steam Injection
By inj’ecti_ng a small value of inert gas before performing a solvent-steamflood it is
believed that a flow channel can be created which would divert the injected solveﬁt and

steam away from the bottom water region and into the oil zone. This would further

minimize the heat scavenging effects of the bottom water zone., The process of gas
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injection in combination with a solvent-steamflood was first performed in a homogeneous

model. Runs 55 and 56 consisted of creating a gas cap in a homogeneous model prior to a
solvent-steamflood which used a 10% pore volume slug of solvent. 'fhe initial gas
saturation in the model for the two runs was 0.6%. Tables 6.17 and 6.18 contain the
tabulated results for Runs 55 and 56, respectively.

The oil recovery curves of Runs 55 and 56 are shown in Figures 6.66 and 6.70,

respectively. Both curves rise sharply during the initial stages of the cxperin:ents which

represent the produft}ion of oil robilized by the solvent slug and steam. Following the

sharp increase the curves begin to level off slightly and soon after started to rise again.
| waever, the rise was less drastic than the initial increase. These regior;s of the recovery
curves represent steam breakihirough at the production well which was preceded by the
contir{ucd mobilization of oil due to steam injection. Figures 6.66 and 6.70 were similar to
the recovery curves obtained folr‘ the straight solvent-steamfloods pefforrned in a

homogeneous model (Runs 44, 45 & 46).



The bar graphs of volume as a percentage of oleic phase in each sample taken

versus cumulative volume injected and instantaneous produced WOR versus cumulative

189

volume injected for Runs 55 (Fig. 6.67-6.68)and 56 (Fig. 6.71-6.72) indicate that steam

breakthrough occurred in the pﬁmary stages of both experiments. The peaks and valleys of
these bar plots corresponded very closely with the respective recovery curves. Again the
plots were quite similar in nature to those of Runs 44, 45 and46.

Figures 6.69 and 6.73 are plots of instantaneous oil/steam ratio versus cumulative

oil produced for Runs 55 and 56, respecﬁvcly. Initially the oil/steam ratio drops steeply

and then a distinct peak in the oil/steam ratio occurs in both figures between approximately
10 to 20% production of the original oil in place. Oil produced due to thc‘stcam sweeping
the model prior to initial steam breakthrough was represemed by this !pe;lk in the oil/steam
ratio plots. The gradual levelling of the curves after the péak was created by furthcf
mobilizing of oil by the steam after breakthrough.

As in the case of Runs 44, 45 and 46, the temperature profiles for Runs 55 (Fig.
A.179-A.186) and 56 (Fig. A.191-A.198) indicated that the solvent and steam advanced
faster through the upper level of the model than the lower section. By comparing the
profiles of Runs 44, 45 and 46 to those of Runs 55 and 56 it’ appeared that the injected
solvent and steam moved slightly faster through the upper portion of the model when a gas
satu‘ratioh existed. The injectivity of the solvent and steam in the model was improved due
to the existence of the gas saturation which resulted in the solvent and steam progressing
more rapidly through the upper portion of the reservoir than the lower région. The cross-
sectional tcrﬁperature profiles for Runs 55 (Fig. A.187-A.190) and 56 (Fig. A.199-A.202)
agreed with the top view profiles in that the solvent and steam advanced faster throiugh the
upper portion of thé model than the lower part.

The oil recoveries for Runs 55 (26.8%) and 56 (27.0%) were fairly close to one
~ another. These results were much the same due to the similarities in porositics" and initial

saturations for both experiments. The overall oil recovery for continuous steamfloods
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Figure 6.66 :Run 55 Gas injection Prior to Solvent-Steamflood
- Cumulative Oll Recovery Vs. Pore Volumes Injected
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Flgur;o 6.87 :Run 55 Gas Injectlon Prior to Solvent—Steamfiood
Oleic Phase In Each Sample Vs. Cumulative Volume Injected
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Figure 6.68 :Run 55 Gas Injection Prior to Solvent—Steamflood
Instantaneous Produced WOR Vs. Cumulative Volume Injected
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Figure 6.69 :Run 55 Gas Injection Prior to Solvent—Steamflood

" Instanteous Oil/Steam Ratio vs. Cumulative Oil Produced
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* Flgure 6.70 ‘:Run 56 Gas Injection Prior to Solvenr—Steamflood
' Cumulative Oll Recovery Vs. Pore Volumes Injected
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Steamflood
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Flg.re 6.72 :Run 56 Gas Injection Prior to Solvent—
instantaneous Produced WOR Vs. Cumulative Volume
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Figure 6.73 :Run 56 Gas Injection Prior to Solvent—Steamflood
Instanteous Oil/Steam Ratio vs. Cimulative Oil Produced
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performed in a homogeneous model were slightly better than the oil recoveries achieved by
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Runs 55 and 56. The slight drop in oil recovery was probably due the gas cap ‘partially

diverting the steam over top of the oil and resulting in less oil being contacted by the
solvent and steam. Solvent recoveries for Runs 55 (87.7%) ahd 56 (90.9%) were quite
favourable due to the solvent flowing to the production well over top of the oil'in the gas
channel. The larger solvent recoveries were also due to the high initial oil saturations in
both experiments. The reason for this solvent recovery behaviour was discussed earlier in
the chapter. | A

During Runs 55 and 56 the solvent and steam tended to partially override the oil
zone through the lower resistance "gas cép". Therefore the s‘olvent and steam could not
penetrate the oil zone as effectivcly as when a gas cap was not present (Runs 44, 45 & 46).
This resulted in a Slighty lower oil recovery for the two experiments as compared to Runs
44, 45 and 46. It was noted frorh the experimental results of Runs 55 and 56 that the
presence of a gas cap slight'ly decreased the overall oil recovery. Figure 6.74 provides a
comparison of the recovery curves for a solvent-steamflood of a homogenem'ls model (Run
45) and a solvent-steamflood preceding gas injection in a homogeneous model (Run 56).
An examination of Figure 6.74 shows little difference between the two experiments except
that the oil rv  very for Run 45 (30.0% OOIP) was slightly higher due to a.more stable
displacemént by the steam more thoroughly penetrating the oil zone through the channels
formed by the viscous fingering of the injected solvent. .The recovery for Rﬁn 56 (27.0%
OOIP) was a bit less since the solvent and steam had a tendency to ’override the oil zone
‘into the gas channel resulting in less solvent and oil peneti‘ating, mobilizing and displaéing
the in—'placé oil. Rhn 45 was able to more effectively use the heating,_,c.:haracteris'tics of the

steam to recover the oil in the model.

This study deals with bottom water reservoirs, and therefore the presence of a gas

cap would aid in diverting the injected solvent and steam away from the underlying bottom

water layer. From the results of the two experiments it is concluded that the injec?tion ofa
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Figure 6.74 :Comparison of Solvent—Steamflood Run 45 & Gas Injection Prior
to Solvent—Steamtlood Run 56 Recoveries Performed In a Homogeneous Model
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small amount of an inert gas prior to a solvent-steamflood would create a flow channel
away from the bottom water zone and thus minimize the heat scavenging nature of the
undc’.rlying bottom water layer. Also a comparison of Runs 55 and 56 to Runs 44, 45 and
46 revealed that the production response of the gas irjection process was slightly lower
than that for the straight*solvent-steamflood prdcess. However, in a reservoir where
injectivity is a problem:f the injectivity im.nrovement obtained by gas injection may justify

the small decrease in oil recovery response.

Gas Injection Prior to Solvent and Steam Injection with Bottom Water
Runs 58, 59 and 62 involved performing a solvent-steamflood on a bottom

water/gas cap reservoir. Results of each experiment are given in Tables 6.19, 6.20 and
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6.21, rcspcctively.' These experiments were similar to Runs 49, 50, 51, 53 and 54 except .

that Runs 58, 59 and 62 incorporated a gas cap in the low pressure model. The bottom
water thicknesses for Runs 58, 59 and 62 were 9.8%, 13.6% and 12.0% of the gross
model thickness, respectively, and the initial gas saturations were 0.6% (Run 58), 0.6%

(Run 59) and 0.3% (Run 62).

The recovery curves for Runs 58 (Figure 6.75), 59 (Figure 6.79) and 62 (Figure |

6.83) all indiéated that the presence of bottom water and a gas cap affected the total oil
recovery yielded by» the solvent-steamflood process. The recovery curve for Run 58
(Figure 6.75) showed a relatively lower oil recovery (18.2%) than was obtained in Ruhs
59 (24.7%)and 62 (20.0%). The lower recovery may have been due to the slightly larger
gas cap of Run 58 which caused the solvent and steam to be further diverted away from
both the battom water and oil zone. This resulted in less solvent and steam penetrating the
oil regior? And therefore less oil was mobilized and subsequently recovered. Therefore the
gas saturation should be optimized to increase oil recovery. Figure 6.79 illustrates that Run
59 had thc.highcst overall oil recovery (24.7%) of the three experiments. Run 59 had a

slightly smaller gas cap than Run 58 which may have caused more steam to penetrate the oil



zone resulting in a better oil recovery. The recovery curve for Run 62 (Figﬁf‘c 6.83)

indicates that Run 62 also had a higher recovery (20.0%) than Run 58. As mentioned

-

before this higher recovgfi/f'was probably caused by the slightly Smallcr gas cap contained

in Run 62, and therefore a greater invasion of the oil zone by Qf\e injected solvent and steam

t

resulted.

"The bar plots of volume as a percentage of oleic phase in each sample collected
injected and instantaneous produced WOR versus cumulativc volume injected for Runs 58
- (Fig. 6.76 & 6.77), 59 (Fig. 6.80 & 6.81) and 62 (Fig. 6.84 & 6.85) suggest that the
introduction of a "gas cap” in the model was a dominating factor in the overall recovery for
all the experiments. Observation of all of these plots indicates that breakthrough during the
experim¢ms occurred very early. Early breakthrough was caused by the véry uﬁsmblc
displacement of oil by the solvent and steam. The lack of stability was a fcsult oY the

-

presence of bottom water and gas cap which enabled the injected solvent and steam to flow

above and bcloW the oil layer. Once breakthrough had occurred, the instantaneous

. hydrocarbon produced for Figures 6.76, 6.80 and 6.84 dropped to rélativcly small values.

Comparison of Figures 6.76, 6.80 and 6.84 with the corresponding plots of Runs 49, 50,

51., 53 and 54 (solvent-steamflood in a bottom water m‘odel) ‘indicates that breakthrough
occurred sooner in experiments 58, 59 and 62 which suggesté that-the gas cap was
détrimcntal to‘the stability of the displaccm_cn't. In these three runs, the solvent and steam
were diverted away from the oil to a greater extent by the bottom water and gas cap than in
the case of only bottom water.

The plots of instantaneous oil/steam ratio versus cumulative oil produced are
displayed in Figures 6.78 (Run 58), 6.82 (Ruﬁ 59) and 6.86 (Run 62). Overall the
oil/steam ratios were slightly higher for Runs 58, 59 and 62 as compared 'to Runs 49, 50,

51, 53 and 54 which were ekpen'ments involving the solvent-steamflood of a bottom water

‘model.
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Figure 6.75 :Run 58 Gas Injection Prior to Solvent—Steamflood
Cumulative Oil Recovery Vs. Pore Volumes injected
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tion Prior to Solvent—Steamflood

6.76 :Run 58 Gas Injec
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:Run 58 Gas Injection Prior to Solvent—-Steamflood
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Figure 6.78 :Run 58 Gas Injection Prior to Solvent—'Steamflood
Instanteous Oll/Steam Ratio vs. Cumulative Oil Produced
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Figure :Run 59 Gas Injection Prior to Solvent—Steamflood
. tive Oll Recovery Vs. Pore Yolumes Injected
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:Run 59 Gas In‘ectlon Prior to Solvent—Steamflood
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Figure 6.80
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Figure 6.82 :Run 59 Gas Injection Prior to Solvent—-Steamflood
Instanteous Oil/Steam Ratlo vs. Cumulative Oll Produced -
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Figure 6.83 :Run 62 Gas Injection Prior to Solvent—-Steamflood
Cumulative Oil Recovery Vs. Pore Volumes Injected
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Figure 6.84 :Run 62 Gas Inﬁocﬂon Prior to Solvent—=Steamflood
Olelc Phase in Each Sample Vs. Cumulative Yolume Injected
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Instantaneous 0il/Steam Ratio

Flgure 6.86 :Run 62 Gas Injection Prior fo Solvent—Steamflood

Instanteous Oll/Steam Ratlo vs. Cumulative Oil Produceg_
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Examination of the temperature profiles for Runs 58 (Fig. A.203-A.210), 59 (an
A. 215 A.222) and 62 (Fig. A.227-A.234) reveals that the presence of a gas cap allowed
the heat to advance througa the upper and lower portions of the model at abom the same

\gati The advancement of the heat through the lower region was dnly slightly fasterdue to

{ some of the. steam underriding the oil and gas cap into the,bottom water. Of the three
N ,

g % expen’ments the heat advanced fastest through the bottom portion of th model in Run 597

gom water region existed (13.6%). The cross-sectional tempemture

| o *AWB A 226 (Run 59) and Flgures A. 235 A.238 (Run 62). These profiles also indicate
that the existence of a gas cap permitted heat flow through the upper and lower sect%ns at
about the sa,me rate. The cross-sectional profiles (Figures A.223-A.226) for the thicker
bottom water eese (Run 59) also demonstrated ‘that heat advance was quicker in ;he bottom
® water zone during this experiment. These results imply that the gas cap aided partially in
diverting the solvent and steam into the upper’“pan of the model which reduced tﬁé} heat lost
" to the bottom water. As well the gas cap partidlly diverted the solvent and steam away from
the oil which resulted in less solvent and eteam penetrating the oil layer and thus less oil
was mobilized. 3 | ) . - e
The solvent recoveries for Runs 58 (88.6%), 59 (96.7%) and 62 (94.7%) »Ivere all
rather high. This {ndicates that solvent flowed to the production well mainly through the
gas channel, resuiting in less solvent mixihg with the oil zone and less channelling of
solvent in the bottom water zone. The lower solvent and oil recoveries for Run 58 was
probably caused by less solvent channelling into the oil and more solvent flowing through
“the gas channel over top qf fhe oil, therefore more heat from the injected steam was diverted
to the top part of the oil zone or was losf to the bottom water and subsequently less oii was
mobilized.
_ From the three experiments, the presehce of a gas cab and bottom water had an

R A . ] o, )
obvious effect on the overall solvent and oil recoveries as was also described by Kasraie
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1 ~

and Farouq Ali 27.28_. Results of Runs 58, 59 and 62 gave an indication that if a gas ciap

was present in the bottom water model more steam would be diverted away from the
. bottom water into the w)er portion of the mo;lel. ,

Figure 6.87 provides a comparison of the recovery <_:ur\'/es for a solvent-steamflood

in a bottom water model (Run 50) and a solvent-steamflood with prev;ous gas injection in a

bottom water model (Run 58). Runs -50 and 58 had sumlar bottom water thicknesses of

10.2% zmd 9.8%, respectively. Itq§ quite evident from Figure 6.87 that Run 50 (solvent-

steamflood) achieved a considerably greater oil recovery than Run 58 (gas injection prior to

220

solvent-steamflood). The main differekce between the curves occurred during the initial

~

stages of the two recovery relationships.; Run 50 had a more drastic i.itial increase in

recovery (25.4% OOIP) compared to Run 58 (18.2% OOIP) due to the solvent and oil -

more effectively penetrating the oil zone and creating a more stable steam displacement of

oil during Run 50. Run 58 had a less pronounced solvent and oil invasion in the oil region -

since more solvent and oil flowed over top of the o0il zone through the channel formed by
the prévious gas iéjcction. Steam breakfhrough was earlier and, less distinct for Run 58 due
to the existence of a less stable displacement of oil caused by-the gas channel.

" A gas cap in a-Teservoir can be helpfiil or detrimental to the effectiveness of a steam
injection process depending on certairi'}haracteristics of the reservoir such as heat loss,
reservoir thickness, bottom water thickness and the gas cap size. Durihg the steamflood of
a bottom water reservc;ir the gas cap allowed the stear to remain in the upper portion of the
formation away from the bottom water, * RO Hilizing the inplace oil from
above. How effectively the oil was - Jllized.from chove d.per »n the magnitude of the
heat lost to the overburden, adja~ - fc. rations and the bottom ... tzone. However, in
tl,u: case of the solvent-steamf u ovocess the _as cap znabled the s¢ ent to flow over top
of,,th.c oil zone. Overriding -~ ¢ cil b the solvent causec fewe: flc v channels to form in

the oil layer. Lack of solver :hannelling intc “he oil zc..c hinc >~ . the penetration of the

oil layer by the steam. Con_.  :y. 'ess oil was mobilize- the steam resulting in a

o
v

FEb
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Figure 6.87 :Com?orlson of Solvent—Steamflood Run 50 & Gas Injection .
Prior to Solvent—Steamflood Run 58 Recoveries Performed In a Bottom Water Model
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decline in the overall recovery of a solvent-steamflood process as compared to its

implementation in a heavy oil reservoir with bottom water but no gas cap or gas channel.

3



Effect of Injection-Production Interval Locations

The effect of injection-production interval locations on the success of the solvent-

steamflood process in bottom water reservoirs was found to be very important. ,‘By "

optimizing the injection-production interval positions the injected solvent and steam could

be utilized most effectively to recover the inplace oil.

¢

Two experiments were performed (Runs 49 & 50) th order to determine the effect
of injection-producltidn:interval locations on the solvcm-steamﬂoéd recovery from a bottom
- water model. Ru-ns 49 and 50 had similar bottom water water thicknesses of 8.8% and
10.2% of the total model thickness, respectively. Thvc injection interval was situated over
the entire model thickness, while the production interval was in the top half of the modcl
for R¥in 49. Whereas in Run 50 the injection was completed in the gpper half of the model

and production was from the entire model thickness.

A comparison of the recovery curves from the two experiments (Runs 49 & 50),

1

4‘“‘
provided in Figure 6.88, indicates that the most effective injection-production intervals

- appeared to be those used in Run 50 where injection was into the upper half and production -

was from the entire model thickness. As iLliJ§trated by Figure 6.88, Run 50 had a higher
oil recovéry than Run 49 throughout the entire run. In the case of Run 50, solvent and
steam were injected into the upper half of t_hé model a‘ndAthcrefo“re less of the solvent and
steam was affected by the underlying water,Acompared to Run 49. During Run 49, the
solvent and steam were injected over the entire model thickness which resulted a larger

percentage of the injecfed fluids being channelled by the bottom water, even though Run 49
| had a slightly thinner bottom water layer. Solvent channelling in the oil zone was mcre
extensive for Run 50 than Run 49 due to the more preferential solvent injectlion intﬁo the oil
layer. Injection into the upper portion.of the model inc‘reasedsolvem channelling in the oil
and allowed more steam to penetrate the oil zone, caﬁsing more oil to be mobilized.

However, for Run 49, less extensive solvent channelling occurred in the oil zone since

£,
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Figure 6.88 :Com crisoﬁ of the Effect of Ing.—Prod. Interval Locations
For Runs 49, InI—En'rfr,'e & Prod—Upper, & Run 50, Inj—Upper & Prod—Entire
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injection was -3 over the entire model thickness as opposed to only halt the model
g AN

225

. .G -, . '
thickness as in Kun 50. Less steam penetrated the o1l zone in Run 49 and a greater amount

“of steam was lost to the bottom water as a result of reduced solvent channelling in the oil

layer and a larger injection interval, which included the bottom water zone.

An examination of the top view tcmperatufe_ profiles for Runs 49 (Fig. A.119-,

A-126) and 50 (Fig. A.131-A.138) also indicates that the steam was being used more
efficiently in the upper oil zone of the model dufing Run 50. Figures A.119-A.126 tor
Run 49 show that the injeéted heat from th; steam was travelling faster through the bottom
* half than the upper region of the model. Compared té the temperatulre contours for Run 49,
the température proﬁl‘es for Run 50 (Fig. A.131-A.138) indic:;te the injected heat was

R ?v
. .K'\ o)
retained longer in the upper region of the model, where the oil was located. The cross-

L . . '
sectional temperature profiles provided in Figures A.127-A.130 (Run 49) and Figures -

A.139-A.142 (Run 50) verify ti ese observations.

The injection interval location;ﬁ%r Run 50 permitted more efficient use of the
injected solvent and steam, by directing these fluids into the oil zone and away from the
bottom water, thus yielding a higher overall oil recovery. However, for Run 49, more
solvent and steam were lost to the underlying water zone, making this solvent-steamtlood

process less efficient than the solvent-steamflood cofiducted during Run 50.

. 1

&

£y
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L}ggp*‘of a Phyﬁical Barrler in a Bottom Water Steamflood

x‘ g

e ~One of the Ob_]CCIlVC§ of this study was to 1nvestigate an altemate recovery strategy

to the' solvent- steamﬂood pnbcess which also vattempted to divert the injected steamn away
f'ijgom the bottom water layer. The expenmental results of this type of run could then be

com'pared to the ﬁndings of the, {;ﬁvent steamﬂood experiments in order o, determine the

ué’ gaTg . o

relative effecnvcness Qf this recovery technique. This recovery method involved the
]
placement of a pmabbamer between the bottom water and oil zone to prevent the injected
steam from flowing directly into the;ss flow re51stant bottom water. A notable advantage
f using a partial bottom water barrier as: discussed by Alikhan and Farouq Ali 67 was thata
barrier at the water-oil contact of a reservoir aided in reducing water coning. Runs 63 and
64 attempted to represent a bottom water reservoir containing a partial barrier which could
be created in the field by selectively injecting a suitable blocking agent, such as a foam or
gel, at the oil-water contact. The purpose of the partial barrier was to help prévent the

steam from travelling directly 5 the bottom water so that it could flow through the

overlying oil zone and more efficiently heat and mobilize the inplace oil. ‘A thin plastic

226

sheet was plaged between the bottom witer layer and the oil layer to represent a partial’

bottom water barner. .The‘barrier installed in the model extcnded;aadially outward from the
injection well in the shape ollf a quarter circle with a radius of 16 ‘i\?;nchesi The area covered
by the partial barrier was ‘approximately 20% of the total model area as illustrated in the
foliowing schematic diagram (Figure 6.89).

Runs 63 and 64 were continuous steamfloods in a bottom water mociel containing a
partial bottoni»'vater barrier between the oil zone and the underlying bottom water interval.

The results of Runs 63 and 64 are given in tabular form and are displayed in Tables 6.22

and 6.23, respectively.
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Figure 6.89 :Schematic of Partial Barrier Installed in a Bottom Water Model

The reéovery curves plotted for Runs 63 and 64 are presented in Figures 6.90 and

6.94, respectively. The overall oil recovery for Rur 6‘3 (17.0% OOIP) was less favourable

than that obtained in Run 64 (22.0% OOIP). The reason for the lower recovery in Run 63

-

is the thicker bottom water layer (15.4% of gross model thickness). Run 64 had a bottom

€,
k4

-

water region that was 9.9% of the gross model thickness. Since less bottom water existed

in Run 64 a larger percentage of the injected heat was utilized in mobilizing the oil instead

of being scavenged by the bottom water. The recovery curves for Runs 63 (Figure 6.90)

o

and 64 (Figure 6.94) appedred to have much slower initial recovery responses compared to

£

the recovery curves of most of the previous solvent-steamflood experiments (Runs 49, 50),

51, 53 & 54). This suggests that the partial barrier experiments were not s effective as the

solvent-steamflood runs since the steam appeared to have a tendency to travel between the

partial barrier and rhe oil zone out to the point in the model where the barrier no longer

-existed. During the partial barrier experiments a larger amount of injected heat moved
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downward into the detrimental bottom water region with a smaller portidin ﬁltén'ng upward
into 'thc oil zone. However, during the initial stages of the solvent-steamflood the steam
flowed diréctly into the oil zone through the solvent channells, which more effectively
utilized the oil mobilizing capability of the injected steam. Thi§ would explain the slower

initial recovery responses of the partial barrier experiments. In the later stages of Run 63
: S

4

(Figures 6.90) and Run 64 (Figure 6.94) the recovery responses become symilar (ie.

increased) to the responses observed in the recovery curves of the solvent-steamflood
experiments. This indicates thiat some of the heat in the steam moved upward into the oil
)

region resulting in a larger amount of oil being mobilized and subsequently produced.

*  The bar plots of the vo.l,ume percentage of oleic phase-in each sample versus*ﬂ ' i ’fg
cumulative volume injected and instantaneous prodﬁced WOR versus cumulative \‘/oluwr{‘r;el 1; f'
injecxtcd are provided for Runs 63 (Fig. 6.91 &.6.92) and’'64 (Fig. 6.95 & 6.96). Study of
the bar plots for bdth experiments shows that the thicker bottom water layer of Run 63
resulted in earlier solvent and steam breakthrough and a less stable displacement of the oil

- wifhin the model aé compared to Run 64. |
o \ The plots of iqstantaneous oil/steam ratio versus cumulative oil produced for Runs
) ';6311(Figu,re '6;93)‘ and 64 (Figure 6.97) also indicate the adverse effects of the thicker
'.v't‘ijott)o'rh lwat.er.~ 2onc in Run 63. "The average instantaneous oil/steam ratio in Run 63 (Figure
: 6.93) was gomewhat lower than the average instaﬁtancous oil/steam ratio in-Run 64 (Figure
6.97) which was due to the larger bottém water zone in Run 63. The thicker bottogn water % q
- layerin Run 63 caused a greater portion of water to be produced in @aZ:h récover}; sample of | »
the éxperiment; A
| - The temperature profiles for Runs 63 (Figures A.239-A.246) and 64 (Figures
© A.251-A.258) illustrate that during both experimen_t\s the heat advanced quicker through the
B lower portion of the model dii€ to the presence of the bottom water. Due to [,hf; thicker ~
\.\\‘\bouom water in Run 63 the heat advanced faster through the lower half of the model and

‘more slowly throygh the upper half as compared to Run 64. Since the injected heat
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90 :Run 63 Steamflood of Bottom Water Model With a Partial Barrier
Cumuiative Oil Recovery Vs. Pore Volumes Injected
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Figure 6.91 :Run 63 Steamflood of Bottom Water Model With a Partial Barrier

14 -

3 R L] ] ] 1
: - N (g O ) [+ © . -+

T
s . v - w e

-, “ewnjop ejdwps-j0 % *e|dwpg Yob3 Ul BSDY4IB|0

0
~N

2

1.5

]

-

Cumulative Volume Injected, P.V.'s



—_—

oS

232

~n

‘t

Figure 6.92 :Run 63 Steamflood of Bottom Water Model With a Partial Barrier
Instantaneous Produced WOR Vs. Cumuiative Volume Injected
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Figure 6.93 :Run 63 Steamflood of Bottom Water Model With a prl'\‘lql;{ﬁarrlor

Instantaneous Oil/Steam Ratlo
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Figure 6.94

Cumulative Oil Recovery, % OOIP
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Figure 6.95 :Run 64 Steamflood of Bottom Water Model With a Partial Barrier,

Olelc Phase in Each Sample Vs. Cumulative Volume injected
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Figure 6.96 :Run 64 Steamflood of Bottom Water Mddel With a Partlal Barrler
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Flg,uro 6.97 :Run 64 Sioamflbod of Bottom Wafor Model With a Parﬂal Barrler
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appeared to move faster through the upper half (o1l zone) of‘the model during Run 64 it
was concluded that less heat was lost to the underlying bottom water. Therefore Run 64
made better use of the injected steam than Run 63. A comparison of the temperature
profiles of Runs 63 and 64 with Runs 49, 50, 51, 53_and 54 shows that the heat travelled
faster in the lower region and slc;wer in the upper region of m’é model during Runs 63 and
64. This indicates that the solvent-steamflood technique hud a greater thermal efficiency
than the partial barrier recovery strategy, due to _reduced heat loss to the bottom water
during the solvent-steamflood experimems. The cross-sectional temperature profiles tor
Runs 63 (Fig.:__A.247-A.250) andv 64“(¢Fig. A.25§-A.262) confirm the prcvious
observagions. - ‘ | |

A comparison of the results of Runs 63 and 64 with the results of .the previous
‘solvent-steamflood experiments (Runs 49, 50, 5‘1, 53 & 54) rlilso indicates that the solvent-
steamflood strategy was a more effect_ive recovery technique. Figure 6.98 provides a
comparison of a typical solvent-steamflood process conducted in a bottom water model |
(Run SO) and a conventional steamﬂoodeperformed in the presence of a parnal bottom water
barrler (Run 64), both of whrch had srmllar bottom watef’ thlcknesses of 1() 2%: agd 9.9%
of'the total modelsthickness, respectlvely. .The compamson-mdreates that the recovery
obtained‘in Run 50 (25.4% OOIP) was sornewhat »higher tha.n that yielded oy Run 64
(22.0% OOIP) even 'though Run 50 hada slightly thicker bottom water layer. The more
favorable outeonre of the solvem-sreamﬂood process was diie to steum being more directly
1nJected 1nto the 011 reglon through the solvent channels The injected heat had to travel
upwards in the 011 zone, dunng the partial barrier experiments, whi " was not as th(.rmrrlly
efficient as a solvent steamflood. It was also reported by Alikhe  nd Fdrouq Ali o7 that“
the creation of a barrier in the field is generallv drfﬁcult which makes this reeovery method '
even lessyattracn & . X o y UL h Q i
_Even though the solve‘n't-steamfloodsl a{ppe;ned. to utirize n{e injected heat more

efficiently, the partial barrier recovery technique did show promise. As well as a {olvent- Y.
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Flgure 6.98 :Comparison of Recoveries of a Solvent—Steamflood With Bottom
Water Run 50 & a Steamflood with a Partial Bottom Water Barrier Run 64
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steamfloed. the partial be.tier me nod could also be used as a more thermally efficient
alternative to a straight steamtlood in a bottom water formation. Depending on the
difference in costs and d. [1c iles between injecting solvent (ie. solvent-steamflood) or

creating a partial bottom - at:r barrier as well as the comparative overall oil and solvent
v -

recoveries yielded for each recovery technique, the partial barrier method may in Tact be

more economical to impleuient in the field than a solvent-steamflood process. But from the
experimental results of this study the solvent-steamflood appeared to be a better recovery

process.
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Effectiveness of Waterflooding Prior to Solvent and Steam Injection

Another objective of the research conducted was 1o, determine the effectlveness of
the solvent-steamflood process as an enhanced Tecovery tec):hmque In Runs 47 and 48 a
solvent-steamflood was conducted followmg a waterflood of a homogeneous model.
| Both Runs 47 and 48 involved waterflooding the oil saturated model prior to
injecting 0.10 pore volume of solvent and continuously steamflooding. 'The results for
Runs 47 and 48 are provided in Tables 6.24 & 6.25 and 6.26 & 6.27, respectively. Initial
m‘odel characteristics and the experimental results from the two runs were quite similar in
many aspects such as porosities, initial and final oil and vvater saturations, and oil and
solvent recoveries. The curves and bar plots provided for Runs 47 and 48 were also quite
similar. .
;,ﬁ_ The similar recovery curves for the experime,.nts are shown in Figures 6.99 (Run
4'7) and 6 103 (Run 48) A sharp rise is seen in the initial part of Figures 6.99 and 6.103
followed by a éradual decrease in the slope up until solvent 1nJect10n and steamfloodmg
The initial rise in the curves represéhited the banking of 011 at the production well due to
waterflooding. The followmg decrease in the slope of the curves represents the

breakthrough of the 1nJected water. Further oil producuon occurred after water

breakthrough due to the injected water displacing oil still existing in the model. - The

waterflood was continued until a water-oil ratio of approximately 20:1 was achieved. This

value was chosen since many-field waterflood operations are based ona WOR cutoff

;bletween }5 to 20. .During solvent injection, the curves levelled off due to solvent

mobilizin& a small portion of oil'in the model by viscosity reduction. Initiation ‘of the

steanu”lood resulted in another rse in the recovery curves because the 011 mobilized by the ‘

. solvent ijCUOH tended to form a bank in front of the steam zone Thg mobilized 011 was.._ o

N

subsequently produced leadmg to a substantial i Increase in 011 recovery "t this Stage of the

re

expenment After the steep increase, the slope of the. recovery curves gfadually dechned ‘

\
[ & >
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~ due to the breakthrough of the injected steam at the production well. The gradual increase
in the curves after steam breakthrough represents the additional oil recovered from both
swept aind unswept regions as a result of the steam mobilizing additional oil. |
The bar »plots of volume as a percentage of oleic phase in each sample collected

versus the cumulative volume injected and instantaneous water/oil ratio.versus cumulative
volume injected for Runs 47 (Figures 6.100 & 6.101) and 48 (Figures 6.104 & 6.105)
provide a good indication of when waterflooding and steamflooding were implemented and

A ]

when water and steam breakthrough occurred during the experiments. Overlaying the bar

plots on the respective recovery curves demonstrates how well thg biir'ges hs correspond

5
)

to the different stages of the runs such, és water and steam bre 2 3

water/oil ratio plots also revealed small peaks in the later stages of tl’t “?3@ 'amﬂood whtch
bes

represent the eventual production of small pockets of orl in the model“5 : '?'

The plots of instantaneous orl/steam ratro versus cumulative orl pIYE)dUCCd shown in
" kFrgures 6.102 (Run 47) and 6. 108 (Run 48) also conﬁrm that steam breakthrough took
— place early in the continuous steamflood due to fhe hlgh 1n1t1al water saturatton
The ‘top view temperature contours prov1ded for guns 47 (th A.263-A%270) and
48 (Fig. A 274-A.281) demonstrate that during the waterflood,and the Solvcnt steamflood
the 1nJected water, solvent and steam advanced slightly faster throu gh the lower portton of
the model The cross- sect1onal temperature proﬁles for Runs 47 (Fig. A. 271 A.273) and
48 (Flg A.282-A.285) provided the profiles for both expertments after every 0.50 pore
volumes 1nJected once the solvent- steamflood had been 1n§§ted (ie. after w%ertloodm g).
The cross-sectional profiles for both runs 1nd1cated as did the top view tempemturc

proﬁles the injected heat of the’ steam advanced faster through the lower portion of the

model ’ o

ry o ~

R Durtng the mttlal stages ef the run an oil bank formed uhedd of the water front -
Qresultmg inan 1ncreased amo\nt of-0il bemg produced Water, breakthrough occurred at the

productron well once’ the oil bank had been produced and a subsequent drop in oil

&
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Flgure 6.99 Run 47 Waterflood Followed by Solvent— S'requlood
Cumulative Oil Recovery Vs. Pore Volumes Injected
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:Run 47 Waterflood Followed By Solvent—Steamflood

Figure 6.100 .

Oleic Phase in Each Sample Vs. Cumulative Volume Injected
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*Run 47 Waterflood F'olloned By Solvent——Steamflood

-
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Flgure '6,5102 :Run 47‘Wa+erflood Fqlléfxak'§,d by Solvent—Steamflood
Instartaneous Oil/Steam Ratlo Vs. Cumulative Oil Produced
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"Figure 6.103- :Run 48 Wdierflood Followed By Solvent—Steamflood

Cumulative Oil Recovery Vs. Pore Volumes Injected -
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| Figure 6.104 :Run 48 Waterflood Followed By’SoIven’r—Sfeamflood o
Oleic Phase in Each Sample Vs. Cumulative Volume Injected )
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Solvent—Steamflood .
e Volume Injected

Figure 6.105

L

:Run 48 Waterflood Followed B

"~ Instantaneous Produced WOR Vs. Cumulat
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Figure 6.106 :Run 48 Waterflood Followed by Solvent—Steamflood
Instanteous 0il/Steam Ratio vs.Cumulative Oil Produced
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production resulted. When the desired WOR:' was attained, a 0.10 pore Yolume solvent
slug was injected into the model which immediately began mixing with the immobile oil,

reducing the oil viscosity. Initiation of continuous steam injection caused the oil/solvent

256

mixture in the model to bank up ahead of the steam front. This resulted in additional oil

production due to the reeovery of the oil/solvent bk at the production well. Steam

breakthrough and a precedmg slump in oil output took place after the larger portion of the (

oil/solvent bank had been produced. Following steam breakthrough, the high tempemture

ssteam continued to sweep through the model mobilizing more oil from both the swept and

-

unswept zones.

still relatively similar. Co‘mparlng the solvent recoveries for these two runs to Runs 44
(70;4%) and 45 (71.2%), it is apparent that Runs 47 and 48 have mucK lower solvent
recoveries. In Runs 44 and 45 the solvent was injected into a modet that was oil saturated
with a connate water saturation. However, in Runs 47 and 48 the solvent was injected into
the model after ir had been warerﬂooded, and therefore the initial water saturation was

much higher and a residual oil saturation existed.
{

Solvent recoVeries for Runs 47 (44.9%) and 48 (58.9%) vuried slightly but were '

As was discussed in the previous section dealing with the solvent recovery, results

for Runs 47 and 48 were consistent with Alikhan 645 findings. He stated that a solvent-

steamflood process impleménted:in an oil saturated. model yielded a greater solvent

" recovery than when performed in a waterflooded model. - The nature of the solvent

recovery in these tWQ instances could be related to increased mixing of solvent with oil in

the waterﬂoo@ation which caused more solvent to remain in the model as a residual

hydrocarbon saturation. The varying degree of oil-solvent mixing in the »two}difﬁerent

types of runs may be a result of the solvent having a higher rel'ative perrneabili'ty in rhe oil

'saturated experlments than the waterflooded cases. The hi gher relative permeabllny would o

create more drstmct solvent channelhng and less mixing withsthe in-place oxl and henee a

larger solvent_’_;’recovery; For the waterflooded srtnatlon,» the dlfferen:ce in relative

N



»

permez_ihility between the water and the solvent would be less than for the oil saturated case
due to the higher initial water saturation. 'I_'he_ solvent would not flow through the model as
easily-thus blendlng more thoroughly with the lnplace oil. iji'ng of solvent and oil would
be rnore pronounced in"the waterflooded case. This would decrease the amount solvent
récovered due to the remainder of a hlgher residual Solvent slug matenal saturation. The
difference i in the solvent recoveries in the two runs may also be due to changes in 1nterfacral

tension when solvent mixes with the 1n-place oil. i

.The overall oil recoveries for Runs 47 (33.5% OOIP) and 48 (35.5% OOIP) were

257

higher than the recoveries obtained from the conventional steamnfloods of the homogeneous .

George and Faroucj Ali 63_ The recoveries for the solvent-steamfloods of a homogeneous
model (Runs 44 (27.1% OOIP), 45 (30.0% OOIP) & 46.(27.7% OOIP)) reported in this

study also indicate that Runs 47 and 48 yielded a greater overall oil recovery. The oil

. model performed_in Runs 26 (31.8% OOIP) and 27 (32.2% OOIP) as reported by Proctor,

recoveries for the waterflood cages (Runs 47 & 48) were higher because the solvent was

able to blend with inplace oil mor¢ thoroughly than during the oil saturnted experiments
(Runs 26, 27, 44, 45 & 46). Al'tkhan also stated that for a high initial oil saturation the
solventsslug is displaced as ef“ﬁciently as the in-place oil, thus the advantage of using the
solvent is partially ] lost and the oil recovery is diminished. However, for a waterflooded

porous media the solvent is able to mix more extensively wuh the oil a,llowmg the 1nJected
P «\

steam to contact a hlgher saturation of the solvent slug materia le di

recovery

expertments using a homogeneous model and Faxam-lOO it was noted that Runs 47 and

48 'supplied the highest oil recovery of all the experiments performed using a homogeneous

model saturated with Faxam-lOO oil which includes the steamfloods reported by Proctor :

George and Farouq Ali 63 (Runs 26 & 27) and the solvem~steamﬂoods conducted in thtsi

3 S LR

*

__ng f@ lmproved 011_

Comparrng the 011 recovery’ for Runs 47 and 48 with those for the pre\aous,

' research (Runs 44, 45 & 46). “The information obtained from Runs'47 and 48 agreesf.
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<

{ .
closely with the results ree’érded-by Alikhan 64, Performing solvent-steamtloods on

.‘_\\/’

waterflooded reservoirs to improve oil recovery shows promise as an enhanced heavy pil

recovery technique.

.



3 to C } -
Heat Flow Analysis o J
The objective of this“nalysis was to obtain an understandmg of the heat transfer
occurring in the low pressure model durmg an experrment In order to simplifyA the

analysis a base steamflood (Run 26) expenment was used in the study.

Lauwerler Equatlon

r
~

- The first stage of the analysis mvolved comparing the temperature contours

259"

!constructed for Ru\k26 (Fig. A.286-A.292) with results obtained by applying the ’

Lauwerier equatibn to the temperature profiles. The purpose of this comparison was to
observe if the injection process in the model more eiesely represented a hot waterflqod as
opposed to the desired steamflood.

The Lauwerier equation represents fermation heating by hot fluid injection which
-~ does not possess latent heat of vapoﬁ‘zation;:”'%‘I;f hot water'is injected into a formation‘,‘ a
well-defined temperature distribution 1s establishea in the porous medium. Since hot water
is the mJected ﬂUld the heating in the formation is due to sensible heat content and not the
latent heat as is the case in steam injection. According o Lauwener the temperature at any
pamcular time at the mJectron pomt is the same as the temperature of the injected fluid. The
temperature in the reservorr decreases steadrly wrth distance, eventually approaching the
‘mmal reservoir temperature (Tr ) as one moves away from the mjectron point. As greater
- ',zimou.nts, of the hot ‘flvu“id'a'.re introduced the tempera'ture at eactt'point in the formation

¢

“ihcreases unul the In_]CCth flu1d temperature is reached at the infinite time. -

As denved by Lauwener 68, the temperature (T') at any linear drstance (x ) or. I‘Zldla%

distance (r) from the 1nJect10n point is grven by the proceeding equatron

’

. 1 ‘xD‘ '
T’=T + (T p-T p)erfc] ————— for y>xp
R ( F | R) [2m:| D~ XD

T=TR~"‘ . for IDSID



4 (24) k oy A N
Dimensionless dlsmnce Xp=. (24) k oy M

P ‘ 5.615M,p i h
' ~ 4k A ; -
Dimensionless time 1p= —_"-‘15#—,, _L_Z .
M h,

Where  kpop - thermal conductivity of overburden (BTU/hr-ft-OF)
_ M, - heat capacity of overburden (BTU/ft3-0F)
% , M, - heat capacity of heated sand (BTU/fi3-0F)
t - time (hr)
h, - gross thickness (ft) X‘;- By
pw - density of injected fluid (Ib/ft3)
¢,, - specific heat of injected fluid (BTU/1b-9F)

A - area (ft2) ‘
Where A =bx or A=mr?
b - width (ft) r - radial distance (ft)

x -linear distance (ft)

All of the temperarture p'roﬁles for Run 26 consist of two sets of contours. One set
7 represents the upper half of the model while the other contour descnbes the lower portion.
A computer program was created which utilized the Lauwerier equauon and the temperature
COHYE]I‘S for Run 26 (0.25 to 1.00 P.V.). The computer progra'm‘is given on page 577 of
Appendix B. The area (A ) used in this study was defined as the area existing between a
particular temperature contour and the injection pbiﬁ;. The area covereti byr each
corresponding temperature on each profile was measured by a planimeter and then
”substituted into the Lauwerier equation in ord'er to obtgiri\ 2 e.stimated temperature related to
* the measured area. : |

"From ‘rs}re'analysis, ’f‘ables 6.28-and 6.29 were preparegi, which Iist"th portion of

model being represented, the amount of fluid injected in pore volumes pribr the specific
contour, the actual contour line temperature used to measure the previously discussed area

A .
and the temperature yielded by the Lauwerier equation corresponding to the area. ==
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I this analysis the model was divided to the upper and lower portion. The fhuid

injection rate used for each interval is an estimate only: in Table 6.28 it is assumed that each

263

, pdﬁion of the model received one half of the total injected fluid: Héwever,'the greatér part. '

of the injection interval for Run 26 was si'tw.lted in the-upper portion of the model.
Therefore, in Tabic_ 6.29 it was assumed :nat three-quani>rs of the total fluid injected
entered the upper zone of the model while tze temainin g ons-quarter \‘vent into the -bbottom
portion.

For Table 6.28, a comparison of the temperatures calculated for the upper and
lower portions, using Lauwerier's equation, suggests that the upper part of the model was
heing heated faster than the lower portion. This indicates gravity override of the steam

‘rather than the usual underriding of the formation by injected water. This is also evident in

Table 6.29 but to a larger extent due to a highéx_' ihjectidn rate in the upper region of the

model. A steamflood occurs in the model since the upper portion heats up faster than the

lower zone, which leads one to believe that steam override was present in the model.

-

. Comparing the actual contour temperature to that obtained from the Lauwerier
» . : ‘

equation can also be useful in determining if steam existed in the model. The actual contour

temperatures, which are at the approximate steam temperature of 700C, are greatjer than the
Lauwerier équation temperatures in the upper and lower portions of the model in both
Tables 6.28 and 6.29. Since the actual temperature is greater than the a»ssumed; Lauwerier
ho.t \yatefﬂood temperature, the existence of the ste;fam_in fhc model is evident. As well, the
actual contour temperatures at 60°C are only slightly less than the Lauwerier equation
temperatures which indicates that 4 hot water or condensate bank existed ahead of the steam
zone. The lower actual contour temperatures, cprnparéd to the Lauwerier equation, are for
tﬁe mbst part considerably less which indicates the heating and subsequ_er‘lt displacement of

in-place oil ahead of the steam and hot water regions. At the lowest actual contour

L

temperatures the Lauwerier equation temperatures ‘are equal to or approach the initial




. = : .
reservoir temperature meaning that the oil in this region of the model has not been affected

by the advanéing hot water and steam zones at this point in time.

From the comparison of the actual and calculated temperatures as well as the
: .1nd1cat10n of gravity overriding by the injected fluid, it is concluded that steam w.ls present
in the model throughout Run 26 Also a hot water or copdt 1sate regron is belxeved to form

ahead of the steam front.

Comparison of Marx-Langenheim and Mandl-Volek Models
A. Marx-Langenheim Theory

The second portion of the heat flow analysis consisted of a comparison of the

264-

Marx-Langenheim 5 and Mandl-Volek 6 models of formation heating by steam injection

- for the low pressure model in Run 26. Both steam injection theories give the steam zone

volume at any point in time during a steam injection process.:

. According to Marx-Langenheim theory, when steam is introduced into an oil

bearing formation at an initial reservoir temperature (Tg ), a certain amount of oil is -

vdrsplaced by the steam. At the same, time the injected steam condenses and heats the

_ reservorr rock a,nd ﬂuxds The vhot water region formed ahead of the steam, which is

' assumed to be at the stearm temperature (Ts ), preheats the reservoir ahead of the steam.

The Marx Langenhelm theory assumes idealized conditions, and therefore the heated zone

is at a constant temperature (Ts ) which extends from the injection end to a point where the

temperature sharply dropsfrom Ts to Tr. For this to occur Marx-Langenheim theory’

assumes no gravity <~-regation of steam, uniform thickness, injection over entire thickness

" ata constantrate . 1 not:mperature drop in the steam zone.

Figure 6.107 shows a schematic representation of-the idealized temperature and '

steam quality“distdbutibns for the Marx-Langenheim model of reservoir heating by steam
mjecuon The steam zone or heated reglon represents the volume of ‘fluids and rocks

heated to steam temperature (TS) regardless of the steam qualrty Marx LAngenhexm
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theory assumes that the condensate transfers the sensible heat over an infinitesimal distance
. v S : , i
which constitues the condersate front.

Marx and Langenhelm developcd an equation to calculate thc steam zone volumc

(VS) which is as follows:.
' »~ O:M h ( Fy
—4khohMob(Ts'-TR) R

-

Where i_(350) {hw-hg+fel >
' Q; - heat injection rate (BTU/hr)
is+- steam injection rate (B/D e :quivalent) o
h,, - saturated water enthalpy (BTU/1b) \
g | hg - enthalpy of water at reservoir temperature, T (BTU/Ib)
St - steam quality
L, - latent heat of vaporization for the steam (BTU/lb)

is a function of the dimensionless time, 1 .
: 0

r : Fo=— 2
Fy=e'erfcip +2,4/'D/ -1 o ST 08540,

B. "andl-Volek Theory

The major weakness of the Marx-Langenheim model, apart from neglecting gravity
effects is that the injected steam continues to furnish the latent heat contained in the newly
invaded stratav as well as supplying heat for heat loss to adjacent formations. As long as the
lafent heat injection rate is greater than its consumption rate the Maﬁ;Langcnheim mode! is
valid. However, at a particular time, called "critical time" by Mandl - . Vdlek, this ceases
to occur, and therefore an allowance must be made for convectiv 1cut transport by hot |
water ahead of the condensation front.

In the Mandl-Volek model, as long as the time is less than critical‘ time, Mﬁrx-
Langeqheim théory can be implemented. If _.e time is greater than the critical time then the

Mandl-Volek theory applies.



Estimation of the steam zone volume by the Mandl-Volek model is the average for
2 )

two boundary conditions which are analytically solved. The first éond?tion assumes no hot
water movement infront of the conc - uion.zone and therefore is the same as.the Marx-
Langenhcim solution. The second condition assumes hot water movement and heat loss
ahead of the front with no preheating of the overburden at the front. |

' ¢

4
Therefore the steam zone volume is calculatcd as shown below.
: ' 4

) . ,
Qih, M Fy = .
= . 3 for ¢ <t. (Marx-Langenheim)
ST -TR) dkpopMop < &

~.

|

2
_ Qihy M F,
d (TJ'TR).4khobMob

‘ [tp-1
Where F3=e erchT,;+2 p-foc

. 1
. fsa Ly (fo pe '3) -Ipc
1+— | +{r— rfc A/t

[ +Cw(TSf'TR) —3 erfc ~1p 3 /———ID

Two computer programs were developed, which calculate the steam zone volume

%

- for t >t., (Mandl-Volek)

after every quarter of a pore volume of steam injected for exp'eriment 26. The first program
(page 579, Appendix B) incorporate the Max"x-La’ngerihcim solution to determine the steam
zone volume. The second program (page 581, Appendix B) utilizes the Mandl-Volek

theory for steam zone volume calculation.
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Results of the comparison of the Marx-Langenheim and Mandl-Volek models are

shown in Table 6.30. The table lists estimated steam zone volumes for both the Marx-

~ Langenheim and Mandl-Volek situatjons at every quarter of a pore volume of steam injected

for Run 26. _

The results listed in Table 6.30 indicate that the stebarri zone @mc 'caléulate'd using
the Marx-Langenheim theory was approximately 20% greater than the volumé' estimated
using the MandI-Volek theory. After two pore volumes of steam had been injected the

predicted steam zone volume accarding to Marx-Langenheim theory was 65.55 % of the
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: \P 2“69
' ! . A
rhodi:l's bulk volume, while the Mandl-Volek model estimated the steam zone \)oh\;me_ to be
70.58 % of the model bulk volume. A comparison of the results of the two modc. .
indicates the critical time wis reached soon after stcam mjcctlon was initiated, Lherefore the
Mandl- Volck model prov1ded a better representanon of the steam uuectxon process which
occurred in thc low prcssure model. Itis also implied that the latent heat injection rate was
less‘than the consumpuon rate of the injected heat. ' ‘ o .
From the results it was concluded that the Mandl Volek model prov1des the more

accurate representation of the steam zone developement in the model which suggests that

- the latent heat injection rate was less than its consumption rate.

" A heat balance was perforfned on Run 26 to determine the total heat injected total
heat remaining in the model and the total heat lost from within the model. The equations
used for the heat balance were obtained from Farouq Ali's 70 text on heavy oil recovery.

Thcrcfore-the heat balance for Run 26 according to Farouq Ali 704s as follows.

~ Total Amount =  Total Heat Lost to the "+ Total Heat Existing |
of Heat Inje Surroundings and _in the Low Pressure
in the Modal the Produced Fluids Model
or Qi(t) = Q ob . + ' Qs

Where  Q,( ) (350) Lho-hg+fol )t

-Q; (t) - total amount of heat mJected (BTU)
is - steam injection rate (B/D - water equivale‘nt)
h,, - saturated water enthalpy (BTU/1b)
hg - enthalpy of water at reservoir temperature, T (BTU/1b)
S5 - steam quality ‘
' L, - latent heat of vaporization for the steam (BTU/b)
t - time (hr)

Determination of the total heat lost from the model (Q, ) involved calculating the

volume that each contour temperature occupied in the upper and lower temperature proﬁle's

~
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for Run 26 (Fig. A.286-A.292). The volumes were calculated by measuring the area
encompassed by each contour line for the upper and lower sections of the model. The area
measured using a planimeter was then multiplied by one half the thickness of the model
since the m6del was divided into upper and lower portions, each being half the thickness of
the entire model. This calculation yielded the volume which each specific temperature
contour occupied in the model. - . ¢
The heat content of each elemental volume was determined using the folfowing
equation. ,
< Hi=MV;(T;-Tp)
Where H; - heat content of volume i (BTU)
M; - heat 'capacity of heated model
V; - volume of element i (ft3) ‘
T; - temperature of elementi (OF)
Ty - initial model temperature (°F)

- The total heat existing in-the model (©Q5) was then determined by summing the heat

contained in each-elemental volume,i .

“Sinc‘e values for Q; (r) %md 0, were obtained, a value for the total heat lost from the
bl“““model (Qob) during experiment 26 could be predicted using the previouély described heat
balance equation. |
Valuqs_rgf Q;(t), Qs and Q,p are listed respectively.in Table 6.:?,1 for every one,‘
'~ _quarter of a pore volume of steam injected into the model during Ru.n 26. “Total heat

s . . . - 1 . ' y T e ) \ .’
injected was given in BTU's while the heat lost and the heat remaining were listed as a
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percentage of the total heat injected into the ‘model.” A computer program (page 583,

Appendix B) was developed\ which calculates the total heat injected into the model, the
amount of heat contained in the model and the émoﬁnt of heat lost from the model in Run

26, which was a base steamflood. ) ' p
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Results of the };léat, bala'nce aqalysis in Table 6.31 reveal that heat loss from the
model was considerablé,‘_.arid that approximatély o,ne-cifmrte‘f of the total heut injected into
the n%odcl remained in thc‘}r‘lodel. Therefore about 75 % of the total heat irjected was lost |
\}o the surruoundings and the 'produced,ﬂuiéis. The rhagnittide of this heat loss is typl:‘icul of”

steamn injection proc’égses in thin reservoirs. It was also noted from the results that the heat

loss rate from the model was reasonably constant throughout the experiment.
)



Experimental Limitations and Sources of Error
 As mentioned previously in the seetion dealing with scaling (Chapter IV), the
assumpnons made by Stegemeier, Laumbach/a.nd Volek lead to a certain degree of error in
scaling the expenments To adhere to strict scalmg the capillary pressure and the relative
permeability relationships would be reqpired to be same functions of saturation in both
model and the prototype. As well, there are préctical consideratiorrsrregarding the selection
of model materials and fluids with properties that would exactly satisfy the scaling groups.
The inability 1o scale capillarv nressure is believed to cause only a small error since
-a highly viscous crude oil occurs in the ﬁrototyi:e reservoir. fDemetre, Bentsen and Flock
58 reported that breakthrough recovery is only a weak function éf the'capillary number for
large values of mobility ratio and provided a stable displacement exists. Bentsen 57 founa
that a displacement,vprocess in a linear eysierr) was dominated by mobility ratio. This made
it pbssible to eliminate the requirement that relative pemreabilities or their ratio be equal in
the model and prototype for certain circumstances. It was suggesﬁted by Prector 26 that
two- and three-dimensional systems could also be dealr with in a similar manner.
Prats 11 reported that three-phase relative permeability euwes used.for a prototype
at proper operatmg conditions could not be determined. Correspondmgly it was not known
-how to establish the relative permeability properties for the laboratory model. Therefore it
was difficult to determine if relative _permeabﬂity relationshipsbetween the model and
prototype were scaled or unscaled. Despite thenlimitzvition, Prats !1 found from his Peace
Riyer model study thae good agreement was achieved between field ‘and .model

performance's.» ‘ A

Since different fluids and porous media are used in the model and prototype the

relative permeability curves for the model and prototype Will also be expected to “be
different. This is true even for the end points. -
A feature of the Aberfeldy.is that it is very stratified; however a limitation of the:.low

pressure model was that representation of the stratification that exists in the reservoir could
' ¢
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not be achieved (i.e. the model permeability in the vertical and horizontal directions was the
same). Despite this limitation, the effect of stratification decreases vertical permeability
which would probably help to hinder the movement of solvent and steam downward into

the bottom water zone and therefore improve oil recovery.

B



2.(1)

(i)
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Chapter VII
Conclusions

-

Based upon the results the research the:following conclusions were reached:

Tﬁe solvent-steamflood process cxhibits;ari improved oil recovery capability from a
bottom water formation as compared a conventional steamflood in the same type of
rcscfvoir._ The higher recovery of the solvent-steamflood was due to the solvent
slug channelling into the oil region and away from the bottom water, allowing the
steam to penetrate the oil zone more easily. This increased the stability of the steam
displaccmeﬂt of oil and sulted in more oil bcing mobilized and subsequently

recovered.

The implementation of gas injection prior to a steamflood of a thin formation with
underlying water appears to improve oil recovefy, compared to a conventional
steamflood, by par;ially diverting the injected steam away from the bottom water
zone and increasing the steam injectivity in the oil zone. The solvent-steamflood
method yields thé highesf oil recdvery compared to injécting gas prigr to the

/
steamflood of a bottom water.model.

Gas injection prior to a solvent-steamflood of a bottom water formation tends to
diminish solvent channelling in the oil, due to the solvent travelling over top of the

oil zone. This results in less steam penetrating the oil layer. Consequently, less oil

~ is mobilized by the steam causing a drop in oil recovery of a solvent-steamflood as

compared to its implementation in a heavy oil formation with underlying water but

without a gas cap or gas channel.
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. " Lo . -
Bottom water has very detrimental effects on the thermal and sweepéfticiencies of a
steamflood, and as the bottom water thickness increases the loss of the steam to the
underlying water correspondingly increases.

¢

In the case of a solvent-steamflood process on a bottom water formation, as the
' S

botto- vater thickness increased in the model, the oil recovery decreased until a
limiting bottom water thickness was reached. Above this value the use of a solvent

would not significantly improve the oil recovery. The bottom water thickness
’ b
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above which imProv‘ed" oil recovery by a solvent-steamflood is negligible was

estimated to be somewhere between 25% and 30% of the total formation thickness.

\ There exists an optimal solvent sluE*siz\c 6fﬁz’1p‘proximatcl‘y 10% of the model pore,

\\,;") . . NS

. volume which maximizes the amount of oil recovered by a solvent-steamflood

process.

Location of the injection interval in the upper portion of the formation (ie. oil zone)

enables more efficient use of the mjected solvent and steam and increases o

’
recovery by directing the fluids i into the oil zone and away from d]c harmful bottom

° ¥

water layer, as compared to injection over the entire interval or into the bottom
-~

portion of the formation.

The use of a partial bottom water barrier in combination with a steamflood of a
bottom water formation helped to prevent steam from travelling directly into the

water zone so it could more efficiently heat and mobilize the overling oil zone.

Conducting solvent-steamfloods of previous waterflooded reservoirs to improve oil

recovery shows promise as an enhanced heavy oil recovery scheme.



10.

0]

(ii)

-

]

‘A comparison of the experimental restits for a solvent-steamflood, conventional
steamflood, gas injection prior to a steamnflood or solvent-steamflood and a partial
bottom water barrier method all conducted in z bottom water model, shows that the

solvent-steamflood technique yielded the highcst oil recovery.

An analysis of formation heating for a conventiona] steamflood of a homogeneous,

' oil;saturated model (Run 26) was carried out using classical methods. It is

. concluded that:

The Mandl-Volek steam injection model provides the best representation of steam
zone development in the model compared to the Marx-Langenheim and Lauwerier
theories. This indicates that the latent heat injection rate fell below the consumption

rate needed for continued steam zone advance.

The heat loss from the model was considerable which is typical of steam injection

processes in thin reservoirs. Results indicate that approximately one quarter of the

total heat injected remained in the model to be used io mobilize the in-place oil.
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Figure Al :Run 39
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Steamflood in Bottom Water Model

Temperature Profile for
0.25 Pore Volumes Injected
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Run 39

Steamflood in Bottom Water Model
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Figure A2

Temperature Profile for
0.50 Pore Volumes Injected
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Run 39

Steamflood in Bottom Water Model

.
.

Figure A4

- Temperature Profile for
1.00 Pore Volumes Injected
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Run 39

Figure A5
Steamﬂood in Bottom Water Model
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: Run 39

Steamflood in Bottom Water Model

Figure A.6
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Temperature Profile for
1.50 Pore Volumes Injected
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Figure A11 :Run 40
| ‘Solvent Flood in Homogeneous Model

| Temperature Profile for

'0.25 Pore Volumes Injected
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Figure A12 :Run 40 '’ |
Solvent Flood in Homogeneous Model

Teniperature-‘ Profile for
0.50 Pore Volumes Injected
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Production Well

Figure- Al13 :Run 40

Solvent Flood in Homogeneous Model

Temperature Profile for
0.75 Pore Volumes Injected
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Production Well

Figure A14 :Run 40
Solvent Flood in Homogeneous Model

Temperature Profile for
1.00 Pore Volumes Injected .
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Figure A15 : Run 40
Solvent Flood in Homogeneous Model

Temperature Profile for
1.25 Pore Volumes Injected
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Figure A16 ' : Run 40
Solver.t Flood in Homogeneous Model

Temperature Profile for
1.50 Pore Volumes Injected
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: (
Figure A17 :Run 40
Solvent Flood in Homogeneous Model
Temperature Profile for
| 1.75 Pore Volumes Injected
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Production Well

Figure A18 : Run 40
Solvent Flood in Homogeneous Model

- Temperature Profile for
2.00 Pore Volumes Injected
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E Run 44
Solvent—Steamflood in Homogeneous Mod
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| ~ Figure AR4 :Run 44 "
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Figure AZ25 :Run 44

Solvent—Steamflood in Homogeneous Model
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Figure A26""' Run 445
Solv 'ent Steamflood in Homogeneous Model

Temperature Profile for
, 1.00 Pore Volumes Injected
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Figure A29 : Run 44 .
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Figure A.30

Temperature Profile for
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Figure A35 :Run 45
4 Solvent—S’teamlflood in Homogeneous Model
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Run 45
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Run 45

Solvent—Steamflood in Homogeneous Model

Figure A.37

-

Temperature Profile for
0.75 Pore Volumes Injected
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Run 45

Figure A.39

Sclvent—Steamflood in Homogeneous Model -

Temperature Profile for
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Run 45

Figure A41 o
Solvent—Steamflood in Homogeneous "Mgdel
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Run 45

Figure A.42
Solvent—Steamflood in Homogeneous Model
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'Run 46

Figure A.47

. Temperature Profile for

<

0:25 Pore Volumes Injected

: Production Well
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F‘igure A48 :Run 46
Solvent—Steamflood in Homogeneous Model
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Figure A49 : Run 46
Solvent—Steamflood in Homogeneous Model

Temperature Profile for ‘
0.75 Pore Volumes Injected 5}
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Figure A.50

Run 46
Solvent—Steamflood in Homogeneous Model
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Run 46

Figure A51

Solvent—Steamflood in Homogeneous Model

Temperature Profile for
1.25 Pore Volumes Injected

Production Well
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Tempefature Prbfile for
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Run 46

F‘igure Ab4

Solvent—-Steamﬂood in Homogeneous Model
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Figure A59 :Run 60 :
Gas Inj. & Stee.mflood in B Ww. Model

Temperature Proflle for
| 0.25 Pore Volumes In]ected .
Production Well

32.0

.»s:_x

T Y : 18 : T T bt
0.0 4.0 8.0 - 12.0 16.0 . . 24. 28.0 KO

Upper Model Temperature (C : T
-_Ig._!.e.l:.ll.p.del_.qmg.e:etm_éd_ﬁ o -, Injection Well



Production Well

. Figure A.60 Run 60
Gas Inj. & Steamﬂood in B.W. Model

Temp’era’ture Profile for .
0.50 Pore Volumes Injected
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Production Well

Figure A.61 :Run 60
Gas Inj. & Steamflood in B.W. Model

Temperature Profile for
0.75 Pore Volumes Injected
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Run 60

Gas Inj. & Steamflood in B.W. Model

.
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Figure A.62
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Flgure A63 :Run 60
Gas Inj. & Steamflood 1n B.W. Model

Temperature Proflle for

: 1.25 Pore Volum=z injected
Production Well
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Figure A64 : Run 60
Gas Inj. & Steamflood in B.W. Model

Temperature Profile for

‘ 1.50 Pore Volumes Injected
Production Well - '
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Figure A.65 :Run 60
Gas Inj. & Steamflood in B.W. Model
Temperature Profile for . -
1.75 Pore Volumes Injected Cow
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Figure A.66 :Run 60
2 GasInj & Steamflood in BW Model
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Run 61

~ Figure A7l
Gas Inj. & Steamflood in B.W. Model
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Run 61

!

Figure A72
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: Run 61

Tempefatune Profile for

0.75 Pore Volumes Injected

~ Figure A73 }_
.Gas Inj. & Steamflood in BW. Model
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| Figure A.74
Gas Inj. & Steamflood in B.W. Model

Run 61

‘Temperature ‘Proﬁle for .

1.00 Pore Volumes. Injected

Production Well

B
-

-
(&)

\~~
-

er Modét Tem

e
we

Injection Well

8.

erature

P

mperature

1 Te

U o
ywer Mode



358
A

"«;s-

-
-

: Run 61

Temperature Profile for .
1.25 Pore Volumes Injected

' Figure A75
Gas Inj. & Steamflood in B.W. Model
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Run 61

Figure A77
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Run 61
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- Figure A.83
Solvent—Steamflood in BW. Model

Temperature Profile for
0.25 Pore Volumes In]ected
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Run 65 -

Solvent—Steamflood in BW. Model

Figure A.84
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Flgure A.86 : Run 65
Solvent—St. eamﬂood in B.W. Model

Tempefature Prohle for
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Figure A87 :Run 65
Solvent—Steamflood in B.W. Model
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Figure AB8 : Run 65
Solvent--Steamflood in B.W. Model

Temperature Profile for
1.50 Pore Volumes Injected
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'Figure A89 :Run 65
Solvent—Steamflood in B.W. Model

Temperature Protile for
1.75 Pore Volumes Injected
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Figure A90 :Run 65

Solvent—Steamflood in B.W. Model
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Figure A95 :Run 66
Solvent—Steamflood in Homo. Model

Temperature Profile for
0.25 Pore Volumes Injected
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Figure A.96 :Run 66
Solvent—Steamflood in Homo. Model
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~ Figure A.97 :Run 66
Solvent—Steamflood in Homo. Model

y - Temperature Profile for

; 0.75 Pore Volumes Injected
roduction Well

s2.0

v
/ ’
) l, ’
'zb ’
/,& /'\'/’
’ ’
/,?"//

S

Injection Well



31

w

Run 66
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Figure A.98
Solvent—Steamﬂood in Homo. Model
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Figure A.99
Solvent—-Steamflood in Homo. Model
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Run 66

Solvent—Steamflood in Homo. Model

Figure A.100

Temperature Profile for
1.50 Pore Volumes Injected
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Run 66

Figure A.101 |
Solvent—Steamflood in Homo. Model
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. Run 67

Solvent—Steamflood in Homo. Model
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Figure A108 : Run 67
Solvent—Steamflood in Homo. Modcl

Ternpefé.ture Profile for o
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Figure A.109

: Run 67
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: Run 67
Solvent—Steamflood in Homo. Model
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Figure A.11h

: Run 67

Solvent—Steamflood in Homo. Model
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Run 67

Solvent—Steamflood in Homo. Model
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Figure A112
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: Run 67

Solvent—Steamflood in Homo. Model

Figure A.113
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: Run 67

Solvent—Steamflood in Homo. Model

Figure A.114
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Figure A119 :Run 49
Solvent—Steamflood in B.W. Model

Temperature Profile for
0.25 Pore Volumes InJected
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Figure A120° : Run 49
Solvent—Steamflood in B.W. Model

Temperature Profile for
0.50 Pore Volumes Injected

Production‘ Well
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: Run 49

Figure A.121
Solvént—SteamﬂOod in B.W. Model

Temperature Profile for
0.75 Pore Volumes Injected
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: Run 49

Figﬁre A122
Solvent—Steamflood in B.W. Model

Temperature Profile for
1.00 Pore Volumes Injected
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Figure A.123 :Run 49
Solvent—Steamflood in B.W. Model
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- Figure A125 : Run 49
Solventﬁ-Steamﬂoou in BW. Model -

Temperature Pl‘oflle for
1.75 Pore Volumes Injected
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: Run 49

Figure A.126
Solvent—Steamflood in B.W. Model

Temperature Profile for
2.00 Pore Volumes Injected
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@  Figure A131 :Run 50 .
Solvent—Steamflood in B.W. Model
Temperature Profile for |

* 0.25 Pore Volumes Injected
Production Well o : .
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* Figur- 132 : Run 50
Solvent Steazunflood in B.W. Model»

. Temperature Profile for
" 0.50 Pore Volumes Injected
- Production Well I

N -3 ~ A
oa
. o
;
o
L
I
) 'h
KX
] - ’
N e
[ _'—‘

T T
0.0~ 4.0 28.0

. KO
er Model Temperature (C T . "
- ‘]:f‘g— ““!.-e}: ‘Model _'I_‘_gr_gperature o /{n}ectlon Well

v



, ¥
416
i é
'~ TFigure A133 :Run 50 |
" Solvent—Steamflood in B.W. Model
oY »- Teriiper‘ébpre Profﬂe for
/o 0.75 Pore Volumes Injected

'Production Well | ‘ : ®

©
of
]

q Y
o T T I
0.0 4.0 8.0
¢ ' . : _ . : ’ - \g
Upper Model Temperature (C) N . .
_,Iﬁmx:.&p.dél.’liqmp.mtmicf. o Injection Well



417

'

Figure A.134
Solvent—Steamflood in B.W. Model
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. Run.50

- Solvent—Steamflood in BW. Model

Figure A135
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Run 50

Sclve'nt—Steamﬂood in B.W. Model

LN

Figure A.136

Temperature Profile for
1.50 Pore Volumes Injected
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Run 50

Solvent—Steamflood in B.W. Model

Figure A.138

Temperaturé Profile for
2.00 Pore Volumes Injected
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Figure A143 :Run 51
Solvent—Steamflood in B.W. Model

Temperature Profile for :
0.25 Pore Volumes Injected G
‘Production We.l ‘
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o Figufe Al44 :Run 51
Solvent—Steamflood in B.W. Model -

Temperature Profile for
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Figure A.145 : Run 51
Solvent—Steamflood in B.W. Model

Temperature Profile for

0.75 Pore Volumes Injected
Production Well ,
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‘Figure A.146 : Run 51 ’

Solvent--Steamflood in BW Model

Temperature Profile for
1.00 Pore Volumes Injected
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. | Figure A147 -: Run.51
Solvent—Steamflood in B.W. Model

Temperature Profile for
1.25 Pore Volumes Injected

Production Well
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Figure A148 :Run 51 ‘
Solvent—Steamflood in B.W. Model

Temperature Profile for

~ 150 Pore Volumes Injected
Production Well
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’ Figure A.149 : Run 51 |
Soivent—Steamflood n B.W. Model
) +' Temperature Profile for

| _ n 1.76 Pore Volumes Injected
Production: Well
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Figure A150 : Run 51
Solvent—Steamflood in B.W. Model

Temperature Profile for

2.00 Pore Volumes Injected
Production Well
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Figure A155 :Run 53
' - Solvent—Steamflood in B.W. Model
- Temmperature Profile for :
0.25 Pore Volumes Injected I

Production Well
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‘Figure A156 : Run 53 o B
Solvent-Steamflood in BW. Model =~ =
| Témpe_rature Profile for | |
0.50 Pore Volumes Injected -,
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| Figure A157 :Run 53 o
Solvent—Steamﬂood in B.W. Model
' Temperature Profile fof
lProduction Well

0.75 Pore Volumes Injected
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. Figure A158 : Run 53
: Solvent—Steamflood in B.W. Model

Temperature Profile for-
1.00 Pore Volumes Injected

Production Well
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- Figure A159 :Run 53
Solvent--Steamflood in B.W. Model -

’@ ' Temperature Profile for
1.25 Pore Volumes Injected

Production Well
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.. Figure A160 :Run 53
Solvenfl‘Sflg:qmﬂood in B.W. Mnadal

———— - —-

. ‘ Temperature Profile for

1.50 Pore Volumes Injected
Production Well ' o
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Figure A161 :Run 53 o
Solvent—Steamflood in B.W. Model

Temperature Profile for
175 Pore Volumes Injected
Production Well :

-~ : . \L

e

168.0

12.0

0.0

0
~__Upper Model Temperature (C), , ‘ i
L ,;-I&?m:)&squllmpmtmid;- o Injection Well

~/



345

au

 Figure A162 :Run 53
Solvent—Steamflood in B.W. Model

Y

Temperature Proﬁle for . | ]
'2.00 Pore Volumes Injected /

Production Well
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" Figure A167 :Run 54 i
Solvent—Steamflood in BW. Model =
v Y - |
Temperature Profile for
-~

' 0.25 Pore.Volumes Injected
Production Well | i ’ ‘ :

3

\ .

)
H !
‘ et L . A V .l l‘ / )
A : : : ! H | LW Sy s
‘: " N A Y
ij ‘ : H ‘ o AV A A /1
. ’ ; i i o ',/ A B
: | . I I 8 5 A ey
S h ) | v [ 1 / TR IS I S A APAY
o. T 1~ T . : T A 1 L ljn U 4 lL[J/l/ i
0.0 4.0 8.0 12.0 - 16.0 200 - - 240 28.0 XO

PR R

. “TIgwer Model Temperature ;

\‘

Upper Model Temperatureia._: R Injection Well



451

Run 54

9

50 Pore Volumes Injected

—

Temperature Profile for

Figire A.168
Solverit—Steamﬂood in B.W. Model

0.

.

!

B

Ko. .
Injectioh Well

15

- N L -
. - . -

il _TRESSSY 3

-
~—
- -

o

Production Well
&

9

pera’tuire
el Temperature

er Model Teni‘;

L2

"



pl
(8

45¢

: Run 54

gure A169

Solvent—Stearnflood 1n B».W. Model

N

a

r

Temperature Profile for

)

0.75 Pore Volumes Injected

‘Production Well

| T -
Injection Well |

g

erature
t

Hp
mpera

e

t Model T

her M'_o'delfl‘e‘

U
YW e



453

-Figure A.170:

. Run 54

Solvent—Steamflood in BW. Model

I

Temperature Profile for
1.00 Pore Volumes Injected

Production Well

3

Injection Well

perature

&~

. P

8.

perature

r Model Tem
Model Tem

er
Qx

- IﬁU wex )

<N

\



€2
|
t

fe

Figure A171 :Run 54
Solvent—Steamflood in B.W. Model
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. Figure A179 :Run55
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- Figure A180 : Run 55 | e
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Temperature Prohle for
0. 50 Pore Volumes Injected

L | b :
0.0 40 8.0 12.0 1'0.0 ‘ab.o 24.0 280 xo

Upper Model Temperature v
I'elfv_rs.t Model * 'I.'qmpqx:a,m.&!f Injection Well



Flgure A.181 : Run 55
Gas Inj. Solv.—Stmflood i in Homo. Modc,l

~ | - _ Temperature Protile for
) -0.75 Pore Volumes Injected = ~

Injection Well

464



465

Run 55
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- FigureAl84 :Runb55 -
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Figure A185 :Run 55
Gas Inj. Solv.—Stmflood in Homo. Model

Temperature Profile for
1.75 Pore Volumes Injected
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Figure A186 : Run 55
Gas Inj. Solv.—Stmflood in Homo. Model

Temperature Profile for . .
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Figure A191 : Run 56 |
Gas Inj. Solv.—Stmflood in Homo. Model
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Figure A192 :Run 56
Gas Inj. Solv.—Stmflood in Homo. Model
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Figure A193 :Run 56 T e
Gas Iryj. Solv.—Stmflood in Homo. Model

Temperature Profile for
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Figure A.194 :Run 56
Gas Inj. Solv.—Stmflood in Homo. Model
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Figure A196 :Run 56
'Gas Inj. Solv.--Stmflood in Homo. Model
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 Figure A197 :Run 56
Gas Inj. Solv.—Stmflood in Homo. Model
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Figure A203 : Run 58

Gas Inj. Solv.—Steamflocd in BW. Model

Temperature Profile for
- 0.25 Pore Volumes Injected
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Figure A206 :Run58
Gas Inj. Solv.—Steamflood in B.W. Model
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Figure A207 :Run 58
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Figure A208 :Run 58
Gas Inj. Solv. —Stqamﬂood 1n B.W. Model

Temperature Profile for
1.50 Pore Volumes Injected
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: Run 58

Figure “A209
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- Figure A210 :Run 58
Gas Inj. Solv.—Steamflood in B.W. Model

Temperature Profile for
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Run 39
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Figure A217
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Figure A218 :Run 59
Gas Inj. Solv.—Steamflood in BW. Model

Temperature Profile for
1.00 Pore Volumes Injected
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F1gure 'A220 :Run 59
Gas In] Solv ~Steamflood in B.W. Model
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Figure A221 :Run 59
‘Gas Inj. Solv. —Steamﬂood in B.W. Model
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. Figure A222 :Run59
Gas Inj. Solv.—Stearaflood in B.W. Model
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' Figure A227 :Run62
Gas Inj. Solv.—Steamflood in B.W. Model

Terhperature Profile for
0.25 Pore Volumes Injected

Production Well
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. Figure A228 :Run 62
Gas Inj. Solv.—Steamflood in B.W. Model

" : Temperature Profile for .
e 0.50 Pore Volumes Injected
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Figure A229 :Run 62

Gas Inj. Solv.—Steamflood in B.W. Model

Temperature Profile for
0.75 Pore Volumes Injected

. .
28.0 :*o

Injection Well
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. Figure AR30 :Run 62
Gas Inj. Solv.~Steamflood in B.W. Model

‘ | - Temperature Profile for ,
1.00 Pore Volumes Injected

Production Well

i 3 ‘1 _ f ' ek -
0. 240 _.,280 0
' PN \ : @

o yInject.i_o'n Well




‘Figure A231 :Run 62 |
Gas Inj. Solv.—Steamflood in BW. Model

[ ]
Ter,npera{ure Profile for

1.25 Pore Volumes Injected
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| | . Figure A232 :Run 62
" Gas Inj Solv.—Steamflood in B.W. Model
Temperature Profile }or -

* "~ 1.50 Pore Volumes Injected
Production ?ell )
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Figure A.233 : Run 62

- Gas Inj. Solv.—Steamflood in B.W. Model

Temperature Profile for .
o 175 Pore Volumes Injected

"Production Well
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oa ~ Figure A234 :Run 62
%. 7. - Gas Inj Solv.—Steamflood in B.W. Model
,'I‘emperature Profile for
2.00 Pore Volumes Injected
Production Well | '
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Figure A239 :Run 63
Steamflood With Partial B.W. Barrier

RV | Temperature Profile for
0.25 Pore Volumes Injected
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Figure A240 :Run 62\3‘
Steamflood With Partial BW. Barrier
Tempera‘t;:ftiré Protile for
0.50 Pore Volumes Injected
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Figure A241 ¥

- Steamflood With Patfjal B.W. Barrier
Temperature Profi g?;or
. 0.75 Pore Volumes Tiijected
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Figure A242 :Run 63 |
Steamflood With Partial B.W. Barrier

Temperature Profile for
' 1.00 Pore Volumes Injected
Production Well .
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Figure A243 :Run 63
Steamflood With Partial B.W. Barrier ‘ 7
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Figure AZ244 :Run 63
Steamflood With Partial B.W. Barrier

Temperature Profile for

: 1.50 Pore Volumes Injected
Production Well
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Figure A245 :Run 63
Steamﬂood With Partial BW Barrier

Temperature Profile for
'1.75 Pore Volumes Injected

Production Well
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. Figure A246 :Run 63 7
. Stear’nj_lood With Partial B.W. Barrier - '
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" Temperature Profile for
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Run 64

Steamflood With Partial B.W. Ba

Figure A251
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Run 64

.
.

Figure A252 .
Steamflood With Partial B.W. Barrier

Temperature Profile for

0.50 Pore Volumes Injected
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 Run 64.

Figure A253
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/

samflood With Partial B.W. Barrier

Temperat:ure,, Protile for
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:Run 64

Figure A254 |
‘Steamflood With Partial BW. Barrier

Temperature Profile for
1.00 Pore Volumes Injected
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Run 64

Steamflood With Partial B.W. Barrier_j

Figure A.255
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: Run 64

Figure A.256
Steamflocd With Partial B.W. Barrier

Temperature Profile for
. 1.50 Pore Volumes Injected
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: Run 64

Figure A.257
- Steamflood With Partial B.W. Barrier

Ternperature Profile for
1.75 Pore Volumes Injected
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: Run 64

Figure A258
Steamflood With Partial B.W. Barrier

Temperature Profile for
2.00 Pore Volumes Injected
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o
.3

" Figure A263 :Run 47A _
* Waterflood Prior to Solvent—Steamflood

‘Temperature Profile for
0.25 Pore Volumes Injected
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Flgure A2 4 Run 47A |
Waterﬂood Prlor to Solvent~—Steamﬂood

Temperature Profile for .
’ 0.50 Pore Volumes Injected *
Production Well : '
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F1gure A265 : Run 47A
? Waterflood PI’lOI‘ to Solvent—Steamﬂood ,,

Temperature Profile for
0.75 Pore Volumes Injected
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S Figure AR66 :Run 47A )
.. Waterflood Prior to Solvent—Steamflood
o | . Temperature Profile for
- 1.00 -Pore Volumes Injected
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Figure A267 :Run 47A
Waterflood PI‘IOI‘ to Solvent Steamﬂood

Temperature Prof1le for ‘
S . 1.50 Pore Volumes Injected . - )
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Flgure A.268 : Run 47B

3

Solvent—Steamﬂood After a Waterilood |
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N Temperature Profile for
2.00 Pore Volumes Injected
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. Figure A269 :Run47B
“Solvent—Steamflood After a Waterflood

- Temperature Profile for ~
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Figure A274 :Run 48A

557

. ‘ .
'Waterflood Prior to Solvent—Steamflood
N Temperature Profile for
, - 0.25 Pore Volumes Injected
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| Figure A275 :Run 48A | |
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Figure A276 :Run 48A
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Figure A278 :Run 48B

v Solvent—Steamflood After a Waterflood
D ) /
Temperature Profile for |
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Run 48B

-Solvent—Steamflood After a Waterflood
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| Run 48B .
Solvent—Steamflood After a Waterflood
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Figure A281 :Run 48B

Solvent—Steamflood After a Waterflood

Temperature Profile for .
3.50 Pore Volumes Injected
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Run .26

.
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Figure A.286

Steamflood of Homogeneous Model
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Run 26
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.

Figure A.287

¢

Steamflood of Homogeneous Model

Temperature Profile for
0.50 Pore Volumes Injected
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Figure A288 :Run 26
Stearnflood of :omogeneous Model

- Temperature Profile for
0.75 Pore Volumes Injected ,
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' Flgure A289 :Run 26
Steamflood of Homogeneous Model

Terhperature Profile for
1.00 Pore Volumes Injected
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| S :
Figure A290 :Run 2€
Steamflood of Homogeneous Model

Temperature Profile for
" 125 Pore Volumes Injected -
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..Figure A291 :Run 26
Steamflood of Homogeneous Model

Temperature Profile for
1.50 Pore Volumes Injected
Production Well )
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Figure A292 :Run 26
Steamflood of Homogeneous Model

Temperature Profile for
1.75 Pore Volumes Injected
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(AR AA AL AL LA LA AL LS Ll Al Al Al Al l il A ARl Rl ARl Rl AR RN

The Lauwerier equation was developed to pradict
formation heating due to Hot Water Injection
. (sensibje Heat Only)

"This program utilizes the Lauwerier equation and

the temperature contour profiles for Expuriment 26

(0.25 to 1.00 Pore Volumes), The area coverad by aach
corresponding tempserature on each profile was measured *
by a planimeter and then substituted into the Lauwerier

equation in order to obtain a estimated temperature

ralated to this measured area. “
The contour temperature and the temperature value

obtained from the.Lauweri{er equation are then compared

to determina {f experiment 26 more closely represents hot
water injection instead of the desired continuous

steamf luod. —

AR E A E R AR E AR RAREREREAREZESE RSN ERELERTERERARNRNNEYRRERLEENENLER N

OOOOOOOOOOOOOOOOOOOOO

REAL DOIL.COIL ,MOIL,DH20,CH20,MH20,KHG,MG,KHOB,MOB, TM KT,
©IW,AREA,TR,TF.XD,TD, TEMP ,MS,POR,SOIL, SH20

C {
WRITE(6,33) . |
a3 -FORMAT(SX, ‘ACTUAL TEMP C’,5X.,'LAUWERIER TEMP C'//)
(o} ’ .
c . Density of 011 (ib/ft3)
DOIL=38.375 )
(o} - Spacific Heat of Ot1 (Btu/1b-F)
COIL=0.5162
c Heat Capacity of 011 (Btu/ft3-F)
MOIL=DOIL*COTL
c Density of Water (lb/fta)
DH20'61 186
(o} ecific Heat of Water (Btu/1b- F)
0=0.9996
c Heat Capacity of water (Btu/ft3-F)
MH20=DH20*CH20 N
c Thermal‘pondut1v1ty of Glass (Btu/hr-ft-F)’
KHG=0.5 { ‘
C Heat Capacity of Glass (Btu/ft3-F)
MG#25.9
c Thermal Conductivity of Overburden (Btu/hr- ft F)
KHGB-1 46426
c Heat Capacity of Overburden (Btu/ft3-F)
MOB=28.8558
c Thickness (Feet) : .
HT=, 104167
[o] Injection Rate of Fluid (BBl/Day) .
Iw=1.8%405 - ’
(o} . Temperature of Reservolr (F)
TR*37.4 ,
[ Temperature of Fluid (F) a
TF=154 .71
o Porosity of Model
POR= . 3346
C 0il Saturation

_READ(S5,*)J,PV,SOIL
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aoon

[sXeKs}

OO0

-t OOOOO0O

NOOOO

VCOOOOOO

- 100

water Saturation . {
SH20=1-SOIL )

Time(hours)

TM=spPV*14035./(226.8%60.)

Heat Capacity of Saturated Porous Medium (Btu/fta F)
MS POR‘SOIL'MOIL*POR‘SH20‘MH20#(1 O-POR) *MG

o

Dimensionless Time . . '
TD-4 O*KHOB*MOB*TM/ ((MS**2)* (HT*%2))

Read Contour Temperature and Corresponding Area
From/Data File . [N .

DO 100 I=1,y ' .
READ(S,*)TEMP,AREA L 3

Dimensionless Distance
Ri=4, +24 *KHOB*MOB*AREA
R2=5.615*MS*DH20*CH2O*IW*HT

X0=R1/R2

Limits For Lauwerier Equation are Applied

"IF(TD-XD) 1,1.4 - v

If xD is greater than or equal to tD then Lauwer iaer
temperature 1s equal 1§ft1a1 reservoir temperature.
(37.4 F) h— ’
WRITE(G, 10) o ‘
FORMAT (10X, ’'xD is greater than or equal to tD’)
TLAU=3.0
GO TO 8

Ifr xd is less than tD then Lauwerier equation can
be used

R3=(TF-TR)*ERFC(XD/(2*SQRT(TD-XD)))
TLAU=((TR+R3)-32.0)/1.8

The, Contour Temperature and Lauwerier Temperature are
written into the output file so these two values can be
compared to see how closely axperiment 26 represents a
hot waterflood.

NRITE(G.ZO)TEMP.TLAU ~
FORMAT(12X,F5.2,15X,F5.2)

CONTINUE

STOP

END

-’
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o}
G
c
[of
(o}
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o}
Cc
C
c

OO0

This program calculates the Steam Zone Volume for every
0.25 pore volumes of steam injected for Experiment 26 using
the Marx-Langenheim Modo! for Formation Heating by Steam
Injection.” S/

Marx-Langanhei{m assumes that the latent heat 1njoct1oﬁ ”y(
rate is greater than the rate of "its comsumption.

AR AR AR L EEE R AR R AR AR R R R P N R s I

REAL DOIL.COIL;MOIL.DH20,CH20T.MH20.KHG.MG.KHOB,M¢B.TM,HT.

@IW.TR.TF.XD,TD.MS.POR.SOIL.SH20HFST.QI,LV,F1.VS,SST.PV.CH2O

-
Quality of Steam '

FST=0-.08324

Latent Heat of Vaporization‘(etu/lb)
LV=1017.755

Density of 0f) (lb/ft3)

S

DOIL=38.37S

Specific Heat of 011 (Btu/lQPF)
COIL=0.5162

Heat Capacity of Oil (Btu/ft3-F)
MOIL=DOIL*COIL .

Density of Water (lb/fta) ~
DH20=61. 186 -
Specific Heat of Water C@tu/lb F)
CH20=1.01495

hw-hr (8tu/1b) “(A e

CH20T=101.23 Y

Heat Capacity of Water (Btu/fts‘?ﬁ

MH20=DH20*CH20 .

Tharmal Condutivity 'of Glass (Btu/hr-ft-F) ,
KHG=0.5 - :

Heat Capacity of Glass (Btu/ft3-F)
MG=25.9

Thermal Conductivity of Overburden (Btu/hr-ft-fF)
KHOB=1.46426 /

Heat Capacity of Overburden (Btu/ft3-F)

MOB=28.8558
. Thickness (Feet)

HT=.,104167*2.0 .,
Injection Rate of Fluid (BB1/Day)

IW=2 054

Tempaerature of Reservoir (F)

TR=37.4 ~
Temperature of Fluid (F)
TF=154 .71

POROSITY OF MODEL

POR=.3346 .
DO 100 I=1.8 /

Fraction of Pore Volume Injected into the Moda!
PV=0. 25*1 )

Calculate Time Using the Pore Volume Injected (hrs)
TM=PV*14055./(226.8+%60) v

0f1 Saturation

-SOIL-O.15



Uaiversity of Albcria

[ Steam Saturation
$ST=0.50
¢ Water Saturation

SH20=1-SOIL-SST ‘
MS=POR*SOIL*MOIL+POR*SH20*MH20+( 1.0-POR) *MG

a0

Dimensionless Time
TD=4 . 0*KHOB*MOB*TM/ ((MS**2) *(HT*=*2))
WRITE(6,22)PV - -

2 FORMAT(/10X.F4.2,' Pore Volumes Injected’)

-

OO0ON

Calculate Heat Injection Rate (Btu/hr)
QI=350. *IW*(CH20T+FST*LV)/24.

(9}

Fi-EXP(TD)‘ERFC(SORT(TD))+2.‘SORT(TD/3.14{592)-1.‘
R1=QI*MS*(HT**2 0)*F1 : x*
‘R2=4  *KHOB*MOB*(TF-TR)

Steam Zone Volume as a Percentage of
Total Model Bulk Volume

s NeNeNe]

v5a4R1/R2)/1.481431~460

WRITE(6,20)VS
20 FORMAT(10X,’Vs is ‘,F5.2,2X,’% of Models Bulk Volume’)
100 CONTINUE

sTOP

END
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Cu-.\., .:tt““..'.'-“’\'3‘.;.t‘..“.“l‘.“.‘."..-‘.‘.l.“...‘.t..‘
C This program calculates the Steam Zone Volume for eveary,

C 0.25 pore volumes of steam injected in Experimant 26 "

(o] using the Mandl-Volek Model of Formation Heating by

C Steam Injection.

Cc

[of The Mandl-Volek Model allows for the convective heat

Cc transforx by hot water ahead of the condensation front.

(o

c !
ct‘tit.t“ittttt‘tt!‘0“00.-‘.‘..t#.t.t.ttt“‘it“...ot-ti‘O“-a“

- REAL DOIL.COIL.MOIL.DH20.CH20T.ﬂH20.KHG,MG.KHOB,MOB.TM,HT.
. QIW.TR,TF,XD.TD.MS.POR.SOIL.SH20.FST.QI.LV.F1.VS.SST.PV_CH20.
™ eTC,TDC .

INTEGER A
C
[o Quality of Steam
"+ FST=0.08324 _
Cc Latent Heat of Vaporization (8tu/1b)
LVv=1017.755%
o] Density of 0i1 (1b/ft3)
DOIL=38.375"
[of Specific Heat of Q{1 (Btu/lb-7)
COIL=0.5162 ‘ - }
C Heat Capactity of 011 (Btu/ft3-F)
MOIL=DOIL*COIL
[o] Density of water (1b/ft3)
. DH20m=61. 186
[ Specific Heat of Water (Btu/Ib-F) !
"CH20=1.01495
c hw-hr  (Btu/1b) . 2T
CH20T=101.297
c Heat Capactity of Water (Btu/ft3-F)
MH20=DH20*CH20 o ‘ .
c Thermal Condutivity of Glass (Btu/hr-ft-F)
. KHG=0.5 . )
[o] Heat Capacity of Glass (Btu/ft3-F)
MG=25.9 . .
c Thermal ‘Conductivity of Overburden (Btu/hr-ft-F)
KHOB=1.46426
o] Heat Capacity of Overburden (Btulft3-F)
MOB=28.8558 . %ﬁg a N
C Thickness (Feet) . i t
' HT=, 104167%2.0
c Injection Rate of Fluid (BB1/Day) .
IW=2,054 N
‘C . Temperature of Reservoir (F) .
TR=37.4 :
c Temparature of Fluid (F)
TF=154.71 -
Cc POROSITY OF MODEL
POR=.3346 o N
C 011 Saturation . . . \
SOIL=0. 15 i ‘
c Steam Saturation : -
" SST=0.50 \
€ Water Saturation
SH20=1-SOIL-SST .

Cc Heat Capacity of Saturated Reservoir
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MS=POR*SOIL*MOIL+POR*SH20*11H20+( {.0~POR) *MG

Dimensionless Critical Time (From Table 5.1 of SMFA Text)
TDC=0.4726

Critical Time (Hours)

TC=MS**2 *HT#++2 *TDC/(4.*KHOB*MOB)

DN 100 I=1,8 .

Fraction of Pore Volume Ihipeted into the Model
PV=Q. 25=*] .

Calculate Time Using the Pofe Volume Injected (hrs)
TM=PV* 14055, /(226 .8*60)

Dimensionless Time . . ! .
TD=4.0*KHOB*MOB*TM/ ((MS**2)~ (HTk=2))

Check if time is past critical time and then
Mandl-Volek equation applies otherwise Marx-Langenheim 4
is used.

IF(TM-TC)1,1,2

Marx-Langsnheim
F1-EXP(TD)‘ERFC(SQRT(TD))+2.‘SQRT(TD/3.141592)-1.
A={ :

GO TO 3 : L
Mand1-Volek ’ ST e
X1-EXP(TD)‘ERFC(SQRT(TD))+2‘SQRT(TD/3.141592)-1. .
X2=(1/(1+(FST*LV/CH20T)))~-(TD-TDC)/(3.*SQRT(3. 141592*TD))
XS-((TD-TDC-S.)/3.)‘EXP(TD)‘ERFC(SQRT(TD))
X4=SQRT((TD-TDC)/3.141592)

FlaX1-X4*(X2+X3) :

Am2 '

WRITE(6,22)PV .

FORMAT(/iO}.FA.z,' Porea Volumaes Injected’)

Heat Injection Rate(Btu/hr)
QI=350 {*IW* (CHOT+FST*LV)/24. »

R1mQI*M§*(HT**2.0)*F1 : ' Py

R2=4 . *KHOB*MOB* (TF~TR) .
Steam Zone Volume as a Percentage of ) o
the Model'’s Bulk Volume (1.481481 f£t3) ) B .

VS=(R1/R2)/1.481481%100. .

WRITE(6,20)VS .

FORMAT(1QX,‘Vs s ' ,F5.2,2X, ‘% of Models Bulk Volume')
Y CONTINUE T

STOP .

END
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" This program calculates the total heat injected into the

model, the amount of heat contained {n the mode) and the -

amount of heat lost from the model in Experiment 26 which

(o}
(o}
[o}
(o}
C
C
(o}
C
(o}
C
(o}
C
o}
o
C
Cc
C
c
C
[

[eN e}

OO0

“~

was a base steamflood.

After planimetering all of the Run 26 temperature profiles
one could then use this program to calculate the above

ment joned values for Experiment 2

In general this program does a simple heat balanca on the
model during Experiment 26. Where the heat in the moda!

is determined by summing heat conta‘ned tn each

_ﬁamph\zture's incremental volume which is calculated by :

Heat=Ms*Vol. for partial temp.sChange in tdhp.

The total heat in the modal {s obtaited by the summation

of these Volumes.

. TR, MS,POR,SOIL,SH20,FST,.QI,LV,SST.PV,CH20,

oAREA1 AREA2,VTEMP1 ,VTEMP2,QM, (M1, QM2 ,TOTALQ,LOSTO

-7

JNTEGER A

Quality of Steam ' :
FST=0.08374

Latent Heat of Vaporlzat1on (Btu/lb)
LV=1017. 755

Density of Ot1 (Ib/fta)
DOIL=38.375

Specific Heat of 011 (Btu/1b-F)
COIL=0.5162 -

Heat Capacity of 01} (Btu/ft3-F)
MOIL=DOIL*COIL

Density of Water (1b/ft3)
DH20=61. 186 N

Spaecific Heat of Water (Btu/1lb-F)
CH20=1.0149S5

hw=hr (Btu/1b)
CH20T=101.297

Heat Capacity of Water (Btu/ft3- F)
MH20=DH20*CH20 :

Therma) Condutivlty of Glass (Btu/hr-ft- F),
KHG=0.5

Heat Capacity of Glass (Btu/lb-f)
MG=25.9

Therma'l, Conductivity of Gverburden (Btu/hr-ft-F)
KHOB=1, 46426

Heat Capacity of Overburden (Btu/fts F)
MOB=283.8558

Thickness (Fedat)
HT=_.104167

Injection Rate of Fluld (BBI/Day)

IW=2.054

Since the lowest temperature on.the contours is
5.0 C (41.0 F) then this is assumed as the inftial

R ;

N

..""‘."ﬁ‘.'..t"i“..‘"‘.'.“.‘..“.‘.‘......“.“‘t“tt.‘.-‘

REAL DOIL,COIL,MOIL,DH20,CH20T,MH20,KHG,MG,KHDB , MOB, TM HT,
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l « . 1+ READ(5.*)TEMP,AREA1,AREA2 .

"

reservoir temperature
i,

Tempereture of Raservoir (F) v
TR=41.0

POROSITY OF MODEL i .
POR=_ 3346 : ]
Calculate Heat Injection Rate (Btu/hr) .
01'350.‘IN‘(CH2DT+FST‘LV)/24.

DO 10 I=1,7
READ (5,*)PV,SOIL
QM=0Q .0
QM1=0.0
QM2=0.0
LOSTQ=0.0 o _ .
TOoTALQ%0.0 . . , ST
Time (hours) -
TM=PV*14055./(226.8*60. ) .
Water Saturation (rractlon) .
SH20=1.-SOIL ) : _
MS= POR‘SOIL‘MOIL*POR‘SH20‘MH20+(1 ,0~POR’) *MG o

Calculate Total Amount of Heat Injected (Btu)
TOTALQ-QI‘TM

DO 20 dJ=1,

'Reads Temperature and its, corresponding areal extent

in thé upper and lower portlon of the model, respectively.

7

Convert Temperature to Fahrenhelt
TEMP=TEMP*1{,8432.
Upper Portion
Volume {n Uppar Portion of Modal Corresponding to
_the Temperature {s Calculated

VTEMP 1=AREA1%2.994 1052*HT

Heat contatined in this ~volume is calculated and summed
Up.for the entire upper portlon of the model.
" .
QM1-QM1+(MS'VTEMP1‘(TEMP TR)) '
Lower Portion.”
Same procedure as was performed for the uppar portion
of the model is carried out for the lower vortion.

VTEMP2-AREA2'2 9941052‘HT
QM2=QM2+ (MS*VTEMP2* (TEMP~TR) )
CONTINUE ‘

Heat Remaining in the Model

QM=QM {1 +QM2

Heat Lost to Surroundings is Calculated
LOSTQ=TOTALQ-QM
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Percentage of Heat Remaining in the Mode!
QM=QM/TOTALQ* 100.
c Percentage of Heat Lost from the Model
LOSTQ=LOSTQ/TOTALQ*100.

¢ . .
WRITE(6,2)PV,TOTALQ,QM,LOSTQ e
2 FORMAT(/10X,‘After ‘,F4.2,’ P.V.3’/10X. 'Tot. Heat *,
e’Inj. into Model is ‘' ,F8.2.’ BTUsS’/10X,’% of Tot. Heat
e’Inj. that is Remaining in Mode) is ‘ F%.2,’ %'/10X.’'%
©'of Tot. Heat Inj. Lost from the Model was ',F5.2,' %')
c ) :
[
10 CONTINUE
STOP -
END

‘
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